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«The flexibility, the resistance, and the uncertainty, that kind of adventure,
are in our nervous system, they are part of life»

Oliver Sacks
(Londres, 9 de juliol de 1933-New York, 30 d’agost de 2015)






Em va pujar la febre l'altre dia

i van trucar a uns doctors especialitzats

en extreure la pedra de la bogeria,

en fer brollar la font de la felicitat.

| va venir un malson mentre m’adormien,

va dir «séc teu, tu ets meu, no t’escaparas».
Vaig dir «molt bé, malson, pero els malsons
gue somien?».,

No puc dir que es quedés gaire impressionat...

Després recordo, en despertar-me,
la llum incandescent d’un flaix

i, prenent nota del gran miracle,
cientifics ianquis i cubans.

| em puja la serotonina,

em puja la serotonina

(em puja la serotonina)

com la marea quan arriba

(als peus cansats de tot el dia),
com una nena que s’enfila

(a un arbre ple de mandarines),
em puja la serotonina

(ai, em puja la serotonina).

Se’m va apropar un amor, un que jo tenia,

va preguntar «xicot, que et va passar?».

Vaig dir «no t’ho creuras, una tonteria,

tenia una pedra dins del cap».

Se’m va apropar un futur que construiem,

vaig dir «cabro, que bé que ens ho hauriem passat».
Va contestar «gent millor que tu em volia»,

no puc negar que el futur digués la veritat...

La bona nova ja s’escampava
més enlla dels regnes cristians,
ja s’estripaven llibres d’Historia

gue havien quedat desfasats.



| em puja la serotonina,

em puja la serotonina

(em puja la serotonina)

com la marea quan arriba

(als peus cansats de tot el dia),

com una nena que s’enfila

(a un arbre ple de mandarines),

em puja la serotonina

(ai, em puja la serotonina).

Com el preu de la gasolina

(em puja la serotonina),

com les balenes quan respiren

(em puja la serotonina),

és una fragil trapezista

(em puja la serotonina),

és una intrépida alpinista

(em puja la serotonina).

Mami, mira amunt, mami mira amunt,
(que hi ha un satel-lit que ens espia),
és King Kong a I'Empire State

(és un condor que segresta un nen),
les velles es xapen de riure

(i enganxa més que |’heroina),

em puja la serotonina

(ai, em puja la serotonina).

Cangé: La serotonina
Grup de musica: Manel
Durada: 04:13

Album: Jo competeixo
Any: 2016
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AGRAIMENTS

Des que vaig comencgar a escriure les primeres linies d’aquesta tesi, vaig
entendre que l'apartat dels agraiments seria molt important per mi. Es aquell
moment en el qual em toca bolcar tota la gratitud que sento per totes aquelles
persones que m’han acompanyat i que han fet possible aquest viatge.

Comencaré pels inicis, perque res d’aix0 hagués estat possible sense les
persones que heu cregut sempre en mi, sense condicions, que no m’heu tallat
mai les ales i que sempre m’heu empes endavant: vosaltres, papa i mama. Pels
vostres esforcos en fer de mi una dona independent, amb il-lusions, amb projectes
i amb somnis. Tinc present el vostre suport des de sempre, pero a nivell academic
recordo especialment el primer examen que vaig suspendre a |'escola amb 10
anys (i les llagrimes que em va costar, en una edat en que res tocaria que fos tan
serids). | evidentment aquest suport continua, ara que sdc mare i vosaltres uns
avis felicos i contents. Gracies pel sacrifici i I'esfor¢ que va suposar ajudar-me
durant tota la carrera de Medicina. Gracies per creure sempre en mi i per pensar
sempre que soc capac de fer el que em proposi.

En segon lloc et toca a tu, Albert, per ser el meu company de vida durant
aquests ultims anys. Ja ens hem conegut que jo ja estava immersa en les neurones,
la ciencia, la Medicina i la Pediatria, i malgrat aix0 has decidit quedar-te. L'any
2014 vam decidir, per separat, que les nostres vides mereixien una aventura
londinenca. Malgrat no saber que valdria tant la pena, el primer dia et vaig esperar
més d’una hora davant el British Museum (a poques passes del meu lloc de treball
aleshores), i al cap d’'una estona va entrar un noi en un pub amb el terra de fusta
i ens va convidar a sopar. Poc després, en Mosso també entraria a la meva vida
per quedar-s’hi. Des d’aquells primers dies s6n moltes les aventures viscudes, en
uns anys en que tot es transforma i s’'emmotlla al nostre pas, per fer del dia a dia
un resultat millor i més madur que I'anterior. Hem sigut pares, i individualment i
col-lectivament crec que som diferents i millors. Gracies per fer d’aquest dia a dia
un lloc més facil i sere, i per acompanyar-me en els meus projectes.

No puc continuar els agraiments sense esmentar a la familia. Es cert que la
familia és aquella que et toca i no aquella que tries, perd la meva és una familia
petita i ben avinguda. Especial mencid voldria fer-te a tu, Miabes, per fer-me
sempre de la germana gran que no he tingut. Al Gerard, per ser germa petit que

17



va arribar a casa i que ens va ensenyar que eren les entremaliadures! Al Papitu,
per complementar I'equip dels tiets propers amb qui compartim moments
sempre de qualitat. A la Silvia. A |la tieta Maria Carme i el Lluis per ensenyar com
es construeix una vida feli¢. Als cosins Miquel (i la Laia), Mariona, Roger i Adria
pels dinars familiars amb joventut.

Als de la familia que ja no hi sou, i sempre penso que vau marxar massa aviat...
A l'avi de Barcelona, que m’ensenyaves els llibres de la teva biblioteca, i que
lamento no haver tingut temps d’haver-te explicat tot el que aprenia a la carrera
i a la meva vida professional. A I'avi de Caldes, que també va marxar massa aviat,
per mostrar el que és una vida humil i plena d’esforcos. A les iaies, per ser dones
d’época i no estranyar-se massa quan vau veure que tenieu una neta gran (la
primera que vau tenir les dues) que no era ni «petonera», ni d'anar amb faldilles i
ballar el ball de plaga, ni de fer la comunid ni d’anar a I'església. Gracies.

| a les que ja no hi sou, i que per descomptat vau marxar massa aviat. A la
Nuca, per ser la meva primera companya de jocs, des del dia que vaig néixer.
Com m’abracava a tu i plorava quan alguna vegada m’havien renyat (que no eren
gaires...). | sobretot a tu, Anna, per haver-me acompanyat els primers anys de la
infantesa i adolescéncia, pero haver marxat massa prematurament. Perqué una
perdua aixi de jove em va ensenyar que bell és envellir, i que val la pena fer-ho
amb un somriure i en plenitud. Lamento tant totes aquelles coses que no ens vam
dir, i a estones penso que (com em va dir la Merce un dia) hagués pogut venir amb
tu aquella negra nit i potser les coses haguessin anat diferent... o potser no.

| des del record asseguda dins el meu armari de casa els meus pares, amb
llagrimes als ulls, ve el meu agraiment per tu, Queralt. Amb tu sempre tot ha estat
intens, des dels blancs i els negres, explorant poc els grisos. Per un cami compartit
de coneixer els nostres punts forts i cultivar allo que es necessita per ser felig. | el
millor de tot, per haver-ho aconseguit i seguir treballant cada dia per no deixar-ho
enrere. | perque tu sempre has cregut en mi, més que jo i tot, i mai m’has fet cas
quan t’he dit que no podia (ni el dia de I'armari, ni cap altre).

Seguint per l'ordre cronologic entrem ja en el terreny de la Facultat de
Medicina. Vam fer un grup bonic amb totes vosaltres: Falgui, Gibri, Laia i Sandra.
Un grup que creixia i canviava, amb I'Eva, el Joan, 'Alex... i com no podia ser
d’una altra manera, una part dels agraiments també van per tu, Dani. Per tot el
que vaig aprendre durant aquells anys, de mi mateixa, a conéixer-me millor, i de
ser ferms i coherents en les nostres decisions a I’"hora de construir un futur. Ara
ho entenc molt millor i ho agraeixo amb escreix.
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Doble mencidé et mereixes tu, Mireia, per la part de companya de la Facultat
i per la part de companya de pis, d’habitacio i de llitera! Aquell pis de Barcelona
que va fer que forméssim una petita familia lluny de casa, amb I’'Elena i altres
companys de pis que van anar i venir. Les nostres primeres assemblees,
I'aprendre a administrar la vida adulta i la de I'estudi, les hores de biblioteca i
les de fer sopars i rentadores. Uns anys que ens van veure créixer. Amb tu Elena
després hem compartit mesos d’embaras i experiencies vitals, llagrimes i riures,
i tot es recol-loca per separar-nos i tornar-nos a trobar. Gracies sempre pel punt
de serenor i practicitat.

En aquest moment arribeu vosaltres, els amics de muntanya. Els companys de
cims, de piulets, de cascos, de grampons, de cordes, d’arnesos, de quilometres,
d’agulletes, de mapes i rutes, de decisions dificils en moments tensos, i de
riures en moments distesos. Gracies especialment a vosaltres Joan i Marc, per
acompanyar les meves passes cansades fins i tot quan encara gairebé ni ens
coneixiem. Gracies Carles i Neus, per ser magnifics companys de quilometres.
Gracies Maria per ensenyar-me els limits, la pedra que es mou, la grimpada
necessaria per arribar al cim, o el fer un pas enrere per ser el més prudent.
Gracies a tots i d’altres que em deixo aqui, per acompanyar-me alla fora i alla dalt,
on tot es recol-loca i ens recol-loca en el punt que ens pertoca. Perque durant
tant de temps la muntanya va ajudar a col-locar el cap i permetre empeéenyer cap
endavant amb més forga.

| després d’aquests anys de muntanya apareixes tu, Gemma, que situes
magistralment les peces que se’m van trencar...

També un agraiment als amics de Caldes-Girona-Santa Maria, Alexandra i Ferran,
amics d’ostres i formatges, perque vau irrompre amb una valentia que vaig agrair
molt en un moment delicat: vau mostrar serenor i empenta, per preguntar-me sovint
com estava la mama, quan passavem per I'epoca del «bulto».

| des d’un punt de vista professional, els agraiments sdn abundants i sincers.
Son moltes les persones amb qui m’he creuat aquests anys, i aquest treball és
el resultat de la interaccio amb moltes de vosaltres: al servei de Pediatria de
I’'Hospital Germans Trias i Pujol per «haver-me fet pediatra», de la qual cosa
em sento molt orgullosa i considero la base de la meva formacid, per a poder
contemplar la patologia neuropediatrica en el context del nen sa. De Can Ruti
no tot va ser treballar i estudiar, i entre els diferents companys que he tingut
aquests anys (dels quals si intento fer una llista segur que em quedaria curta),
voldria agrair-vos a vosaltres, «Nenetes Ruti», les estones i els viatge compartits.
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Gracies Mimar, Isa, Marisa i Rachel per la vostra presencia incondicional en tot.
Vosaltres sou les «companyes» de feina que us heu convertit en amigues de vida.

A nivell professional, i en el camp de les Malalties Metaboliques, voldria agrair
en especial a dues persones cabdals per mi, per motius diversos, amb inquietuds
diverses, i amb maneres de treballar diametralment diferents. En primer lloc
a tu, Guillem Pintos, et voldria agrair la teva persisténcia i perseveranca per
voler entendre els «per ques» de les coses. Sempre acollint aquells pacients que
presentaven grans interrogants per tothom com a bons reptes pel dia a dia, com
oportunitats per aprendre i enriquir-te professionalment. Tu vas ser el lligam
amb I’Angels (de qui havies sigut el mentor metabolic inicialment). Angels, tu ets
la persona a qui dec gran part de I'agraiment d’aquesta tesi. Encara recordo el
dia que ens vas presentar al Congrés de I’AECOM dinant, I'any 2010 o 2011, i li
vas dir que ens haviem de coneixer perque jo sempre preguntava «per que»!
En aquell moment et vaig dir, Angels, que m’interessava aprendre més sobre el
metabolisme, que volia estudiar, que volia fer un Doctorat, i que m’agradava la
neuropediatria. No sé pas que vas pensar de mi, amb aquell posat vergonyds meu
que és habitual. El cert és que em vas acollir, protegir, motivar, empenyer i fer
créixer durant els millors anys «cientificament parlant» de la meva vida. Coneixer-
te i treballar al teu costat ha sigut la millor experiencia que mai hagués pogut
anticipar. Gracies per intentar transmetre el neurometabolisme sinaptic amb
aquesta passio, malgrat que séc conscient que jo mai arribaré a comprendre-ho
amb el mateix grau d’intensitat que tu. Gracies per guiar-me en aquest cami com
a «mare» cientifica.

També a Sant Joan de Déu voldria agrair-te especialment a tu, Judith, I'acollida
al teu laboratori de Geneética. Agraeixo la teva paciencia malgrat que el primer
dia no sabia ni agafar la pipeta! Vam barallar-nos amb I’ARN tot el que vam poder
i vam saber, amb resultats bons i no tan bons, perd no va faltar mai una bona
riallada per acompanyar-nos cada dia. La part més positiva d’haver marxat del
laboratori ha sigut no tenir-te com a superior i poder tenir-te només com a amiga.
T’he sentit sempre molt propera en els fets més banals de la meva vida dels ultims
anys, i també en els més complexos, dificils o importants. Gracies, voldria riure
sempre amb tu!

Agraeixo l'acollida al laboratori especialment a I'Edgar com a company de
«poyata», i a la Nuri, per les rialles compartides i per I'ajuda a una «metgessa»
que intentava (sense sempre tenir éxit) aprendre coses que fan els biolegs i els
tecnics de laboratori. D’alla vaig aprendre I'admiracio a la vostra feina i a la vostra
perseveranga, i vaig entendre el timing de les proves de laboratori.
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Del laboratoritambé voldria agrair a tot I'equip del Rafa Artuch (Aida, Mercedes,
Marta Batllori...) per la seva docéncia i ajuda. | un agraiment especial va dirigit
a tu, Marta Molero. Sense haver-ho planificat ens vam veure les dues juntes al
mateix avio, I'any 2014 cap a Londres. Vam compartir sostre en aquella casa amb
aquells especimens ben especials (quina experiéncia), i sense oblidar les pintes i
les rialles. Va ser una experiencia que va canviar la meva vida posteriorment i estic
super orgullosa d’haver compartit aquells mesos amb tu. And now that we are
talking about London, an special acknowledgement to Manju Kurian’s lab, for all
the things they taught me professionally speaking. Y sin dejar Londres, un sincero
agradecimiento a ti, Barbara Czany, por tu soporte y humanidad en aquellos dias.

De Sant Joan de Déu també sén molts els companys que m’he creuat aquests
anys, i amb qui he compartit estones. De tots he aprés moltes coses, i voldria
agrair especialment al Fede las conversaciones filosoficas, a ti Vero por aportar
la serenidad y la practicidad a una cosa tan compleja como puede ser la Neuro,
a la Mar O’Callaghan per la companyia en el cami, a la Daniela Gueraldi por la
motivacion y su vision neuropsiquiatrica de los pacientes, a I'Alba per la visio
biologica i molecular per poder discutir els pacients transversalment (i per tota
I'ajuda en el feixuc cami que a vegades pot representar el Doctorat), a I'’Alfonso pel
punt freak i TOC en el mdn de la ciencia, a les neurites per la companyia en anys
de formacié... i a tants d’altres que segur que em deixo. A Sant Joan de Déu també
vam coincidir amb tu, Julia, i anys després ens trobariem a Can Ruti (gracies per
totes les converses de «despatx»!); un plaer, sempre!

| en aquest cami que representa I'estudi del Doctorat no em puc deixar d’agrair-
te lolanda tot el que has fet per fer-lo millor! La teva ajudai el teu pragmatisme han
sigut ingredients fonamentals. Has superat amb escreix tot allo que un estudiant
de Doctorat podria demanar-li al seu tutor, i t’esticimmensament agraida.

| com a punt final (perdo no menys important) voldria agrair molt sincerament
a les families dels pacients. Mai abans havia treballat de forma tan propera amb
les families que formen les associacions de pacients i ha estat una experiéncia
enriquidora. Aixo m’ha mostrat la vostra empenta, la vostra energia, la vostra
resiliencia... per fer de les dificultats i les adversitats el motor necessari per
empenyer projectes cap a una fita amb significat. Especialment dirigit a la Puri
Rios de I’Associacié DeNeu per pacients amb defectes dels neurotransmissors,
i al Toni i la Mireia de Proyecto Pol. Teniu tota la meva admiracio i us agraeixo
immensament tot el que m’heu ensenyat aquests anys.
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5HIAA
5-MTHF
AADC
AR/ADGTPCH

BH4
DA
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DRH
DHFR
DHPR
GABA
HVA
LCR
MAO-A
NKH
NT
PTPS
RM
SNC
SR
SSADH
TH
TPH

VMAT

Serotonina o 5-hidroxitriptamina
5-hydroxyindolacetic acid (de I'angleés)
5-methyltetrahydrofolate (de I'anglés)

Aromatic L-amino acid decarboxylase (de I'anglés)
Autosomal recessive/dominant GTP-cyclohydrolase
deficiency (de I'anglés)

Tetrahidrobiopterina

Dopamina

Dopamine transporter (de lI'anglés)

Dopamina B-hidroxilasa

Dihidrofolat reductasa

Dihidropteridina reductasa

Gamma aminobutyric acid (de I'anglés)
Homovanilic acid (de I'angles)

Liquid cefalorraquidi

Monoamina oxidasa A

Nonketotic hyperglycinemia (de I'anglés)
Neurotransmissor/s

6-pyruvoyltetrahydropterin synthase (de I'anglés)
Ressonancia Magnetica

Sistema Nervids Central

Sepiapterina reductasa

Succinic semialdehyde dehydrogenase (de I'anglées)
Tirosina hidroxilasa

Triptofan hidroxilasa

Vesicular monoamine transporter (de I'anglés)
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La neurotransmissio és el procés funcional caracteristic a nivell cerebral, que
permet el processament de la informacié de I'entorn i I'execucié d’una accid a
través de la integracié en circuits neuronals. Es dels processos cerebrals més
energeticament demandants (arribant a representar fins al 45% del consum
total del metabolisme cerebral) i majoritariament es dona a través de I'exocitosi
de neurotransmissors a l'espai sinaptic, i la seva accid sobre la membrana
postsinaptica neuronal.

Els defectes classics monogéenics dels neurotransmissors solen incloure els
trastorns en el metabolisme, la degradacid i el transport de les monoamines (o
el seu cofactor la tetrahidrobiopterina —BH4—), el GABA, la glicina i la serina,
majoritariament. Les manifestacions cliniques es troben dins de lI'espectre de
les sinaptopaties, i es solen caracteritzar per discapacitat intel-lectual, epilepsia,
trastornsdelmovimentosimptomesneuropsiquiatrics. Podendebutarenqualsevol
edat de la vida, pero caracteristicament solen ser malalties neuropediatriques
gue repercuteixen en el neurodesenvolupament, i que per tant, debuten en els
primers anys de la vida.

Recentment, es descriuen nous trastorns que inclouen defectes d’altres
neurotransmissors com |'acetilcolina o I'ATP, aixi com trastorns que afecten els
receptors dels neurotransmissors, o trastorns astrocitaris i dels gliotransmissors.

El treball que es presenta en aquesta tesi fa referéncia a: A) els defectes
monogenicsclassicsdelsneurotransmissors, iB)elsdefectesdelaneurotransmissio.

A. En el primer cas, es realitza una presentacio del primer grup internacional
dedicat a l'estudi de les malalties dels neurotransmissors, |'International
Working Group on Neurotransmitter Related Disorders (iNTD), que es va
crear al congrés de I'lCIEM de Barcelona de I'lany 2013 sota la iniciativa dels
investigadorsdereferenciaenelcampdeles malaltiesdels neurotransmissors
de Heidelberg, I'Hospital Sant Joan de Déu, i el Great Ormond Street Hospital
de Londres. Aixi mateix, s'actualitza quina ha estat |la seva activitat aquests
darrers anys i el resultat principal en forma del primer registre internacional
de pacients.
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Encara dins del primer punt, pero en el segiient treball que forma part d'aquesta
tesi, es presenta la segona guia de practica clinica d’'un grup de defectes dels
neurotransmissors: els defectes de la tetrahidrobiopterina (BH4), que inclouen
els defectes de sintesi i els de reciclatge. La BH4 actua com a co-factor de
diferents hidroxilases, entre les quals s’inclouen les dues responsables de la
sintesi de dopamina i de serotonina, aixi com la que realitza el pas de fenilalanina
a tirosina. El perfil bioquimic d’aquests defectes sol caracteritzar-se doncs per
un augment de fenilalanina (que es podria detectar pel diagnostic precog
neonatal), i un déficit de serotonina i dopamina. Les manifestacions cliniques
solen ser variables, pero poden incloure trastorns del moviment, discapacitat
intel-lectual i epilépsia (en la minoria dels casos). Per primera vegada es presenta
una proposta de guia de practica clinica basada en una revisio bibliografica amb
metodologia reconeguda, realitzada amb diferents grups de treball dels quals la
doctoranda n’ha sigut subcoordinadora, amb revisors externs, i aconseguint el
maxim grau d’evidéncia possible en una malaltia minoritaria.

Els defectes de la neurotransmissid implicarien totes aquelles malalties
responsables d’alterar el procés de neurotransmissio.

Per clarificar aquest aspecte, es presenta un seglient treball en el qual
es proposa una nova categoria de malaltia basada en el cicle biologic de
la vesicula sinaptica. Seria un grup de malalties centrades en el terminal
presinaptic de la neurona, i que inclouria aquells defectes que impliquen la
formacid inicial de la vesicula sinaptica al soma neuronal, el seu transport, la
seva maduracio, I'exocitosi i el reciclatge. Es proposa una categoritzacié en
quatre grups fenotipics principals centrats en les manifestacions cliniques,
que inclouen: encefalopatia epiléptica, trastorns del moviment, discapacitat
intel-lectual sindromica i no-sindromica (acompanyada o no de simptomes
neuropsiquiatrics, principalment el trastorn espectre autista), i trastorns
neuromusculars. Es proposa per a cada un dels defectes descrits, la possible
alteracio molecular implicada.

A proposit de les malalties de la vesicula sinaptica, el seglient treball presenta
diferents pacients amb mutacié en el gen DNAJC6, que codifica per l'auxilina 1 i
participa en la correcta endocitosi de la vesicula sinaptica. El fenotip d’aquests
pacients és en forma principalment de discapacitat intel-lectual i distonia-
parkinsonisme juvenil, que progressa durant els primers anys de vida fins a
perdre la deambulacié autonoma. Es realitza estudi de liquid cefalorraquidi i
de fibroblasts, i s'analitzen l'auxilina 1 i la ciclina-G associada a quinasa (GAK),
aixi com diferents proteines sinaptiques. Es conclou que hi ha una especial
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vulnerabiliat de ’lhomeostasi dopaminérgica, amb un augment probablement
compensatori de la GAK davant el defecte d’auxilina 1.

El seglient treball descriu una pacient amb mutacié en el gen DLP1, que
també implica la neurotransmissié dopamineérgica, tot codificant una proteina
que participa de I'endocitosi de la vesicula sinaptica i la fissi®é mitocondrial.
La pacient debuta en edat de lactant amb un quadre de parkinsonisme amb
un greu tremolor de gran amplitud i alta freqUiéncia. Presenta marcadors de
probable patologia mitocondrial, amb un lactat elevat, i un acid homovanilic
disminuit en liquid cefalorraquidi. En I'estudi en model cel-lular es demostra
I'efecte patogenic de la mutacid i I'afectacié de la fissid mitocondrial.

El darrer treball presentat en aquesta tesi amplia els defectes de la
neurotransmissidé centrant-se en un altre neurotransmissor que no és la
dopamina: el GABA. Es realitza un estudi d’'una cohort de 85 pacients amb
diferents malalties neuropediatriques, i s'analitza la fraccido de GABA lliure en
liquid cefalorraquidi, aixi com també les monoamines. Es reporta una especial
vulnerabilitat de la neurotransmissid GABAérgica (ja sigui amb nivells més
elevats o més baixos de GABA), en fins a un 44% dels pacients estudiats, davant
del 20% de defectes de les monoamines ja presentat en treballs previs.

El treball d’aquest tesi doncs fa un recorregut des dels defectes monogenics
dels principals grups de neurotransmissors, |'estat actual del grup de treball
iNTD i el registre internacional, I'elaboracié de la guia de practica clinica dels
defectes de la BH4, fins als defectes de la neurotransmissid. En aquest ultim
aspecte, es proposa una nova categoria de malaltia centrada en els defectes
de la vesicula sinaptica, i es presenten dos treballs a continuacié com sén les
mutacions que impliquen la sintesi d’auxilina 1 i de dinamina, implicades en
I'endocitosi i el cicle de la vesicula sinaptica. Aquests ultims defectes alteren
especialment la neurotransmissié dopamineérgica, i el darrer treball en centra
en la neurotransmissidé GABAérgica, que podria arribar a ser fins i tot més
vulnerable en els trastorns neuropediatrics.

Finalment, en els annexos es pot veure la feina realitzada al llarg de tots aquests
anysiqueimplica la difusio d’aquests grups de malalties a través de les reunions
amb families amb membres afectes, aixi com la difusié en una pagina web, i
en reunions internacionals. D’aquesta manera, s'aconsegueix tancar el cercle
que va des del pacient, a I'estudi de la seva malaltia de base, el tractament, i el
contacte amb les families i la comunitat cientifica, per permetre un intercanvi
necessari entre el professional, els afectats, i els professionals que puguin
tractar amb aquests pacients.
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1. Apunt historic

La transmissié de la informacié és una de les funcions fonamentals en el
sistema nervids central. Aix0 és el que permet la integracio i processament
d’informacidé procedent de I'entorn, integrar-la, i efectuar una resposta adient.
Aquesta és la funcidé primordial del sistema nervids central i periferic, que integra,
coordina i emet respostes que van des de I'ambit motor fins a les funcions
cognitives i el llenguatge. Aquesta integracid i transmissié de la informacio es
duu a terme a través dels neurotransmissors (NT) i, els més recentment descrits,
«gliotransmissors», que permeten una comunicacio i integracio funcional entre
neurones i cel-lules glials (entre els quals destaguen molecules com el glutamat,
GABA, D-serina, ATP o L-lactat) (Gundersen et al., 2015).

La caracteritzacid del sistema nervids central i dels mecanismes que regeixen
el seu funcionament a través de la neurotransmissio ha sigut motiu de nombrosos
premis Nobel:

e Santiago Ramén y Cajal (1852-1934) que va compartir el Nobel amb
Camilo Golgi I'any 1906 per la seva caracteritzacio sobre I'estructura del
sistema nervids central, format per neurones individuals que no estaven
directament en contacte les unes amb les altres, malgrat que a principis
del segle XX hi havia un debat extens sobre la comunicacié neuronal, amb
partidaris i detractors de I'existéncia d’un espai sinaptic entre les céel-lules
(Figura 1):
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Figura 1. Recopilacié de dibuixos de Santiago Ramon i Cajal, basats en les seves
observacions. Imatges de «La Crénica» del diari E/ Mundo: «Ramény Cajal, el neuropintor»,
per Berta G. de la Vega, 3 de marg del 2018.

1. Astrocits de I’hipocamp d’un home 3 hores després de la mort; 2. Anatomia de l'oida
interna; 3. Oligodendroglia; 4. Calzes de Held del sistema auditiu; 5. Estructura neuronal
del cervell d’'un ocell; 6. Cel-lules glials; 7. Neurones de Purkinje del cerebel; i 8. Innervacio

de l'arteria carotida.

e El concepte de sinapsi va ser definit per Charles Scott Sherrington (1857-
1952), que li va valdre el Nobel de Medicina I'any 1932, per caracteritzar els
espais entre neurones on tenia lloc I'intercanvi d’informacio, a través dels
seus extensos treballs sobre el cortex cerebral.

e Pocs anys més tard, I'any 1936, Otto Lowi (1873-1961) va compartir el
Nobel de Medicina i Fisiologia amb Henry Hallett Dale (1875-1968), per la
seva descripcio sobre la neurotranmissié quimica amb els seus experiments
amb cors de granota i el nervi vague, que demostraven que la transmissié
de les cel-lules era a través de molecules quimiques i no d’impulsos
eléctrics. Aquests cientifics van reconeixer les aportacions prévies d’un
estudiant de Fisiologia anomenat Thomas Renton Elliott (1877-1961) i
del farmacoleg Walter Ernest Dixon (1871-1931), que ja havien apuntat la
possible presencia de I'adrenalina com a substancia quimica responsable
de la transmissid entre cel-lules.
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e Lany 1970, Bernard Katz (1911-2003), Ulf von Euler (1905-1983) i Julius
Axelrod (1912-2004) van rebre el Nobel de Medicina o Fisilogia per la seva
contribucié en definir els transmissors humorals presents en els terminals
nerviosos, els mecanismes que defineixen el seu emmagatzematge,
alliberament i inactivacid. Ells ho van definir a nivell intercel-lular i entre
cel-lulai organ efector, pero es podia extrapolar a nivell neuronal a sistema
nerviods central.

e Finalment, I'any 2013 el premi Nobel de Medicina i Fisiologia va ser
compartit per Thomas Sidhof, James Rothman i Randy Schekman, per
descriure la maquinaria de trafic de la vesicula sinaptica i de fusié d’aquesta
amb la membrana presinaptica.

2. Els neurotransmissors, la sinapsi i la funcié cerebral

Es podria formular una definicié «classica» del que representa un
neurotransmissor (NT), que inclou el compliment de tres criteris principals
per considerar que una molécula actua com a tal: 1) la molécula o substancia
ha d’estar present a la neurona presinaptica, 2) s’ha d’alliberar com a resposta
a la despolaritzacié de la membrana presinaptica, i finalment 3) hi ha d’haver
receptors especifics de la substancia a nivell postsinaptic (Purves et al., 2001).

Segons la seva estructura quimica, podem distingir diferents tipus de NT:

e Les monoamines o amines biogenes (amb el subgrup de les catecolamines),
com la dopamina, la serotonina, I'adrenalina i la noradrenalina (Figura 2).

e Els aminoacids com sén I'acid g-aminobutiric (GABA), la glicina, la serina o
el glutamat, entre d’altres.

e Acetilcolina, que exerceix un paper molt important a nivell de
neuromodulacid sinaptica i de circuits cerebrals, exercint un rol principal
en la modulacié del comportament i respostes adaptatives (Picciotto et al.,
2012).

¢ Neuropeptids, que alhora es classifiquen segons si sén proteines curtes o
polipéptids, com les hormones hipotalamiques (orexines, la vasopressina
i I'oxcitocina), o bé neuropéptids com la somatostatina, el neuropeptid Y,
substancia P i encefalina (entre d’altres) (Tritsch et al., 2016). Tenen diferents
particularitats, com per exemple que solen modular la neurotranmissié
de diferents aminoacids (com poden ser el glutamat o el GABA) i actuen
directament a la membrana postsinaptica. Una caracteristica important
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és que poden actuar a distancies més llargues que els neurotransmissors
habituals (exercint el que seria gairebé una funcié paracrina), i que poden
actuar sobre receptors postsinaptics mediats per proteines G i, per tant,
exercir un efecte postsinaptic més prolongat (Jan and Jan, 1982; Gonzalez-
Suarez and Nitabach, 2018).

LUATP (adenosina trifosfat) efectua I'anomenada neurotransmissié
purinérgica. Es una molécula principalment relacionada amb el metabolisme
cel-lular, que actua com a cotransmissors a sistema nervios central i
periferic (Burnstock, 2012), amb accions singulars i importants a nivell d’'una
neurotransmissio rapida (Edwards and Gibb, 1993).

Altres substancies que també poden actuar coma NT com el lactat (metabolit
qgue modula la neurotransmissio), i els canabinoides endogens i opioides,

factors neurotrofics, citoquines, entre d’altres (Brennenstuhl et al., 2019).

GTP
GTPCH
MAO/ COMT
NEOPTERIN «--"8 ____ 7,8-dyhdro-Neopterin Epinephrine MHPG - 4
PTPS PNMT [(SAM) VA
MAO/ COMT oY
6-pyruvoil-tetrahidropterin Norepinephrine ———» MHPG
n.e, l
SEPIAPTERIN *+~~"""~ SR Wi DBH | (Cu)
CR/SR l
DHFR
N 7,8-BH, —— BH, TH AADC (vB,) . MAO/ COMT
. L-DOPA — > Dopamine —* — HyA
A}
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Figura 2. Vies principals de biosintesi de les amines biogenes i les pterines, adaptat de
I'article de (Cortés-Saladelafont et al., 2015).

Abreviatures, de l'anglés: AADC, aromatic L-amino acid decarboxylase; 7,8-BH2,
7,8-dihydrobiopterin; BH4, tetrahydrobiopterin; COMT, catechol O-methyltransferase;
CR, carbonyl reductase; DHFR, dihydrofolate reductase; DHPR, dihydropteridine
reductase; DBH, dopamine beta-hydroxylase; GTP, guanosine triphosphate; GTPCH, GTP
cyclohydrolase |; 5HT, 5-hydroxytryptophan; 5HIAA, 5-hydroxyindoleacetic acid; HVA,
homovanillic acid; L-DOPA, 3,4-dihydroxyphenylalanine; MAO, monoamine oxidase;
MHPG, 3-methoxy-4-hydroxyphenylglycol; n.e., nonenzymatic; 30MD, 3-O-methyldopa;
OH-BH4, hydroxy-tetrahydrobiopterin; PCD, pterin-4a-carbinolamine dehydratase; PNMT,
phenylethanolamine N-methyltransferase; PTPS, 6-pyruvoly-tetrahydropterin synthase;
g-BH2, quinoid-dihydrobiopterin; SAM, S-adenosylmethionine; SR, sepiapterin reductase;
TPH, tryprophan-5-hydroxylase; TH, tyrosine 3-hydroxylase; VLA, vanillactic acid; VMA,
vanilmandelic acid; vB6, vitamin B6.
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La sinapsi és una estructura altament especialitzada i regulada, els components
principals de la qual sén: 1) les neurones presinaptiques (on es sintentitza,
s‘'emmagatzema i s'allibera el neurotransmissor a I'espai sinaptic), 2) les neurones
postsinaptiques (que tenen els receptors especifics per a un o més tipus de
neurotransmissors), i 3) els astrocits, I'oligodendroglia i la microglia, que permeten
mantenir una homeostasi perfecta perque la comunicacié sinaptica pugui tenir
lloc sense interferencies (figura 3). Totes les cel-lules glials exerceixen unes
funcions fonamentals que van més enlla del rol estructural i de cel-lules de suport
que se’ls havia atribuit anys enere. S6n, com s’ha esmentat, imprescindibles per
a mantenir I’"homeostasi cerebral, i la seva disfuncid s’ha vist relacionada amb
patologia neuropsiquiatrica com l|'esquizofrenia, malalties neurodegeneratives
com l'Alzheimer, o epilépsia, entre d’altres (Boison and Steinhduser, 2018; Butt et
al., 2019; Raabe et al., 2019). A partir de I'associacio entre neurones i astrocits es
va introduir la terminologia de «sinapsi tripartita». Val a dir pero, que la proporcio
amb la qual els astrocits estan associats a les neurones a nivell sinaptic varia
moltissim segons I'estructura cerebral, anant des del 100% en les fibres paral-leles
a nivell cerebel-10s, fins al 6-45% en les sinapsis inhibitories de I'lamigdala cerebral
(Stdhof, 2018).

A part de les estructures que participen com a actors principals en la
neurotransmissié quimica, hi ha altres estructures primordials a nivell pre-
i postsinaptic que son imprescindibles pel correcte funcionament de la
neurotransmissié, com sén: 1) vesicules secretores i tot el sistema endocitic (tota
la dinamica de reciclatge, reutilitzacid, formacié i fusié de la vesicula sinaptica), 2)
mitocondris: component fonamental, deguta que la neurotransmissid és un procés
energeticament demandant; 3) canals idnics: responsables del canvi de potencial
de membrana, implicant no només I'ié calci, siné també el sodi i el potassi, i que
son al seutorn estructures que requereixen una gran produccié d’energia per al seu
correcte funcionament; 4) canals de reciclatge i reinternalitzacio del NT alliberat
a I'espai sinaptic, que estan presents tant en neurones, com en cel-lules glials; 5)
zones actives d’alliberament: zones de la membrana presinaptica especialitzades
en la fusié de la vesicula sinaptica amb la membrana, que implica molecules com
la sintaxina, proteines SNARE, etc; 6) zones de densitat postsinaptica: implicades
en l'aglutinacié de la senyal sinaptica i la transmissié de la informacié (figura 3);
i 7) lipids complexes: sén els component principals de les membranes i de fins al
40% del sistema nervids central, que tenen una funcié primordial no només per a
la conformacid estructural de les membranes pre- i postsinaptiques, sind també
com a missatgers cel-lulars. També exerceixen un paper molt important a nivell
pre- i postsinaptic per tal de regular la conformacié de la membrana, aixi com la
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localitzacié de molecules importants (com sén els punts de fusié de la vesicula
sinaptica, la localitzacié dels receptors postsinaptics, etc). (Garcia-Cazorla et al.,
2015; Saudubray et al., 2015; Garcia-Cazorla and Saudubray, 2018).

S # Vesicle machinery

. ®Neurotransmitter
: receptors

Cell adhesion @ Microtubule

dynamics

® Postsynaptic density signaling

Figura 3. Representaciod dels elements pre- i postsinaptics, extreta de I'article (Gulsuner et
al., 2020). Representacio grafica de components a nivell presinaptic (mitocondris, sistema
endocitic, canals ionics, vesicula sinaptica, etc) i postsinaptic (receptors postsinaptics, etc).

La densitat postsinaptica és un dels complexes proteics més grans de tot I'organisme,
i podem veure tota l'organitzacid de les molecules que acaben regulant la funcio, la
morfologia, la localitzacié de les molécules d’adhesié postsinaptica, aixi com també els
receptors postsinaptics.

Aquest sistema de comunicacio es creu que esta estructurat en nanocolumnes
gue permeten una organitzaci6 ordenada i per etapes del procés de
neurotransmissio (figura 4).
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Figura 4. Organitzacio de la sinapsi en nanocolumnes, de |'article de (Sigrist and Petzoldt,
2016). Connexiod inter-neuronal a través d’estructures organitzades en nanocolumnes:
a nivell presinaptic s"acumulen les vesicules sinaptiques organitzades de forma diferent
segons si formen part del «pool» que esta a punt de ser alliberat o del «pool» que esta
remanent per alliberar-se més tard. A la membrana presinaptica hi ha zones riques
en la proteina RIM que permet l'organitzacid de les zones actives on es fusionara la
vesicula sinaptica, aixi com els canals de calci que provocaran la despolaritzacié de la
membrana. A nivell postsinaptic, hi ha tota l'organitzacié dels receptors especifics de
cada neurotransmissor, i tot aixo s’organitza en I'espai postsinaptic gracies a proteines
(com la PSD-95) i lipids especifics d’aquesta zona de la membrana. Tot aixo fa que les
zones d’interes presinaptic i les postsinaptiques quedin perfectament alineades i formin
aguestes nanocolumnes altament actives de neurotransmissio.

Tota aquesta organitzacié augmenta la complexitat d’aquests circuits
neuronals, pero és el que permet una funcid cerebral integrada i ordenada. La
unitat minima anatomica on es produeix aquesta funcid cerebral és la sinapsi,
i els neurotransmissors sén els «vehicles» quimics que permeten que aquesta
funcio tingui lloc. Al seu torn, aquesta funcid cerebral és possible a través de la
integracié dels circuits cerebrals, que poden anar des de zones properes dins de
la mateixa area cerebral, fins a zones més allunyades connectant diferents arees i
amb projeccions neuronals molt distants. Una mateixa neurona també pot formar
part de diferents circuits i comunicar-se amb centenars d’altres neurones. Ens
podem fer una idea aproximada del grau de diversitat i complicacié d’aquests
circuits si tenim en compte que el numero estimat total de sinapsis en el sistema
nervids central és de 100 trilions!
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3. La neurotransmissio

La neurotransmissio és el procés a partir del qual s'aconsegueix la comunicacio
entreelsdiferentscomponentsdelsistemanervidscentraliperiferic. Majoritariament
parlarem de comunicacié quimica entre neurones, pero també hem de tenir en
compte la gliotransmissid i la neurotransmissid eléctrica. La primera, posa de
rellevancia el rol important que exerceixen les cél-lules glials en la regulacié del
sistema nervids central (com ja s’"ha comentat anteriorment), i en concret 'astrocit
en diferents condicions com sdn I'epilepsia, la discapacitat intel-lectual o les malalties
neurodegeneratives (Boison and Steinhduser, 2018; Cresto et al., 2019; Sung and
Jimenez-Sanchez, 2020). La segona, la neurotransmissio electrica, és minoritaria a
nivell de sistema nervids, i implica la unid entre cel-lules a través de les gap-junctions,
formades per les connexines. Si ens centrem en la neurotransmissié quimica, que
sera la que predominara a nivell de sistema nervids central i periferic (també a nivell
de la unié neuromuscular), hem de tenir en compte que es dura a terme a través
de I'exocitosi de neurotransmissors. Aquesta exocitosi sera amb el mateix tipus
de neurotransmissor en algunes ocasions, pero també podra combinar diferents
tipus de neurotransmissors alhora, donant lloc al que s'anomena cotransmissio.
Aguest fet, es coneix des de fa anys quan es va descriure per primer cop en petites
molécules com I'ATP, 'acetilcolina o el lactat, i més recentment s’ha descrit en altres
neurotranmissors com el GABA (Tritsch et al., 2016), que permeten la modulacié
del procés de neurotransmissio.

Apartdeestructuresanatomiques,lessubstanciesquimiques(neurotransmissors
i gliotransmissors), organuls cel-lulars, etc. esmentades, hi ha un component
imprescindible perque el procés de neurotransmissio tingui lloc: el metabolisme
energetic. El cervell és un organ altament demandant a nivell energetic i la major
part del seu consum d’energia va destinat a un correcte funcionament del procés
sinaptic (Tristdn-Noguero and Garcia-Cazorla, 2018). Probablement la major font
d’energia a nivell cerebral sigui la glucosa subministrada a nivell sinaptic, pero
es debat entre si aquest hidrat de carboni és el substrat energétic principal, o bé
el lactat produit a nivell astrocitari i subministrat a la neurona. Sigui com sigui,
el suport energetic i I'intercanvi de substrats entre aquests dos tipus cel-lulars
(astrocits i neurones), és el mecanisme basic per a un correcte funcionament a
nivell metabolic ja sigui amb la produccié d’energia a través de la via glicolitica
(predominant en l'astrocit) o bé la fosforilacid oxidativa (predominant en la
neurona) (Oyarzabal and Marin-Valencia, 2019) (figura 5). Aixi doncs, trastorns que
interfereixin de forma significativa en la produccié d’energia en algun d’aquests
nivells, es podra traduir en una transmissié sinaptica alterada.
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Figura 5. Metabolisme de la glucosa en el compartiment neuronal i astrocitari, figura
extreta de (Oyarzabal and Marin-Valencia, 2019). La utilitzacié de glucosa és diferent i
es basa sobretot en la presencia d’enzims diferents i de transportadors diferents en cada
una d’aquestes cél-lules. A part de les particularitats quant al cicle de Krebs, les neurones
poden utilitzar el lactat i glutamina generats pels astrocits com a substrat energetic pel
seu propi cicle de Krebs o per la fosforilacié oxidativa, i en el cas de la glutamina també per
a la sintesi del neurotransmissor GABA. Les estrelles vermelles representen I'ATP.

Abreviatures, de langlés: GLUT#, glucose transporters; MCT#, monocarboxylate
transporters; Glu, glutamate; Gln, glutamine; G6P, glucose-6-phosphate; F1,6biP, fructose
1,6-biphosphate; Pyr, pyruvate; Lac, lactate; Ac-CoA, acetyl-CoA; Cit, citrate; a-KG, alpha-
ketoglutarate; OAA, oxaloacetate; PC, pyruvate carboxylase; PDH, pyruvate dehydrogenase
complex; Oxphos, oxidative phosphorylation; GS, glutamine synthetase; GLS, glutaminase;
GAD, glutamic acid decarboxylase.
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4. Defectes dels neurotransmissors

A continuacid exposarem els defectes que actualment es consideren trastorns
dels neurotransmissors, i a mode clarificador, s'lacompanya cada paragraf principal
d’un esquema grafic agrupant aquests trastorns.

4.1. Defectes de les monoamines

Les monoamines o amines biogenes inclouen aquells neurotransmissors
formats per un grup amino que es connecta a un anell aromatic, que deriva en tots
els casos dels aminoacids amb el mateix nom, els aminoacids aromatics: tirosina,
fenilalanina i triptofan. Parlarem principalment dels seglients neurotranmissors:
dopamina, serotonina, noradrenalina i adrenalina.

En la primera figura (figura 6) podem trobar una representacié esquematica
dels defectes de les monoamines, i seguidament (figura 7) una representacio6 dels
defectes que de forma directa o indirecta alteren el metabolisme i funcionament
de les monoamines. Conceptualment, havien representat els defectes classics
dels neurotransmissors, descrits en llibres de revisié dels neurotransmissors, i fins
i tot en revisions publicades recentment (Hoffmann and Blau, n.d., Ng et al., 2015;
Brennenstuhl et al., 2019).
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Figura 6. Representacié esquematica dels defectes de lesamines biogenes o monoamines,
i que es desenvolupen amb més detall en el text de continuacié.

*El defecte de PITX3 s’ha reportat només en una familia, per tant (i com s’exposara a
continuacid), cal ser encara prudents alhora d’afegir aquest defecte de forma concloent
en cap classificacio.
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4.1.1. Defectes de sintesi de les monoamines

62

GTP
! Premonoamine metabolites GTP
Enzymes cyclohydrolase 1
O ATH CO Neopterin == Dilydroneopterin
| Enzyme cofactors triphoephain
O Proteins that control mencamine
transport of regulation | PTPS I
] Monoamine metabolites
— S Phenylalanine PTP :
O Monoamines e, =
reductase
lleMalanme | BH4
Presynaptic nydioagese Sepiapterin
dopaminergic Sepiapterin
neuron reductase
Tyrosine Tryptophan —
e [opiophen] | o
| Pituitary Tyrosine e | BH4
| homeobox 3 hydroxylase Tryptophan |
hydroxylase | qBH2—= Biopterin
land2 |
Catachol-O-
4a-
methyl . BH z Plefind-a
Vanillactic |transferase carbinolaming | - rhinolamine
acid JorthoMethyldopa | s——— _?’_'_':'!‘d'iw?’?i?’?ﬂa"'_n detydratase

Primapterin

| Phenylethanolamine | [ Dopamine

| Nmethyltransferase | Pmydroxylase
T |
Monoamine oxidase + : l'
Catechol-Q-methyl transferase 3,4 ditwdroxy Mgl::g;ne g
Aldehyde dehydrogenase phenylacelic CalnchobOoa 3]';‘:":"1"_':'
acid transferase
L e |
Vanillyimandelic T 3Methyl Homovanillic 5
. acid Ahydroxyphenylglycol e 8cid__gj e
3 bt
.S i °.
Dopaming reuptake h
and recycling S o °
L] o [
Dmnm'rm_ transporter ] [ [ ]
Lal .
Dopamine—@ o ® L
- ﬂ
Postsynaptic Dopamine receptor

neunon

Figura 7. Defectes de la sintesi i metabolisme de les monoamines, de l'article (Ng
et al., 2015). Aquesta figura és una representacido esquematica de les vies de sintesi i
metabolisme de les monoamines, aixi com també es veuen representades aquelles
malalties monogeniques identificades que afecten aquestes vies: es poden veure
mutacions a nivell de proteines reguladores dels diferents NT, com sén els transportadors
de la membrana neuronal o bé el transportador a nivell vesicular (requadres liles); també
defectes enzimatics puntuals (requadres roses pels defectes de sintesi o degradacio,
i requadres vermells pels defectes dels cofactors). La tirosina i el triptofan sén els
substrats essencials per a les vies de sintesi, i tots dos entren a nivell cerebral a través
del transportador d’aminoacids neutres. La tirosina també es forma a nivell neuronal
provinent del catabolisme de la fenilalanina. En els quadrats verds es poden veure els
metabolits de les monoamines que es poden mesurar en el LCR per poder arribar a un
diagnostic.

Abreviatures, de I'anglés: AADC, aromatic l-amino acid decarboxylase; BH2, dihydrobiopterin;
BH4, tetrahydrobiopterin; DHPR, dihydropteridine reductase; PLP, pyridoxal 5’-phosphate;
PTP, 6-pyruvoyl tetrahydrobiopterin; PTPS, PTP synthase; qBH2, quinoid BH2; VMAT2,
vesicular monoamine transporter 2.
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4.1.1.1. Defecte de tirosina hidroxilasa (TH) (OMIM #605407) (o bé distonia
dopa-sensible, DYT5b, o DYT/PARK-TH): ocasionat per mutacions
en el gen TH (tyrosine hydroxylase), que actua en el pas limitant de
la sintesi de dopamina, i té una prevalenca desconeguda.

La presentacid clinica és un continuum entre un fenotip més
greu que cursa amb encefalopatia neonatal amb sindrome rigida-
hipocinetica i un retard global del desenvolupament (classicament
anomenat fenotip B), i un de més lleu (fenotip A, que cursa
amb una forma lleu-moderada), si bé els simptomes poden ser
compartits i en ocasions sol ser dificil de diferenciar. Els simptomes
classics inclouen distonia-parkinsonisme, ptosi palpebral, crisis
oculogires, i també simptomes inespecifics com un retard global
del desenvolupament o signes de disfuncié autonomica (Pons et al.,
2013; Brennenstuhl et al., 2019). Probablement les manifestacions
cliniqgues es puguin relacionar amb el grau d’activitat de la TH, si
bé s’ha reportat una caracteritzacio de les proteines sinaptiques
cerebrals en la forma B, on s’observa una disminucié d’aquelles
proteines relacionades amb I'homeostasi de la dopamina (TH i
el transportador de dopamina) i una disregulacid de proteines
relacionades amb la neurotransmissiéo GABAérgica i glutamatergica
(Tristan-Noguero et al., 2016).

Hi sol haver una bona resposta clinica a la suplementacié amb
L-dopa/carbidopa en la forma A, no sent aixi en la forma B, que
sol necessitar politerapia amb agonistes dopaminergics o anti-
colinérgics (Brennenstuhl et al., 2019).

4.1.1.2. Defecte de decarboxilasa de L-aminoacids aromatics (AADC) (OMIM
#608643). El defecte d’AADC es va descriure per primera vegada
en uns bessons I'any 1990 (Hyland and Clayton, 1990), i és un
trastorn amb heréncia autosomica recessiva, que afecta I'enzim
responsable de la carboxilacio de la L-DOPA i del 5-hidroxitriptofan,
per a la sintesi de dopamina i serotonina, respectivament.
Conseqglientment, també es produeix un deficit de noradrenalina
i adrenalina.

No hi ha dades especifiques quant a prevalencga, pero si que hi
ha regions com Taiwan i el Japd amb incidencies més elevades,
probablement degut a un efecte fundador (Lee et al., 2009).
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Una manifestacid clinica caracteristica d’aquest trastorn soén les
crisis oculogires, que poden tenir una durada de minuts fins a hores.
També es caracteritza per retard global del desenvolupament, un
trastorn del moviment predominantment en forma de distonia i
un quadre de parkinsonisme precog, hipotonia greu, inestabilitat
hemodinamica i simptomes disautonomics (sudoracié, congestid
nasal, episodis de pal-lidesa i inestabilitat de la temperatura
corporal...), i ptosi. Les manifestacions cliniques en la majoria dels
casos son presents abans del primer any de vida (Heales et al.,
2010; Wassenberg et al., 2017).

4.1.1.3. Defecte de dopamina 3-hidroxilassa (DBH) (OMIM #223360): aquest

és I'enzim responsable de la sintesi de noradrenalina (NA) a partir
de la dopamina. La deficiencia de DBH és un trastorn recessiu que
afecta el gen DBH. La clinica principal és una afectacié autonomica,
i la presentacio clinica sol ser durant la infantesa tipicament amb
ptosi, hipotensid i fatigabilitat. En edat adulta, es sol manifestar en
forma d’hipotensid ortostatica, baixa tolerancia a I'exercici, ptosi,
congestid nasal i simptomes pre-sincopals (Ng et al., 2015).

4.1.2. Defectes del catabolisme de les monoamines
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4.1.2.1. Defecte de la monoamino-oxidasa A i B (MAO-A o sindrome de

Brunner, OMIM# 300615; i MAO-B): aquests dos isoenzims es
localitzen a la vesicula sinaptica secretora, i son imprescindibles
per a la desaminacié de serotonina, dopamina i noradrenalina. Els
dos gens es troben al cromosoma X en orientacions oposades, i
aixi com el defecte aillat de MAO-B no sol estar relacionat amb
patologia, si que es descriuen:

4.1.2.1.1. Defecte de MAO-A o sindrome de Brunner: comportament

antisocial, discapacitat intel-lectual limit i dificultats per
al control d’impulsos. També s’han descrit inestabilitat
hemodinamica i diarrea (Ng et al., 2015; Brennenstuhl et al.,
2019)

4.1.2.1.2. Defectes combinats de MAO-A i MAO-B: discapacitat

intel-lectual, episodis d’hipotonia episodica, estereotipies,
conductes auto-agressives, i epilépsia (Lenders et al., 1996).
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4.1.2.1.3. Defectes combinats de MAO-A, MAO-B i delecié del gen NBD:
aquest gen es troba de forma contigua als dos anteriors, i
qguan hi ha una delecié d’aquesta zona es poden veure
afectats els 3 gens a la vegada. El gen NBD és el responsable
de la malaltia de Norrie, i aquests pacients, a part del fenotip
suggestiu de defecte de MAO, també presenten displasia
retiniana i afectacid visual congenita (Collins et al., 1992).

4.1.3. Defectes de les co-xaperones: defectes de la sintesi de DNAJC12
(OMIM # 617384)

Aguest gen codifica per una proteina de nom homonim, que forma part d’una
familia proteica que es caracteritza per la seva acciéo com a xaperones. Hi ha altres
trastorns d’aquestes xaperones que també s’han associat amb clinica neurologica,
com és el cas de les mutacions al gen DNAJC6 i clinica de distonia-parkinsonisme,
que sera motiu de descripcié més detallada en aquesta tesi (article V). La proteina
DNAJC12, actua com a xaperona de la fenilalaninahidroxilasa (PAH) i d’hidrolases
dels aminoacids aromatics (la tirosina hidroxilasa i la triptofan hidroxilasa).

Es va descriure per primera vegada I'lany 2017, en 6 pacients amb mutacions
bial-leéliques provinents de 4 families no emparentades (Anikster et al., 2017).
Aquests pacients presentaven una hiperfenilalaninémia (HPA), amb evidéncia
de defecte de dopamina i serotonina. Posteriorment, es van recollir més
pacients, alguns d’ells detectats a través de la HPA en el diagnostic precog. Les
manifestacions cliniques son variables, perd solen presentar un retard global
del desenvolupament i un parkinsonisme, aixi com trastorns psiquiatrics i del
moviment.

4.1.4. Defectes del transport de monoamines

4.1.4.1. Defecte del transportador de dopamina (DAT: SLC6A3) (OMIM #
613135): malaltia autosOmica recessiva i primera transportopatia
de monoamines descrita I'any 2009 (Kurian et al., 2009). S'afecta la
recaptacio de dopamina a nivell presinaptic i hi ha una acumulacid
de dopamina a I'espai sinaptic, i aixo és precisament el que defineix
la troballa bioquimica caracteristica en LCR: nivells molt elevats de
HVA, nivells normals de 5HIAA, i una ratio HVA/5HIAA elevada >5
(Kurian et al., 2009, 2011).
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4.1.4.2.

Ledat de debut sol ser en els primers mesos de vida amb
problemes per a l'alimentacid, irritabilitat, hipotonia axial i un
trastorn hipercinétic progressiu, juntament amb moviments
oculars anomals. Durant els primers anys de vida, s’observa
una bradicinesia, hipomimia, rigidesa i un tremolor de repos,
predominantment. Un debut més tarda de la malaltia, s’ha descrit
també en casos de trastorn per deficit d’atencid i hiperactivitat
(TDAH) combinat amb un parkinsonisme de debut precog¢ (Hansen
et al., 2014). La ressonancia magnetica sol ser normal, pero en el
DaTscan® amb 1123 es pot observar una péerdua total de 'activitat
del transportador de dopamina a nivell dels ganglis de la base.

Defecte del transportador vesicular de monoamines 2 (VMAT2:
SLC18A2) (OMIM # 618049): la proteina VMAT2 es troba a la
membrana de les vesicules sinaptiques, i permet la internalitzacio
de la serotonina i la dopamina a dins d’aquestes, abans del seu
transport cap a la membrana presinaptica i la seva fusié amb
aquesta per a tal d’alliberar els NT a I'espai sinaptic. Hi ha hagut
dos articles cientifics relacionant mutacions en aquesta proteina
amb patologia en humans (Rilstone et al.,, 2013; Swan et al.,
2015). La primera vegada que es va descriure va ser en una familia
consanguinia de I'Arabia Saudita amb 8 membres afectes, sent el
cas index una nena amb una discapacitat intel-lectual greu, crisis
oculogires, hipotonia axial i hipertonia d’extremitats, amb un
retard motor greu (gateig als 4 anys i deambulacié autonoma als
13 anys), disfuncié bulbar, facies hipomimica, discinésies facials,
tremolor, ataxia i parkinsonisme. Els simptomes psiquiatrics i
d’inestabilitat autonomica (amb hipotensié ortostatica, sudoracio,
canvis de temperatura), labilitat emocional i trastorn del son, es
descriuen en edat adolescent. La segona familia descrita també era
consanguinia, i els casos index eren dos germans varons amb un
fenotip semblant amb moviments distonics i desviacié tonica de la
mirada, pero també amb crisis orientades com a epiléptiques (amb
sacsejades miocloniques, crisis focals cloniques i generalitzades)
amb EEG normal (Swan et al., 2015).

4.1.5.Defectes dels factors de transcripcid de gens de sintesi de NT: mutacions
de PITX3 (pituitary homeobox 3): codifica una proteina implicada en la
transcripcio del gen de la tirosina hidroxilasa. S’ha descrit Unicament en
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un pacient amb una delecié en el cromosoma 10q24.32, que conté el
gen PITX3 I'any 2012. Des d’aleshores no s’ha descrit en cap altra familia
amb el mateix fenotip i a OMIM no té numero adjudicat. Era un pacient
de 17 anys amb problemes d’aprenentatge, hiperactivitat i trastorn del
comportament i del son. També hi havia certs trets dismorfics, com
un front ample, sinofridia, una arrel nasal amplia, i una hipoplasia de
les falanges mitges dels cinquens dits. Els nivells de HVA i 5-HIAA en
LCR en eren baixos i els de levodopa absents completament. Al iniciar
tractament suplementari amb L-dopa van millorar els simptomes quant al
comportament i a la son (Derwinska et al., 2012).

4.1.6. Defectes de sintesi i reciclatge de tetrahidrobiopterina (BH4)

La BH4 és un cofactor primordial per la hidroxilacié de la fenilalanina i és
essencial per a la sintesi de les monoamines. Els defectes enzimatics de la
BH4 (figura 8) impliquen la sintesi o reciclatge de les pterines, i poden anar
acompanyats o no d’una hiperfenilalaninémia (que és potencialment detectable
en el diagnostic preco¢ neonatal).

Guanosine triphosphate (GTP)
GTP cyclohydrolase 1 (GTPCH)
Dihydroneopterin triphosphate (NH,P,)
l 6-pyruvoyl tetrahydropterin synthase (PTPS)
6-Pyruvoyl-tetrahydropterin (6-PPH,)

Sepiapterin reductase (SR)

Tetrahydrobiopterin (BH4) Tyrosme Tryptophan Phenylalanine
Dihydropteridin TerSInE Tryptophan Phenylalanine
Reductase hydroxylase hydroxylase hydroxylase
(DHPR) (TH) (TPH) (PAH)
QuINoN0Id e Pterin 4a- L- Dopa 5-OH-Tryptophan Tyrosine
Dihydrobiopterin carbinolamine
(qBH2)
Dopan'nne Serotonin
Pterin
carbinolamine
dehydratase (PCD) e y "
Homovanillic 5-Hydroxyindolacetic
acide (HVA) acide (5-HIAA)

Figura 8. Esquema dels defectes de sintesi i reciclatge de la tetrahidrobiopterina (BH4),
extret de l'article de (Clot et al., 2009). En aquest esquema es veuen representats els
principals enzims de sintesi d’aquest cofactor de les amines bidogenes, aixi com la via de
reciclatge del mateix. Es veu també la seva intervencié en el pas de fenilalanina a tirosina,
un punt clau si es té en compte que aquests defectes solen anar, la majoria de les vegades,
amb una hiperfenilalaninemia acompanyant i nivells baixos de tirosina.

67



Sistemes de neurotransmissid en trastorns neuropediatrics

68

4.1.6.1. Defectes de la la sintesi de BH4:
4.1.6.1. 1. Defecte de I'enzim GTPCH1 amb heréncia dominant (dGTPCH,

malaltia de Segawa, distonia dopa sensible, o DYT5a) (OMIM
# 233910): Aquest enzim catalitza la conversié de GTP a
dihidroneopterina, que és la reaccio limitant de la sintesi de
BH4.

Té una incidencia de 0,5 per cada 100.000, amb una relacié
dona:home de 2,5 (Furukawa, 1993).

La presentacio clinica caracteristica és una distonia que sol
afectar les extremitats inferiors inicialment, i també hi ha
altres presentacions motores com un retrocollis, un tremolor
postural (a vegades asimetric), etc. Hi ha una variacid dilirna
molt marcada amb empitjorament al llarg del dia, i una
resposta molt clara a I'inici del tractament amb L-Dopa (Ng
et al., 2015). Aquestes manifestacions cliniques es podrien
agrupar segons |'edat de presentacio, i en Segawa mateix va
proposar diferent fenotips que es correlacionarien segons la
maduresa de la via nigroestriada (Segawa, 2011).

4.1.6.1.2. Defecte de I'enzim GTPCH1 amb heréncia recessiva (rGTPCH)

(OMIM # 233910): en aquest cas la forma de presentacio
més freqlient és una hipotonia truncal, amb un trastorn del
moviment variat (el qual també pot incloure la distonia), una
disfuncié autonomica, crisis i un retard psicomotor.

Si que sol anar amb una hiperfenilalaninemia que es pot
detectar en el diagnostic precog. Els nivells de monoamines
i pterines a LCR i orina estan disminuits (Ng et al., 2015;
Brennenstuhl et al., 2019).

4.1.6.1.3. Deficiéncia de PTPS (o defecte de 6-Piruvoiltetrahidropterina

sintasa, o DYT/PARK-PTS) (OMIM # 261640): esta causada
per mutacions en el gen PTS, és el trastorn més freqlient
dels defectes de BH4 i té la seva freqiéncia maxima en
poblacid asiatica (Opladen et al., 2012). El fenotip clinic pot
ser molt variable i pot anar des d’individus completament
asimptomatics que es detecten per una hiperfenilalaninémia
en el diagnostic precog, fins a manifestacions neurologiques
importants, com epilépsia, trastorns motors com hipocineésia,



Introduccid

rigidesa, corea, distonia, i també simptomes psiquiatrics.
A diferencia d’altres trastorns dels neurotransmissors, en
aquest cas esta freqlientment reportat que els pacients sén
nounats de baix pes per edat gestacional, i solen tenir una
hipotonia important, una microcefalia i una succio dificultosa
(Opladen et al., 2012).

4.1.6.1.4. Defecte de SR (sepiapterina reductasa) (OMIM # 612716): esta

causat per mutacions en el gen SPR, i és dels defectes més
infradiagnosticats dins dels trastorns de la BH4, i sovint es
confon amb un paralisi cerebral (Friedman et al., 2012). Un
altre punt per al seu diagnostic dificultds, és que no es presenta
amb una hiperfenilalaninémia en el diagnostic precog neonatal.
Es pot manifestar com a una alteracié de la supraversid
de la mirada, hipotonia, trastorn del moviment i un retard
psicomotor, mentre que el fenotip més tarda sol ser en forma
de distonia i trastorns neuropsiquiatrics. També s’ha descrit un
fenotip relacionat amb trastorns de I’hormona de creixement
(doncs la dopamina regula I'excrecioé de GH) i un hipotiroidisme
central amb hipoglucemia (Zielonka et al., 2015).

4.1.6.2. Defectes del reciclatge de BH4:

4.1.6.2.1.

4.1.6.2.2.

Deficiencia de PCD (Pterin-4a-carbinolamina dehidratasa)
(OMIM # 264070): I'enzim PCD és el segon en la fase de
reciclatge delaBH4 iesta codificat pelgen PCBD1. Es manifesta
com una lleu hiperfenilalaninemia en el periode neonatal,
i el diagnostic confirmatori es pot fer per primapterina
(7-biopterina) elevada en orina.

Una caracteristica important d’aquest defecte és |'abséncia
de simptomes neurologics greus, i es podria considerar
una forma benigna i transitoria d’hiperfenilalaninemia
(Brennenstuhl et al., 2019).

Defecte de DHPR (dihidropteridina reductasa) (OMIM #
261630): la BH4 pateix un procés d’oxidacié durant la
hidroxilacio de les diferents amines biogenes per a la sintesi
de NT. Per retornar a la seva forma inicial, la DHPR és un dels
dos enzims clau per al seu reciclatge. Aquest trastorn es deu
per mutacions en el gen QDPR.
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Malgrat que en aquest cas la via de sintesi de |la BH4 es troba
intacte, el curs clinic d’aquest trastorn sol ser pitjor que el
dels defectes de sintesi. Probablement, la fisiopatologia és
més complexa i no inclou només els nivells baixos d’amines
biogenes,sindqueunprobablecumulde?,8-dihidrobiopterina
(BH2), uns nivells irregulars d’oxid nitric i disminuits de
5-metilentetrahidrofolat (5-MTHF), també semblen jugar un
paper important. En quant al tractament, en aquest cas i a
diferencia dels anteriors, la suplementacié amb BH4 no esta
recomanada, i cal una suplementacié amb acid folinic.

La clinica sol apareixer en el periode neonatal (i normalment
presenta una hiperfenilalaninémia que es podria detectar a
través del diagnostic preco¢ neonatal), amb una microcefalia,
un retard del desenvolupament i una hipotonia important.
En edat de lactant i pre-escolar, sol apareixer una hipotonia
truncal juntament amb un trastorn de moviment que sol ser
predominantment una distonia-parquinsonisme i tremolor. A
diferéncia dels altres trastorns, és més freqlent l'aparicié de
crisis epileptiques enaquells pacients no diagnosticats (Longo,
2009; Opladen et al., 2012, Ng et al., 2015; Brennenstuhl et
al., 2019).

4.2. Defectes de serina

La L-serina és unaminoacid no essencial que a nivell neurologic té diferents rols
molt importants: 1) és un potent factor neurotrofic, doncs promou la formacié i
elongacié dendritica, aixi com un potent promotor de la sinaptogénesi; 2) actua
com a precursor d’importants components essencials com sén lipids abundants
a nivell cerebral (fosfatidilserina, principal component de les membranes
neuronals, i esfingomielina, component estructural important a nivell de Ia
mielina); 3) és precursor de glicina i de D-serina (un important neuromodulador
a nivell dels receptors NMDA de glutamat); i finalment 4) també és precursor de
piruvat (important per la seva implicacié en el metabolisme energetic cel-lular)
(figura 9).
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Figura 9. Representacio de les fonts de serina i les seves vies de biosintesi, de |'article
(El-Hattab, 2016).

La biodisponibilitat de serina a nivell cerebral depéen de la via de sintesi de novo,
i del transport de serina a través del transportador anomenat ASCT. Ambdues
vies estan descrites en trastorns monogenics amb deficit cerebral de serina, i
s’exposen a continuacio (figura 10).

[ Fosfoglicerat deshidrogenasa (PGDH)

}-[{ Fosfoserina aminotransferasa (PSAT) l

. Fosfoserina fosfatasa (PSP)

Serina

Transportador de serina 0 ASCT1

Figura 10. Representacié esquematica dels defectes de biodisponibiliat de serina
(defectes de sintesi de serina i del transport de serina), que es desenvolupen de forma
detallada en les seglients linies.
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4.2.1. Defectes de la sintesi de serina

Laviadesintesiéslapredominantanivell cerebraldegutalapobrapermeabilitat
de la barrera hemato-encefalica a la serina (Damseh et al., 2015). Aquesta via de
sintesi esta practicament tota confinada a nivell astrocitari. Els defectes de sintesi
inclouen:

4.2.1.1. Fosfoglicerat deshidrogenasa (PGDH) (OMIM # 601815 i # 256520
per fenotip greu anomenat sindrome de Neu-Laxova): defecte
enzimatic més freqlient.

4.2.1.2. Fosfoserina aminotransferassa (PSAT) (OMIM # 610992).

4.2.1.3. Fosfoserina fosfatasa (PSP) (OMIM # 614023).

Les manifestacions fenotipiques d’aquests trastorns (tant els de
sintesi com els que afecten el transportador) sén un continuum
i comprenen des de quadres greus congenits que son letals
(sindrome de Neu-Laxova), fins a sindromes de manifestacio en
edat pediatrica o adolescent. Un aspecte comu en gairebé tots
aquests defectes (sobretot en els de debut en edats més precoces),
i degut a I'important rol de la serina en el neurodesenvolupament,
és una important microcefalia, a vegades ja detectada intrauter.
També es manifesten com a un retard en el desenvolupamenti una
discapacitat intel-lectual, i poden presentar també malformacions
cerebrals (lisencefalia, atrofia cerebral, hipoplasia del cos callds,
hipoplasia cerebel-losa, alteracié de la senyal de substancia
blanca...). En les formes greus, i pel paper de la serina com a
precursor de fosfolipids, es descriu una ictiosi fins en el 50% dels
casos (El-Hattab, 2016).

4.2.2. Defectes del transportador de serina o ASCT1

El transportador anomenat ASCT (o transportador d’aminoacids neutres) esta
especialment dedicat al shuttle de serina des dels astrocits cap a les neurones
(Damseh et al., 2015) i és el principal transportador de serina del sistema nervids
central.

A nivell fenotipic, un aspecte diferencial entre els defectes de sintesi i els del
transport és en relacio a les manifestacions sistemiques: en els defectes de sintesi
hi ha un deficit de serina global, i per aquest motiu hi ha descrites alteracions
gonadals, microftalmia, atrofia muscular, malformacions cardiovasculars, entre
d’altres. En el cas del defecte del transportador de serina, el deéficit de serina
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es produeix exclusivament a nivell cerebral, i no solen presentar aquestes
manifestacions sistemiques (El-Hattab, 2016). Un altre aspecte diferencial és que
fins al 50% dels pacients descrits que no presenten una microcefalia al néixer
(Damseh et al., 2015).

Els pacients descrits que tenen estudi de LCR, presenten nivells normals de
serina i de glicina. Es pensa que potser hi ha altres transportadors secundaris de
serina a nivell astrocitari, com I'SNAT5, que actua amb |’exocitosi de serina al LCR,
i aix0 fa que en el moment de I'analisi de LCR, els valors siguin normals malgrat el
defecte en el transportador principal (Damseh et al., 2015).

El tractament suplementari amb serina en el defecte del transportador no s’ha
descrit, si bé s’hipotetitza que dosis altes de serina podrien tenir una resposta
clinica i millorar el pronostic cognitiu (El-Hattab, 2016).

4.3. Defectes de glicina

La glicina és des del punt de vista estructural un aminoacid, que exerceix la
seva funcié inhibitoria predominantment a nivell de medul-la espinal (a través
de l'activacié de canals de clor en els receptors ionotropics), i també actua com
a agonista dels receptors NMDA de glutamat. En la figura 11 podem veure una
esquematitzacio dels principals defectes de glicina com a neurotransmissor.

Catabolisme/degradacié Hiperglicinémia no cetosica (NKH)

Tipus 10 GlyT1

ansportagors o

| Pre-sinaptic tipus 2 o Gly2

Glicina

Subunitat a f ]

Subunitat p |

Figura 11. Defectes de glicina, que es desenvolupen a continuacié en el text i que
comprenen els defectes de degradacio, els defectes dels transportadors i dels receptors.
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4.3.1. Defectes del catabolisme de la glicina (coneguda com a hiperglicinémia
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no cetosica classica (NKH) o encefalopatia per glicina (OMIM# 605899)).

Trastorn neurometabolic que afecta el complex enzimatic de degradacid
de la glicina. La conseqliéncia és una acumulacié excessiva de glicina a
nivell tissular de tot I'organisme i també a nivell cerebral. Clinicament es
manifesta amb epilépsia, discapacitat intel-lectual i espasticitat, tot i que
segons els tipus de mutacions i les troballes bioguimiques, recentment
es descriuen dos fenotips principals (Swanson et al., 2015): 1) una
forma greu de debut neonatal, amb una epilepsia farmaco-refractaria
(amb un tracat d’EEG de brot-supressié) i amb poques fites a nivell
del neurodesenvolupament, i 2) una forma més lleu atenuada que es
caracteritza per graus variables de discapacitat intel-lectual, i poden tenir
o no epilépsia i trastorn del moviment (principalment corea) (Van Hove et
al., 1993). Ambdues formes poden debutar en el periode neonatal, si bé
fins a només un 15% de les formes de debut neonatal es podran incloure
dins del fenotip atenuat (Swanson et al., 2015).

Es descriuen mutacions en els gens que codifiquen les diferents subunitats
del complex proteic de degradacié de la glicina: 1) la proteina-P (gen
GLDC, glicina decarboxilasa, causant del 80% dels casos), 2) la proteina-T
(gen AMT, aminometiltransferasa, causant del 20% dels casos) (figura 12),
i 3) proteina-H (gen GCSH, de I'anglés: glycine cleavage system H protein),
descrit només en dos individus amb canvis suposadament patogénics
(comunicacio personal en un congrés) (Van Hove et al., 1993).
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Figura 12. Sistema de degradacié de la glicina, extreta de l'article de (Garg et al., 2017).
Esquematitzacié dels passos enzimatics per a la degradacio de la glicina, en un sistema
multienzimatic caracteritzat per 'acciéd de 3 enzims: proteina P o glicina decarboxilasa,
proteina T o aminometiltransferasa, i proteina H o glycine cleavage system H protein,
de l'anglés. Important, que tant la folat, com la vitamina B6, sén cofactors enzimatics
d’aquest procés.
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Quant al diagnostic diferencial, hi ha diferents trastorns metabolics i
neurometabolics que poden cursar amb nivells elevats de glicina en
plasma i/o LCR (taula 1), i inclouen entitats descrites els ultims anys.

Taula 1. Diagnostic diferencial dels trastorns neurometabolics amb augment de

glicina plasmatica

Malaltia Gen(s) H Clinica Laboratori
Déficit dels Defectes de LIAS AR Discapacitat Glicinap ™
cofactors de GCS | I'acid lipoic LIPT2 intel-lectual, Glicina LCR
BOLA3 espasticitat, crisis, Activitat GCS "¢
GLRX5 ataxia, atrofia optica, Defecte piruvat
IBA57 hipertensié pulmonar, | deshidrogensa
NFU1 cardiomiopatia
Defecte ALDH7A1 AR Encefalopatia Glicinap
d’antiquitina epiléptica neonatal Glicina LCR
Activitat GCS |
PNPO PNPO AR Encefalopatia
epileptica Glicina LCR 1
PLPHP PLPBP AR | Encefalopatia PLP LCR {
epileptica
Regulacié cbiX HCFC1 LX Epilépsia neonatal Glicinap ™
anormal de GCS Glicina LCR
Hiperhomocistinemia
AMM
Defecte transport | Glytl SLC6A9 AR Encefalopatia neonatal | Glicina LCR
glicina Ratio glicina LCR:
plasma
Glicinap N
Inhibicié de Aciduries Multiples AR Encefalopatia, AOO aN
I'activitat de GCS | organiques gens... hiperamonémia, Glicinap T
(AMM, AP, cetonémia... Glicina LCR
AlV)* Ratio N

Adaptat de I’Gltima versié de 2019 de la revisié d’hiperglicinémia no cetosica de Genereviews (Van
Hove et al., 1993). Abreviatures: AlV: aciduria isovalérica; AMM: aciduria metilmalonica; AOO: acids
organics en orina; AP: aciduria propionica; AR: autosomic recessiu; cblX: cobalamina X; GCS: glycine
cleavage system; H: heréncia; LCR: liquid cefalorraquidi; LX: Iligat a I’X; N: normal; p: plasma; PLP:

piridoxal fosfat.

* Sén les classicament anomenades: hiperglicinemies cetosiques.
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D’entre aquests trastorns inclosos en el diagnostic diferencial, caldria
fer mencié especial als defectes de la sintesi de I'acid lipoic (figura 13),
catalogats inicialment com a «hiperglicinemies no cetosiques atipiques».
Sondefectesqueimpliquenlasintesidel’acidlipoic, el qualésuncomponent
molt important de diferents complexes enzimatics que participen de
forma directa o indirecta en el metabolisme energetic mitocondrial i
també en el sistema de degradacié de la glicina (GCS). A part dels enzims
relacionats directament amb la sintesi de l'acid lipoic, també hi ha aquells
enzims implicats en la formacio dels clusters de ferro-sulfur (Fe-S clusters)
i en la formacié d’acids grassos a nivell mitocondrial (mtFAS), que sén
imprescindibles perque I'acid lipoic es sintetitzi correctament (Tort et al.,
2016; Alfadhel et al., 2017).

Complex I, others
Fe-5 cluster synthesis i

' BA
G““' . Complex I-II

? .q o "'”? & “"@:_ -------- -~ Aconttase, others
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FASI)— (LA synthasls ) e eeere a .........................................................
mtFASII 3 .
3 ] %
: .
3
-
H

Fatty acids I/”“”‘) o) L
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MECR | oOctoylAck @ . 2 " 5
HTD2 |’ :
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‘(f}v% Lipoic acid

Figura 13. Trastorns implicats en la sintesi de I’acid lipoic, extret de I'article de (Tort et al.,
2016). Esquematitzacié on s’observa la confluéncia de la via de sintesi de complexes de
ferro-sulfur, i la sintesi propiament de |'acid lipoic.

Abreviatures, de langles: PDH pyruvate dehydrogenase, BCKDH branched-chain
ketoacid dehydrogenase, 2-KGDH 2-ketoglutarate dehydrogenase, 2-OADH 2-oxoadipate
dehydrogenase, GCS glycine cleavage system.
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4.3.2. Defectes dels transportadors de glicina

4.3.2.1. Transportador de glicina tipus 1 o GlyT1 (SLC6A9), o encefalopatia

4.3.2.2.

per glicina amb mutacid al receptor tipus 1, o encefalopatia per
glicina amb nivells plasmatics normals de glicina (OMIM# 617301).

El transportador tipus 1 de glicina es localitza principalment a nivell
astrocitari i és el responsable de la recaptacié de glicina de 'espai
sinaptic per tal de finalitzar la neurotransmissid glicinergica. La
seva localitzacié a nivell de sistema nervids central és a medul-la,
tronc i cerebel. Uany 2016 es va descriure per primera vegada en
un pacient de I’Arabia Saudita (Juusola et al., 2016), i al cap de poc
es va descriure en 5 pacients més d’Israel (Kurolap et al., 2016).

Tots els pacients descrits debuten en el periode neonatal amb un
guadre d’encefalopatia greu, destret respiratori que requereix
ventilacid mecanica, hipotonia, resposta exagerada a estimuls
sonors, i trets dismorfics. Només 2 d’aquests pacients sobreviuen
al periode neonatal, i es postula que el rol d’aquest transportador
durant aquest periode sigui crucial, canviant a un rol més secundari
en el seglients mesos de vida (Alfallaj and Alfadhel, 2019).

Tots ells també presentaven anomalies a l'ecografia pre-natal,
amb polihidiramnios en alguns d’ells, ventriculomegalia, quistos
cerebrals, i signes d’artrogriposi, entre d’altres (Juusola et al., 2016;
Kurolap et al., 2016; Alfallaj and Alfadhel, 2019).

El tractament és basicament de suport. En un d’ells es va intentar
tractamentamb ketaminaibenzoat sodic (com enla hiperglicineémia
no cetosica) sense millora (Kurolap et al., 2016).

Transportador presinaptic de glicina tipus 2 o GlyT2 (SLC6A5)
(OMIM# 614618).

El transportador presinaptic de glicina és necessari per al
reompliment i recaptacié d’aquest aminoacid de l'espai sinaptic.
Mutacions en aquest gen s’han vist implicades a nivell clinic amb
la hiperexplexia, o malaltia del sobresalt, que consisteix en la
contraccid muscular sobtada en resposta a estimuls tactils o sonors
aparentment banals. La glicina actua com a neurotransmissor
excitatori a nivell cerebral (a través de la seva unié co-agonista
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amb el receptor de glutamat NMDA), perd com inhibitori a nivell
medul-lar (a través de la hiperpolaritzacié desencadenada quan
s'uneix al receptor glicinergic postsinaptic). La perdua d’aquesta
funcid inhibitoria és el que suposa una hiperexplexia (Rees et al.,
2006).

A dia d’avui no hi ha reconegut un tractament efica¢, malgrat que
el clonazepam pot alleujar part dels simptomes motors, doncs és
una benzodiacepina que modula de forma positiva les sinapsis
inhibitories, doncs s’uneix al receptor postsinaptic de GABA-A i
activa I'entrada intracel-lular de clor (Bode and Lynch, 2014). Tot i
aixi, s’obre la porta del tractament amb farmacoxaperones dirigides
especialment a la familia SLC6 (Freissmuth et al., 2017).

4.3.3. Defectes del receptor de glicina

Mutacions en les subunitats del receptor de glicina també estan relacionades

amb el fenotip d’hiperexplexia (com en el cas del transportador). Hi ha descrites

mutacions en les seglient subunitats del receptor:
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4.3.3.1. Subunitat alfa, gen GLRA1 (OMIM# 149400).

4.3.3.2. Subunitat beta, gen GLRB (OMIM# 614619).

Esvadescriure per primeravegadael 1958 en membres adults d’una
mateixa familia que patien caigudes després de certs estimuls o de
certes emocions (por, estres...) (Kirstein and Silfverskiold, 1958).
Uns anys més tard es va descriure el primer defecte monogénic
identificat, amb una heréncia autosomica dominant (tot i que hi ha
casos de novo i alguns de recessius), i que implicava una mutacio
en la subunitat alfa del receptor de glicina, la més freqientment
relacionadaamb aquest fenotip (Shiangetal., 1993). Posteriorment,
i amb una herencia principalment autosomica recessiva, es va
descriure el quadre clinic relacionat amb mutacions en l'altra
subunitat del receptor, la beta (Rees et al., 2002).

El quadre clinic classic es caracteritza per: 1) rigidesa generalitzada
i episodica que es dona des del moment del naixement, que
progressivament millora amb l'edat; 2) un risc augmentat d’apnea,
aixi com un cert retard en l'adquisicio del llenguatge i també a nivell
motor (descrit sobretot en pacients amb mutacions en GLRB); 3)
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resposta exagerada a estimuls principalment sonors i tactils, que
persisteix al llarg de tota la vida; i 4) una rigidesa que es manté
durant uns segons/minuts després del sobresalt, que també es
pot mantenir al llarg de tota la vida i que és causa de caigudes i
traumatismes (Bode and Lynch, 2014).

Habitualment es presenta durant la vigilia i desapareix durant
el son, tot i que recentment s’han descrit casos amb alteracions
evidenciades en el son REM, que es solapaven amb altres
parasomnies (Lopez et al., 2019).

El tractament més efectiu en aquests casos és el clonazepam, que
és una benzodiacepina que modula de forma positiva les sinapsis
inhibitories, doncs s’uneix al receptor postsinaptic de GABA-A i
activa I'entrada intracel-lular de clor (Bode and Lynch, 2014).

4.4. Defectes de GABA

El GABA és estructuralment un aminoacid, i representa el neurotransmissor
inhibitori més abundant a nivell de SNC en el cervell adult, mentre que actua com
a NT excitatori en I'etapa fetal i neonatal (Chattopadhyaya and Cristo, 2012). En
la seglient figura 14 es representen de forma esquematica els principals defectes
descrits en aquest neurotransmissor:

> Glutamat decarboxilasa-67 (GAD1) !

Succinic semialdehid deshidrogenasa (SSADH) ]

Catabolisme/degradacio

GABA-transaminasa l

Transportadors o \
“transportopaties”

‘ Transportador pre-sinaptic de GABA o SLC6A1

lonotropic ﬂ

_—

Metabotropic

Figura 14. Defectes de GABA, desenvolupats en més detall a continuacid i que inclouen
els defectes del catabolisme del GABA, del transport i dels receptors GABAeérgics.
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4.4.1. Defectes de la sintesi de GABA

La glutamat decarboxilasa és la proteina que s’encarrega de la sintesi de GABA
a partir de glutamat. Hi ha dues isoformes, la glutamat decarboxilasa 67 (amb
expressio ubiqua i que sintetitza majoritariament GABA a nivell citoplasmatic) ila
65 (amb expressié predominantment a nivell del terminal nervids, i que sintetitza
GABA per ser emmagatzemat i alliberat a nivell vesicular), codificades pels gens
GAD1 i GAD2, respectivament. No hi ha mutacions a GAD2 implicades amb
patologia humana a dia d’avui.

4.4.1.1. Defecte de glutamat decarboxilasa (GAD1) (OMIM # 605363).

Aquest gen codifica la isoforma GAD67. Fins fa pocs mesos, hi
havia només una familia descrita amb aquest defecte, si bé anys
previs s’havien fet estudis d’homozigositat i microsatel-lits en
families consanguinies paquistaneses i s’"havia aconseguit acotar la
zona d’interés a 2924-25 (McHale et al., 1999). El fenotip en tots
aquests casos era una tetraparesia espastica simetrica, en pacients
nascuts de families consanguinies, amb diferents membres afectes,
i amb un patré d’heréncia autosomica recessiva (Lynex et al.,
2004). Posteriorment hi ha més publicacions que fan referéncia a
polimorfismes en aquest genienrelaciéd amb patologia psiquiatrica,
sobretot esquizofrenia (Fujihara et al., 2015).

Recentment, es descriu el mateix gen com a causant d’un fenotip
d’encefalopatia epileptica del neurodesenvolupament greu, amb
dismorfies com fenedura palpebral, omfalocele i trets facials
caracteristics. Es descriu també amb patrd d’heréncia recessiva,
en 6 families consanguinies amb 11 pacients en total, i inclouen
estudis funcionals en model cel-lular per poder validar la troballa
(Chatron et al., 2020).

En cap dels pacients descrits s’esmenten els nivells de GABA a LCR,
si bé en la publicacié més recent, en algun pacient es comenta un
perfil generic de NT normal (sense especificar si s’han quantificat
els nivells de GABA lliure) (Lynex et al., 2004; Chatron et al., 2020).

4.4.2. Defectes en la via del catabolisme de GABA

4.4.2.1. Defecte de succinicsemialdehid deshidrogenasa o SSADH (ALDH5A1)
(OMIM # 271980) (figura 15). Es caracteritza clinicament per
hipotonia, retard del desenvolupament, discapacitat intel-lectual,
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alteracid en el llenguatge expressiu, i ataxia lleu. Lepilépsia és
un simptoma present en la meitat dels individus afectes i és més
frequent en els pacients adults. També es descriuen trastorns
psiquiatrics i del comportament, conductes auto-agressives,
al-lucinacions, i trastorns del son. També hi ha simptomes clinics
d’afectacio de ganglis de la base, com sén trastorns del moviment
com coreoatetosi, distonia i mioclonus (Pearl et al., 1993; De
Meulemeester et al., 2015).

L'EEG sol presentar un enlentiment del ritme de base i descarregues
en forma de puntes generalitzades (De Meulemeester et al., 2015).

Glutamine
Homocgarnosine ”
£ Glutafl_atp - CO,
\ CI:H,-CH,-C':H,-COOH
NH, GABA

L
Histidine

n GABA-T

CH-CH,-CH,-COOH

[5) Succinic
semialdehyde SSADH

74 N

CH,CH,-CH,COOH |
OH  GHB

HOOC-CH,-CH,-COOH
Succinic acid

Beta-ox Jdati on

intermediates s

acid cycle

Figura 15. Via metabolica del GABA, de I'article (Wu et al., 2009). En aquesta representacio
esquematica s’observa la interrelacié dels metabolits de la via del GABA i la seva implicacié
com a intermediaris del metabolisme energeétic cel-lular, participant en el cicle de Krebs o
bé en la beta-oxidacid mitocondrial.

Abreviatures, de I'anglés: GHB: gammahydroxybutyrat; GABA: gamma aminobutyric acid;
SSADH: succinic semialdehyde dehydrogenase.

4.4.2.2. Defecte de GABA transaminasa (ABAT) (OMIM # 613163) (figura
15): és un trastorn autosomic recessiu, que afecta la interconversié
de succinic semialdehid a GABA, i el fenotip clinic descrit és
una encefalopatia epileptica precog, amb un retard greu del
desenvolupament, hipotonia i hipersomnia, i un creixement
postnatal accelerat (degut a I'estimulacié GABAérgica que provoca
un alliberament de I’hormona de creixement) (Pearl et al., 1993).
En alguns pacients també es descriu un trastorn del moviment
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en forma predominantment de corea i mioclonus (Pearl et al.,
2014; Koenig et al., 2017). En la darrera revisié de 10 pacients,
descriuen un assaig terapéeutic amb flumazenil (com a antagonista
del receptor de les benzodiazepines GABA(A)). En un d’ells millora
el tracat de 'EEG i les crisis epileptiques, mentre que en el segon
no hi ha canvis clinics (Koenig et al., 2017).

4.4.3. Defecte del transportador de GABA (GAT1, SLC6A1) (OMIM# 616421)

El transportador de GABA esta situat a nivell presinaptic i és I'encarregat de la
recaptacio presinaptica de GABA. Aquest transportador es troba principalment
a nivell axonal i terminal sinaptic de les interneurones GABAeérgiques (mentre
que altres tipus de transportadors GABAérgics es localitzen principalment a nivell
astrocitari, per poder garantir el correcte shunt GABA-glutamat (Oyarzabal and
Marin-Valencia, 2019)). El fenotip descrit d’aquests pacients és una epilépsia
mioclonic-astatica (o sindrome de Doose), i es va descriure per primera vegada el
2015 (Carvilletal.,2015) amb mutacions amb perdua de funcié en el transportador.
En alguns d’aquests pacients es descriu una molt bona resposta al tractament
amb dieta cetogena (Palmer et al., 2016). En la literatura no consten pacients
descrits amb analisi de liquid cefalorraquidi.

4.4.4. Defectes dels receptors de GABA

Tant de GABA com de glutamat trobem mutacions en els seglients dos tipus
de receptors, i els de més rellevancia clinica s’exposen de forma resumida en la
seglent taula (taula 2):

e Receptors ionotropics (figura 16): permeten la transmissido del
senyal en una escala temporal de mil-lisegons.
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Figura 16. Receptors GABAeérgics ionotropics, de (Srivastava etal., 2014)t. Esquematitzacié
dels receptors GABAérgics ionotropics, conformats per 2 subunitats alfa, dues subunitats
beta, i una darrera subunitat gamma que es pot intercanviar entre §, €, 6, o 1.

e Receptors metabotropics o lligats a proteina G: es localitzen a nivell
postsinaptic i activen una cascada de senyalitzacid cel-lular després
de la unié del NT al receptor. S6n respostes que tendeixen a ser més
lentes, perdo més prolongades en el temps.
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Taula 2. Receptors GABAérgics (mutacions descrites en les seves subunitats i
relacionats amb patologia reportada a OMIM)

GABA
Tipus Gen oMIM* Fenotip Referéncia
lonotropic GABRA1 615744 | EE, epilepsia d'abséncies i | (Cossette et al., 2002)
611136 mioclonica juvenil.
GABRB1 617153 EE amb sindrome | (Janve et al., 2016)
de Lennox-Gastaut i
espasmes infantils.
GABRB2 617829 EE amb discapacitat | (Srivastava et al., 2014;
intel-lectual, trastorns del | Hamdan et al., 2017)
desenvolupament.
GABRB3 617113 EE i epilepsia d’abséncies | (Tanaka et al., 2008; Janve
612269 infantils. etal., 2016)
GABRG2 607681 EE, epilépsia | (Baulac et al., 2001)
618396 generalitzada, crisis
febrils.
GABRD 613060 EE, crisis febrils plus, i| (Dibbens et al., 2004)
mioclonica juvenil.
Metabotropic GABBR2 617904 EE i trastorn  del | (Appenzeller et al., 2014)
617903 neurodesenvolupament.

*NuUmero de fenotip reportat a OMIM.

4.5. Defectes de glutamat

El glutamat és un aminoacid que també actua com a neurotransmissor, sent
el més abundant a nivell de SNC, i és alhora també el principal NT excitatori.
Els defectes d’aquest neurotransmissor s’esquematitzen a la figura 17 i es
desenvolupen a continuacio:

- AMPA
7 lonotrépic -2 Kainat
Glutamat |<
Ny NMDA

Metabotropic

Figura 17. Defectes de glutamat, que inclouen els defectes de degradacié de glutamat, i
els defectes en els receptors.
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4.5.1. Defectes dels receptors de glutamat

Els receptors de glutamat es troben tant a nivell sinaptic com en altres
localitzacions en neurones i astrocits (figura 18). El glutamat, sobretot mediat a
través dels receptors NMDA, té un rol molt important a nivell de neurogéenesi,
sinaptogenesi i fenomens de plasticitat neuronal (Keith and El-Husseini, 2008).
Un altre paper important del glutamat, és com a precursor de la sintesi de GABA.

Figura 18. Receptors glutamatergics metabotropics i iontropics, de (Niswender and
Conn, 2010). Esquematitzacid i localitzacié dels receptors glutamatérgics metabotropics i
ionotropics [els receptors glutamatérgics ionotropics consisteixen en 3 tipus de receptors
diferents: els NMDA (N-metil-D-aspartat), AMPA (acid a-amino-3-hidroxi-5-metil-4-
isoxazolpropionic) i kainat]. També hi ha representats alguns receptors post- i presinaptics
GABAeérgics.

A continuacid, un breu resum dels principals receptors glutamatergics que
podem trobar, i aquells en els quals hi ha patologia humana descrita a dia d’avui,
confirmada amb fenotip OMIM. Els principals fenotips descrits es relacionen
majoritariament amb epilépsia, encefalopaties epiléeptiques, trastorns del
neurodesenvolupament, en alguns casos a trastorn espectre autista, i de forma
menys freqlent a trastorns del moviment, ataxia espinocerebel-losa i ceguesa
nocturna (taula 3).
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Taula 3. Receptors glutamatergics (mutacions descrites en les seves subunitats i
relacionats amb patologia reportada a OMIM)

Glutamat
Tipus Subtipus | Gen OoMIM* Fenotip Referéncia
lonotropic | AMPA GRIA2 ok DI juntament amb EE, fenotip (Salpietro et al.,
Rett-like, i trastorn espectre 2019)
autista.
Kainat GRIA3 300699 Dl lligada a I'’X. (Wu et al., 2007)
NMDA GRIA4 617864 Trastorn del desenvolupament, | (Martin et al., 2017)
amb o sense epilépsia i
trastorn de la marxa.
GRIK2 611092 DI, trastorn del comportament, | (Motazacker et al.,
epilépsia i distonia. 2007; Cébrdoba et
al., 2015)
GRIN1 614254 Retard del desenvolupament (Lemke et al., 2016)
617820 greu, DI greu amb abséncia de
llenguatge, hipotonia, trastorn
del moviment hipercinetic,
crisis oculogires, ceguesa
cortical, atrofia cerebral
generalitzada, i epilépsia.
GRIN2A 245570 DI amb o sense epilépsia, i (Endele et al., 2010;
epilepsia rolandica. Lemke et al., 2013)
GRIN2B 616139 Espectre ampli de trastorn (Endele et al., 2010;
613970 del neurodesenvolupament, Lemke et al., 2013)
amb DI, epilépsia,
hipotonia, trastorn espectre
autista, malformacions
cerebrals (que podrien
recordar a tubulinopaties
o polimicrogiria), atrofia
cerebral i afectacié del cortex
visual. Descrita la millora amb
agonistes del R en cas de
pérdua de funcié.
GRIN2D 617162 EE precog, descrita la (Li et al., 2016)
millora amb el tractament
d’anatgonistes del R
(memantina, ketamina...)
Metabotropic GRM1 617691 Ataxia espinocerebel-losa en (Guergueltcheva et
614831 la forma congénita, o bé de al., 2012; Watson et
debut en edat juvenil i adulta, | al., 2017)
juntament amb DI.
GRM6 257270 Ceguesa nocturna amb (Dryja et al., 2005)

afectacio dels cons de la retina.

*Numero de fenotip reportat a OMIM.

**Encara no reportat a OMIM, gen recentment descrit relacionat amb patologia.

Abreviatures: DI: discapacitat intel-lectual, EE: encefalopatia epiléptica.
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4.6. Defectes d’acetilcolina

En el seglient requadre (taula 4) s’exposen de forma molt resumida aquells
defectes que impliquen I'acetilcolina i que tenen afectacié neurologica (hi ha altres
trastorns de la sintesi d’acetilcolina, o mutacions d’algunes subunitats del receptor
gue es relacionen amb la susceptibilitat a I'abus de nicotina, a canvis en el grup
sanguini del eritrocits... que per simplificacié no s’han inclos en aquesta taula) i
s‘esquematitzen en la seglient figura 19:

Receptor periféric
| Nicotinic B :
\ S
‘ Receptor neuronal

Muscarinic

Acetilcolina

Transportadors o i W
“transportopaties” Transportador vesicular pre-sinaptic (SCN18A3)

Figura 19. Defectes d’acetilcolina, que inclouen defectes en els receptors periférics i
neuronals, aixi com defectes en el transportador.

Taula 4. Defectes d’acetilcolina

Nom Gen oMIM*/ Fenotip Referéncia
Heréncia
Transportador
Transportador vesicular SLC18A3 | 617239, AR Sindrome miastenica | (O’Grady et al., 2016)
presinaptic congenita
Receptors
Nicotinic Subunitat o | CHRNA1 | 601462, AD Sindrome miastenica | (Wang et al., 1999)
periferic 608930, AD congenita
i AR
Subunitate | CHRNE 608931, AR (Ohno et al., 1997)
Subunitat B | CHRNB1 | 616314, AR (Quiram et al., 1999)
Subunitat 8§ | CHRND 616323, AR (Muller et al., 2006)
Ensamblatge | MUSK 616325, AR (Chevessier et al., 2004)
del receptor ['e/ psn | 616326, AR (Ohno et al., 2002)
Nicotinic Subunitat a | CHRNA2 | 610353, AD Epilépsia frontal (Aridon et al., 2006)i
neuronal CHRNA4 | 600513, AD | Mocturna (Steinlein et al., 1995)
Subunitat & | CHRNB2 | 605375, ? (Rempel et al., 1998)
Muscarinic CHRM3 100100, AR Disfuncio pupil-lar, (Weber et al., 2011)
boca seca i sindrome
de prune-belly

*Numero de fenotip reportat a OMIM.
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5. Clinica de les malalties dels neurotransmissors

En els apartats previs ja s’ha detallat la clinica corresponent a cada trastorn,
pero de forma geneérica hi ha alguns signes i simptomes que es poden atribuir als
defectes de neurotransmissio.

Son causa en general de quadres d’encefalopatia progressiva greu, la
majoria dels quals tenen un debut precoc¢ en l'edat pediatrica. Algunes tenen
simptomes distintius com soén: 1) afectacié prioritaria en forma de trastorns
del moviment (parkinsonisme, tremolor, postures distoniques...) en els casos
d’afectacio de la dopamina o de la BH4; 2) desregulacié de la temperatura
corporal, alteracié en el comportament o de I'estat d’anim, entre d’altres, en les
alteracions serotoninéergiques; 3) desregulacié autonomica, sudoracid, trastorn
de la temperatura, en alteracions noradrenérgiques i adrenérgiques (i algunes
serotoninergiques); i 4) trastorn del comportament amb simptomes psiquiatrics
i epilépsies greus de dificil control que condicionen un retard important del
desenvolupament, com sén el cas dels trastorns de la glicina, del GABA, o de la
sintesi i homeostasi de la vitamina B6.

Les fluctuacions dilirnes de la simptomatologia, amb una millora a primera
hora del mati o després de dormir, i un empitjorament progressiu durant el dia,
també sén caracteristiques.

6. Diagnostic de les malalties dels neurotransmissors

6.1. Anamnesi i exploracio fisica

En I'anamnesi dirigida es poden posar de manifest diferents simptomes o
signes que ens poden fer pensar en una malaltia dels NT com podrien ser: 1) una
fluctuacié ditirna de la simptomatologia clinica; 2) un trastorn mixt del moviment;
3) que juntament amb les manifestacions principals del quadre clinic el pacient
també presenti alteracions autonomiques com sén canvis de temperatura,
salivacid, congestié nasal, sudoracid, etc; 4) la preséncia de moviments oculars
anormals (com crisis oculogires) o implicacié ocular (com la presencia de ptosi);
5) o bé la resposta clinica a dopamina en cas que s’hagi fet una prova terapéutica
(Ng et al., 2015)noradrenaline and adrenaline; o bé 5) signes i simptomes d’una
disrupcié a nivell sinaptic (com un retard cognitiu i motor, acompanyat o no
d’epilépsia, i simptomes neuropsiquiatrics com un trastorn espectre autista).

En algunes families es pot detectar una consanguinitat, i aixo ens fara pensar
en una heréncia autosomica recessiva, que és la principal en aquests trastorns.
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6.2. Puncio lumbar

Entre els estudis etiologics que se solen realitzar en aquests pacients, un punt
diagnostic clau i que dificilment es pot obviar és I'analisi del liquid cefalorraquidi.
Si bé aguesta només actua indirectament com a reflex extern del que esta
passant al medi intern, si que en moltes ocasions ens pot donar una aproximacio
diagnostica. En el LCR es poden determinar un perfil d’aminoacids, GABA,
dopamina, serotonina, neopterines, vitamina B6, acid folic, com a marcadors
més caracteristics (Rodan et al., 2015). Lanalisi, recol-leccié, emmagatzematge i
processament de la mostra de LCR requereix protocols estandarditzats per tal que
I'analisi sigui la mateixa per a tots els pacients i pugui ser comparable. La llum (com en
el cas de les pterines), la temperatura ambient (com en el cas del GABA), sén factors
qgue poden conduir a uns valors erronis de NT. Juntament amb aquesta avaluacio del
LCR, cal complementar amb estudis en orina i sang periférica (seglients apartats).

Es important un alt index de sospita i un diagnostic precoc, per totes aquelles
entitats que es poden beneficiar de tractament substitutiu.

Cal tenir en compte que, tant en defectes monogéenics primaris dels NT, com en
altres alteracions del SNC (com malalties neurodegeneratives amb/sense afectacié
de substancia blanca, alteracions cerebel-loses, afectacid dels ganglis de la base,
malalties mitocondrials, etc) també podem veure un perfil alterat de NT. Sera
important doncs en aquest cas, un correcte diagnostic diferencial, pero també tenir
en compte que aquestes entitats considerades com a «secundaries», també es
podrien beneficiar de tractament suplmementari per millorar el perfil de NT (Garcia-
Cazorla et al., 2011; Garcia-Cazorla and Duarte, 2014; Rodan et al., 2015; Horvath et
al., 2016; Van Karnebeek et al., 2018). En aquests casos, és important el concepte
de «metabolisme sinaptic» per tal de comprendre els mecanismes que condicionen
una alteracié del perfil de NT i un mal funcionament sinaptic i glial: aquest concepte
pretén aglutinar els coneixements de la ciencia basica i del neurometabolisme,
per entendre I'entrellacat funcional a nivell pre- i postsinaptic (Garcia-Cazorla and
Saudubray, 2018; Oyarzabal and Marin-Valencia, 2019).

6.3. Analisi de sang/plasma i orina

Lanalisi en sang pot determinar alguns marcadors concrets, com una
fenilalanina augmentada en alguns defectes de la sintesi o reciclatge de la BH4. En
orina, podriem veure uns acids organics alterats en el cas del defecte de succinic
semialdehid deshidrogenasa que presenta un pic caracteristic de 4-OH-butirat, o
també podriem veure alteracions en les pterines en orina, o bé en els metabolits
de les amines biogenes.
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6.4. Resum de les troballes a LCR, plasma i orina, i sospita diagnostica
principal
Les seglients taules (taula 5i 6) esquematitzen i resumeixen les troballes a LCR,
orina i plasma dels principals defectes dels neurotransmissors, en aquells en els
quals es compta amb un marcador bioquimic.

Taula 5: Troballes bioquimiques en LCR, sang i orina, en els principals defectes
primaris dels NT, adaptat de (Cortés-Saladelafont et al., 2015)

CSF
Deficiency HVA SHIAA HVA/SHIAA | 30MD | 5HTP | 5MTHF | SP NP BP
ratio
TH NN N NN N N N*
AADC NN AR N T T N
GTPCH
Recessive N2 N2 N N N N N N2 N2
Dominant Np /N N/J N N N N )2 )
PTPS NN NN N N N N N ™ NN
SR NN NN N N N N ™ T
PCD NN N N N N N N N
DHPR NN Ui N N N v N
Urine Plasma
Deficiency Primapterin NP BP Phe Prolactin
TH N N N N T
AADC N N N N N/
GTPCH
Recessive N N} J ™ N/
Dominant N N N N N/
PTPS N ™ N ™ N/
SR N N N N N/
PCD ™ N/ N/ T N
DHPR N N ™ T N/

Abreviatures, de l'anglés: AADC, Aromatic amino acid decarboxylase; BP, total biopterin;
CSF, cerebrospinal fluid; DHPR, Dihydropteridine reductase; GTPCH, Guanosine triphosphate
cyclohydrolase; HVA, homovanillic acid; 5HTP, 5-hydroxytryptophan; 5HIAA, 5-hydroxyindoleacetic
acid; 5MTHF, 5-methylenetetrahydrofolate; 30MD, 3-O-methyldopa; N, normal values according
to own reference intervals; NP, total neopterin; Phe: phenylalanine; PCD, pterin-4a-carbinolamine
dehydratase; PTPS, 6-Pyruvoly-tetrahydropterin synthase, SP, sepiapterin; SR, sepiapterin reductase;

TH, tyrosine hydroxylase.
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Taula 6. Resum dels marcadors bioquimics dels altres defectes dels NT

Marcadors bioquimics

Deficiencia
LCR Sang/plasma Orina
Dopamina R-hidroxilasa NATA L
DA x10
+/- hipoMg
+/- anémia
MAO-A HVA | Serotonina P Acid vanil-lactic 4
SHIAA | 3-ortometildopa T
Normetanefrina
Transportador de HVA
dopamina 5HIAA normal
Ratio HVA/5HIAA >5
VMAT2 Inconsistent, alguns: HVA i 5SHIAA
HVA i SHIAAY AiDA"
Neopterina T
Defectes de la sintesi de | Serina {,\, ~3-8 uM Serina L\ ~20-65 uM
serina*® (normal: 35-80 uM) (normal: 70-190 uM)
Glicina ¢ Glicina {
Defecte de DNAJC12 HVA ¢ Fenilalanina
SHIAA ¢
Biopterina N/
Defecte del Glicina ™ Glicina N Glicina T
transportador de glicina Ratio glicina LCR/plasma
tipus 1
Defecte de SSADH GABA total i lliure P Acid 4-OH-butiric ™ 35- | Acid 4-OH-butiric

Acid 4-OH-butiric 1 100-

600 pmol/L (normal: 0-3

N100-1200 mmol/mol

850 umol/L (normal: 0-2 | umol/L) creatinine (normal: >0-7
pmol/L) Glicina mmol/mol creatinina)
Glicina 1 (transitori) Abséncia d’acidosi | Glicina
metabolica
GABA transaminasa GABA lliure ™1 GH 1 ** 2-pirolidinona
Hiperglicineémia no Greu: 228 (40-510) | Greu: 1133 (342-2363)
cetosica umol/L umol/L

Atenuada: 99 (41-230)
umol/L

Atenuada: 822 (342-1590)
umol/L

Ratio LCR/plasma:
Greu: 0.22 (0.09-0.45)
Atenuada: 0.13 (0.04-0.22)

* Important que les mostres s’extreguin en deju, doncs a nivell periféric es podrien normalitzar els

valors de serina i glicina en situacid post-prandial (no sent aixi a nivell de LCR) (El-Hattab, 2016).

** 'estimulacié GABAergica provoca un augment de I'alliberament de I’hormona de creixement, i aixo

es correlaciona amb un augment del creixement linial en aquests pacients (Koenig et al., 2017).

Abreviatures: A: adrenalina; 5HIAA: acid 5-hidroxi-indolacetic; DA: dopamina; Mg: magnesi; NA:
noradrenalina; P6C: Al-piperideine-6-carboxylate; VMAT2: transpotador vesicular de monoamines 2
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6.5. Diagnostic preco¢ neonatal

Avui en dia els defectes primaris dels neurotransmissors no estan inclosos en
el diagnostic neonatal ampliat per a malalties metaboliques i hereditaries. Tot i
aixi, la hiperfenilalaninemia que fa anys que es criba en el nostre territori per a
diagnosticar de forma precog la fenilcetonuria, pot ser un marcador important
per a alguns defectes de la sintesi i reciclatge de la BH4 (Blau et al., 2011; Burlina
and Blau, 2014).

Recentment, també s’han descrit marcadors bioquimics especifics com la
3-ortometildopa (30MD), que es descriu com a possible marcador per al diagnostic
preco¢ del defecte d'aminoacid decarboxilasa (AADC) (Chien et al., 2016).

6.6. Neuroimatge

La majoria dels trastorns dels neurotransmissors compten amb unes troballes
de neuroimatge dins de la normalitat, sent aquest un dels criteris que es pot
considerar a I’hora de sospitar un defecte dels NT. Malgrat aquesta afirmacio
i idea genérica, és important tenir en compte que en algunes ocasions podem
trobar alteracions en la neuroimatge (taula 7).

Taula 7. Troballes radiologiques dels defectes dels NT

Malaltia Troballes a la ressonancia magneética Reference

TH - Fenotip lleu: normal. (Lee et al., 2009)
- En fenotips greus:

e  Atrofia cerebral i cerebel-losa.

e Afectacié de substancia blanca/hipomielinitzacio.

e Canvis de substancia blanca periventricular.

e Hiperintensitat a peduncles cerebel-losos superiors i part

dorsal del pont.
e Espectrometria: descens del pic de N-acetilaspartat.

AADC - Podria ser normal. (Lee et al., 2009;
- Anomalies heterogénices sense patré especific de RM: Wassenberg et al.,
e Atrofia cerebral difusa lleu. 2017)
e  Atrofia cortical.
e Disminucié del volum a nivell pre-frontal.
e Desmielinitzacié focal a nivell frontal bilateral i parietal.
[ ]

Leucomalacia, canvis degeneratius de substancia blanca, i
patrons semblants a una leucodistrofia i hipomielinitzacid.
e Cos callés prim.

e Ventricules prominents.

SSADH - Podria ser normal. (Lee et al., 2009b;
(Figura 20) - Retard de la mielinitzacio. De Meulemeester
- Hiperintensitats en T2 a: etal., 2015)

e Globus pal-lid (principalment).
e  Substancia blanca subcortical i cerebel-losa.
e Nucli dentat o tronc cerebral.
- Atrofia cerebral i/o cerebel-losa.
- Espectrometria: elevacié de GABA i de 4-hidroxibutirat.
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Taula 7. Troballes radiologiques dels defectes dels NT (continuacid)

Malaltia

Troballes a la ressonancia magnética

Reference

GABA
transaminasa

- Agenésia del cos callds.
- Atrofia cerebral.

(Medina-Kauwe et
al., 1999; Koenig
etal., 2017)

Segawa disease | - Normal (Lee et al., 2009b)
(dGTPCH)
rGTPCH - Normal (Opladen et al.,
2011)
DHPR - Calcificacions de ganglis de la base. (Woody, et al.
- Calcificacions intracranials progressives. 1989)
PTPS - Normal habitualment. (Lee et al., 2009b)

- Anomalies inespecifiques de substancia blanca en T2.

Sepiapterina
reductassa

- Normal habitualment.
- Anomalies inespecifiques i molt poc freqients: leucomalacia
periventricular, retard de la mielinitzacio i atrofia cortical.

(Lee et al., 2009b;
Friedman et al.,
2012)

Hiperglicinémia
no cetosica

- Restriccié de la difusié a la seqiiencia DWI en aquelles arees
mielinitzades en el moment del naixement (tronc cerebral, cerebel,
tractes corticoespinals i area perirolandica).
- Atrofia cerebral.
- En fenotips molt greus:
e  Malformacions cerebrals (trastorns del plegament cortical).
e Anomalies del cos callés (des d’hipoplasia fins a agenesia).
e  Espectrometria: pic de glicina.
e Hidorcefalia.
e Quistos retrocerebel-losos.
- Afectacié de tractes llargs a nivell espinal.

(Dobyns, 1989;
Kanekar and Byler,
2013; Van Hove et
al., 2019)

Defectes de la
sintesi de serina

- Hipo/dismielinitzacio.

- Hiperintensitats en T2

- Lisencefalia.

- Hipoplasia cerebel-losa.

- Anomalies/agenésia del cos callds.

(van der Crabben
etal., 2013)

VMAT2 - Normal (Rilstone et al.,
- Espectrometria: normal 2013b; Swan et
al., 2015)
DAT - Normal (Ng etal., 2014b)
Transportador - Troballes inespecifiques: (Juusola et al,

de glicina tipus 1

e  Hiperintensitats periventriculars.
e Ventriculomegalia.

e Cos callés prim

e  Atrofia dels nervis optics.

2016; Kurolap et
al., 2016; Alfallaj
and Alfadhel,
2019)

Defecte del
transportador
de serina

- Cos callos fi.
- Hipomielinitzacid.
- Atrofia cerebral.

(Damseh et al,
2015)
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Figura 20. Ressonancia magneética d’un pacient amb defecte de SSADH, de l'article de
(Lee et al., 2009b), amb les troballes radiologiques caracteristiques: hiperintensitats en T2
en abmdds globus pal-lids.

Hi ha patologia neuropediatrica que presenta alteracions en la neuroimatge
gue, malgrat no ser primariament un defecte dels neurotransmissors, poden
presentar un perfil de NT alterat (van Karnebeek et al., 2018).

Table 4: Types of MRI abnormalities in patients with
abnormal CSF neurotransmitters

MRI abnormality Number, (%)
White matter signal abnormalities 15 (39%)
Ventriculomegaly 8 (20.5%)
Global atrophy 7 (18%)
Ischemic changes or encephalomalacia 6 (15.3%)
Delayed myelination 5(12.8%)
Cerebellar atrophy 4 (10.2%)
Basal ganglia abnormalities 3(7.7%)
White matter atrophy 2(5.1%)
Cortical dysplasia 2(5.1%)

Figura 21. Alteracions de la neuroimatge en pacients amb perfil anormal de NT, (Van
Karnebeek et al., 2018).
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6.7. Estudis genetics

L'abordatge del diagnostic genetic d’aquestes malalties dependra dels recursos
de cada centre i hospital. En perfils molt clars es podria realitzar la seqiienciacié
Sanger dirigida d’un sol gen conegut, malgrat que el cost d’aquesta tecnica cada
vegada resulta més poc rendible tenint en compte que els panells génics poden
tenir un preu similar.

La seqlienciacié massiva de I'exoma es reservava, fins fa pocs anys, per defectes
amb un perfil de NT no caracteristic, amb troballes cliniques i radiologiques no
concloent. Aixi i tot, amb |'abaratiment d’aquesta tecnica, podria presentar-se
com l'abordatge de primera eleccid en els casos en quée els recursos economics
ho permetin, sempre que es pugui garantir una correcta cobertura dels gens
d’interes.

Cal tenir en compte que el camp de la Genetica esta en constant expansio,
i si bé parlem d’aplicar I'analisi de 'exoma com a tecnica de primera linia si els
recursos economics ho permeten, hi ha publicacions recents que ja proposen un
abordatge inicial del pacient a través de I'analisi del genoma (Friedman et al.,
2019). Es justifica per tal de permetre la identificacié preco¢ de defectes amb
tractament especific disponible, que pogués millorar el pronostic de la malaltia.

6.8. Estudis diagnostics en l’era de les «Omiques».

Els sistemes de seqiienciacié massiva de 'ADN estan revolucionant el mdn
de la genetica clinica, pero els principals reptes recauen en 'emmagatzematge
de les dades i la interpretacid de tota aquesta vasta quantitat d’informacid, fent
indispensable la formacid i profunditzacié dels coneixements de geneética per part
de professionals clinics, aixi com el treball col-laboratiu d’aquests amb experts
genetistes, biolegs i bioinformatics (Johansen Taber et al., 2014).

En el mén de les malalties metaboliques (i aixd inclou els defectes dels
neurotransmissors), la seqlienciacid massiva de I'exoma o el genoma és tan sols
un actor més dins del procés diagnostic. A més a més, moltes vegades es generen
dades de canvis geneétics intronics o exonics dels quals no se sap el seu efecte
patogenic, i els sistemes de prediccid informatica in silico estan molt lluny de tenir
una alta fiabilitat. LADN és el dipositari de la informacio genetica a nivell del nucli
cel-lular, pero posteriorment a aquest punt hi ha tota I'epigendmica, i la dinamica
metabolica i de funcionament bioquimic, que és el que, al cap i a la fi, acaba
determinant la funcid biologica i el fenotip final de les malalties.
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En l'era de les «omiques», diferents aproximacions en el camp de les
metabolopaties permeten arribar al diagnostic final a través del treball
multidisciplinari de bioguimics, clinics, informatics, matematics, etc., aixi com una
medicina més personalitzada al poder-se estudiar millor les vies metaboliques
alterades (Boycott et al., 2018; Wanders et al., 2019).

hole cell assays

odel systems

Figura 22. Metabolisme translacional, de l'article de (Wanders et al., 2019). Un abordatge
multidisciplinar que permet una visi6 amplia del metabolisme en qualsevol trastorn
metabolic, aixi com permetre el desenvolupament de diferents opcions terapéutiques
personalitzades.

7. Diagnostic diferencial

Hi ha caracteristiques cliniques dels defectes dels NT que també es poden veure
en altres trastorns neurologics, com per exemple la paralisi cerebral, trastorns
del moviment primaris, trastorns paroxistics, encefalopatia hipoxic-isquémica,
encefalopaties epileptiques, trastorns psiquiatrics, etc. Aquestes caracteristiques
cliniques comunes que comparteixen és el motiu pel qual els defectes dels NT
solen estar infradiagnosticats. Aixi, davant d’una sospita clinica amb algunes dades
de I'anamnesi o I'exploracio fisica que no acaben de quadrar amb el quadre clinic,
caldria tenir sempre present la possibilitat d’'un defecte dels neurotransmissors
gue podria ser potencialment tractable. Un exemple freqlient en aquest cas,
seria una paralisi cerebral infantil en un pacient amb una anamnesi del periode
perinatal que no acabés de ser concloent i que presentés una neuroimatge sense
alteracions.
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8. Tractament de les malalties dels neurotransmissors

8.1. Tractament suplementari en alguns trastorns dels neurotransmissors

8.1.1. Tractament dels defectes de les monoamines

En aquells defectes dels NT en els quals s’identifica un deéficit de dopamina o
serotonina, o bé d'ambdds, el tractament pot anar dirigit a la suplementacié per
via oral dels precursor d’aquests NT: la L-dopa com a precursor de la dopamina,
i el 5-hidroxitriptdofan en el cas de la serotonina. Es necessari i indispensable
I'administracié de la L-dopa amb carbidopa, que és linhibidor periferic de
I'aminoacid decarboxilasa, i que permet que nivells correctes de L-dopa puguin
arribar al SNC. En el cas del defecte d’AADC, normalment el tractament de primera
linia no solincloure la suplementacié amb L-dopa, doncs els nivells d’aquesta solen
estar augmentats, pero en qualsevol cas convindria remarcar que la utilitzacié
de l'inhibidor periferic (ja sigui carbidopa o benzeracida) estaria contraindicat
(Wassenberg et al., 2017).
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Taula 8. Resum de les dosis dels tractaments suplementaris utilitzats en alguns
trastorns dels NT

Disorder Enzyme/protein | OMIM/ | Inheritance | Therapy

deficiency Orphat#
Co-chaperone DNAJC12 OMIM: | AR BH4 1-10 mg/kg/d titrated according to Phe levels; L-Dopa
defects 606060 starting at 1 mg/kg/d titrated up to 10 mg/kg/d combined

with carbidopa in 4:1 ratio; consider 5-HTP starting at
1 mg/kg/d titrated up to 10 mg/kg/d.

Biopterin SR OMIM: | AR L-Dopa starting at 1 mg/kg/d titrated up to 10 mg/kg/d
synthesis/ 612716 combined with carbidopa in 4:1 ratio, 5-HTP starting at
recycling 1 mg/kg/d titrated up to 8 mg/kg/d, consider selegiline?
defects 0.03 to 0.2 mg/kg/d
AD-GTPCH OMIM: | AD L-Dopa starting at 1 mg/kg/d titrated up to 10 mg/kg/d
233910 combined with carbidopa in 4:1 ratio,
AR-GTPCH OMIM: | AR L-Dopa starting at 1 mg/kg/d titrated up to 10 mg/kg/d
233910 combined with carbidopa in 4:1 ratio, 5-HTP starting at

1 mg/kg/d titrated up to 6 mg/kg/d, BH; 1 to 10 mg/kg/d
titrated according to Phe levels

PTPS OMIM: | AR L-Dopa starting at 0.5-1 mg/kg/d titrated up to 10 mg/kg/d
261640 combined with carbidopa in 4:1 ratio, 5-HTP starting at

1 mg/kg/d titrated up to 8 mg/kg/d, BH4 1 to 10 mg/kg/d
titrated according to Phe levels

DHPR OMIM: | AR L-Dopa starting at 0.5-1 mg/kg/d titrated up to 10 mg/kg/d,
261630 5-HTP starting at 3 mg/kg/d titrated up to 11 mg/kg/d,
phenylalanine level control only by dietary measures, folinic
acid 10-20 mg/d

PCD OMIM: | AR Consider BH4 titrated according to Phe levels, early screening
264070 for diabetes
Primary TH OMIM: | AR L-Dopa starting at 0.5-1 mg/kg/d titrated up to 10 mg/kg/d
neurotransmitter 605407 combined with carbidopa in 4:1 ratio, selegiline®
synthesis defects 0.1-0.4 mg/kg/d (max. dose 10 mg/d)
AADC OMIM: | AR Dopamine agonists: pramipexole BASE 5-10 pg/kg/d
608643 (max. 75 pg/kg/d), ropinirole 0.25 mg/d (max. 24 mg/d),

transdermal rotigotine 2 mg/d, increased weekly up to

8 mg/d, bromocriptine 0.1 mg/kg/d up to 0.5 mg/kg/d
MAQO inhibitors: selegiline® 0.1 mg/kg/d increase every two
weeks up to 0.3 mg/kg/d, tranylcypromine 0.1 mg/kg/d
increase every two weeks up to 30 mg/d

Co-factors: pyridoxine 100 to 200 mg/d, pyridoxal
5’-phosphate 100 to 200 mg/d

Monoamine SLC6A3 OMIM: | AR Pramipexole BASE 5 to 40 ug/kg/d, ropinirole 0.5 to 4 mg/d,
transportopathies | (DTDS) 613135 transdermal rotigotine 6 mg/kg/d

SLC18A2 Orpha: | AR Pramipexole BASE 5 to 40 ug/kg/d

(VMAT2) 352649
Monoamine MAOA/MAOB OMIM: | X-linked SSRI have shown beneficial effect in mice, no data for humans
catabolism 309850 available
disorders X - - - -

DBH OMIM: | AR Droxidopa used in adults as 100 mg 3 x daily to a maximum

609312 dose of 600 mg 3 x daily; no data for pediatric use available

Taula elaborada a partir de les dues revisions més recents dels defectes dels NT i de les monoamines
(Ng et al., 2015a; Brennenstuhl et al., 2019).

En les dosis recomanades hi poden haver algunes variacions segons resposta clinica, doncs per
exemple hi ha defectes dopaminérgiques que toleren dosis molt baixes de L-dopa/carbidopa amb
I'aparicié de discinésies, mentre que d’altres trastorns poden necessitar més dosi de la proposada
per tal de poder controlar el trastorn del moviment.

Abreviatures: 5-HTP, 5-hydroxytryptophan; AADC, aromatic L-amino acid decarboxylase; AD,
autosomal-dominant; AR, aautosomal-recessive; BH4, tetrahydrobiopterin; DBH, dopamine
B-hydroxylase; DHPR, dihydropterine reductase; DTDS, dopamine transport deficiency syndrome;
GTPCH, guanosine-5'-triphosphate cyclohydrolase; MAO A/B, monoamine oxidase A/B; n.s., non-
specific changes; PCD, pterin-4a-carbinolamine dehydratase; PTPS, 6-pyruvoyltetrahydropterin
synthase; SR, sepiapterin reductase; SSRI, selective serotonin reuptake inhibitor; TH, tyrosine
hydroxylase; VMAT2, vesicular monoamine transporter 2.
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Hi ha altres defectes dels NT que no estan inclosos en la taula 8, i que també
compten amb un tractament especific, els quals es resumeixen a continuacio:

8.1.2. Tractament dels defectes de la sintesi de serina

La suplementacié amb serina (taula 9) pot arribar a millorar alguns aspectes,
com son les crisis epileptiques, el comportament i les habilitats escolars (El-Hattab,
2016). Hi ha algun cas aillat de tractament intradter amb suplementacio de serina
durant la gestacid a partir de la setmana 27, i continuacié del tractament a nivell
post-natal, amb un neurodesenvolupament normal (de Koning et al., 2004).

Taula 9. Dosis recomanades de L-serina i glicina

Fenotip Dosi*

Defectes de sintesi L-serina 400-600 mg/Kg/d

Glicina 200-300 mg/Kg/d**

Formes secundaries L-serina 100-150 mg/Kg/d

*Dividit en 3 dosis diaries.

** Sobretot recomanat en les formes de sintesi per defecte en PHGDH.

8.1.3. Tractament del defecte de SSADH (figura 23):

e Tractament simptomatic:

Tractament antiepileptic: degut a la inhibiciéd selectiva de l'enzim
SSADH per part de I'acid valproic, es considera un farmac a evitar,
per tal de no produir una inhibicié completa de la funcié de SSADH
en aquells pacients amb certa activitat residual (Shinka et al., 2003).
La vigabatrina és un inhibidor irrebersible de la GABA-transaminasa i
semblaria un tractament prometedor, perd ha demostrat efectes no
concloents (Gropman, 2003).

Trastorns del comportament: destaquen el metilfenidat, larisperidona,
la fluoxetina i les benzodiacepines, pel tractament de lansietat,
I'agressivitat i la inatencio (Gibson et al., 2003).

e Nous tractaments en vies d’investigacié

SGS-742 és un antagonista del receptor GABA-B, i s’ha descrit una
millora en el model animal (Wu et al., 2009).

Inhibidors de la via mTOR, basada en els efectes suprafisiologics del
GABA com a NT inhibidor, doncs s’ha demostrat que a nivell cel-lular
pot actuar com a segon missatger i activar la cascada de senyalitzacio
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cel-lular lligada a la via mTOR (Vogel et al., 2016). En el model animal
s’observa una millora en el nimero i funcié dels mitocondris, restaura
la mitofagia, i millora 'oxidoreduccid cel-lular (Vogel et al., 2016).

Torin 1/2

Rapamycin - Succinate

Temsirolimus

Autophagy
Mitophagy
Pexophagy

Figura 23. Representacié esquematica de via metabolica del GABA i possibles dianes
terapéeutiques, com podrien ser farmacs inhibidors de la via mTOR o bé la vigabatrina
(VGB), de I'article (Vogel et al., 2016).

8.1.4. Tractament de la hiperglicinémia no cetosica

El tractament en aquests casos, a part d’encarar i tractar les comorbiditats i
problemes que poden anar sorgint (com la necessitat d’alimentacié a través de
sonda gastrica, avaluacié de I'escoliosi i la funcié respiratoria, etc.) va dirigit a 2
aspectes principals (Van Hove et al., 1993)which results in accumulation of large
quantities of glycine in all body tissues including the brain. Based on ultimate
outcome NKH is categorized into severe NKH (no developmental progress and
intractable epilepsy:

e Antagonitzarl’efectedelsreceptorsdeglutamatNMDA,ambdextrometorfan
(nounats: 10 mg/Kg/d; nens: 5 mg/Kg/d; adults i adolescents: 3 mg/Kg/d)
en 3-4 dosis al dia.

e Disminucio dels nivells de glicina:

e Dieta baixa en glicina, amb féormules de lactancia artificial especials,
amb control estricte dels nivells de serina i glicina.
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e Benzoat sodic: com en el tractament de les formes d’hiperamonémia,
el benzoat es combina amb la glicina i s’elimina per I'orina en forma
d’hipurat. Les dosis recomanades es representen a la taula 10.

Taula 10. Dosis recomanades de benzoat sddic

Forma clinica Dosi (mg/Kg/d) Dosi (superficie corporal): adults i nens grans*
Forma atenuada 200-500 mg/Kg/d 5,5 g/m?/dia
Forma greu 550-750 mg/Kg/d 16,5 g/m?/dia

*Es recomana com a minim amb 3 dosis al dia (fins a 6 dosis al dia en nounats).

8.2. Guies de practica clinica

Els defectes dels NT son malalties minoritaries i, per tant, és necessaria la
col-laboracié internacional per establir protocols consensuats de tractament,
basats en |'evidencia cientifica de les dades publicades. En els darrers anys,
iniciatives liderades pel grup internacional de malalties dels neurotransmissors,
I'INTD (international working group on Neurotransmiter Disorders: http://intd-
online.org/), han permeés la publicacio de la primera guia de practica clinica d’un
defecte dels neurotransmissors: 'AADC (Wassenberg et al., 2017). La segona
guia de practica clinica esta enfocada als defectes de sintesi i reciclatge de la
tetrahidrobiopterina i forma part d’aquesta tesi (article Il).

8.3. Farmacs que modifiquen els nivells de serotonina o dopamina

8.3.1. Agonistes dopaminergics

Es poden utilitzar per estimular els receptors dopaminergics postsinaptics. Hi
ha els receptors tipus 1 o D1, i els tipus 2 o D2. Normalment, aquests farmacs
tenen més afinitat pels D2 (Ng et al., 2014).

S’ha descrit la utilitzacié d’aquests farmacs en diferents condicions com a
tractament del deficit dopaminergic i també en cas que la suplementaciéo amb
L-dopa/carbidopa provoqui efectes secundaris i sigui necessaria la reduccié de la
dosi. Estadescritalautilitzacié del pramipexolenelcasdel defecte deltransportador
de dopamina (Kurian et al., 2011) i també del defecte del transportador vesicular
de monoamines (Rilstone et al., 2013a), amb bona resposta clinica.

8.3.2. Inhibidors de monoamino-oxidasa B

La monoamino-oxidasa A metabolitza |a serotonina i la noradrenalina, mentre
que la MAO-B metabolitza la dopamina a acid homovanilic. Per tant, els farmacs
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inhibidors de la MAO-B produeixen un augment de la concentracié de dopamina
a I'espai sinaptic. El més utilitzat a pediatria és la selegilina, i també es podria
utilitzar per reduir la dosi de L-dopa/carbidopa en cas de l'aparicié d’efectes
secundaris (Ng et al., 2014).

8.3.3. Inhibidors de la recaptacio selectiva de serotonina

Els IRSS impedeixen la captacié de serotonina de I'espai sinaptic, i per tant
incrementen els nivells de serotonina extracel-lulars. El més utilitzat a pediatria
és la fluoxetina i s’"havia considerat en defectes com I’AADC (Ng et al., 2014a),
pero les darreres guies de practica clinica no el recomanen per falta d’evidencia
(Wassenberg et al., 2017).

8.4. Terapia génica

En el cas del defecte d’AADC, on hi ha una deplecid de totes les monoamines
(incloses I'adrenalina i noradrenalina, no només la serotonina i la dopamina), el
tractament simptomatic amb precursors dels NT millora alguns aspectes de la
clinica d’aquests pacients, pero en els fenotips més greus hi segueix havent una
important afectacio de la qualitat de vida (Heales et al., 2010). Beneficiant-se de
I'aveng en la recerca previa del tractament amb terapia genica de la malaltia de
Parkinson en el cas de I'adult (Eberling et al., 2008), s’ha pogut fer una aproximacio
de terapia génica a través de vectors virals associats a adenovirus tipus 2 (AAV2)
amb un cDNA del gen DDC huma, dirigit directament a la substitucié d’una copia
integra del gen de 'AADC. En el cas de la deficiencia de 'AADC és una terapia
modificadora i correctora de la malaltia, amb els primers casos publicats I'any
2012 i I'any 2017 pel grup de Taiwan en una cohort de 14 pacients amb edats
compreses entre els 4-6 anys (Lee et al., 2012; Chien et al., 2017). Recentment
el gener de 2019, el grup del Japd publica els resultats en 6 pacients més amb
un background genétic diferent (Kojima et al., 2019). Després d’un seguiment
de 2 anys, conclouen que tots els pacients reportats van presentar una millora
important motriument (amb 3 pacients amb fenotip greu que acaben sent capacos
de caminar amb un caminador, i el fenotip moderat pot arribar a cérrer), la distonia
desapareix, hi ha una disminucié important del nombre de crisis oculogires. Quant
a I'analisi de LCR no observen massa canvis significatius quant a la concentracié
de neurotransmissors i els seus metabolits. Observen canvis en el PET 6-[18F]
fluoro-L-m-tirosina (un marcador especific de I'enzim AADC), demostrant que
I'administracié de I'enzim ha sigut exitosa. Quant a les complicacions, hi ha un
pacient amb una hemorragia subdural al cap de 3 dies de la cirurgia, i també
moviments coreics periorals i de les extremitats, que empitjoren fins 2 mesos
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després de la cirurgia, i que s’autolimiten al cap de 6 mesos. A nivell cognitiu i de
funcions verbals, reporten millora en pacients amb el fenotip moderat, perd no
en els més afectats, i una millora en el patré de son (Kojima et al., 2019).

8.5. Terapies dirigides (que no inclouen la terapia génica)

8.5.1. Les xaperones

El nom de chaperone ve de l'angles i s’utilitzava a I'Anglaterra del segle
passat per designar les dones que acompanyaven les noies solteres de families
benestants en actes publics, i en tenien cura. A nivell de biologia molecular,
son aquelles molécules que interfereixen en el plegament d’una proteina, i la
seva aplicacid a nivell cel-lular s’ha descrit, en I'ambit dels neurotransmissors,
en el cas dels transportadors de la familia SLC6 (que inclou el transportador de
dopamina (DAT, SLC6A3), de serotonina (SERT, SLC6A4), de noradrenalina (NET,
SLC6A2), de glicina (GlyT2, SLC6A5), també de GABA (GAT1, SLC6A1), i a nivell
neuropediatric i metabolic, també és un transportador cerebral de creatina (CT1,
SLC6AS8)) (Freissmuth et al., 2017). En 'ambit de les xaperones podem parlar de:
1) les xaperones quimiques, que sén compostos inespecifics que poden ajudar de
forma geneérica al plegament de les proteines; 2) els inhibidors de les xaperones
endogenes, que podrien canviar el seu plegament i facilitar I'exportacié del reticle
endoplasmatic a la superficie cel-lular; i, finalment, 3) les farmacoxaperones, que
son compostos quimics amb afinitat especifica per a una proteina en concret
(Bhat et al., 2019). La seva translacié a la practica clinica o en assajos clinics en
pacients no esta descrita, de moment.

8.5.2. Suplementacio amb L-serina en una pacient amb mutacio al receptor
glutamatergic GRIN2B que cursa amb pérdua de funcio (Soto et al., 2019)

La pacient tenia un fenotip Rett-like amb una encefalopatia i un retard global
del desenvolupament greus. Lestudi genétic va posar de manifest una mutacio
dominant en el gen GRIN2B, que codifica per la subunitat GIuN2B del receptor
glutamatergic NMDA, la qual té una expressié molt alta en les primeres etapes
del desenvolupament. Es va evidenciar in vitro una péerdua de funcié d’aquest
receptor amb millora de la seva conductivitat quan s’afegia serina al medi i es va
decidir (tenint com a exemple els defectes primaris de la sintesi de serina, quant a
dosis, tolerabilitat, etc.) iniciar tractament suplementari amb L-serina (precursor
de la D-serina, i que actua com a agonista del receptor NMDA). La pacient va
ser valorada abans de l'inici del tractament i 17 mesos després, amb canvis
importants pel que fa al contacte visual, interaccié amb I'entorn, imitacié de sons
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d’animals, riure en contextos graciosos, aixi com millora motriu sent capac de
passar d’estirada a asseguda i poder caminar amb |'ajuda d’aparells ortopedics
(Soto et al., 2019).

8.5.3. La microbiota

En els darrers anys les publicacions dedicades al microbioma han augmentat
exponencialment, fins i tot en revistes d’alt factor impacte com son Nature o
Science. Els descobriments que relacionen la microbiota intestinal amb els estats
de malaltia o salut es disparen, i també aquells que ho relacionen amb malalties
neurodegeneratives, malalties del neurodesenvolupament en model de ratoli amb
femelles embarassades amb resposta inflamatoria secundaria a la composicié del
microbioma intestinal (Kim et al., 2017), malalties psiquiatriques, mecanismes de
recompensa (potenciant el circuit que es genera entre el nervi vague i el cervell), etc.

| també en aquest sentit, hi ha treballs cientifics molt nous i prometedors, que
relacionen directament els nivells de neurotransmissors amb la capacitat de la
microbiota de produir o consumir-ne (figura 24) (Strandwitz, 2018).
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Figura 24. Rutes de comunicacio entre el cervelli els bacteris intestinals, extret de |'article
de (Strandwitz, 2018). La microbiota intestinal s’ha demostrat que es pot «comunicar»
amb el cervell a través de diferents mecanismes. Aquest inclouen la produccié de
neurotransmissors o la modulacié del catabolisme dels neurotransmissors per part de
I’hoste (a través del nervi vague o amb activacié de I'eix HPA (hipotalamic-pituitari-axis).
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En aquest sentit, en els darrers anys també ha augmentat la literatura que
demostra I'efectivitat del transplantament de microbiota en models animals.

Ja que aix0 sembla que es demostra efectiu, i que sembla que els nivells
de neurotransmissors es podrien veure afectats per la diversitat i el tipus de
microbioma, esta per veure quin impacte podra tenir aixo en les malalties dels
neurotransmissors!

Malgrat que aquestes tres ultimes aproximacions terapéutiques es mostren
prometedores, encara és necessaria molta recerca per a poder-les consolidar
com a tractament establert. SGn bones aproximacions que sorgeixen del bon
coneixement de les bases metabolomiques (com en el cas de la serina en la
mutacié amb perdua de funcid del receptor NMDA), de biologia cel-lular (com en
el cas de les xaperones i les mutacions amb perdua de funcié del receptor NMDA)
i de bons estudis dirigits basats en models de salut i malaltia (com en el cas de
la recerca en microbiota). Aquesta tesi no és una revisid exhaustiva de les noves
terapies que es podrien aplicar a les malalties que afecten la neurotransmissio,
pero0 amb aquestes darreres pagines i paragrafs, s’intenta transmetre un
concepte general de quina és la situacié de la recerca en el moment actual,
guant a tractaments dirigits.

La introduccid de la present tesi pretén situar quin és el coneixement actual
general de les malalties monogeniques dels neurotransmissors, i descriure els
aspectes principals que intervenen en la neurotransmissid. Aixi i tot, en la present
tesi no es desenvolupa una recerca basada en tots aquests diferents metabolits,
sind que els articles que es presenten fan referéncia Unicament a les amines
biogenesialsdefectesdelatetrahidrobiopterina, el GABA comaneurotransmissor
en trastorns neuropediatrics (sense definir aspectes quant als trastorns del
catabolisme, sintesi o de receptors i transportadors d’aquest neurotransmissor),
i es descriu una nova categoria de malalties de la neurotransmissié, com sén
els defectes que impliquen la vesicula sinaptica. S'intentara conduir al lector
des del punt actual de coneixement després d’haver llegit la introduccid, fins al
punt final a I'acabar la discussié de la tesi, en qué es pretén haver explicat els
defectes de la neurotranmissié basant-se en els mecanismes fisiopatologics, que
és el punt de partida per a la descripcid de les malalties de la vesicula sinaptica.
S’intentara transmetre les idees basades en la nostra recerca i experiencia dels
ultims anys, esperant que serveixi de base per a comencar el cami engrescador
d’aquest camp de la neuropediatria.
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Els defectes dels neurotransmissors en I'lambit de la neuropediatria s’han anat
descrivint principalment al llarg de les ultimes dues decades. En primer lloc, es van
descriure els defectes més «classics» que afecten un sol neurotransmissor (com
en el cas de la dopamina i la malaltia de Segawa, o bé la glicina i la hiperglicinemia
no cetosica). Pero en els ultims anys, en I'era de les «0Omiques», totes aquestes
malalties presenten una expansidé important amb la descripcié de nous defectes.
Tots aquests tenen una implicacié important durant el neurodesenvolupament,
i és per aquest motiu que les manifestacions cliniques solen apareixer en edats
pediatriques, pel que sén motiu de consulta en el camp de la neuropediatria.
Malgrat aquesta recent aparicid i la descripcié de nous defectes, cal remarcar que
seguim parlant de malalties minoritaries, amb una freqiiéncia individual baixa.

Lany 2013, coincidint amb el congrés internacional ICIEM (International
Congress of Inborn Errors of Metabolism) organitzat a Barcelona, es va crear el
grup iNTD (International Working Group on Neurotransmitter Related Disorders:
http://intd-online.org/), impulsat per la Dra. Garcia-Cazorla, el Dr. Opladen
i la Dra. Kurian, dels Hospitals de Sant Joan de Déu, Hospital de Heidelberg
a Alemanya, i Great Ormond Street Hospital a Londres, respectivament.
Posteriorment, ha englobat més centres i professionals que treballen en el camp
dels neurotransmissors. A través d’aquesta iniciativa, I'objectiu fou poder dirigir un
esfor¢ conjunt cap a la millor caracteritzacié d’aquests defectes, aixi com impulsar
projectes col-laboratius de recerca en aquest camp, destinats a la identificacid de
noves patologies i a millorar la recerca en les ja descrites, i també poder coordinar
I'elaboracié de guies de practica clinica basades en la revisid sistematica de la
literatura cientifica existent.

Cap a l'any 2014 es va iniciar el registre internacional de defectes dels
neurotransmissors (www.intd-registry.org), que hauria de permetre la millor
caracteritzacié d’aquestes malalties i millorar el coneixement sobre la seva historia
natural.

En el mateix sentit, els contactes amb associacions de families amb defectes
dels neurotransmissors com De Neu (https://www.deneu.org) o Proyecto Pol
(http://www.proyectopol.com/), i la utilitzacié de les noves tecnologies, hauria
de facilitar la tasca divulgativa, 'empoderament de les families, I'intercanvi
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d’experiencies entre les families i els investigadors, i 'acostament de la societat a
un altre tipus de malalties minoritaries.

Es van establir, per tant, les seglients hipotesis de treball:
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La recollida de les caracteristiques cliniques i analitiques d’aquestes
malalties, millorara el coneixement sobre la seva historia natural i la
fisiopatologia. El treball conjunt entre professionals del grup iNTD
permetra la realitzacié de guies de practica clinica dels diferents defectes
dels neurotransmissors, per tal de millorar les actuacions cliniques i
diagnostiques en aquests pacients.

La introduccié de noves eines diagnostiques permetra detectar noves
categories d’erros congenits del metabolisme dels NT i millorar la
comprensio de la fisiopatologia de la disfuncid sinaptica a diferents
nivells.

El contacte estret amb les associacions de families i la tasca divulgativa
permetran una feina translacional completa entre les families i els clinics/
investigadors, aixi com l'intercanvi enriquidor d’experiéncies personals i
professionals, respectivament.
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D’acord amb les hipotesis descrites es van establir diferents objectius, que
es van assolir amb els 6 estudis que composen aquesta tesi (aixi com amb els
annexos que es presenten):

1. Objectiu 1: Incorporar les dades cliniques, analitiques (bioquimiques
i genétiques), de neuroimatge i de qualitat de vida dels pacients amb
defectes dels NT en el registre europeu iNTD (http://www.intd-online.org/),
i elaborar guies de practica clinica per millorar el diagnostic, tractament i
seguiment d’aquests pacients.

Objectius del primer estudi

Article I: The International Working Group on Neurotransmitter related
Disorders (iNTD): A worldwideresearch project focused on primary and
secondary neurotransmitter disorders. Mol Genet Metab Rep. 2016 Oct
20;9:61-66.

Objectiu general:

1.1. Presentar els primers resultats del grup iNTD (International Working
Group on Neurotransmitter Related Disorders) en la seva tasca de creacid
d’una base de dades per recopilar les dades dels pacients amb defectes
dels NT.

Objectius especifics:

1.2. Recopilar de forma prospectiva i retrospectiva les dades dels pacients
amb defectes dels NT de diferents centres en I'ambit internacional.

1.3. Caracteritzar la casuistica dels defectes inclosos.

Objectius del segon estudi

Article Il: Consensus gquideline for the diagnosis and treatment of
tetrahydrobiopterin (BH4) deficiencies. Orphanet Journal of Rare Diseases.
2020 May 26;15(1):126.
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Objectius generals:

1.4. Revisio sistematica de la literatura seguint protocols establerts en Ia
Scottish Intercollegiate Guidelines Network (guies SIGN).

1.5. Redactar una guia per al tractament i diagnostic dels defectes de la
BH4 basada en l'evidéncia cientifica publicada seguint la metodologia
GRADE (Grading of Recommendations, Assessment, Development and
Evaluation).

Objectius especifics:
1.6. Descripcid de les caracteristiques cliniques d’aquests pacients.
1.7. Elaboracié d’un algoritme diagnostic.

1.8. Consensuar els tractaments més adequats (aixi com les dosis
recomanades).

2. Objectiu 2: Estudiar els sistemes de neurotransmissio i els biomarcadors en
malalties neuropediatriques i en defectes ja coneguts dels NT, i descripcio
de possibles noves entitats que alterin el mecanisme de neurotransmissio.

Objectius del tercer estudi

Article lll: Presynaptic disorders: a clinical and pathophysiological approach
focused on the synaptic vesicle. ) Inherit Metab Dis. 2018 Nov;41(6):1131-
1145.

Objectiu general:

2.1. Descriure una proposta per a una nova categoria de malalties de Ia
neurotransmissio, basada en els mecanismes fisiopatologics i moleculars,
i centrada en la biogenesi de la vesicula sinaptica.

Objectius especifics:
2.2. Descriure els grups fenotipics que es poden incloure en aquests trastorns.

2.3. Descriure els mecanismes cel-lulars (sintesi, transport, endocitosi,
exocitosi) que actuen en la biogenesi de la vesicula sinaptica.

2.4. ldentificar possibles biomarcadors, o patrons radiologics o clinics.

2.5. Realitzacié d’un algoritme d’aproximacié diagnostica d’aquests trastorns.
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Objectius del quart estudi.

Article IV: DNAJC6 Mutations Disrupt Dopamine Homeostasis in Juvenile
Parkinsonism-Dystonia. Movement Disorders. 2020 May 30. Online ahead
of print.

Objectius generals:

2.6. Descriure una cohort de pacients que presenten un parkinsonisme
juvenil associat a mutacions en el gen DNAJC6.

2.7. Descriure les consequencies funcionals de l'auxilina 1 i de I’lhomeostasi
dopaminergica.

Objectius especifics:
2.8. Caracteritzar fenotipicament els pacients amb mutacié a DNAJC6 (amb
realitzacio de videos, revisio de les histories cliniques...).

2.9. Descriure el procés diagnostic a través de I'analisi d’'exoma i estudi de
zones d’homozigositat.

2.10. Analitzar el liquid cefalorraquidi i els fibroblasts d’alguns pacients (nivells
d’auxilina, quinasa associada a la ciclina G (GAK), i proteines sinaptiques).

2.11. Descriure les consequiencies funcionals a nivell del cicle de la vesicula
sinaptica.

Objectius del cinqueé estudi

Article V: Severe infantile parkinsonism because of a de novo mutation on
DLP1 mitochondrial-peroxisomal protein. Mov Disord. 2017 Jul;32(7):1108-
1110.

Objectius generals:

2.12. Descriure el fenotip nou associat a una pacient amb mutacio en el gen
DLP1, en forma de parkinsonisme infantil.

2.13. Realitzacié d’estudis funcionals a nivell cel-lular per demostrar Ia
patogenicitat de la mutacio de novo de la pacient, no reportada
previament.

Objectius especifics:
2.14. Descriure les troballes en liquid cefalorraquidi i les altres proves
complementaries d’aquesta pacient.
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Objectius del sise estudi

Article VI: Gamma-aminobutyric acid levels in cerebrospinal fluid in
neuropaediatric disorders. Dev Med Child Neurol. 2018 Aug;60(8):780-792.

Objectiu general:

2.15. Analitzar els valors de GABA-lliure a nivell de liquid cefalorraquidi (LCR)
en pacients amb diferents trastorns neuropediatrics.

Objectius especifics:
2.16. Analitzar si la determinacio de nivells de GABA-Illiure en LCR pot actuar
com a biomarcador.

2.17. Relacionar fenotips clinics amb els nivells de GABA-Iliure en LCR.

2.18. Valorar els nivells de GABA-lliure en pacients amb tractaments
antiepileptics que actuen modificant els nivells de GABA.

3. Objectiu 3: Realitzar una tasca divulgativa a través de la creacio d’una
pagina web, mantenir un contacte directe amb les associacions de pares, i
realitzar divulgacié neurocientifica per professionals i families.

Objectius generals:

3.1. Divulgar els coneixements en neurociencia i malalties de la
neurotransmissio en families, pacients i cientifics dedicats a altres camps
de la neuropediatria/malalties metaboliques.

3.2. «Empoderar» les families en la participacio activa de la seva malaltia.

Objectius especifics:

3.3. Participar en les reunions de les associacions de families dels
neurotransmissors o malalties minoritaries.

3.4. Organitzar cursos que tinguin com a tema principal la neurotransmissio,
destinats a personal sanitari de forma multidisciplinaria (dirigits tant a
metges de diferents especialitats, com bioquimics, bidlegs, genetistes...)
i afavorir el dialeg entre tots ells.

3.5. Participar en el disseny i el contingut d’una pagina web de divulgacio en
neurociéncia, amb apartats especifics dirigits a families, a professionals
0 a neuropediatres.
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1. Articlel: The International Working Group on Neurotransmitter related
Disorders (iNTD): A worldwideresearch project focused on primary and
secondary neurotransmitter disorders.

Autors: Opladen T, Cortes-Saladelafont E, Mastrangelo M, Horvath G, Pons R,
Lopez-Laso E, et al.

Revista: Molecular Genetics and Metabolism Reports. 2016 Oct 20;9:61-66.
Factor d’impacte (quartil per especialitat): 0.788 (Q4).

1.1. Creacio de la xarxa iNTD

Com ja s’ha comentat previament, I'any 2013 es va crear la xarxa iNTD en el
context del XII Congrés internacional de malalties metaboliques de Barcelona
(ICIEM). Es va convocar una reunid impulsada pel Dr. Thomas Opladen, la Dra.
Angels Garcia-Cazorla i la Dra. Manju Kurian, de I'Hospital de Heidelberg, de
I’"Hospital Sant Joan de Déu de Barcelona i de I’hospital Great Ormond Street
de Londres, respectivament. Hi van assistir components de diferents hospitals
internacionals amb I'interes de col-laborar, i la xarxa ha anat creixent en els darrers
anys. En la mateixa reunio es van establir els objectius de treball.

1.2. Registre de pacients amb defectes dels neurotransmissors

En els primers anys de funcionament de la xarxa iNTD es crea el registre de
pacients, que representa el primer registre internacional, longitudinal de pacients
amb defectes dels neurotransmissors (https://intd-registry.org/) i que inclou els
defectes resumits en la taula 11. El registre és tot on-line i esta protegit per una
contrasenya individual de cada investigador que té permis per accedir a la pagina
web, ja que el registre no és obert per tots els membres de la xarxa iNTD. La base
de dades esta custodiada per I’hospital de Heidelberg. Cada centre per separat ha
d’haver obtingut I'aprovacié per part del seu comite d’etica.

Les dades dels pacients s’introdueixen al registre de forma totalment
anonimitzada, constant com a unics identificadors del pacient el mes i I'any de
naixement. Préviament alaintroduccié de les dades, ésimprescindible la signatura
del consentiment informat per part del pacient (si és major d’edat i capacg) o per
part dels seus representats legals.
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Taula 11. Defectes dels neurotransmissors inclosos en el registre iNTD

Overview on inborn errors of neurotransmitter metabolism included in the iNTD patient
registry, including acronym and OMIM number (Online Mendelian Inheritance in Man).

Gene
Disease name Acronym name OMIM#
Aromatic 1-amino acid decarboxylase AADCD DDC #608643
deficiency
Tyrosine hydroxylase deficiency THD TH #191290
Dopamine [3-hydroxylase deficiency DRHD DfH #223360
Monoamine oxidase A deficiency MOAAD MAO-A  # 309850
Dopamine transporter deficiency DATD SLC6A3 #126455

Vesicular monoamine transporter deficiency VMATD SLCI8A2  #193001
Autosomal recessive GTP-cyclohydrolase ARGTPCHD GCHI #233910

deficiency
Autosomal dominant GTP-cyclohydrolase ADGTPCHD GCHI1 #600225
deficiency
6-Pyruvoyl-tetrahydropterin synthase PTPSD PTS #261640
deficiency
Dihydropteridine reductase deficiency DHPRD QDPR #261630
Sepiapterin reductase deficiency SRD SPR #182125
Folate receptor alpha deficiency FOLR1D FOLR1 # 613068
Dihydrofolate reductase deficiency DHFRD DHFR # 613839
3-Phosphoglycerat dehydrogenase 3-PGDHD  PHGDH  #606879
deficiency
3-Phosphoserine phosphatase deficiency 3-PSPD PSPH #172480
Phosphoserine aminotransferase deficiency  PSATD PSAT1 #610936
Nonketotic hyperglycinemia NKH AMT T#238310
GLDC P#238300
GCSH H#238330
GABA-transaminase deficiency GABATD ABAT #137150
Succinate semialdehyde dehydroxylase SSADHD ALDH5A1 #271980
deficiency

Taula extreta de I'article | de la present tesi, (Opladen et al., 2016), i que inclou els pacients amb
defectes monogenics dels neurotransmissors que es recullen en la base de dades internacional
creada pel grup iNTD.

S’introdueixen les visites inicials de cada pacient, i a partir d’aqui una visita
anual de seguiment.
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2. Article ll: Consensus guideline for the diagnosis and treatment of
tetrahydrobiopterin (BH4) deficiencies.

Autors: Thomas Opladen®*, Eduardo Lopez Laso™, Elisenda Cortes-
Saladelafont®, Toni Pearson, Serap Sivri, Birgit Assmann, Manju Kurian,
Vincenzo Leuzzi, Simon Heals, Simon Pope, Wang-Tso Lee, Francesco Porta,
Angeles Garcia-Cazorla, Tomas Honzik, Roser Pons, Luc Regal, Helly Goez,
Raphael Artuch, Georg Hoffmann, Gabriella Horvath, Beat Thony, Sabine
Scholl-Biirgi, Alberto Burlina, Marcel Veerbeek, Mario Mastrangelo, Jennifer
Friedman, Tessa Wassenberg, Kathrin Jeltsch#, Jan Kulhanek#, Oya Kuseyri
Hibschman#.

*contribucié equivalent com a primers autors.

# contribucié equivalent com a ultims autors.

Revista: Orphanet Journal of Rare Diseases. 2020 May 26;15(1):126.
Factor d’impacte (quartil per especialitat): 3.709 (Q1).

2.1. Composicio del grup de treball i establiment de l'objectiu de dates, per
a la realitzacio de les guies de practica clinica

En una reunid presencial a Barcelona el febrer de 2017, s’estableix un comite
executiu format per: Thomas Opladen (TO, president), Oya Kuseyri Hiibschman
(OKH, secretaria, coordinadora de subgrup), Eduardo Lépez-Laso (ELL), Elisenda
Cortes-Saladelafont (ECS) i Jan Kulhanek (JK), com a coordinadors de subgrup, i
Kathrin Jeltsch com a coordinadora del projecte. Es creen 4 subgrups per englobar
els diferents defectes de la BH4, amb un coordinador assignat per cada subgrup
(AR/AD GTPCHD (ELL), PTPSD (JK), DHPRD (ECS) and PCDD/SRD (OKH)).

El grup de treball complet esta format per un total de fins a 30 especialistes
diferents (neuropediatres, neurolegs d’adults, bioquimics, especialistes en
malalties metaboliques), naturals de diferents paisos europeus, Estats Units,
Canada i Taiwan. Tots formen part de la xarxa iNTD.

Al llarg del temps d’elaboracié de la guia de practica clinica s’han fet dues
reunions més presencials (Heidelberg novembre 2017, i Atenes setembre 2019).

Seguint la metodologia SIGN (https://www.sign.ac.uk/methodology.html),
s’han establert dos revisors externs experts en el camp de les neurometaboliques
(Nicola Longo, Salt Lake City, USA i Keith Hyland, Atlanta, USA), i 3 revisors
addicionals (Pauline Schleicher, Melanie Kahlo and Ivana Badnjarevic).
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2.2. Establiment d’objectius de treball i de les preguntes clau

En la reunid inicial es van establir els objectius de treball i les preguntes clau
que es volien respondre amb I'elaboracid de les guies de practica clinica, les quals
incloien els seglients temes: presentacio clinica, diagnostic (proves de laboratori,
neuroimatge, etc.), tractament, maneig de les complicacions i seguiment a llarg
termini, aspectes socials i transicio a I'adult.

2.3. Revisio sistematica de la literatura

Es va dur a terme una revisié sistematica de la literatura a la primavera de
2017, incloent-hi els seguents termes: «Tetrahydrobiopterin deficiency», «BH,
deficiency», «atypical PKU» ,«atypical phenylketonuria», «PTPS deficiency», «(6-)
pyruvoyl-tetrahydropterin synthase deficiency», «SR deficiency», «sepiapterin
reductase deficiency», «segawa(s) disease», «GTPCH (l) deficiency», «GTP
cyclohydrolase (I) deficiency» ,«Guanosine (-5-) triphosphate cyclohydrolase
(1) deficiency», «DHPR Deficiency», «dihydropteridine reductase Deficiency»,
«pterin (-4a-) carbinolamine dehydratase deficiency», «PCD deficiency». No es
van fer servir filtres segons la llengua. Durant el temps d’elaboracio de les guies,
publicacions noves es van anar afegint, aixi com capitols de llibres o publicacions
rellevants suggerides pels membres del grup.

2.4. Valoracio del grau d’evidéncia i establiment de les recomanacions

Lelaboracié de les guies de practica clinica es van dur a terme seguint la
metodologia de la Scottish Intercollegiate Guidelines Network (SIGN: https://
www.sign.ac.uk/sign-50.html). Per tal de poder valorar el grau d’evidéncia de
cada una de les publicacions, les guies SIGN recomanen una metodologia GRADE
(Grading of Recommendations, Assessment, Development and Evaluation). El
nivell d’evidéncia es puntua des del 4 (nivell d’evidencia més baix) fins a 1+ (nivell
d’evidéncia més alt). Les recomanacions es van qualificar de fortes (a favor o en
contra), condicionals (a favor o en contra) o com a susceptibles de més investigacio
(a favor o en contra). A més a més es van establir els «Punts de bona practica»,
basats en I'experiéncia clinica.

Els articles seleccionats es van revisar almenys per dos membres del grup de
treball, i en les reunions de treball s’unificaven criteris de puntuacio i valoracio
consensuats.
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3. Article Ill: Presynaptic disorders: a clinical and pathophysiological
approach focused on the synaptic vesicle.

Autores: Cortes-Saladelafont E, Lipstein N, Garcia-Cazorla.

Revista: Journal of Inherited Metabolic Disease. 2018 Nov;41(6):1131-1145.

Factor d’impacte (quartil per especialitat): 4.067 (Q1).

3.1. Revisio de la literatura

Durant els anys previs a I'elaboracié del treball, es van dur a terme diverses
revisions bibliografiques a bases de dades PubMed i MeSH utilitzant les seglients
paraules clau: «synaptic vesicle», «movement disorders», «Parkinson’s disease»,
«parkinsonism», «axonal transport», «endocytosis», «exocytosis», «autism
spectrum disorder», i «intellectual disability», principalment. A partir d’aqui, a
través de la revisio dels abstracts, es van seleccionar aquells treballs en els quals
es descrivien defectes monogenics concrets relacionats amb la vesicula sinaptica.
Es donava especial rellevancia a aquells treballs que fossin revisions recents
sobre les bases genetiques de certs defectes, com en el cas del parkinsonisme.
Per a cada un dels gens es revisava la seva probable implicacié bioldgica a través
de la consulta a bases de dades de renom internacional com Orphanet (www.
orphanet.net), OMIM (https://omim.org/), UniProt (https://www.uniprot.org/),
NCBI (https://www.ncbi.nlm.nih.gov/), etc. per comprovar si fora possible la seva
implicacié en el cicle de la vesicula sinaptica.

3.2. Actualitzacio bibliografica

El treball es va iniciar als voltants de I'any 2015-2016 i es van fer diferents
actualitzacions del recull de malalties monogeniques, ja que van ser motiu de
diferents treballs internacionals:

e Novembre 2016: primer article cientific exploratori exposant la
proposta de nova categoria de malaltia neurometabolica que podia
afectar la neurotransmissio (Cortés-Saladelafont et al., 2016).

e 2-3 de febrer 2017, al «5th INTERNATIONAL SYMPOSIUM ON
PAEDIATRIC MOVEMENT DISORDERS» focalitzat en els defectes de la
vesicula sinaptica amb manifestacions cliniques en forma de trastorns
del moviment (poster).

e 16-18 de novembre 2017 (annex 3): Recordati Orphan Academy from
de SSIEM: Synaptic metabolism and brain circuitries: exploring old
and new disorders, Barcelona. Amb motiu de la ponéncia en aquest
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curs feta per la doctoranda (titulada «Disorders of the pre-synaptic
terminal: Neurological manifestations»), es va tornar a fer una
nova revisid bibliografica de la literatura disponible sobre defectes
monogenics relacionats amb la vesicula sinaptica.

Després de tot el que s’havia recollit durant aquests anys, i fruit també de la
col-laboracié amb la Dra. Lipstein, es va prendre la decisid de fer una proposta de
nova categoria de malaltia neurometabolica i elaborar el present treball en forma
de publicacié cientifica.

4. Article IV: DNAJC6 Mutations Disrupt Dopamine Homeostasis in Juvenile
Parkinsonism-Dystonia.

Autors: Joanne Ng MD PhD*, Elisenda Cortés-Saladelafont MD*, Lucia Abela
MD*, Pichet Termsarasab MD, Kathleen M. Gorman MD, Simon J.R. Heales
PhD, Simon Pope PhD, Lorenzo Biassoni MSc FRCP FEBNM, Barbara Csanyi MD,
Jonathan Hill PhD, Karl Rakshi MBChB, Helen Coutts MD, Sandeep Jayawant
MD, FRCPCH, Rosalind Jefferson MBBS PhD, Deborah Hughes MSc, Angels
Garcia-Cazorla MD PhD, Detelina Grozeva PhD, F. Lucy Raymond PhD, UK10K,
Belén Pérez-Duefias MD PhD, Christian De Goede MD, Toni S. Pearson MD,
Esther Meyer PhD, Manju A. Kurian MD PhD.

*contribucié equivalent com a primeres autores.
Revista: Movement Disorders: 2020 May 30. Online ahead of print.
Factor d’impacte (quartil i decil per especialitat, 2019): 8.324 (Q1, D1)

4.1. Criteris d’inclusio i disseny de les cohorts de pacients

Es va partir d’una cohort de 232 pacients no diagnosticats amb trastorn del
moviment, que havien estat reclutats a UCL Great Ormond Street-Institute of
Child Health entre els anys 2012-2016. D’aquests, es va fer un subgroup amb 25
pacients amb parkinsonisme juvenile, definit com a debut de bradicinesia abans
dels 21 anys, i almenys algun dels seglients signes: tremolor de repos, rigidesa o
intestabilitat postural.

De tots els pacients es va fer una revisid de les histories cliniques, les dades de
laboratori, de neuroimatge i, en el cas dels pacients amb trastorns del moviment
es va fer també enregistrament de video.

De tots els pacients es va aconseguir consentiment informat dels pares o
tutors legals, i els estudis van ser tots aprovats pels comités d’etica dels respectius
hospitals.
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4.2. Analisi dels neurotransmissors en liquid cefalorraquidi

Quan va ser possible per les caracteristiques dels pacients, es va realitzar una
puncié lumbar per tal de descartar un defecte primari dels neurotransmissors.
Es van utilitzar protocols estandarditzats (Hyland et al., 1993) per a l'analisi
de neurotransmissors, |'obtencié de les mostres de liquid cefalorraquidi i
I'emmagatzematge en nitrogen liquid a -802C.

4.3. Obtencio de mostres control de liquid cefalorraquidi

Es van utilitzar 7 mostres anonimes de liquid cefalorraquidi amb un perfil
de neurotransmissors normal. Es van obtenir del Neurometabolic Laboratory
(National Hospital for Neurology and Neurosurgery, Queen Square, London).

4.4. Estudis genetics

4.4.1. Aproximacio genetica en la cohort de pacients amb parkinsonisme
infantil

Detotalacohortde 25 pacients amb parkinsonisme juvenil esvan prioritzar dues
families consanguinies amb diversos membres afectes, amb fenotip semblant, i
que procedien de la mateixa regio de Pakistan. En aquests casos es va fer un mapa
d’autozigositat inicialment per veure les zones d’homozigosi compartides a través
de genotipat amb zones d’SNP (single nucleotide polymorphism). Es va fer exoma
complet de dos pacients (un de cada familia) a UCL Genomics. La resta de la
cohort també es va investigar per descartar mutacions en el gen DNAJC6, i també
es van descartar altres gens relacionats amb la clinica de distonia-parkinsonisme.

4.4.2. Sequenciacio directa per tecnica de Sange

Es va utilitzar per a la confirmacié de les troballes de técniques de seqlienciacid
massiva de nova generacid, i per tal de confirmar la segregacié familiar en els
progenitors. Es van dissenyar els primers seguint les dades de Ensambl i amb
el software de Primer3 (http://bioinfo.ut.ee/primer3/). Es va fer amplificacio
per técnica de reaccié en cadena de la polimerassa (PCR) i es va analitzar amb
Chromas (http://www.technelysium.com.au/chromas.html).

4.5. Estudis d'immunoblot en liquid cefalorraquidi i en fibroblasts

Es va fer expressidé proteica a partir de les mostres de biopsia cutania i cultiu
primari de fibroblasts dels pacients A-lll:1 i B-IV:4 (c.766C>T; p.R256%*) i de dos
controls sans. Es van utilitzar anticossos de GAK i de GAPDH.
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En el cas dels estudis de LCR dels pacients, es va fer puncio lumbar dels pacients
A-111:1, A-lll:4 i B-IV:4. Es disposava de 7 mostres anonimitzades de pacients
sans i sense trastorn del moviment. Es va fer immunoblot per a auxilina, GAK i
diferents proteines dopaminérgiques en totes les mostres (pacients i controls),
aixi com analisi de les proteines en LCR amb anticossos per a auxilina, GAK,
tirosina hidorxilasa, receptor de dopamina tipus 2, transportador de dopamina,
transportador de monoamines tipus 2, i transferrina com a control. Es van calcular
els valors relatius de proteina a través de metodes de densitometria Optica i analisi
estadistica.

5. Article V: Severe infantile parkinsonism because of a de novo mutation
on DLP1 mitochondrial-peroxisomal protein.

Autors: Diez H, Cortes-Saladelafont E, Ormazabal A, Marmiese AF, Armstrong
J, Matalonga L, et al.

Revista: Movement Disorders. 2017 Jul;32(7):1108-1110.

Factor d’impacte (quartil i decil per especialitat): 7.444 (Q1, D1)

5.1. Cultius cel-lulars i vectors

Es van cultivar linies cel-lulars de fibroblasts obtinguts per bidpsia de pell de la
pacient per tal d’estudiar I'expressiod proteica, utilitzant un cultiu en DMEM amb
10% de serum fetal bovi i antibiotics, a 372Ci amb 5% de CO,.

El wild type DLP1iel mutat es vanintroduir en el plasmid de lentivirus pLenti6.3/
V5-DEST d’Invitrogen. Es van infectar cel-lules Hela i linies cel-lulars de 293T, i es
van seleccionar amb blasticidina.

5.2. Immunohistoquimica

Els cultius primaris de fibroblasts es van col-locar en un cobreobjectes i fixats
amb un 4% de paraformaldehid durant 15 minuts, i incubat amb clorur d’amoni
durant 20 minuts.

Aquestes mostres es van permeabilitzar amb BSA-saponina a I’1% durant
10 minuts, i es van incubar amb els anticossos primaris, per ser posteriorment
visualitzat amb microscopi Leica de fluorescencia.

Es va fer un segon procés de permeabilitzacié, d’incubacié amb anticossos
primaris, i després de 3 rentats amb una solucié bloguejant, es van afegir els
anticossos secundaris. Es van tenyir els nuclis amb DAPI 1 pg/ml.

Les preparacions es van visualitzar microscopi Leica de fluorescencia.
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5.3. Analisi bioquimica de les proteines

El subfraccionament proteic i el Western-blot es van realitzar seguint protocols
estandarditzats.

5.4. Anticossos

Els anticossos primaris van ser els seglients: DRP1 (CST-8570), Blasticidin-S-
deaminase-BSD (ECM Biosciences BP1231), B-actin (Sigma A2228), B-Tubulin
(CST-2128), Tom20 (sc-17764), i ALDP (Euromedex).

Els anticossos secundaris pel Western-blot van ser de Santa Cruz, d’Invitrogen
o d’Abcam.

6. Article VI: Gamma-aminobutyric acid levels in cerebrospinal fluid in
neuropaediatric disorders.

Autors: Cortés-Saladelafont E, Molero-Luis M, Cuadras D, Casado M,
Armstrong-Mordn J, Yubero D, Montoya J, Artuch R, Garcia-Cazorla; Institut
De Recerca Sant Joan De Déu Working Group.

Revista: Developmental Medicine and Child Neurology: 2018 Aug;60(8):780-
792.

Factor d’impacte (quartil i decil per especialitat): 3.870 (Q1, D1).

6.1. Estudi de liquid cefalorraquidi, bioquimica plasmatica, i establiments
de valors de referéncia

Es van analitzar els valors d’aminoacids i neurotransmissors en LCR amb
cromatografia d’intercanvi idonic i amb cromatografia liquida, respectivament,
segons protocols previs establerts, i els valors de referéncia es van basar també
en treballs previs publicats pel nostre grup (Ormazabal et al., 2005; Casado et al.,
2013). En el cas de I'analisi dels nivells de GABA es va estudiar la fraccio lliure ja
que és la que determina la funcié de neurotransmissor.

Les mostres de LCR es van prendre seguint protocols estandarditzats de
recol-lecciéiconservacio, congelant-se les mostres a-802C per aemmagatzematge.

6.2. Criteris d’inclusio i disseny de les cohorts de pacients

Es van recollir les dades d’aquells pacients en els quals s’havia fet una analisi
de LCR amb determinacié de nivells de GABA lliure en LCR per motius diagnostics
(entre maig de 2013 i juliol 2016). Es va aconseguir un total de 85 pacients. Els
pacients es van agrupar en 3 grups fenotipics diferents, pensant que tindrien

127



Sistemes de neurotransmissid en trastorns neuropediatrics

valors de GABA lliure en LCR alterats aquells que prenien tractament antiepiléptic
i aquells amb lesions corticals extenses o de ganglis de la base. També es va
considerar estudiar separadament els pacients amb defectes monogenics
(inclosos els pacients amb errors congenits del metabolisme).

6.3. Aproximacio genetica segons fenotip clinic

Depenent de la clinica del pacient es van realitzar els seglients estudis genetics:
1) MLPA (multiplex ligation-dependent probe amplification for intellectual
disability) amb estudi en zones d’interes descrites en discapacitat intel-lectual;
2) técniques de next-generation sequencing amb panells customitzats segons
el fenotip clinic (encefalopatia epiléptica, sindrome de Rett, sindromes Rett-
like, trastorns dels neurotransmissors, etc.); 3) cariotip; 4) estudi molecular de
sindrome de X fragil; 5) aCGH de 60K (comparative genomic hybridization array);
i 6) en casos de sospita de malaltia en 'ADN mitocondrial es va fer a centre de
referencia amb seqlienciacié de I’'ADN mitocondrial, deteccié de reordenaments
en 'ADN mitocondrial, panell predissenyat que inclou 176 gens relacionats amb
patologia mitocondrial, i/o mesura de la quantitat d’ADN mitocondrial, seguint
procediments estandaritzats (Gémez-Duran et al., 2012; Montero et al., 2013)
and the percentage of mtDNA depletion by quantitative real-time PCR. A high
percentage of MDS patients presented with CoQ deficiency as compared to other
mitochondrial patients (Mann-Whitney-U test: p=0.001.

6.4. Analisi estadistica

Es va valorar la distribucié de les variables numeériques, que no seguien una
distribucié normal, i es van aplicar testos no parametrics (coeficient de correlacié
de Sperman i test exacte de Fisher).

Esvaferuncalcul a priori considerant una cohort de 84 pacients i establint unes
diferencies minimes necessaries del 30% per poder considerar que les diferencies
entre variables eren realment significatives.

Per totes les analisis es va utilitzar el programa SPSS versié 23.0 (IBM Corp.,
Armonk, NY, USA), i es va considerar una p<0,05 per a ser estadisticament
significatiu.
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7. Divulgacio

7.1. Xerrades i estades en reunions de families de pacients

A través del contacte ininterromput amb diferents associacions de families de
pacients, s'aconsegueix acordar dates de reunid i temes per presentar. En aquests
darrers anys destaquem les reunions realitzades amb: 1) I'associacié de DeNeu
pels defectes dels neurotransmissors (https://www.deneu.org/index.php/home),
2) I'associacié sindrome STXBP1 (https://stxbpl.es/), i 3) la reunié organitzada per
la Fundacié Carlos Mir amb pacients amb diferents discapacitats (http://www.
fundaciodiscap.org/).

7.2. Divulgacio a través d’una pagina web

En l'inici del projecte es va buscar col-laboraci6 amb altres professionals
del camp de la neuropediatria i la neurociencia, que estiguessin interessats en
la divulgacid i que poguessin contribuir a omplir de contingut una pagina web
dedicada a cervell en desenvolupament i les seves malalties. El projecte es va
anomenar Connecting the Growing Brain i es va dissenyar el logotip de la pagina
(Figura 25).
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Figura 25. Logotip de la pagina Connecting the Growing Brain, amb el disseny original de
Julia Ortega Garcia, 2014.
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A través de la plataforma de WordPress (https://wordpress.com/), es va iniciar
una subscripcid, i en els inicis del projecte, les administradores eren la mateixa
doctoranda i la investigadora principal del projecte (Dra. Angels Garcia-Cazorla),
amb el suport d’altres persones i professionals que han anat participant en el
projecte.

Amb el temps, i a causa de la complexitat de la plataforma per tal que pogués
acollir 'opcid plurilinglie castella-anglées, es va contactar amb un professional de
la informatica per poder a dur tasques de manteniment de la pagina web i penjar
els continguts que s’anaven elaborant.

Es pot accedir a la pagina a través de (actualitzada fins al gener de 2018):
http://www.connectingthegrowingbrain.com/.

7.3. Xerrades en reunions per professionals de la salut i la neurociéncia en
I’'ambit internacional

La doctoranda va participar com a ponent en dues reunions internacionals
centrades en temes relacionats amb la neurociéncia i la neurotransmissio.
Aqguestes dues xerrades varen estar organitzades per: 1) la iniciativa de la
Fundacié «La Caixa» i Biocat, el B-Debate (https://www.bdebate.org/), i 2) per la
Recordati Orphan Academy de I’'SSIEM (Society for the Study of Inborn Errors of
Metabolism) (http://www.rrd-foundation.org/). La primera reunié va tenir lloc al
Museu de Ciencia de Barcelona (CosmoCaixa), i la segona a I’hotel NH Podium de
Barcelona.
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RESUM DE RESULTATS

Els resultats d’aquesta tesi han estat publicats en 6 articles, dels quals la
doctoranda n’és primera autora/coautora o la segona autora.

Article |

The International Working Group on Neurotransmitter related

Disorders (iNTD): A worldwideresearch project focused on primary and

secondary neurotransmitter disorders

Opladen T, Cortes-Saladelafont E, Mastrangelo M, Horvath G, Pons R,
Lopez-Laso E, et al.

Molecular Genetics and Metabolism Reports. 2016 Oct 20;9:61-66.

ISI journal Citation reports® ranking 2016: Q4
Impact Factor: 0.788

Sintesi de resultats:

L'article resumeix els resultats obtinguts després dels primers 6 mesos
(gener 2015 - juny 2015) d’inici del registre de pacients amb defectes dels
neurotransmissors, com a iniciativa impulsada per grup iNTD.

En el moment de la publicacio, hi havia 43 hospitals participants de 24
paisos diferents.

Durant aquests 6 mesos es van incloure un total de 95 pacients amb
diagnostic confirmat, i com que és un registre obert i continuat, es preveu
gue aquest nombre de pacients vagi augmentant. D’aquests 95 pacients
s’hainclos la visita basal, i també el seguiment per a un total de 33 pacients.

El defecte d’AADC és el que compta amb més pacients en el moment de la
publicacié de l'article, amb un total de 24 pacients (25%). Aquest resultat
podria estar esbiaixat pel fet que I'associacié de families AADC Research
Trust (AADC Research Trust; www.aadcresearch.org) ha donat suport actiu
a la difusio de I'existéncia de la base de dades entre els seus membres.

El seglient defecte més frequient és la PTPS (n=22, corresponent a un 23%)
i la GTPCH dominant (n=12, 13%).
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Hi ha molt pocs pacients amb defectes del metabolisme dels aminoacids
(com per exemple la hiperglicinemia no cetosica), probablement perquée
aquests defectes es van incloure a posteriori i no des de I'inici de la base
de dades.

No hi ha cap pacient amb defecte de folat inclos en el registre.

La mitjana d’edat dels pacients inclosos en el registre és de 10,3 anys (rang
de 3 mesos fins a 42,5 anys).

Un altreresultat que es desprén d’aquest estudi és laimportant discrepancia
entre I'edat I'inici dels simptomes d’aquests defectes, i I'edat del diagnostic,
que de mitjana es mou amb un rang d’edat de debut entre el 1r mes de
vida i els 9 anys, i una edat de diagnostic entre el primer mes de vida i els
36 anys. El defecte de DHPR és el que presenta un rang d’edat de diagnostic
més baix (rang 0,1 anys i 2,8 anys), amb un inici de la simptomatologia
entre el primer mes de vida i els 2 anys. Com a contrapartida, el GTPCH
d’herencia dominant, presenta un inici dels simptomes entre els 6 mesos
i els 9 anys, amb un rang de diagnostic que fluctua entre els 1,5 anys i els
36 anys.



Resum de resultats

Article Il

Consensus guideline for the diagnosis and treatment of
tetrahydrobiopterin (BH4) deficiencies

Thomas Opladen*, Eduardo Lopez Laso*, Elisenda Cortes-
Saladelafont*, Toni Pearson, Serap Sivri, Birgit Assmann, Manju Kurian,
Vincenzo Leuzzi, Simon Heals, Simon Pope, Wang-Tso Lee, Francesco
Porta, Angeles Garcia-Cazorla, Tomas Honzik, Roser Pons, Luc Regal,
Helly Goez, Raphael Artuch, Georg Hoffmann, Gabriella Horvath, Beat
Thony, Sabine Scholl-Biirgi, Alberto Burlina, Marcel Veerbeek, Mario
Mastrangelo, Jennifer Friedman, Tessa Wassenberg, Kathrin Jeltsch#, Jan
Kulhanek#, Oya Kuseyri Hibschman#.

*contribucid equivalent com a primers autors.

# contribucio equivalent com a ultims autors.

Orphanet Journal of Rare Diseases. 2020 May 26;15(1):126.
ISI journal Citation reports® ranking 2018: Q1
Impact Factor: 3.709

Sintesi de resultats:

e S’inclouen un total de 154 referencies bibliografiques susceptibles de
ser d’interes per a l'elaboracid de les recomanacions de practica clinica i
diagnostic.

e Des d’un punt de vista clinic, s’estableixen:

e Patrons de presentacié clinica generica en els defectes de la BH4,
amb algunes claus diagnostiques que poden fer augmentar I'index de
sospita com son: distoniafocal, parkinsonisme d’inici precog, fluctuacié
dilirna dels simptomes, o paralisi cerebral d’origen desconegut.

e Patrons especifics que se subdivideixen en aquells que impliquen: 1)
els defectes de PTPSD, DHPRD, AR-GTPCHD, i SRD, i que es resumeixen
en la taula 3 de l'article (inclouen trastorns del moviment, epilépsia,
disautonomia, alteracions endocrines, i simptomes psiquiatrics i
trastorns del comportament); 2) el defecte de PCD (el defecte menys
prevalent, amb pacients asimptomatics descrits, o amb manifestacions
molt lleus); i 3) el defecte de GTPCH dominant o malaltia de Segawa
amb un patro clinic més caracteristic dominat per distonia de posicié
o d’accig, i una fluctuacio ditirna dels simptomes.
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Un apartat sobre I'edat de debut i I'edat del diagnostic, amb especial
mencio al diagnostic precog i a la deteccid de la hiperfenilalaninemia.

Es descriu la relacié genotip/fenotip que no és consistent en el cas
de cap defecte en concret, excepte en la GTPCH dominant (perd amb
certa heterogenicitat en els casos descrits).

Quant a diagnostic s’estableixen:

Proves diagnostiques clau: cribratge neonatal, determinacié de
fenilalanina en plasma o en serum, determinacié de pterines en
orina i en cartonet, activitat enzimatica de DHPR, puncié lumbar
amb determinacié de HVA, 5-HIAA, 5-MTHF, neopterina, biopterina,
sepiapterin i aminoacids en LCR), i diagnostic genétic.

Proves diagnostiques secundaries: determinacido de prolactina en
sang, serotonina en sang, test de carrega de BH4, test de carrega de
fenilalanina, test de carrega de L-dopa i neuroimatge.

Es fa una mencid especifica al diagnostic prenatal.

Quant a tractament s’estableix:

Tractament de primera linia que inclou un tractament dietetic (dieta
baixa en fenilalanina), i un tractament medic (suplementacié amb
sapropterina, L-dopa/carbidopa, 5-hidroxitriptofan, i acid folinic).
També es revisa I'aspecte de la suplementacié amb sapropterina en
el cas del defecte de DHPR, concloent que no hi ha suficient evidéncia
per desaconsellar el seu Us en aquests pacients. Per tant, es conclou
que qualsevol pacient amb defecte de sintesi o reciclatge de BH4
hauria de tenir accés al tractament suplementari amb sapropterina.

Tractament farmacologic de segona liniaamb agonistes dopamineérgics
i inhibidors selectius de la monoamino-oxidasa A.

Tractament de tercera linia amb farmacs anticolinérgics, inhibidors de
la COMT (catechol-O-methyl transferase), inhibidors selectius de la
recaptacio de serotonina, melatonina, benzodiazepines, antiepileptics,
toxina botulinica, i tractament psiquiatric.

Hi ha un apartat especific per a aquells farmacs que es podria recomanar
evitar en els casos dels defectes de la BH4, com sén la metoclopramida
i altres inhibidors dopaminergics centrals, de forma generica, i de forma
especifica evitar el cotrimoxazol i el metotrexate en el cas del defecte de
DHPR.
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e Hi ha apartats especifics per a:
e Tractament prenatal.
e Seguiment i transicid.

e Situacions especials com I'anestesia, el consell genétic i 'embaras.
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Esrealitzen5grupsfenotipicssegonsmanifestacionscliniquespredominants,
gue puguin aglutinar aquests pacients amb disfuncié sinaptica: 1) epilépsia,
2) trastorn del moviment, 3) discapacitat intel-lectual no sindromica i
trastorn espectre autista; 4) discapacitat intel-lectual sindromica, i 5)
simptomes neuromusculars.

Lamajoria d’aquests trastorns se solen manifestar en forma d’encefalopaties
de debut precoc. En aquest sentit, I'epilépsia i la discapacitat intel-lectual
son simptomes constants en gairebé totes elles.

En el cas del grup fenotipic dominat per I'epilepsia (n=11 gens identificats),
solen ser encefalopaties de debut precog, farmacorrefractaries i gairebé
sempre acompanyades de discapacitat intel-lectual.

El grup dels trastorns del moviment és el que inclou un major nombre
de proteines descrites (n=31 gens identificats). Aquest grup es pot
subdividir segons el simptoma principal en distonia, moviments discinétics,
parkinsonisme, ataxia i paraparesia espastica. El subgrup amb més proteines
descrites és la distonia.

Enelgrupdediscapacitatintel-lectual sindromicaisindromes malformatives
(n=13 gens identificats), el mecanisme cel-lular més afectat sol ser el
transport de la vesicula sinaptica, i alguns tenen fenotips que poden
semblar un trastorn d’acimul lisosomal.

El grup de la discapacitat intel-lectual no sindromica o trastorns espectre
autista és el grup més petit (n=4), i el mecanisme més freqiient implica el
cicle de la vesicula sinaptica i el transport anterograd per I'axé. Cal dir que
la majoria de defectes genetics identificats en aquest grup solen implicar la
postsinapsi (densitat postsinaptica).
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e El grup de simptomes neuromusculars (n=9 gens identificats) implica
principalment proteines de transport axonal o bé I'exocitosi de la vesicula.

e Es realitza una proposta d’algoritme diagnostic segons els signes clinics
predominats, les troballes de l'estudi de LCR, la neuroimatge, 'estudi
periferic d’electromiografia i velocitat de conduccid, i el cribratge metabolic
en sangiorina.
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D’una cohort inicial de 232 pacients amb trastorn del moviment, es van
identificar un total de 25 nens amb parkinsonisme infantil (edat mitja de
14 anys).

S’identifiquen dues families consanguinies (familia A i familia B), amb 5
membres afectats en total, amb un fenotip igual entre ells, i que provenen
de la mateixa regidé de Pakistan, i es prioritzen com a estudi inicial. Es
realitza un mapa d’autozigositat amb un array SNP i s’identifica una zona
comuna en tots ells en el cromosoma 1, considerant-se la regié d’interes
com a probable locus de la malaltia.

Es fa un exoma d’un membre de cada familia i s’estudia aquesta zona en
concret del cromosoma 1, on s’identifica el mateix canvi que codifica per
una proteina truncada en el gen DNAJC6 c.766C>T (p.R256%*), considerant-
se la mutacio causal.

No es van trobar canvis suggestius de mutacidé en cap dels altres gens
descrits com a causant de distonia-parkinsonisme.

Repassant la cohort de pacientsamb trastorn del moviment, es va identificar
un sise pacient amb mutacié a DNAJC6.
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e Alafamilia A hi ha 3 membres afectes:

La gestacié va ser normal en els 3 casos, nascuts a terme i sense
complicacions.

Microcefalia des del naixement.
El retard global del desenvolupament és evident des de l'inici.

La germana gran va debutar amb 10 anys amb un episodi subagut
de 6 setmanes d’evolucié de febre, ataxia, tremolor a hemicos
esquerre i crisis generalitzades. Després de |'episodi agut presenta
una bradicinesia progressiva, amb tremolor, rigidesa i deteriorament
cognitiu i motor, amb peéerdua de la deambulacié autonoma als 13
anys d’edat.

El quadre dels 2 germans més petits és més incipient i progressiu,
des dels 8 anys de vida, que presenten un tremolor.

Els tres presenten frequents problemes gastrointestinals amb
sialorrea important i disfagia, i requereixen la col-locacié d’una
gastrostomia.

La ressonancia magnetica inicial va ser normal en la germana, pero a
partir dels 18 anys s’evidencia una atrofia perisilviana i cerebel-losa
dreta, amb un DaTSCANTM patologic amb absencia de captacio a
ganglis de la base. Els nens presenten un DaTSCANTM patologic a
I'edat de 12 anys.

La resposta al tractament (amb trihexifenidil, pegats transdéermics de
rotigotina, L-dopa entre d’altres) és insatisfactoria, amb presentacio
de discinesies quan s’incrementa la dosi per falta de resposta.

e Alafamilia B hi ha 2 membres afectes:

Dues germanes amb debut de la clinica als 9 anys amb crisis
generalitzades i als 7 anys amb inestabilitat de la marxa,
respectivament.

De forma semblant als pacients de la familia A, la gestacié i el part
van ser normals, presenten un retard del desenvolupament inicial, i
a partir del moment de l'inici dels simptomes, fa una degeneracié a
nivell motriu i cognitiu.

La neuroimatge demostrava troballes semblants, amb una atrofia
generalitzada o cerebel-losa, amb un DaTSCANTM patologic en una
d’elles.
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e Laresposta al tractament amb agonistes dopaminérgics i/o L-dopa és
igualment insatisfactoria. Les crisis epileptiques es controlen bé amb
lamotrigina en la germana gran.

La familia C presenta un membre afecte:

e Familia natural de llatino-ameérica, amb una consanguinitat en
generacions llunyanes.

e Elfenotip de la pacient és semblant als pacients previament descrits,
amb un retard del desenvolupament inicial, simptomes motors
de debut al 10 anys, crisis epiléptiques a partir dels 12 anys, i un
deteriorament cognitiu progressiu, amb simptomes de disfuncid
bulbar i gastrointestinals.

L'estudi de LCR en tots els pacients (estant sense tractament amb L-dopa
0 agonistes dopamineérgics) evidenciava nivells baixos de HVA i en algun
d’ells una relaciéo HVA:5-HIAA baixa.

En'estudi de proteines a nivell de LCR s’evidencia una disminucié d’auxilina
estadisticament significativa, que també es confirma en fibroblasts.
Els nivells de GAK estan significativament incrementats en LCR, i tenen
tendencia a estar més elevats que els controls en el cas dels fibroblasts. En
I'immunoblot de LCR es demostra una disminucié marcada de proteines
relacionades amb les sinapsis dopaminergiques (VMAT, D2R, TH i DAT).
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Article V

Severe infantile parkinsonism because of a de novo mutation on DLP1

mitochondrial-peroxisomal protein

Diez H, Cortés-Saladelafont E, Ormazabal A, Marmiese AF, Armstrong
J, Matalonga L, et al.
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ISI journal Citation reports® ranking 2017: Q1, D1

Impact Factor: 7.444

Sintesi de resultats:

Lestudi de LCR de la pacient mostrava nivells disminuits d’acid homovanilics
i nivells normals de la resta de NT.

Es realitza un panell genic de 176 gens mitocondrials i es detecta el seglient
canvi en heterozigosi en el gen nuclear DLP1 (NM_005690, c.1337G>T;p.
Cys446Phe), que la prediccié de les eines in silico era que era patogénic.

Lestudi de progenitors va mostrar que el canvi era heretat de novo.

S’estudia l'efecte d’aquest canvi a nivell cel-lular i es demostra I'efecte
dominant de la mutacid, estudiant la morfologia mitocondrial, peroxisomal
i cel-lular.

La biopsia de fibroblasts de la pacient demostra un nombre disminuit de
mitocondris i de peroxisomes en comparacido amb els controls, i aquests
mitocondris eren més elongats i estaven més fusionats.
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El present article ha sigut motiu d’'un comentari a la mateixa revista per part
d’un expert en el camp dels defectes relacionats amb el GABA (Pearl, 2018), veure
I'annex IV.

Sintesi dels resultats:

e Es reuneix una cohort d’estudi formada per 85 pacients amb diferents
patologies neuropediatriques, i s'agrupen segons grups fenotipics i el
seu simptoma neurologic predominant. Les encefalopaties epileptiques
i els pacients epiléptics constitueixen el grup més gran (n=37), seguit
per discapacitat intel-lectual/encefalopatia (n=16), errors congenits del
metabolisme (ECM) (n=10), defectes primaris dels neurotransmissors (n=7)
(defecte de la sintesi de serina, AADC, SSADH, tirosina hidroxilasa, DHPR,
PTPS, i arGTPCH), trastorns del moviment (n=5), sospita d’ECM (n=4), i
altres (n=6).

e Entotala cohort hiva haver 19 pacients (22,4%) amb nivells baixos de
GABA, 47 pacients (55%) amb nivells normals, i 19 pacients (22,4%)
amb valors elevats. D’entre aquest grup amb valors elevats, 4 d’ells
corresponien a defectes primaris dels neurotransmissors. Els valors
més elevats de GABA es trobaven en pacients amb defectes primaris
dels NT, com sén un pacient amb AADC i amb SSADH. Els valors més
baixos de GABA es trobaven en un pacient amb una sospita de defecte
secundari dels NT, una encefalopatia epileptica precog¢ i un pacient
amb una hipoglucémia neonatal.

e Els valors alterats de GABA no es relacionaven ni amb I'edat, ni amb
grup fenotipic.
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La nostra cohort de pacients presentava alteracions en els nivells de
HVA i 5HIAA del 20,2% i 23,8%, respectivament. Aquest sén uns valors
similars a cohorts prévies reportades.

Per facilitar I'estudi de la cohort de pacients, es van fer 3 subgrups basant-se
en la fisiopatologia del neurotransmissor GABA: pacients amb tractament
antiepileptic (TAE) (n=36), pacients amb lesions en zones de coneguda
predominanca GABAeérgica (com son el cortex cerebral i els ganglis de la
base) (n=10), i pacients amb defectes monogénics coneguts (n=21).

No s’observaven diferencies en la resposta clinica quant a control de
crisis i farmacorrefractarietat, ni tampoc quant als nivells de GABA en
LCR, segons si el pacient estava amb TAE amb un farmac GABAeérgic
que incrementa els nivells de GABA a l'espai sinaptic (valproat i
vigabatrina), o no GABAérgic.

No s’observava un millor control de les crisis epileptiques en aquells
pacients amb nivells de GABA més elevats.

Quant al grup de pacients amb defectes anatomics a nivell cerebral
era molt petit per poder extreure conclusions. Aixi i tot, s'apuntava
una tendéncia a nivells normals de GABA fins i tot en aquells pacients
amb lesions extenses.

D’entre el grup amb defectes monogeénics, un total de 16/21
presentaven nivells alterats de GABA (n=8 amb nivells elevats, n=5
amb nivells normals, i n=8 amb nivells baixos).

Els nivells elevats de GABA s’observaven en el defecte de SSADH (on el
GABA actua com a biomarcador de la malaltia), en el defecte de serina
i en un pacient amb un defecte del transportador de glucosa tipus 1.

Tal com es podria justificar pel seu mecanisme fisiopatologic, els nivells
de GABA en LCR eren baixos en el cas de la malaltia del xarop d’erable,
i elevats en el defecte de la quinasa dels aminoacids ramificats.

S’han descrit alteracions en els nivells de monoamines en el cas de
mutacions en canals ionics, perd no vam trobar resultats concloents
quant als nivells de GABA en LCR pels pacients amb canalopaties.

145






ARTICLES CIENTIFICS
DE LA TESI DOCTORAL







ARTICLES CIENTIFICS DE LA TESI DOCTORAL

1. Thomas Opladen, Elisenda Cortes-Saladelafont, Mario Mastrangelo,
Gabriella Horvath, Roser Pons, Eduardo Lopez-Laso, Joaquin A Fernandez-
Ramos, Tomas Honzik, Toni Pearson, Jennifer Friedman, Sabine Scholl-Birgi,
Tessa Wassenberg, Sabine Jung-Klawitter, Oya Kuseyri, Kathrin Jeltsch,
Manju A Kurian, Angels Garcia-Cazorla, International Working Group on
Neurotransmitter related disorders (iNTD). The International Working
Group on Neurotransmitter Related Disorders (iNTD): A Worldwide
Research Project Focused on Primary and Secondary Neurotransmitter
Disorders. Mol Genet Metab Rep. 2016 Oct 20;9:61-66. doi: 10.1016/].
ymgmr.2016.09.006. eCollection 2016 Dec.

149



Sistemes de neurotransmissid en trastorns neuropediatrics

Molecular Genetics and Metabolism Reports 9 (2016) 61-66

Contents lists available at ScienceDirect

Molecular Genetics and Metabolism Reports

journal homepage: www.elsevier.com/locate/ymgmr

The International Working Group on Neurotransmitter related Disorders ®CrossMark
(INTD): A worldwide research project focused on primary and secondary
neurotransmitter disorders

Thomas Opladen **, Elisenda Cortés-Saladelafont ®, Mario Mastrangelo ¢, Gabriella Horvath ¢, Roser Pons €,
Eduardo Lopez-Laso f Joaquin A. Fernandez-Ramos f Tomas Honzik &, Toni Pearson ", Jennifer Friedman |,
Sabine Scholl-Biirgi’, Tessa Wassenberg ¥, Sabine Jung-Klawitter %, Oya Kuseyri ?, Kathrin Jeltsch ¢,

Manju A. Kurian ', Angels Garcia-Cazorla ®,

on behalf of the International Working Group on Neurotransmitter related disorders (iNTD):

@ Division of Child Neurology and Metabolic Diseases, University Children‘s Hospital Heidelberg, Germany

b Department of Child Neurology, Neurometabolic Unit, CIBERER-ISCIII, Hospital Sant Joan de Déu Barcelona, Spain

© Department of Pediatrics and Child Neuropsychiatry, Sapienza Universita di Roma, Rome, Italy

4 Division of Biochemical Diseases, BC, Childrens Hospital, Vancouver, Canada

€ First Department of Pediatrics, Pediatric Neurology Unit, Agia Sofia Hospital, National and Kapodistrian University of Athens, Athens, Greece

f Department of Pediatric Neurology, Reina Sofia University Hospital, Maimonides Biomedical Research Institute of Cordoba (IMIBIC), University of Cordoba, CIBERER-ISCIII, Cordoba, Spain
£ Dep. of Pediatrics, First Faculty of Medicine, Charles University in Prague and General University Hospital in Prague, Prague, Czech Republic

" Department of Neurology, Washington University School of Medicine, St. Louis, USA

I Department of Neurosciences, University of California San Diego, Division of Neurology Rady Children's Hospital, Rady Children's Institute Genomic Medicine, San Diego, USA

) Department of Pediatrics I, Inherited Metabolic Disorders, Medical University of Innsbruck, Anichstrasse 35, 6020 Innsbruck, Austria

kX Department of Neurology and Child Neurology, Radboudumc Nijmegen, Donders Institute of Brain Cognition and Behaviour, The Netherlands

! Developmental Neurosciences, UCL- Institute of Child Health and Department of Neurology, Great Ormond Street Hospital for Children NHS Foundations Trust, London, United Kingdom

ARTICLE INFO ABSTRACT

Article history: Introduction: Neurotransmitters are chemical messengers that enable communication between the neurons in
Received 3 August 2016 the synaptic cleft. Inborn errors of neurotransmitter biosynthesis, breakdown and transport are a group of very
Accepted 29 September 2016 rare neurometabolic diseases resulting in neurological impairment at any age from newborn to adulthood.

Available online xxxx Methods and results: The International Working Group on Neurotransmitter related Disorders (iNTD) is the first

international network focusing on the study of primary and secondary neurotransmitter disorders. It was

ﬁiﬁg{fgsmitter founded with the aim to foster exchange and improve knowledge in the field of these rare diseases. The newly
Network established iNTD patient registry for neurotransmitter related diseases collects longitudinal data on the natural
Database disease course, approach to diagnosis, therapeutic strategies, and quality of life of affected patients. The registry
Dopamine forms the evidence base for the development of consensus guidelines for patients with neurotransmitter related
Serotonin disorders.

Glycine Conclusion: The iINTD network and registry will improve knowledge and strengthen research capacities in the
GABA field of inborn neurotransmitter disorders. The evidence-based guidelines will facilitate standardized diagnostic
Serine procedures and treatment approaches.

I?:tlicelilt”;:gistry © 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Abbreviations: AADC, aromatic L-amino acid decarboxylase; AR/ADGTPCH, autosomal recessive/dominant GTP-cyclohydrolase deficiency; BH,, tetrahydrobiopterin; DAT, dopamine
transporter; DRH, dopamine [3-hydroxylase; DHFR, dihydrofolate reductase deficiency; DHPR, dihydropteridine reductase; FOLR1, folate receptor alpha; GABA, gamma aminobutyric
acid; MAOA, monoamine oxidase A; 5-MTHF, 5-methyltetrahydrofolate; NKH, nonketotic hyperglycinemia; NOS, nitric oxide synthase; PAH, phenylalanine hydroxylase; 3-PGDH, 3-
phosphoglycerat dehydrogenase; 3-PGH, 3-phosphoglycerat dehydrogenase; PSAT, phosphoserine aminotransferase; 3-PSP, 3-phosphoserine phosphatase; PTPS, 6-pyruvoyl-
tetrahydropterin synthase; SR, sepiapterin reductase; SSADH, succinic semialdehyde dehydrogenase; TH, tyrosine hydroxylase; TPH, tryptophan hydroxylase; VMAT, vesicular mono-
amine transporter.

* Corresponding author at: University Children's Hospital, Division of Child Neurology and Metabolic Diseases, Im Neuenheimer Feld 430, D-69120 Heidelberg, Germany.

E-mail address: Thomas.opladen@med.uni-heidelberg.de (T. Opladen).

http://dx.doi.org/10.1016/j.ymgmr.2016.09.006
2214-4269/© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

150



Articles cientifics de la tesi doctoral

62 T. Opladen et al. / Molecular Genetics and Metabolism Reports 9 (2016) 61-66

1. Introduction

Neurotransmitters are a group of chemical messengers that enable
communication between the neurons in the synaptic cleft. With regard
to chemical properties, neurotransmitters can be grouped into amino
acids (including glutamate, glycine, serine and gamma aminobutyric
acid), peptides, purines, and monoamines or biogenic amines (including
acetylcholine, epinephrine, norepinephrine, dopamine and serotonin).
Most neurotransmitters have either excitatory or inhibitory effects,
but only a few can exert both depending upon the type of receptors
that are present [13]. After biosynthesis neurotransmitters are stored
within synaptic vesicles and secreted in response to the appropriate
nerve impulse [13]. Peptides have higher molecular weight than bio-
genic amines and amino acids, and are produced and released by
neurons through the regulated secretory route. Interestingly, many
peptides exhibit neurotransmitter activity as well as possess hormonal
function.

Inborn errors of neurotransmitter biosynthesis, breakdown or trans-
port are a group of very rare neurometabolic diseases. The incidence of
the combined neurotransmitter diseases can only be estimated, but so
far around 1500 patients have been published worldwide [3,12,19,21,
28]. Clinical symptoms can appear at any age from newborn to adult-
hood. In the following the different groups of neurotransmitter disor-
ders and their main features are described:

Disorders of monoamines and tetrahydrobiopterin metabolism.

Tetrahydrobiopterin (BH,4) is known to be the natural cofactor for
phenylalanine hydroxylase (PAH), tyrosine hydroxylase (TH), and tryp-
tophan hydroxylase (TPH) as well as all three isoforms of nitric oxide
synthase (NOS) [27]. The BH, dependent enzymes TH and TPH are to-
gether with the aromatic amino acid decarboxylase (AADC) the key en-
zymes in the biosynthesis of the neurotransmitters dopamine and
serotonin [1]. Accordingly, disorders of BH; metabolism result in defi-
ciency of biogenic amines. In addition to enzyme deficiencies, two
transporter defects are known to cause disorders of biogenic amine me-
tabolism [16,23]. The relevant enzymes and transporters are listed in
Table 1. The clinical presentation is determined by the type and severity

Table 1
Overview on inborn errors of neurotransmitter metabolism included in the iNTD patient
registry, including acronym and OMIM number (Online Mendelian Inheritance in Man).

Gene
Disease name Acronym name OMIM#
Aromatic L-amino acid decarboxylase AADCD DDC #608643
deficiency
Tyrosine hydroxylase deficiency THD TH #191290
Dopamine (3-hydroxylase deficiency DRHD DSH #223360
Monoamine oxidase A deficiency MOAAD MAO-A  # 309850
Dopamine transporter deficiency DATD SLC6A3  #126455
Vesicular monoamine transporter deficiency VMATD SLC18A2  #193001
Autosomal recessive GTP-cyclohydrolase ARGTPCHD GCH1 #233910
deficiency
Autosomal dominant GTP-cyclohydrolase ADGTPCHD GCH1 #600225
deficiency
6-Pyruvoyl-tetrahydropterin synthase PTPSD PTS #261640
deficiency
Dihydropteridine reductase deficiency DHPRD QDPR #261630
Sepiapterin reductase deficiency SRD SPR #182125
Folate receptor alpha deficiency FOLR1D FOLR1 # 613068
Dihydrofolate reductase deficiency DHFRD DHFR # 613839
3-Phosphoglycerat dehydrogenase 3-PGDHD PHGDH  #606879
deficiency
3-Phosphoserine phosphatase deficiency 3-PSPD PSPH #172480
Phosphoserine aminotransferase deficiency =~ PSATD PSAT1 #610936
Nonketotic hyperglycinemia NKH AMT T#238310

GLDC P#238300

GCSH H#238330
GABATD ABAT #137150
SSADHD ALDH5A1 #271980

GABA-transaminase deficiency
Succinate semialdehyde dehydroxylase
deficiency

of the underlying disorder [18] and ranges from intermittent focal dys-
tonia and dystonia-parkinsonism to severe, lethal infantile encephalop-
athies. In adulthood these diseases may cause behavioral and mood
disorders [11,20,25]. Patients with disorders of BH; metabolism can
with two exceptions be identified by detection of hyperphenylalanin-
emia on newborn screening (PKU), thereby allowing early diagnosis
and initiation of treatment in asymptomatic individuals.

1.1. Folates

Folates play an essential role in central one-carbon methyl transfer
reactions, mediating several biological processes including synthesis of
neurotransmitters. 5-MTHF is the widely distributed form in the blood-
stream. The autosomal recessive inherited folate receptor alpha
(FOLR1) deficiency leads to impaired transport of folate to the CNS
resulting in psychomotor decline, progressive movement disturbance,
white matter disease, and epilepsy [5,24]. Patients with dihydrofolate
reductase deficiency (DHFR) present with megaloblastic anemia, cere-
bral folate deficiency and a variety of neurological manifestations,
which respond at least partly to treatment with folinic acid [6].

1.2. Disorders of GABA metabolism

Two disorders of GABA catabolism are known: Succinic semialde-
hyde dehydrogenase (SSADH) and GABA-transaminase deficiency.
Most patients with SSADH deficiency develop symptoms in the first
2 years of life and present with prominent deficits in expressive
language, motor delay, hypotonia, non-progressive ataxia, epilepsy
and neuropsychiatric symptoms [10,22]. Two families with GABA-
transaminase deficiency have been reported displaying developmental
delay and hypotonia in early childhood and severe expressive language
impairment and obsessive-compulsive disorder in adolescence and
adulthood as well as ataxia and hyporeflexia [14,26].

1.3. Disorders of serine metabolism

Defects of serine metabolism encompass phosphoglycerate dehy-
drogenase deficiency, phosphoserine aminotransferase deficiency, and
3-phosphoserine phosphatase deficiency. Patients with phosphoglycer-
ate dehydrogenase or phosphoserine aminotransferase manifest with
severe intellectual disability, spastic tetraparesis, severe microcephaly
and epilepsy [8]. A deficiency of 3-phosphoserine phosphatase was
identified in one patient with moderate intellectual disability who also
had Williams's syndrome [15] and in another patient with intrauterine
growth restriction, intellectual disability, childhood onset epilepsy, and
borderline microcephaly who developed progressive lower extremity
hypertonia, axonal neuropathy, and hand contractures in adulthood [4].

1.4. Disorders of glycine breakdown

A deficiency of the activity of the glycine cleavage enzyme system
leads to nonketotic hyperglycinemia (NKH) due to an accumulation of
glycine in tissues and the central nervous system. Based on the amount
of residual activity resulting from the particular mutation, clinical pre-
sentation of NKH ranges from severe neonatal hypotonia, failure to
thrive and burst suppression pattern on EEG in the severe form, to
mild mental retardation, learning disabilities or even normal intelli-
gence in the mild from [7,12].

All neurotransmitter related disorders are rare, and consequently,
patients are scattered around the world and frequently do not have ac-
cess to medical care at centers of expertise. Furthermore, evidence base
of current diagnostic and therapeutic approaches is extremely limited
and current diagnostic and treatment strategies vary enormously
between centers, resulting in sub-optimal care for individual
patients. It can be expected that these inequalities have a negative
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impact on health outcome and on socio-economics in analogy to
other rare diseases [2,17].

The major aims of the International Working Group on Neurotrans-
mitter related Disorders (iNTD) are to establish the first network and
patient registry for neurotransmitter related disorders. The patient reg-
istry will enable detailed analysis of the natural courses of the diseases,
the diagnostic approaches and the current therapy strategies as well as
the quality of life of the affected patients and possible genotype/
phenotype-correlations. Besides expanding knowledge about these dis-
eases, iNTD will enable the development of the first evidence-based
consensus guidelines for patients with various neurotransmitter related
disorders.

This paper describes the establishment of iNTD and major achieve-
ments within the first 2 years of the project.

2. Methods
2.1. The iNTD network

In 2013 the initiative “International Working Group on Neurotrans-
mitter Related Disorders (iNTD)” was founded by three medical experts
from the University Hospital Heidelberg (Germany), the Hospital Sant
Joan de Déu in Barcelona (Spain) and the Great Ormond Street Hospital
in London (United Kingdom) with the aim to foster scientific and clini-
cal networking on an international level and, ultimately, to promote
health care for patients with neurotransmitter related disorders. Since
then the network has continued to grow and today iNTD consists of
43 project partners from 24 countries worldwide (Fig. 1 and supple-
ment 1). iNTD launched a network website (www.intd-online.org),
where network information and activities are announced. Furthermore,
the website provides disease related information for families and care-
takers as well as health professionals. The steering committee consists
of Thomas Opladen (University Hospital Heidelberg), Angels Garcia-
Cazorla (Hospital Sant Joan de Déu Barcelona) and Manju Kurian
(Great Ormond Street Hospital London). The steering committee has
the overall responsibility to ensure satisfactory progress of the network.
It specifies and defines the organization, management, responsibilities
and tasks of the network. All iNTD network members that are contribut-
ing to the registry have signed a consortium agreement.

NKH (4) SSADH (4)
4% 4%

3-PGDH (1)
1%
SR (2)
2% AADC (24)
25%
DHPR (11)
1%

ARGTPCH (4)

ADGTPCH (12) 4%
13%

Fig. 1. Total number, frequency and distribution of neurotransmitter deficiencies in the
iNTD patient registry.
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2.2. The patient registry

Within one working group iNTD set up the first international, longi-
tudinal patient registry for neurotransmitter related disorders. The pa-
tient registry is web-based and password-protected (https://intd-
registry.org). It was approved by the local ethics committee of the Uni-
versity Hospital Heidelberg (coordinating center, application number S-
471/2014) on 22th December 2014. The data are managed on a secure
server, hosted by University Hospital Heidelberg, the site responsible
for data storage and processing. The previously existing, stand-alone
registries for BH4 and AADC deficiencies, BIODEF and JAKE, established
and hosted at the University Children's Hospital in Ziirich, Switzerland
by Prof. Nenad Blau, have ceased collection of new patient data. To pre-
serve the highly valuable historical data contained in BIODEF and JAKE,
the INTD registry will collaborate with both registries to transfer
existing data into the iNTD registry after obtaining informed consent
of the respective patients, parents or legal representatives.

Patients' data is collected after written informed consent is obtained
by physicians at each participating iNTD center. After a baseline visit,
longitudinal follow-up visits are performed annually. Initially only dis-
orders of biogenic amine metabolism, BH, deficiencies and cerebral fo-
late deficiencies were included. In January 2016 the registry was
extended to amino acid neurotransmitter diseases including the serine
synthesis deficiencies, disorders of glycine metabolism and GABA relat-
ed disorders (listed in Table 1). At the same time we also began to reg-
ister patients with abnormal CSF results suggesting a neurotransmitter
disorder but without known diagnosis, for further research purposes.

3. Results

iNTD aims for worldwide coverage. At the time of publication, the
iNTD network included 43 partners from 3 continents and 24 different
countries (for details see list of INTD network partners in the supple-
ment). At present, 21 clinical partners have met all necessary legal re-
quirements and are contributing data to the registry. The approval of
further study centers is in process and will follow. Since data collection
began in January 2015, the number of patients is steadily growing. As of
30 June 2015, 95 patients with a confirmed diagnosis of neurotransmit-
ter related disorders have been registered. In total 95 baseline visits and
33 follow up visits have been documented in the registry so far.

Patients with AADC deficiency are so far the most frequent popula-
tion in the registry (n = 24, 25%), followed by PTPS deficiency (n =
22, 23%) and autosomal dominant GTPCH deficiency (n = 12, 13%; de-
tails in Fig. 1). The predominance of AADC deficiency is partly explained
by the support of the AADC parent organization (AADC Research Trust;
www.aadcresearch.org) which promoted the study within their mem-
bership. There are few patients with disorders of amino acid neuro-
transmitter metabolism as a result of their very recent inclusion in the
registry. At present there are no patients with folate disorders included.
The median age of patients in the database is 10.3 years (range: 3
months to 42.5 years). Of note, 25 patients (26.3%) in the registry are
older than 16 years (Table 2). It is obvious that with a growing adult co-
hort, new medical and social care aspects including behavioral as well as
psychological problems, puberty and integration into the social life and
work systems will arise. First epidemiological results confirm the
discrepancy between age of symptom onset and age at diagnosis for
some disorders (Fig. 2).

3.1. Guideline development

In neurotransmitter related disorders clinical symptoms can be non-
specific and diagnosis is often delayed depending significantly on the
personal experience of the treating physician. As a consequence, pa-
tients and their parents often traverse a stressful odyssey from doctor
to doctor with frequent misdiagnoses, such as cerebral palsy, myasthe-
nia gravis or seizure disorders [9,19] before the correct diagnosis is
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Table 2

Current number, gender distribution, age range, age at first symptoms and age at diagnosis of 95 patients included in the iNTD registry. m = male; f = female.

Disease name Number and gender of patients Age range

Age range at first symptoms (median) Age range at diagnosis (median)

AADC deficiency 24 (5 m/19f) 8.0 months-36.0 years
TH deficiency 11 (3 m/8f) 3.0 years-35.6 years
MAOA deficiency 1 (1 m/0f) 4.5 years

ARGTPCH deficiency 4 (4 m/0f) 4.0 years-32.7 years
ADGTPCH deficiency 12 (3 m/9f) 3.8 years-41.8 years
PTPS deficiency 22 (9 m/13f) 2.0 years-42.5 years
DHPR deficiency 11 (5 m/6f) 3.0 months-26.3 years
SR deficiency 2 (1 m/1f) 3.7 years-8.6 years
3-PGDH deficiency 1 (1 m/0f) 8.9 years

NKH 4 (2 m/2f) 5.2 years-17.9 years
SSADH deficiency 4 (2 m/2f) 1.2 years-10.5 years
Total 95 (36 m/59f) 3.0 months-42.5 years

1st month of life-5.0 months
(2.5 months)
1st month of life-5.0 months

4.9 months-32.0 years
(9.8 months)
5.5 months-30.0 years

(3.0 months) (2.8 years)

6.0 months 21.6 months

1st month of life-48.0 years 5.9 months-6.0 years
(13.8 months) (1.4 years)

6.0 months-9.0 years 1.5 years-36.0 years
(44.1 months) (7.0 years)

1st month of life-1.5 years 0.1 months-7.8 years
(3.8 months) (1.0 month)

1st month of life-2.0 years 0.1 months-2.8 years
(8.0 months) (6.9 month)

6.0 months 6.9 months —.6 years
(6.0 months) (3.6 years)

1st month of life 4.9 months

1st month of life-3.0 years 0.1 months-5.0 years
(9.8 months) (2.4 months)

2.0 months-.5 years 2.9 years-10.8 years
(10.3 months) (4.0 years)

1st month of life-9.0 years 0.1 months-36.0 years
(3.0 months) (1.1 years)

finally reached. Misdiagnosis or delayed diagnosis may lead to irrevers-
ible worsening of the patient's condition and result in significant costs
for the health care system. Since evidence-based guidelines for diagno-
sis and treatment do not exist for any of these disorders, one working
group of iNTD is focused upon the development of evidence based
guidelines for the most frequent neurotransmitter disorders. The evi-
dence base will be derived from a systematic literature search and
review, in addition to data from the patient registry. Relevant publica-
tions will be identified and evaluated using a standardized procedure
in analogy to the methodology of SIGN (Scottish Intercollegiate Guide-
line Network; www.sign.ac.uk) and GRADE (Grading of Recommenda-
tions Assessment, Development and Evaluation Working Group). In
the following, evidence-based recommendations will be formulated
for diagnostic procedures, therapeutic strategies, and follow-up moni-
toring. The guidelines will be published in peer reviewed journals.

The first guidelines developed by iNTD were for the diagnosis and
treatment of AADC deficiency (Wassenberg T, Orphanet | Rare Dis,
2016, in press). The guideline working group consisted of 13 child neu-
rologists, 5 biochemists and 1 research project manager from several
European countries, the USA and Taiwan. All group members are affili-
ated with iNTD and are experienced in the diagnosis and treatment of
AADC deficiency. Furthermore, a representative of the European AADC
parental organization participated in guideline development). The de-
velopment of evidence based guidelines for inborn errors of BH, disor-
ders will follow in near future as the next iNTD guideline.

4. Discussion

In developed countries, where infant mortality caused by infectious
diseases is low, research on rare diseases has a very high priority as stat-
ed in the European Commission's Communication on Rare Diseases:
“Coordination projects aimed at an optimal use of the limited resources
dedicated to research on rare diseases should be encouraged” (Source:
Communication from the commission to the European Parliament, the
Council, the European Economic and Social Committee of the Regions,
11. November 2008).

Because inherited neurotransmitter related disorders are very rare,
significant progress can only be achieved by transnational efforts. For
that purpose, an international network and registry for rare neurotrans-
mitter related disorders are indispensable to improve the knowledge
base, develop international consensus care guidelines, and foster net-
working on international level and, ultimately, to promote health care

for patients with neurotransmitter related disorders. Additionally,
since many of these disorders are amenable to treatment, promoting
awareness and knowledge among the medical community is a matter
of great importance.

In the last 2 years, iNTD has established the first worldwide network
of experts for neurotransmitter related disorders. The iNTD network
provides a platform for clinicians and scientists to exchange expertise
and to improve international collaborations regarding these rare neuro-
transmitter related diseases. Currently iNTD includes 43 metabolic cen-
ters from 24 countries worldwide and is open for collaboration with
additional stakeholders. iNTD seeks to build partnerships between sci-
entists and non-governmental parent organizations with longstanding
basic research, diagnostic and clinical activities. The consortium aims
to mobilize a critical mass of expertise and patient numbers to enable
rapid translation of basic research into clinical studies at the patient's
bedside.

The iNTD registry study is the first detailed longitudinal study in the
field of neurotransmitter disorders. To enable systematic and standard-
ized collection of data, all patient data entered into the registry are sur-
veyed by medical doctors. The successful initiation of the registry in
January 2015 and the constantly growing number of registered patients
will enable detailed clinical phenotyping of the diseases for the first
time, and interdisciplinary analysis of the natural history, diagnostic ap-
proaches and current treatment strategies, genotype/phenotype corre-
lation, as well as the quality of life of affected patients.

4.1. Outlook

Within the last 2 years iNTD has developed a stable framework for
exchange in clinical and scientific research. In future iNTD aims to fur-
ther improve the awareness and knowledge on rare neurotransmitter
related disorders by providing clinical and scientific information to
patients and health care professionals. The iNTD registry seeks the in-
clusion of more than 250 patients in the registry by extending coopera-
tion with other expert centers. The long term focus will be on the
evaluation of disease natural history, specifically in the context of up-
coming new treatment options. As one example Dr. Toni Pearson
(Washington University in St Louis, USA) developed a highly detailed
parent questionnaire for patients with AADC deficiency which evaluates
the natural course, in the context of the upcoming gene therapy trials
for AADC deficiency in the USA and England. Thanks to the modular IT
system the extension of the iNTD patient registry and the inclusion of
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Fig. 2. Age at first symptoms versus age at diagnosis in 95 patients with different neurotransmitter disorders (Boxplot with median, quartiles, outliers (cases with values between 1.5 and 3
box lengths from the upper or lower edge of the interquartile range) and extremes (cases with values more than 3 box lengths from the upper or lower edge of the interquartile range).

any newly described neurotransmitter related disorder are possible.
Hereby a standardized clinical and biochemical characterization of the
new disorder and a direct comparisons with known disorders will be
easily possible.
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Abstract

Background: Tetrahydrobiopterin (BH,) deficiencies comprise a group of six rare neurometabolic disorders
characterized by insufficient synthesis of the monoamine neurotransmitters dopamine and serotonin due to a
disturbance of BH,4 biosynthesis or recycling. Hyperphenylalaninemia (HPA) is the first diagnostic hallmark for most BH,
deficiencies, apart from autosomal dominant guanosine triphosphate cyclohydrolase | deficiency and sepiapterin
reductase deficiency. Early supplementation of neurotransmitter precursors and where appropriate, treatment of HPA
results in significant improvement of motor and cognitive function. Management approaches differ across the world
and therefore these guidelines have been developed aiming to harmonize and optimize patient care. Representatives
of the International Working Group on Neurotransmitter related Disorders (iNTD) developed the guidelines according to
the SIGN (Scottish Intercollegiate Guidelines Network) methodology by evaluating all available evidence for the
diagnosis and treatment of BH, deficiencies.

Conclusion: Although the total body of evidence in the literature was mainly rated as low or very low, these consensus
guidelines will help to harmonize clinical practice and to standardize and improve care for BH, deficient patients.
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Background

Introduction

Tetrahydrobiopterin (BH,4) deficiencies comprise a group
of six rare neurometabolic disorders caused by pathogenic
variants in five genes responsible for the biosynthesis and
regeneration of BH,, which is the essential cofactor of the
aromatic amino acid hydroxylases phenylalanine hydroxy-
lase (PAH), tyrosine hydroxylase (TH), two isoforms of
tryptophan hydroxylase (TPH 1/2), alkylglycerol mono-
oxygenase (AGMO), as well as of three isoforms of nitric
oxide synthase (NOS 1-3) (Fig. 1). Since TH and TPH are
key enzymes in the synthesis of the monoamines dopa-
mine, serotonin, norepinephrine, and epinephrine, a dis-
turbance of BH, metabolism results in a severe depletion
of all monoamine neurotransmitters. In addition, as PAH
mediates the conversion of phenylalanine (Phe) to tyrosine
(Tyr), hyperphenylalaninemia (HPA) is present in all BH,
deficiencies apart from autosomal dominant guanosine
triphosphate cyclohydrolase I deficiency (AD-GTPCHD)
and sepiapterin reductase deficiency (SRD) [1, 2]. AD-
GTPCHD is the most common cause of dopa-responsive
dystonia (DRD), a clinical syndrome characterized by dys-
tonia that fluctuates diurnally and responds very well to
treatment with levodopa (L-Dopa). AD-GTPCHD is also
called autosomal dominant Segawa syndrome (DYT5a),
whereas autosomal recessive Segawa syndrome is usually
caused by autosomal recessive mutations of the TH gene
(DYT5b).

BH, synthesis and regeneration is a multistage process
involving a series of steps catalysed by five enzymes.
Guanosine triphosphate cyclohydrolase I (GTPCH, EC
3.5.4.16), 6-pyruvoyltetrahydropterin synthase (6-PTPS,
EC 4.2.3.12), and sepiapterin reductase (SR, EC 4.1.1.17)
are the enzymes for BH, biosynthesis. Pterin-4-alpha-
carbinolamine dehydratase (PCD, EC 4.2.1.96) and q-
dihydropteridine reductase (DHPR, EC 1.5.1.34) ensure
BH, regeneration (Fig. 1). All the disorders are inherited
in an autosomal recessive (AR) manner, apart from
GTPCH deficiency (GTPCHD), which manifests with
both autosomal recessive and autosomal dominant (AD)
inheritance patterns (Table 1).

The precise global prevalence of BH, deficiencies re-
mains unknown and great variance can be found among
different countries [3, 4]. The mean incidence of all
HPAs detected by newborn screening (NBS) pro-
grammes in Europe is estimated to be approximately 1:
10000 [5], and BH, deficiencies are presumed to
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constitute around 1-2% of these cases. PTPS deficiency
(PTPSD) is the most frequent of all HPA -associated
BH, deficiencies (approx. 54%), followed by DHPR defi-
ciency (DHPRD, approx. 33%) [3]. For AD-GTPCHD a
prevalence of 2.96 per million was stated [6], however,
since many publications do not clearly classify the dis-
ease into DRD, AD or AR Segawa syndrome, and do not
always mention the underlying gene mutations, a final
assessment of the prevalence is not possible [7]. There
seems to be a high rate of undiagnosed patients [8-10].
Recently, a novel disorder to be included in the differen-
tial diagnosis of HPA has been identified: the disorder is
caused by biallelic mutations in the DNAJCI2 gene and
is associated with a variable neurological phenotype in
association with HPA [11, 12].

Both laboratory and clinical findings in patients with
BH, deficiencies are attributable to two main pathophys-
iologic mechanisms: HPA, and depletion of the
monoamine neurotransmitters in the central nervous
system (CNS).

Cerebral HPA toxicity is multifactorial. The most
prominent hypotheses discussed include: 1) competitive
inhibition of a blood-brain-barrier (BBB) transporter of
large neutral amino acids (LNAA) including tyrosine
and tryptophan with decreased protein and neurotrans-
mitter synthesis; 2) decreased cholesterol synthesis and
myelin production, as well as direct myelin toxicity; 3)
tyrosine and tryptophan hydroxylase inhibition; 4) oxida-
tive stress; 5) complex reduction of glutamatergic synap-
tic transmission; 6) pyruvate kinase inhibition; 7)
calcium homeostasis dysregulation [5, 13].

The second, and clinically dominant, pathophysiological
mechanism of neurological dysfunction in the BH, defi-
ciencies is shortage of the brain neurotransmitters dopa-
mine, serotonin, and norepinephrine. Dopamine is most
commonly associated with the control of voluntary move-
ment and reward-based learning and behaviour [14]. Nor-
epinephrine is the modulator of arousal [15] and
serotonin affects predominantly higher cognitive functions
and behaviour. However, deeper insight into the complex-
ity of CNS neurotransmission reveals that monoaminergic
neurons and their neurotransmitters share many common
properties, greatly overlap in numerous functions, and are
highly orchestrated to jointly modulate numerous brain
processes. As a result, dopamine, serotonin, and norepin-
ephrine are all implicated in the modulation of higher cog-
nitive and executive function, behaviour, mood, attention,
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Fig. 1 Biosynthesis and regeneration of tetrahydrobiopterin (BH,) and its functions as cofactor in the synthesis of serotonin, dopamine, and other
catecholamines as well as the catabolism of phenylalanine. Simplified scheme of the biosynthesis and regeneration of tetrahydrobiopterin (BH,)
in the presynaptic axonal end. BH,4 serves as essential cofactor of the aromatic amino acid hydroxylases phenylalanine hydroxylase (PAH), tyrosine

hydroxylase (TH), and tryptophan hydroxylase (TPH) which catalyse key reactions in the synthesis of the monoamines dopamine, serotonin,
norepinephrine, and epinephrine. Note that AGMO and NOSs are not depicted in this overview. 5-HIAA, 5-hydroxyindoleacetic acid; 5-HIAL, 5-
hydroxyindoleacetaldehyde; 7,8-BH,, 7,8-dihydrobiopterin; BH,, tetrahydrobiopterin; DOPAC, 3,4-dihydroxyphenylacetic acid; DOPAL, 3,4-
dihydroxyphenylacetaldehyde; DTDS, dopamine transport deficiency syndrome; GTP, guanosine-5"-triphosphate; HVA, homovanillic acid; Oxo-
PH41, oxo-2-hydroxy-tetrahydropterin; PLP, pyridoxal 5-phosphate; PTP, 6-pyruvoyltetrahydropterin; gBH,, quinonoid dihydrobiopterin; VLA,
vanillyllactic acid; VMA, vanillylmandelic acid; VMAT 2, vesicular monoamine transporter

pain perception, motor control, and many other brain
processes [16]. Attribution of any given clinical symp-
tom to the deficiency of a single neurotransmitter is
therefore likely to be an over-simplification. However,
the general signs of dopamine deficiency include pre-
dominantly parkinsonism, and dystonic movements, in
young infants also tremorous or choreatiform and

various other involuntary movements, while seroto-
ninergic deficiency is thought to manifest as sleep pat-
tern disturbance, mood dysregulation and temperature
instability [17].

Following the two main underlying pathophysiologic
pathways, treatment strategies primarily aim at the cor-
rection of peripheral HPA and brain neurotransmitter
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Table 1 Nomenclature of BH, disorders
Disease name Alternative disease Disease Gene  Mode of Affected  Disease
name abbreviation symbol inheritance enzyme OMIM#
Autosomal dominant GTP cyclohydrolase | deficiency  Segawa disease AD-GTPCHD, GCH1  AD GTPCH I 128230
DYT5a
Dopa-responsive
dystonia
Autosomal recessive GTP cyclohydrolase | - AR-GTPCHD, DYT/PARK-GCH1 ~ GCH1 AR GTPCH I 233910
deficiency
6-pyruvoyl-tetrahydropterin synthase - PTPSD, DYT/PARK-PTS PTS AR PTPS 261640
deficiency
Sepiapterin reductase deficiency - SRD, DYT/PARK-SPR SPR AR SR 612716
Q-dihydropteridine reductase deficiency - DHRPD, DYT/PARK-QDPR QDPR AR DHPR 261630
Pterin-4-alpha-carbinolamine dehydratase Primapterinuria PCDD PCBDT AR PCD 264070

deficiency

Abbreviations in the table: AR Autosomal recessive, AD Autosomal dominant, DHPRD Dihydropteridine reductase deficiency, GCH1 GTP cyclohydrolase 1, GTPCHD
Guanosine triphosphate cyclohydrolase | deficiency, PCBD1 Pterin-4 alpha-carbinolamine dehydratase, PCDD Pterin-4-alpha-carbinolamine dehydratase deficiency,
PTPSD 6-pyruvoyl-tetrahydropterin synthase deficiency, PTS 6-Pyruvoyltetrahydropterin synthase, QDPR Quinoid dihydropteridine reductase, SR Sepiapterin

reductase, SRD Sepiapterin reductase deficiency

deficiencies. We developed this first consensus guideline
for the diagnosis and management of BH, deficiencies in
the context of the International Working Group on
Neurotransmitter Related Disorders (iNTD, www.intd-on-
line.org) and by using the Scottish Intercollegiate Guide-
line Network (SIGN) methodology. The recommendations
are based on a systematic review of the available literature
and on consensus meetings of the iINTD guideline work-
ing group. The guideline is intended for metabolic special-
ists, child and adult neurologists, paediatricians, intensive
care specialists, nurses, and paramedical specialists in-
volved in the care of patients with BH, deficiencies.

Methods
Composition of the guideline working group and timeline
An executive committee (TO (chairman), OKH (secre-
tary, subgroup coordinator), ELL, ECS, JK (subgroup co-
ordinators) and KJ (project coordination)) was appointed
to oversee the guideline development process. Four dif-
ferent subgroups were generated, headed by one of the
subgroup coordinators (AR/AD GTPCHD (ELL), PTPSD
(JK), DHPRD (ECS) and PCDD/SRD (OKH)). The guide-
line working group consisted of 24 child neurologists
and/or metabolic specialists (TO, ELL, ECS, TP, SSB,
BA, MK, VL, WL, FP, AGC, TH, RP, LR, HG, GFH, GH,
SBB, AB, MM, JF, TW, JK, OKH), 5 biochemists (RA,
BT, SH, SP, MV), and 1 research project manager (KJ)
from several European countries, the USA and Canada.
All group members are part of the iINTD network and
experienced in the diagnosis and treatment of BH, defi-
ciencies. The project was supported by patient organiza-
tions (see below, section on “Patient advocacy groups”).
The start-up meeting took place in Barcelona, Spain in
February 2017, followed by one meeting of the subgroup
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coordinators in Heidelberg, Germany in November 2017
and a face-to-face meeting for the whole guideline group
in Athens, Greece in September 2018 (at the meeting of
the Society for the Study of Inborn Errors of Metabolism
(SSIEM)).

In adherence to Scottish Intercollegiate Guidelines
Network (SIGN) methodology, two external academic
reviewers with expertise in neurometabolic and move-
ment disorders (Nicola Longo, Salt Lake City, USA and
Keith Hyland, Atlanta, USA) and additional lay reviewers
(Pauline Schleicher, Melanie Kahlo and Ivana Badnjare-
vic) were asked to comment on the guideline draft be-
fore submission.

Developing topics and key questions

During the start-up meeting, the list of key questions
was discussed and refined. Key questions comprised the
following topics: Clinical Presentation, Diagnosis (la-
boratory tests, imaging, electrophysiological investiga-
tions, etc.), Treatment, Management of Complications
and Long-Term Follow-Up, Social Issues, and Transition
(Additional file 1: Table S1). All topics were considered
by each of the 4 different BH, disorder subgroups.

Systematic literature search

A systematic literature review on BH, and related names
was performed in spring 2017 on Pubmed, Cochrane
database, and the Cinahl database, using the following
search terms: “Tetrahydrobiopterin deficiency”, “BH, de-
ficiency”, “atypical PKU”, “atypical phenylketonuria”,
“PTPS deficiency”, “(6-)pyruvoyl-tetrahydropterin syn-
thase deficiency”, “SR deficiency”, “sepiapterin reductase
deficiency”, “segawa(s) disease”, “GTPCH (I) deficiency”,
“GTP cyclohydrolase (I) deficiency”,“Guanosine (-5-) tri-

phosphate  cyclohydrolase (I)  deficiency”,” DHPR
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deficiency”, “dihydropteridine reductase deficiency”,
“pterin (-4a-) carbinolamine dehydratase deficiency”,
“PCD deficiency“. No language or data filters were used.
Single newly published manuscripts with clear clinical
relevance for the guideline development were included in
the literature database until the end of guideline develop-
ment process. Reference lists from review articles and key
case series were screened for additional hits and members
of the guideline group were asked to suggest relevant book
chapters. The flow chart in the supplementary material il-
lustrates the literature search (Additional file 2: Figure S2).

Grading of evidence and recommendations

The guideline was developed according to method-
ology of the SIGN [18]. For rating the quality of evi-
dence and defining the strength of recommendations,
SIGN is committed to using the Grading of Recom-
mendations, Assessment, Development and Evaluation
(GRADE) methodology. The level of evidence of indi-
vidual studies was rated from 4 (lowest) to 1++ (high-
est). Specific outcomes (e.g. effect of a specific drug
on hypotonia) were described in relation to the qual-
ity of evidence (very low, low, moderate or high) for
the total body of evidence. Recommendations were
rated as strong (for or against), conditional (for or
against), or classified with a recommendation for fur-
ther research (Table 2).

Furthermore, Good Practice Points (GPP) were for-
mulated based on the clinical experience of the guide-
line development group. Relevant papers were
evaluated by at least two guideline working group
members. Before and during meetings, the guideline
group members were trained in standardized literature
evaluation using SIGN/GRADE methodologies. All rec-
ommendations were discussed for consensus during
guideline group meetings.

Disclaimer

The purpose of this guideline is to improve care for pa-
tients with BH, deficiencies. It is not intended to replace
sensible, well-informed clinical care. Although the guide-
line is based on the best available evidence, the body of

Table 2 Forms of recommendations
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evidence for these disorders is comprised mainly of non-
analytical studies and case reports. In addition, some
recommendations reflect expert, often consensus opin-
ion. Nevertheless, we believe that this guideline, which is
meant to provide a solid foundation to caregivers of BH,
deficient patients, will improve the care for these pa-
tients around the world.

Clinical presentation

The data on the clinical phenotype of BH, deficiencies
(BH4Ds) was collected from a retrospective analysis of
published case reports. The level of precision and profi-
ciency regarding the recognition and the use of medical
terminology to describe clinical symptoms varied sub-
stantially among individual publications, resulting in a
certain level of imprecision. After the establishment of
the first registry on BH,Ds with HPA which gathered
clinical, biochemical, and treatment data (Database of
Patients and Genotypes Causing HPA/Phenylketonuria
(PKU) incl. BHy-Responsive Phenotype, BIODEF; http://
www.biopku.org/home/biodef.asp), more precise infor-
mation on case series could be obtained for AR-
GTPCHD, PTPSD, DHPRD and PCDD (3, 19]. Since
2015, the International Working Group on Neurotrans-
mitter related Disorders (iNTD; http://www.iNTD-on-
line.org) provides the first patient registry for all
neurotransmitter - related disorders with a standardized
longitudinal assessment of complex patient data [20].

General clinical pattern of BH;Ds and differential
diagnosis

The cardinal symptoms of BH,Ds reflect dopamine defi-
ciency as well as the imbalance of other neurotransmit-
ters including serotonin, norepinephrine or epinephrine
in the CNS (Table 3). While the overall clinical pheno-
type of BH,Ds may overlap with numerous other disor-
ders, e.g. cerebral palsy [21], certain clinical features may
raise the clinical suspicion for a disorder of impaired
neurotransmission (e.g. early onset parkinsonism, oculo-
gyric crises, diurnal fluctuation of symptoms, or an un-
explained cerebral palsy-like picture). It is important to
note that patients may show a wide spectrum of clinical

Judgment

Recommendation

Undesirable consequences clearly outweigh desirable consequences

Undesirable consequences probably outweigh desirable
consequences

Balance between desirable and undesirable consequences is closely
balanced or uncertain

Desirable consequences probably outweigh undesirable
consequences

Desirable consequences clearly outweigh undesirable consequences

Strong recommendation against

Conditional recommendation against

Recommendation for research and possibly conditional recommendation
for use restricted to trials

Conditional recommendation for

Strong recommendation for
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Table 3 Symptoms and signs described in the different BH, deficiencies

PTPSD DHPRD AR-GTPCHD SRD PCDD AD-GTPCHD
Number of reported cases 125 77 55 53 19 570
Nervous system

Developmental delay +++ +++ +++ 4+ + (+)

(Axial) Hypotonia +++ ++ - 4+ + (+)

Poor head control + + + + (+)

Hypertonia ++ ++ ++ ++ +) ++

Epilepsy ++ +++ + +

Cognitive impairment ++ + (+) ++ +)

Impaired speech development + (+) (+) +++ (+)

Dysarthria (+) (+) +++ (+)
Movement disorders

Diurnal fluctuation of symptoms + +++ +++

Dystonia + + ++ +++ +++

Oculogyric crises (+) + +) ot )

Gait difficulties -+

Dyskinesia/other involuntary movements + + (+) +/++

Parkinsonism/hypokinesia + +)/+ + +++ +

Tremor (+) (+) (+) (+) +

Ataxia (+) (+) + )
Other

Hyperreflexia (+)/+ + ++

Irritability (H)/+ +

Microcephaly ++ (+) (+)

Autonomous nervous system

Temperature instability (+) (+) ++ ++
Gastrointestinal system

Hypersalivation (+) + ++ +/++

Feeding/swallowing difficulties + + (+) ++ (+)
Psychological problems

Behavioural problems +) ) +)

Psychiatric problems (+) (+) ++ +
Sleep problems (+) (+) ++ +)
Endocrine disturbances

Growth-hormone deficiency (+)

Low birth weight ++

Central hypothyroidism (+)

MODY3-like diabetes +
Other

Microcephaly ++ (+) (+)

Fatigability (+) + (+) (+)

Recurrent chest infections +

Prematurity + +

Hypomagnesemia +

Symptoms and signs reported in 570 Patients with AD-GTPCHD, 55 patients with AR-GTPCHD, 125 patients with PTPSD, 77 patients with DHPRD, 53

patients with SRD and 19 patients with PCDD

Very frequently +++ (>50%), frequently ++ (>25- < 50%), infrequently + (>10- < 25%), occasionally (+) (< 10%)
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severity, ranging from asymptomatic individuals requir-
ing no treatment to very severe disease courses.

Clinical patterns specific of PTPSD, DHPRD, AR-GTPCHD,
and SRD

The most common symptoms prior to treatment initi-
ation were assessed in 125 PTPSD, 77 DHPRD, 55 AR-
GTPCHD and 53 SRD patients. Hypotonia, impaired
motor development and cognitive development, move-
ment disorders (mainly dystonia), and parkinsonism/
hypokinetic rigid syndrome (consisting of bradykinesia,
extrapyramidal rigidity (“cogwheel rigidity”), rest tremor
and/or postural instability) are the hallmarks of BH,Ds
and should prompt clinicians to include BH4Ds in the
differential diagnosis.

Table 3 summarizes frequencies of the individual
symptoms: Approximately 50-75% of patients with any
of these disorders have hypotonia, often combined with
poor head control and peripheral hypertonia, mainly of
the extremities. Developmental delay of variable severity
is another common symptom, described in >50% of pa-
tients. Specific impairment of cognitive and speech de-
velopment was reported in around 50% of SRD and
PTPSD patients and in substantially lower proportions
(5-15%) in the remaining BH4Ds. However, it should be
noted that in most studies, standardized neuropsycho-
logical assessment is lacking, so that there is a risk of
over- or underestimating cognitive function.

Movement disorders, mainly dystonia, have been re-
ported in almost 60% of patients with SRD, but less fre-
quently in other BH4Ds (10-35%). Oculogyric crises
were reported in 60% of patients with SRD and only in
5-15% of patients with DHPRD, AR-GTPCHD and
PTPSD. It is important to note that the SRD cohort is
comprised of patients whose clinical features have been
very precisely characterized. Therefore, it should be kept
in mind that these symptoms, as well as those described
below, may be just as common or even more common
in the BH4Ds other than SRD, but underestimated in
published reports where patients’ clinical phenotypes
were less precisely characterized.

Dyskinesia or other types of involuntary movements
such as rest/postural tremor were not frequent and oc-
curred predominantly in SRD patients. Ataxia is not
often reported in any of the BH,D patient groups.

Early-onset parkinsonism or hypokinetic rigid syn-
drome is associated with only a limited differential diag-
nosis in infancy and childhood, and should prompt
clinicians to include investigations for BH4Ds in the
diagnostic approach. Parkinsonism or hypokinetic rigid
syndrome was identified in around 60% of SRD, 25% of
PTPSD, and 10% of DHPRD and AR-GTPCHD patients.
Diurnal fluctuation of movement symptoms (worsening
over the course of the day; subsequent improvement
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after rest) is generally regarded as characteristic of
neurotransmitter disorders. It was, however, reported in
68% of patients with SRD and only around 10% of pa-
tients with AR-GTPCHD.

Patients with DHPRD in particular may develop epi-
leptic seizures, while seizures are less common in pa-
tients with PTPSD, and occur rarely in SRD and AR-
GTPCHD. No specific type of epilepsy was identified.
Interestingly, roughly 10% of patients with PTPSD and
DHPRD were reported to have irritability and hyperre-
flexia, while these symptoms were reported in neither
SRD nor AR-GTPCHD.

Autonomic dysregulation, reflecting the disruption of
neurotransmitter homeostasis and most frequently man-
ifesting as temperature instability, was documented pri-
marily in SRD and AR-GTPCHD (almost 35%).
Excessive salivation was regularly reported in all BH4D,
again most commonly in AR-GTPCHD and SRD (25—
40%), and less frequently in DHPRD and PTPSD (5-
15%). Swallowing/feeding difficulties, presumably due to
overall motor impairment and/or oropharyngeal dys-
tonia, were seen in 20 to 30% of patients with SRD,
PTPS and DHPRD.

Single case reports add endocrine dysfunction like
growth-hormone  deficiency (PTPSD) or central
hypothyroidism (SRD) to the clinical phenotype [22, 23].
An increased frequency of prematurity has been re-
ported in PTPSD and DHPRD. In PTPSD, a tendency
towards low birth weight has been observed [3]. Up to
25% of patients with DHPRD were reported to be micro-
cephalic, as opposed to the other disorders, in which
microcephaly was reported in only 1% of patients.

Various psychiatric and behavioural problems (includ-
ing depression, anxiety, psychosis, obsessive compulsive
features, impulsivity, and attention deficit disorder) as
well as sleep disturbance are reported infrequently in all
of the BH,Ds. However, psychiatric and behavioural
problems are likely underdiagnosed, except in SRD,
where they were documented in around 45% of patients
[21, 24-28].

R#1: (strong): In patients with unexplained alterations
in muscle tone (hypotonia/hypertonia), movement disor-
ders (dystonia, oculogyric crises), parkinsonism or hypo-
kinetic rigid syndrome, autonomic dysfunction or
diurnal fluctuation of symptoms, BH,Ds should be
considered.

R#2: (strong): Clinical follow-up should include the
assessment of psychiatric or behavioural problems and
sleep disorders.

Clinical patterns specific to PCDD

PCDD represents the rarest BHyD. A clear clinical de-
scription has been documented in the literature in only
19 patients (Table 3). In the BIODEF database most
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patients were reported to be asymptomatic (as of
01.05.2019), although a few patients exhibited transient
alterations in muscle tone, slight tremor or transient and
very mild delay in motor development [29]. However,
mutations in PCBDI are associated with both hypomag-
nesaemia and risk for HNF1A-like Maturity Onset Dia-
betes of the Young (MODY3) diabetes in puberty [30],
so patients with PCBDI mutations should be screened
for these disorders.

R#3: (strong): Patients with PCDD should be screened
for hypomagnesaemia and the development of HNF1A-
like MODY3 diabetes during puberty.

Specific clinical pattern of AD-GTPCHD

Data regarding the clinical spectrum of AD-GTPCHD
prior to treatment initiation was reviewed in 570 pa-
tients (Table 3). Clinical symptoms in AD-GTPCHD
differ substantially in many aspects from the
remaining BH4Ds. The phenotype is milder and in
more than 50% of cases dominated by postural or
action-induced dystonia of one or both lower limbs
manifesting as gait difficulties. Diurnal fluctuation of
motor symptoms, with worsening later in the day, is
a very characteristic finding in AD-GTPCHD, espe-
cially during the first 3 decades [9]. Later, fluctuations
become less prominent. If not treated, focal or seg-
mental dystonia typically progresses to multifocal or
even generalized dystonia (observed in 15%), together
with the development of parkinsonian signs in some
cases (reported in 13%). The clinical presentation in
the second decade of life is characterized by action
dystonia of the upper limbs, sometimes associated
with cervical impairment, asymmetric tremor and par-
kinsonism [8]. After the age of 20 years the predomin-
ant (>80%) presentation is parkinsonism (isolated or
combined with dystonia). The progression of the dys-
tonia (in both symptom severity and spread of symp-
toms to previously unaffected body parts) and the
diurnal fluctuation of symptoms subside with age and
the disease becomes almost stable in the fourth dec-
ade. Increased risk of typical degenerative parkinson-
ism has been reported in adulthood with rare GCHI
variants [31]. Psychiatric disorders have been reported
in 10% of patients. Other symptoms observed in the
recessive forms of BH4D, such as hypotonia, develop-
mental delay, cognitive impairment, oculogyric crises
or epilepsy, occur extremely rarely in patients with
AD-GTPCHD.

R#4: (strong): In patients with dystonia, especially of
the lower limbs, with onset in the first or second decade
of life associated with diurnal fluctuation of symptoms
and normal development, possibly accompanied by par-
kinsonism, AD-GTPCHD should be considered.
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Age of onset and age of diagnosis

Precise data on the age of disease onset and the age of
diagnosis could not be reliably gathered from a retro-
spective analysis of published case reports. However, up
to 40% of patients with BH4Ds can be asymptomatic
during the neonatal period. With increasing age, the per-
centage of asymptomatic patients decreases significantly
(except PCDD) [3].

BH,Ds presenting with HPA can be detected by NBS
and are therefore diagnosed early (between 2 and 14
days of life) [3]. The absence of HPA in SRD markedly
delays the diagnosis (mean age at diagnosis 8.9 years), al-
though the first symptoms may be apparent as early as
within the first 18 months of life [3, 21, 27, 32]. In AD-
GTPCHD patients, disease onset is typically during the
first decade of life (mainly between 3 to 9 years of age),
although very rarely patients may present with dystonia
and/or developmental delay in the first 12—-18 months
[33, 34]. Disease onset in the second decade is also com-
mon. The average delay in diagnosis (in the time before
easily accessed diagnostic whole exome sequencing) has
been stated to be around 10 years [10].

Phenotype correlations with genotype or biochemical
phenotype

There are many different variants described in all BH,D
genes (Table 1). The detailed list is constantly updated
(see https://www.ncbi.nlm.nih.gov/clinvar/, http://www.
hgmd.cf.ac.uk or https://omim.org, search term “tetrahy-
drobiopterin” assessed December, 2019) and is beyond
the scope of this guideline project.

For PCDD, AR-GTPCHD, DHPRD, and PTPSD, there
are no consistent reports on genotype—phenotype correl-
ation. For AD-GTPCHD, there is certain heterogeneity:
Some publications discuss and exclude genotype-
phenotype correlation [35, 36]. Others describe different
large heterozygous GCHI deletions with high penetrance
and association with multifocal dystonia and adult onset
in a Taiwanese DRD population [37]. In 43 patients with
SRD with 16 different SPR mutations, no clear geno-
type—phenotype correlation was documented [21].

Diagnosis: laboratory tests

Key diagnostic test: newborn screening

The pattern of increased Phe concentrations with re-
duced Tyr concentrations resulting in elevated phenyl-
alanine/tyrosine ratio detects all forms of HPA in
national newborn screening (NBS) programs [38].
Among the BH, disorders, AR-GTPCHD, PTPSD,
DHPRD and PCDD classically present with HPA. De-
tailed results of NBS are available from 15 AR-
GTPCHD, 305 PTPSD, 46 DHPRD, and 18 PCDD cases.
Patients with AR-GTPCHD can be missed on NBS due
to missing HPA [19, 39, 40], while those published cases
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where HPA on NBS in DHPRD was not detected, are
more likely due to unreliable (historical) methods of Phe
detection (e.g. Phenistix [41, 42];). In comparison, NBS
was negative in two cases of PTPSD. However, retro-
spective re-evaluation revealed that the analysis was
most likely done by the semiquantitative bacterial inhib-
ition assay (Guthrie method), known to cause false-
negative results [43, 44]. In PCDD, all reported cases
presented with HPA. The level of HPA in NBS can vary
widely and is not indicative of a specific BH,D. PCDD
tends to be associated with lower Phe levels. No correl-
ation has been observed between the NBS Phe level and
the subsequent disease course.

Today, levels of Phe and Tyr are measured by tandem
mass-spectrometry (MS). The measurement of Phe in
dried blood spot (DBS) is a temperature and light stable
method, and available in many countries worldwide.

R#5 (strong): Newborn screening for PKU should be
performed in all countries following standardized proto-
cols and using modern laboratory techniques to identify
elevated levels of Phe. Detection of HPA may be the first
clue for underlying AR-GTPCHD, PTPSD, DHPRD or
PCDD.

R#6 (strong): NBS is not a suitable diagnostic tool for
AD-GTPCH and SRD.

R#7 (GPP): Patients diagnosed with HPA on NBS
should be referred to a specialized metabolic centre for
further diagnostic evaluation and prompt initiation of
treatment.

Key diagnostic test: blood phenylalanine (plasma/serum)
As in DBS, increased Phe concentrations in plasma point to
all forms of HPA [38]. Although the measurement of Phe
concentrations in DBS with MS has several advantages over
plasma analysis (easier to obtain and transport, minimal
sample preparation, stable metabolites in DBS), there is evi-
dence that Phe quantification in plasma is more precise
[45]. Comparison studies of simultaneous measurement of
Phe concentration using a MS or an ion-exchange chroma-
tography protocol in either DBS or plasma samples indi-
cated that Phe concentrations were up to 26% lower if
measured in DBS [46].

R#8 (conditional): Any newborn screening result of
HPA should be confirmed by quantification of the Phe
level in plasma before treatment is started.

Key diagnostic test: Pterins in DBS and urine

Apart from BH,Ds, the differential diagnosis of HPA in-
cludes phenylalanine hydroxylase (PAH) deficiency,
DNAJC12 deficiency, high natural protein intake, prema-
turity, and liver disease. One option to further investi-
gate the underlying cause of HPA is the analysis of
pterins in DBS or urine. With the exception of AD-
GTPCHD and DHPRD, each BH,D presents with a
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specific pterin pattern [47] (Fig. 2). AR-GTPCHD reveals
low biopterin and neopterin (in DBS and urine). In
PTPSD, neopterin is highly elevated along with low
biopterin (DBS and urine). In PCDD, primapterin is high
in urine, while biopterin has been reported to be low to
normal, and neopterin normal to high. Primapterin is
not elevated in any other BH4D and cannot be reliably
detected in DBS. In DHPRD, no consistent pattern of
biopterin and/or neopterin levels DBS or urine has been
documented: Most patients showed normal neopterin
with low to normal biopterin, although a few had normal
to elevated neopterin with high biopterin. In some pa-
tients both elevated biopterin and neopterin were
observed.

In AD-GTPCHD, low to normal values of biopterin and
neopterin have been reported in urine [48]. There is no
data on DBS. Sepiapterin is typically elevated in SRD, but
can be detected in urine only via an additional assay [49].
Biopterin and neopterin are typically normal in DBS and
urine in this disorder.

In comparison to the analysis of DBS, the measurement
of pterins in urine is more sensitive due to their higher con-
centrations in urine. On the other hand, the DBS method
provides easy sample handling and low transport costs [50].
It should be noted that pterins in urine are more suscep-
tible to degradation by light and high temperature than in
DBS. Collection and handling of both urine and DBS
should be performed by strictly following standardized pro-
cedures to ensure the accuracy of results. Both analyses are
available in specialized laboratories, mainly in first world
countries.

R#9 (strong): Strong recommendation for the analysis
of pterins in urine or DBS in patients with HPA on NBS.
Pterin analysis cannot rule out DHPRD (see below for en-
zyme activity measurements).

Be aware that analysis in urine is more sensitive than
in DBS, and that pathological patterns suggestive for
PCDD and SRD can only be detected in urine. In the
case of clinical suspicion, sepiapterin in urine must be
requested separately.

Note: Depending on availability and financial re-
sources, a primary genetic HPA workup can be consid-
ered (see below).

R#10 (conditional/research): Analysis of pterins in
urine can be considered in patients with clinical suspicion
of AD-GTPCH, where cerebrospinal fluid (CSF) studies or
molecular genetic testing are not available.

Key diagnostic test: DHPR enzyme activity

DHPRD can be reliably detected only by the determin-
ation of DHPR activity in DBS [51]. In the literature,
DHPR enzyme activity results in DBS were reported in
31 cases with AR-GTPCHD, in 1 case with AD-
GTPCHD, 176 cases with PTPSD, 151 cases with
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SCENARIO 1: Hyper Phe in NBS
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Fig. 2 (See legend on next page.)
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(See figure on previous page.)

Fig. 2 Diagnostic flowchart for differential diagnosis of BH4Ds with and without HPA. 'Consider genetic HPA workup depending on availability
and financial resources. The gene panel should include the QDPR, GCHI, PTS PCBD1, SPR genes as well as DNAJC12. For GCH1, consider MLPA if
Sanger sequencing is negative. “The analysis in urine is more sensitive than in DBS and pathological patterns suggestive for PCDD and SRD can
only be detected in urine but not in DBS. Primapterin measurement in urine is only elevated in PCDD. *Aminoacids in CSF are not required for
diagnosis of BH,4Ds. >CSF analysis should always include standard measurements (cell count, proteins, glucose and lactate). SRecommendation
against measurements of HVA, 5-HIAA, 5-MTHF, and pterins in CSF in the case of PCDD. (*) A diagnostic L-Dopa trial should be limited to children
with symptoms suggestive of dopa-responsive dystonia or to situations where biochemical and genetic diagnostic tools are not available. If the
diagnostic L-Dopa trial is positive but the results of CSF biochemical and/or molecular genetic testing are not compatible with AD-GTPCHD or
SRD, further aetiologies for dopa responsive dystonia should be considered (e.g. juvenile parkinsonism (PARK2gene)). (**) Can be considered if
available. See text for more detailed information. Abbreviations: 5-HIAA, 5-hydroxyindoleacetic acid; 5-MTHF, 5-methyltetrahydrofolate; AA: amino
acids; AD—/AR- GTPCHD: guanosine triphosphate cyclohydrolase | deficiency; BH,, tetrahydrobiopterin; Bio: biopterin; CSF: cerebrospinal fluid; DBS:
dry blood spot; DHPR: g-dihydropteridine reductase; DHPRD, dihydropteridine reductase deficiency; HVA, homovanillic acid; MRI, magnetic
resonance imaging; N: normal; NBS: newborn screening; Neo: neopterin; NR: not reported; PAH: phenylalanine hydroxylase; Phe: phenylalanine;

tyrosine; u: urine; (+) = positive effect; () = no or no clear effect

PKU: phenylketonuria; Prim: primapterin; PTPSD, 6-pyruvoyltetrahydropterin synthase deficiency; SRD: sepiapterin reductase deficiency; Tyr:

DHPRD, and 6 cases with PCDD. The analysis resulted
in a reduced DHPR activity only in DHPRD while being
normal in the other BH,Ds.

Although conclusions drawn from case reports and
small case series per se have low levels of evidence, the
findings were highly consistent in DHPRD. Of 151 re-
ported patients, 150 had a reduced or even absent DHPR
activity in DBS in every laboratory. In one patient, nor-
mal DHPR activity was documented. However, the au-
thors in that case consider technical problems to have
been highly likely, and reported that the parents did not
consent to a repetition of the analysis [52].

Measurement of DHPR activity in DBS is a light and
temperature sensitive method. It is available in special-
ized laboratories, mainly in first world countries.

R#11 (strong): Strong recommendation for the ana-
lysis of DHPR enzyme activity in DBS in patients with
HPA in NBS and/or in case of clinical suspicion of dis-
orders of BH, deficiency.

Key diagnostic test: lumbar puncture (HVA, 5-HIAA,
neopterin, biopterin and sepiapterin and 5-MTHF in CSF)
Secondary to the shortage of the essential cofactor BH,
and the consecutively impaired function of the aromatic
amino acid hydroxylases, levels of 5-hydroxyindoleacetic
acid (5-HIAA) and homovanillic acid (HVA) in CSF are
typically significantly low in the BH4Ds, apart from
PCDD [17]. Notably, normal levels of HVA and 5-HIAA
have been documented in published AD-GTPCHD cases
(normal HVA in 27% (5 of 18 patients) and normal 5-
HIAA in 45% (9 of 20 patients) and in approx. 37-41%
of PTPSD cases [25, 53-55], probably representing a
milder phenotype. In DHPRD, normal levels of HVA
were reported in 9/130 patients while normal 5-HIAA
levels were found in 2 patients [24, 56—58]. All patients
with SRD had low levels of HVA and 5-HIAA. However,
some patients were reported to have initially normal
CSF HVA and 5-HIAA levels associated with a mild

phenotype, before evolving to a more severe phenotype
associated with low CSF HVA and 5-HIAA levels.

Additional evaluation of CSF neopterin, total biopterin
or BHy, and dihydrobiopterin (BH,) makes it possible to
biochemically differentiate between the different BH,Ds
by determining the relevant level of the metabolic block
in BH, biosynthesis or regeneration. Both neopterin and
biopterin are low in AR-GTPCHD and in most cases of
AD-GTPCHD, but in the latter an isolated neopterin de-
crease seems to be more frequent [59, 60]. High neop-
terin with low biopterin points to PTPSD. Depending on
the analytical method, elevated total biopterin or ele-
vated BH, points to DHPRD or SRD. Sepiapterin is
highly elevated in SRD and normal in all other BH,Ds.
Pterins in CSF are normal in PCDD.

5-methyltetrahydrofolate (5-MTHF) is one of the natur-
ally occurring folates containing a methyl carbon unit at-
tached to the N5 nitrogen atom [61]. The methyl unit in 5-
MTHE is essential for various processes in CNS including
the methylation of homocysteine to methionine, and the
formation of S-adenosyl-methionine (SAM). The latter is
required for more than 100 methylation reactions in cells,
including methylation of DNA, RNA, neurotransmitters,
lipids, hormones, and drug metabolites [61]. Due to the
close interplay between pterin and folate metabolism, de-
pletion of 5-MTHF in the CSF can occur in BH,Ds. Hereby
specifically the DHPR enzyme supports dihydrofolate re-
ductase (DHFR) to maintain folate in its active “tetrahydro”
form, in which it is capable of serving as a precursor for the
universal methyl donor substance SAM [62].

5-MTHF measurements in CSF were reported in 15 cases
with AR-GTPCH, 83 cases with PTPSD, 63 cases with
DHPRD and 3 cases with SRD. No reports were available
for AD-GTPCH and PCDD. In DHPRD, low levels of 5-
MTHEF were reported [63] while patients with AR-GTPCH
and PTPSD have normal to low levels. 5-MTHF in SRD
was normal. In addition, high-dose L-Dopa/carbidopa sup-
plementation can reduce CSF 5-MTHEF levels [64].
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Analysis of dopamine and serotonin metabolites,
pterins, and 5-MTHEF is performed in a limited number
of specialized laboratories. An online list of iNTD affili-
ated laboratories is available at the website www.intd-on-
line.org. Collection and analysis of CSF metabolites
requires the use of strict protocols and timing to avoid
analytical pitfalls [65]. Since normal results of single pa-
rameters may be found, CSF analyses should always con-
sist of a combination of monoamines (ideally including
3-O-methyldopa (3-OMD), 1-3,4-dihydroxyphenylalanine
(L-Dopa), 5-hydroxytryptophan (5-HTP)), pterins, and
5-MTHEF to ensure the correct interpretation of results
by pattern recognition. Patients’ medication at the time
of CSF sampling should be documented.

R#12 (strong): CSF analysis of HVA, 5-HIAA, pterins
and 5-MTHEF is a reliable diagnostic method to differen-
tiate between the BH,Ds. Specific measurements in CSF
should include the core metabolites HVA, 5-HIAA,
pterins and 5-MTHEF. Pterins can be used to differentiate
between different BH,Ds.

R#13 (strong): Recommendation against measurement
of HVA, 5-HIAA, 5-MTHF, and pterins in CSF for
PCDD.

R#14 (GPP): CSF measurements should always in-
clude standard measurements (cell count, protein, glu-
cose, lactate) considering possible differential diagnosis
e.g. infection or inflammation of different origin [65].
Collection and handling of CSF should be performed by
strictly following standardized procedures to ensure cor-
rect interpretation of results.

Key diagnostic test: genetic testing

For all enzymes involved in the biosynthesis or regener-
ation of BH,, gene variants have been reported in many
patients  (see  https://www.ncbi.nlm.nih.gov/clinvar/).
Therefore, mutation detection is the preferred method
for diagnosis confirmation or in case of non-conclusive
metabolite profiles. All BH,Ds are autosomal recessive
disorders apart from AD-GTPCHD where heterozygous
mutations in the GCHI gene cause childhood-onset
dopa-responsive dystonia with diurnal fluctuation [66].
In GCHI, sequence alterations have been found by
Sanger sequencing in only 50 to 60% of clinically typical
AD-GTPCHD cases [67]. Since deletions can occur in
GCH1, the detection requires special methods such as
quantitative real-time polymerase chain reaction (qPCR)
or multiple ligation-dependent probe amplification
(MLPA) [35].

Recently, biallelic mutations in the DNAJCI2 gene,
coding for a heat shock co-chaperone of the HSP40 fam-
ily, have been identified in individuals with mild HPA
and a broad spectrum of clinical symptoms including
dystonia, speech delay, axial and limb hypertonia, par-
kinsonism and psychiatric features [12]. Treatment with
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sapropterin dihydrochloride and/or neurotransmitter
precursors L-Dopa/decarboxylase (DC) inhibitor and 5-
HTP had beneficial effects and resulted in the preven-
tion of neurodevelopmental delay in individuals treated
before the onset of symptoms [11, 12]. Exclusion of
DNAJC12 gene variants has therefore been suggested to
be mandatory in all patients with HPA where pterins,
DHPR activity and PAH gene analysis are normal [11].

DNA (from peripheral blood cells, tissues, cultured
cells or dried blood spots) is the preferred sample.

The increasingly broad availability of multi-gene
panel testing or next-generation sequencing (NGS)
provides a time- and cost-effective approach that will
assist clinicians to identify the correct diagnosis in
patients with absent biomarkers or atypical clinical
features. The identification of disease-causing muta-
tions facilitates accurate prenatal diagnosis, determin-
ation of the carrier status of family members, and
genetic counselling [68, 69].

R#15 (strong): Biochemical diagnosis of BH,Ds
should be confirmed by molecular genetic analysis.

R#16 (conditional): Depending on the availability and
the time to result, multi-gene panel testing or next-
generation sequencing can be the first step to further
differentiate the underlying pathophysiology in patients
with HPA or to confirm BH,Ds in patients with a suspi-
cious clinical presentation. The gene panel should in-
clude the QDPR, GCHI, PTS PCBDI1, SPR, PAH and
DNAJC1 genes. If results of genetic testing are unre-
markable, consider other known neurotransmitter disor-
ders (e.g. tyrosine hydroxylase deficiency, aromatic -
amino acid decarboxylase deficiency), especially in the
case of non-HPA.

Concluding statements regarding key diagnostic tests
R#17 (strong): There are 5 core diagnostic keys for
identifying BH,4D (see Fig. 2 Diagnostic flowchart):

e Elevated Phe levels in NBS or selective diagnostic
work-up in patients with AR-GTPCHD, PTPSD,
DHPRD or PCDD.

e Abnormal levels of biopterin, neopterin, primapterin
and/or sepiapterin in urine and DBS.

e In DHPRD: decreased DHPR enzyme activity in
DBS.

e Low CSF levels of 5-HIAA, HVA in combination
with altered levels of CSF pterins and/or high
sepiapterin in CSF.

e Confirmation of pathogenic variants in the GCH],
PTS, SRP, QDPR and PCBDI1 genes.

Other diagnostic tests: blood prolactin
Dopamine acts as an inhibitor of prolactin secretion.
Therefore, prolactin in blood can be elevated in
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dopamine biosynthesis disorders [17]. Elevated prolactin
was found in 22 PTPSD [25, 70, 71], and 3 DHPRD cases
[72]. Prolactin was found normal in AD-GTPCHD subjects
[73]. In SRD, no reports on elevated prolactin levels were
available [21, 23, 74]. For AR-GTPCHD and PCDD, no lit-
erature evidence was available.

There are further notable reasons for increased prolac-
tin levels in blood such as physiological or pathological
endocrine conditions, hypothalamus and pituitary disor-
ders, systemic disorders, infections, drug related changes,
and post-ictal status [75, 76].

Measurement of prolactin in blood is an inexpensive
laboratory test that is available worldwide.

R#18 (research): Prolactin measurement can be part
of the diagnostic work-up for suspected dopamine defi-
ciency, but it has low sensitivity and specificity. Recom-
mendation for further research on prolactin levels at
diagnosis and during drug treatment.

Other diagnostic tests: serotonin (whole blood)
Whole blood serotonin was reported to be low in only 5
cases of SRD [21, 77]. In all other BH,Ds, no literature
evidence was available. Due to the very limited number
of patients, it is not possible to draw conclusions about
the diagnostic accuracy of this test.

R#19 (research): The role of serotonin measurement
in diagnosis and treatment monitoring should be evalu-
ated in further research.

Other diagnostic tests: BH, loading test

Determination of BHj-responsiveness in patients with
HPA can be done by oral BH, loading test. The test was
initially also used to discriminate between patients with
elevated phenylalanine levels due to PAH deficiency and
patients with elevated Phe levels due to BH,D [78]. At
present, there is no uniform test procedure available and
test protocols vary considerably from short duration (8
h) to extended duration (48 to 78 h) with repeated BH,
administration [79, 80]. Comparably, BH, doses used
vary from 2.5 mg to 20 mg/kg BW and higher.

A BH, loading test was performed in 7 studies with >
15 AR-GTPCHD patients, 33 studies with 443 PTPSD
patients, in 22 studies with 161 DHPRD patients, and 7
studies with > 12 PCDD patients. All studies have a low
or very low level of evidence according to GRADE.
There is no literature evidence available for AD-GTPCH
and SRD. Regarding the effect of BH, on Phe levels,
studies are conclusive, documenting a significant de-
crease in Phe concentration within the first 8—12h fol-
lowing BH,4 load in AR-GTPCHD, PTPSD and PCDD.
In contrast, patients with DHPRD show a less prominent
Phe reduction during the same time period [3, 81, 82].

Sample collection for the BH, test is minimally inva-
sive. The test, however, requires blood sampling over 8-
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12h and placement of a nasogastric tube for patients
who refuse to take BH, by mouth.

R#20 (Conditional): The oral BH, loading test can be
considered in patients with HPA for the assessment of
BH,-responsiveness.

R#21 (GPP): Test procedures for measuring BH, re-
sponsiveness can follow local recommendations for HPA
patients. The procedure usually consists of baseline as-
sessment of Phe concentration in blood at times — 24 h,
—12h, and Oh (=basal measurement). This is followed
by the oral administration of 20 mg/kg BW of saprop-
terin dihydrochloride once daily, taken with a regular
meal on two consecutive days. Phe concentration in
DBS should be tested every 8 h for 72 h after exposure.

Other diagnostic tests: Phe loading test

Oral Phe loading has been used additionally for the dif-
ferential diagnosis of dystonia and BH,Ds [83-85]. Dur-
ing the test, hepatic phenylalanine hydroxylase is
stressed by an oral Phe intake. In the setting of partial
BH, deficiency, conversion of Phe to Tyr is compro-
mised, resulting in an elevated Phe/Tyr ratio for up to 6
h. In addition, the physiological stimulation of BH, bio-
synthesis via GTPCH feedback regulatory protein
(GFRP) by Phe is absent, and biopterin concentrations
remain low after Phe loading [86].

The available literature on Phe loading tests in patients
with BH,Ds is composed of 38 studies with >31 AR-
GTPCHD patients, 13 studies with >100 AD-GTPCHD
patients, one study on one PTPSD patient, 4 studies with 4
DHPRD cases and 4 studies with > 50 SRD patients. While
all studies constitute a low or very low level of evidence,
the conclusions that can be drawn are consistent: Plasma
Phe concentrations are elevated and tyrosine remains un-
changed resulting in an increased Phe/Tyr ratio. Further
discrimination from heterozygous PKU patients becomes
possible by adding the analysis of biopterin in plasma or
DBS. The use of specific paediatric cut-off values improves
test sensitivity and specificity [86]. However, test results do
not correlate with clinical disease severity [87].

Phe loading is a time-consuming procedure and re-
quires blood sampling over 4-8 h. In uncooperative pa-
tients, gastric tube placement may be required. The Phe
loading test should not be performed concurrently with
administration of BH, [88].

R#22 (Conditional): The oral phenylalanine loading
test can be considered when there is clinical suspicion
for AR-/AD-GTPCHD and SRD, when first line diag-
nostic tests (CSF biogenic amines and pterins or genetic
studies) are not available.

Other diagnostic tests: L-Dopa loading test

A temporary therapeutic L-Dopa trial has been historic-
ally commonly used in children or adults with
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unexplained early-onset dystonia. However, there is a
paucity of knowledge available about the sensitivity and
specificity of this method. The present need for this test
has in addition been questioned given the increasing
availability of advanced biochemical, radiological and
molecular genetic investigations [89].

R#23 (GPP): The diagnostic L-Dopa trial should be
limited to children with features suggestive of dopa-
responsive dystonia such as lower limb dystonia with di-
urnal variation and absent HPA. Trial outcome should
be monitored by careful clinical assessment including
thorough (video supported) documentation of motor
dysfunction, autonomic dysfunction, and psychiatric
symptoms.

Other diagnostic test: lumbar puncture (amino acids in CSF)
Only 8 studies with 25 patients (22 cases of AR-
GTPCHD, 1 case of DHPRD and 2 cases of SRD) report
results of amino acids analysis in CSF. No data is avail-
able for AD-GTPCHD, PTPSD, and PCDD. Phenylalan-
ine was normal to high in AR-GTPCHD and high in
DHPRD [51]. PCDD and SRD had normal Phe [23, 51,
90, 91].

The measurement of amino acids in CSF is available
in many laboratories, mostly located in first world
countries.

R#24 (research): Amino acids in CSF are not required
for diagnosing BH,Ds. For a better understanding of the
pathophysiological role of elevated Phe levels in BH,Ds
under treatment, we recommend the measurement of
Phe in CSF for future research studies.

Other diagnostic test: lumbar puncture (other metabolites
in CSF)
Low nitrite/nitrate levels in CSF were reported in 12
cases of PTPSD, 9 cases of DHPRD, and in 1 case of SRD
[92]. Low 3-Methoxy-4-hydroxyphenylglycol (MHPG)
was found in 5 DHPRD [93, 94] and in 4 SRD [95-97]
cases. Low concentrations of 3-Methoxytyramine (3-
MT), 3,5-Dihydroxyphenylglycine (DHPG), and 3,4-
Dihydroxyphenylacetic acid (DOPAC) were observed in
1 DHPRD case [98]. Noradrenaline/epinephrine in CSF
was normal in 1 DHPRD [99] and 1 PCDD patient [100].
Dopamine in CSF was reported to be normal in 1 PCDD
case. 5-HTP in CSF was low in 2 SRD cases and normal
in 1 case, and L-Dopa was normal in 1 SRD case [95, 97].
No reports on these parameters were available for AD-
GTPCH and AR-GTPCH deficiency.

All of these analyses are available only in specialized
laboratories, mostly located in first world countries.

R#25 (research): Recommendation for research on
quantification of CSF biomarkers (including nitrite, ni-
trate, MHPG, 3-MT, DOPAC) when lumbar puncture is
performed for other clinical reasons.
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Key diagnostic test: enzyme activity measurements

A strong recommendation for the analysis of DHPR en-
zyme activity in DBS in patients with HPA in NBS and/
or in case of clinical suspicion of disorders of BH, defi-
ciency has been given above (R#11).

Enzyme activity essays are also available for the other
BH,D and their results are described for 26 AR-
GTPCHD, 23 AD-GTPCHD, 91 PTPSD, 53 SRD cases
as well as 7 cases with PCD deficiency. As material
source, skin fibroblasts, blood (erythrocytes, lympho-
cytes), liver tissue, and cerebral frontal lobe tissue were
chosen. In AR-GTPCHD, PTPSD and SRD, the enzyme
activities showed diagnostically relevant reduced concen-
trations [24, 41, 101-105]. The residual enzyme activity
does not correlate with the subsequent disease course. A
clear description of the methods and source of tissues
for cases of PCDD is not available.

R#26 (conditional): Conditional recommendation
against enzyme measurement in all other BH, deficien-
cies for confirmation of the diagnosis since other less in-
vasive and more sensitive diagnostic options are
available.

Diagnosis: brain imaging
Cranial magnetic resonance imaging (cMRI) or com-
puter tomography (cCT) results were reported in more
than 100 patients with all variants of BH4Ds apart from
PCDD. All patients with AD-GTPCHD showed normal
results. The highest rate of abnormal brain imaging re-
sults was reported in patients with DHPRD (all 8 cMRI
abnormal, 22 out of 24 ¢CT abnormal). Neuroradiologi-
cal findings included brain atrophy, basal ganglia calcifi-
cations, white matter changes, ventricular dilatation,
areas of hypodensity, and global demyelinating signs
[3, 94, 106-112]. In PTPSD, 13/26 c¢cMRI and 3/5
cCT were normal. Documented neuroradiological
findings were widespread delayed myelination, periven-
tricular hyperintensities, brain atrophy, and one case of
brain calcifications [3, 47, 113-115]. Very few brain im-
aging studies showed abnormal results in SRD (5/47
c¢MRI) and AR-GTPCHD (1/10 MRI) [21, 116]. For other
imaging modalities like dopamine transporter (DAT)-
scan, Fluorodeoxyglucose Positron-emission tomography
(FDG PET), and F-Dopa PET, published data is scarce.
The overall evaluation of all relevant brain imaging
changes did not reveal any specific pattern of cMRI ab-
normalities for BH4Ds. Therefore, brain imaging is not
required for the diagnosis of BH,Ds. However, cMRI is
typically performed in the work-up of a patient with
movement disorders and/or neurodevelopmental delay
in order to exclude other underlying diseases. Further-
more, following standards of good clinical care, neuro-
imaging is always indicated if there is an unexpected
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deviation in the clinical course of patient already diag-
nosed with a BH,D.

R#27 (conditional): Routine imaging of the brain is
not required to diagnose BH,Ds.

R#28 (GPP): In the work-up of patients with move-
ment disorders and/or neurodevelopmental delay, or in
case of an unexpected deviation of the clinical course in
patients with BHyD, cranial MR imaging should be
performed.

Diagnosis: prenatal diagnosis
If a confirmed diagnosis exists in an index patient, pre-
natal testing in following pregnancies is possible. The
early diagnosis is decisive for prenatally initiated treat-
ment like L-Dopa supplementation, which has been
shown to be beneficial in AR-GTPCHD patients [68].
Furthermore, the parents and physicians can prepare for
adequate peri- and postnatal management. The method
of choice is mutation analysis in chorionic villus samples
or in amniotic fluid cells [117]. Pterin analysis in amni-
otic fluid are also possible but not available as a routine
diagnostic procedure [118].

R#29 (strong): Molecular genetic analysis is the pre-
ferred prenatal testing method for all BH,Ds.

Treatment
First-line treatment
The long-term neurodevelopmental outcome of BH,D pa-
tients is strongly influenced by the early initiation of effect-
ive treatment [3], therefore therapy must not be delayed.
Based on evaluation of the literature, evidence exists for
(maintenance) drug therapy, including dosage and side ef-
fects, for Phe-reduced diet, sapropterin dihydrochloride, L-
Dopa with peripheral DC inhibitor (carbidopa or bensera-
zide), 5-HTP, folinic acid, dopamine agonists (DA), select-
ive monoamine oxidase (MAO) inhibitors (MAO-I),
anticholinergic agents, catechol-O-methyl transferase
(COMT) inhibitors, selective serotonin reuptake inhibitors
(SSRIs), benzodiazepines, melatonin, and botulinum toxin
injections. For L-Dopa without DC inhibitor, psychiatric
therapy, baclofen, and surgery treatment there was insuffi-
cient literature available to inform any recommendations.
Note: For all treatment options, the total body of evi-
dence in the literature was rated as low or very low.
Multiple studies referred to the same data basis within
the BIODEF database. Positive, neutral, and negative
(“side effects”) treatment effects are summarized in the
following sections. Detailed dose recommendations are
given in Table 4.

Dietary treatment

Phe-reduced diet The harmful effect of Phe accumula-
tion in blood and brain is best witnessed in untreated
patients with PKU who develop irreversible neurological
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impairment and psychiatric symptoms if exposed to
HPA [5]. Although the precise pathogenesis of brain
dysfunction is still unclear, there is strong rationale for
reducing HPA and maintaining satisfactory low Phe
levels in all BH,Ds with HPA [120]. The two available
strategies to treat HPA are a Phe-reduced diet or
sapropterin dihydrochloride supplementation.

Phe-reduced diet was used in 5 AR-GTPCHD patients
in 5 studies, 103 PTPSD patients in 25 studies, 115
DHPRD patients in 40 studies, and 29 PCDD patients in
5 studies. Use of the Phe-reduced diet was not reported
in any patient with SRD or AD-GTPCHD.

There is no precise data available regarding the daily
Phe tolerance in patients with BH,D and no precise data
on the number of patients who, after being originally
treated solely with a Phe-reduced diet, later switched to
sapropterin dihydrochloride supplementation or a com-
bined Phe-reduced diet plus sapropterin dihydrochloride
treatment.

Clear positive effect of Phe-reduced diet on lowering
Phe levels was documented in the vast majority of pa-
tients. However, as HPA is only one of the pathophysio-
logical mechanisms in BH4Ds, Phe-reduced diet as
monotherapy in AR-GTPCHD, PTPSD, and DHPRD
failed to improve symptoms such as hypotonia, hyper-
tonia, developmental delay, dystonia, other involuntary
movements, sleep and mood disturbances or epileptic
seizures. In contrast, there are 2 reports of PCDD pa-
tients with muscular hypo/—or hypertonia and motor de-
velopmental delay who showed improvement following
treatment with a Phe-reduced diet only [53].

In the reviewed BH,Ds literature, no negative effects
of Phe-reduced diet have been documented. However,
unnecessary dietary restrictions should be avoided, and
daily Phe intake and tolerance closely monitored to
optimize the maximal natural protein intake. Symptoms
of Phe deficiency may include anorexia, listlessness, alo-
pecia, perineal rash, poor growth or even death [5].

Note: As Phe levels in PCDD have nearly always been
reported to be only mildly elevated, relaxation and dis-
continuation of Phe-reduced diet and/or sapropterin
dihydrochloride supplementation can be attempted after
the first year of life under careful monitoring of Phe
levels.

R#30 (strong): Phe control should be applied in
BH,Ds with HPA (AR-GTPCHD, PTPSD, DHPRD and
PCDD). Phe control may be achieved by Phe-reduced
diet or sapropterin dihydrochloride supplementation
(see below). Phe levels should be regularly monitored in
DBS or blood. Target ranges should be determined by
local recommendations for the dietary treatment of
PKU.

R#31 (strong): Phe-reduced diet should not be used
in BH,4Ds without HPA (AD-GTPCHD and SRD).
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R#32 (strong): Phe-reduced diet should not be used
in monotherapy for the treatment of neurological symp-
toms in BH4Ds.

Drug treatment

Sapropterin dihydrochloride The rationale for supple-
mentation of sapropterin dihydrochloride, a synthetic
tetrahydrobiopterin analogue, is based upon the defect-
ive biosynthesis or recycling of this essential cofactor for
the aromatic L-amino acid hydroxylases in all types of
BH4Ds. The main effect of sapropterin dihydrochloride
supplementation lies within its marked impact on the
control of peripheral Phe levels. Animal studies have
demonstrated rather poor penetration of peripherally ad-
ministered sapropterin dihydrochloride across the
blood-brain barrier and an increase of total biopterin
only after supplementation with doses not applicable in
clinical practice [121, 122]. Data concerning BH, uptake
into the human brain, and correction of dopamine and
serotonin metabolism following sapropterin dihy-
drochloride administration, are very limited too [122].
Although sapropterin dihydrochloride is more expensive
than a Phe-reduced diet and is still unavailable in some
(European) countries, it enables a markedly higher nat-
ural protein intake and offers a much more convenient
way to treat HPA. Pharmacokinetic studies indicate a
mean elimination time of around 4-7h depending on
the population studied. It can be administered in one
daily quantity and the target Phe concentrations should
follow the national recommendation for the treatment of
PKU.

The literature search identified approximately 40 AR-
GTPCHD patients from 16 studies, 397 PTPSD patients
from 41 studies, 194 DHPRD patients from 19 studies
(see note below), 29 PCDD patients from 10 studies, and
10 SRD patients from 9 studies treated with sapropterin
dihydrochloride, while no AD-GTPCHD patient on
sapropterin dihydrochloride was identified.

Evaluation of specific treatment effects of sapropterin
dihydrochloride was hampered by the use of co-
treatment (L-DOPA/DC inhibitor, 5-HTP) in almost all
patients, except in PCDD. The assessment of the effects
of sapropterin dihydrochloride may therefore be biased.

Similar to a Phe-reduced diet, if co-administered with
neurotransmitter precursors, a sapropterin dihydrochlor-
ide treatment consistently improved almost all clinical
symptoms in PTPSD, DHPRD (see comment below),
and AR-GTPCHD, including movement disorders (dys-
tonia, oculogyric crises, choreoathetosis, tremor, hypo-
tonia, hypertonia, rigidity), epileptic seizures, sleep
problems, gastrointestinal disturbances (hypersalivation,
swallowing difficulties), anthropometric parameters, de-
velopmental delay, and behavioural abnormalities. In
addition, biochemical markers such as the concentration
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of CSF neurotransmitter metabolites were positively in-
fluenced. In SRD patients, however, no clear clinical
benefit was reported [21, 96].

Experience of sapropterin dihydrochloride monother-
apy is mainly limited to mild forms of PTPSD with min-
imal or even absent clinical symptoms, and normal
levels of dopamine and serotonin metabolites in CSF
[44]. However, such patients need to be closely moni-
tored as evolution from a mild into a severe phenotype
can occur, requiring the full treatment regimen with
dopamine and serotonin precursors [123]. A handful of
patients experienced improvement in developmental im-
pairment, hypotonia, swallowing difficulties, hypersaliva-
tion, drowsiness or epileptic seizures when on
sapropterin dihydrochloride monotherapy.

If used as monotherapy, sapropterin dihydrochloride
has been reported in several cases to fail to improve or
prevent intellectual disability, movement disorders, sei-
zures or sleep problems, and it also did not affect the
levels of CSF neurotransmitter metabolites [22, 25, 44].

No negative effects related to sapropterin dihy-
drochloride administration have been reported in the lit-
erature reviewed. According to the official drug
information, patients may commonly (=1/10) or very
commonly (21/100 to < 1/10) experience headaches, rhi-
norrhoea, pharyngolaryngeal pain, nasal congestion,
cough, diarrhoea, abdominal pain, dyspepsia or nausea.

Note: Based on the hypothesis that sapropterin dihy-
drochloride supplementation may lead to increased 7,8-
dihydrobiopterin (BH,) production and a decreased
BH,/BH, ratio resulting in aggravation of disease sever-
ity by inhibiting the aromatic L-amino acid hydroxylases
or by increasing nitric oxide (NO) uncoupling and oxi-
dative stress, this treatment approach is currently con-
troversial in DHPRD [124, 125]. However, literature
evidence for these potential harmful effects is scarce and
based on cell experiments only [124]. In contrast, there
are 194 patients with DHPRD (15 studies) received BH,
supplementation published who did not show any clin-
ical or biochemical adverse effect that could be directly
related to BH, supplementation. Furthermore, there is a
suggestion that restoration of the BH, pool with BH,
supplementation may have a protective effect [125].
Therefore, there is no reliable justification to withhold
this therapeutic intervention from patients with DHPRD.

R#33 (strong): Phe control should be applied in
BH4Ds with HPA (AR-GTPCHD, PTPSD, DHPRD and
PCDD). Phe control is possible through a Phe-reduced
diet (see above) or through administration of sapropterin
dihydrochloride. Sapropterin dihydrochloride is the
treatment of choice in AR-GTPCHD, PTPSD, and
PCDD. It should be administered once daily and doses
should be titrated according to Phe levels. Phe levels
should be controlled in DBS or blood, and target ranges
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should follow local recommendations for the dietary
treatment of PKU. In PCDD, discontinuation of saprop-
terin dihydrochloride supplementation can be attempted
after the first year of life under careful Phe level
monitoring.

R#34 (conditional): In DHPRD, Phe-reduced diet and
not the supplementation of sapropterin hydrochloride is
nowadays considered the method of choice for the con-
trol of HPA. Since the available evidence against the use
of sapropterin dihydrochloride is scarce, sapropterin
dihydrochloride can be considered in DHPRD patients.
Phe levels should be controlled in DBS or blood, and
target ranges should follow local recommendations for
the dietary treatment of phenylketonuria.

R#35 (research): To better understand the patho-
physiological mechanism and metabolic consequences of
sapropterin dihydrochloride treatment in DHPRD and
also the effect of sapropterin dihydrochloride monother-
apy, we recommend further research on these topics.

L-Dopa with or without carbidopa/benserazide
BH,Ds result in significantly reduced dopamine avail-
ability in the CNS. L-Dopa, a dopamine precursor that is
converted to dopamine by the aromatic L-amino acid
decarboxylase (AADC) enzyme, has been widely used for
numerous indications in order to restore dopamine
homoeostasis. The addition of carbidopa or benserazide,
a peripheral DC inhibitor, blocks the peripheral decarb-
oxylation of L-Dopa. This results in increased L-Dopa
concentrations at the blood-brain barrier and also in re-
duced peripheral L-Dopa side effects.

The effect of L-Dopa/carbidopa was described in 197
AD-GTPCHD patients in 32 studies, in 45 AR-
GTPCHD patients in 18 studies, in 540 PTPSD cases in
36 studies, in 249 DHPRD patients in 45 studies, in 49
SRD patients in 25 studies, and in one 1 PCDD patient.

The effect of L-Dopa/benserazide was documented in
11 AD-GTPCHD patients in 6 studies, in 11 PTPSD pa-
tients in 2 studies and in 4 SRD patients in 4 studies.
For L-Dopa/benserazide treatment in AR-GTPCHD,
DHPRD, and PCDD, no literature evidence is available.

It is not possible to judge the effect of L-Dopa without
a DC inhibitor since for 162 AD-GTPCHD patients in
32 studies, 1 AR-GTPCHD patient in 1 study, 47 PTPSD
patients in 4 studies, 21 DHPRD patients in 7 studies,
and 1 SRD patient, it was not clearly stated whether L-
Dopa was used alone or in combination with a DC in-
hibitor. For PCDD, no literature evidence is available on
the use of L-Dopa without a DC inhibitor.

Note: Almost invariably, L-Dopa/DC inhibitor treat-
ment was initiated simultaneously = with  5-
hydroxytryptophan  treatment (apart from AD-
GTPCHD). Evaluating the impact of these drugs separ-
ately may therefore be problematic and biased.
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Furthermore, the patients were concurrently treated with
sapropterin hydrochloride and on a Phe-reduced diet.

L-Dopa/DC inhibitor treatment in BH4D patients was
found to improve most disease-related symptoms in the
majority of studies. Positive treatment response corre-
lated inversely with the age at treatment initiation [3,
82], however, treatment non-responders were reported
too.

The positive effects of L-Dopa/DC inhibitor treatment
in BH,Ds were observed on almost all clinical endpoints.
Improvements in motor development, cognitive func-
tions, muscle tone abnormalities (hypotonia, poor head
control, hypertonia) and epileptic seizures were reported
in the largest proportion of patients. A positive effect
could also be observed on dystonia, including oculogyric
crises, dyskinesias and other movement disorders, par-
kinsonism, epileptic seizures, autonomic dysregulation
(temperature instability), gastrointestinal disturbances
(hypersalivation, swallowing difficulties), anthropometric
parameters (failure to thrive, growth retardation, micro-
cephaly), sleep problems, behavioural and psychiatric
disorders or delayed speech development. Additionally, a
positive effect of L-Dopa/DC inhibitor treatment was re-
ported on the level of various biochemical markers, in-
cluding  urinary pterins, CSF  neurotransmitter
metabolites and prolactin.

In some patients, however, regardless of the BH,D
type, even combined treatment with L-Dopa/DC in-
hibitor failed to improve either disease symptoms or
biomarker results.

Negative effects reported in BH,D patients receiving
L-Dopa/DC inhibitor treatment correspond to the ad-
verse effects generally observed with L-Dopa treatment.
The negative motor effects manifested mainly as dyskin-
esia and as motor fluctuations with on/off phenomenon.
Other movement disorders (tremor, chorea, myoclonic
jerks) were observed less frequently. Non-motor side ef-
fects of L-Dopa/DC inhibitor described included behav-
ioural and psychiatric symptoms (anxiety, delusions,
impulsivity, irritability, hyperactivity, mood fluctuations
or panic attacks), sleep disturbances, gastrointestinal
problems (nausea, vomiting, diarrhoea) and headaches.

The most commonly used ratio of L-Dopa to DC in-
hibitor is 4:1. The available literature doesn’t allow an
evaluation of whether the 4:1 preparation has a superior
effect compared to the 10:1 preparation. According to
published drug information, there is no known upper
dose limit for DC inhibitor or any specific side effects
described. In contrast, side effects of L-Dopa in the con-
text of DC inhibitor underdosing clearly justify sufficient
dosing.

From a pharmaceutical perspective, it is important
to mention that benserazide is unstable in the air.
During compounding, the substance oxidizes and can
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therefore become ineffective. Carbidopa, on the other
hand, is relatively stable. It can also be readily com-
pounded into a formulation suitable for children.
Theoretically, drug forms for the preparation of sus-
pensions are available. However, since there is no
uniform distribution in the suspension due to the un-
dissolved particles, it is not recommended to divide a
suspension. If a suspension is used, it should be ad-
ministered immediately after production.

R#36 (strong): L-Dopa should always be given in
combination with a DC inhibitor (4:1 ratio) and
should be the first line of treatment in AD-GTPCHD,
AR-GTPCHD, DHPRD, PTPSD, and SRD.

R#37 (strong): The L-Dopa/DC inhibitor starting
dose should be low, distributed in several daily dos-
ages and slowly titrated depending on the clinical
symptoms. In case of side effects, the timing and dos-
ing of medication may be adjusted individually. Refer-
ring to the normal range of dopamine metabolite
values in CSF, which is highest during the neonatal
and infantile period, the target treatment dose in all
infants (below 40kg body weight) with BH,D (apart
from AD-GTPCHD) is 10 mg/kg BW/d (if clinically
tolerated). Some patients require higher doses. In AD-
GTPCHD, most patients obtain complete symptom
control with lower doses of L-Dopa /DC inhibitor.

5-Hydroxytryptophan Reduced bioavailability of sero-
tonin in the CNS in BHyDs results from impaired
conversion of tryptophan to 5-HTP by tryptophan hy-
droxylase 2 (TPH2), for which BH, is an essential co-
factor. The subsequent conversion of 5-HTP to
serotonin is carried out by the AADC enzyme, which
is unaffected in BHyDs. This forms the pathophysio-
logical rationale for the supplementation of 5-HTP in
BH,Ds with a potential to correct the neurotransmit-
ter imbalance.

5-HTP was used in 41 AR-GTPCHD cases in 12 stud-
ies, in 4 patients with AD-GTPCHD in 1 study, in 542
PTPSD patients in 41 studies, in 93 DHPRD in 49 stud-
ies, 14 SRD patients in 19 studies, and in 1 PCDD
patient.

For all patients, except for one patient with PCDD,
overall clinical improvement on various endpoints was
reported.

Note: 5-HTP was used in combination with other
medications in all patients. 5-HTP treatment is often ini-
tiated simultaneously with L-Dopa/DC inhibitor and/or
sapropterin dihydrochloride /Phe-reduced diet, which
markedly hampers the assessment of the effects of 5-
HTP alone. 5-HTP treatment was started without L-
Dopa/DC inhibitor in only in a handful of patients; the
reported effects are inconsistent among the studies.
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The observed positive effects of 5-HTP (at least in
co-administration with L-Dopa/DC inhibitor) include
improvement in almost all clinical endpoints includ-
ing acquisition of developmental milestones, cogni-
tion, tone and movement disorders, epileptic seizures,
swallowing difficulties and hypersalivation, speech de-
velopment, attention and behaviour, and mood (de-
pression). Sleep disturbances have been reported to
improve with 5-HTP treatment. Due to co-
medication, the improvement could, however, only be
clearly assigned to 5-HTP supplementation in very
few patients. Psychiatric and behavioural problems,
other symptoms often associated with serotonin defi-
ciency, were reported to improve in some patients as
well: In 4 AD-GTPCHD patients, depression improved
on 5-HTP in monotherapy or 5-HTP in combination
with serotonin agonists or serotonin reuptake inhibi-
tors [126]. Interestingly, during a 5-HTP shortage
lasting for 6 months, no obvious neurologic deterior-
ation could be observed in a cohort of 12 PTPSD pa-
tients [127].

As with L-Dopa/DC inhibitor treatment, 5-HTP ad-
ministration failed to improve symptoms in some
patients.

The most common adverse effects of 5-HTP are
gastrointestinal problems (nausea, vomiting, diarrhoea,
abdominal pain). Indeed, these symptoms necessitated
5-HTP discontinuation in some cases. Irritability, chor-
eoathetoid, dyskinetic or myoclonic movement disor-
ders, and sweating were observed, too. Given its co-
administration with L-Dopa/DC inhibitor, numerous
other adverse effects were observed, but from a patho-
physiologic standpoint, these are more likely to be re-
lated entirely or at least partially to L-Dopa rather than
to 5-HTP treatment.

R#38 (strong): From a biochemical standpoint, 5-HTP
is considered a first line treatment in BH,Ds. In patients
with DHPRD, PTPSD, and SRD, benefits clearly out-
weigh adverse effects, leading to a strong recommenda-
tion for the use of 5-HTP in these disorders. For PCDD
and AD-GTPCHD, no recommendation can be given
due to lack of evidence.

R#39 (conditional): For AR-GTPCHD, desirable con-
sequences probably outweigh undesirable consequences,
thus forming a conditional recommendation for the use
of 5-HTP in this disorder.

R#40 (strong): 5-HTP should follow initiation of the
L-Dopa/DC inhibitor treatment. There is no clear evi-
dence for a starting dose; however, it should be lower
than the L-Dopa dose (e.g. Table 4). It should not be
changed at the same time as L-Dopa to clearly distin-
guish clinical effects. Start with a low dose and titrate
slowly as dictated by clinical symptoms. Use a peripheral
decarboxylase inhibitor (e.g. by administering at the
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same time as L-Dopa/DC inhibitor) to reduce (gastro-
intestinal) side effects.

Folinic acid Cerebral folate deficiency may occur in
BH,Ds, most prominently in DHPRD. However, there is
risk of development of cerebral folate depletion in the
other BH,Ds too, as long-term administration of L-Dopa
in high doses can result in reduced availability of these
methyl groups due to the methylation of L-Dopa to 3-O-
methydopa (3-OMD) [51].

The therapeutic use of folinic acid in BH4Ds is re-
ported in more than 14 AR-GTPCHD cases in 3 studies,
in approximately 40 PTPSD patients in 2 studies, in 262
DHPRD cases in 37 studies, and in 1 SRD patient. There
is no literature available for the use of folinic acid in
PCDD and AD-GTPCHD.

Assessment of the clinical efficacy of folinic acid sup-
plementation is substantially influenced by the use of
various co-medications in the vast majority of patients
or by the lack of data on the clinical course following
the introduction of folinic acid.

The positive effects of folinic acid (in combination
with other medications) included improvement in motor
and cognitive function in movement disorders or epilep-
tic seizures. The rare reports on the change of a patient’s
clinical status after introducing folinic acid claimed im-
provement in overall condition, in seizure control and
neurologic status, and in the CSF neurotransmitter pro-
file [63, 128, 129]. In the only DHPRD patient treated
solely with folinic acid monotherapy (apart from Phe-
reduced diet), improvement of tremor, drowsiness, hy-
persalivation, and in the frequency of myoclonic seizures
was noticed [130].

In some patients, the addition of folinic acid did not
change the clinical status or improve the CSF neuro-
transmitter profile [24, 125].

In 2 patients, adverse effects consisting of vomiting, ir-
ritability, and changes in sleep pattern were observed;
however, these patients were treated concurrently with
other medications. Otherwise, there are no reports of
negative effects that could be related to the addition of
folinic acid supplementation to the treatment regimen.

It is important to note that folic acid, a non-naturally
occurring form of folate used to fortify food, is contrain-
dicated in this condition, as it competitively binds to the
folate receptor alpha (FRa), resulting in reduced 5-
MTHEF transport into the brain [61].

R#41 (strong): Folinic acid supplementation should be
used in patients with DHPRD. Note: Cerebral folate defi-
ciency may even be aggravated by the administration of
folic acid!

R#42 (conditional): Folinic acid supplementation
should be considered in any patient with BH,D found to
have low 5-MTHF concentration in CSF.
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Second-line treatment

Drug treatment

Dopamine agonists Dopamine agonists (DA) exert their
function by direct postsynaptic activation of dopamine re-
ceptors. Ergot-derived DAs that have a strong serotoner-
gic (5HT2b) receptor interaction (cabergoline and
pergolide) are associated with cardiac valvulopathy and
other fibrotic adverse events, and have been removed from
the market in many countries. Ergot-derived DA without
5HT2b agonist action (bromocriptine) have an overall
lower risk. However, pulmonary, retroperitoneal, and
(peri) cardial fibrosis have been described with a dose-
effect relationship [131]. Non-ergot DAs (apomorphine,
piribedil, pramipexole, ropinirole and rotigotine) seem to
possess a very low and statistically insignificant risk of fi-
brotic complications and are preferred in clinical practice
[131]. Potential benefits of DAs are related to their longer
bioavailability in the synaptic cleft leading to equalised L-
Dopa/DC inhibitor stimulation of dopaminergic terminals
in the striatum [132].

The use of DA in BH4Ds as complementary drug
treatment was documented in 12 AD-GTPCH patients, 5
PTPSD and 5 DHPRD patients, and in 8 patients with
SRD. No AR-GTPCHD or PCDD patient receiving DA
has been reported.

The most commonly used DA was pramipexole (16
patients) followed by bromocriptine (10 patients) and
cabergoline (5 patients). Reports on the use of other DA
are very scarce and limited to AD-GTPCHD.

Among BH,D patients, DAs were most commonly
used concomitantly with L-Dopa/DC inhibitor, 5-HTP,
sapropterin dihydrochloride, Phe-reduced diet or folinic
acid treatment, rarely in monotherapy or in combination
with a MAO inhibitor. In the majority of patients, the
use of DAs allowed for a significant reduction of L-
Dopa/DC inhibitor doses, less frequent daily administra-
tions and an improvement of the residual motor symp-
toms (if specified, mainly parkinsonian symptoms such
as tremor, bradykinesia, hypomimia, dysarthria etc.).
Furthermore, DAs were reported to beneficially affect L-
Dopa/DC inhibitor adverse effects, namely L-Dopa in-
duced dyskinesia and mood swings [133—-139].

Reported DA side effects comprise mainly behav-
ioural/psychiatric disorders; impulse control disorders,
including pathological gambling, compulsive buying, and
hypersexuality, were reported almost exclusively under
pramipexole treatment [136]. Symptoms were dose-
dependent and subsided after adequate treatment adjust-
ment. In a few patients, worsening of motor symptoms
(dystonia, dyskinesias), weight loss or unspecified nega-
tive events led to the discontinuation of DA treatment
[32, 137]. No fibrotic complications have been described.

R#43 (conditional): Dopamine agonists can be con-
sidered as second line treatment in all BH,Ds (apart
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from PCDD) in combination with first line treatment
options if residual symptoms persist despite L-Dopa/DC
inhibitor treatment or if dose-limiting L-Dopa/DC in-
hibitor- associated adverse events occur. Non-ergot de-
rived DAs (pramipexole, ropinirole, rotigotine) or ergot-
derived DA without 5HT2b agonist action (bromocrip-
tine) are preferred.

R#44 (GPP): Cardiac screening before and during
treatment with bromocriptine (ergot derived DA) is indi-
cated because of the potential risk of cardiac fibrosis.

Selective monoamine oxidase (MAOQO) inhibitors MAO
inhibitors prevent the breakdown of dopamine and sero-
tonin in the synaptic cleft. The effect of selective MAO in-
hibitors was described in more than 2 AR-GTPCHD cases
in 2 studies, in 4 AD-GTPCHD patients in 4 studies, in
roughly 19 PTPSD patients in 5 studies, in 8 DHPRD
cases in 4 studies, and in more than 7 SRD patients in 7
studies. For PCDD, no evidence is available. All studies de-
scribe the effect of selective MAO inhibitors only in com-
bination with L-Dopa/DC inhibitor, dopamine agonists, 5-
HTP, sapropterin dihydrochloride, selective serotonin re-
uptake inhibitors (SSRIs), Phe-reduced diet or folinic acid.
Selegiline (1 =36 cases) and rasagiline (n =1 case) are the
only selective MAO inhibitors used [31]. No studies were
found on tranylcypromine or phenelzine. The majority of
studies described an improvement in at least one clinical
endpoint (e.g. dystonia, fatigability, sleep, motor develop-
ment or seizure control) or in lowering L-Dopa doses; an
effect on motor fluctuations (on-off phenomena) was de-
scribed, too. Some studies reported an unclear outcome.
Side effects of MAO inhibitors alone (diarrhoea or consti-
pation, drowsiness or insomnia, dry mouth) were not re-
ported. One patient with SRD developed dyskinesia after
adding SSRI to the treatment regimen [104].

R#45 (conditional): MAO inhibitors can be consid-
ered as second line treatment in AR-GTPCHD, AD-
GTPCHD, PTPSD, DHPRD, and SRD in combination
with first line treatment options although little or no evi-
dence is available.

R#46 (GPP): The members of the guideline group
consider selective MAO inhibitor a treatment option in
case of dose-related symptom fluctuations and drug-
induced dyskinesia or motor fluctuations. Use should be
guided by availability of the drug and experience of the
treating physician. The members of the guideline group
judged MAO inhibitors to have fewer side effects com-
pared to dopamine agonists.

Third-line treatment

Drug treatment

Anticholinergic drugs Anticholinergic drugs (e.g. tri-
hexyphenidyl) are commonly used to treat movement
disorders, especially dystonia and parkinsonism. The
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current hypothesis is that anticholinergic drugs influence
the relative imbalance between dopaminergic and cho-
linergic pathways, however, the exact mechanism of ac-
tion is unclear [140]. The effect of anticholinergic drugs
in BH Ds was described in 17 patients with AD-
GTPCHD in 8 studies and in 4 patients with SRD in 3
studies. For AR-GTPCHD, PTPSD, DHPRD, and PCDD,
no published evidence is available.

Trihexyphenidyl (> 15 cases), benztropine (>2 cases),
and methixene (>1 case) were the anticholinergic drugs
used [139]. In AD-GTPCHD, most patients first received
L-Dopa/DC inhibitor. Trihexyphenidyl was added due to
incomplete control of symptoms on L-Dopa/DC inhibi-
tor alone and/or due to dyskinesia at higher L-Dopa/DC
inhibitor doses [141, 142]. In the majority of AD-
GTPCHD patients, a moderate to excellent effect on
dystonia and tremor was noted; however, not all patients
exhibited clinical benefit. For SRD, positive effects of
benztropine supplementation are described in two pa-
tients without providing further details. Typical anti-
cholinergic side effects (dry mouth, dry eye, blurred
vision (pupil dilation), constipation, urinary retention,
reduced sweating) were not described in BH,Ds.

R#47 (conditional): Consider anticholinergic agents
as third-line treatment in AD-GTPCHD and, based
on the pathophysiological background, also in AR-
GTPCHD, SRD, PTPSD, and DHPRD patients in
case of incomplete control of symptoms with L-
Dopa/DC inhibitor. For PCDD, no recommendation
is possible due to lack of evidence.

COMT inhitibors The inhibitors of catechol-O-methyl
transferase (COMT) prevent the action of this enzyme,
which is involved in the breakdown of catecholamines
and, thus, has a direct impact on the pharmacodynamic
and pharmacokinetic properties and the behaviour of
levodopa. By this mechanism, COMT inhibitors have the
potential to increase the availability of catecholamine
neurotransmitters in the CNS, particularly dopamine.
The indication for this add-on treatment would be to re-
duce motor fluctuations associated with L-Dopa treat-
ment. The only evidence available in the literature for
treatment of BH,Ds is for entacapone.

Treatment with entacapone was described in 4 AD-
GTPCHD cases in 3 publications, 8 PTPSD cases in 4
studies, in 14 DHPRD patients in 3 studies. For AR-
GTPCHD, PCD, and SRD, no literature evidence is
available. There are no descriptions of COMT inhibitor
monotherapy in the BH4D cohort. All patients were
treated concurrently with L-Dopa/DC inhibitor, DA, 5-
HTP, sapropterin dihydrochloride, Phe-reduced diet or
folinic acid.

The assessment of clinical efficacy was yet again prob-
lematic due to insufficient data on the clinical course
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after initiating COMT inhibitors. Clear positive effects
could not be obtained for PTPSD and AD-GTPCHD.
Decreased prolactin levels were documented after enta-
capone introduction in DHPRD. No specific side effects
commonly related to COMT inhibitors (dyskinesia,
hyper-/hypokinesia, gastrointestinal problems with nau-
sea, constipation or diarrhea) were reported among
BH,D patients. General dose recommendations can be
used.

R#48 (conditional): The use of COMT inhibitors can
be considered as third line treatment in all BH,Ds apart
from PCDD. The members of the guideline group con-
sider COMT inhibitors as a treatment option in patients
suffering from motor fluctuations with L-Dopa/DC in-
hibitor treatment.

Selective serotonin reuptake inhibitors (SSRI) SSRIs
act by decreasing the presynaptic reuptake of serotonin,
which leads to its prolonged bioavailability in the synap-
tic cleft and better postsynaptic receptor occupancy. The
rationale for their use in BH4Ds is the presence of symp-
toms attributable to serotonin deficiency such as psychi-
atric and behavioural disorders and sleep problems.

The use of SSRIs (sertraline, fluoxetine and others)
was reported in 1 patient with AR-GTPCHD, 11 patients
with AD-GTPCHD in 4 studies and in 4 patients with
SRD in 5 studies. For PCD, DHPRD and PTPSD no lit-
erature evidence is available.

For all patients with SRD, improvement of disease re-
lated symptoms (including improved alertness, sleep
time and dystonia) were documented [96, 104]. In 10
out of 11 patients with AD-GTPCHD, depression im-
proved [126, 143]. One patient with AR-GTPCHD expe-
rienced worsening of depression [26], and one patient
with SRD had akathisia and dyskinesia/myoclonus while
treatment concurrently with a MAO inhibitor (selegi-
line) [104].

R#49 (conditional): There is a conditional recommen-
dation for the use of SSRIs in AD-GTPCHD for psychi-
atric symptoms.

R#50 (conditional): Based on the current evidence,
no definitive recommendation can be given for the use
of SSRIs in AR-GTPCHD, PTPSD, DHPRD, and SRD.
Guideline group members consider SSRIs in individual
cases as third line treatment with caution of possible
side effects if all first- and second-line treatment options
have, over an adequate amount of time, shown to be in-
sufficient to control symptoms. For PCDD, no recom-
mendation is possible due to lack of evidence.

R#51 (GPP): Caution: According to the guideline
group members, the combination of 5-HTP and SSRI
treatment, specifically in very high doses, can induce
serotonin syndrome!
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Melatonin From a pathophysiological perspective, mela-
tonin supplementation for disorders of sleep induction is
reasonable because melatonin is formed from serotonin
and, therefore, may be decreased in a BH, deficient
state.

Apart from 2 patients with SRD, who were reported to
have reduced night time dystonia and improved sleep
transition, there is very limited evidence for the use of
melatonin in BH,Ds [21, 104]. In the 2 studies with low
or very low level of evidence, no side effects have been
reported.

R#52 (conditional): There is a pathophysiological ra-
tionale to consider a trial of melatonin in all BH4D pa-
tients facing sleep induction problems before using
other sleep-inducing medications. Prior to this, an
optimization of 5-HTP supplementation should be
reached (except in AD-GTPCH and PCDD).

Acute drug treatments

Baclofen Baclofen is a CNS depressant and skeletal
muscle relaxant used to treat spasticity. In the literature,
there is only one SRD case published in whom baclofen
was used. However, no clear description of its clinical ef-
fect is provided [104]. No recommendation is possible
due to lack of evidence.

R#53 (GPP): The application of baclofen could be
considered in patients with complications due to spasti-
city. The decision should be based on individual clinical
judgment. See the guideline on diagnosis and manage-
ment of cerebral palsy in young people [144].

Benzodiazepines Benzodiazepines belong to the
broader generally accepted treatment regimen of dys-
tonia. However, for BH,Ds, there is no satisfying evi-
dence for the use of benzodiazepines. A single patient
with SRD is described who experienced no change in the
duration of oculogyric crisis with benzodiazepine treat-
ment [97]. However, the guideline group members de-
scribe beneficial effects on prolonged oculogyric crisis in
some patients (personal communication).

R#54 (GPP): Current evidence for benzodiazepine
treatment in BH,Ds is very scarce but a treatment at-
tempt can be considered in specific settings, e.g. in sus-
tained oculogyric or dystonic crises, always based on
individual clinical judgement.

Anti-epileptics The literature evidence for the use of
anti-epileptic treatment in BH,Ds is primarily available
for DHPRD. The use of various anti-epileptic drugs,
most commonly phenobarbital and phenytoin, and al-
ways combined with other medications, was reported in
14 cases from 9 studies [93, 94, 145]. Notably, folinic
acid supplementation was reported to improve epileptic
seizures in DHPRD, too [94, 146, 147]. One patient with
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SRD treated with valproic acid was reported, but no de-
tails regarding the clinical course were provided. For the
other BH,Ds, the specific antiepileptic drugs used are
usually not specified.

R#55 (GPP): Epileptic seizures are not a cardinal clin-
ical symptom of BH,Ds and should be distinguished by
reliable diagnostic approaches from oculogyric crisis or
dystonic jerks. If required, any antiepileptic treatment
can be used according to the specific indications for dif-
ferent seizure types.

Other supportive therapies

Botulinum toxin injections Botulinum toxin injections
are commonly used to treat focal dystonia. However,
since there are only 3 patients with AD-GTPCHD re-
ported in whom botulinum toxin injections were used,
there is very limited evidence for its application in
BH,Ds. There are no patients described with botulinum
toxin injections as monotherapy. In one case, botulinum
toxin injections were used before the diagnosis of the
underlying BH4D. 2 other cases were concurrently
treated with L-Dopa/DC inhibitor [142, 148], and with
trihexyphenidyl in 1 case, which did not resolve dystonic
symptoms completely (writer’s cramp, blepharospasm,
and retrocollis). All patients improved with botulinum
toxin injections; however, the co-administration of other
medications does not permit evaluation of the effect of
botulinum toxin alone. Side effects were not reported in
the literature. Dose and application procedure should
follow specific guidelines [149].

R#56 (conditional): Botulinum toxin injections should
be considered as an option in the case of persistent focal
dystonia in AD-GTPCHD if all first- and second-line
treatment options have, over an adequate amount of time,
shown to be insufficient to control these symptoms. For
AR-GTPCHD, DHPRD, PTPSD, SRD, and PCDD, there is
no recommendation possible due to lack of evidence.

Multidisciplinary treatment Although there are not
sufficient studies or reports on the impact of multidis-
ciplinary treatment in BH,Ds available, involvement of a
broad team with specialists in physiotherapy, speech
therapy, occupational therapy, feeding and nutritional
assessment, and (neuro-) psychological treatment should
always be part of the complex care provided to BH,D
patients to improve patient care, prevent secondary
complications, and promote neurological development.

Psychiatric therapy There is very limited evidence for
the use of psychiatric therapy in the cohort of BH4D pa-
tients. It is presumed that at least some patients with psy-
chiatric disturbances received psychiatric pharmacothera
py; however, the literature is scarce. There are 2 published
cases of adult patients with AD-GTPCHD who received
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electroconvulsive therapy (ECT) [150, 151]. One of the pa-
tients with psychosis [151] developed a neuroleptic malig-
nant syndrome due to haloperidol treatment followed by a
prolonged catatonic state, which required ECT. In the
other patient, a combination of SSRI and 5-HTP did not
prevent the emergence of a delusional depression; he was
therefore treated with ECT. ECT therapy had a positive ef-
fect in both cases. Side effects of ECT are only mentioned
in one case: after the third and fourth treatment sessions,
the patient developed postictal disorientation and agita-
tion lasting about 30 min [150]. Overall, no recommenda-
tion for a specific psychiatric therapy for the treatment of
psychiatric disorders in BH,Ds is possible due to lack of
evidence.

Experimental therapies
New experimental therapies are listed at https://clinical-
trials.gov.

Drugs to avoid in BH, disorders

Drugs with antiemetic and antipsychotic properties, act-
ing as central dopamine antagonists, should be avoided
in BH,Ds since they have the potential to worsen symp-
toms of dopamine deficiency [152]. Metoclopramide
should not be used for the treatment of nausea. Tri-
methoprim/sulfamethoxazole should be avoided be-
cause it is reported to cause parkinsonian symptoms in a
confirmed patient with DHPRD [146]. This patient was
co-treated with L-Dopa/carbidopa and 5-HTP when
treatment with trimethoprim-sulfamethoxazole was initi-
ated (folinic acid was added afterwards). The adverse ef-
fects reported in this patient were clearly related to the
initiation of the antibiotic and their disappearance was
related to discontinuation of the treatment [146]. Due to
the inhibitory effect of methotrexate on DHPR and the
interaction with dihydrofolate reductase (DHFR), this
treatment may lead to HPA and early neurotoxicity, pos-
sibly combined with folate deficiency [153].

Prenatal treatment

Dopamine signalling is important already for intra-
uterine (brain) development [154]. Prenatal oral treat-
ment with L-Dopa/carbidopa to the mother of a genetic-
ally confirmed AR-GTPCHD foetus was shown to
prevent development of the severe phenotype related to
biallelic GCHI mutations [68].

R#57 (research): Prenatal treatment with levodopa
can be beneficial. Since the experience of prenatal treat-
ment in BH4Ds is based on single case studies with low
to very low evidence, it would be desirable to develop a
protocol for further treatment attempts in a controlled
and standardized trial.
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Follow-up, transition and special situations

Follow-up visits

There are no reports available on standardized follow-up
visits in the BH4D patient cohort. Therefore, recommen-
dations can only be based on clinical experiences or
good clinical practice. Comparable to other inborn er-
rors of metabolism [5, 155], for all BH4Ds apart from
PCDD life-long, systematic follow-up is recommended
to achieve optimal development, to prevent or avoid
treatment side-effects, and to evaluate quality of life. In
addition, it is not known if and when long-term compli-
cations occur. Regular standardized follow-ups allow
early identification of patients presenting with such dis-
ease related or treatment-related complications.

R#58 (GPP): BH,D patients should be seen at least
yearly by a (child) neurologist with experience in move-
ment disorders or neurometabolic disease, ideally in a
multidisciplinary setting. Infants and young children
who require frequent dose adjustments during the
course of initial dose titration and due to weight gain
need to be seen more frequently (e.g. infants every 3
months; older children at least every 6 months)!

The follow-up visits should include the evaluation of:

— Phe-reduced diet (if applicable): Daily amount of
Phe, intake of amino acid mixture, amino acids in
plasma, full blood count, ferritin, parathormone,
calcium, phosphate, alkaline phosphatase, vitamin
B12

— Current medication: Regular intake? Symptoms of
over—/underdose?

— Neurological symptoms: Motor milestones,
seizures, oculogyric crises, vegetative symptoms
(sweating, fever, nausea, vomiting, stool frequency,
micturition frequency, sleep, behaviour), eating
habits, speech development

— General medical history: Anthropometric data?
Infections? Vaccinations? Narcotics or alcohol
abuse?

— Integration and inclusion measures (if applicable)

— Kindergarten, school, education, occupation

— ECG and/or echocardiography (if under treatment
with dopamine agonists).

— Neuropsychological development

Although there are no studies or reports on the need
for repeated measurement of CSF metabolites as part
of ongoing treatment monitoring, CSF analysis of
HVA, 5-HIAA, and 5-MTHF can be helpful for drug
dose titration or for clarification of otherwise unex-
plainable clinical irregularities. This is especially true
for younger children in whom the spectrum of
(neurological) symptoms can be broader or more dif-
ficult to assess.
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R#59 (GPP): Consider CSF analysis of HVA, 5-HIAA,
and 5-MTHEF for drug dose titration or for clarification
of otherwise unexplainable clinical irregularities in all
BH,Ds apart from PCDD. For the lumbar puncture
standard oral treatment should be interrupted as short
as possible.

Transition
As in many other inborn errors of metabolism, there is a
paucity of literature regarding transition from childhood
to adulthood in the BH,Ds. However, a successful transi-
tion to adult care requires the coordinated cooperation
of many disciplines. A transitional consultation with the
participation of paediatric and adult neurological institu-
tions is very valuable [156]. During the transition
process, the following aspects should be considered
among others: Role changes of patients, parents and
caregivers, active involvement of stakeholders in the
planning and decision-making processes, comprehensive
knowledge about the illness and its course.

R#60 (GPP): Begin planning early for transition of
BH,D patients to adult care in specialized centers.
Multidisciplinary care should be continued.

Anaesthesia
Reports on anaesthesia in BH4D patients are very scarce
in the literature, and do not indicate any particular risks.
From the metabolic perspective BH,D patients do not
require any special precautions and anaesthesia can fol-
low standardized procedures. No specific anaesthetic
drugs need to be avoided.

R#61 (GPP): Anaesthesia in BH,D patients may follow
standard protocols. After the operative procedure stand-
ard oral treatment should continue as soon as possible.

Genetic counselling
On the grounds that BH4Ds are inherited metabolic dis-
orders, it is good clinical practice to offer genetic coun-
selling to parents and/or patients. In addition, molecular
genetic analysis is the preferred prenatal testing method
for all BH4Ds (see R#29).

R#62 (strong): All patients or parents of patients with
BH,Ds should be offered standard genetic counselling if
available in local care settings.

Pregnancy

There are few cases in the literature reporting obstetric
and paediatric outcomes in pregnancies of patients with
BH,Ds [157]. It is important to control disease-related
symptoms, adjust the treatment if needed, and monitor
the development of the foetus. Therefore, close supervi-
sion by a multidisciplinary team (dietitian, (neuro) meta-
bolic consultant, neurologist, gynaecologist, geneticist) is
essential during the course of pregnancy and afterwards.
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R#63 (strong): Intensive supervision during and after
the pregnancy by a multidisciplinary team should be
provided.

Patient advocacy groups

Currently, there are the following non-profit volunteer
organizations, representing children and families who
are affected by a paediatric neurotransmitter disease in-
cluding BH4Ds:

— DPediatric Neurotransmitter Disease Association
(www.pndassoc.org) - USA

— Spanish neurotransmitter diseases association “De
neu” (www.deneu.org) - Spain

— German group for patients and parents with all
kinds of neurotransmitter related disorders (www.
dig-pku.de/wcf/index.
php?neurotransmitterstoerungen-nts/) - Germany

— Organization to support families with children
suffering from neurotransmitter diseases (www.
hrabrisa.rs/en/) - Serbia

Regular updates on patient advocacy groups can be
found under https://intd-online.org/patients/.

Conclusion

This is the first consensus guideline for the diagnosis
and management of BH, deficiencies. All recommenda-
tions are based on the available literature evidence and
were phrased in a transparent consensus process by the
iNTD guideline working group. The guideline is
intended for clinicians, metabolic biochemists and para-
medical specialists involved in the care of patients with
BH, deficiencies. It will help to harmonize clinical prac-
tice and to standardize and improve care for BH, defi-
cient patients.
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Abstract

The aim of this report is to present a tentative clinical and pathophysiological approach to diseases affecting the
neuronal presynaptic terminal, with a major focus on synaptic vesicles (SVs). Diseases are classified depending on
which step of the neurobiology of the SV is predominantly affected: (1) biogenesis of vesicle precursors in the
neuronal soma; (2) transport along the axon; (3) vesicle cycle at the presynaptic terminal (exocytosis—endocytosis
cycle, with the main purpose of neurotransmitter release). Given that SVs have been defined as individual organelles,
we highlight the link between the biological processes disturbed by genetic mutations and the clinical presentation of
these disorders. The great majority of diseases may present as epileptic encephalopathies, intellectual disability
(syndromic or nonsyndromic) with/without autism spectrum disorder (and other neuropsychiatric symptoms), and
movement disorders. These symptoms may overlap and present in patients as a combination of clinical signs that
results in the spectrum of the synaptopathies. A small number of diseases may also exhibit neuromuscular signs. In
general, SV disorders tend to be severe, early encephalopathies that interfere with neurodevelopment. As a conse-
quence, developmental delay and intellectual disability are constant in almost all the defects described. Considering
that some of these diseases might mimic other neurometabolic conditions (and in particular treatable disorders), an
initial extensive metabolic workup should always be considered. Further knowledge into pathophysiological mech-
anisms and biomarkers, as well as descriptions of new presynaptic disorders, will probably take place in the near
future.

Abbreviations Introduction

ASD  Autism spectrum disorder

CSF  Cerebrospinal fluid Key methodological developments in human genetics now
HVA Homovanilic acid allow for low-cost sequencing of complete coding genomes.
ID Intellectual disability Rich sources of corresponding data exist for healthy individ-
MD  Movement disorder uals and patient cohorts, facilitating the identification of pos-
SV Synaptic vesicle sible pathogenic gene mutations. Multiple recent genetic stud-
NT  Neurotransmitter ies of neurodevelopmental and neuropsychiatric disorders
PD Parkinson’s disease point to a significant contribution by mutated genes encoding

synaptic proteins as the etiology of a group of diseases that
encompasses the generic term of synaptopathies (Cortes-
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These NT bind receptors at the postsynaptic side, thereby
generating an electrical signal at the postsynaptic neuron.
Synapses are equipped with a highly specialized protein ma-
chinery that functions in a coordinated manner to determine
synaptic characteristics, both at rest, and during periods of
synaptic activity (Wojcik and Brose 2007; Sudhof 2013)
(Fig. 1). At the presynaptic neuron, this protein machinery is
concentrated at the active zone, a specialized region at the
presynaptic plasma membrane. Neurotransmitter molecules
and other modulatory substances are packed into synaptic
vesicles (SVs) composed of lipid bilayered organelles ~40-
nm in diameter containing numerous proteins (Takamori et
al. 2006). Proteins that are required for SV function, as
well as other soluble active-zone components, are likely
translated in the soma. SV lipids and proteins are assem-
bled into vesicle precursors and travel along the axon to
generate mature SVs at synapses [reviewed in (Rizzoli
2014)]. At the synapse, mature SVs translocate to the
active-zone plasma membrane where they dock via the
interaction of the SV protein synaptobrevin 2 and the plas-
ma membrane proteins soluble N-ethylmaleimide—sensi-
tive fusion factor (NSF)-associated protein (SNAP)-25
and syntaxin 1, that form the soluble N-ethylmaleimide—
sensitive fusion factor (NSF) attachment protein receptor
(SNARE) complex (Fig. 1). When an action potential trav-
elling along an axon invades the presynaptic compartment,
membrane depolarization takes place, and the massive in-
flux of Ca** evokes an ultrafast SV fusion with the plasma
membrane. The vesicular synaptic proteins and SV mem-
brane are then retrieved in an endocytotic process that can
be clathrin independent or dependent (Soykan et al. 2016;
Maritzen and Haucke 2017).

Sinaptic vasicle

Neurotransmitter

Syntaxin Sinaptotagmin

The presynaptic protein machinery defines the location of
SV release, and its coordinated function is absolutely essential
for determining speed, efficacy, reliability, and plasticity of
neuronal communication. recent findings indicate that, in turn,
even minor changes in synaptic transmission characteristics
may lead to neurological or neuropsychiatric disease.
Therefore, substantial efforts are devoted to deciphering mo-
lecular, morphological, and functional features of the synapse.
However, the mechanisms by which these changes lead to
disease at the molecular, cellular, and organ level remain
largely undefined.

Rationale

We propose a cell-biology-oriented approach focused on pro-
teins that are functionally linked to biogenesis, transport, and
function of SVs at the presynaptic compartment. This ratio-
nale was adopted from the notion that SVs behave as indepen-
dent cellular organelles, and therefore, disorders that arise
from pathogenic mutations in proteins associated with SVs
may share common features. This approach shows similarity
to the description of other organelle-related disorders, such as
mitochondrial and peroxisomal diseases. The clinically orient-
ed approach has been based on pathogenic mutations in pro-
teins related to SV precursor biogenesis and transport and SV
cycle. We attempted to establish a link between affected pro-
teins, the biological process in which they participate, and
clinical manifestations of the resulting neuronal disorders.
We classified the disorders found in the Online Mendelian
Inheritance in Man database (https://www.omim.org/) and
other sources of peer-reviewed literature based on (1) the

Synaptobrevin

Cag+
4

Fig. 1 Proteins involved in the presynaptic machinery (focused on
SNARE proteins). SNARE proteins establish different interactions
between them addressed to synatic vesicle priming, docking, and
neurotransmitter release. Syntaxin-1, synaptobrevin, SNAP-25:
membrane fusion forming the SNARE complex. Syntaxin-1, Munc-18—
1, Munc-13, NSF, SNAP-25: starts exocytosis through membrane fusion.

@ Springer

Syntaptotagmin-1 acts as a Ca++ sensor triggering fast NT release by
binding to membrane phospholipids. SNARE soluble N-
ethylmaleimide—sensitive fusion factor attachment protein receptor, NSF'
N-ethylmaleimide—sensitive fusion factor, SNAP soluble NSF-associated
protein, Munc mammalian uncoordinated, N7 neurotransmitter
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major neurological manifestation of the disorder (i.e., epilep-
sy, movement disorder, intellectual disability (ID), syndromic
and nonsyndromic disorders, and neuromuscular disorders),
(2) the protein in which mutations have been found, and (3)
the main cellular and biochemical processes in which the pro-
tein is involved (e.g., endocytosis, exocytosis, transport along
axons). Finally, we provide some clinical clues to facilitate
identification of these disorders. According to the extended
classification of inborn errors of metabolism (Garcia-Cazorla
and Saudubray, 2018) these diseases belong to the category of
complex molecule defects. In particular, these defects affect
systems of intracellular vesiculation, trafficking, processing,
and quality control (protein folding and autophagy). The great
majority of these defects have been identified by next-
generation sequencing. As yet, few have well-defined bio-
markers. However, the new “omic” techniques (proteomics,
metabolomics) will probably detect the remainder in the
future.

The presynaptic machinery is highly complex and em-
braces an important number of transporter—such as dopamine
transporters (DAT), seratonin transporters (SERT) of excitato-
ry and inhibitory NTs—channels, and other biological mech-
anisms. A detailed description of all these funcions are of
utmost importance in presynaptic function, but due to its great
complexity, this is beyond the scope of this article.

Clinical approach to presynaptic disorders related
to synaptic vesicles

Main neurological manifestations

Epilepsy A summary of genes involved in the SV cycle, where
pathogenic mutations have been shown to lead to epilepsy as
their main clinical manifestation, are reported in Table 1.

Most of these disorders display a severe phenotype in the
form of early-onset epileptic encephalopathies characterized
by intractable and drug-resistant seizures. Intellectual disabil-
ity is a relatively consistent feature in these disorders.

Movement disorders Table 2 summarizes the main presynap-
tic genes in which pathogenic mutations have been linked to
different types of movement disorders: paroxysmal dyskine-
sia, dystonia, parkinsonism/dystonia—parkinsonism, ataxia,
diverse type of movement disorder, and spastic paraplegia.
We find a significant number of presynaptic genes involved
in the pathophysiology of movement disorders. It is important
to note that some of them are known to be part of the trans-
and postsynaptic zone (ADCYS5 gene mutation) (Chang et al.
2016).

Figure 2 illustrates the main proteins implicated in move-
ment disorders (color coded) and their canonical cellular lo-
calization. The major clinical presentation of disorders caused
by variations in the illustrated proteins is dystonia-
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Table 1

References

Additional NRL and extra-NRL signs

Biological function

Genetic defect and encoded protein

Phenotype
(inheritance)

Gene/locus

MIM number

MIM number

(Conroy et al. 2016)

Early epileptic encephalopathy (multifocal

NAPB (N-ethylmaleimide-sensitive SV cycle, SNARE protein

611270

seizures), progressive microcephaly,

SNARE complex dissociation and

factor attachment protein, beta)

(AR)

profound global developmental delay,
hypotonia, limb tremulousness, and
stereotypies (kicking, hand, wrist

recycling: SV docking

twisting, and bringing to the midline)
Benign familial infantile epilepsy, infantile

(Ebrahimi-Fakhari et al. 2015)

SV cycle, SNARE protein

PRRT?2 (proline-rich transmembrane

602066

614386

convulsions and choreoathetosis and
paroxysmal kinesigenic dyskinesia,
migraine, hemiplegic migraine,

nonsyndromic ID
Early epilepsy and developmental delay,

Mutations in PRRT?2 regulates exocytosis,

protein 2)

(AD)

128200
605751

possibly via a putative interaction with

SNAP25

(Rohena et al. 2013)

SV cycle, SNARE protein

Regulates exocytosis

SNAP25 (synaptosomal-associated

616330

600322

hypotonia, ID Polymorphisms have been
related to neuropsychiatric disorders

protein, 25-Kd)

(AD)
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parkinsonism. These disorders tend to be progressive, and
some are accompanied by an underlying suspected or con-
firmed neurodegenerative process. It is worth mentioning that
some patients might respond to L-dopa supplementation or
treatment with L-dopa agonists (see Table 2 for details).

Syndromic intellectual disability and malformative syn-
dromes Table 3 summarizes the main genes in which patho-
genic mutations were found to cause syndromic ID and syn-
dromes of malformation. The malformative syndrome is the
hallmark of this group of disorders, with some characteristic
dysmorphic features [i.e., synaptosomal associated protein,
29-KD (SNAP29) and neurocutaneous syndrome [cerebral
dysgenesis—neuropathy—ichthyosis—keratoderma syndrome
(CEDNIK)]. Some of these disorders mimic complex mole-
cule storage diseases [i.e., rabenosyn-5 (RBSN)].

The most frequent cellular process involved in this group of
disorders is vesicle trafficking or transport, and a relatively
common characteristic among most of them are brain
malformations, i.e., pachygyria, cortical dysplasia, or
lissencephaly (see Table 3 for details).

(Verkerk et al. 2009)

References

microcephaly, foot deformity, decreased
muscle mass of lower limbs, inability to

character, stereotypic laughter,
walk, and growth retardation

Spastic paraplegia, severe ID, with or without
microcephaly

Other NRL and extra-NRL signs

Nonsyndromic intellectual disability and autism spectrum
disorder This is the smallest group of disorders, and the main
genes implicated in ID and ASD are summarized in Table 4.
We have identified 4 presynaptic proteins in this group - most
of'the so far identified monogenic causes of ASD/ID are com-
ponents of the post-synaptic density (Alfieri et al. 2017).

Neuromuscular disorders The presynaptic protein machinery
found in the central nervous system (CNS) synapses is highly
conserved and highly similar to that found at the presynaptic
neurons of the neuromuscular junction. We could identify a
limited number of presynaptic genes that contribute to neuro-
muscular disorders, which are summarized in Table 5. The
neuromuscular symptoms of these disorders are diverse.

role in intracellular trafficking from the

clathrin- or non-clathrin-associated
protein coat involved in targeting
proteins from the TGN to the
endosomal-lysosomal system. Plays a
TGN

SV cycle
clathrin- or nonclathrin-associated
endosomal-lysosomal system. Plays a
role in intracellular trafficking from the
TGN

protein coat involved in targeting

Component of the AP-4 complex, a type of
proteins from the TGN to the

Component of the AP-4 complex, a type of

Biological function

5-HIAA 5-hydroxyindolacetic acid, AD autosomal dominant, AR autosomal recessive, ASD autism spectrum disorder, BH-4 tetrahydrobiopterin, CSF cerebrospinal fluid, /D Intellectual disability, HVA

homovanillic acid, MRI magnetic resonance imaging, MD movement disorder, NRL neurological, N7 neurotransmitter, PD Parkinson’s disease, SV synaptic vesicle, SNARE soluble N-ethylmaleimide—
sensitive fusion factor attachment protein receptor, TGN trans-Gogli network, DOORS deafness, onychodystrophy, osteodystrophy, retardation (previous term for intellectual disability), and seizures

2 5.

3 g

2 =B Some clinical clues

g £

< RS : - o

g £S5 In Fig. 3, we propose some clinical clues for detecting this

;g N _% < group of diseases in patients presenting with clinical signs that

S 2 < .;E belong to the synaptopathy spectrum. The algorithm essential-

Q ~ .. . . . .

B 5 o 3 £ o ly equates to clinical presentations that in the great majority of

o . . .
3 g < 2 < cases are an association of ID (almost always present) with
epilepsy, neuropsychiatric symptoms including autism, and
. piepsy. pSy ymp g

N movement disorders, in any combination. This association of

2 g © symptoms in diverse degrees of severity encompasses the

S - ymp g p
2 § é & synaptopathies’ continuum. Neuromuscular symptoms do
g = “ not necessarily associate the previously mentioned signs,
§ . 2 since the biological dysfunction is mostly represented at the
: g § ° neuromuscular synapse. However, the proposed algorithm can
2| 2= § be also useful when neuromuscular signs are associated with
£l 33 S synaptopathy symptoms.
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Fig. 2 Eukaryotic cell and its
main membrane-bound
organelles and outer membrane
cell in movement disorders. Main
genes related to presynaptic
disorders and synaptic vesicle
(SV) cycle are as follows: orange
ataxia, purple parkinsonism,
green dystonia, and blue
paroxysmal dyskinesias. This is
not an exhaustive picture of all
genes described but an approach
to main genes, their location
within the cell, and their main
clinical manifestation. For more
detailed information see, Table 2

An exhaustive physical examination and medical his-
tory is essential to guide the steps to the final diagnosis.
It is important to highlight that these disorders might
sometimes mimic other diseases, such as primary NT
defects (sometimes an altered NT profile can be found
in CSF analysis), mitochondrial disorders (some bio-
chemical markers resembling mitochondrial dysfunction
can be found), and lysosomal disorders (some disorders,
like RBSN mutations, might phenotypically resemble
lysosomal storage disorders. See Table 3 for details).
For this reason, and to rule out treatable disorders, an
initial extensive metabolic workup might be of interest

(Fig. 3).

Treatment

Specific treatment for all of these disorders is beyond the
scope of this work. Nevertheless, and as a mode of a summary,
some main concepts are worth mentioning.

For most of these disorders, treatment is mainly symptom-
atic—for example, in the case of epilepsy or movement disor-
ders. Some diseases, as in the case of disorders of biogenic
amine synthesis, might respond to L-dopa supplementation or
treatment with dopa agonists [i.e., DNAJC6 (Olgiati et al.
2016)]. In the case of VMAT2, dopaminergic agonists are re-
ported to improve clinical status (Rilstone et al. 2013). Few
disorders are considered to have specific treatment—for ex-
ample, in the case of DNAJC12, where supplementations with

196

RE reticulum

Syntaxin

Mitochondrion

[ Parkinsonism

[T7] Dystonia
[ Paroxysmal dyskinesias

L-dopa and 5-OH-tryptophan are reported to improve the clin-
ical status (Anikster et al. 2017; Straniero et al. 2017).

Discussion

The progressive introduction of next-generation sequencing
techniques (NGS) as diagnostic tool is providing new oppor-
tunities for clinical diagnosis and enhance the ability of clini-
cians and researchers to determine etiological causes of rare
diseases—, in particular, those affecting the brain. As expect-
ed, these rare disorders are often caused by de novo, hetero-
zygous variations in multiple genes, making them difficult to
identify with standard genetic tools. NGS analysis generates
huge amounts of data, and numerous efforts aimed at identi-
fying and classifying cellular pathways are needed.

Here, we attempt to bridge the gap between the genetic find-
ing and the clinical manifestation in a set of disorders in which
variations are found in proteins related to the presynaptic neu-
ronal compartment. However, it is important to highlight that
this is tentative to a comprehensive structured clinical and path-
ophysiological approach. This attempt is probably incomplete
in terms of disorders included and also imprecise because of the
complex neurobiological mechanisms involved in these dis-
eases. In fact, a single protein may behave differently in differ-
ent compartments, and the pathophysiological mechanisms are
not completely understood for many of these diseases. Clear
experimental demonstration of links between genetic mutations
and abnormalities in function are often highly challenging to

@ Springer
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FIRST and ALWAYS: think about

(consider plasma AA, urine OA +/- CSF (AA, vitamins, cofactors and NT))

disorders!

Medical history and physical examination: any diagnostic clues?
(consider acquired microcephaly, spastic signs, movement disorders, ...)

e N—

- W HVA: some DNAJC6
-V HVA, WV 5HIAA: VMAT2 (some are N)

| | LP I!‘EI Iauaiq MUSCLE BIOPSY
BIOCHEMICAL MARKER OR CLUE: Brain atrophy: SYNJ1, KIF1A PERIPHERAL ‘l'
- Hypogonadism: RAB3GAP Cerebellar atrophy: GOSR2, NEUROPATHY Consider
- Hemolytic anemia (+ seizures + axonal SNX14, KIF1A, AT SPG11, DNM2, DYSMORPHOLOGY:
neuropathy): TPI1 Thin CC + spastic paraplegia: DYNC1HT, See “Syndromic-ID and
- Macrocytosis, transient neutropenia, severe ‘;P G”f ; i ‘?_%7139“”39"7’" 2 Malformative syndromes”
R o igns of neurodegeneration:
dys||p|d§rT1|a W|.th ketogenic diet, signs of KIF1A, TBC1D24, RAB39B, ATM -
B12 deficiency: Rabenosyn-5 Thin CC + microcephaly: SV2A Consider
- Nactate, A\ alanine: DNM1L Subd ' OPHTALMOLOGY:
) ubdural hematomas + CHARACTERISTIC . i
- HyperPhe: DNAJC12 (see also CSF) intraventricular/thalamus/globus HYSTOPATHOLOGY Optic atrophy: SV2, KIF1A
A Free sialic acid: SLC17A5 pallidus hemorrhage: DNM2 (fibers with
homozygous DNM2 centralized nuclei)
Thick CC + posterior
redominant pachygyria:
CSF findings: F[J)YNCWA paciyey

Progressive cerebellar atrophy
and dysmyelination: SLC17A5

- HVA, W 5HIAA, A\ HVA/SHIAA ratio, AN
prolactin, N/AN biopterin, N/A\ neopterin: DNAJC12
(also HyperPhe)

- A\ Free sialic acid: SLC17A5

Fig. 3 Clinical clues in some synaptic vesicle (SV) disorders. The aim of
this diagram is to depict some clues that could help in detecting the
diagnosis. The pipeline is proposed in different steps, from top to
bottom. It is important to consider treatable disorders first and always
include an initial metabolic workup to exclude possible disorders that
might have an effective therapeutic approach (see text and tables for

establish. Finally, we have not discussed the important role of
lipids in the presynaptic function, since this specific topic will
be developed in detail in a separate article (Mochel 2018).

Conclusions

This is a tentative clinical approach to disorders of the presyn-
aptic terminal with a special focus on SV-related disorders.
Following the extended classification of inborn errors of me-
tabolism, most of these disorders belong to complex molecu-
lar defects and, in particular, to disorders of intracellular ve-
siculation, trafficking, processing, and quality control.
Furthermore, they are thought to interfere in presynaptic neu-
rotransmission. Some of these diseases may have abnormal
biomarkers in CSF (Tristdn-Noguero and Garcia-Cazorla
2018). From a clinical point of view, they present with the
continuum of the synaptopathies (ID, epilepsy, neuropsychi-
atric symptoms, and movement disorders) in any combina-
tion. Since some of these disorders partially mimic other con-
ditions, it is of utmost importance to rule out treatable diseases
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more detailed information). SHIIA 5-hydroxyindolacetic acid, plasma
AA plasma amino acids, AA amino acids, CC corpus callosum, CSF
cerebrospinal fluid, EMG/NCVelectromyography and nerve-conduction
velocity, hiperPhe hyperphenylalaninemia, /VA homovanillic acid, urine
OA urine organic acids, LP lumbar puncture, MRI magnetic resonance
imaging, N normal, NT neurotransmitters, 1 elevated,| decreased

first. In a second step, and once these treatable conditions have
been studied, whole-exome sequencing is probably the most
cost-effective diagnostic technique.

Biological mechanisms affecting most of the proteins de-
scribed in this work are still under description or simply un-
known. Further research is needed to better delineate mecha-
nisms of and treatments for this group of emerging disorders.
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endocytic pathway and clathrin-mediated endocytosis
(CME), as in DNAJCB6-related juvenile parkinsonism.
Objective: To report on a new patient cohort with
juvenile-onset DNAJC6 parkinsonism-dystonia and
determine the functional consequences on auxilin and
dopamine homeostasis.

Methods: Twenty-five children with juvenile parkinsonism
were identified from a research cohort of patients with
undiagnosed pediatric movement disorders. Molecular
genetic investigations included autozygosity mapping
studies and whole-exome sequencing. Patient fibroblasts
and CSF were analyzed for auxilin, cyclin G-associated
kinase and synaptic proteins.

Results: We identified 6 patients harboring previously
unreported, homozygous nonsense DNAJC6 mutations.
All presented with neurodevelopmental delay in infancy,
progressive parkinsonism, and neurological regression in
childhood. '23|-FP-CIT SPECT (DaTScan) was performed
in 3 patients and demonstrated reduced or absent tracer
uptake in the basal ganglia. CSF neurotransmitter analy-
sis revealed an isolated reduction of homovanillic acid.
Auxilin levels were significantly reduced in both patient
fibroblasts and CSF. Cyclin G-associated kinase levels in

-

CSF were significantly increased, whereas a number of
presynaptic dopaminergic proteins were reduced.
Conclusions: DNAJCE6 is an emerging cause of recessive
juvenile parkinsonism-dystonia. DNAJC6 encodes the
cochaperone protein auxilin, involved in CME of synaptic
vesicles. The observed dopamine dyshomeostasis in
patients is likely to be multifactorial, secondary to auxilin
deficiency and/or neurodegeneration. Increased patient
CSF cyclin G-associated kinase, in tandem with reduced
auxilin levels, suggests a possible compensatory role of
cyclin G-associated kinase, as observed in the auxilin
knockout mouse. DNAJC6 parkinsonism-dystonia should
be considered as a differential diagnosis for pediatric neu-
rotransmitter disorders associated with low homovanillic
acid levels. Future research in elucidating disease patho-
genesis will aid the development of better treatments for
this pharmacoresistant disorder. © 2020 The Authors.
Movement Disorders published by Wiley Periodicals, Inc.
on behalf of International Parkinson and Movement Disor-
der Society.

Key Words: auxilin; DNAJC6; dopamine; dystonia;
parkinsonism

Classical Parkinson’s disease (PD) is an age-related neu-
rodegenerative disorder, mainly affecting adults aged
>50 years. Patients typically present with resting tremor,
bradykinesia, rigidity, and postural instability. To date, a
number of early-onset genetic forms of PD (Parkin,
PINK1, and DJ-1)" and complex parkinsonism syn-
dromes (ATP13A2, PLA2G6, FBXO7, SLC6A3,
SLC39A14, and PANK2) have been described.** Impor-
tantly, the study of such monogenic forms of disease have
provided significant insight into the pathogenic mecha-
nisms underlying sporadic PD.'® More recently, two
genes, namely SYNJ1'! and DNAJC6,'*'* encoding pro-
teins involved in postendocytotic recycling of synaptic ves-
icles, have been identified in early-onset parkinsonism.

In this study, we report on 6 children from three families,
presenting with juvenile parkinsonism-dystonia associated
with novel, biallelic DNAJC6 mutations. We delineate
their clinical phenotype, neuroimaging features (including
IZLFP-CIT single-photon emission computed tomogra-
phy [SPECT; DaTScan]) and pattern of cerebrospinal fluid
(CSF) neurotransmitter metabolites. Furthermore, we uti-
lized patient fibroblasts and CSF to investigate secondary
effects on auxilin, cyclin G-associated kinase (GAK), and
dopaminergic proteins.

Materials and Methods

Subject Recruitment:

A cohort of 232 children with undiagnosed movement
disorders were recruited for research between 2012 and
2016 at UCL Great Ormond Street-Institute of Child

Health (London, UK). A subgroup of 25 patients were iden-
tified with juvenile parkinsonism, defined as onset of
bradykinesia before 21 years of age, and at least one of the
following signs: resting tremor, rigidity, and postural insta-
bility. All patients had detailed clinical assessment, under-
taken by a movement disorder specialist. Review of (1) the
clinical history, (2) features on neuroimaging, and (3) video
recordings of the movement disorder at different time points
was undertaken. Written informed consent was obtained
from participating families, and the study was approved by
the local ethics committees (Reference 13/LO/0168).

Diagnostic CSF Neurotransmitter Analysis:

In order to rule out a primary neurotransmitter disorder,
where possible, patients had a routine diagnostic lumbar
puncture for CSF neurotransmitter analysis. Using stan-
dardized protocols,> CSF samples were collected, snap
frozen in liquid nitrogen, and stored at —80°C. Analysis
was undertaken using high-pressure liquid chromatogra-
phy (HPLC) with electrochemical detection and reversed-
phase column." Seven anonymized control pediatric CSF
samples (with normal CSF neurotransmitter profiles) were
obtained from the Neurometabolic Laboratory (National
Hospital for Neurology and Neurosurgery, London, UK).
All samples were processed and stored in accordance with
the UK Royal College of Pathologists guidelines.

Molecular Genetic Investigation:
From the subgroup of 25 patients with juvenile parkin-
sonism (16 singletons and 9 familial cases from 3 kin-
dreds), we prioritized two consanguineous families
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(Family A, 3 affected children; Family B, 2 affected chil-
dren) for initial analysis. These families were investigated
using an autozygosity mapping approach, given that the
affected children were phenotypically similar and both
families originated from the same region in Pakistan.
Single-nucleotide polymorphism (SNP) genotyping was
performed as previously described.'® In addition, whole-
exome sequencing (WES) was performed for 2 children
(A:III-1 and B:IV-2) by UCL Genomics (average WES cov-
erage as previously reported'”), with an average DNAJC6
coverage of 30x, with minimum coverage 10x for 82% of
the gene. WES data were probed for putative disease-
causing DNAJC6 mutations in the remaining 20 cases
(16 sporadic patients, 4 familial cases from a single kin-
dred). This was undertaken through UCL Genomics
(8 patients) and Wellcome Trust Sanger Institute
(12 patients) within the Wellcome Trust UK10K Rare Dis-
eases project, as previously reported.'® For patients where
DNAJC6 mutations were identified, whole-exome data
were also probed for other genes associated with early-
onset dystonia-parkinsonism (Table 1).

Direct Sanger Sequencing

Sanger sequencing was used to confirm variants
identified on WES and to establish familial segregation.
A genomic DNAJC6 sequence (Ensembl transcript:
ENST00000371069;  NCBI  reference  sequence:
NM_001256864) was utilized to design primers, using
Primer3 software (http://bioinfo.ut.ee/primer3/). Primers
and polymerase chain reaction (PCR) amplification
conditions are available on request. PCR products were
cleaned up with MicroCLEAN (Web Scientific) and
directly sequenced using Big Dye Terminator Cycle
Sequencing System (Applied Biosystems Inc., Foster
City, CA). Sequencing reactions were run on an ABI
PRISM 3730 DNA Analyzer (Applied Biosystems Inc.)
and analyzed with Chromas (http://www.technelysium.
com.au/chromas.html).

Fibroblast and CSF Immunoblotting:

Methods to assess protein expression in patient fibro-
blasts were as previously reported.'” In brief, primary
fibroblast lines were cultured from skin biopsies taken
from Patients A-IIl:1 and B-IV:4 (c.766C>T; p.R256%)
and 2 age-matched healthy donor controls. Antibodies for
auxilin and GAK (gift from Professor Green, National
Institutes of Health, Washington, DC) and glyceraldehyde
3-phosphate dehydrogenase (GAPDH) horseradish perox-
idase (HRP) conjugate (Cell Signaling Technology, Inc.,
Danvers, MA) were used.

Patients A-III:1, A-IIl:4, and B-IV:4 underwent lumbar
puncture for diagnostic CSF neurotransmitter analysis,
and three CSF aliquots were snap frozen and stored at
—80°C. Seven age-matched control CSF samples were
identified, from subjects without movement disorders on

no medication. Patient and control CSF samples were
immunoblotted for auxilin, GAK, and dopaminergic pro-
teins as described previously.'® CSF protein was probed
with the following antibodies: auxilin, GAK, tyrosine
hydroxylase (MilliporeSigma, Burlington, MA), dopa-
mine receptor 2 (MilliporeSigma), dopamine transporter
(MilliporeSigma), vesicular monoamine transporter
2 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), and
transferrin (Santa Cruz Biotechnology, Inc) as the loading
control. Relative protein levels were quantified using
Image] software (National Institutes of Health, Bethesda,
MD) and normalized to the loading control and the mean
percentage of optical densitometry of three replicates ana-
lyzed with standard error of the mean.

Statistical Analysis

Statistical analysis was performed using Prism soft-
ware (version 8; GraphPad Software Inc., La Jolla,
CA), with data tested for Gaussian distribution and
compared by the Student # test.

Data Availability Statement:

All clinical and experimental data relevant to this study
are contained within the article. For Families A, B, and C,
there is no ethical approval in place for deposition of
whole-exome sequencing genomic data into a public reposi-
tory. Genomic data from UK10K are available at the EGA
European Genomen Phenome Archive (https:/www.ebi.ac.
uk/ega/home), EGAS00001000128(UK10K RARE FIND).
Details of statistical analysis can be shared upon request.

Results

Patient Cohort

A total of 232 children were referred with
undiagnosed movement disorders for genetic research
(Fig. 1A). Of these, 25 children (10.7%) had juvenile
parkinsonism, 16 females and 9 males with a current
median age of 14 years (range, 4-28). Fourteen of
25 had additional neurological features, including dys-
tonia (14 patients), developmental delay/learning diffi-
culties (14 patients), and seizures (4 patients; Fig. 1B).

Molecular Genetic Investigations

Families A and B (Fig. 1A) were prioritized for auto-
zygosity mapping studies. SNP genotyping revealed a
4.33-Mb region of common homozygosity in both families
on chromosome 1, between rs640407 (64,267,606 base
pairs [bp]) and rs2566784 (68,602,735 bp; Fig. 2A,B). This
region showed a common haplotype in all affected children
whereas unaffected siblings had a different haplotype. It was
therefore considered to be the likely disease locus (Fig. 2B).

WES performed in Patients A-IIIl:1 and B-IV:2 revealed
23,365 and 23,549 variants, respectively. Given familial
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Paediatric cohort n=232
¥

Chill

(8 DNAJCE (Table 1), 17 non-DNAJCE (Figure 1B))
¥
Detailed clinical assessment
* Review of medical history
* Neurometabolic investigations
* CSF Neurotransmitters

* MRI imaging
* Video
Family 1 Family B Childhood Parkinsonism
3 affected children 2 affected children Cohort remainder n=20
¥ ¥
Autozygosity mapping

Family A Family B
Regions on Chr 1,11 Regions on Chr
1,2,5,7,12,17,18

Common region of homozygosity in both families
4.3Mb region on Chr. 1 (64.3-68.6Mb)
rs2819130 to rs rs2772304

v
WES (UCL=2) for A-lll:1 WES (UCL =8 and UK10K =12 )
B-IV:2 for 20 children
Review candidate genes Review for
in common homozygous region DNAJC6 mutations
Homozygous DNAJC6 Homozygous
mutation in A-lll:1 and B IV:2 DNAJC6 mutation in 1 Patient C
v

Sanger sequencing identified
DNAJC6 mutations in affected siblings
A-lli:4 and A- lll: 5 and B-IV:4

i DNAJC6 in 6 children from 3 families
Current CSF
Clinical Other clinical features
Family | Gender | age S o | Parkivsonism | Dystonia | Dyskinesia | Tremor | Spastcity | Seizures | Neurotransmitter MRI =
(veary) | Presents analysis BAyste s et
1 M 4 Infancy x x N N Decp Brain Stimulator inserted
2 F 6 NR x x x Abnormal N
3 ¥ n Childhood x x Abnormal N L-Dopa non-responsive
” M u Childhood i % Abiianal N Cognitive impairment, psychiatric
. symptoms
s ¥ s | Earlyinfancy x Abnormal N L-Dopa responsive
Mild bilateral
6 M 7 Infancy x N pallidal signal
abnormalitics
7 M 4 | Earyinfancy x x N N Developmental delay
8 F 12 Infancy x x x Abnormal N Axial hypotonia
9.1 F 16 Toddler x x x x N N N cognition. Altered cye movements
92 F ] Toddler x x x x N N N cognition. Altered cye movements
93 F 12 Toddler | x x x N N N cognition. Altered eye movements
94 M 6 Toddler x x x x N N N cognition. Altered eye movements
10 F 14 Childhood x N N L-Dopé respameive. Hypotouia.
delay
Generalised :
1 M 1s Toddler x x Abnormal procir L-Dopa responsive
Behavioural difficultics
Ih M gﬁ:’" Childhood x x x NR NR
Died at 21 years
13 F 8 Neonatal x Abnormal N Costcactasss. Eye movensent
abnormalities
; Behavioural abnormalitics
1 ¥ ‘;“::‘ Toddler x x x NP Ouneniieed
- o Died at 21 years
Myoclonus. Mental impairment.
15 F ,I:"d | Adolescence x x x Abnomal Atrophy
23 years (caudate)
Died at 23 years.
16 F 26 | Adolescence x x NR NR Mild cognitive impairment
Thin CC,
17 F 18 Toddler x x x Abnormal gencralized [ FY childhood mouor delay, cognitive
prisry impairment. L-Dopa responsive.

FIG. 1. Juvenile parkinsonism cohort: clinical features and molecular genetic investigation. (A) Flowchart demonstrating the pathway of
molecular genetic investigations in a subcohort of 25 children with juvenile parkinsonism. (B) Clinical characteristics of 20 children from
17 families. Early infancy <3 months; infancy 3 to 12 months; toddler 12 to 24 months; childhood 2 to 13 years; adolescence 13 to
18 years. *Consanguineous family. M, male; F, female; N, normal; NP, not performed; NR, not reported. [Color figure can be viewed at
wileyonlinelibrary.com]
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Family A Family B

Start of Homozygous Region I End of homozygous region | Start of Homozygous Region I End of Homozygous Region

Reference SNP

Cluster ID Physical Physical Physical Physical

(rs number) Position (bp) | rs number Position (bp) | rs number Position (bp) rs number Position (bp)
Chromosome 1 | 152819130 64 231 541 152772304 68 636 580 | rs41285364 63 786 518 156687262 79509 109
Chromosome 2 rs300758 72184 15809672 12 688 452
Chromosome 5 rs1859295 135327491 rs13153997 151 080 003
Chromosome 5 rs13358102 171 650 965 156887234 173 616 645
Chr 7 1512669653 128 746 301 1rs3800707 134472 116
Chr 11 | rs10836509 36 177 369 rs3133269 67 804 156
Chr 12 14469939 77 288 346 152114926 101 093 560
Chr 17 19911464 32468227 157216307 42413 481
Chromosome 18 15292324 5167441 154800629 22901 551

(B) (©)
|FaminA | |FaminB |

~
g
Py
8
ciicerc o rocaTicgosca s father mother
,\]\ - AM " ,
| f i | 6 GTGAC CAGe AAT S CAAAGTGAC CAGG AAT
2 WA [\\ | J\s\j\/ .
& affectedA 1111 affected A:lll-4 (\ i ﬁ\ I
8 /] J 1A
Al Al AIIS B-V:2 B-V:4 B-IV:1 B-IV:3 . 10 1o V- V-
PR MR B Y cestticlaeie encit s affected B:IV-2 affected B:IV-4
. | i (\\ \\ﬂ |
LU A LU
| i 1\ A i LY RATA
affected A:lll-5 wild type
Control A-III:1 A-III:4

FIG. 2. Molecular genetic investigations and DaTSCAN imaging. (A) Family A and B SNP array results showing homozygous regions detected. For each chro-
mosome, the start and end point is specified using the Reference SNP Cluster ID (rs number) and physical position. (B) Homozygous SNPs are represented in
light blue (AA) and dark blue (BB), heterozygous SNPs in red (AB), and “no calls” in white. (C) Sanger Sequencing confirms a homozygous DNAJC6 mutation,
c.766C > T (p.R256%), in all affected children of Family A (A-lll:1, A-lll:4, and A-lll:5) and Family B (B-IV:2, B-IV:4). Parents are heterozygous carriers.
(D) 1-123-DaTSCAN™ with SPECT imaging in a control subject, Patient A-lll:1 (19 years 3 months), Patient A-lll:4 (11 years 4 months), and Patient B-IV:4
(17 years). In Patients A-lll:1 and B-1V:4, DaTSCAN findings indicate virtually complete absence of tracer uptake in the basal ganglia, with very high background
activity, suggesting loss of presynaptic dopaminergic terminals, whereas Patient A-lll:4 showed significantly reduced, albeit still visible, uptake in the head of
caudate (left better than right, white arrows). [Color figure can be viewed at wileyonlinelibrary.com]
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consanguinity and the autozygosity mapping results,
targeted analysis for recessive pathogenic variants within
the putative disease locus on chromosome 1 was under-
taken. A single homozygous nonsense variant c.766C>T
(p.R256*) in DNAJC6 (Chrl, 65,248,219-65,415,869)
was identified both in A-III:1 and B-IV:2 on WES, located
within the common region of homozygosity. No other
pathogenic changes in previously reported genes causing
juvenile parkinsonism-dystonia phenotypes were identified
from the WES data. Direct Sanger sequencing confirmed
the homozygous ¢.766C>T mutation in all 5 affected
patients, and familial segregation studies revealed that all
parents were obligate carriers in both kindreds, with unaf-
fected siblings either wild type or heterozygous for the iden-
tified variant (Fig. 2C). WES/whole-genome sequencing
data for the remainder of the parkinsonism-dystonia
cohort (n = 20) was interrogated for DNAJC6 mutations.
This led to the identification of a homozygous nonsense
variant (¢.2416C>T) in a sixth unrelated patient (Patient
C), which was confirmed on Sanger sequencing.

Delineation of the Clinical Phenotype of
DNAJCE6 Patients
Family A (3 Affected Patients)

Patients A-III:1, A-III:4, and A-III:5 are 3 affected chil-
dren born to first-cousin parents, currently 20, 12, and
10 years old (Table 1). Two other brothers (A-IIl:2 and A-
I11:3), aged 17 and 15 years, have mild learning difficulties
without evidence of a movement disorder. The paternal
grandfather was diagnosed with PD in his fifties.

All 3 children were born at term after an uneventful
antenatal period. Microcephaly was evident at birth
(head circumference: <0.4th centile), but nonprogressive
over time. All siblings had early neurodevelopmental
delay and moderate learning difficulties.

A-III:1 is the eldest daughter, aged 20 years. She pres-
ented at 10 years, with a 6-week history of feeding diffi-
culties, vomiting, and weight loss. Over time, she
developed fever, unsteady gait, facial asymmetry, left-
sided tremor, and generalized seizures and was diag-
nosed with an encephalitis of uncertain etiology. She
recovered from this acute illness, but subsequently had
progressive bradykinesia, with tremor and rigidity, and
loss of independent ambulation at 13 years, associated
with cognitive decline. She is now wheelchair depen-
dent, with generalised cogwheel-rigidity, severe
bradykinesia, multiple limb contractures and emotional
lability (Video 1). She also has severe gut dysmotility,
with recurrent vomiting, and required a gastrostomy
for deteriorating bulbar dysfunction. CSF neurotrans-
mitter analysis (age 11 years), while on levodopa ther-
apy, revealed an isolated low $5-hydroxyindoleacetic
acid (5-HIAA; Fig. 3A). At 12 years 11 months, when
off 1-dopa, CSF HVA, and HVA:5-HIAA ratio were
low. Brain MRI showed evidence of right-sided atrophy

r DNAJC6 PARKINSONISM AND

DOPAMINE HOMEOSTASIS
of the perisylvian region and right cerebellum by
19 years of age (Supporting Information Fig. S1). At
19 years, '**I-FP-CIT SPECT (DaTScan) showed absent
uptake in the basal ganglia when compared to normal
subjects (Fig. 2D). At this stage, while on 1-dopa treat-
ment, her CSF HVA levels normalized (Fig. 3A). Her
condition is refractory to medical treatment, with no
clinical response to trihexyphenidyl, benzhexol, proc-
yclidine, clobazam, rotigotine, and apomorphine. L-
dopa has proven difficult to titrate because of marked
drug sensitivity. She experiences an improvement in
motor function and speech 30 minutes postdose, after
which she returns to the off state. L.-dopa dosages >150
mg/d have resulted in drug-related dyskinesias.

Her two brothers (A-III:4 and A-III:5) presented with
fine motor difficulties at 8 years of age. They subse-
quently developed positional tremor, upper limb dys-
tonic posturing, hypophonia, hypomimia, bradykinesia,
cogwheel rigidity, and postural instability over 12 months
(Videos 2 and 3). Like their sister, both have gastrointes-
tinal complications with sialorrhea, recurrent vomiting,
and feeding difficulties, necessitating gastrostomy inser-
tion. A-III:4 is currently 12 years old and suffers from
anxiety and perseveration. His CSF-HVA levels are at the
lower limit of normal, with a low HVA:5-HIAA
ratio <1.0 (Fig. 3A). MRI brain scan was normal.
123 FP-CIT SPECT (DaTScan) at 11 years showed pro-
found reduction in tracer uptake in the basal ganglia
(Fig. 2D). Both boys responded to treatment with trans-
dermal rotigotine and oral trihexyphenidyl, but with
increasing doses, both experienced dyskinesias, necessi-
tating dose reduction.

Family B (2 Affected Patients)

Patients B-IV:2 and B-IV:4 are 2 affected girls, born to
first-cousin parents, and currently 28 and 19 years old.
Both were born uneventfully following a normal preg-
nancy, presenting with early feeding difficulties, hypoto-
nia, and delayed milestones by 6 months old. Both made
slow developmental progress, achieving independent
ambulation and spoken language by 3 years of age.

B-IV:2 presented at 9 years with generalized seizures
that stabilized with lamotrigine therapy. From 13 years
of age, motor and cognitive deterioration ensued, with
onset of parkinsonism and loss of speech and ambula-
tion. She experienced anxiety and recurrence of seizures.
She has severe antecollis, hypomimia, tremor, generalised
cogwheel rigidity, bradykinesia, and positive glabellar
tap (Video 4). MRI was normal until 18 years, after
which there was radiological evidence of mild generalized
atrophy. Several medications were tried without clinical
benefit, including 1-dopa (maximum, 10 mg/kg/d),
selegiline, rotigotine, and trihexyphenidyl. The younger
sibling, B-IV:4, presented at 7 years with gait deteriora-
tion, bradykinesia, and cogwheel rigidity. She lost
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FIG. 3. CSF neurotransmitter analysis and patient fibroblast and CSF immunobilotting. (A) CSF neurotransmitter analysis. Age-related reference ranges indicated
in brackets after each value. Red: abnormal result. Gray: borderline result. Symbol (“#”) indicates reference range: 'Keith Hyland, Robert A.H. Surtees, et al. Pediatr
Res 1993;34:10-14; °Keith Hyland, Future Neurol 2006;1:593-603; 3Surtees R, Hyland K. Biochem Med Metab Biol 1990;44:192-199. (B) Scatterplot of CSF HVA
and 5-HIAA levels (hmol/L) measured by high performance liquid chromatography (patient = red shapes, control = black triangles). Medication at time of CSF sam-
pling: A-lll-1: co-careldopa, melatonin, glycopyronium; A-lll-4: none; B-IV-4: L-dopa, pyridoxine; Control 1: none; Control 2: none. Immunoblot of auxilin and GAK
in patient fibroblasts (C) and CSF (D) compared to controls. (E) Immunoblot of patient CSF for TH, DAT, VMAT, and D2R protein levels measured compared to
controls. Graphs show mean protein percent optical density (OD) normalized to loading control in patients (red) and controls (black). LP, lumbar puncture; y, years;
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independent ambulation and speech by 10 years (Video
5). She has developed dystonic posturing, bulbar dys-
function (necessitating gastrostomy), and a disrupted
sleep pattern. The MRI brain scan was initially normal,
but by 16 years showed subtle global cerebral atrophy
(particularly in the posterior regions) as well as cerebellar
atrophy (Supporting Information Fig. S2). '**I-FP-CIT
SPECT (DaTScan) at 17 years showed profound reduc-
tion in tracer uptake in the basal ganglia (Fig. 2D). CSF
HVA and HVA:5-HIAA ratio were reduced at ages 4 and
14 years. CSF-HIAA levels were reduced at age 4 years
(Fig. 3A). She showed an initial response to L-dopa, but
developed emotional lability at 5.5 mg/kg/d, leading to
drug withdrawal. There was no clinical improvement
observed with trihexyphenidyl or chloral hydrate. She
had a modest response to pramipexole, with improved
facial expression, reduced tremor, and increase in volun-
tary movements.

Family C

This 18-year-old girl is the third child of distantly related
Latin American parents, with 2 healthy siblings. She ini-
tially presented with neonatal feeding difficulties and
hypotonia. In infancy, she showed delay in attaining mile-
stones and developed seizures characterized by staring epi-
sodes with loss of tone. She walked independently from
2 years, but by 10 years of age her gait deteriorated, lead-
ing to frequent falls, postural instability, and losing the
ability to run. Over the next 4 years, she continued to dete-
riorate with worsening antecollis and bradykinesia (Video
6). She developed severe bulbar dysfunction with
sialorrhea, dysarthria, and, dysphagia, leading to consid-
erable weight loss. At 12 years, she developed generalized
tonic-clonic seizures and atypical absences, responsive to
lamotrigine and zonisamide therapy. MRI demonstrated
subtle generalized cerebral atrophy and CSF HVA was
low (Fig. 3A). Her movement disorder responded to L-
dopa, with improved tremor, gait, and a reduction in dro-
oling. A maximum of 200 mg/d was tolerated, but further
increases led to intolerable drug-induced dyskinesias.
After 4 months of treatment, she developed aggressive
behavior and received treatment with quetiapine. By
16 years, she became increasingly sensitive to 1-dopa, with
peak-dose agitation, restlessness, and dyskinesia. Lower-
ing the dose improved side effects, and continued to pro-
vide motor benefit, although the effects wore off 2 to
3 hours after administration. O#n-off phenomena were
commonly reported, and in the off state, she was often
akinetic and rigid. Introduction of trihexyphenidyl
improved rigidity, but not immobility.

Patient CSF and Fibroblast Analysis

CSF HPLC analysis of the DNAJC6 patient cohort
showed reduction in CSF-HVA levels (P = 0.002) com-
pared to controls (but not 5-HIAA levels) in 3 patients
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(Fig. 3A,B). Patient fibroblasts showed reduced auxilin
(P = 0.009) and a trend for increased GAK protein
(P = 0.11; Fig. 3C). Patient CSF auxilin levels were even
more significantly reduced (P = 0.00135; Fig. 3D). Nota-
bly, CSF-GAK levels were significantly increased in
patients (P = 0.0014; Fig. 3D). CSF immunoblotting
studies showed that several key components of the
dopaminergic synapse were significantly reduced,
including tyrosine hydroxylase (TH; P = 0.0001), vesic-
ular monoamine transporter (VMAT; P = 0.0002),
dopamine transporter (DAT; P = 0.0003), and D2
receptor (D2R; P = 0.002; Fig. 3E).

Discussion

Juvenile parkinsonism attributed to DNAJC6 muta-
tions has only recently been reported. Here, we report
on a further 6 patients from three families, with two
previously unreported homozygous nonsense mutations
in DNAJC6. Moreover, our findings on '*’I-FP-CIT
SPECT (DaTScan) imaging, CSF analysis, and immuno-
blotting suggest downstream dyshomeostasis of auxilin,
GAK, and dopaminergic proteins in DNAJC6-related
disease.

Our data confirms that all reported cases of juvenile-
onset DNAJCé6-parkinsonism have core clinical charac-
teristics (Table 1), including (1) clinical presentation of
progressive parkinsonism toward of the first decade
(median, 10 years; range, 7-13), (2) significant neuro-
logical regression thereafter, and (3) loss of ambulation
in mid-adolescence.'*'*?! In contrast to adult-onset
PD, childhood parkinsonian disorders rarely present
with a “pure” parkinsonian phenotype, as illustrated
by the classical primary pediatric monoamine neuro-
transmitter  disorders.”’  Similarly, in early-onset
DNAJC6-related disease, parkinsonism is commonly
present in tandem with a multitude of other clinical fea-
tures, including dystonia, moderate learning difficulties,
epilepsy, and  neuropsychiatric  features'*'*?!
(Table 1). Furthermore, many of our patients had evi-
dence of bulbar dysfunction, gut dysmotility, and sleep
disturbance. The majority of our patients showed lim-
ited response to L-dopa and other standard therapies
for parkinsonism-dystonia. They experienced severe,
often intolerable, side effects with dopaminergic agents,
including on-off phenomenon and severe dyskinesia,
particularly at higher drug dosages.

IZLFP.CIT SPECT (DaTScan) was performed in 3
patients, demonstrating reduced tracer uptake in the basal
ganglia, suggestive of impaired presynaptic dopamine
uptake and striatonigral neurodegeneration. Postmortem
studies have confirmed striatal dopamine deficiency in
patients with parkinsonism.”>** Together, these observa-
tions suggest a neurodegenerative process in DNAJC6
patients. MRI brain imaging further corroborates this
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hypothesis; the mild generalized cerebral and/or cerebellar
atrophy in 4 patients suggests that DNAJC6-related disor-
ders may also be associated with neuronal loss in other
regions of the central nervous system.

All 6 cases fit the juvenile phenotype associated with
this gene, though more recently, DNAJC6 mutations
have been reported in early adult-onset PD.'* Although
there are a number of overlapping features (progressive
parkinsonism, psychiatric features), affected patients
presented later (range, 21-42 years) and seizures and
cognitive decline are not reported.

Homozygous and compound heterozygous mutations
in DNAJC6 are predicted to result in loss of protein func-
tion. To date, splice-site variants,'* large multiexonic
deletions,** truncating mutations,'* and missense muta-
tions'* have been reported. All 6 patients in our cohort
had nonsense mutations, predicted to cause nonsense-
mediated decay or premature protein truncation. Five of
the 6 reported patients are from two consanguineous fam-
ilies originating from the same region in Pakistan, and all
have the same nonsense mutation. SNP array confirmed a
common haplotype at this disease locus for all affected
children, suggesting a possible founder effect.

DNAJC6 encodes for auxilin, a neuronally expressed
J-chaperone protein involved in the uncoating of
clathrin-coated vesicles*>*¢ (Fig. 4). Auxilin modifies the

three-dimensional conformation of heavy-chain clathrin
triskelions, leading to clathrin coat distortion, instability,
and subsequent disassembly.*>*®* Neurotransmission
involves rapid continuous recycling of synaptic vesicles
through CME. Deficiency in auxilin ultimately results in
impairment of synaptic vesicle recycling and impaired
neurotransmission. Similarly, aberrant synaptic vesicular
trafficking is also evident in other forms of early-onset
parkinsonism, including LRRK2,**®* VMAT2,* and
SNCA-related disease.>® Clathrin-mediated endocytosis is
crucial for the regulation of developmental signaling path-
ways through internalization of receptors or ligands and is
required for axon and dendrite outgrowth.> Presence of
developmental delay well before onset of parkinsonism in
patients with DNAJC6 mutations further corroborates the
notion that auxilin is likely to have a central role in neuro-
development, given its role in CME. In Drosopbila, auxilin
is crucial for Notch signaling, a developmental pathway
that regulates neural stem-cell proliferation, survival,
renewal, and differentiation, as well as neuronal specifica-
tion of dopaminergic neurons.*>>*

To investigate the downstream effects of DNAJC6
mutations, we studied auxilin and GAK protein levels
in 2 patients using patient fibroblasts and CSF. Auxilin
is a neuron-specific protein, enriched in presynaptic ter-
minals, whereas GAK is an ubiquituously expressed
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protein.>***¢ Auxilin and GAK are highly homologous
proteins that both have the ability to bind clathrin and
clathrin adaptor protein 2 in order to initiate clathrin
uncoating of endocytosed vesicles.>” In the auxilin
knockout mouse model, it is reported that upregulation
of GAK can partially compensate for the loss of auxilin
and decrease mortality.>® We therefore wished to deter-
mine whether a similar compensatory mechanism was
evident in our patients. In our study, we observed that
patient fibroblast auxilin protein levels were signifi-
cantly reduced when compared to controls, as previ-
ously reported.'* We found that patient fibroblast GAK
levels were slightly, but not significantly, increased,
whereas patient CSF GAK protein levels were signifi-
cantly increased. Our findings support upregulation of
brain GAK levels in DNAJC6 patients, partially com-
pensating for auxilin reduction, as evident in the auxilin
knockout mouse model.*

Diagnostic CSF neurotransmitter analysis revealed that
levels of the stable dopamine metabolite (HVA) were
either below the age-related reference ranges or close to
the lower limit of normal in our patients, indicating
impaired dopamine turnover. Indeed, CSF-HVA levels
and HVA:5-HIAA ratios were comparable to those
observed in TH deficiency, an inherited dopamine synthe-
sis defect associated with central dopamine deficiency.?”
In order to determine how DNAJC6 mutations may
impact the dopaminergic system, we used patient CSF to
analyze proteins involved in dopamine signaling and
homeostasis. We observed that patient CSF had signifi-
cantly reduced levels of VMAT, DAT, TH, and D2R when
compared to controls. '**I-FP-CIT SPECT (DaTScan)
imaging additionally provides in vivo evidence of impaired
DAT function in DNAJC6 patients. VMAT and DAT are
both synaptic transporters recycled through clathrin-
mediated endocytosis.>®*3” The reduction in HVA associ-
ated with low VMAT/DAT protein levels may imply that
the observed dopamine deficiency is associated with
impaired clathrin-mediated neurotransmitter recycling.
D2R is also postulated to be internalized through clathrin-
mediated endocytosis.>®** Neurons internalize receptors
to adjust excitability and degrade, resensitize, and recycle
desensitized receptors.®>®** DNAJC6 mutations thus may
affect D2R protein levels and normal postsynaptic func-
tion. It is likely that presynaptic D2R autoreceptor func-
tion will also be affected, leading to aberrant TH
regulation.*”

Overall, our findings suggest that the mechanisms
governing DNAJCé6-associated parkinsonism are likely
to be multifactorial. Another plausible explanation for
the reduction in synaptic protein levels may be as a result
of neurodegeneration secondary to defective chaperone
function. Auxilin and other J-chaperone proteins play a
crucial role in regulating the folding and conformational
change of proteins to maintain integrity in the neuron.*!-**
Indeed, in the auxilin knockout mouse model, there is
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sequestration of clathrin cages in the cerebellum.®® With
impaired auxilin function, a cumulative effect of seques-
tered misfolded proteins and accumulation of clathrin coat
components in assembled coats and cages may lead to
apoptotic cascades and neurodegeneration. There is grow-
ing interest in the role of such chaperone proteins in
human disease and mutations in eight distinct ] proteins
(DNAJB2, DNAJB6, DNAJCS, DNAJC6, DNAJC12,
DNAJC13, DNAJC19, and DNAJC29) have been
described.**** Future research into such
“chaperonopathies” may provide further insights into
neurodegenerative disorders.

In conclusion, we report on a cohort of patients with
previously unreported DNAJC6 mutations associated
with early neurodevelopmental delay, juvenile parkinson-
ism, and neurological regression in the second decade of
life. We further demonstrate disturbance of dopamine
homeostasis in patient-derived CSF and report on a possi-
ble GAK-mediated compensatory mechanism for auxilin
deficiency. Mutations in DNAJC6 are rare, but a likely
under-recognized cause of parkinsonism-dystonia in
infants and children. Elucidating the genetic diagnosis has
important implications for families given that early diag-
nosis negates the need for extensive invasive investiga-
tions, facilitates treatment strategies, and aids genetic
counseling for future pregnancies. The early clinical fea-
tures and CSF neurotransmitter signature observed in our
patients can mimic primary neurotransmitter disorders,
and DNAJC6 mutations should thus be considered as a
differential diagnosis. We observed reduced auxilin and
increased GAK protein levels, suggesting a possible com-
pensatory role for GAK in this condition. Study of CSF
synaptic proteins suggest downstream effects on dopa-
mine synthesis, recycling, homeostasis, and signaling that
may result from a combination of primary auxilin defi-
ciency and neurodegeneration. Abnormal synaptic vesicle
dynamics are increasingly recognized as a disease mecha-
nism in neurodegenerative parkinsonian disorders, and
future research into elucidating the pathogenesis of such
conditions will no doubt assist the development of novel
targeted treatments. @
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LETTERS: NEW OBSERVATIONS

Severe Infantile Parkinsonism
Because of a De Novo Mutation on
DLP1 Mitochondrial-Peroxisomal
Protein

Traditionally, infantile parkinsonism has been linked to
inborn errors of dopamine; however, other neurobiological
mechanisms are probably involved. Although mitochondrial
dysfunction has been associated with Parkinson’s disease,
there are few reports about infantile parkinsonism because
of mitochondrial monogenic diseases. '

We report a female patient, first child of healthy parents, with
normal development during the first 3 months of life, followed by
regression and global encephalopathy with prominent
hypokinetic-rigid syndrome, high amplitude rest tremor, and ocu-
logyric crises without extraneurological involvement. Metabolic
studies before treatment showed hyperlactacidaemia, hyperlacta-
torrachia (6.6 mmol/l; normal <1.8 mmol/l), and low homovanil-
lic acid levels (88 nmol/l; normal: 334-906), with normal 5-
hydroxyindolacetic acid and gamma-aminobutyric acid (GABA)
in the CSF. Brain magnetic resonance spectroscopy (MRS) at 9
and 22 months disclosed progressive severe cortical-subcortical
atrophy, hypomyelination, and a lactate peak (Fig. 1A). EEG was
normal. Muscle mitochondrial studies revealed decreased com-
plex I, II, and T, and 62% mitochondrial DNA depletion. 1-
dopa + carbidopa (up to 6 mg/Kg/d) led to mild improvement in
social contact and reduction of sialorrhea. However, the overall
course of the disease was progressive despite 1-dopa and mito-
chondrial cofactors (coenzyme Q10 and carnitine), and the
patient died at 2.5 years of age after sudden cardiac arrest.

Using a custom probe library of 176 mitochondrial genes,
a unique change was found: a heterozygous mutation in the
coding region of the nuclear gene dynamin-related protein 1
(DLP1) (NM_005690, c.1337G>T;p.Cys446Phe) that was
predicted in silico to be deleterious. This change was absent
in the parents (Sanger sequencing), disclosing a de novo
mutation (Fig. 1B).

DLP1 function was studied in cultured cells (mitochon-
drial, peroxisomal morphology, and protein and cellular
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properties of the overexpressend mutant; Fig. 1C-F and Sup-
porting Data). Altogether, these results might explain the
dominant effect observed for DLP1 p.Cys446Phe, as the dys-
functional protein seems to be able to form complexes and
be recruited to mitochondria (Supporting Data), disturbing
the proper function of the wild type.

There are few previously reported patients with de novo mis-
sense mutations affecting DLP1.>™* The first patient was a new-
born with hypotonia, hyperlactatemia, and neonatal death.” All
other patients showed epileptic encephalopathies.®* No signs
of parkinsonism were described in any of these patients.
Recently, biallelic mutations have been reported in 2 siblings
with slowly progressive ataxic encephalopathy.’ In this case,
mitochondrial and peroxisomal dynamics are impaired without
associated biochemical findings.’

The DLP1 role in neuron viability is controverted as both
neuron death and protection against neuronal damage have
been reported.® DLP1 is necessary for synaptogenesis,” and
long-term depletion of DLP1 in adult neurons leads to neu-
ronal death.” Altered mitochondrial fission may disrupt
mitochondrial transport in different neuronal processes,
leading to synapse loss and final neurodegeneration.” DLP1
has also been related to the synaptic cycle regulation.

Impaired mithophagy caused DLP1 mutations to lead to a mas-
sive accumulation of mitochondrial damage, explaining energy dys-
function markers and the progression of the disease. Moreover,
dopaminergic neurons are expected to undergo a more rapid neuro-
degeneration because they are the most exposed to oxidative stress.

Aberrant mitochondrial dynamics has arisen as a primary
cause of a new kind of mitochondrial disorder. DLP1 dysfunc-
tion should be considered in early severe encephalopathies,
including neonatal lethal forms, severe epilepsies, and infantile
parkinsonism. In fact, epilepsy and movement disorders often
overlap in encephalopathies with synaptic dysfunction. @
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FIG. 1. Brain MRI at 22 months revealing atrophy and hypomyelination (A). Sanger sequencing for father, mother, and patient, respectively (B). Skin
fibroblasts from the DLP1 patient showed a decreased number of mitochondria (70% compared to control cells), which were significantly elongated
and fused when compared with the control, which has a ovalada physiological shape (C), and a significantly decreased number of peroxisomes
(50% compared to controls), which presented as beads on a string arrangements (D), suggesting the impaired fission activity of DLP1. Protein levels
were quantified using blasticidin-S-deaminase (the selection protein contained in the vector) as a transduction control (see Supporting Data). DLP1
p.Cys446Phe levels were approximately 40% of the wild-type (E). Western-blot analysis in HelLa cells confirmed the expression of DLP1 in our cell
lines (F), revealing the dominant effect of the p.Cys446Phe mutant. [Color figure can be viewed at wileyonlinelibrary.com]
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AIM Gamma-aminobutyric acid (GABA) is a major modulator in brain maturation and its role
in many different neurodevelopmental disorders has been widely reported. Although the
involvement of GABA in different disorders has been related to its regulatory function as an
inhibitory neurotransmitter in the mature brain, co-transmitter, and signalling molecule, little

is known about its role as a clinical biomarker in neuropaediatric disorders. The aim of this

ABBREVIATIONS

AED Antiepileptic drug

CSF Cerebrospinal fluid

GABA Gamma-aminobutyric acid

study is to report the cerebrospinal fluid (CSF) free-GABA concentrations in a large cohort of
patients (n=85) with different neurological disorders.

METHOD GABA was measured in the CSF of neuropaediatric patients using capillary
electrophoresis with laser-induced fluorescence detection. Other neurotransmitters (amino

RESULTS GABA concentrations in CSF were abnormal, with a greater frequency (44%) than
monoamines (20%) in neuropaediatric patients compared with our reference values.

oMM Online Mendelian Inheritance acids and monoamines) were also analysed.
in Man

SSADH Succinate semialdehyde
dehydrogenase

Although we included a few patients with inborn errors of metabolism, GABA levels in CSF
were more frequently abnormal in metabolic disorders than in other nosological groups.

INTERPRETATION Our work suggests further research into brain GABAergic status in
neuropaediatric disorders, which could also lead to new therapeutic strategies.

Gamma-aminobutyric acid (GABA) is a molecule that is
widely distributed in the brain. It has some important
properties: (1) it is an inhibitory neurotransmitter in the
mature brain, synthesized from the excitatory neurotrans-
mitter glutamate; (2) it is an excitatory neurotransmitter in
the developing brain, and an imbalance between excitatory
and inhibitory function has been linked to different neu-
rodevelopmental disorders such as autism, intellectual dis-
ability, epilepsy, Rett syndrome, or fragile-X syndrome,
among others;'  (3) it has an important role as a co-trans-
mitter, being released from presynaptic vesicles together
with other neurotransmitters such as glutamate, acetyl-
choline, dopamine or histamine;* (4) GABA has a role in
the pathophysiology of inborn errors of branched-chain
amino-acid metabolism;’ (5) it performs signalling func-
tions and acts as a second messenger regulating the mecha-
nistic target of rapamycin (mTOR), and influences cellular
development, homeostasis, and autophagy.®

© 2018 Mac Keith Press
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There are no previous data reporting GABA values in
cerebrospinal fluid (CSF) in large cohorts of neuropaedi-
atric patients. Although there are a few reports on small
groups of patients, they emphasize only the influence of
antiepileptic drugs (AEDs) and mainly focus on patients
with epilepsy.”®

Our aim was to analyse the CSF free-GABA values in a
large cohort of patients with different neuropaediatric dis-
orders, by assessing clinical, biochemical, and molecular
data.

METHOD

Reference values

Reference values for neurotransmitters in CSF were based
on previously reported work by our group.”’ These were
established from CSF samples of patients who were
assessed in the emergency room from our tertiary care cen-
tre because of headache or suspicion of viral, bacterial, or

DOI: 10.1111/dmen. 13746 1



autoimmune meningitis or encephalitis. The samples were
selected if the different microbiological and biochemical
analyses did rule out the previous suspicions.

Study setting and inclusion criteria

We included patients with different neurological manifes-
tations for whom CSF analysis was required for diagnostic
purposes. Between May 2013 and July 2016, we recruited
85 neuropaediatric patients (32 females [37.6%] and 53
males [62.4%]) for the analysis of GABA concentrations in
CSF, following previously reported procedures.” All
patients’ biochemical results were compared with our refer-
ence values as established in comparison groups.”'*!!

Criteria for subgroup classification

From the whole cohort of patients, three main nosological
subgroups were selected. We hypothesized that free-GABA
levels in CSF might be altered in patients under treatment
with AEDs, in patients with extensive anatomical lesions in
cerebral cortex and basal ganglia, and in patients with
known monogenic disorders, including inborn errors of
metabolism.

Biochemical methods

Plasma and CSF amino acids were analysed by ion-
exchange chromatography with ninhydrin detection (Bio-
chrom 30; Pharmacia Biotech, Biochrom, Cambridge
Science Park, UK). Analyses of CSF neurotransmitters
(3-ortho-methyldopa, 5-hydroxytryptophan, 5-hydroxyin-
doleacetic, and homovanillic acids) and pyridoxal-5'-phos-
phate were performed by high-performance liquid
chromatography with electrochemical (Coulochem II;
ESA, Chelmsford, MA, USA) and fluorescent (Perkin
Elmer, series 200, Norwalk, CT, USA) detection according
to previously reported procedures.'”'! CSF free-GABA
analysis was performed by capillary electrophoresis with
laser-induced fluorescence detection according to a previ-
ously reported procedure.” Free-GABA was analysed
instead of total GABA to avoid determination of the
GABA fraction attached to proteins, and other forms of
GABA that did not reflect the active fraction of the neuro-
transmitter (such as homocarnosines, etc.).

Genetic diagnosis

Depending on clinical phenotype, we used the following
methods: (1) multiplex ligation-dependent  probe
amplification for intellectual disability (targeted regions);
(2) next-generation sequencing with customized panels for
synaptopathies (Table SI, online supporting information;
i.e. Rett syndrome, Rett-like syndromes, neurotransmitter
disorders, and proteins involving neurotransmission),'?
epileptic encephalopathies, and mitochondrial disorders
(nuclear genes); (3) karyotype; (4) molecular analysis for
fragile-X syndrome; (5) comparative genomic hybridization
array 60K; and (6) for suspected mitochondrial DNA dis-
orders, whole mitochondrial DNA sequencing, detection
of mitochondrial DNA rearrangements, and/or the

2 Developmental Medicine & Child Neurology 2018
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What this paper adds

* Homeostasis of GABA seems more vulnerable than that of monoamines in
the developing brain.

e The highest GABA levels are found in the primary GABA neurotransmitter
disorder SSADH deficiency.

* (GABA alterations are not specific for any clinical or neuroimaging presenta-
tion.

mitochondrial DNA content measurement following stan-
dard procedures.'*"'*

Statistical analysis

To explore the data distribution and the normality of
numeric variables, histograms and Q-Q plots were anal-
ysed. Because the data did not follow a Gaussian distribu-
tion, different non-parametric  tests applied.
Spearman’s correlation test was used to determine the cor-
relations between CSF GABA concentrations and patients’
ages, and with diverse biochemical markers in CSF
(5-hydroxyindoleacetic acid, homovanillic acid, pyridoxal-
5’-phosphate, and 5-methyltetrahydrofolate). To compare
proportions between groups, x° or Fisher’s exact tests were
used. The statistical tests performed were two-tailed.

An a priori power calculation was performed, consider-
ing a total cohort of approximately 84 patients. When
comparing proportions of occurrence of a binary variable
between two groups with that of the total sample, using a
bilateral y° test with 5% significance level, to have a power
of at least 80% to detect those differences we would need
a difference between the proportions in each group of at
least 30%.

To describe the prevalence of GABA abnormalities, we
classified GABA values as low, normal, or high considering
the age group according to our own CSF GABA reference
intervals.” Extreme GABA values were also reported. Alter-
ations in radiological data, type of AED, and whether
patients were good or bad responders were codified as cat-
egorical variables.

All analyses used SPSS wversion 23.0 (IBM Corp.,
Armonk, NY, USA); p<0.05 was considered statistically
significant.

were

Ethical issues

All caregivers were informed of analysis results and con-
sulted about genetic analysis for diagnostic purposes. All
gave their written consent for the clinical procedure for
this investigation. The ethics committee of Sant Joan de
Déu Hospital, Barcelona, Spain, approved the study.

RESULTS

The entire cohort of patients

We report a cohort of 85 neuropaediatric patients classi-
fied using their predominant neurological syndrome: move-
ment disorder (#=5), epileptic encephalopathy/epilepsy
(n=37), intellectual disability/complex encephalopathy with
or without behavioural disturbances (#»=16), primary neuro-
transmitter defects (#=7), inborn errors of metabolism
(n=10), suspected inborn errors of metabolism (z=4), and
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Suspected IEM (n=4)

Others
Movement (n=6)

disorder (n=5)

Epileptic
encephalopathy

Inborn error of
metabolism (n=10)

Intellectual
disability/complex
encephalopathy
+/— behavioural
disturbances (n=16)

Figure 1: The entire cohort of patients: movement disorder (n=5), epilep-
tic encephalopathy/epilepsy (n=37), intellectual disability/complex
encephalopathy +/— behavioural disturbances (n=17), primary neurotrans-
mitter defects (including 6-pyruvoyl-tetrahydropterin synthase [PTPS] defi-
ciency, dihydropteridine reductase [DHPR] deficiency, recessive
guanosine triphosphate cyclohydrolase deficiency [GTPCH] deficiency,
tyrosine hydroxylase deficiency, aromatic amino-acid decarboxylase
[AADC] deficiency, succinate semialdehyde dehydrogenase [SSADH] defi-
ciency, and serine deficiency) (n=7), inborn errors of metabolism (includ-
ing MCT8-specific thyroid hormone cell-membrane transporter deficiency,
hyperinsulinism—hyperammonaemia syndrome, maple syrup urine disease,
Krabbe disease, branched-chain keto-acid dehydrogenase kinase defi-
ciency, PLA2G6 deficiency, Leigh syndrome [two mutations in mitochon-
drial DNA gene ATP6 and one thiamine transporter-2 deficiency] and
glucose transporter-1 deficiency) (n=10), suspected but not confirmed
inborn error of metabolism (n=4), and others (n=5). IEM, inborn errors of
metabolism; NT, neurotransmitters.

others (#=6) (Fig. 1). The lumbar puncture was performed
at a median age of 4 years 11 months (range: from first
day of life to 21y).

GABA had a mean value of 65.9nmol/L. (minimum 9.0n-
mol/L, maximum 270nmol/L). The lowest values were 9n-
mol/L, which corresponded to three different patients: one
with a suspected secondary defect of neurotransmitters
(normal range for age 38-92nmol/L), one with early
epileptic encephalopathy, and one with neonatal hypogly-
caemia (normal range for age in these patients 16-88nmol/
L). The highest values were 216nmol/L and 270nmol/L
(normal for age in these patients 38-92nmol/L), which
corresponded to patients with primary neurotransmitter
defects: amino-acid decarboxylase defect and succinic semi-
aldehyde dehydrogenase deficiency respectively. There
were 19 padents with low GABA levels (22.4%), 47
patients within the normal range (55%), and 19 patients
with high GABA levels (22.6%). Interestingly, among these
19 patients with high GABA levels, we identified seven

with primary neurotransmitter defects: four of them had
high levels of GABA in CSF ranging from 133 in the case
of a patient with tyrosine hydroxylase deficiency, 169nmol/
L in a patient with primary defect in serine biosynthesis,
to 216nmol/L and 270nmol/L. The frequency of GABA-
altered values did not change according to age or pheno-
typic classification.

We also studied the percentage of patients with abnor-
malities in dopamine and serotonin status by using CSF
values for homovanillic acid and 5-hydroxyindoleacetic
acid. Values for homovanillic acid were abnormal in 20.2%
of the patients (low in 8.3%, high in 11.9%) and values for
5-hydroxyindoleacetic acid were abnormal in 23.8% (low
in 20.2%, high in 3.6%). These results in our cohort were
similar to other reported studies.”'> Furthermore, we also
studied whether there were statistical associations between
homovanillic acid and 5-hydroxyindoleacetic acid abnor-
malities and clinical phenotypes, type of AED, and whether
patients were good or bad responders. We found no statis-
tically significant association between any of these.

Subgroups of patients

Under treatment with AEDs

There were 36 patients (13 females, 23 males) classified in
this phenotypic group (Table I). From the 37 patients ini-
tially identified, one patient was excluded because at the
time of performing the lumbar puncture he had not yet
started anticonvulsive treatment. There were 13 patients
(36.1%) with abnormal CSF GABA values: five with low
GABA levels and eight with high GABA levels. Twenty-
three patients with epilepsy (63.9%) had normal CSF
GABA values.

Patients were classified depending on (1) whether they
were under GABAergic treatment at the time of the lum-
bar puncture, (2) GABA CSF levels, and (3) response to
AEDs (Fig. 2).

GABAergic drugs in our cohort were considered as those
that directly affect GABA concentration in the synaptic
cleft: (1) valproic acid, which decreases succinate semialde-
hyde dehydrogenase and GABA-transaminase activities and
increases glutamate decarboxylase activity; and (2) vigaba-
trin, which reduces GABA-transaminase activity. There
were 25 patients with GABAergic treatment (67.6%), 11
patients who received non-GABAergic AEDs (29.7%), and
one patient who became epileptic after the lumbar punc-
ture was completed.

Following the classification of the International League
Against Epilepsy,'® patients were either responsive or non-
responsive, considering drug-resistant epilepsy as a failure
of adequate trials of two tolerated, appropriately chosen,
and used AED schedules to achieve sustained freedom
from seizures. There were 12 responsive patients (32.4%)
and 24 with drug-resistant epilepsy (64.9%).

There was no significant difference (p=0.544) for clinical
response, whether patients received GABAergic AEDs or
not (Fig. 2a). Nor was there any statistical difference in the
clinical outcome and better control of their epilepsy

CSF GABA Levels in Neuropaediatric Disorders Elisenda Cortes-Saladelafont et al. 3
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(a) Do patients under GABAergic AED have a better control of their epilepsy?

[ GABAergic AED during LP? ]

l 25/36 = Yes I l 11/36 = No I

[ Drug-resistant epilepsy? ]

CER

(b) Do patients under GABAergic AED have high/normal levels of GABA in CSF?
Depending on GABA levels in CSF, do they have a better control of their epilepsy?

GABAergic AED during LP?

25/36 = Yes | 11/36 = No I

I
[ GABA levels in CSF ]
A4 v
7/25=H ] [ 15/25 =N ] [ 3/25=L ] [ 1/11=H ] [ 511 =N ][ 511 =L ]
I I I I I I
[ Drug-resistant epilepsy? ]

S TS T e e T A T
G 686 8 6 6 8

(c) Do patients with low GABA levels have a drug-resistant epilepsy?

( Low GABA in CSF )
N
n=8
[ Drug-resistant epilepsy? ]
L

I )
|

Figure 22 Workflow representing patients under treatment with antiepileptic drugs (AEDs) and epileptic encephalopathies/epilepsy, and their response
to treatment and their control of seizures. Patients are represented (a) by their control of seizures, (b) by their gamma-aminobutyric acid (GABA) levels
depending on treatment with AEDs and their control of seizures, and (c) considering whether their control of seizures was dependent on their GABA
levels. LP, lumbar puncture; CSF, cerebrospinal fluid; H, high; N, normal; L, low.
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demonstrating dependence on the GABA levels in CSF
(p=0.601; Fig. 2b). Finally, considering only those patients
with the lowest CSF GABA levels, they did not tend to
have a diminished control of their epilepsy (Fig. 2c¢).

With anatomical impairment in basal ganglia or cerebral
cortex

There were 10 patients classified in this group, considering
those with extensive anatomical lesions (such as severe cor-
tical atrophy), or severe hypoxic—ischaemic or metabolic
event. Patients with only suspected focal cortical dysplasia
were not included in this subgroup. The characteristics of
their brain magnetic resonance imaging (MRIs), and their
diagnostic and pharmacological treatments during lumbar
puncture, are summarized in Table II.

Within the whole group there were three patients with
low CSF GABA, six with normal CSF GABA, and one
with high CSF GABA. The sample of patients was small
and no consistent conclusions can be stated; however, there
was a tendency towards normal GABA levels in CSF even
in extensive lesions. When considering whether the phar-
macological treatment could have had an influence on CSF
GABA levels, no statistically significant differences were
found between groups (p=0.554).

With confirmed monogenic diagnostic

There were 21 patients with a confirmed monogenic disor-
der, 13 of whom had an inborn error of metabolism (in-
cluding neurotransmitter defects). Sixteen out of the 21
had impaired levels in CSF.

A summary of diagnoses, clinical presentation, character-
istics of brain MRIs, treatment during lumbar puncture,
and reports of GABA levels in the CSF of these patients is
given in Table III, classified according to their GABA
levels: eight out of the 21 had high GABA levels, five had
normal levels, and another eight had low levels of free-
GABA in CSF.

There were seven patients with primary neurotransmitter
defects involving (1) synthesis of tetrahydrobiopterin (i.e.
6-pyruvoyl-tetrahydropterin ~ synthase,  dihydropteridine
reductase, and autosomal recessive guanosine triphosphate
cyclohydrolase I); (2) monoamines (serotonin and/or dopa-
mine; i.e. tyrosine hydroxylase and aromatic L-amino-acid
decarboxylase deficiencies); (3) GABA catabolism (i.e. suc-
cinate semialdehyde dehydrogenase [SSADH] deficiency);
and (4) serine deficiency. There were also three patients
with different channelopathies: patient P15 carried a muta-
tion in a potassium channel, patient P40 had a mutation in
a sodium channel, and patient P75 in a calcium channel.
There were two patients with Leigh syndrome carrying
mutations in the mitochondrial DNA gene ATP6 (patient
P70) and in thiamine transporter-2 (patient P85). There
was also another patient with mutations in the A7P6 gene,
with a neuropathy, ataxia, and retinitis pigmentosa-like
phenotype (patient P81). There were two patients with dis-
orders affecting the metabolism of branched-chain amino
acids: patient P81 had a maple syrup urine disease, and

patient P67 had a mutation in branched-chain keto-acid
dehydrogenase kinase. There was also one patient with
glucose transporter-1 deficiency (patient P68).

DISCUSSION

Whereas monoamines have been widely explored,'” little is
known about GABA as a clinical biomarker except in a few
monogenic  disorders affecting GABA synthesis or
breakdown,'®  namely  pyridoxine-dependent  epilepsy,
GABA-transaminase deficiency, SSADH deficiency, and
homocarnosinosis.

Previous studies of CSF monoamine alterations in large
cohorts of neuropaediatric patients showed secondary
abnormalities for both serotonin and dopamine metabo-
lites at a rate of about 20%.”" Epileptic disorders,
leukodystrophies, and mitochondrial diseases are among
the most common to exhibit these secondary defects. Our
GABA study reports that 44% of our patients presented
with abnormal levels of this neurotransmitter (half low and
half high). This finding points towards a greater vulnera-
bility in the CSF GABA status than in biogenic amines.
However, we did not find any particular phenotype or
group of diseases in which GABA was particularly affected
except for some specific neurometabolic conditions. This
could be explained by the following reasons. First, it is
possible that CSF free-GABA concentrations (which are in
the low nanomolar range) might not reflect the GABAer-
gic status in specialized brain areas (GABA may reach
molar range in such areas). Other techniques, such as pro-
ton magnetic resonance spectroscopy, should be applied to
investigate in vivo brain GABA levels."” Second, GABA is
a very versatile molecule and might act as a neurotransmit-
ter, a trophic factor, or a modulatory molecule. Lastly,
GABA is distributed in two main pools in the brain,
described as the neurotransmitter pool and the metabolic
pool.?® GABA is present in the synaptic cleft (when it acts
as a neurotransmitter) and can be collected in a CSF sam-
ple, but is also present within neurons and astrocytes (as a
molecule that participates in intermediate metabolism). All
this points to the conclusion that GABA homeostasis is
mainly the result of a whole and complex brain modula-
tion between inhibitory and excitatory status, which can
hardly be reflected through sampling and examining CSF
GABA levels.

To the best of our knowledge, this is the largest cohort
of neuropaediatric patients for whom CSF GABA levels
have been reported. The diagnostic yield of the reported
cohort was 21 confirmed monogenic disorders (24.7%).
There is a potential bias in the study as lumbar puncture
was not systematically performed on all neuropaediatric
patients. In fact, lumbar puncture was specifically per-
formed in patients with complex/severe neurological disor-
ders of unknown origin and especially to eliminate
treatable conditions (i.e. metabolic disorders). Another lim-
itation of our study is that the statistical power of all com-
parison tests performed was low. Therefore, statistical
differences should be interpreted with caution. For this

CSF GABA Levels in Neuropaediatric Disorders Elisenda Cortés-Saladelafont et al. 7
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reason, further studies with a bigger cohort of patients are

needed in this field.

Patients under treatment with AEDs

In this subgroup of patients, we could not demonstrate sig-
nificant differences among groups, suggesting that free-
GABA CSF analysis has a limited value as a biomarker for
AED treatment monitoring.

Patients with anatomical impairment in basal ganglia or
cerebral cortex

Although GABA is a widely distributed neurotransmitter in
the whole brain,* there are some specific regions with high
GABAergic innervation. GABAergic interneurons are very
rich in every layer of the human neocortex.”! GABAergic
neurons can be found in great quantity in basal ganglia
and structures directly related to the striatum such as the
amigdala and hippocampus.’***

In our cohort of patients with anatomical impairment of
these rich GABAergic regions, CSF values were not
impaired. It is worth mentioning that this subgroup of
patients was heterogeneous, ranging from those with corti-
cal dysplasia to wide anatomical lesions in the basal
ganglia.

Patients with confirmed monogenic diagnostic

As previously reported'® and expected, high levels of
GABA in CSF were found in patient P82 with a confirmed
SSADH deficiency, a primary neurotransmitter defect
affecting GABA catabolism (SSADH, Online Mendelian
Inheritance in Man [OMIM] number 271980). In our
cohort this was one of the few disorders in which high
levels of CSF GABA acted as a biomarker, with the highest
GABA value detected in the whole cohort.

Maple syrup urine disease (OMIM 248600) is a meta-
bolic autosomal recessive disorder affecting branched-chain
amino-acid metabolism (leucine, isoleucine, and valine). It
has been reported that high leucine levels in particular can
result in impaired glutamate status in astrocytes.”* Alter-
ations in glutamate and GABA have also been reported in
a mouse model of maple syrup urine disease.”> GABA is
formed from glutamate; when glutamate is depleted,
GABA is also expected to be low.

Branched-chain keto-acid dehydrogenase kinase (OMIM
614923) deficiency is a disorder affecting branched-chain
amino acids, in this case with especially low levels of leu-
cine, isoleucine, and valine.”®?” Since it is the opposite
defect to maple syrup urine disease, high levels of GABA
in CSF should be observed, as in patient P67. Thiamine
transporter-2 deficiency (OMIM 607483) is an autosomal
recessive disorder affecting the intracellular transport of
thiamine, thus affecting the tricarboxylic acid cycle by
directly impairing thiamine-dependent enzymes®® such as
the alpha-ketoglutarate dehydrogenase complex and pyru-
vate dehydrogenase complex. As a result, there is a
decrease in metabolic intermediates and GABA precursors.

12 Developmental Medicine & Child Neurology 2018
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As expected, in this case (patient P85) GABA levels in CSF
were low.

Recent work on ion-gated channelopathies and abnor-
malities in biogenic amines is also relevant.”’ It hypothe-
sizes that disturbances in ion fluxes might impair synaptic
vesicle release and cause abnormalities in the secretion/
uptake of neurotransmitters; however, we cannot report
consistent findings for GABA levels in CSF and the
patients from the cohort with mutations in ion channels
(patients P15, P40, and P75).

Some patients with primary neurotransmitter defects are
treated with L-DOPA. Since there is a recognized mecha-
nism of GABA and dopamine corelease,* increased GABA
levels in CSF would be expected in those patients. Unfor-
tunately, consistent evidence of this cannot be reported,
since these patients have variable levels of GABA. It is,
however, of interest to highlight that patient P68 (glucose
transporter-1 deficiency, OMIM 138140) and patient P15
(serine deficiency, OMIM 601815) had high GABA levels
in CSF, without any GABAergic AED. This phenomenon
may have a pathophysiological explanation, but further
results from CSF analysis in other patients would be neces-
sary to support this explanation.

CONCLUSIONS

GABA alterations do not seem to be more prevalent in
specific neurological/neuroradiological phenotypes. More-
over, we present a large cohort of patients with different
diagnoses and underlying disorders which made the sample
heterogeneous and the results difficult to interpret. Above
this, the power calculations in our sample gave evidence
that the cohort was not large enough to extract consistent
conclusions with statistical significance. Another limitation
of our study was that GABA levels in CSF were not
addressed over time, since the lumbar puncture was not
normally repeated unless the diagnosis was unclear after
the first lumbar puncture, or the patient had an acute
decompensation suspected to be directly related to the
levels of the different neurotransmitters or CSF amino
acids.

Inborn errors of metabolism could be a group of disor-
ders where GABAergic synaptic homeostasis is especially
vulnerable. The characterization of GABA dysfunction in
different categories of inborn errors of metabolism could
lead the way to complementary therapeutic strategies. In
other neuropaediatric disorders, therapeutic strategies
could be addressed if an alteration in GABA levels in CSF
is confirmed over time and there is a consistent role of
GABA abnormalities in the patients’ phenotype, which
could not be concluded in our cohort of patients.

Free-GABA quantification probably does not reflect the
GABA content in the brain. Therefore, other techniques
such as brain spectroscopy to quantify GABA and gluta-
mate could prove better alternatives in the methods used
to further our understanding of brain metabolism to
improve therapeutic approaches.
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DEVELOPMENTAL MEDICINE & CHILD NEUROLOGY ORIGINAL ARTICLE

RESUMEN
NIVELES DE ACIDO GAMA-AMINOBUTIRICO EN LIQUIDO CEFALORRAQUIDEO EN TRASTORNOS NEUROPEDIATRICOS

OBJETIVO El 4cido gama-aminobutirico (GABA) es un modulador mayor en la maduracién cerebral y su funcién en diversos
trastornos del neurodesarrollo ha sido ampliamente descripta. La funcién del GABA en diferentes trastornos se ha relacionado con
su funcién reguladora como neurotransmisor inhibidor en la madurez cerebral, asi como co-transmisor y como molécula
indicadora, sin embargo, poco se conoce como bio-marcador clinico en trastornos neuropediatricos. El objetivo de este estudio es
reportar las concentraciones de GABA-libre en liquido cefalorraquideo (LCR) en una gran cohorte de pacientes (n=85) con diferentes
trastornos neuroldgicos.

METODO EI GABA fue medido en LCR de pacientes neuropediatricos utilizando electroforesis capilar con deteccion de fluorescencia
inducida por laser. También se analizaron otros neurotransmisores (aminoacidos y mono aminos).

RESULTADOS Las concentraciones de GABA fueron anormales, con una mayor frecuencia (44%) que los mono aminos (20%) en
pacientes neuropediatricos en comparacion con nuestros valores de referencia. Aunque incluimos algunos pocos pacientes con
errores congénitos del metabolismo, los niveles de GABA en LCR fueron mas frecuentemente anormales en trastornos metabdlicos
que en otros grupos nosoldgicos.

INTERPRETACION Nuestro trabajo sugiere que es necesario mas investigacion sobre el estado GABAérgico del cerebro en
trastornos neuropediatricos, lo cual ademas podria llevar a nuevas estrategias terapéuticas.

RESUMO
NIVEIS DE ACIDO GAMA-AMINOBUTIRICO NO FLUIDO CEREBROESPINHAL EM DESORDENS NEUROPEDIATRICAS

OBJETIVO O &cido gama-aminobutirico (GABA) é um importante modulador da maturacao cerebral, e seu papel em diferentes
desordens neurodesenvolvimentais tem sido amplamente reportado. Embora o envolvimento do GABA em diferentes desordens
tenha sido relacionado com sua funcao regulatéria como neurotransmissor inibitério no cérebro maduro, co-transmissor e
molécula sinalizadora, pouco se sabe sobre o seu papel como biomarcador clinico em desordens neuropediatricas. O objetivo deste
estudo é relatar as concentragoes de fluido cerebroespinhal (FCE) livre de GABA em uma grande coorte de pacientes (n=85) com
diferentes desordens neuroldgicas.

METODO GABA foi medido no FCE de pacientes neuropediatricos usando eletroforese capilar com deteccao de fluorescéncia
induzida por laser. Outros neurotransmissores (aminoacidos e monoaminas) também foram analisados.

RESULTADOS As concentragoes de GABA no FCE foram anormais, com maior frequéncia (44%) do que monoaminas (20%) em
pacientes neuropediatricos em comparagao com nossos valores de referéncia. Embora tenhamos incluido alguns pacientes com
erros inatos do metabilismo, os niveis de GABA no FCE foram mais frequentemente anormais nas desordens metabdlicas do que
em outros grupos nosoldgicos.

INTERPRETA(}[\O Nosso trabalho sugere que mais pesquisas sobre o estado GABAérgico em desordens neuropediatricas, o que
também pode levar a novas estratégias terapéuticas.
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DISCUSSIO

Les malalties neurologiques i metaboliques estan experimentant un rapid aveng
en els darrers anys gracies a les técniques de biologia molecular, que permeten
un diagnostic genétic de trastorns sense marcador bioquimic, o amb marcador
bioquimic que no permetia acotar un sol defecte enzimatic. Com a consequéncia,
publicacions recents ja apunten cap a una reorientacio de la classificacio classica
de les malalties neurometaboliques (Garcia-Cazorla and Saudubray, 2018) tenint
en compte la biologia cel-lular i el mecanisme alterat, per tal de connectar-ho
amb les manifestacions cliniques. De la mateixa manera, per que fa a les malalties
dels neurotransmissors (NT) també cal una reorientacio i reclassificacio per tal de
poder comprendre millor els mecanismes subjacentsidirigir millor els tractaments
(Tristan and Garcia-Cazorla, 2018).

De forma classica, les malalties dels neurotransmissors incloien aquelles
malalties que afecten la sintesi o degradacié d’un neurotransmissor concret, pero
des d’un punt de vista neuropediatric seria molt més rellevant fer un enfocament
tenint en compte totes aquelles condicions que poden afectar la neurotransmissio,
aixi com tenir en compte també els defectes dels receptors, transportadors i
aquells trastorns que poden interferir en una correcta neurotransmissid. Aquests
defectes classics, aixi com els trastorns que afecten la neurotransmissié son
I'objecte de discussio dels seglients apartats.

1. Defectes dels neurotransmissors, grup iNTD i guies de practica
clinica

Les malalties «classiques» dels neurotransmissors son malalties amb una
prevalenca més baixa de 5 casos per cada 10.000 habitants, i per tant es poden
considerar malalties molt rares. La forma d’estudiar aquestes malalties ha canviat
molt els darrers anys, i es basa en el treball coordinat entre diferents paisos i
treballant en xarxa per tal de poder aglutinar el major nombre de casos possibles.

Amb aquesta idea principal del treball en xarxa en malalties minoritaries, es va
crear I'any 2013 el grup iNTD (http://intd-online.org/). En els darrers anys s’han
portat a terme diferents iniciatives que han posat de manifest els bons resultats
d’aquest treball en xarxa i col-laboratiu, com sén: 1) la creacié d’'una base de dades
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de pacients amb defectes dels neurotransmissors (https://intd-registry.org/),
i 2) l'elaboracié de les primeres guies de practica clinica pels defectes d’AADC
(Wassenberg et al., 2017), i els defectes de sintesi i reciclatge de BH4. Aquestes
iniciatives es veuen reflectides en l'article | i 'article Il de la present tesi.

En el cas de l'article |, es fa evident la creacid de la xarxa internacional que
inclou més de 40 centres de tot el mén, provinents de més de 20 paisos diferents.
Aqguest treball de tots els centres és el que ha permes que el registre de pacients
compti amb el recull més gran de pacients amb defectes dels neurotransmissors
qgue s’hagi aconseguit mai. A data d’octubre de 2019 hi ha un total de 406 pacients
inclosos, de 42 centres participants de tot el mén. La doctoranda ha participat
activament en el reclutament de pacients i ha permes la inclusid de més de 30
pacients per part de I'Hospital Sant Joan de Déu i hospitals col-laboradors com
I’"Hospital Virgen de I’Arrixaca de Murcia, I'Hospital de La Fe de Valéncia, I’'Hospital
General de Granollers, I'Hospital Miguel Servet de Saragossa, I'Hospital de La
Paz de Madrid, i I’'Hospital Parc Tauli de Sabadell. Amb aquesta base de dades es
pretén promoure futurs estudis d’historia natural de les diferents malalties (que
a dia d’avui ja esta en marxa en el cas de I'SSADH i de 'AADC amb terapia genica),
millorar la descripcid fenotipica dels pacients, i consensuar accions terpeutiques i
diagnostiques a través de guies de practica clinica basades en I'evidéncia.

A proposit de les guies de practica clinica, en l'article Il de |la present tesi es
presenten les guies per als defectes de la tetrahidrobiopterina (BH4). Les guies
de practica clinica en el cas de les malalties minoritaries compten en general amb
un baix grau d’evidencia en les recomanacions, i aixd és aixi degut al problema
intrinsec del baix nombre de pacients. Malgrat aquesta problematica, s’han de
mantenir els esforcos en seguir una metodologia estricta, transparent, seguint
protocols i rigorosa, doncs en molts casos les guies de practica clinica publicades
en malalties neurometaboliques fracassen en aquest aspecte (Cassis et al., 2015).

En el cas de la descripcid clinica d’aquests defectes es va fer d’acord amb
la revisid retrospectiva dels casos individuals publicats, i ja que no estaven
descrits ni amb les mateixes paraules, ni amb la mateixa precisio, va ser dificil
poder unificar manifestacions cliniques i treure conclusions. Aixi i tot, a partir
de la creacié de la base de dades BIODEF (http://www.biopku.org) que inclou
pacients amb hiperfenilalaninemia, hi ha una certa homogeneitzacié de les dades
cliniques, fent més facil la seva analisi. Aixdo demostra la importancia de la creacié
de bases de dades de pacients, que si bé en alguns casos podrien completar-se
amb informacid proporcionada per les families, segueix sent imprescindible que

el clinic de referencia descrigui els fenotips dels pacients amb precisié. En el cas
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de l'analisi de registres com I'iNTD, permet la descripcié acurada dels fenotips
dels pacients, i millora el coneixement de la historia natural d’aquestes malalties.
Aix0 ja és palés en iniciatives prévies semblants com sén el cas del registre E-IMD
(https://www.e-imd.org/) o EHOD (http://www.e-hod.org/), amb publicacions
rellevants en els defectes d’intoxicacid i historia natural d’aquests, que poden
canviar idees previes preconcebudes analitzant les dades incloses sobre els
pacients (Posset et al., 2016).

Aixi doncs, el camp de les malalties «classiques» dels neurotransmissors esta
en un moment de maxim desenvolupament i consolidacié, amb la iniciativa del
grup iNTD de rerefons que permet impulsar nous projectes. En aquesta tesi es
presenten els resultats en un grup de malalties en concret, pero segur que en els
anys vinents veurem la creacié de guies de practica clinica per a altres defectes
monogenics dels NT, aixi com resultats positius i interessants en les analisis de la
historia natural d’aquests defectes.

2. Defectes de la neurotransmissio i de la fisiologia sinaptica

Hi ha mdultiples trastorns que no afecten primariament la biosintesi o el
transport/recaptacio de neurotransmissors pero que poden comprometre
la neurotransmissié. La divisid conceptual que presentem a continuacid
(esquematitzada en la figura 27 i desenvolupada en les seglients pagines) esta
sent objecte de debat, treball i revisid per grups d’experts, i la seva classificacid
s’allunya de l'objectiu principal d’aquesta tesi. Aixi i tot, realitzem una primera
aproximacio temptativa per tal de poder conceptualitzar i contextualitzar alguns
dels treballs de la present tesi.

Préviament a parlar dels defectes «propiament» sinaptics i que hem englobat
dins del nom de «trastorns de la fisiologia sinaptica», mencid especial es mereixen
aquells defectes que, per mecanismes encara no coneguts completament, poden
alterar ’homeostasi sinaptica i la concentracié de diferents neurotransmissors a la
fenedurasinaptica. Enaquest cas, trobariem diferents malalties neuropediatriques
amb defectes monogénics concrets, amb quadresclinics definitsiambunaalteracié
en una via metabolica o mecanisme d’accié concrets, que poden alterar el perfil
de NT. Aquests defectes poden ser diversos i estar relacionats amb processos
neurodegeneratius, implicar la proliferacié cel-lular, provocar una disrupcio a
nivell energeétic... No alteren primariament la sintesi/catabolisme/transport d’un
neurotransmissor, pero tindrien una implicacié en la biodisponibilitat d’aquest
neurotransmissor a l'espai sinaptic. Es podria dir que alterarien I"homeostasi
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sinaptica i la concentracié del neurotransmissor a la fenedura sinaptica. Aquest
és un camp encara pendent per ser explorat, i moltes de les respostes sobre els
mecanismes concrets que tenen lloc encara estan per definir. Podem trobar els
altres exemples que han sigut objectiu de diferents publicacions cientifiques:
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Nivells alterats de SHIAA: descrits per exemple en defectes cerebel-losos
(probablement degut a la predominant inervacié serotoninergica a nivell
del cerebel), en defectes mitocondrials, la sindrome de Rett, algunes
leucodistrofies, i algunes encefalopaties epiléptiques, entre d’altres (De
Grandis et al., 2010).

Nivells alterats d’HVA en una cohort de 1388 pacients amb diferents
trastorns neuropediatrics (Molero-Luis et al., 2013): d’entre els pacients
gue no presentaven un defecte primaride lasinteside dopamina (n=1367),
un 15,4% presentaven nivells baixos d’"HVA i un 4,6% presentaven nivells
alts. D’entre els trastorns neuropediatrics identificats en aquest grup de
pacients, s’inclouen la hipoplasia pontocerebel-losa, I'asfixia perinatal,
epilepsia, infeccions dels SNC, trastorns mitocondrials, trastorns de la
substancia blanca, i altres defectes monogenics.

Alteracions a nivell del perfil de NT en mutacions en canals de sodi com
SCN2A i SCN8A (Horvath et al., 2016): pacients amb una encefalopatia
epileptica farmacorrefractaria i una atrofia cerebel-losa progressiva,
amb uns nivells disminuits de 5HIAA i HVA en LCR (i un d’ells també de
5-MTHF). En un dels dos pacients es descriu una millora quant a control de
les crisis amb I'inici del tractament suplementari amb L-dopa/carbidopa
i 5-OH-triptofan. En aquests casos, s’hipotetitza que |'alteracio en els
fluxos ionics de sodi altera la fusid i exocitosi de les vesicules sinaptiques.

Alteracions secundaries de les pterines en trastorns primariament
inflamatoris/immunologics o en infeccions del sistema nervids central,
sobretot de la neopterina, que és un marcador d’activacio de laimmunitat
cel-lular (Ng et al., 2015)noradrenaline and adrenaline.

Alteracions a nivell de les monoamines (principalment dopamina i
serotonina). Unadeles primeresrevisions és del 2007 i descriu alteracions
en 10 pacients d’'una cohort de 53 pacients neuropediatrics (d’entre els
quals destaquen pacients amb una malaltia d’Alexander, una sindrome de
deplecié mitocondrial, una infeccié del SNC, una tetraparesia distonica,
una malaltia de Lesch-Nyhan, una hipoplasia pontocerebel-losa i una
fenilcetonuria) (Garcia-Cazorla et al., 2007). En una revisié de 2018, es
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descriuen les caracteristiques cliniques i radiologiques d’una cohort
de 376 pacients amb encefalopatia epiléptica, trastorn del moviment i
un retard global del desenvolupament (taula 12), 64 (17%) dels quals
presenten alteracions a nivell del perfil de NT (excloent els defectes
primaris de sintesi de NT) (Van Karnebeek et al., 2018). Un 50% d’ells
presentaven crisis epileptiques, un 22% presentaven un trastorn del
moviment sense crisis epileptiques, i un 9% presentaven crisis i trastorn
del moviment. A nivell de l'alteracié dels NT, els pacients amb epilépsia
presentaven defectes aillats de HVA o 5HIAA, mentre que defectes
combinats d’'ambdds eren més freqiients en els pacients amb trastorn
del moviment. D’entre tots els pacients amb trastorns del perfil de NT, un
85% no tenien un diagnostic definitiu. D’entre el 15% amb un diagnostic
molecular confirmat, ressaltar un defecte de DNML1 que també sera
objecte de l'article V de la present tesi, i que presenta nivells baixos de
5-MTHF.

Taula 12. Alteracions dels neurotransmissors, i diagnostics geneétics i condicions
associats, de |'article de (Van Karnebeek et al., 2018).

Table 2: Types of Neurotransmitter abnormalities and associated genetic diagnoses and conditions

Secondary
n Genetic diagnosis Associated conditions
Low HVA 27 -FOXG1 mutation PEHO
-DYRKIA mutation -Focal cortical dysplasia
-SCNIA mutation and TSC/ mutation -Herpes simplex virus 2 encephalitis
-Copy gain of 5.79 Mb at 15q11.2q13.1
Low 5-HIAA 9 -Copy gain of 581 Kb at 19p1 1p12; copy gain of 2.5 Mb at 21q11.21
Low HVA, 5-HIAA 18 -non-ketotic hyperglycinemia (homozygous GLDC gene deletion) -Focal cortical dysplasia type 1 and 2
-Chromosome 10 deletion at 10g26.2-10¢26.3, 6.42 Mb -Severe HIE
-SCN2A mutation -T-cell ALL
Low 5-MTHF 6 -Hereditary sensory autonomic neuropathy (type 2B: FAM/34B) and DMML] mutation
Low 5-MTHF, HVA 2 -Folate receplor antibodies
Low HVA, 5-HIAA, 5-MTHF 2 -CTSB gene mutation (2 siblings) -HIE

Abreviatures (de I'angles): HIE=hypoxic ischemic encephalopathy; AlLL=acute
lymphoblastic leukemia, PEHO=progressive encephalopathy with edema, hypsarrhythmia,
and optic atrophy; 5HIAA=5hydroxyindoleacetic acid; HYA=homovanillic acid; 5-MTHF=5-
methyltetrahydrofolate.

En la revisido de (Ng et al., 2015) trobem de forma més académica aquells
defectes dels quals s’espera una alteracid concreta en un determinat NT, o la
combinacié d’algun d’ells (figura 26).
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Low HVA and normal 5-HIAA106.109.112

Aicardi-Goutiéres syndrome
Allen-Herndon-Dudley syndrome

CACNA1A mutations with ataxia
Lesch-Nyhan syndrome

Meningitis or encephalitis

Mitochondrial disorders

Nonketotic hyperglycinaemia

Perinatal hypoxic ischaemic encephalopathy
Preterm-associated intraventricular haemorrhage
Pontocerebellar hypoplasia type 2

Rett syndrome

Serine deficiency

Thiamine transporter 2 deficiency
Vanishing white matter disease

Low HVA and low 5-HIAA106.109.112

Figura 26. Resum d’alguns trastorns que alteren la biodisponiblitat i concentracié dels

Acute disseminated encephalomyelitis
Alexander disease

Congenital infections

Encephalitis

Guillain-Barré or Miller-Fisher syndrome
Hypoxic ischaemic encephalopathy
Methylentetrahydrofolate deficiency
Mitochondrial disorders

Niemann-Pick type C

Nonketotic hyperglycinaemia
Oligosaccharidosis

Pontocerebellar hypoplasia type 2

Rett syndrome

Smith-Lemli-Optiz syndrome
Spontaneous periodic hypothermia and hyperhidrosis
Stroke

Urea cycle disorder

Tumour

High HVA and normal 5-HIAA1%6.109.110

Angelman syndrome

Hypoxic ischaemic encephalopathy
Mitochondrial disease

Meningitis or encephalitis

Preterm-associated intraventricular haemorrhage
Rett syndrome

Stroke

Thalamic necrosis

Urea cycle disorder

Low 5-HIAA only13-115

= Autism

= |diopathic adult-onset dystonia
= Dopa non-responsive dystonia

ngh neopterlnili.lm—l22.i25.j2ﬁ

= Early infantile epileptic encephalopathy

= Aicardi-Goutiéres syndrome (also reported with high
neopterin and low methyltetrahydrofolate)
Immune disorders and infection

CNS infection

HIV infection

Low biopterin'

Early infantile epileptic encephalopathy
Abbreviations: 5-HIAA, S-hydroxyindoleacetic acid; HVA,
homovanillic acid.

Low HVA and low methyltetrahydrofolate!©e.109.110
= White matter changes

Delayed myelination

Demyelination

Hypomyelination

Leukodystrophy

NT a I'espai sinaptic, de l'article de (Ng et al., 2015).

Perfil anormal de NT en I'estudi d’altres trastorns neurologics no relacionats amb defectes
primaris de la sintesi, degradacio, transport o reciclatge dels NT. Alguns d’aquests trastorns
compten amb una alteracié a nivell metabolic i sinaptic, com per exemple els trastorns
mitocondrials, els defectes del cicle de la urea, etc... D’altres trastorns tenen una afectacio
dels tractes serotoninérgics o dopaminérgics, com és el cas dels trastorns de substancia

blanca, etc.

Abreviatures (de lI'anglés): 5HIAA, 5hydroxyindoleacetic acid; HVA, homovanillic acid.

Els trastorns de la fisiologia sinaptica els podriem dividir segons la zona de
la sinapsi on es troba predominantment el trastorn molecular en: 1) defectes
presinaptics, 2) defectes transsinaptics, i 3) defectes postsinaptics (figura 27). Aixo
és tan sols una divisid academica per contribuir a la clarificacid, pero evidentment
els defectes de la neurotransmissid no responen a barreres académiques, i
el continuum biologic és un fet. D’aqui, la complexitat en les classificacions
academiques que no sempre s’ajusten a la realitat biologica i molecular (i que
son objecte de treball i discussido en el moment actual, pel que fa a defectes
de la neurotransmissid). Un exemple d’aquesta complexitat seria per a aquells
trastorns que comprometen el metabolisme energétic a nivell sinaptic (com sén
els defectes mitocondrials i errors congenits del metabolisme que impliquen
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un deéficit energetic), o bé les canalopaties. Tots aquests defectes tindrien una
implicacio global en la neurotransmissio, si tenim en compte, per exemple, que
els canals ionics consumeixen fins a un 80% de |la despesa energetica a carrec de
les neurones (Garcia-Cazorla and Saudubray, 2018). Per tant, defectes energetics
repercutirien en el correcte funcionament de la sinapsi i, al seu torn, trastorns
com per exemple les canalopaties, tindrien un impacte important en I’homeostasi
sinaptica a nivell pre- i postsinaptic.

Defectes energétics | mitocondrials* ]

Canalopaties™ I

Defectes de sintesi, degradacié, recaptacié i transport de neurolransmissors I

Trastorns del cicle de la vesicula sinaptica (biogénesi, transport...) I
Trastomns de la fisiologia Trastorns dels gliotransmissors I
sinaptica i la
neurotransmissio Trastorns de les molécules d'adhesi6 cel-lular (CAM) I

Defectes en subunitats, components o proteines
que intervenen en I'ensamblatge de R

Defectes dels receptors Defectes en components que participen de
I'organitzacié post-sinaptica (lipids i proteines)

Defectes en les cascades de senyalitzacié
cel lular

I Defectes del reciclatge | el trafficking dels R |

Canalopaties™

Figura 27. Trastorns de la fisiologia sinaptica i la neurotransmissioé (proposta de Corteés-
Saladelafont i Garcia-Cazorla) que es desenvoluparan en els seglients apartats, i que
inclouen aquells defectes que alteren I’homeostasi sinaptica i que alteren el perfil dels
neurotransmissors, i els trastorns de la fisiologia sinaptica.

Abreviatures: Def.=defectes; R=receptors; SNC=sistema nervids central

Els defectes energetics i mitocondrials (*), jugarien un paper important en la pre-sinapsi,
si bé les canalopaties (**) tindrien una repercusié a tots els nivells de la sinapsi (veure
discussio en el text).

Segons la nova proposta de classificacié dels errors innats del metabolisme
(Garcia-Cazorla and Saudubray, 2018), que té per objectiu aconseguir una
translacio des de la biologia cel-lular i els mecanismes fisiopatologics alterats, fins
a la simptomatologia neurologica associada, els defectes de la neurotransmissio
també es podrien subclassificar. A través de la il-lustracié que es presenta a
continuacio (figura 28), es podria sintetitzar i esquematitzar aquests trastorns i
la seva localitzacid pre-, trans- o postsinaptica, i en general s’inclourien dins dels
defectes de molecules petites (Saudubray et al., 2019).
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Created in BioRender.com bio

Figura 28. Fenedura sinaptica i defectes moleculars. En aquesta il-lustracié podem
veure simplificada una neurona presinaptica, una postsinaptica, I'espai sinaptic i un
astrocit. Es podria parlar de defectes de moléecules petites, per tots aquells defectes
qgue impliquessin directament la sintesi o catabolisme dels neurotransmissors o
gliotransmissors. Els defectes de moléecules complexes implicarien tots aquells
defectes de la biogenesi, transport i reciclatge de la vesicula sinaptica, els defectes
quasi homonims de la qual els trobariem també pels receptors. En el grafic s'observa
la localitzacié ubiqua dels canals ionics. També s’observen tots aquells defectes que
implicarien la post-sinapsi i que estan relacionats amb moléecules que organitzen els
receptors postsinaptics i la densitat sinaptica, aixi com tota la maquinaria implicada
en les cascades de senyalitzacid. Per a una descripcid més detallada de tots aquests
defectes caldra esperar a la complecié de la classificacié que actualment esta sent
objecte de treball d’experts en el camp de la neurotransmissio.
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Aixi doncs, tal com s’ha comentat en les anteriors pagines, les sinapsis es podrien
dividir conceptualment en el terminal presinaptic, I'espai sinaptic i el terminal
postsinaptic (figura 29). Hi ha mdultiples molécules i mecanismes moleculars
gue estan regulant els processos biologics que tenen lloc en cada un d’aquests
3 compartiments, i podriem esmentar alguns exemples de malalties descrites
situades en cada un d’aquests espais, com es detalla en els seglients apartats.

Presynaptic Nerve Terminal
(neurons only)

'© 0002 ©
@ @ 0 090

AT @@@’ 0
@ Ca™- ~ " 4 '@} {@) Cytosol

== channels 4

Acrrve zone

Synaptic Postsynaptic
cleft scaffold  Synaptic ~ Postsynaptic Pensynaptic

CAMSs receplors CAMs

[Transpol

@
vesicle Cytosol

Postsynaptic Cell
{neurons + any other cell type)

ER

Figura 29. Sinapsi de sistema nervids central, de (Sidhof, 2018). Esquematitzacié de
I'organitzacid de la sinapsi a nivell de sistema nervids central. Presinapticament s’observa
una acumulacié de vesicules sinaptiques que es prepararan en diferents fases per a la
seva exocitosi. Provenen dels endosomes i hi haura diferents proteines de transport i
senyalitzacié que conduiran aquestes vesicules al lloc adequat a nivell presinaptic. A
I'espai sinaptic trobem diferents molecules d’adhesié cel-lular (o CAMs de I'anglées, cell
adhesion molecules). Important ressaltar que I'espai sinaptic és una zona més amplia, en
comparacié amb la resta de I'espai intersticial. A nivell postsinaptic hi haura 'organitzacid
de receptors i molecules de senyalitzacié. Com a concepte generic cal remarcar que
I'organitzacid presinaptica sera semblant independentment del tipus neuronal, mentre
que l'organitzacié postsinaptica canvia de forma considerable segons si és una sinapsi
excitatoria o inhibitoria (Stidhof, 2018). Alteracions en qualsevol d’aquests tres espais
poden conduir a patologia neuropsiquiatrica.
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El fet que en els darrers anys s’hagin identificat nous defectes i es coneguin
molt millor els mecanismes moleculars implicats, juntament amb un gir del
camp de les malalties metaboliques hereditaries cap a una comprensié millor
de la fisiopatologia, i amb la intencid de descriure les malalties basant-nos en el
mecanisme molecularimplicat, aguest apartat s'organitza segons el compartiment
sinaptic al qual pertany cada un dels defectes descrits. Molt probablement en els
seglents anys hi haura classificacions detallades que contribuiran a la distribucié
comprensible de tots aquests defectes.

2.1. Trastorns postsinaptics

Conceptualment, en aquest grup de trastorns postsinaptics es podrien
incloure molts dels defectes dels receptors dels neurotransmissors, doncs
majoritariament es troben en la membrana de |la neurona postsinaptica. No hi
ha classificacions actualment que categoritzin aquests trastorns de forma amplia,
si bé hi ha hagut algunes aproximacions al respecte (Abela and Kurian, 2018;
Bayés, 2018), precisament en un monografic de la revista Journal of Inherited
Metabolic Disease on hi ha publicat I'article Ill de la present tesi. Aquestes
aproximacions es basen principalment en defectes moleculars de senyalitzacid i
organitzacié de les proteines postsinaptiques, el defecte molecular de les quals
interfereix en una correcta neurotransmissio. En un treball de 2011 basat en
la protedmica realitzada en neocortex huma (Bayés et al., 2011), s’explora la
densitat postsinaptica i s’identifiquen un total de 1461 proteines, 100 de les quals
tenen un fenotip neurologic en forma de trastorn del moviment, i trastorns del
neurodesenvolupament o del comportament (figura 30). A continuacid, s’intenta
exposar de forma resumida i agrupada segons el tipus de neurotransmissio,
alguns d’aquests defectes.
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Congenital malformations,

deformations and chromosomal
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S ) Extrapyramidal and

Endocrine, nutritional and movement disorders
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paroxysmal
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nervous system

Figura 30. Densitat postsinaptica i malalties en I’home, distribucié per freqiiéncia, de
I'article de (Bayés et al., 2011).

2.1.1. Defectes en proteines d’organitzacid postsinaptica GABAérgica: s’han
identificat mutacions en la gefirina (Rees et al., 2003), i en la colibistina
(Harvey et al., 2004), que son proteines d’organitzacid postsinaptica que
ajuden en el cluster dels receptors, que principalment es relacionen
amb la inhibici6 mediada per GABA. També poden estar presents en
receptors de glicina, pero el fenotip en aquests casos és més complex i no
es caracteritza tant pel quadre clinic classic de la hiperexplexia descrita
previament.

2.1.2. Defectes en proteines de la densitat postsinaptica en neurones
glutamatergiques: en l'article (Bayés, 2018), s’explora principalment els
defectes en proteines de la neurona postsinaptica glutamatergica, que
estan implicats en malalties neurologiques, i alhora relacionades amb
vies neurometaboliques. En la figura 31 es representen les principals vies
metaboliques afectades en aquests defectes postsinaptics.
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Figura 31. Representacié de neurones postsinaptiques glutamatergiques amb
esquematitzacié de les principals vies metaboliques afectades, de I'article de (Bayés,
2018). Els estudis de proteomica realitzats evidencien una gran participacié dels
transportadors de glucosa GLUT1 i GLUT3, aixi com una implicacié important de la via
glicolitica (representat en un cercle groc). Es precisen altres estudis per tal de confirmar
la participacid de la via glicolitica en la densitat postsinaptica. Els polisomes (per a la
sintesi proteica) i els proteasomes (per a la degradacio proteica), es postulen com a actors
principals en el metabolisme proteic en aquestes zones postsinaptiques. Finalment, el
transit de receptors AMPA mediat per clatrina, també sembla ser molt important per a un

Presynaptic
Element

Zone

AA ¢

i Glycolytic
. Pathway

Postsynaptic Density

=~ Exocytosis

AMPA
Receptor

correcte funcionament metabolic postsinaptic.

Els simptomes neurologics principals de forma generica, quan hi ha trastorns
qgue afecten la neurotransmissid glutamatergica es relacionen sobretot amb
discapacitat intel-lectual i trastorns del neurodesenvolupament. En aquest treball
també es resumeixen els simptomes neurologics principals, i destaca també
I'epilepsia, confirmant aquests trastorns com a continuum dins dels simptomes
de les sinaptopaties. En una taula del mateix article (taula 13), es resumeixen els

principals simptomes neurologics.
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Taula 13. Simptomes neurologics en els defectes postsinaptics glutamatergics
amb implicacio neurometabolica, de I'article (Bayés, 2018).

Pathway

Intellec tual Seirures Microcephaly Gieneralised Migraine Specific Hypoplasia Hypore flexia Spasticity
disability hypotonia leaming of the corpus
disability callosum

Energetic metabolism

Glycolysis (including glucose transporters) 2 2 1 1 [ 1 0 2 L}

Translocation of GLUT4 to the plasma membrane 2 7 3 2 [} F 4 1

Protein metabolism

Protein translation 1 0 2 | 9 0 (1] 0 0

Chaperonin-mediated protein folding 2 I I 2 0 0 | 1 0

Different proteasome pathways P 3 L] 3 0 0 2 0 0

Endocytosis and traffic of neurotransmitter receplorns
Trafficking of AMPA receptors 6 1 1 0 0 0 (1] 1 0

Clathrin-mediated endocytosis 3 3 2 3 0 3 0 1 0

Total

Si es té en compte aquest espectre fenotipic que comprén la discapacitat
intel-lectual, els trastorns del neurodesenvolupament i I'epilepsia, es podrien
incloure altres defectes que impliquen proteines postsinaptiques molt abundants
en la densitat postsinaptica, com per exemple els receptors ionotropics

glutamatergics i les proteines que ajuden en el seu ensamblatge, defectes de
SYNGAPI1, SHANK2, SHANK3, entre d’altres (Bayés, 2018).

2.1.3. Defectes en proteines de les neurones mitjanes espinoses de l'estriat

(mediumspinyneurons, MSN, del’anglés), que comprenensenyalsaferents
dopaminergiques/glutamatérgiques i senyals eferents GABAergiques.
Aqguestes neurones constitueixen el 95% dels tipus neuronals de |'estriat,
i tenen receptors dopaminergics per captar els impulsos que els arriben
de la substancia nigra pars compacta i 'area tegmental ventral. També
reben projeccions glutamatergiques excitatories provinents del cortex i
deltalem. Al seu torn, les seves projeccions sén GABAeérgiques inhibitories
i es projecten cap a la substancia nigra pars reticulata (via estrionigra) i
cap al globus pal-lid (via estriopal-lidal) (Abela and Kurian, 2018).

Aguestes neurones anomenades MSN constitueixen una estacid
important en els ganglis de base i actuen de forma reguladora dels
moviments voluntaris i dels programats. La senyalitzacié aferent que
reben d’altres zones cerebrals es processa a nivell molecular, i de forma
molt important, a través de receptors associats a segons missatgers (com
son els receptors lligats a proteines G, que produeixen AMP ciclic com
a segon missatger). En els darres anys s’han descrit diferents defectes
monogenics que impliquen proteines que participen en aquestes vies
de senyalitzacié a través de I'AMP ciclic (cCAMP), amb fenotips que es
caracteritzen principalment per trastorns del moviment i discapacitat
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intel-lectual (Abela and Kurian, 2018). Podem trobar un esquema
d’aquests defectes monogenics a la figura 32. Els trastorns del moviment
descrits en aquests defectes solen ser hipercinetics, i es reporta distonia,
bal-lisme, corea, o discinésies, com es resumeix en la taula 14.

Tyrosine
| m
L-DOPA
J/ asnc
VMAT  Dopamine

. .

Presynaptic

. lon channels
D1 GPCRES (e.g. Ca*, K*)

=02 Lpevs R88

GNALI ‘ b-\l %
/ .I‘Pi)flﬂﬂ
cAMP ¥ AMP

targets l
PKA ' —— DARP-32, CREB

|

Downstream gene regulation

GNAQ1

Postsynaptic

Figura 32. Representacio esquematica d’una neurona mitjana espinosa de l'estriat,
de l'article de (Abela and Kurian, 2018). Es veuen representats els principals defectes
monogenics descrits implicats en trastorns del moviment. La senyalitzacié dopaminergica
en les neurones mitjanes espinoses de l'estriat esta mediada per AMP ciclic (cCAMP).
L'activacié del receptor tipus D1 dopaminérgic activa I'adenilil ciclasa 5 i incrementa
els nivells dAMPc, mentre que l'activacié del receptor tipus D2 dopamineérgic produeix
I'efecte contrari. LAMP ciclic (cCAMP) modula I'activitat de la quinasa A, que produeix la
fosforilacié d’altres efectors que inclouen el DARP-32 i el CREB. Les fletxes senyalitzen els
gens implicats en malalties en I’home.
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Taula 14. Principals defectes genétics que impliquen mutacions en proteines
postsinaptiques de les neurones mitjanes espinoses de I'estriat, implicades en
trastorns del moviment

Gene Protein Postulated effect of Inheritance Typical age Typical clinical
mutation on protein of onset features
function
ADCY5  Adenylate Gain of function AD (familial, de novo, Infancy to Generalized chorea, perioral
cyclase 5 and somatic childhood dyskinesia, dystonia and
mosaicism) myoclonus, lower limb
spasticity, static or mildly
progressive
PDEIOA Phosphodiesterase  Loss of function AD (de novo) Infancy to Generalized chorea, orolingual
10A AR (biallelic, inheriting childhood dyskinesia, static or mildly
one disease allele progressive
from each parent)
GNAO!  Goo subunit Loss of function AD (de novo, Infancy to Spectrum includes EE phenotype:
of GPCR (EE phenotype) somatic, and childhood neonatal-finfantile-onset
Gain of function gonadal somaticism) seizures, infantile
(MD phenotype) spasms, dyskinesia

MD phenotype: Generalized
chorea, facial and orolingual

dyskinesia, dystonia, progressive
GNALI Go,yr subunit Loss of function AD (familial, de novo)  Infancy (AR) Generalized chorea, hypertonia
of GPCR AR Adulthood (AD)  Progressive dystonia
GPR88  G-protein coupled  Loss of function AR Childhood Generalized chorea
receptor 88
Gene Distinguishing Drugs reported to
clinical features have some efficacy
ADCY5 Fluctuation in severity and Clonazepam, clobazam,
frequency of MD, sleep-related acetazolamide, DBS
episodes of hyperkinesia
PDEIOA  Abnormal MRI in heterozygous na
patients with bilateral
T2-hyperintense striatal lesions
GNAOI Severe exacerbations of Tetrabenazine and neuroleptics,
chorea/ballism with topiramate, DBS especially
autonomic dysfunction, for hyperkinetic exacerbations
complex motor stereotypies
GNALI na na
GPRSS na na

Taula adaptada de l'article de (Abela and Kurian, 2018). Abreviatures, de 'anglés: AD,
autosomal dominant; AR, autosomal recessive; DBS, deep brain stimulation; EE, epileptic
encephalopathy; MD, movement disorder; na, not available.
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2.2. Trastorns transsinaptics

Lespai transsinaptic és l'estructura asimetrica de la sinapsi, I'espai de
transicié i alhora de comunicacio entre la neurona presinaptica i la postsinaptica.
LUorganitzacié d’aquest espai, tant a nivell espacial, com temporal, esta regulat
principalment per molécules d’adhesio cel-lular o CAMs (de I'anglés, cell adhesion
molecules), que regulen I'ensamblatge de proteines pre- i post-sinaptiques i,
per tant, estan implicades en |'estabilitzacié de les sinapsis, la seva maduracio,
promouen la sinaptogenesi, afavoreixen l'organitzacio dels receptors postsinaptics
i les zones actives d’exocitosi i endocitosi, i regulen la plasticitat sinaptica (Yang
et al., 2014; Siidhof, 2018). Es podria dir que tenen un paper d’estabilitzacié de
I'estructura que és només secundari, en comparacido amb el paper primordial
a I'hora de promoure la senyalitzacié i comunicacié transsinaptica (Stdhof,
2018). No és d’estranyar doncs, que mutacions en aquestes molécules estiguin
directament implicades en patologia neurologica i psiquiatrica (figura 33) (Yang et
al., 2014; Gorlewicz and Kaczmarek, 2018; Siidhof, 2018).
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Figura 33. Esquematitzacié de les principals molécules d’adhesié cel-lular (CAM)
identificades, de (Studhof, 2018). La figura és un resum de les principals molécules
d’adhesié cel-lular identificades. En el grafic es situen a nivell pre- o postsinaptic segons
publicacions previes, pero hi ha molécules en les quals no es pot establir de forma segura
la seva localitzacié. Amb un asterisc vermell (*) se senyala aquelles molécules que s’han
relacionat amb trastorns neuropsiquiatrics.

Hi ha diferents molécules considerades CAM que s’han anat identificant en els
darrers anys com sén les caderines, integrines, nectina, catetina, neuroliguines,
neurexines, NCAM (del'anglés, neuronal celladhesion molecule), efrinesireceptors
Eph, contactines, proteines LRR, cerebel-lines, etc. Algunes d’aquestes molecules
han estat estudiades en models d’epilépsia en animals, o també en pacients amb
epilepsia farmacorrefractaria, com per exemple nivells elevats de NCAM-1 en LCR
de pacientsamb epilépsia de dificil control farmacologic (Gorlewiczand Kaczmarek,
2018). També s’han descrit defectes monogénics d’aquestes molécules i que es
relacionen amb: 1) trastorn espectre autista (com la caderina-9, caderina-19,
neuroligina 3 i 4, beta-neurexina-1, etc), 2) susceptibilitat augmentada per tenir
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un trastorn espectre autista (algunes caderines com la 13, etc), 3) risc augmentat
de malaltia d’Alzheimer (alteracid en efrines i receptors Eph), i 4) altres malalties
neuropsiquiatriques com l'esquizofrénia (amb mutacions descrites en NCAM)
(Yang et al., 2014). Es important destacar que mutacions en una molécula en
concret pot conduir a diferents fenotips dins de l'espectre de les sinaptopaties, i
qgue probablement amb els anys s’identificaran diferents alteracions genetiques
i epigenéetiques, que actuant en conjunt, definiran el fenotip final de la malaltia.

2.3. Trastorns presinaptics (focalitzats en la vesicula sinaptica)

De forma generica, els trastorns monogenics dels neurotransmissors com es
tenen entesos de forma «classica», inclouen defectes que basicament impliquen
el terminal presinaptic de la neurona (remarcar tots els defectes de sintesi i
degradacid, alguns dels transportadors, etc.). Per tant, conceptualment aquest
apartat inclouria el volum principal d’aquests trastorns, i a més a més, és el que
esta més explorat i del qual es coneixen més detalls.

Els defectes que es descriuen en aquest apartat pero, son aquells amb
mecanismesimplicats en la biogénesi, transport, exocitosiireciclatge de la vesicula
sinaptica. En l'article Il de la present tesi es descriuen les malalties d’aquest
organul cel-lular, amb la intencié d’aconseguir un enfocament translacional entre
la biologia molecular, el diagnostic genetic, la funcié biologica i les manifestacions
cliniques.

La vesicula sinaptica (VS) és un actor imprescindible perque la neurotransmissio
pugui tenir lloc (figura 34). El seu procés de biogenesi esta ampliament estudiat
des de fa més de 40 anys, quan es va descriure per primera vegada |I'endocitosi
de la vesicula sinaptica en el terminal de la unié neuromuscular de les granotes
(Heuser and Reese, 1973). Avui en dia encara es descriuen fases noves en aquest
procés de biogenesi, sent per si mateix un procés d’alta complexitat per tots els
mecanismes reguladors que hi intervenen (Chanaday et al., 2019).
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Figura 34. Algunes de les proteines presents a la membrana de la vesicula sinaptica, de
(Takamorietal., 2006). Les proteines presents ala membrana delavesicula sinaptica tindran
dues funcions primordials com sén la senyalitzacié per assegurar un transport correcte i
una interaccié adequada amb les molécules de fusié de la membrana presinaptica, i també
una funcié de transport dels neurotransmissors per poder-los internalitzar abans de ser
alliberats en el procés de neurotransmissio. Hi haura altres proteines i lipids implicades en
altres funcions com seran I'aglutinacié de components concrets de la membrana en zones
actives (Shupliakov and Brodin, 2010; Chanaday et al., 2019).

El procés de neurotransmissid es basa principalment en la possibilitat de
I’exocitosi de neurotransmissors, i sera imprescindible tenir vesicules sinaptiques
disponibles a I'espai presinaptic perque aquest procés pugui tenir lloc i perque la
neurotransmissié no s’aturi. Aixo s’assegurara a través de dos passos principals: a)
la formacio de novo de VS provinents del cos cel-lular, i b) el reciclatge de la VS a
travésdel procésd’endocitoside lamembrana presinaptica, ladistribucié d’aquesta
VS nova formada cap a zones concretes, i el reompliment amb neurotransmissors,
gue és un procés que es dona a nivell local. Aquests dos processos es descriuen
amb més detall en els seglients apartats.
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2.3.1. Formacio de novo de vesicules sinaptiques

Aquesta opciod és un procés més lent i llarg que implica integrament tot el cicle
de la VS. S’estima que a través de la formacié de novo de les VS es reomple el
terminal presinaptic amb un total de 20-40 vesicules noves cada dia (Guedes-Dias
and Holzbaur, 2019).
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Formacié d’una proteina de la VS: des de la sintesi al reticle endoplasmatic
fins a la seva preparacio pel transport axonal.

En el soma neuronal, nivell del reticle endoplasmatic rugds (RER) es
tradueix una proteina transmembrana que pot difondre lliurement per la
membrana del RER. Es creu que en un moment donat, aquesta proteina
amb especificitat per formar part d’'una VS, troba altres proteines i lipids
presents a la membrana del RER que també seran components de la VS, tot
unint-se a cofactors especifics. En aguest moment, s’aniran reclutant tots
aquests components i es formara una zona de la membrana del RER amb
molecules especifiques pel cicle de la VS (Rizzoli, 2014).

Posteriorment, es produira el transit cap a I'aparell de Golgi (AG). Aquestes
proteines hauran anat creant interaccions amb altres proteines i lipids afins,
sobretot aquells implicats en I'ancoratge de la VS (en I'anglés docking), i
aquelles proteines SNARE (de l'anglés Soluble NSF Attachment Portein
Receptor). Els lipids exerciran un paper molt important en aquest punt de la
biogenesi de la VS, especialment el colesterol, el qual sera molt abundant
en la VS madura i actuara com a estabilitzador de diferents proteines a la
membrana (Takamori et al., 2006).

Seguidament es produira la gemmacié de la VS (en angles budding). Tampoc
es coneix completament aquest procés, pero es pensa que els components
proteics i lipidics que estan reclutats en una zona concreta de la membrana
de I'AG atrauen diferents proteines que conduiran a aquestes noves VS
formades cap al sistema endocitic. Tindrem aleshores una VS precursora
gue haura d’acabar de madurar per tal d’incloure tots els components
necessaris, tenint també (Rizzoli, 2014).

Transport axonal.

El transport axonal tindra lloc gracies a la presencia dels microtubols
que estan polaritzats de «cap a peus» a través de la polimeritzacio
d’heterodimers d’alfa- i beta-tubulina. Les proteines de transport seran
la dineina pel transport retrograd i la quinesina pel transport anterograd
(figura 35).
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Figura 35. Els principals actors en el transport axonal, de l'article de (Guedes-Dias and
Holzbaur, 2019).

El motor energétic perque el procés de transport tingui lloc sera la hidrolisi
d’ATP per part de les proteines motores. Des d’un punt de vista de consum
energetic, es considera que és un procés altament eficient, doncs 'ATP que
es consumeix pel transport axonal representa menys d’un 1% del total d’ATP
consumit en una sola neurona (Guedes-Dias and Holzbaur, 2019).

La VS precursora (rica en sinaptofisina, sinaptotagmina i transportadors
d’aminoacids) es transportara al llarg de I'axé gracies a I'accié principalment
de la quinesina-3, i en menor mesura de la quinesina-1 (Guedes-Dias and
Holzbaur, 2019). En ambdues proteines s’han descrit diferents trastorns
neurologics amb espectre clinic molt ampli que compren des de discapacitat
intel-lectual i epilepsia, fins a paraparesia espastica hereditaria. També s’han
descrit mutacions en la dineina, principalment en el gen DYNC1H1. Aquests
defectes monogenics estan inclosos en |'article Il de la present tesi.

El transport axonal es considera un procés per si mateix altament regulat
(com tot el cicle de la vesicula sinaptica), en el qual ja es reconeix el seu
paper rellevant per tal de mantenir un funcionament neuronal i sinaptic
adequats a través del subministrament de nous components en el transport
anterograd (VS precursores, mitocondris, proteines, microARNs...), aixi
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com el transport retrograd de components cap al soma neuronal. La
disrupcié en algun punt d’aquest procés condueix a trastorns que afecten el
neurodesenvolupament i/o que impliquen una neurodegeneracio, causant
fenotips que no Unicament impliquen manifestacions neuromusculars, sind
gue es descriuen també epilepsia, discapacitat intel-lectual, microcefalia,
etc. (Guedes-Dias and Holzbaur, 2019).

Dirigir-se cap a la sinapsi.

La membrana de la VS tindra components que interaccionaran amb les
proteines motores per al seu transport, com s’ha comentat, pero també
tindra components amb una alta afinitat perinteraccionaramb components
de la sinapsi. Aquests ultims seran irrellevants mentre la VS estigui a |'axg,
pero tan bon punt la VS travessi una zona propera a la sinapsi, s’inicia una
competencia entre les proteines motores i les que interaccionen amb les
de la sinapsi, que aniran tenint més rellevancia arribats a aquest punt.
D’aquesta manera, les VS deixaran I'axé per dirigir-se a les zones sinaptiques
(Rizzoli, 2014). També hi contribueix el fet que les zones terminals dels
microtubuls de I'axd sén molt riques en GTP, i la quinesina-3 té molt poca
afinitat per aquestes zones, de manera que facilita I'alliberament de la VS
precursora (Guedes-Dias and Holzbaur, 2019).

Les proteines de les zones implicades en aquest procés no tenen per qué
estar implicades en el procés d’exocitosi, i un exemple seria la sinapsina,
una proteina que participa en 'associacio de les VS entre elles i amb I'actina
del citoesquelet (Cesca et al., 2010). Mutacions en la sinapsina 1 i sinapsina
2 estan implicades amb fenotips dins I'espectre de les sinaptopaties, que
inclouen epilepsia, discapacitat intel-lectual i trastorn espectre autista,
com es recull en l'article Il de la present tesi.

Maduracio de les VS.

La VS precursora es troba en aquest moment a la sinapsi, amb algunes
proteines a la seva membrana que son les necessaries per formar una
VS madura, pero que també necessita incorporar altres proteines. Per
aconseguir incorporar aquests altres components a la seva membrana, es
fusionara amb la membrana presinaptica. Les arees on tindra lloc aquesta
fusio per a intercanviar els components de la membrana i incorporar-ne de
nous sera diferent de les zones actives on s’alliberen les VS per a I'exocitosi.
Probablement hi ha diferents components presinaptics i de la mateixa
VS que contribueixin a aquesta especificitat de lloc de fusid, com sén la
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sintaxina 4, ’'SNAP-23 i la sinaptobrevina, que probablement actuin com
a efectors d’aquesta fusio de membranes. Un cop s’han fusionat aquestes
membranes, els components de la membrana difonen i es reparteixen
segons sigui necessari. Per exemple, la sintaxina 4 i I'SNAP-23 difondran
cap a altres zones de la membrana on es trobin en menor concentracio,
per tal d’atraure noves VS precursores. A nivell presinaptic, hi haura doncs
una zona de la membrana on s’hauran fusionat un gran nombre de VS
precursores i els components patiran un procés de segregacio i distribucio,
per tal de ser endocitades novament pero ara ja en forma de VS madures a
punt per ser omplertes amb neurotransmissors. El procés d’endocitosi en
aquest cas probablement també esta facilitat per clatrina (Rizzoli, 2014).

Ompliment de la vesicula amb el/s neurotransmissor/s d’interés.

Es necessari 'ompliment de les VS amb NT per a fer-les optimes per
a l'exocitosi. Independentment del mecanisme de formacié de les VS
(reciclatge o formacié de novo), aquestes s’han d’omplir amb un total
estimat de més d’un miler de moléecules de neurotransmissors, com ja es
va demostrar I'any 1989 per (Burger et al., 1989). En aquell moment, estava
encara en discussio el mecanisme d’alliberament dels neurotransmissors
a l'espai sinaptic, i no s’havia pogut demostrar la presencia de vesicules
sinaptiques amb acumulacié de NT al seu interior. En aquest esmentat
treball, es va poder demostrar per primera vegada l'alta presencia de
glutamat en les vesicules sinaptiques de la granota (Burger et al., 1989).

Perque les VS es puguin omplir amb NT és necessaria la presencia de dos
actors principals: a) 'ATPasa vacuolar depenent de H+ (vATPasa), i b) i els
transportadors vesiculars de neurotransmissors (avui en dia s’ha descrit
patologia en el transportador vesicular tipus 2 de monamines, com ja
s’ha descrit en la introduccié de la present tesi, i per ara no hi ha descrita
patologia en cap altre transportador vesicular de dopamina, serotonina,
GABA o glutamat). En el cas d’aquelles VS que es reciclen (motiu del
seglent apartat 2.2.3.2.), caldra també reciclar tant les vATPases com
els transportadors dels NT, sent aquest ultim procés determinant pel
tipus de neurotransmissor que s‘'emmagatzema a les vesicules i per les
caracteristiques de la neurotransmissié (Silm et al., 2019).

Lompliment de les vesicules sinaptiques de forma correcta és necessari
per a una correcta neurotransmissié. Si bé és cert que VS parcialment
plenes es poden exocitar, sembla que ser que hi ha una certa preferencia
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per a aquelles que estan plenes adequadament (Rost et al., 2015). Aixi
doncs, un correcte ompliment de les VS sera motiu d’una optimitzacié de la
funcio sinaptica, i com a tal, és comprensible que sigui un procés altament
regulat. Hi ha diferents factors que es preconitza que regulen la funcié
de la vATPasa (figura 36), si bé no es coneixen completament i els estudis
fins ara son en model de llevat (Gowrisankaran and Milosevic, 2020). Els
diferents reguladors podrien ser: 1) I'ensamblatge i desensamblatge de
les subunitats VO i V1 de la vATPasa, que sembla que pot ser sensible als
nivells de glucosa i disponibilitat energética a nivell presinaptic; 2) la capa
de clatrina que participa en I'endocitosi de la VS; 3) proteines especifiques
com podrien ser la rabconnectina-3, 4) components de la membrana, com
podrien ser esfingolipids o diferents fosfolipids, i 5) els nivells de subunitats
de la vATPasa disponibles, depenent del grau de transcripcio proteica.

vATPase abundance
- Transcription
- Protein stability . ‘ Clathrin coat

.

o

’ I. ] . i . _. ¥
Reversible dissociation < v 3 Rabconnectin-3
of V,and V, Ve complex?

v

Membrane lipids, e.g.
- Sphingolipids
- PI(3,5)F,

Figura 36. Reguladors principals de la vATPasa de la membrana de la vesicula sinaptica,
de l'article de (Gowrisankaran and Milosevic, 2020).
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Agrupament de les VS.

Abans de I'exocitosi, les VS s’han d’agrupar a les zones actives i després
d’estimulacié repetitiva seran alliberades. Els principals components
qgue permeten l'agrupament (de l'anglés clustering) de les VS sén les
sinapsines (Chanaday et al., 2019). Aquestes interaccionen amb: a) I'actina
del citoesquelet (mitjancant reaccions dependents de la fosforilacid),
2) l'alfa-sinucleina, 3) i proteines Rab-GTPases. Mutacions de pérdua de
funcid en aquestes proteines s’ha relacionat amb malalties neurologiques i
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neuropsiquiatriques com soén l'autisme, I'esquizofrenia i I'epilépsia (Garcia
et al., 2004; Greco et al., 2013), i estan incloses en l'article lll de la present
tesi.

e Exocitosi de la VS.

En la visid classica, les VS s’organtizen a nivell presinaptic en quatre pools
funcionals diferents (figura 37): 1) el pool a punt per ser alliberat o RRP
(de I'angles, readily releasable pool), que consta de vesicules ancorades a
la membrana presinaptica que estan preparades per ser alliberades que
arribi un potencial d’accid, 2) el pool de reciclatge, 3) el pool de reserva, i
4) el pool en repos.

Resting Pool
(~180 vesicles)

Vesicle
Cluster

Recycling P %

Pool I

Readily-Releasable Pool Docked
(~5-8 vesicles) Vesicles

Figura 37. Pools de vesicules sinaptiques, de (Stidhof, 2000). Esquematitzacié dels quatre
pools funcionals de la vesicula sinaptica a nivell presinaptic.

Es descriuen fins a 3 tipus diferents d’exocitosi com soén (figura 38): a) I'exocitosi
sincronica amb el potencial d’accid, b) I’exocitosi asincronica amb el potencial
d’accid, i 3) I'exocitosi espontania de les VS (Crawford and Kavalali, 2015).

Aquests tipus d’exocitosi probablement estiguin relacionats amb la diferent
composicié molecular de la VS. | és que cada vegada hi ha més evidencia que la
membrana vesicular compta amb una organitzacié molecular diferent i que aixo
els confereix una heterogeneitat funcional (Crawford and Kavalali, 2015). Aquesta
heterogeneitat molecular és la que es pensa que permet I'organitzacié de diferents
grups de VS a la zona activa, i que aix0 permeti que els tres tipus d’exocitosi
tinguin lloc. També s’ha de tenir en compte els diferents pools funcionals de VS,
i és que probablement aquesta doble organitzacid (en pools funcionals i amb
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diferent composicié molecular de la membrana de la VS) és la que permeti que
els diferents tipus d’exocitosi tinguin lloc.

B Molecular View
o e0®
A CIas\sucal View O°° ooo °° 7 Spontaneous Fusion
\\ Readily Releasable Pool % o(Do O
O (@) Synchronous
008 o (%) o °°O°C)° 0QQ “Evoked Fusion
O °° Asynchronous
° o % o oo oo ° o()oo O >Evoked Fusion
o 0000 oo = Spontaneous and °° og
o o) o Evoked Fusion (@)
o (») o (®) /" Active Zone
o 88 0O O sybzvesice @ Viita Vesicle
o O ° VAMP4 Vesicle ° VAMP7 Vesicle
/" Active Zone Evoked Fusion Zone

Figura 38. Pools de vesicules sinaptiques a nivell presinaptic, de I'article de (Crawford
and Kavalali, 2015). De forma classica, les VS s’han considerat un organul homogeni. Basat
en aquest axioma, es creu que el fet que es produeixi I'exocitosi d’'un grup de VS o un
altre, depén de mecanismes com la distancia fins a la membrana. Aquest Unic fet, i la
seva classificacié segons si formen part del pool de reserva, del pool per ser alliberat,
etc. no explica completament els 3 tipus d’exocitosi de la VS. B) Recentment s’han descrit
diferents proteines SNARE que s’hipotetitza que confereixen aquesta heterogeneitat
necessaria a les VS per tal que els tipus d’exocitosi puguin tenir lloc. Per exemple, la
sinaptobrevina 2 (syb2) estaria implicada en I'exocitosi sincronica, la proteina associada
a la membrana 4 (VAMP4) s’ha vist relacionada amb |’exocitosi asincronica, i la proteina
associada a la membrana 7 (VAMP7) i la proteina (de I'anglés) vps10p tailinteractor 1a
(vtila), s’han vist associades a I'exocitosi espontania (aixi com proteines que actuen com
a sensors de calci i que formen part de la familia Doc2 (Chanaday et al., 2019)a consensus
formed that after exocytosis, SVs are recovered by either fusion pore closure (kiss-and-
run). D’aquesta manera, es creu que aquestes diferents VS s’organitzen al llarg de la zona
activa en diferents espais.

Les VS agrupades gracies a l'accié de les sinapsines que es creu que, a través de
la fosforilacié oxidativa facilitada per I'entrada de calci al terminal presinaptic, es
desagrupen permetent que siguin mobils i disponibles per a I'exocitosi. Aixi i tot,
els detalls d’aquest procés es desconeixen i estan debatuts, doncs s’ha observat
qgue en models de ratoli sense sinapsina, al contrari del que seria esperable,
segueixen presentant una agrupacio de les VS i segueixen associades a l'actina
(Rizzoli, 2014).

El procés final d’exocitosi precisa de 'adaptacié seriada i regulada de proteines
de la membrana de la VS i de la membrana del terminal presinaptic, i es podria
resumir en els seglients passos (Stdhof, 2000, 2018; Jahn and Fasshauer, 2012;
Rizzoli, 2014; Brose et al., 2019):

264



Discussi6

e Entrada de calcial terminal presinaptic, que és el desencadenant del procés

d’exocitosi.

Recruitment of Munc18

ﬁMuncw
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Figura 39. Exocitosi de la vesicula sinaptica, de l'article de (Jahn and Fasshauer, 2012).
Representacié esquematica de les molécules SNARE de la membrana i de la vesicula
sinaptica, juntament amb altres proteines que interevenen en el reclutament de la vesicula,
I'ancoratge, la preparacié del complex per a la seva exocitosi després de l'arribada de
I'estimul que facilita la fusié de la membrana (de la terminologia en anglés: recruitment,
docking o tethering, priming, triggering i fusion, respectivament). Posteriorment, la
proteina NSF recicla els complexos de SNARE i els fa inactius fins al seglient cicle. Per a
detalls més concrets, veure el text.
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A continuacié té lloc el procés central que és la formacid del complex
d’interaccié entre les proteines SNARE de la VS i les SNARE de la membrana
sinaptica. El terme SNARE es podria traudir com a receptors de proteines
de fixacid soluble de NSF [NSF es refereix a N-ethylmaleimide-sensitive
factor (que és un proteina ATPasa)], i fa referéncia a les sigles en anglés de:
SNAP (Soluble NSF Attachment Protein) REceptor.

Ancoratge de les vesicules (que en la literatura en anglés es refereix
com a docking o tether): un cop s’han alliberat les vesicules durant
una exocitosi, queden lliure els espais que han d’ocupar les seglients
vesicules. En aquests espais de la membrana presinaptica hi haura
les proteines RIM (de I'anglés Rab3-interacting molecules). Aquestes
seran les encarregades de «lligar» o ancorar les VS a la membrana.

La proteina Munc-18-1 (o també coneguda com a STXBP1, de I'anglés
syntaxin binding protein-1) interacciona amb la sintaxina i fa un
complex a punt per interaccionar amb les SNAREs de la VS.

Al mateix temps, el Munc-13-1 estabilitzara aquest complex i el
preparara per a 'obertura de la sintaxina per poder interaccionar bé
amb la sinaptobrevina.

La sinaptobrevina interacciona amb la sintaxina-1i ’'SNAP-25: les dues
membranes s’aproximen. Aixo seria el que es coneix com a preparacio
del complex (o de I'anglés, priming).

Les complexines interaccionen amb les dues SNARE sintaxina i

sinaptobrevina per tal d’aproximar-les més.

Les sinaptotagmines de la VS (abreviades com a Syt en angles)
actuen com a sensors de calci, i desencadenen I'exocitosi rapida de
neurotransmissors.

Un cop finalitza I'exocitosi, la proteina SNF desfa el complex format per
la sintaxina-1 i SNAP-25 i el prepara que a un altre procés d’exocitosi.

2.3.2. Reciclatge de la vesicula sinaptica

El reciclatge de la vesicula sinaptica va rebre el seu nom I'any 1973 (Heuser
and Reese, 1973), tot referint-se a aquest procés d’exo- i endocitosi de la vesicula
que té lloc al llarg de tota la vida de l'organisme viu, creant una vegada i una altra
una VS competent durant centenars i milers de vegades (figura 40). Aquest és un
procés que ha de funcionar correctament per assegurar una correcta comunicacio
sinaptica. Es considera que podria ser un dels processos que requereixen un millor
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control a nivell de biologia cel-lular, sense que s’hagin elucidat completament tots
els mecanismes que determinen que controla exactament que la VS estigui al lloc
adequat en el moment adequat (Rizzoli, 2014). Una proposta del mateix autor
d’aquesta interessant revisid sobre el cicle de la VS fa referencia a com es controla
aquest procés: ell apunta que cada una de les reaccions cel-lulars es controlen
gracies a la concentracié dels participants en aquesta reaccidé, més que no pas
per una proteina reguladora en concret. La posicid, localitzacio, concentracid i
estat de reaccio dels diferents participants en les diferents reaccions cel-lulars és
el que aconsegueix una regulacio a nivell individual de cada una de les reaccions
que estan tenint lloc, i en ultima instancia controla I'activitat global de la sinapsi
(Rizzoli, 2014; Wilhelm et al., 2014). Aixo seria aplicable a cada una de les reaccions
que es donen a nivell subcel-lular.

G —

'rotransmlttar —
uptake

? Kiss-and-run ?
Fusion

Active zone

Endocytosis

Figura 40. Via de reciclatge de la vesicula sinaptica, de l'article de (Jahn and Fasshauer,
2012). Les vesicules sinaptiques que s’han fusionat a la membrana presinaptica per a
I'alliberament de neurotransmissors, patiran un procés d’endocitosi mediada per clatrina.
Es reompliran novament amb més NT i s'Tacumularan al terminal presinaptic organitzades
en els diferents pools. Es translocaran en aquelles zones actives de la membrana en els
punts on es podran ancorar i posteriorment fusionar.

Lopcid del reciclatge de la VS és una part del cicle que asseguraria la
disponibilitat més immediata de VS al lloc d’accid, i recentment s’han descrit
in vivo, fins a 4 formes diferents de reciclatge de la VS per tal de mantenir els
pools necessaris perque el procés de neurotransmissié no s’aturi (figura 41)
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(Chanaday et al., 2019) (fins ara hi havia només el procés de «kiss and run» i el
procés d’endocitosi mediada per clatrina). Actualment s’accepta que el procés
d’endocitosi predominant dependra de l'estat de neurotransmissié d’aquell
moment, segons si es troba en nivells d’alta activitat o de baixa activitat sinaptica.
Malgrat aquests 4 tipus de vies de reciclatge de la VS, aquella mediada per
clatrina és la majoritaria en la gran part dels fenomens d’endocitosi en els éssers
vius. Precisament per aquest motiu, per la predominancga de la via de la clatrina,
es creu que en I'ésser huma és la justificacid per la qual mutacions que afectin
proteines implicades amb aquesta via de reciclatge de la VS es relacionen amb
processos neurodegeneratius com podrien ser I'endofilina A, la sinaptojanina-1 o
I'axilina (descrita amb més detall en el seglient apartat, i que correspon a l'article
IV de la present tesi) (Chanaday et al., 2019).
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Figura 41. Visié moderna del cicle vesicular, de (Chanaday et al., 2019)a. Aquesta figura
esquematitza la visié més moderna del cicle de la vesicula sinaptica, tenint en compte les
4 modalitats d’endocitosi que s’han descrit fins a dia d’avui, i que una o altra dependra del
nivell d’activitat sinaptica.
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A. En moment de baixa activitat, la VS es reclutara en el pool de reserva o en
el pool RRP (ready releasable pool) i es fusionara a la zona activa, després
de la qual es reciclara seguint diferents opcions: 1) mecanismes de «Kkiss
and run», en el qual es crea només un porus per alliberar els NT i prou; 2)
endocitosi ultrarapida a zona periferiques properes a la zona activa, que es
fusionaran de forma rapida amb endosomes i es regeneraran noves VS a
través de I'endocitosi mediada per clatrina; 3) mecanisme CME o «clathrin
mediated endocytosis», que generara noves VS a través de |'endocitosi
mediada per clatrina de la membrana presinaptica.

B. En moment d’activitat molt alta es mobilitzen moltes VS que es fusionen
completament i massivament a nivell de la membrana presinaptica. Aixo
activa d’ADBE (de I'langlés, activity-dependent bulk endocytosis), a través del
qual es produira una endocitosi d’'una superficie molt gran de membrana
presinaptica per tal de formar un endosoma molt gran i poder produir
massivament moltes VS noves.

2.3.3. Manifestacions cliniques de les malalties de la vesicula sinaptica

Qualsevol alteracié o defecte molecular que interrompi qualsevol d’aquests
processos (biogénesi de la VS, transport, i cicle al terminal sinaptic (exocitosi/
endocitosi)), es considera que alteren el cicle biologic de la vesicula sinaptica i
s’inclouen en aquest grup de trastorns descrits en |'article Il de la present tesi.

Les manifestacions cliniques dels trastorns de la VS estan incloses dins del
continuum de les sinaptopaties, com s’entenen en neuropediatria. El terme de
sinaptopatia es va comencar a utilitzar de forma extensa fa pocs anys, i inicialment
era per referir-se a trastorns a nivell sinaptic que justificaven manifestacions
cliniques de malalties neuropsiquiatriques (Brose et al., 2010; Lepeta et al.,
2016) i neurodegeneratives (Alzheimer, malalties per prions, Parkinson...).
En el camp de |la neuropediatria no sempre es compta amb el component de
la neurodegeneracié (o bé no s’ha arribat a demostrar igual que en l'adult),
si bé alteracions funcionals a nivell sinaptic s’ha vist que comparteixen un
continuum de simptomes comuns en molts d’aquests defectes. Les malalties de
la VS també presenten aquests simptomes, i els podriem resumir en discapacitat
intel-lectual (de forma gairebé constant), epilépsia, trastorn del moviment i
trastorns neuropsiquiatrics (basicament en forma de trastorn espectre autista).
Un altre comentari d’un aspecte rellevant d’aquestes malalties son les que
tenen manifestacions neuromusculars. En aquests casos, no necessariament
s’associaran a manifestacions cliniques caracteristiques de sinaptopatia a nivell
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de sistema nervids central com hem comentat fins ara, doncs es relacionen amb
alteracions a nivell de la unié neuromuscular.

Aquest treball és una proposta d’una nova categoria de malalties que afecten
la neurotransmissio, i sobretot una proposta per conduir a un canvi en I'abordatge
i conceptualitzacié en les malalties neuropediatriques. Hi ha evidents limitacions
en aquesta proposta, i és que els mecanismes implicats a nivell de biologia
molecular tenen accions complexes a nivell cel-lular i no han estat demostrats
amb estudis funcionals en totes elles. Aixi i tot, en algun d’aquests defectes si que
hi ha estudis més especifics on es demostra la seva implicacié a nivell molecular,
i un exemple d’aixo el trobem en els defectes en el gen DNAJC6, que codifica
per la proteina auxilina implicada en I'endocitosi de la vesicula sinaptica. Aixo es
presenta en el seglient apartat, i és motiu de 'article IV de la present tesi.

3. Defectes en el gen DNAJC6 que codifica per a la proteina auxilina,
implicada en l’endocitosi de la vesicula sinaptica, i que afecta
I’homeostasi dopaminergica

Les proteines codificades per la familia de gens DNAJC formen part de la
familia HSP (heat shock proteins, de I'angles). Aquesta familia de proteines estan
implicades en el correcte plegament d’altres proteines i polipéptids, i tenen una
accioé de xaperones (prevenint laformacié de proteines disfuncionants o d’agregats
citotoxics), i recentment han sigut objecte d’interés per estar implicades en
diferents formes de parkinsonisme (Roosen et al., 2019).

En el cas del gen DNAJC6 codifica per una proteina anomenada auxilina 1,
que esta relacionada amb desfer el revestiment de les lamines de clatrina que
envolten la vesicula durant I’endocitosi (ja sigui a nivell de les vesicules noves que
es formen a partir de I'aparell de Golgi, o les vesicules sinaptiques en el terminal
presinaptic), i aixi prevenir que es formin agregats disfuncionals de clatrina (figura
42) (Roosen et al., 2019). Mutacions en aquest gen, per tant, estaran associades
amb una proteina disfuncionant que no permetra el correcte procés d’endocitosi
de la vesicula sinaptica.
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Figura 42. Representacié tridimensional d’una reticula de clatrina, que envoltaria una
vesicula, de I'article de (Fotin et al., 2004). 'auxlina es veu representada en color vermell.

Lauxilina 1 (la proteina codificada pel gen DNAJC6) es va descriure per primer
cop associada a les lamines de clatrina I'any 1995, quan es va identificar el binomi
de les dues proteines que conformen la xaperona que ajuda al desensamblatge
de la capa de clatrina: I’hsp70c i I'auxilina 1 (figura 43) (Ungewickell et al., 1995).
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Figura 43. Dissociacié de I’hsp70c i l'auxilina de I’entramat format per molécules de
clatrina, de l'article de (Ungewickell et al., 1995). En primer lloc, I'auxilina s’uneix a la
molécula de clatrina (la molécula més petita s'anomena triskelion, que té tres extrems, i
forma un entramat al voltant de la vesicula sinaptica) i es prepara per a la seva unié amb
I’hsp70c. Seguidament, hi ha una reaccié d’hidrolisi que distorsiona la conformacié del
triskelion, facilitant el desensamblatge de totes aquestes molécules que formen la reticula
de clatrina al voltant de la vesicula sinaptica.
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El paper de la clatrina en el reciclatge de la vesicula sinaptica es va descriure
en la unié neuromuscular de les granotes I'lany 1973, i es va demostrar que les
vesicules sinaptiques es regeneren de forma local a través de I'endocitosi mediada
per clatrina (Heuser and Reese, 1973). Com ja s’ha descrit en |'apartat anterior,
la clatrina facilita un dels 4 tipus d’endocitosi de la VS que s’han descrit fins al dia
d’avui en els éssers vius, i probablement constitueix la via predominant en el cas
d’una activitat sinaptica baixa-moderada (Chanaday et al., 2019).

Hi ha diferents processos que depenen del correcte funcionament de
I'endocitosi mediada per clatrina, com per exemple en el cas de |'associacid de
la clatrina amb diferents complexos proteics adaptadors (de l'anglés: adaptor
protein complexes) que compren les proteines AP1, AP2 i AP3 (Chanaday et al.,
2019). Aquestes proteines participen, a través de la seva interaccid amb la clatrina,
en el correcte reciclatge dels transportadors de neurotransmissors quan té lloc el
reciclatge de la vesicula sinaptica.

Un altre procés important que es controla a través de |'accié de la clatrina
durant el reciclatge de la vesicula sinaptica és I'acidificacié del soma de la VS a
través del control de I'activitat a la vATPasa (ATPasa vacuolar depenent d’'H+), a
la qual bloqueja mentra la vesicula es troba envoltada per la reticula de clatrina
(Figura 44) (Farsi et al., 2018; Gowrisankaran and Milosevic, 2020).
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Figura 44. Model hipotetic del reciclatge de vATPasa de la membrana de la vesicula
sinaptica, a través de I’endocitosi mediada per clatrina, de I'article de (Gowrisankaran
and Milosevic, 2020)including synaptic vesicles (SVs. Després de I'exocitosi de la VS, hi
ha una endocitosi mediada per clatrina, amb una part de la membrana que conté un
complex vATPasa complet. Aixi i tot, la vATPasa no és completament funcionant degut al
blocatge de la clatrina. Un cop es produeix el desensamblatge de la coberta de clatrina

272



Discussio

es produeix un desbloqueix de la vATPasa i com a conseqtiéncia, s’inicia I'acidificacié del
lumen de la VS. Una vegada que ja s’ha acidificat I'interior de la VS es pot tornar a omplir
amb molecules de neurotransmissors. En el dibuix es mostren les subunitats V iV, de la
VvATPasa, tal com es coneix en el llevat; es pensa pero, que I'estructura de la vATPasa dels
mamifers és molt més complexa.

La primera descripcid clinica d’un defecte de DNAJC6 amb implicacio clinica
en forma de parkinsonisme va ser I'any 2012, en un article on malauradament hi
ha molt poca informacié clinica (Edvardson et al., 2012). Descriuen una familia
consanguinia pakistanesa amb dos germans afectes de parkinsonisme juvenil. En
aquest primer article descriuen una possible hipotesi per la qual el reciclatge del
transportador presinaptic de dopamina, que esta facilitat per clatrina, no es pot
produir correctament. Aixi doncs, ja apunten a un fenomen molecular en el qual
el reciclatge de la vesicula sinaptica es veu alterat. Un any més tard, es descriurien
els seglients pacients amb un fenotip també de parkinsonisme juvenil associat
de discapacitat intel-lectual, inestabilitat postural, tremolor de repos i postural,
bradicinésia, distonia intermitent, signes piramidals, i epilépsia (absencies i crisis
generalitzades) en alguns d’ells (Kéroglu et al., 2013). En aquests casos es reporta
una resposta positiva al tractament amb L-dopa, perdo amb dosis limitades a
causa dels efectes secundaris motors (discinésies) i psiquiatrics.

En el cas de 'article IV es presenten un total de 6 pacients amb mutacions en
el gen DNAJC6 i es realitza una descripcié acurada del fenotip, i una analisi del
liquid cefalorraquidi i dels fibroblasts d’alguns d’aquests pacients per a proteines
relacionades amb I’"homeostasi dopamineérgica.

El fenotip en aquests pacients és forga similar i parteix d’uns simptomes core
consistents en: 1) un parkinsonisme progressiu d’aparicié en la primera década
de la vida, 2) posteriorment evolucionar a una regressié neurologica greu, 3) fins
a arribar a una pérdua de la deambulacié autonoma. A diferencia de la malaltia
de Parkinson de debut en I'edat adulta, el parkinsonisme en edat infantil o juvenil
es presenta rarament com a simptomes parkinsonians «purs», entesos com a la
triada de bradicinesia, rigidesa i tremolor. En el cas de |la poblacié pediatrica, se
sol associar a altres simptomes com soén la discapacitat intel-lectual, distonia i
trastorns neuropsiquiatrics. A diferencia d’altres pacients reportats previament,
en el cas dels pacients reportats en aquest article es descriu una disfuncié bulbar,
problemes de dismotilitat intestinal i trastorns del son.

En tots els pacients, la resposta al tractament amb dopamina o agonistes
dopaminergics és insatisfactoria i freqlientment ocasiona efectes secundaris (en
forma de discinésies o efecte on-off marcat).
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Els pacients presenten una ressonancia magnetica normal o amb signes
subtils d’atrofia cerebral generalitzada. En tres dels pacients es va realitzar un
123|-FP-CIT SPECT (DaTScan™) que va demostrar una reduccié de la captacié del
radiotracador a nivells dels ganglis de base, cosa que reflecteix una alteracié a nivell
de transportador presinaptic de dopamina. En altres formes de parkinsonisme,
aquestes troballes en el DaTScan™ s’han relacionat amb una pérdua axonal i
degeneracié neuronal.

A nivell de liquid cefalorraquidi es demostren uns nivells disminuits d’"HVA de
forma aillada, i nivells molt disminuits d’auxilina 1. També hi ha altres proteines
qgue participen de I’lhomeostasi dopaminergica que es troben afectades, com son
VMAT, DAT, TH i D2R.

Un altre aspecte que es demostra, son nivells significativament augmentats de
la kinasa depenent de la ciclina-G (GAK) a LCR, i de forma no significativa a nivell
de fibroblasts. Aquesta proteina, també anomenada auxilina 2, esta codificada
pel gen DNAJC26 i té la mateixa funcié molecular que l'auxilina 1 (Roosen et al.,
2019). Lauxilina 1 s’expressa predominantment a nivell neuronal, mentre que
el GAK té una expressié més ubiqua. Probablement els nivells de GAK estiguin
augmentats per compensar els nivells disminuits d’auxilina 1.

Lefecte molecular que es dedueix en aquests casos és una alteracido de
I'endocitosi de la vesicula sinaptica, a través d’una alteracié de l'estructura de
clatrina que recobreix les vesicules. Aixd probablement repercuteix en el reciclatge
de la vesicula, i de forma secundaria i predominant en la neurotransmissio
dopamineérgica. No esta del tot clar el motiu pel qual hi ha una alteracié selectiva
en el cas de la dopamina i no dels altres NT mesurats. Es coneix el factor de
I'especial vulnerabilitat de les neurones dopaminéergiques davant certs insults,
com pot ser l'estrés oxidatiu (Juarez Olguin et al., 2016). D’altra banda, també
s’ha reportat una especial vulnerabilitat de la neurotransmissié dopaminergica en
una amplia cohort de pacients neuropediatrics, els quals mostraven una alteracid
secundaria en aquest neurotransmissor de forma predominant (Molero-Luis et
al., 2013).

Una alteracio en el cicle de la vesicula sinaptica s’ha descrit també en altres
formes de parkinsonisme com LRRK2, VMAT?2 i trastorns relacionats amb I'SNCA i
en la malaltia de Parkinson mateix (Alter et al., 2013).

Aixidoncs, d’aquest treball es podria deduir el paper del'alteracio enl’'endocitosi
de la vesicula sinaptica com a mecanisme molecular alterat en el cas de pacients
amb un fenotip de distonia-parkinsonisme. Els defectes moleculars associats amb
aquesta presentacio clinica poden ser diversos, com és el cas que es presenta en
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I'article V de la present tesi, en el qual hi ha una alteracio en la fissié mitocondrial
i peroxisomal, i que es presenta en el seglient apartat.

4. Parkinsonisme infantil greu en defectes de la biogénesi mitocondrial
i peroxisomal, en el cas de mutacions en DLP1

En l'article V de la present tesi es presenta una pacient que debuta amb clinica
neurologica greu a partir dels 3 mesos de vida, després d’un periode inicial
reportat com a normal, amb una gestacid i part sense esdeveniments rellevants.
Presenta untremolor de repos d’alta freqliénciaigran amplitud, amb una regressio
neurologicaidificultats peral’alimentacid. Als5 mesos devida presenta una perdua
completa del control cefalic, una ptosi palpebral bilateral, hipotonia del tronc,
hipocinesia i rigidesa de les extremitats, amb uns reflexos musculars profunds
augmentats. A nivell semiologic es pot englobar dins del parkinsonisme de debut
preco¢ amb signes incipient de via piramidal. En les proves complementaries
que es van realitzar destacaven marcadors mitocondrials (amb un lactat i alanina
augmentat en plasma, i una hiperlactatorraquia amb valors de 6,6mmol/L, sent
normal <2mmol/L), aixi com nivells disminuits d’acid homovanilic, sense alteracid
de les altres vies dels neurotransmissors. La ressonancia magnetica als 9 mesos
de vida mostrava una atrofia generalitzada amb afectacio i substancia blanca i un
cos callos fi, i 'espectrometria revelava un pic de lactat.

Vapresentaruncursclinicevolutiu,amb unssignes de via piramidal més evidents
(amb un clonus i un signe de Babinski positiu bilateral), amb una progressié de
I'atrofia cerebral i 'afectacio de substancia blanca en la ressonancia als 22 mesos
de vida (amb un pic de lactat i també nivells augmentats de N-acetilaspartat, sent
aquestsdarrersnormalsenlaprimeraressonanciamagnéeticaambespectrometria).
Aguestes troballes podrien ser compatibles amb una neurodegeneracio. A nivell
del quadre de parkinsonsime va empitjorar la rigidesa, sense resposta evident al
tractament amb L-dopa o agonistes dopaminergics. Va precisar alimentacio amb
gastrostomia percutania i suport amb ventilacié mecanica, fins que als dos anys i
mig d’edat va morir.

En l'estudi de la causa etiologica, i davant la presencia de marcadors
mitocondrials, es va realitzar un estudi genéetic a través d’un panell predissenyat
qgue incloia diferents gens relacionats amb patologia mitocondrial. Es va trobar
un canvi en heterozigosi en el gen nuclear DLP1 (dynamin-related protein 1)
(c.1337G>T;p.Cys446Phe). La seva prediccio in silico el qualificava de patogénic,
i que no es va trobar en cap dels progenitors en I'estudi de segregacio. Es va
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orientar doncs com un canvi de novo en heterozigosi en la pacient, i en els estudis
en el model cel-lular realitzats per H. Diez, Ph.D., es va demostrar una alteracié
en la morfologia mitocondrial i peroxisomal, provant I'efecte deleteri dominant
negatiu de la mutacié present en la pacient.

La proteina codificada pel gen DLP1 és la dynamin-like protein 1 (de I'angles)
o DIp1, que també es pot trobar abreviada a la literatura com a Drp1 (dynamin-
related protein 1) o DNMI1L (dynamin 1-like protein). Es una proteina de la
membrana mitocondrial amb activitat GTPasa que participa principalment en la
fissio mitocondrial, perd que de forma més indirecta també s’ha vist relacionada
amb els altres processos de la biogenesi mitocondrial (com soén la fusid, la
dinamica mitocondrial o la mitofagia) (figura 45) (Oliver and Reddy, 2019; Qi et
al., 2019)mitochondrial fragmentation, autophagy/mitophagy, and neuronal
damage in Alzheimer’s disease (AD. Aquesta proteina també es pot trobar a nivell
del peroxisoma, de la membrana de I'aparell de Golgi, el citoplasma (Oliver and
Reddy, 2019), i a nivell de la membrana de les vesicules sinaptiques que pateixen
el procés d’endocitosi a partir de la membrana presinaptica (Li et al., 2013).

Healthy Mitochondrial
Dynamics

Fission

Figura 45. Localitzacio i rol de la dynamin-like protein 1 a nivell mitocondrial, de 'article
de (Oliver and Reddy, 2019). La Drpl o DIpl o DNML1 (en vermell en el dibuix) és una
proteina de la membrana mitocondrial que participa en els diferents processos de
biogénesi mitocondrial, toti que principalment es veu implicada en la fissié del mitocondri.

Abreviatures (de l'anglés): fission factor (MFF), Fission-1 (Fis1), mitofusins 1 (Mfn1) and 2
(Mfn2), and optic atrophy 1 (OPA1).

En un treball de I'any 2013 es confirma la preséencia de la DIpl a nivell de la
membrana presinaptica en aquells punts en els quals s’inicia I'endocitosi de la
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vesicula sinaptica, i també es manté en la VS recentment endocitada envoltada
de la reticula de clatrina (figura 46) (Li et al., 2013).

Clathrin

Figura 46. Localitzacié de la DLP1 a nivell de la membrana de la vesicula sinaptica
que pateix el procés d’endocitosi, de l'article de (Li et al., 2013). La proteina DLP1
(representada amb color verd i amb les sigles Drpl en el dibuix) es localitza a nivell de
la membrana presinaptica, amb associacié estreta amb la proteina sinaptofisina que és
especifica de la vesicula sinaptica i no d’altres organuls. La proteina Drpl és la responsable
de la correcta formacio de la vesicula sinaptica, amb una curvatura i estructura concreta,
després del procés d’endocitosi. En cas que hi hagi una alteracié en aquesta proteina,
el procés d’endocitosi es produeix de forma més lenta, com demostren models animals
knock down.

En el treball de (Li et al., 2013) demostren, no només la localitzacié de la
Dlp1 a nivell de la membrana de la VS, sind que en els casos en que es produeix
un knock down o una inhibicié funcional del complex proteic de la Dlpl, les
vesicules sinaptiques presenten un encorbament i morfologia anomals. En
treballs posteriors i en model de ratoli knock out es demostra una alteracio en el
pool de vesicules sinaptiques i una alteracio a nivell del reciclatge de la vesicula
sinaptica (Singh et al., 2018), enlentint tot el procés d’endocitosi.

S’ha descrit el paper de la DIp1 en diferents malalties neurodegeneratives que
situen el mitocondriiuna correcta regulacié dels processos d’oxido-reducciéo com
a punts essencials per a la supervivencia cel-lular (Puspita et al., 2017). Entre les
diferents malalties en les quals s’ha vist implicada podem trobar la malaltia de
Parkinson, el Huntington, I'esclerosi lateral amiotrofica, I'Alzheimer (Alexiou et
al., 2019), i fins i tot I'esclerosi multiple i la sindrome de Down (Oliver and Reddy,
2019). També s’ha descrit en casos d’encefalopatia epiléptica (Appenzeller et al.,
2014), en quadres progressius de distonia i estatus epiléptic mioclonic refractari
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(Ryan et al., 2018), o encefalopatia greu amb fenotip semblant a encefalitis de
Rasmussen (Nolan et al., 2019).

Ja s’havien descrit previament els defectes mitocondrials com a causants de
malalties que podrien semblar defectes primaris dels neurotransmissors, o bé
que es podrien presentar amb un fenotip de sindrome rigida-hipocinética (Garcia-
Cazorla et al., 2008; Garcia-Cazorla et al., 2011). En alguns d’aquests casos també
es demostrava una alteracié a nivell de la ressonancia magnética amb una atrofia
important, pero en cap d’aquests pacients s’havia reportat una alteracié de la via
dopaminergica i una clinica de parkinsonisme, com és el cas de la pacient reportada
en l'article V. Uns anys més tard de la publicacié del nostre article, es reporta el cas
d’un pacient d’11 anys que ingressa per un estatus epileptic farmacorrefractari, que
presentava una distonia generalitzada progressiva, amb una historia prévia de retard
global del desenvolupament de debut aproximadament als 18 mesos de vida (Ryan
et al., 2018). En el cas d'aquest pacient, les exploracions inicials als 11 anys mostren
un lactat plasmatic normal, pero uns nivells de serotonina i dopamina baixos en liquid
cefalorraquidi. El pacient respon bé inicialment al tractament amb carbamazepina i
L-dopa, pero posteriorment presenta efectes secundaris en forma de discinésies. En el
moment inicial també presentava una RM normal, sense realitzacié d’espectroscopia,
pero evolutivament, en les dues RM que es realitzen a posteriori, es demostra una
hiperintensitat a nivell dels ganglis de la base, i evolutivament una atrofia cerebral
progressiva. La condicio clinica del pacient es deteriora progressivament, fins a la
seva mort al cap de 66 dies d’ingrés. La necropsia demostra una neurodegeneracio.

Aixi doncs, el pacient que es presenta en aquest treball té una mutacié que afecta
la biogenesi peroxisomal i mitocondrial, aixi com el reciclatge de la vesicula sinaptica
i les seves caracteristiques qualitatives. Probablement hi ha una alteracié en l'estrés
oxidatiu i en el correcte funcionament mitocondrial, i aix0 ja s’ha relacionat amb la
malaltia de Parkinson en els darrers anys, probablement per una major sensibilitat de
les neurones dopamineérgiques a l'estrés oxidatiu (Puspita et al., 2017), com també
es postula en el cas del defecte de 'auxilina 1 per mutacions en el gen DNAJC6.

Si bé en aquests dos darrers treballs s’ha parlat de |'alteracié a nivell de la
via dopaminergica en defectes que alteren la dinamica de la vesicula sinaptica
(principalment I'endocitosi), i en treballs previs publicats es situen les alteracions
secundaries de la via dopamineérgica i serotoninergica en un 20% dels pacients
amb trastorns neuropediatrics (De Grandis et al., 2010; Molero-Luis et al., 2013),
enl’article Vlde la present tesi s’aborda les alteracions en els nivells de GABA lliure
com un altre defecte de la neurotransmissié en malalties neuropediatriques.
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5. Estudi dels nivells de GABA lliure en liquid cefalorraquidi en
pacients neuropediatrics

El GABA (acid y-aminobutirico) és estructuralment un aminoacid, i com s’ha
comentat a la introduccié de la present tesi, és el principal neurotransmissor
inhibitori del sistema nervids central de I'adult. En canvi, el GABA exerceix un paper
excitatori durant el periode neonatal i de lactant (Ben-Ari and Holmes, 2006). Aixo
és aixi degut a I'expressié del cotransportador de clor KCC2, que es comenca a
expressar en neurones més madures a partir dels primers mesos de dies, un cop ha
passat el periode neonatal (Ben-Ari and Holmes, 2006). Aquest cotransportador,
a diferencia dels que s’expressen els primers dies de vida, ocasiona una entrada
neta de clor a nivell intracel-lular afavorint la hiperpolaritzacié de la neurona, i aixi
el seu estat inhibitori després de I'accié del GABA (figura 47).
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Cr
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Development

GABA GABA
GABA excitation early: GABA inhibition in adult
triggers spikes '_L//-r—'——
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Figure 47. Paper exitatori del GABA a través dels canvis intracel-lulars del clor, de I'article
de (Ben-Ari and Holmes, 2006). La figura representa una neurona immadura (amb color
verd) i una neurona madura (amb color blau). En el cas de la neurona immadura, I'accid
del GABA acaba representat una extrusio neta de clor a I'exterior de la cél-lula, afavorint la
seva despolaritzacio i per tant la seva activacio excitatoria. En canvi, en la neurona madura,
I'accié del GABA provoca una entrada neta de clor a I'interior de la cel-lula, ocasionant una
hiperpolaritzacié de la mateixa.

Abreviatures: [cl- ] i = concentracié de clor intracel-lular.

La via metabolica del GABA (figura 48) implica diferents actors, els quals es
resumeixen a continuacio. El GABA se sintetitza a partir del neurotransmissor
excitatori glutamat a través de l'accié de la glutamat decarboxilasa (GAD), de la
qual hi ha dues isoformes: la GAD,, i la GAD,,. El GABA s'emmagatzem a l'interior
de la vesicula sinaptica a través del transportador VIAAT (de I'anglés vesicular
inhibitory amino acid transporter) (Gasnier, 2004). Un cop alliberat a l'espai
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sinaptic, es torna a recaptar a nivell presinaptic a través dels transportadors
de GABA, principalment el GAT1, i en menor mesura a través del GAT2 i GAT3
(Madsen et al., 2009). Els astrocits també participen en la recaptacié de GABA
de I'espai sinaptic, i ho fan predominantment a través del GAT3. Seguidament, es
produira el pas de GABA a glutamat a través de la GABA transaminasa, el defecte
de la qual esta implicada amb un trastorn primari dels neurotransmissors com
s’ha explicat a la introduccio de la tesi.
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Figura 48. ll-lustracié simplificada de les vies metaboliques principals del GABA, de
I'article de (Coghlan et al., 2012). La il-lustracié representa de forma simplificada les vies
de sintesi, degradacié, alliberament i recaptacid del GABA. No es representen tot els
subtipus de receptors de GABA per a fer més comprensible la imatge.

Abreviatures (de I'anglés): gaba = gamma-aminobutyric acid; glu = glutamate; gln =
glutamine. GLNase = glutaminase. GAD = glutamate decarboxylase. GABA-T = GABA
transaminase. VIAAT = vesicular inhibitory amino acid transporter. GAT = GABA transporter.
GABA-A = GABA, receptor. GS = glutamine synthetase. Not pictured: GABA, receptors;
GABA, or GABA, autoreceptors.

Com jas’hacomentatalaintroduccio de la tesi, el fenomen del co-alliberament
de diferents neurotransmissors s’ha demostrat a nivell del sistema nervids central.
Es cert que inicialment només es contemplava en el cas de neuropéptids petits,
que es creia que modulaven la neurotransmissio, perd en els darrers anys ja s’ha

280



Discussio

demostrat en el cas de neurotransmissors principals com sén l'acetilcolina i el
GABA (Burnstock, 2012; Tritsch et al., 2016). El fenomen de la co-transmissié
pot implicar diferents mecanismes (figura 49), pero el que si que queda clar és
que a través d’'un mateix estimul despolaritzant, s’alliberarien els dos (o més)
neurotransmissors al mateix temps. El co-alliberament de GABA, i per tant, I'accié
del GABA com a co-transmissor, s’ha demostrat en el cas de l'alliberament de
GABA-glicina (a nivell medul-lar, tronc cerebral i cerebel), GABA-glutamat (a nivell
axonal, i també a nivell de I'area tegmental ventral i nucli entopeduncular), GABA-
acetilcolina (a nivell de la retina i a les interneurones corticals), GABA-dopamina
(a nivell de ganglis de la base, principalment), i GABA-histamina (a nivell del nucli
tuberomamil-lar) (Tritsch et al., 2016).
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Figura 49. Representacié de les diferents vies que permeten una co-transmissié, de
I'article de (Tritsch et al., 2016). La neurona presinaptica ha de tenir la capacitat de
sintetitzar diferents neurotransmissors (NT), i tal com es representa en la primera part de
la figura hi poden haver diferents mecanismes que permetin 'alliberament de dos (o més)
neurotransmissors a la vegada: a) un mateix transportador vesicular acumula diferents
neurotransmissors dins de la vesicula sinaptica (VS), b) dos transportadors diferents (un
per cada tipus de NT) els introdueix dins de la mateixa VS, o bé c) dos transportadors
diferents, introdueixen cada un dels NT en diferents VS. En el moment de I'exocitosi, es
pot produir una exocitosi de diferents NT en una mateixa VS (a i e), o bé alliberar-se per
separat en diferents punts (ci d). A nivell postsinaptic, 'efecte podria ser que actua sobre
diferents receptors de la neurona postsinaptica (d), o bé els dos NT exerceixen un efecte
sobre el mateix receptor i el modulen (e).
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Un altre rol fonamental del GABA és la seva participacié com a molécula en el
metabolisme intermediari, un aspecte que fa que el seu paper vagi més enlla del
d’actuar com a neurotransmissor. Ja es coneix des de fa anys com actua el cicle
GABA-glutamat a nivell astrocitari-neuronal, com es representa en la figura 50. A
través del succinat i de I'alfa-cetoglutarat, el GABA i el glutamat respectivament,
actuen com a molecules intermediaries i precursores o productes del cicle de
Krebs (Bak et al., 2006).
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Figura 50. Exemple del cicle GABA-glutamat en una neurona GABAeérgica, de l'article
de (Bak et al., 2006). Un cop s’allibera el GABA a I’'espai sinaptic és recaptat tant a nivell
presinaptic neuronal, com per l'astrocit. A nivell astrocitari, el GABA es metabolitza a
succinat, el qual s’introdueix a nivell de cicle de Krebs, on es pot metabolitzar a alfa-
cetoglutarat i novament a glutamat.

Abreviatures, de l'anglés: GABA,c-aminobutyric acid; GAD, glutamate decarboxylase;
Glu, glutamate; GIn, glutamine; GS,glutamine synthetase;a-KG,a-ketoglutarate; PAG,
phosphate-acti-vated glutaminase; Suc, succinate; TCA, tricarboxylic acid.

En aquest cicle GABA-glutamat també hi intervé I'lamoni a través de la seva
interconversio a glicina a partir de la reaccié amb el glutamat. Tenint en compte
aquest ultim punt, el cicle GABA-glutamat tindra una especial importancia a nivell
de metabolisme energetic cerebral en les situacions d’hiperamonémia que es
podrien donar en errors congéenits del metabolisme com podrien ser les aciduries
organiques o els defectes del cicle de la urea. Un altre aspecte important pel que fa
als errors congenits del metabolisme, és el paper del GABA i el glutamat en el cicle
d’aquests amb els aminoacids ramificats (AAR) (figura 51), com sén la valina, la
leucinailaisoleucina (Yudkoff, 2017). Per a la sortida dels alfa-cetoacids ramificats
de l'astrocit utilitzen un transportador que els intercanvia amb el glutamat. Aixi
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com en el cas de 'amoni i els trastorns que cursen amb hiperamonémia, aquest
transport i la seva alteracio del metabolisme intermediari sera important de cara
a defectes del metabolisme dels AAR com sén el xarop d’aurd (per excés d’AAR)
o el defecte de la quinasa de la deshidrogenasa [de I'anglés BCKDK (branched-
chain ketoacid dehydrogenase kinase)] dels AAR (per defecte d’AAR). En el cas
del xarop d’aurd, hi ha una esperada deplecié de glutamat per sobreutilitzacié
d’aquest cicle, i secundariament, també hi hauria una deplecié de GABA, com
s’ha pogut observar en el P66 de l'article VI de la tesi. En el cas del defecte de
la BCKDK l'esperable és la situacio inversa, amb nivells elevats de GABA lliure en
liquid cefalorraquidi, com en el cas del P67 de l'article.
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Figura 51. Cicle dels aminoacids ramificats, de I'article de (Brosnan and Brosnan, 2006).

Abreviatures, de l'anglés: BCAA shuttle and brain glutamate metabolism. Gln’ase,
glutaminase; GDH, glutamate dehydrogenase; aKg, a-ketoglutarate; OAA, oxaloacetate;
PC, pyruvate carboxylase; TCA, tricarboxylic acid.

Amb tot el que s’ha exposat fins ara en referencia al GABA com a
neurotransmissié i el seu rol com a modulador, principal NT inhibitori (pero
excitatori en les primeres etapes de la vida), intermediari energétic, els defectes
monogenics descrits que afecten aquest neurotransmissor (ja siguin els
defectes dels receptors, transportadors, defectes de sintesi o degradacio, que
es manifesten en forma de discapacitat intel-lectual, encefalopatia epiléeptica, i
trets neuropsiquiatrics, principalment), es va considerar d’interes el fet d’estudiar
aquest sistema de neurotransmissié en una poblacié de pacients amb diferents
trastorns neuropediatrics.
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Per ultim, un altre rol important del GABA recentment identificat és la seva
participacido en la regulacié de la pexofagia dels peroxisomes i la mitofagia
mitocondrial, a través del receptor de mTOR (figura 52) (Lakhani et al., 2014;
Vogel et al., 2016). Aixo revesteix especial importancia en aquells defectes en els
quals ja hi ha de per si nivells elevats de GABA lliure, com és el defecte de SSADH.
Aixi doncs, amb el que es demostra en aquest treball de , es podria deduir el
paper del GABA activant vies de segons missatgers que es veurien implicades en
la regulacio de I’homeostasi cel-lular i I'autofagia.
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Figura 52. Proposta de model per a la regulacié de la pexofagia i la mitofagia per part
del GABA, de l'article de (Lakhani et al., 2014). Nivells elevats de GABA es creu que
interacionen amb el receptor Torl activant-lo en situacié de deju o catabolisme, tot
inhibint la pexofagia peroxisomal i la mitofagia mitocondrial.

El treball que es presenta en la present tesi esta centrat en una cohort de
85 pacients amb diferents malalties neuropediatriques en la qual s’estudien els
nivells de GABA-lliure en liquid cefalorraquidi, ja que aquesta és la fraccié que
desenvolupa l'efecte biologic. Hi ha un total d’un 44% dels pacients amb nivells
anormals de GABA, sigui per nivells elevats o disminuits, i aix0, en contraposicid
al 20% de pacients amb nivells secundariament alterats en el cas de les amines
biogenes, ens podria fer pensar que el GABA és un neurotransmissor més
vulnerable en els trastorns neurologics. Aixi i tot, és una conclusié que cal
prendre amb precaucid, doncs el GABA té la particularitat de ser una molecula
molt versatil, ja que, com s’ha comentat, esta implicada en el metabolisme
intermediari en astrocits i neurones, pot actuar com a segon missatger, com a
modulador de la neurotransmissid, regulador de "homeostasi cel-lular, i també
com a neurotransmissor principal en algunes neurones.
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Discussio

En aquesta cohort de pacients, la determinacié de GABA lliure en liquid
cefalorraquidi va actuar com a biomarcador fiable amb nivells molt elevats només
en el cas del defecte primari del catabolisme del GABA anomenat SSADH. En
els altres grups de pacients (defectes anatomics a ganglis de la base o defectes
corticals, pacients amb tractament antiepileptic GABAergic, i altres defectes
monogenics) no va actuar com a biomarcador. Probablement aixd tingui relacié
amb el fet que la molecula de GABA és ubiqua a nivell cerebral, i té diferents
rols, com ja hem comentat. També hi podria haver un factor important, que és
que la fraccié de GABA que s’estudia amb el recollida de mostra de LCR a través
d’una puncié lumbar, no fos representativa del que esta passant a nivell sinaptic.
Probablement, estudis de ressonancia magnetica funcional, o d’espectrometria
amb analisi dels diferents metabolits del GABA, podrien ajudar a fer una
interpretacié més fiable d’aquests resultats.

Els defectes de la neurotransmissid sén doncs un grup de malalties
neuropediatriques amb implicacié important en el neurodesenvolupament i en
estreta relacié amb el neurometabolisme, que esta en constant expansid i que
compten amb un recorregut de fa relativament pocs anys. Si tenim en compte que
les primeres descripcions fenotipiques de la sindrome de Segawa van ser I'any
1976 (Segawa et al., 1976), i que no es van identificar les mutacions a GCH1 com a
gen causant de la malaltia fins al 1994 (Ichinose et al., 1994; Tanaka et al., 1995),
podem dir que el temps transcorregut en la descripcio dels defectes monogenics
dels neurotransmissors és de poc més de 25 anys. A tot aixo, hem d’afegir el paper
de les tecniques de genética molecular de nova generacié amb estudis d’exoma i
genoma, aixi com les noves «dmiques», en constant expansio i que serviran per
a la identificacidé de nous defectes. Sera necessaria una nova conceptualitzacié
dels trastorns neurometabolics i els defectes que alteren la neurotransmissid i la
fisiologia sinaptica, per tal de poder entendre millor els mecanismes subjacents
basats en la clinica i la seva translacié cap al defecte molecular subjacent.

6. Divulgacio

La divulgacié dels coneixements de neurociéncia i de mecanismes que
impliquen la neurotransmissié es va convertir en un objectiu important de la
nostra feina dels darrers anys. Hi ha poques publicacions que facin referencia a
la disseminacid dels coneixements entre el public en general, quan en realitat
s’accepta que és una manera eficag per aconseguir que la poblacié general millori
el seu nivell en coneixements sobre la salut (Romani et al., 2018). Si a més a
més tens en compte que la divulgacio es pot fer d’'una patologia en concret, per
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a un public concret (com poden ser les associacions de families amb malalties
determinades), I'impacte i el benefici de I'intercanvi de coneixements pot ser
molt important. Una publicacié recent posa de manifest aquest impacte positiu
en els pacients i families amb malalties metaboliques hereditaries per intoxicacio,
en una iniciativa de I’'Hospital de Zlrich per crear material informatiu per millorar
els coneixements dels seus pacients (Zeltner et al., 2019).

Tota aquesta millora de coneixement entre les families dels pacients i els
pacients, pretén posarenrelleu el concepte de empowerment o kempoderamenty,
qgue tant s’ha de posat de moda els darrers anys. En malalties croniques molt més
majoritaries, com poden ser la diabetis melitus, ja existeixen publicacions sobre
diferents estrategies per tal d’'empoderar els pacients. En les malalties minoritaries
aquestes publicacions sén molt escasses o no existeixen, malgrat que gracies
a 'empenta de les associacions de families, les reunions entre professionals i
pacients son cada vegada més freqlients.

En el nostre cas, la difusié de la informacié es va dur a terme a tres nivells, que
inclouen les reunions amb les families, la creacié d’'una pagina web i les reunions
internacionals amb altres professionals de la neurociéncia, i les referéncies
concretes de cada una d’aquestes accions es poden trobar als annexos de la
present tesi.

El resultat de totes aquestes iniciatives va ser molt satisfactori i ddéna sentit
a la feina assistencial i de recerca diaries. Permet completar la translacié des de
la recerca basica, passant per I'assistencia medica a les families i el seguiment
clinic, fins a tancar el cercle a través de la divulgacio dels coneixements, aixi com
I"intercanvi d’impressions amb altres professionals i sobretot, amb les families.

Desitgem que aquest segle i aquest mil-lenni pugui ser finalment I'epoca del
cervell fins a I’dltima de les motivadores conseqliencies que aixo implica; desitgem
que la millor comprensido d’aquest organ repercuteixi en tots nosaltres per tal
d’humanitzar-nos, i que a nivell de la Medicina que exercim, millori sobretot la
qualitat de vida dels nostres pacients. Moltes de les idees que es presenten en
aquesta tesi quedaran, per sort, obsoletes en els seglients anys. Tant de bo que
guan mirem enrere i rellegim aquesta tesi, veiem clarament que hi ha millors
opcions per als nostres pacients i amb millors resultats. Tant de bo que conservem
la frescor i I'esperit critic per no deixar d’aprendre. Tant de bo que ens puguem
emmotllar a tots els coneixements que vinguin i els puguem aplicar en el nostre
dia a dia. Tant de bo que els coneixements ens facin millors.
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LIMITACIONS

Les malalties de la neurotransmissio s’engloben dins del grup de malalties rares.
Un problema intrinsec en aquests casos és que el nombre de pacients disponibles
sempre sera limitat. Aixo té diferents conseqlieéncies, com per exemple que en el
cas dels estudis estadistics, dificilment s’arribara a tenir un nombre de pacients
suficient perque els nivells d’evidencia estadistica siguin significatius. En general,
en les analisis estadistiques veurem distribucié no Gaussiana de les variables, i
nivells de significacid estadistica amb p>0,05. Una altra conseqiiencia la veiem
en el cas de les guies de practica clinica, que en la revisid bibliografica dificilment
es troben publicacions amb un alt nivell d’evidéncia, i trobem nombroses
publicacions que inclouen casos clinics aillats o amb pocs pacients.

Aixi i tot, les publicacions d’aquests pacients sén necessaries per a poder
compartir les caracteristiques fenotipiques, genotipiques i funcionals d’aquests
pacients, pero poder millorar el coneixement dels professionals que es dediquen
al camp de les malalties minoritaries i millorar la identificacié de nous pacients.

En el cas de I'estudi dels nivells de GABA en liquid cefalorraquidi ens vam trobar
amb una cohort de 85 pacients neuropediatrics, pero amb fenotips molt diversos.
Aix0 va dificultar I'estudi global de les mostres, i per aquest motiu es va fer una
agrupacioé de fenotips el més «homogénia» possible per tal de poder compensar
aquesta dificultat i poder tenir més poder estadistic. Aixi i tot, no es van poder
aconseguir nivells d’evidencia significativa. Malgrat aixo, amb l'analisi individual
gue casos rellevants es van poder extreure conclusions rellevants, com que els
nivells de GABA poden ser diagnostics en el cas del defecte concret de SSADH,
com posa en relleu la carta a 'editor dirigida especialment al nostre article (veure
annexos) (Pearl, 2018).

Amb les limitacions exposades anteriorment, també s’evidencia la necessitat
de poder treballar en xarxa i amb sinergies a nivell nacional i internacional.

Aixi mateix, les guies de practica clinica, i malgrat sense tenir un alt grau
d’evidencia i reflectir a vegades les opinions d’experts, son necessaries per poder
unificar actuacions i tractaments, i cal fer-les amb el maxim rigor possible.
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CONCLUSIONS

Els defectes de la neurotransmissié son malalties minoritaries que comprenen
un grup ampli de diferents trastorns, amb manifestacions cliniques que es troben
dins el continuum de les sinaptopaties (trastorns del moviment, discapacitat
intel-lectual, encefalopatia epiléptica, trastorns neuropsiquiatrics...), i que solen
interferir en el neurodesenvolupament. Per aquest motiu, malgrat que es poden
presentar a qualsevol edat de la vida, majoritariament debuten en edat pediatrica.

1. Conclusio 1

1.1.

1.2.

1.3.

1.4.

El grup de treball iNTD es va crear I'any 2013 i pretén la creacié d’una
base de dades de pacients, I'elaboracié de guies de practica clinica, i la
promocio de la recerca. Uany 2014 va crear la base de dades internacional
per recollir la informacio clinica, radiologica, bioquimica i genética dels
pacients amb defectes dels neurotransmissors.

En els primers 6 mesos de funcionament de la base de dades es recopila
informacid d’un total de 95 pacients, de 43 hospitals participants, de 24
paisos diferents.

El grup fenotipic amb més pacients descrits és el defecte d’AADC amb un
total de 24 pacients, seguit pel defecte de PTPS amb 22 pacients. No hi ha
cap pacient inclos amb defecte de folat cerebral. Hi ha molta discordanca
entre 'edat de debut dels simptomes del defecte de GTPCH dominant
(als 3,6 anys de mitjana) i I'edat del diagnostic (als 7 anys de mitjana),
mentre que en el cas del defecte de DHPR I'edat mitjana de debut sén els
8 mesos, i 'edat mitjana del diagnostic sén 6,9 mesos.

Es van revisar un total de 412 publicacions cientifiques que es van
distribuir segons els 5 grups de malalties (a/rGTPCH=141, PTPS=91,
DHPR=100, SR=57 i PCD=23). Es va puntuar el grau d’evidéncia entre 4 (el
més baix) i 1+ (el més alt), sent globalment un grau d’evidencia baix.
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1.5.

1.6.

1.7.

1.8.

Cada un dels punts d’interes (considered judgements) establerts a l'inici
de l'elaboracié de la guia de practica clinica es va anar contestant en
forma de recomanacions consensuades, i graduades segons el grau de
consens i evidéncia: strong (a favor o en contra d’'una recomanacio),
conditional (a favor o en contra d’una recomanacid) i need for further
research.

La presentacid clinica d’aquests pacients reflexa majoritariament un
deficit dopaminergic, presentant-se en forma de trastorn del moviment,
acompanyat d’altres simptomes com una discapacitat intel-lectual o
simptomes autonomics en grau variable. Ledat de debut és variable i les
manifestacions cliniques es poden superposar amb altres trastorns (com
per exemple la paralisi cerebral). Hi haura alguns trets diferencials que
ens poden fer sospitar un defecte de la BH4 com és la fluctuacié dilirna
dels simptomes, o bé una paralisi cerebral sense una causa clarament
establerta.

Lalgoritme diagnostic se centra en dos escenaris, segons un resultat
patologic d’un diagnostic preco¢ neonatal, o bé una sospita clinica.
Inicialment, i termes generals, caldria I'analisi de la fenilalaina i la
tirosina, les pterines, considerar una prova amb L-dopa, i I'analisi de
liquid cefalorraquidi. Es necessari realitzar una analisi enzimatica de
DHPR, ja que el perfil de pterines no és especific ni diagnostic en el cas
del defecte de DHPR. Segons les troballes bioquimiques i amb la sospita
diagnostica, es recomanaria estudi molecular. Aquest ultim pas, i segons
la disponibilitat de cada centre i els recursos economics, es podria
realitzar previament.

Es conclou que el tractament amb precursors de les amines biogenes
(L-dopaambinhibidor perifericde ’AADC, i hidroxitriptofan)isapropterina
és el tractament d’eleccid.

2. Conclusio 2

2.1.

294

Es proposa una nova categoria de malaltia neurometabolica, focalitzada
en els defectes presinaptics que alteren el cicle biologic de la vesicula
sinaptica en qualsevol punt: des de la seva sintesi, transport, distribucid,
exocitosi i reciclatge/endocitosi.



2.2

2.3.

2.4.

2.5.

2.6.

2.7.

2.8.

2.9.

Conclusions

Les manifestacions cliniques es troben dins del continuum de les
sinaptopaties: discapacitatintel-lectual, epilépsia, trastornsdelmoviment,
simptomes neuropsiquiatrics i manifestacions neuromusculars.

Per a cada un dels defectes presentats, es proposa el possible punt
d’afectacid de la vesicula sinaptica, ja sigui el seu transport, el cicle de
reciclatge o el procés d’exocitosi.

Alguns d’aquests defectes de la vesicula sinaptica poden tenir un
marcador bioquimic a nivell de liquid cefalorraquidi o un patro radiologic
caracteristic, malgrat que no solen ser diagnostics. Aixi i tot, és important
realitzar el diagnostic diferencial d’aguestes malalties amb trastorns
metabolics potencialment tractables.

Es presenta un algoritme diagnostic centrat en I'lanamnesi i 'exploracio
fisica inicials, per identificar possibles signes guia. Seguidament, es
presenten les troballes biogquimiques i radiologiques que podrien guiar
el diagnostic i ajudar en la interpretacio de les troballes moleculars.

Es presentaunacohortde 6 pacients de 3 families diferents, consanguinies,
amb presentacid clinica en forma de distonia-parkinsonisme juvenil, amb
mutacions en el gen DNAJC6.

El gen DNAJC6, que codifica per la proteina auxilina 1, la qual es troba
disminuida en liquid cefalorraquidi i fibroblasts dels pacients.

Els pacients presenten un quadre clinic dins del grup de les sinaptopaties,
qgue es caracteritza primordialment per una discapacitat intel-lectual,
un trastorn del moviment en forma de distonia-parkinsonisme amb un
tremolor d’aparicid precog, i una regressido neurologica a partir de la
segona década de la vida. Alguns d’aquests pacients també presenten
epilepsia.

Através de l'estudi de mapes d’homozigositat entre membres afectes ino
afectes de les families A i B es va acotar una zona d’homozigosi d’interes
al cromosoma 1. Després de I'analisi d’'exoma en els individus afectes es
va identificar una mutacié en homozigosi en el gen que ocasionava una
proteina truncada. Es va interrogar la resta de la cohort de pacients amb
trastorn del moviment i es va detectar un 6e pacient provinent d’'una
altra familia.
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2.10.

2.11.

2.12.

2.13.

2.14.

2.15.

2.16.

2.17.

2.18.

296

Els nivells d’auxilina es troben disminuits. També es troba una disminucié
d’acid homovanilic i de les diferents proteines dopaminérgiques
estudiades. També es troba un augment probablement compensador
dels nivells de la quinasa associada a ciclina G (GAK), la qual realitza una
funcido homologa a la de l'auxilina 1.

Lauxilina 1 participa en I'endocitosi facilitada per clatrina de la vesicula
sinaptica, i igual que altres formes de parkinsonisme ja conegudes,
el trastorn de la dinamica de la vesicula sinaptica es troba en la base
fisiopatologica de la malaltia.

Es descriu per primera vegada el fenotip associat a mutacions en el gen
DLP1 en forma d’encefalopatia precog¢ greu amb un quadre dominat per
un parkinsonisme infantil, caracteritzat principalment rigidesa i per un
tremolor d’alta freqliencia i baixa amplitud.

Aquest gen codifica per una proteina de la membrana del mitocondri
i del peroxisoma que participa en la fissid d’aquests organuls, aixi com
participa en el cicle de la vesicula sinaptica. En el model cel-lular es
demostra la patogenicitat de la mutacid en heterozigosi.

Un biomarcador en aquest defecte és la hiperlactacidemia i
hiperlactatoraquia, amb nivells disminuits d’acid homovanilic. La
ressonancia magnetica mostra una atrofia generalitzada greu.

S’analitza el GABA lliure en liquid cefalorraquidi en una cohort de 85
pacients amb diferents trastorns neuropediatrics, i es troben valors
anormals (siguin elevats o disminuits) en el 44% dels casos.

Es detecten nivells molt elevats de GABA lliure en LCR en aquells pacients
amb defecte de SSADH, sent I'Unic cas en el qual podria actuar com a
biomarcador.

Alteracions en els nivells de GABA no semblen ser més prevalents en cap
grup fenotipic concret. Dins del grup d’errors congenits del metabolisme,
sembla que els nivells de GABA poden ser especialment vulnerables i
I’'homeostasi GABAérgica veure’s especialment afectada.

No esdetectenalteracionsenelsnivellsde GABAlliure que es correlacionin
amb el nivell de control de les crisis epileptiques, ni tampoc que es
relacionin amb el mecanisme d’accié del farmac anticomicial (segons si
son farmacs GABAeérgics o no).



Conclusions

3. Conclusio 3

3.1

3.2

3.3.

3.4.

S’han organitzat reunions d’associacions de families i de professionals
qgue han permes l'intercanvi d’impressions i coneixements.

Les families han participat activament d’aquestes reunions i han proposat
temes, exposat testimonis i realitzat preguntes.

En cada una de les reunions organitzades per |'associacio DeNeu la
doctorandaha participatactivamentamb la presentacid de comunicacions
orals i amb les taules rodones organitzades. Aixi mateix també en el
primer congrés de l'associacié STXBP1 i la reunié a Maé de Malalties
Rares i Discapacitat.

La pagina web www.connectingthegrowingbrain.com esta en servei
i disponible, amb contingut en el qual la doctoranda ha participat
activament en la seva elaboracié.
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Ja des de linici del desenvolupament del treball diari en la unitat de
Neurometaboliques del nostre centre, es va donar molta rellevancia a la divulgacid.
Aquesta divulgacid pot tenir diferents receptors (el public en general, altres
professionals de la salut, altres neuropediatres, altres pediatres...), i 'impacte es
distribueix entre tots ells, pero el resultat final és un intercanvi d’impressions i
coneixements tant a nivell de professionals com de families.

Les estrategies de divulgacié dels coneixements (tant a familiars com a
professionals) i les d’'empoderament de les families poden comprendre diferents
accions (Bravo et al., 2015), i nosaltres ens vam centrar sobretot en tres: 1)
xerrades i estades en reunions de families de pacients, 2) creacié d’una pagina
web, i 3) xerrades de divulgacié dirigides a la comunitat cientifica, organitzant
reunions internacionals.
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1. Annex I: Reunions amb associacions de families

1.1. Annex lL.I: Reunions DeNeu

Es manté un contacte regular amb la principal associacié de families amb
defectes dels neurotransmissors a nivell de I'estat espanyol, DeNeu (https://
www.deneu.org/index.php/home). Aquesta associacié ha organitzat 3 trobades
de families i professionals: Valencia 2015, Barcelona 2017 i Burgos 2019. La
doctoranda ha participat en totes elles com a ponent:

e \Valéncia 2015: «Principales problemas clinicos y cdémo manejarlos:
GABA, dopamina, glicina y serina».

e Barcelona 2017: «Aminoacidos (GABA, glicina y serina). Actualizacion
en métodos diagndsticos y registro iNTD».

e Burgos 2019: «Guia clinica de los defectos de sintesis y reciclaje de
BH4».

1.2. Annex LIlI: | Congrés sindrome STXBP1, CosmoCaixa, Barcelona, 3 de
novembre 2017
e La doctoranda va participar en una ponéncia en aquesta reunio,
titulada: «Mecanismos sinapticos en los defectos de STXBP1».

1.3. Annex LIll: V Encuentro Enfermedades Raras y Discapacidad, Mao,
Menorca, 25-26 de febrer de 2016
e S'organtiza a Mad la cinquena trobada de malalties rares i discapacitat,
organitzada pel Consell Insular de Menorca, per la Fundacié de persones
amb discapacitat de Menorca, i I’Associacié d’Esclerosi Multiple de
Menorca.

e La doctoranda participa en una ponencia titulada: «Defectos de los
neurotransmissores en la edad pediatrica».
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| JORNADA DE ENFERMEDADES DE

LOS NEUROTRANSMISORES

Sabado, 12 de Diciembre 2015 );}.
Auditorium. Instituto de Investigacién Sanitaria lnnomedyx V%
Hospital Univ. & Politc. La Fe de Valencia Koswdedgalatin Y gty

La Asociacidon Aprendemos Juntos, asociacion por la
educacion inclusiva, realizara un taller para los nifios,
durante la jornada. Mientras los padres asistimos a las
ponencias, los niflos pasaran una mafana divertida y

estaran perfectamente atendidos.
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©SJD

Sant Joan de Déu
Barcelona - Hospital

Il JORNADA DE ENFERMEDADES DE LOS
NEUROTRANSMISORES

25 de Marzo de 2017 Hospital Sant Joan de Déu. BARCELONA

Rafael Artuch. Institut de Recerca Sant Joan de Déu

Francisco José Penarrubia

Melania Expdsito

Rosario Domingo / Salvador Ibanez. Hospital Virgen de la Arrixaca

Elisenda Cortés. Institut de Recerca Sant Joan de Déu

Alba Tristan. Institut de Recerca Sant Joan de Déu

Angels Garcia Cazorla. Institut de Recerca Sant Joan de Déu

Ana Martinez Pérez. Equilibri

18:00 CLAUSURA

Para facilitar la asistencia de las familias, se podra solicitar un taller de infancia y juventud,
que estara a cargo de voluntarios de Sant Joan de Deu. Sera necesario comunicarlo a la hora
de realizar la inscripcion
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111 JORNADAS

DE ENFERMEDADES DE LOS
NEUROTRANSMISORES

Encuentro de familias, investigadores y profesionales

Centro CREER
- Burgos -
12 de octubre
De 10 a 18:30h.

Inscripcion: info@deneu.org
Mas informacion: www.deneu.org

c/ Bernardino Obregoén, 24
09001 Burgos

ASOCIACION DE ENFERMEDADES
DE LOS NEUROTRANSMISORES

Organizan:
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TBENESTAR SOCAL
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Institut de Recerca
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Annexes

Entidad de utilidad publica

Estimados amigos:

Tenemos el placer de invitaros a participar en la lll Jornada de Enfermedades de los
Neurotransmisores

El objetivo principal de este evento es, ademas de continuar compartiendo conocimientos
y experiencias en el ambito de las enfermedades de los neurotransmisores, crear un punto
de encuentro entre familias, investigadores y médicos especializados en este tipo de
enfermedades.

Los datos de la jornada son:

Dia: 12 de octubre de 2019

Horario: De 10:00 ha 18:30 h

Lugar: c/ Bernardino Obregon, 24 - Burgos. Centro CREER.

Para la asistencia a las jornadas serd necesario inscribirse.

Inscripcidn gratuita: Pinchando aqui

Solicitamos difusién entre todas aquellas personas que penséis que pueden estar
interesadas.

Podéis encontrar toda la informacidn completa en el siguiente enlace: |ll Jornada DE NEU

Para cualquier duda o aclaracion que preciséis podéis contactar con la Asociacion:
ts@deneu.org o info@deneu.org
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12 de Octubre de 2019 Centro CREER. Burgos

INFORMACION E INSCRIPCIONES INFO@DENEU.ORG

Entidad de utilidad publica

111 JORNADA DE ENFERMEDADES DE LOS NEUROTRANSMISORES
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10:00 Recepcion de asistentes.

10:30 Acto inaugural
o Purificacién Rios Aroca. : iacién de Enfermedades de los Neurotransmisores

o Dra. Rosario Domin
CIBERER.

o , Unidad de Referencia Diagndstica de Enfermedades Raras de Castilla y Ledn

relacionad
o t Joan de Déu. Institut de Recerca Sant Joan de Déu, CIBERER y metabERN
: BHA4.
Guia clinica
o Germans Trias i Pujol, en Badalona
Enfermedad de en Espafia.

o Eduardo Spez Laso.

16:30 Taller aspectos practicos y manejo clinico.
o Moderado por la Dra. Rosario Domingo, con la participacidn del resto de ponentes.



Annexes

8
ES RARAS Y SUS FAMILIAS

s

311



Sistemes de neurotransmissid en trastorns neuropediatrics

| Congreso
Sindrome

STXBP1

BARCELONA

Con la colaboracién de:

feder’ DA

Obra Social "la Caixa”

Organiza:

s st www.stxbp1.es
W @ info@stxbp1.es
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2. Annex ll: Projecte Connecting the Growing Brain.

Creaci6 d’una pagina web de divulgacio en neurociencia:

http://www.connectingthegrowingbrain.com/
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Connecting the growing brain

NEUROTRA
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The gene therapy is likely t
all e 1

NEW P

Treatment options for

respiratory problems in
Rett syndrome

¥ January 3, 2018 & Luca Maggioni

= Neuropaediatric diseases and synapsis

Respiratory problems, such as irregular breathing and
apnea during resting and/or sleeping, are a common
feature in patients with Rett syndrome (RTT). Three
studies here outlined describe three different
approaches to these problems and present
encouraging results. [...]

CONTINUE READING >

Rett syndrome: an over-

50-years journey

I

= Development and differentiation, Neuropaediatric
diseases and synapsis

{4 December 13, 2017 & Luca Maggioni

In 1966, an Austrian neurologist named Andreas Rett
first described more than 20 young female patients
which shared similar characteristics, starting from the

ABOLISM IN PAEDIATRIC NEUROLOGY

n the fight ediatric rare disease:

This is the Rett Syndrome (RTT),

he [ r ption c

Impairment of the
macroautophagy: a possible %
hallmark of the Rett

syndrome

£ December 20, 2017 & Luca Maggioni
& Intracellular signaling

The Rett syndrome (RTT) is a neurodevelopmental
disorder that affects 1 out of 10,000 girls. They present
a neurodevelopment disruption affecting language,
cognition and motor function. The RTT is caused, in
the 90 - 95% of the cas [...]

CONTINUE READING >

A gene therapy approach el W&l
for the Rett Syndrome —

£ November 22, 2017 & Luca Maggioni
= Development and differentiation

The gene therapy is likely to become an important tool
in the fight against pediatric rare diseases, especially

those derived by the alteration of one single gene. This
is the case of the Rett Syndrome (RTT), caused by [...]

observation of identical hand movement:
In 1983 [...]

CONTINUE READING >

ORE RECENT P!

STXBP1 protein as a therapeutic target for

CONTINUE READING >

Epileptic Encephalopathy

9 November 8,2017 & Luca Maggioni = Development and differentiation,

Intracellular signaling

opnaeo

The epileptic

nies (EEs) are characteri; by frequent seizures and cognitive

and behavioral impairment. The presence of the mental handicap is a signal that the EEs
origin during the neuronal development, so that, even if the seizure can be controlled by
using available anti-epileptic drugs, the cognitive impairment cannot be stopped with the

CONTINUE READING >

MECP2

differentiation

wiin}l {30 +]

The Rett syndrome (RTT) and the Autism Spectrum Disorder (ASD) are neurodevelopmental

Genetic strategies to repair brain circuits with altered ,E.,

) October 25,2017 & Luca Maggioni = Brain networks, Development and

disorders which, although presenting different symptoms and evolution, are linked by a
common factor: mutations in the same gene, called MECP2. But the answers on how and
why the same gene could have a key role in the development of both diseases have [...]

CONTINUE READING >

pub | n-ped

ESPANOL

WORKING AREA »

VIEW POST

SEARCH POSTS

SUBSCRIBE

Enter your email and receive notifications of recent posts.

Email *

RECENT POSTS

Treatment options for respiratory
problems in Rett syndrome

Respiratory problems, such as irregular
breathing and apnea during resting
READ MORE »

Impairment of the
macroautophagy: a possible
hallmark of the Rett syndrome

The Rett syndrome (RTT) is a
neurodevelopmental disorder that affects

READ MORE »

Rett syndrome: an over-50-years
journey

In 1966, an Austrian neurologist named
Andreas Rett first described ...
READ MORE »

A gene therapy approach for the
. Rett Syndrome

The gene therapy is likely to become an

important tool ...

READ MORE »

STXBP1 protein as a therapeutic
target for Epileptic Encephalopathy
The eplleptic encephalopathies (EEs) are
characterized by frequent seizures and

READ MORE »
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reeroew

29)
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AUTHORS
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The big challenge of the brain circuits

{9 September 6,2017 & Luca Maggioni £ Brain networks

whin ) fR )+

One of the most complicated and fascinating challenges for the neuroscientists is how to link
the architecture, the wiring and the electric messages of the neuronal circuits to our behavior
and emotions. To date, the desire of understanding this correspondence is simply unrealistic:
the reason lies in numbers. 302: is the number of neurons that [...]

CONTINUE READING >

D-Serine dietary supplement as a therapeutic
strategy against Rett-like severe encephalopathy: a
case study

n-ped

sz August 23,2017 & Luca Maggioni & Cellular neurochemistry, Neuropaediatric
diseases and synapsis

omn

Here we present the abstract from a recently published article on a Rett-like encephalopathy
case study, with the participation of the scientific team of the Hospital Sant Joan de Déu.

CONTINUE READING >

New roles of microglia in brain pathophysiology

) August 9, 2017 & Luca Maggioni £ Cellular neurochemistry, Intracellular signaling,
Neuropaediatric diseases and synapsis

onpneo

Microglia cells represent, depending on the species, from 5% to 20% of the glial cells in the
adult brain. It is commonly accepted that microglia precursors originate in the yolk sac - as
the tissue specific macrophages - although their identity has not been confirmed so far.
Once the development of the blood-brain barrier is [...]

Anti-inflammatory drugs can reverse synaptic A
defects

) July 12,2017 & Luca Maggioni B> Cellular neurochemistry, Neuropaediatric
diseases and synapsis

opneEo

Inflammation modifies risk and/or severity of a variety of brain diseases through still elusive
molecular mechanisms. Tomasoni et al. (open access article available at
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5370184/) show that hyperactivation of the
interleukin 1 pathway, through either removal of the interleukin 1 receptor 8 (IL-1R8,) or
activation of IL-1R, leads to up-regulation of the mTOR pathway and [...]

CONTINUE READING >

TORRONS

, Connecting the growing brain

'/f'/ NEUROTRANSMITTERS AND SYNAPTIC METABOLISM IN PAEDIATRIC NEUROLOGY

B iy

Annexes

ABOUT US

i) A
0 9%
o N\

{L T
OO oORA%
o7
Connecting the growing brain is a network of
and that aims to

understand the developing brain through synaptic
communication.

The study of the brain and brain diseases is one of the
most complex in human biology. In children, continuous
growth and change only add 1o this inherent complexity.

READ MORE »

TAGS

5-HT receptors acethylcoline autism autismo brain map
brain networks caicium connectome
dendrite differentiation dendrites dopamine enfermedad
de Dravet epilepsia epilepsy fMRI GABA gene
therapy glutamate hippocampus inflammation
inhibitory neurotransmission interneuronas LTD
LTP bolismo sinaptico
neuroculture neuronal migration neuronal plasticity neuron
connectivity neurotransmisores neurotransmission
neurotransmitters patients

professionals public Rett

synd FOIME serotonin sinapsis spines synapsis
synaptic energy Synaptic metabolism synaptic
plasticity

mitochondrion

LEGAL NOTICE

o

Connecting the growing brain . informs that it has implemented security measures of a technical and organizational measures to ensure the security of their personal data and avoid its alteration , loss ,
treatment and / or unauthorized access , given the state of technology, nature of the data stored and the risks they are exposed, whether from human action or physical or natural means. All in accordance

with the provisions of Article 9 LOPD and Royal Decree 994/1999 of June 11 , approving the Regulation of security measures for automated files containing data of a personal nature .
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Home » Interneuronas, GABA y enfermedades neuropediatricas

Interneuronas, GABA y enfermedades neuropediatricas

December 17,2013 & Elisenda Cortes Saladelafont

= Brain networks, Cellular neurochemistry, Neuropaediatric diseases and synapsis, Neurotransmitters, Synaptic
metabolism ¥ autismo, enfermedad de Dravet, epilepsia, GABA, interneuronas, poda sinaptica, professionals, uniones
GAP. % permalink.

UDOEO

What do you know about interneurons? Which processes do you think they regulate?
How could dysfunction in interneurons and abnormal gabaergic transmission contribute
to the pathophysiology of some neuropaediatric disorders?

Interneurons were classically described as short-axon neurons with connections between “input” and “output”
principal cells and were recognized for their role in modulating excitability via GABA-mediated inhibition. They were
thought to control the excitatory output of pyramidal cells; as a result their dysfunction could be implicated in
seizure disorders. This model was proposed with Dravet syndrome (DS) due to mutations in a brain sodium channel
Na(V)1.1 in the GABAergic interneuron. This hyperexcitability leads to the appearance of seizures, but what about
the cognitive impairment constantly reported in all DS patients? How could that be explained? GABAergic inhibitory
interneurons are critical regulating elements at all stages of information processing, from synaptic integration and
spike generation to large-scale network activity. They exert this function through network synchrony. Let’s analyze
some important concepts: 1. How can they synchronize neuronal activity?

« They constitute real arborizations between neurons, with multiple connections from one individual GABAergic
interneuron to multiple neurons.

« Most GABAergic interneurons have GAP junctions connections between them, facilitating the same level of
activity.

2. What produces this synchrony? The gamma band, also called synchronous high frequency. You will find this
terminology when reading about GABAergic interneurons, and that refers to their cyclic electric activity (typically
around 40Hz) that function almost simultaneously as a unique cell-network. 3. What do we need this synchrony for?
It is thought that this synchrony plays a fundamental role in:

« The proper maturation and refinement (look up “synaptic pruning”) of neural circuitry during postnatal
development.

« Normal functioning of the prefrontal cortex and cortico-limbic system, both closely related to mood
disorders and neuropsychiatric and cognitive impairment (see the next figure, representing those two main
circuits, the best interneuronal circuits described to date)
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CORTICO-LIMBIC INTERNEURONS

[ »

*

n
il ] -
be 756

- IPYR

Schematic representation of synaptically connected GABAergic inhibitory circuits in the CAl
From: Chamberland et al. Inhibitory control of hippocampal inhibitory neurons. Front Neuros

CORTICAL INTERNEURONS
. - ERBBA

ERBB4

: .. DIsC1
| Function in PV interneuron;

on rswnenidal sall siomnmrns

From: Martin. Alterations found in cortical circuits in patients with schizophrenia and in &
Open your mind to different points of view when considering neuropaediatric disorders :

- Interneurons not only participate in controlling the excitatory state, but also
participate in the circuit synchrony of important areas implicated in cognition and
behavior. - Dysfunction in GABAergic cells lead not only to epilepsy disorders, but also
to other neurological syndromes such as autism, as well as mood and cognitive
disorders (schizophrenia). — Consider alterations in interneurons when cortical or other
cerebral insults have occurred as well as the evident damage of pyramidal neurons. For
proper neuronal functioning, integrity of long projection neurons is needed in addition to
those cells involved in their regulation (namely interneurons, astrocytes or microglia).

Main bibliographic references:

1. Bender A. et al. SCN1A mutations in Dravet syndrome: Impact of interneuron dysfunction on neural networks
and cognitive outcome. Epilepsy Behaviour. 2012; 23(3):177-186.

2. Nakazawa K. et al. GABAergic interneuron origin of schizophrenia pathophysiology. Neuropharmacology.
2012; 62(3):1574-1583.
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3. Annex lll: Reunions internacionals

3.1. Annex llL.I: Reunio B-Debate (International Center for Cientific Debate
Barcelona) de BioCat, Obra Social La Caixa, al CosmoCaixa. 26-27 de
novembre de 2015, Barcelona

e La doctoranda participa com a ponent amb una xerrada sota el titol:
«Neurotransmitter Sistems, disorders of GABA and glutamate».

3.2. Annex lILll: Recordati Orphan Academy from de SSIEM: Synaptic
metabolism and brain circuitries: exploring old and new disorders.
16-18 novembre de 2017, Barcelona

e La doctoranda participa com a ponent, amb una xerrada titulada:
«Disorders of the pre-synaptic terminal: Neurological manifestations».
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B-DEBATE | for scentiic eate Sart JTAN de Di O
BARCELONA ( NFAN NIV

CONNECTING THE
GROWING BRAIN

UNDERSTANDING
NEUROPAEDIATRIC DISEASES
THROUGH SYNAPTIC
COMMUNICATION

November, 26t and 27, 2015
COSMOCAIXA BARCELONA. C/ISAAC NEWTON, 26. BARCELONA

www.bdebate.org
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323



Sistemes de neurotransmissid en trastorns neuropediatrics

”~

P T alle %0 g:ﬂ..::ﬁ

B-DEBATE | imion center Sart Jgan de Dpv © i &)

BARCELONA Research Foundation

CONNECTING THE
GROWING BRAIN

UNDERSTANDING NEUROPAEDIATRIC DISEASES
THROUGH SYNAPTIC COMMUNICATION

Thursday, November, 26, 2015 PROGRAM
9:00 Welcome
9:10 SESSION 1: SYNAPTIC DETERMINANTS OF NEUROPAEDIATRIC DISORDERS I: A

9:10
9:45

10:20
11:00
11:30

11:30

12:00

12:30

13:00

13:30

GLOBAL OVERVIEW
Coordinator: Alex Bayeés, Biomedical Research Institute Sant Pau, Barcelona, Spain

Synaptic Function and Brain Networks in Childhood
Sakkubai Naidu, Kennedy Krieger Institute, Baltimore, USA

Mechanisms of Synaptic Dysfunction in Neuropaediatric Disorders
Alex Bayeés, Biomedical Research Institute Sant Pau, Barcelona, Spain

al-<" 'y

Open Debate

Coffee Break

SESSION 2: SYNAPTIC DETERMINANTS OF NEUROPAEDIATRIC DISORDERS II:
FOCUSED ON GROUPS OF DISEASES

Coordinator: Rafael Artuch, Hospital Sant Joan de Déu, Barcelona, Spain

Synaptic Determinants of Epilepsy in Children
José Maria Serratosa, Fundacién Jiménez Diaz, Madrid, Spain

——

Neuroligins at Inhibitory Synapses - from Synaptogenesis to Autism Spectrum
Disorders
Nils Brose, Max Plank Institute, Gottingen, Germany

Synaptic Determinants of Movement Disorders in Children
Manju Kurian, Great Ormond Street Hospital, London, UK

Open Debate

Lunch

B-DEBATE IS AN INITIATIVE OF:  WITH THE COLLABORATION OF:

B @ o
"la Caixa” Foundation ~Y e
- WYY T Y77 0
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CONNECTING THE
GROWING BRAIN

UNDERSTANDING NEUROPAEDIATRIC DISEASES
THROUGH SYNAPTIC COMMUNICATION

g
2

Thursday, November, 26, 2015 PROGRAM

15:00 SESSION 3: SYNAPTIC DETERMINANTS OF NEUROPAEDIATRIC DISORDERS lllI:
FOCUSED ON MAIN GROUP OF MOLECULES INVOLVED IN SYNAPTIC
COMMUNICATION
Coordinators: Angels Garcia Cazorla, Hospital Sant Joan de Déu, Barcelona, Spain
Rafael Artuch, Hospital Sant Joan de Déu, Barcelona, Spain

15:00 Neurotransmitter Systems I. Disorders of Monoamines (Dopamine and Serotonin)
Roser Pons, University of Athens, Athens, Greece

15:30 Neurotransmitter Systems Il. Disorders of GABA and Glutamate
Elisenda Corteés, Hospital Sant Joan de Déu, Barcelona, Spain
Xavier Altafaj, Bellvitge Biomedical Research Institute, L’Hospitalet de Llobregat, Spain

el N

16:00 Short Break

16:15 Other Molecules involved in Synaptic Transmission and Disorders in Children
Sofia Duarte, Instituto de Medicina Molecular, Lisboa, Portugal

16:45 §ynaptic Metabolism: a New Approach to Study Neuropaediatric Disorders
Angels Garcia Cazorla, Hospital Sant Joan de Déu, Barcelona, Spain

——

17:15 Secondary Neurotransmitter Deficiencies in Genetic Disorders
Gabriella Horvarth, BC Children’s Hospital, Vancouver, Canada

17:45 The iNTD Registry: A New Clinical Database of Patients with Inborn Neurotransmitter,
Pterin and Folate Disorders
Thomas Opladen, Heidelberg University Hospital, Heidelberg, Germany

18:15 Open Debate

19:00 Cocktail at CosmoCaixa Museum
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BARCELONA Research Foundation

CONNECTING THE
GROWING BRAIN

UNDERSTANDING NEUROPAEDIATRIC DISEASES
THROUGH SYNAPTIC COMMUNICATION

Friday, November, 27t 2015 PROGRAM

9:00 SESSION 4: BIOMARKERS, GENETICS, PROTEOMICS AND METABOLOMICS IN
SYNAPTIC DISEASES
Coordinators: Judith Armstrong, Hospital Sant Joan de Déu, Barcelona, Spain
Xavier Altafaj, Bellvitge Biomedical Research Institute, Spain

9:00 AQuantitative Metabolomics and Proteomics of the CSF
Benoit Colsch, CEA Atomic Energy and Alternative Energies Commission, Paris, France
Eduard Sabidd, Centre for Genomic Regulation, Barcelona, Spain

9:30 System Biology in Synaptic Disorders (Focused in Rett Syndrome)
Sakkubai Naidu, Kennedy Krieger Institute, Baltimore, USA

1
3

10:00 Genetic Tools Focused on Diagnosis
Judith Armstrong, Hospital Sant Joan de Déu, Barcelona, Spain
Lluis Armengol, qGenomics, Barcelona, Spain

10:30 Open Debate
11:00 Coffee Break
11:30 SESSION 5: BRAIN NETWORKS AND CIRCUITRIES

Coordinators: Vesna Prchkovska, Mint Labs, Barcelona, Spain
Josep Antoni Ramos-Quiroga, Vall d’'Hebron Research Institute, Barcelona, Spain

——

11:30 Connectomics in Neuropaediatric Disorders
Paulo Rodrigues, Mint Labs, Barcelona, Spain

12:00 Brain Development in Neuropsychiatric Disorders: ADHD
Josep Antoni Ramos-Quiroga, Vall d’Hebron Research Institute, Barcelona, Spain

12:30 Brain Networks in Neuropsychiatric Disorders in Children
Xavier Castellanos, University of New York, New York, USA

13:00 Open Debate
13:30 Lunch
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CONNECTING THE
GROWING BRAIN

UNDERSTANDING NEUROPAEDIATRIC DISEASES
THROUGH SYNAPTIC COMMUNICATION

Friday, November, 27t 2015 PROGRAM

15:00 SESSION 6: MODELS AND NEW THERAPEUTIC APPROACHES FOR SYNAPTIC
DISEASES
Coordinators: Soledad Alcantara, Universitat de Barcelona, Barcelona, Spain
Pau Gorostiza, ICREA - Institute for Bioengineering of Catalonia, Barcelona, Spain

15:00 Current Cellular Models of Synaptic Diseases
Héctor Diez, Fundaci6 Sant Joan de Déu, Barcelona, Spain

15:20 Animal Models of Synaptic Diseases
Soledad Alcantara, Universitat de Barcelona, Barcelona, Spain

I
3

15:40 Pharmacological Approaches for Synaptic Disorders
Mara Dierssen, Centre for Genomic Regulation (CRG) and Institut Municipal d’Investigacions
Meédiques (IMIM), Barcelona, Spain

16:00 Short Break

16:15 Chaperone Therapy for Synaptic Disorders
Aurora Martinez, University of Bergen, Bergen, Norway

16:35 Gene Therapy in Synaptic Disorders
Cristina Fillat, August PiI Sunyer Biomedical Research Center (IDIBAPS), Barcelona, Spain

——

16:55 Optogenics and Optopharmacology to Control Neurobiology with Light
Pau Gorostiza, ICREA - Institute for Bioengineering of Catalonia, Barcelona, Spain

17:15 Open Debate
17:45 Closing Remarks and Future: Development of the International Network “Connecting

the Growing Brain”.
By Manju Kurian, Thomas Opladen and Angels Garcia Cazorla
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4. Annex IV: GABA: no longer the faithful neurotransmitter

Phillip Pearl. Developmental Medicine & Child Neurology 2018, 60: 732-740.
This commentary is on the original article by Cortes-Saladelafont et al. on pages
780-792 of this issue.
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GABA: no longer the faithful neurotransmitter

PHILLIP L PEARL'-2

1 Boston Children’s Hospital, Boston, MA; 2 Harvard Medical School, Harvard
University, Boston, MA, USA.

doi: 10.1111/dmcen.13766

This commentary is on the original article by Cortés-Saladelafont et al.
on pages 780-792 of this issue.

There are two confirmed inherited disorders of gamma-
aminobutyric acid (GABA) metabolism, succinic semialde-
hyde dehydrogenase (SSADH) and GABA-transaminase
deficiency." Both are rare; the former is typically nonpro-
gressive with developmental impairment profoundly
affecting expressive language, hypotonia, epilepsy and
T2-hyperintensity of globus pallidi, subthalamic nuclei,
and cerebellar dentate nuclei. The latter has been reported
in no more than a dozen patients and has a severe
phenotype with neonatal- or infantile-onset epileptic
encephalopathy, extrapyramidal movements, and often
early childhood mortality. While their metabolic footprints
are different, both are characterized by elevated GABA
levels in brain parenchyma and cerebrospinal fluid (CSF).

Cortes-Saladelafont et al.” report CSF free-GABA con-
centrations from a cohort of 85 pediatric patients referred
over approximately 3 years to elucidate complex pheno-
types. The syndromes were remarkably heterogenous and
the age range at the time of lumbar puncture spanned
1 day to 21 years. Interestingly, 44% of patients had
abnormal CSF free-GABA levels, with this group divided,
with about half being low and half being elevated. In con-
trast, 20% of patients had abnormalities of the monoamine
neurotransmitters, which are more commonly studied in
CSF and known to represent secondary features in a vari-
ety of acquired and genetic disorders.® Issues raised include
the technological requirements of the assay, the nonspecific
nature of GABA alterations, and whether GABA can be
used as a biomarker for certain neurological diseases.

The elevated CSF GABA value in a proband with SSADH
deficiency was expected. Altered values in other specific
metabolic diseases can be explained as a result of perturba-
tions in known metabolic pathways. For example, the patient
with thiamine transporter-2 deficiency, affecting intracellu-
lar thiamine transport and thus impairing thiamine-depen-

REFERENCES

. Pearl PL, Parviz M, Vogel K, Schreiber J, Theodore WH,

—

Gibson KM. Inherited disorders of gamma-aminobutyric 60: 780-92.
acid metabolism and advances in ADHS5A1 mutation iden-
tification. Dev Med Child Neurol 2015; 57: 611-7.

. Cortés-Saladelafont E, Molero-Luis M, Cuadras D, et al.

CSF
277-86.

N~

Gamma-aminobutyric acid levels in cerebrospinal fluid in

neuropaediatric disorders. Dev Med Child Neurol 2018;

3. Rodan LH, Gibson KM, Pearl PL. Clinical Use of

Neurotransmitters.

dent enzymes such as alpha-ketoglutarate dehydrogenase
and pyruvate dehydrogenase, may be expected to have
decreased production of GABA precursors and resultant
decreased CSF GABA. Yet a ready explanation is not at hand
to explain dramatically elevated CSF GABA in individual
patients with glucose transporter-1 deficiency, serine synthe-
sis deficiency, and SCN2A4 epileptic encephalopathy.

Opverall, patients were categorized into three major cate-
gories: epilepsy, anatomical lesions of basal ganglia or cere-
bral cortex, and confirmed monogenic disorders. The
authors were unable to correlate GABA concentrations
with phenotype or clinical outcome, including seizure con-
trol, although these were secondary outcome measures and
the study was not powered to resolve these questions. The
patient heterogeneity was remarkable and represented a
highly specialized population, with seven patients having
primary neurotransmitter defects, three with chan-
nelopathies, two with Leigh mitochondriopathy, and indi-
vidual patients with other mutations.

The study was retrospective and compared against a rela-
tively small number of previously published historical con-
trols. Factors such as reliance on historical normative data
across a wide age span, and non-uniformity of the lumbar
puncture procedure in light of variables such as time of day
and sample collection, given rostral-caudal gradients in sub-
arachnoid fluid, represent methodological weaknesses. The
data would have been augmented by measuring total and
free GABA. It is puzzling why vigabatrin therapy was gener-
ally not associated with elevated GABA levels.

The value added is the surprisingly high rate of abnormal
CSF GABA in a variety of disorders. This becomes impor-
tant on both a practical and theoretical basis. GABA’s cru-
cial role as the primary inhibitory neurotransmitter in
mature brain, transitional depolarizing to hyperpolarizing
figure in neonatal brain, intermediary in aminoacid metabo-
lism, cotransmitter upending the single neuron-single trans-
mitter doctrine,* and regulator of homeostasis,” converge on
the outsized impact of this four carbon aminoacid. For those
of us whose favorite neurotransmitter is GABA (is it normal
to have a favorite neurotransmitter?), be forewarned that
abnormal CSF concentrations are appallingly nonspecific
but have the allure of unraveling new lessons to be learned
in neurobiology.

4. Tritsch NX, Granger AJ, Sabatini BL. Mechanisms and
functions of GABA Co-release. Nat Rev Neurosci 2016;
17: 139-45.

Pediatr  Neuwrol 2015; 53: 5. Lakhani R, Vogel KR, Tilll A, et al. Defects in GABA Meta-
bolism affect selective autophagy pathways and are allevi-

ated by mT'OR inhibition. EMBO Mol Med 2014; 6: 551-66.

333






BIBLIOGRAFIA







BIBLIOGRAFIA

e Abela L, Kurian MA. Postsynaptic movement disorders: clinical phenotypes,
genotypes, and disease mechanisms. J Inherit Metab Dis 2018; 41: 1077-1091.

e Alexiou A, Soursou G, Chatzichronis S, Gasparatos E, Kamal MA, Yarla NS, et al.
Role of GTPases in the Regulation of Mitochondrial Dynamics in Alzheimer’s
Disease and CNS-Related Disorders. Mol Neurobiol 2019; 56: 4530-4538.

e Alfadhel M, Nashabat M, Abu Ali Q, Hundallah K. Mitochondrial iron-
sulfur cluster biogenesis from molecular understanding to clinical disease.
Neurosciences (Riyadh) 2017; 22: 4-13.

e Alfallaj R, Alfadhel M. Glycine Transporter 1 Encephalopathy From
Biochemical Pathway to Clinical Disease: Review. Child Neurol Open 2019; 6:
2329048X1983148.

e Alter SP, Lenzi GM, Bernstein Al, Miller GW. Vesicular integrity in Parkinson’s
disease. Curr Neurol Neurosci Rep 2013; 13: 362.

e Anikster Y, Haack TB, Vilboux T, Pode-Shakked B, Thony B, Shen N, et al.
Biallelic Mutations in DNAJC12 Cause Hyperphenylalaninemia, Dystonia, and
Intellectual Disability. Am J Hum Genet 2017.

e Appenzeller S, Balling R, Barisic N, Baulac S, Caglayan H, Craiu D, et al. De Novo
Mutations in Synaptic Transmission Genes Including DNM1 Cause Epileptic
Encephalopathies. Am J Hum Genet 2014; 95: 360-370.

e Aridon P, Marini C, Di Resta C, Brilli E, De Fusco M, Politi F, et al. Increased
Sensitivity of the Neuronal Nicotinic Receptor a2 Subunit Causes Familial
Epilepsy with Nocturnal Wandering and Ictal Fear. Am J Hum Genet 2006; 79:
342-350.

e Bak LK, Schousboe A, Waagepetersen HS. The glutamate/GABA-glutamine
cycle: aspects of transport, neurotransmitter homeostasis and ammonia
transfer. ] Neurochem 2006; 98: 641—653.

e Baulac S, Huberfeld G, Gourfinkel-An |, Mitropoulou G, Beranger A,
Prud’homme J-F, et al. First genetic evidence of GABA(A) receptor dysfunction

337



Sistemes de neurotransmissid en trastorns neuropediatrics

338

in epilepsy: a mutation in the gammaz2-subunit gene. Nat Genet 2001; 28:
46-48.

Bayés A. Setting the stage for a role of the postsynaptic proteome in inherited
neurometabolic disorders. J Inherit Metab Dis 2018; 41: 1093-1101.

Bayés A, van de Lagemaat LN, Collins MO, Croning MDR, Whittle IR, Choudhary
JS, et al. Characterization of the proteome, diseases and evolution of the
human postsynaptic density. Nat Neurosci 2011; 14: 19-21.

Beerepoot P, Lam VM, Salahpour A. Pharmacological Chaperones of the
Dopamine Transporter Rescue Dopamine Transporter Deficiency Syndrome
Mutations in Heterologous Cells. J Biol Chem 2016; 291: 22053-22062.

Ben-Ari Y, Holmes GL. Effects of seizures on developmental processes in the
immature brain. Lancet Neurol 2006; 5: 1055-63.

Bhat S, Newman AH, Freissmuth M. How to rescue misfolded SERT, DAT and
NET: targeting conformational intermediates with atypical inhibitors and
partial releasers [Internet]. Biochem Soc Trans 2019; 47[cited 2019 Jun 3]
Available from: http://www.ncbi.nlm.nih.gov/pubmed/31064865

Blau N, Hennermann JB, Langenbeck U, Lichter-Konecki U. Diagnosis,
classification, and genetics of phenylketonuria and tetrahydrobiopterin (BH4)
deficiencies. Mol Genet Metab 2011; 104: 2-9.

Bode A, Lynch JW. The impact of human hyperekplexia mutations on glycine
receptor structure and function. Mol Brain 2014; 7: 2.

Boison D, Steinhduser C. Epilepsy and astrocyte energy metabolism. Glia 2018;
66: 1235-1243.

Boycott KM, Haack TB, Langeveld M, Wasserman WW, Ferreira CR, Wevers RA,
et al. The role of the clinician in the multi-omics era: are you ready? J Inherit
Metab Dis 2018; 41: 571-582.

Bravo P, Edwards A, Barr PJ,Scholl |, Elwyn G, McAllister M, et al. Conceptualising
patient empowerment: a mixed methods study. BMC Health Serv Res 2015;
15: 252.

Brennenstuhl H, Jung-Klawitter S, Assmann B, Opladen T. Inherited Disorders
of Neurotransmitters: Classification and Practical Approaches for Diagnosis
and Treatment. Neuropediatrics 2019; 50: 2—-14.



Bibliografia

Brose N, Brunger A, Cafiso D, Chapman ER, Diao J, Hughson FM, et al. Synaptic
vesicle fusion: today and beyond. Nat Struct Mol Biol 2019; 26: 663—-668.

Brose N, O’ConnorV, Skehel P. Synaptopathy: dysfunction of synaptic function?
Biochem Soc Trans 2010; 38: 443—-444.

Brosnan JT, Brosnan ME. Branched-Chain Amino Acids: Enzyme and Substrate
Regulation. J Nutr 2006; 136: 207S-211S.

Burger PM, Mehl E, Cameron PL, Maycox PR, Baumert M, Lottspeich F, et al.
Synaptic vesicles immunoisolated from rat cerebral cortex contain high levels
of glutamate. Neuron 1989; 3: 715-20.

Burlina A, Blau N. Tetrahydrobiopterin disorders presenting with
hyperphenylalaninemia. Congenit Neurotransmitter Disord A Clin Approach
2014.

Burnstock G. Purinergic signalling: Its unpopular beginning, its acceptance
and its exciting future. BioEssays 2012; 34: 218-225.

Butt AM, De La Rocha IC, Rivera A. Oligodendroglial Cells in Alzheimer’s
Disease. In: Advances in experimental medicine and biology. 2019. p. 325-
333.

Carvill GL, McMahon JM, Schneider A, Zemel M, Myers CT, Saykally J, et al.
Mutations in the GABA Transporter SLC6A1 Cause Epilepsy with Myoclonic-
Atonic Seizures. Am J Hum Genet 2015; 96: 808—815.

CasadoM, Molero M, SierraC, Garcia-Cazorla A, Ormazabal A, Artuch R. Analysis
of cerebrospinal fluid y-aminobutyric acid by capillary electrophoresis with
laser-induced fluorescence detection. Electrophoresis 2014 Apr;35(8):1181-7.

Cassis L, Cortes-Saladelafont E, Molero-Luis M, Yubero D, Gonzalez MJ, Herrero
AO, et al. Review and evaluation of the methodological quality of the existing
guidelines and recommendations for inherited neurometabolic disorders
Inherited metabolic diseases. Orphanet J Rare Dis 2015; 10.

Cesca F, Baldelli P, Valtorta F, Benfenati F. The synapsins: Key actors of synapse
function and plasticity. Prog Neurobiol 2010; 91: 313-348.

Chanaday NL, Cousin MA, Milosevic |, Watanabe S, Morgan JR. The Synaptic
Vesicle Cycle Revisited: New Insights into the Modes and Mechanisms. J
Neurosci 2019; 39: 8209-8216.

339



Sistemes de neurotransmissid en trastorns neuropediatrics

340

Chatron N, Becker F, Morsy H, Schmidts M, Hardies K, Tuysuz B, et al. Bi-allelic
GAD1 variants cause a neonatal onset syndromic developmental and epileptic
encephalopathy. Brain 2020; 143: 1447-1461.

Chattopadhyaya B, Cristo G Di. GABAergic circuit dysfunctions in
neurodevelopmental disorders. Front psychiatry 2012; 3: 51.

Chevessier F, Faraut B, Ravel-Chapuis A, Richard P, Gaudon K, Bauché S, et al.
MUSK, a new target for mutations causing congenital myasthenic syndrome.
Hum Mol Genet 2004; 13: 3229-3240.

Chien Y-H, Chen P-W, Lee N-C, Hsieh W-S, Chiu P-C, Hwu W-L, et al.
3-O-methyldopa levels in newborns: Result of newborn screening for aromatic
I-amino-acid decarboxylase deficiency. Mol Genet Metab 2016; 118: 259-63.

Chien Y-H, Lee N-C, Tseng S-H, Tai C-H, Muramatsu S-1, Byrne BJ, et al. Efficacy
and safety of AAV2 gene therapy in children with aromatic L-amino acid
decarboxylase deficiency: an open-label, phase 1/2 trial. Lancet Child Adolesc
Heal 2017; 1: 265-273.

Clot F, Grabli D, Cazeneuve C, Roze E, Castelnau P, Chabrol B, et al. Exhaustive
analysis of BH4 and dopamine biosynthesis genes in patients with Dopa-
responsive dystonia. Brain 2009; 132: 1753-1763.

Coghlan S, Horder J, Inkster B, Mendez MA, Murphy DG, Nutt DJ. GABA system
dysfunction in autism and related disorders: From synapse to symptoms.
Neurosci Biobehav Rev 2012; 36: 2044-2055.

Collins FA, Murphy DL, Reiss AL, Sims KB, Lewis JG, Freund L, et al. Clinical,
biochemical, and neuropsychiatric evaluation of a patient with a contiguous
gene syndrome due to a microdeletion Xp11.3 including the Norrie disease
locus and monoamine oxidase (MAOA and MAOB) genes. Am J Med Genet
1992; 42: 127-34.

Cérdoba M, Rodriguez S, Gonzalez Morén D, Medina N, Kauffman MA.
Expanding the spectrum of Grik2 mutations: intellectual disability, behavioural
disorder, epilepsy and dystonia. Clin Genet 2015; 87: 293-295.

Cortes-Saladelafont E, Molero-Luis M, Ormazdabal A, Tristdn-Noguero A, Sierra
C, Armstrong J, et al. Diagnosis of Biogenic Amines Synthesis Defects. J Pediatr
Neurol 2015; 13.



Bibliografia

Cortes-Saladelafont E, Tristdn-Noguero A, Artuch R, Altafaj X, Bayes A,
Garcia-Cazorla A. Diseases of the Synaptic Vesicle: A Potential New Group of
Neurometabolic Disorders Affecting Neurotransmission. Semin Pediatr Neurol
2016; 23.

Cossette P, Liu L, Brisebois K, Dong H, Lortie A, Vanasse M, et al. Mutation of
GABRA1 in an autosomal dominant form of juvenile myoclonic epilepsy. Nat
Genet 2002; 31: 184-189.

van der Crabben SN, Verhoeven-Duif NM, Brilstra EH, Van Maldergem L,
Coskun T, Rubio-Gozalbo E, et al. An update on serine deficiency disorders. )
Inherit Metab Dis 2013; 36: 613-9.

Crawford DC, Kavalali ET. Molecular underpinnings of synaptic vesicle pool
heterogeneity. Traffic 2015; 16: 338-64.

Cresto N, Pillet L-E, Billuart P, Rouach N. Do Astrocytes Play a Role in Intellectual
Disabilities? Trends Neurosci 2019; 42: 518-527.

Damseh N, Simonin A, Jalas C, Picoraro JA, Shaag A, Cho MT, et al. Mutations
in SLC1A4, encoding the brain serine transporter, are associated with
developmental delay, microcephaly and hypomyelination. ] Med Genet 2015.

Derwinska K, Mierzewska H, Goszczanska A, Szczepanik E, Xia Z, Kusmierska K,
et al. Clinical improvement of the aggressive neurobehavioral phenotype in a
patient with a deletion of PITX3 and the absence of L-DOPA in the cerebrospinal
fluid. Am J Med Genet B Neuropsychiatr Genet 2012; 159B: 236—42.

Dibbens LM, Feng H-J, Richards MC, Harkin LA, Hodgson BL, Scott D, et al.
GABRD encoding a protein for extra- or peri-synaptic GABAA receptors is
a susceptibility locus for generalized epilepsies. Hum Mol Genet 2004; 13:
1315-1319.

Dobyns WB. Agenesis of the corpus callosum and gyral malformations are
frequent manifestations of nonketotic hyperglycinemia. Neurology 1989; 39:
817-817.

Dryja TP, McGee TL, Berson EL, Fishman GA, Sandberg MA, Alexander KR, et
al. Night blindness and abnormal cone electroretinogram ON responses in
patients with mutations in the GRM®6 gene encoding mGIuR6. Proc Natl Acad
Sci 2005; 102: 4884—-4889.

341



Sistemes de neurotransmissid en trastorns neuropediatrics

342

Eberling JL, Jagust WJ, Christine CW, Starr P, Larson P, Bankiewicz KS, et al.
Results from a phase | safety trial of hAADC gene therapy for Parkinson
disease. Neurology 2008; 70: 1980-1983.

Edvardson S, Cinnamon Y, Ta-Shma A, Shaag A, Yim Y-l, Zenvirt S, et al. A
deleterious mutation in DNAJC6 encoding the neuronal-specific clathrin-
uncoating co-chaperone auxilin, is associated with juvenile parkinsonism.
PLoS One 2012; 7: e36458.

Edwards FA, Gibb AJ. ATP--a fast neurotransmitter. FEBS Lett 1993; 325: 86-9.

El-Hattab AW. Serine biosynthesis and transport defects. Mol Genet Metab
2016

Endele S, Rosenberger G, Geider K, Popp B, Tamer C, Stefanova |, et al.
Mutations in GRIN2A and GRIN2B encoding regulatory subunits of NMDA
receptors cause variable neurodevelopmental phenotypes. Nat Genet 2010;
42:1021-1026.

Farsi Z, Gowrisankaran S, Krunic M, Rammner B, Woehler A, Lafer EM, et
al. Clathrin coat controls synaptic vesicle acidification by blocking vacuolar
ATpase activity. Elife 2018; 7: 1-18.

Fotin A, Cheng Y, Grigorieff N, Walz T, Harrison SC, Kirchhausen T. Structure
of an auxilin-bound clathrin coat and its implications for the mechanism of
uncoating. Nature 2004; 432: 649-53.

Freissmuth M, Stockner T, Sucic S. SLC6 Transporter Folding Diseases and
Pharmacochaperoning. In: Handbook of experimental pharmacology. 2017.
p. 249-270.

FriedmanJ, Roze E, AbdenurJE, Chang R, Gasperini§, Saletti V, et al. Sepiapterin
reductase deficiency: a treatable mimic of cerebral palsy. Ann Neurol 2012;
71:520-30.

Friedman JM, Bombard Y, Cornel MC, Fernandez C V, Junker AK, Plon SE, et
al. Genome-wide sequencing in acutely ill infants: genomic medicine’s critical
application? Genet Med 2019; 21: 498-504.

Fujihara K, Miwa H, Kakizaki T, Kaneko R, Mikuni M, Tanahira C, et al. Glutamate
Decarboxylase 67 Deficiency in a Subset of GABAergic Neurons Induces
Schizophrenia-Related Phenotypes. Neuropsychopharmacology 2015; 40:
2475-2486.



Bibliografia

Furukawa Y. GTP Cyclohydrolase 1-Deficient Dopa-Responsive Dystonia
[Internet]. University of Washington, Seattle; 1993[cited 2019 May 23]
Available from: http://www.ncbi.nlm.nih.gov/pubmed/20301681

Garcia-Cazorla A, Duarte S, Serrano M, Nascimento A, Ormazabal A,
Carrilho 1, et al. Mitochondrial diseases mimicking neurotransmitter defects.
Mitochondrion 2008; 8: 273-8.

Garcia-Cazorla A, Duarte ST. Parkinsonism and inborn errors of metabolism. J
Inherit Metab Dis 2014; 37: 627-42.

Garcia-Cazorla A, Mochel F, Lamari F, Saudubray J-M. The clinical spectrum of
inherited diseases involved in the synthesis and remodeling of complex lipids.
A tentative overview. J Inherit Metab Dis 2015; 38: 19-40.

Garcia-Cazorla A, Ortez C, Pérez-Duefias B, Serrano M, Pineda M, Campistol J,
et al. Hypokinetic-rigid syndrome in children and inborn errors of metabolism.
Eur J Paediatr Neurol 2011; 15: 295-302.

Garcia-Cazorla A, Saudubray JM. Cellular neurometabolism: a tentative to
connect cell biology and metabolism in neurology. J Inherit Metab Dis 2018;
41:1043-1054.

Garcia-Cazorla A, Serrano M, Pérez-Duenas B, Gonzdlez V, Ormazabal A,
Pineda M, et al. Secondary abnormalities of neurotransmitters in infants with
neurological disorders. Dev Med Child Neurol 2007; 49: 740-744.

Garcia CC, Blair HJ, Seager M, Coulthard A, Tennant S, Buddles M, et al.
Identification of a mutation in synapsin |, a synaptic vesicle protein, in a family
with epilepsy. ] Med Genet 2004; 41: 183-6.

Garg U, Smith LD, DeArmond PD, Dietzen DJ, Pyle-Eilola AL. Amino acids
disorders. Biomarkers Inborn Errors Metab 2017: 25-64.

Gasnier B. The SLC32 transporter, a key protein for the synaptic release of
inhibitory amino acids. Pflugers Arch 2004; 447: 756-9.

Gibson KM, Gupta M, Pearl PL, Tuchman M, Vezina LG, Snead OC, et al.
Significant behavioral disturbances in succinic semialdehyde dehydrogenase
(SSADH) deficiency (gamma-hydroxybutyric aciduria). Biol Psychiatry 2003;
54:763-8.

343



Sistemes de neurotransmissid en trastorns neuropediatrics

344

Gomez-Duran A, Pacheu-Grau D, Martinez-Romero |, Lépez-Gallardo E, Lépez-
Pérez MJ, Montoya J, et al. Oxidative phosphorylation differences between
mitochondrial DNA haplogroups modify the risk of Leber’s hereditary optic
neuropathy. Biochim Biophys Acta 2012; 1822: 1216-22.

Gonzalez-Suarez AD, Nitabach MN. Peptide-Mediated Neurotransmission
Takes Center Stage. Trends Neurosci 2018; 41: 325-327.

Gorlewicz A, Kaczmarek L. Pathophysiology of Trans-Synaptic Adhesion
Molecules: Implications for Epilepsy. Front cell Dev Biol 2018; 6: 119.

Gowrisankaran S, Milosevic |. Regulation of synaptic vesicle acidification at
the neuronal synapse. IUBMB Life 2020: iub.2235.

De Grandis E, Sanmarti F, Artuch R, Ormazdabal A, Pérez-Duefias B, Fons C, et al.
Cerebrospinal fluid alterations of the serotonin product, 5-hydroxyindolacetic
acid, in neurological disorders. J Inherit Metab Dis 2010.

De Grandis E, Sanmarti F, Artuch R, Ormazdabal A, Pérez-Duefias B, Fons C, et al.
Cerebrospinal fluid alterations of the serotonin product, 5-hydroxyindolacetic
acid, in neurological disorders. J Inherit Metab Dis 2010.

Greco B, Manago F, Tucci V, Kao H-T, Valtorta F, Benfenati F. Autism-related
behavioral abnormalities in synapsin knockout mice. Behav Brain Res 2013;
251: 65-74.

Gropman A. Vigabatrin and newer interventions in succinic semialdehyde
dehydrogenase deficiency. Ann Neurol 2003; 54: S66-S72.

Guedes-Dias P, Holzbaur ELF. Axonal transport: Driving synaptic function.
Science (80-) 2019; 366: eaaw9997.

Guergueltcheva V, Azmanov DN, Angelicheva D, Smith KR, Chamova T, Florez
L, et al. Autosomal-Recessive Congenital Cerebellar Ataxia Is Caused by
Mutations in Metabotropic Glutamate Receptor 1. Am J Hum Genet 2012; 91:
553-564.

GulsunersS, Stein DJ, Susser ES, Sibeko G, Pretorius A, Walsh T, et al. Genetics of
schizophrenia in the South African Xhosa. Science (80- ) 2020; 367: 569-573.

Gundersen V, Storm-Mathisen J, Bergersen LH. Neuroglial Transmission.
Physiol Rev 2015; 95: 695-726.



Bibliografia

Haijes HA, van der Ham M, Gerrits J, van Hasselt PM, Prinsen HCMT, de Sain-
van der Velden MGM, et al. Direct-infusion based metabolomics unveils
biochemical profiles of inborn errors of metabolism in cerebrospinal fluid.
Mol Genet Metab 2019; 127: 51-57.

Hamdan FF, Myers CT, Cossette P, Lemay P, Spiegelman D, Laporte AD, et al.
High Rate of Recurrent De Novo Mutations in Developmental and Epileptic
Encephalopathies. Am J Hum Genet 2017; 101: 664—685.

Hansen FH, Skjgrringe T, Yasmeen S, Arends N V, Sahai MA, Erreger K, et al.
Missense dopamine transporter mutations associate with adult parkinsonism
and ADHD. J Clin Invest 2014; 124: 3107-20.

Harvey K, Duguid IC, Alldred MJ, Beatty SE, Ward H, Keep NH, et al. The GDP-
GTP exchange factor collybistin: an essential determinant of neuronal gephyrin
clustering. J Neurosci 2004; 24: 5816-26.

Heales S, Orcesi S, Choy YS, Tay S, Tonduti D, Regal L, et al. Clinical and
biochemical features of aromatic L-amino acid decarboxylase deficiency.
Neurology 2010.

Heuser JE, Reese TS. EVIDENCE FOR RECYCLING OF SYNAPTIC VESICLE
MEMBRANE DURING TRANSMITTER RELEASE AT THE FROG NEUROMUSCULAR
JUNCTION. J Cell Biol 1973; 57: 315-344.

Hoffmann GF, Blau N. Congenital neurotransmitter disorders: a clinical
approach[Internet].[cited 2019 Oct 21] Available from: https://novapublishers.
com/shop/congenital-neurotransmitter-disorders-a-clinical-approach.

Horvath GA, Demos M, Shyr C, Matthews A, Zhang L, Race S, et al. Secondary
neurotransmitter deficiencies in epilepsy caused by voltage-gated sodium
channelopathies: A potential treatment target? Mol Genet Metab 2016; 117:
42-8.

Van Hove JL, Coughlin C, Swanson M, Hennermann JB. Nonketotic
Hyperglycinemia [Internet]. 1993[cited 2019 Aug 23] Available from: http://
www.ncbi.nlm.nih.gov/pubmed/20301531.

Van Hove JLK, Tong S, Coughlin Il CR, Hennermann JB, Fenton LZ, Wortmann
SB, et al. Brain imaging in classic nonketotic hyperglycinemia: quantitative
analysis and relation to phenotype. J Inherit Metab Dis 2019.

345



Sistemes de neurotransmissid en trastorns neuropediatrics

346

Hyland K, Clayton PT. Aromatic amino acid decarboxylase deficiency in twins.
J Inherit Metab Dis 1990; 13: 301-4.

Hyland K, Surtees RA, Heales SJ, Bowron A, Howells DW, Smith |. Cerebrospinal
fluid concentrations of pterins and metabolites of serotonin and dopamine in
a pediatric reference population. Pediatr Res 1993; 34: 10-4.

Ichinose H, Ohye T, Takahashi E, Seki N, Hori T, Segawa M, et al. Hereditary
progressive dystonia with marked diurnal fluctuation caused by mutations in
the GTP cyclohydrolase | gene. Nat Genet 1994; 8: 236—-242.

Jahn R, Fasshauer D. Molecular machines governing exocytosis of synaptic
vesicles. Nature 2012; 490: 201-207.

Jan LY, Jan YN. Peptidergic transmission in sympathetic ganglia of the frog. )
Physiol 1982; 327: 219-246.

Janve VS, Hernandez CC, Verdier KM, Hu N, Macdonald RL. Epileptic
encephalopathy de novo GABRB mutations impair y-aminobutyric acid type A
receptor function. Ann Neurol 2016; 79: 806—825.

Johansen Taber KA, Dickinson BD, Wilson M. The promise and challenges of
next-generation genome sequencing for clinical care. JAMA Intern Med 2014;
174: 275-80.

Judrez Olguin H, Calderdn Guzman D, Hernandez Garcia E, Barragan Mejia
G. The Role of Dopamine and Its Dysfunction as a Consequence of Oxidative
Stress. Oxid Med Cell Longev 2016; 2016: 1-13.

Juusola J, Arold ST, Alfadhel M, Alrifai MT, Douglas G V., Alkuraya F, et al.
Mutation in SLC6A9 encoding a glycine transporter causes a novel form of
non-ketotic hyperglycinemia in humans. Hum Genet 2016.

Kanekar S, Byler D. Characteristic MRI findings in neonatal nonketotic
hyperglycinemia due to sequence changes in GLDC gene encoding the enzyme
glycine decarboxylase. Metab Brain Dis 2013; 28: 717-20.

van Karnebeek CDM, Dunbar M, Egri C, Sayson B, Milea J, Stockler-Ipsiroglu
S, et al. Secondary Abnormal CSF Neurotransmitter Metabolite Profiles in a
Pediatric Tertiary Care Centre. Can J Neurol Sci 2018; 45: 206—-213.

Van Karnebeek CDM, Dunbar M, Egri C, Sayson B, Milea J, Stockler-Ipsiroglu
S, et al. Secondary Abnormal CSF Neurotransmitter Metabolite Profiles in a
Pediatric Tertiary Care Centre. Can J Neurol Sci 2018.



Bibliografia

Keith D, El-Husseini A. Excitation Control: Balancing PSD-95 Function at the
Synapse. Front Mol Neurosci 2008; 1: 4.

Kim S, Kim H, Yim YS, Ha S, Atarashi K, Tan TG, et al. Maternal gut bacteria
promote neurodevelopmental abnormalities in mouse offspring. Nature
2017; 549: 528-532.

Kirstein |, Silfverskiold BP. A family with emotionally precipitated drop seizures.
Acta Psychiatr Neurol Scand 1958; 33: 471-6.

Koenig MK, Hodgeman R, Riviello JJ, Chung W, Bain J, Chiriboga CA, et al.
Phenotype of GABA-transaminase deficiency. Neurology 2017; 88:1919-1924.

Kojima K, Nakajima T, Taga N, Miyauchi A, Kato M, Matsumoto A, et al.
Gene therapy improves motor and mental function of aromatic I-amino acid
decarboxylase deficiency. Brain 2019.

de Koning TJ, Klomp LWJ, van Oppen ACC, Beemer FA, Dorland L, van den
Berg |, et al. Prenatal and early postnatal treatment in 3-phosphoglycerate-
dehydrogenase deficiency. Lancet (London, England) 2004; 364: 2221-2.

Koéroglu C, Baysal L, Cetinkaya M, Karasoy H, Tolun A. DNAJC6 is responsible for
juvenile parkinsonism with phenotypic variability. Parkinsonism Relat Disord
2013; 19: 320-4.

Kurian MA, LiY, Zhen J, Meyer E, Hai N, Christen H-J, et al. Clinical and molecular
characterisation of hereditary dopamine transporter deficiency syndrome: an
observational cohort and experimental study. Lancet Neurol 2011; 10: 54-62.

Kurian MA, Zhen J, Cheng S-Y, Li Y, Mordekar SR, Jardine P, et al. Homozygous
loss-of-function mutations in the gene encoding the dopamine transporter
are associated with infantile parkinsonism-dystonia. J Clin Invest 2009; 119:
1595-603.

Kurolap A, Armbruster A, Hershkovitz T, Hauf K, Mory A, Paperna T, et al. Loss
of Glycine Transporter 1 Causes a Subtype of Glycine Encephalopathy with
Arthrogryposis and Mildly Elevated Cerebrospinal Fluid Glycine. Am J Hum
Genet 2016.

Lakhani R, Vogel KR, Till A, Liu J, Burnett SF, Gibson KM, et al. Defects in GABA
metabolism affect selective autophagy pathways and are alleviated by mTOR
inhibition. EMBO Mol Med 2014; 6: 551-66.

347



Siste

348

mes de neurotransmissid en trastorns neuropediatrics

Lee H-F, Tsai C-R, Chi C-S, Chang T-M, Lee H-J. Aromatic l-amino acid
decarboxylase deficiency in Taiwan. Eur J Paediatr Neurol 2009; 13: 135-140.

Lee N-C, Wu R-M, Muramatsu S -i., Tseng S-H, Tzen K-Y, Byrne BJ, et al. Gene
Therapy for Aromatic L-Amino Acid Decarboxylase Deficiency. Sci Transl Med
2012.

Lee WT, Weng WC, Peng SF, Tzen KY. Neuroimaging findings in children with
paediatric neurotransmitter diseases. In: Journal of Inherited Metabolic
Disease. 2009.

Lemke JR, Geider K, Helbig KL, Heyne HO, Schiitz H, Hentschel J, et al.
Delineating the GRIN1 phenotypic spectrum. Neurology 2016; 86:2171-2178.

Lemke JR, Lal D, Reinthaler EM, Steiner |, Nothnagel M, Alber M, et al.
Mutations in GRIN2A cause idiopathic focal epilepsy with rolandic spikes. Nat
Genet 2013; 45: 1067-1072.

Lenders JW, Eisenhofer G, Abeling NG, Berger W, Murphy DL, Konings CH,
et al. Specific genetic deficiencies of the A and B isoenzymes of monoamine
oxidase are characterized by distinct neurochemical and clinical phenotypes.
J Clin Invest 1996; 97: 1010-9.

Lepeta K, Lourenco M V., Schweitzer BC, Martino Adami P V., Banerjee P,
Catuara-Solarz S, et al. Synaptopathies: synaptic dysfunction in neurological
disorders - A review from students to students. J Neurochem 2016; 138: 785—
805.

Li D, Yuan H, Ortiz-Gonzalez XR, Marsh ED, Tian L, McCormick EM, et al.
GRIN2D Recurrent De Novo Dominant Mutation Causes a Severe Epileptic
Encephalopathy Treatable with NMDA Receptor Channel Blockers. Am J Hum
Genet 2016; 99: 802-816.

Li H, Alavian KN, Lazrove E, Mehta N, Jones A, Zhang P, et al. A Bcl-xL—Drp1
complex regulates synaptic vesicle membrane dynamics during endocytosis.
Nat Cell Biol 2013; 15: 773-785.

Longo N. Disorders of biopterin metabolism. J Inherit Metab Dis 2009; 32:
333-342.

Lopez R, Rivier F, Chelly J, Dauvilliers Y. Impaired glycinergic transmission in
hyperekplexia: a model of parasomnia overlap disorder. Ann Clin Transl| Neurol
2019: acn3.50866.



Bibliografia

LynexCN, CarrIM, LeekJP, AchuthanR, Mitchell S, Maher ER, etal. Homozygosity
for a missense mutation in the 67 kDa isoform of glutamate decarboxylase in
a family with autosomal recessive spastic cerebral palsy: parallels with Stiff-
Person Syndrome and other movement disorders. BMC Neurol 2004; 4: 20.

Madsen KK, Clausen RP, Larsson OM, Krogsgaard-Larsen P, Schousboe A, White
HS. Synaptic and extrasynaptic GABA transporters as targets for anti-epileptic
drugs. J Neurochem 2009; 109 Suppl 1: 139-44.

Martin S, Chamberlin A, Shinde DN, Hempel M, Strom TM, Schreiber A, et
al. De Novo Variants in GRIA4 Lead to Intellectual Disability with or without
Seizures and Gait Abnormalities. Am J Hum Genet 2017; 101: 1013-1020.

McHale DP, Mitchell S, Bundey S, Moynihan L, Campbell DA, Woods CG, et al.
A Gene for Autosomal Recessive Symmetrical Spastic Cerebral Palsy Maps to
Chromosome 2g24-25. Am J Hum Genet 1999; 64: 526-532.

Medina-Kauwe LK, Tobin AJ, De Meirleir L, Jaeken J, Jakobs C, Nyhan WL, et al.
4-Aminobutyrate aminotransferase (GABA-transaminase) deficiency. J Inherit
Metab Dis 1999; 22: 414-27.

De Meulemeester C, Lapalme-Remis S, Ali-Ridha A, Salomons GS, Gibson
KM, Torres C, et al. Natural history of succinic semialdehyde dehydrogenase
deficiency through adulthood. Neurology 2015.

Molero-Luis M, Serrano M, Ormazabal A, Pérez-Duefias B, Garcia-Cazorla A,
Pons R, et al. Homovanillic acid in cerebrospinal fluid of 1388 children with
neurological disorders. Dev Med Child Neurol 2013; 55: 559-66.

Montero R, Grazina M, Lopez-Gallardo E, Montoya J, Briones P, Navarro-Sastre
A, et al. Coenzyme Q10 deficiency in mitochondrial DNA depletion syndromes.
Mitochondrion 2013; 13: 337-341.

Motazacker MM, Rost BR, Hucho T, Garshasbi M, Kahrizi K, Ullmann R, et al.
A Defect in the lonotropic Glutamate Receptor 6 Gene (GRIK2) Is Associated
with Autosomal Recessive Mental Retardation. Am J Hum Genet 2007; 81:
792-798.

Muller JS, Baumeister SK, Schara U, Cossins J, Krause S, von der Hagen M, et al.
CHRND mutation causes a congenital myasthenic syndrome by impairing co-
clustering of the acetylcholine receptor with rapsyn. Brain 2006; 129: 2784—
2793.

349



Sistemes de neurotransmissid en trastorns neuropediatrics

350

Ng J, Heales SIR, Kurian MA. Clinical features and pharmacotherapy of
childhood monoamine neurotransmitter disorders. Pediatr Drugs 2014.

Ng J, Papandreou A, Heales SJ, Kurian MA. Monoamine neurotransmitter
disorders - Clinical advances and future perspectives. Nat Rev Neurol 2015.

Ng J, Papandreou A, Heales SJ, Kurian MA. Monoamine neurotransmitter
disorders--clinical advances and future perspectives. Nat Rev Neurol 2015;
11: 567-84.

Ng J, Zhen J, Meyer E, Erreger K, Li Y, Kakar N, et al. Dopamine transporter
deficiency syndrome: phenotypic spectrum from infancy to adulthood. Brain
2014; 137:1107-19.

Niswender CM, Conn PJ. Metabotropic Glutamate Receptors: Physiology,
Pharmacology, and Disease. Annu Rev Pharmacol Toxicol 2010; 50: 295-322.

Nolan DA, Chen B, Michon AM, Salatka E, Arndt D. A Rasmussen encephalitis,
autoimmune encephalitis, and mitochondrial disease mimicker: expanding
the DNM1L-associated intractable epilepsy and encephalopathy phenotype.
Epileptic Disord 2019; 21: 112-116.

O’Grady GL, Verschuuren C, Yuen M, Webster R, Menezes M, Fock JM, et al.
Variants in SLC18A3 , vesicular acetylcholine transporter, cause congenital
myasthenic syndrome. Neurology 2016; 87: 1442-1448.

Ohno K, Engel AG, Shen X-M, Selcen D, Brengman J, Harper CM, et al. Rapsyn
Mutations in Humans Cause Endplate Acetylcholine-Receptor Deficiency and
Myasthenic Syndrome. Am J Hum Genet 2002; 70: 875—-885.

Ohno K, Quiram PA, Milone M, Wang H-L, Harper MC, Ned Pruitt J, et al.
Congenital Myasthenic Syndromes due to Heteroallelic Nonsense/Missense
Mutations in the Acetylcholine Receptor Subunit Gene: Identification and
Functional Characterization of Six New Mutations. Hum Mol Genet 1997; 6:
753-766.

Oliver D, Reddy P. Dynamics of Dynamin-Related Protein 1 in Alzheimer’s
Disease and Other Neurodegenerative Diseases. Cells 2019; 8: 961.

Opladen T, Cortes-Saladelafont E, Mastrangelo M, Horvath G, Pons R, Lopez-
Laso E, et al. The International Working Group on Neurotransmitter related
Disorders (iNTD): A worldwide research project focused on primary and
secondary neurotransmitter disorders. Mol Genet Metab Reports 2016; 9.



Bibliografia

Opladen T, Hoffmann G, Horster F, Hinz A-B, Neidhardt K, Klein C, et al.
Clinical and biochemical characterization of patients with early infantile
onset of autosomal recessive GTP cyclohydrolase | deficiency without
hyperphenylalaninemia. Mov Disord 2011; 26: 157-61.

Opladen T, Hoffmann GF, Blau N. An international survey of patients with
tetrahydrobiopterin deficiencies presenting with hyperphenylalaninaemia. J
Inherit Metab Dis 2012; 35: 963-73.

Ormazabal A, Garcia-Cazorla A, Fernandez Y, Fernandez-Alvarez E, Campistol J,
Artuch R. HPLC with electrochemical and fluorescence detection procedures
for the diagnosis of inborn errors of biogenic amines and pterins. J Neurosci
Methods 2005; 142: 153-8.

Oyarzabal A, Marin-Valencia |I. Synaptic energy metabolism and neuronal
excitability, in sickness and health. J Inherit Metab Dis 2019; 42: 220-236.

Palmer S, Towne MC, Pearl PL, Pelletier RC, Genetti CA, Shi J, et al. SLC6A1
Mutation and Ketogenic Diet in Epilepsy With Myoclonic-Atonic Seizures.
Pediatr Neurol 2016; 64: 77-79.

Pearl PL. GABA: no longer the faithful neurotransmitter. Dev Med Child Neurol
2018; 60: 734-734.

Pearl PL, Parviz M, Vogel K, Schreiber J, Theodore WH, Gibson KM. Inherited
disorders of gamma-aminobutyric acid metabolism and advances in ALDH5A1
mutation identification. Dev Med Child Neurol. 2015 Jul;57(7):611-617.

Pearl PL, Wiwattanadittakul N, Roullet J-B, Gibson KM. Succinic Semialdehyde
Dehydrogenase Deficiency [Internet]. 1993[cited 2019 Aug 12].

Picciotto MR, Higley MJ, Mineur YS. Acetylcholine as a Neuromodulator:
Cholinergic Signaling Shapes Nervous System Function and Behavior. Neuron
2012; 76: 116-129.

Platzer K, Yuan H, Schitz H, Winschel A, Chen W, Hu C, et al. GRIN2B
encephalopathy: novel findings on phenotype, variant clustering, functional
consequences and treatment aspects. ) Med Genet 2017; 54: 460-470.

Pons R, Syrengelas D, Youroukos S, Orfanou |, Dinopoulos A, Cormand B, et al.
Levodopa-induced dyskinesias in tyrosine hydroxylase deficiency. Mov Disord
2013; 28: 1058-1063.

351



Sistemes de neurotransmissid en trastorns neuropediatrics

352

Posset R, Garcia-Cazorla A, Valayannopoulos V, Teles EL, Dionisi-Vici C,
Brassier A, et al. Age at disease onset and peak ammonium level rather
than interventional variables predict the neurological outcome in urea cycle
disorders. J Inherit Metab Dis 2016; 39.

Purves D, Augustine GJ, Fitzpatrick D, Katz LC, LaMantia A-S, McNamara JO,
et al. What Defines a Neurotransmitter? [Internet]. 2001 [cited 2016 Apr 6]
Available from: http://www.ncbi.nlm.nih.gov/books/NBK10957/

Puspita L, Chung SY, Shim J. Oxidative stress and cellular pathologies in
Parkinson’s disease. Mol Brain 2017; 10: 53.

Qi Z, Huang Z, Xie F, Chen L. Dynamin-related protein 1: A critical protein in the
pathogenesis of neural system dysfunctions and neurodegenerative diseases.
J Cell Physiol 2019; 234: 10032-10046.

Quiram PA, Ohno K, Milone M, Patterson MC, Pruitt NJ, Brengman JM, et al.
Mutation causing congenital myasthenia reveals acetylcholine receptor B/6
subunit interaction essential for assembly. J Clin Invest 1999; 104: 1403-1410.

Raabe FJ, Slapakova L, Rossner MJ, Cantuti-Castelvetri L, Simons M, Falkai
PG, et al. Oligodendrocytes as A New Therapeutic Target in Schizophrenia:
From Histopathological Findings to Neuron-Oligodendrocyte Interaction. Cells
2019; 8: 1496.

Rees MI, Harvey K, Pearce BR, Chung S-K, Duguid IC, Thomas P, et al. Mutations
in the gene encoding GlyT2 (SLC6A5) define a presynaptic component of
human startle disease. Nat Genet 2006; 38: 801-806.

Rees MI, Harvey K, Ward H, White JH, Evans L, Duguid IC, et al. Isoform
heterogeneity of the human gephyrin gene (GPHN), binding domains to the
glycine receptor, and mutation analysis in hyperekplexia. J Biol Chem 2003;
278:24688-96.

Rees MlI, Lewis TM, Kwok JBJ, Mortier GR, Govaert P, Snell RG, et al.
Hyperekplexia associated with compound heterozygote mutations in the
beta-subunit of the human inhibitory glycine receptor (GLRB). Hum Mol Genet
2002; 11: 853-860.

Rempel N, Heyers S, Engels H, Sleegers E, Steinlein OK. The structures of the
human neuronal nicotinic acetylcholine receptor B2- and a3-subunit genes (
CHRNB2 and CHRNA3 ). Hum Genet 1998; 103: 645-653.



Bibliografia

Rilstone JJ, Alkhater RA, Minassian BA. Brain dopamine-serotonin vesicular
transport disease and its treatment. N Engl J Med 2013; 368: 543-50.

Rizzoli SO. Synaptic vesicle recycling: steps and principles. EMBO J 2014; 33:
788-822.

Rodan LH, Gibson KM, Pearl PL. Clinical Use of CSF Neurotransmitters. Pediatr
Neurol 2015; 53: 277-86.

Romani F, Carreazo Pariasca J, Aguilar Madrid J, Espinoza Herrera D. La
divulgacion cientifica en el campo de la salud publica. La experiencia del
Instituto Nacional de Salud. Rev Peru Med Exp Salud Publica 2018; 35: 515.

Roosen DA, Blauwendraat C, Cookson MR, Lewis PA. DNAJC proteins and
pathways to parkinsonism. FEBS J 2019: febs.14936.

Rost BR, Schneider F, Grauel MK, Wozny C, G Bentz C, Blessing A, et al.
Optogenetic acidification of synaptic vesicles and lysosomes. Nat Neurosci
2015; 18: 1845-1852.

Ryan CS, Fine AL, Cohen AL, Schiltz BM, Renaud DL, Wirrell EC, et al. De Novo
DNMI1L Variant in a Teenager With Progressive Paroxysmal Dystonia and
Lethal Super-refractory Myoclonic Status Epilepticus. J Child Neurol 2018; 33:
651-658.

Salpietro V, Dixon CL, Guo H, Bello OD, Vandrovcova J, Efthymiou S, et al. AMPA
receptor GluA2 subunit defects are a cause of neurodevelopmental disorders.
Nat Commun 2019; 10: 3094.

Saudubray J-M, Baumgartner MR, Wanders R. Complex lipids. J Inherit Metab
Dis 2015; 38: 1.

Saudubray J-M, Mochel F, Lamari F, Garcia-Cazorla A. Proposal for a simplified
classification of IMD based on a pathophysiological approach: A practical
guide for clinicians. J Inherit Metab Dis 2019; 42: 706—727.

Segawa M. Hereditary progressive dystonia with marked diurnal fluctuation.
Brain Dev 2011; 33: 195-201.

Segawa M, Hosaka A, Miyagawa F, Nomura Y, Imai H. Hereditary progressive
dystonia with marked diurnal fluctuation. Adv Neurol 1976; 14: 215-33.

353



Sistemes de neurotransmissid en trastorns neuropediatrics

354

Shiang R, Ryan SG, Zhu Y-Z, Hahn AF, O’Connell P, Wasmuth JJ. Mutations in the
al subunit of the inhibitory glycine receptor cause the dominant neurologic
disorder, hyperekplexia. Nat Genet 1993; 5: 351-358.

Shinka T, Ohfu M, Hirose S, Kuhara T. Effect of valproic acid on the urinary
metabolic profile of a patient with succinic semialdehyde dehydrogenase
deficiency. J Chromatogr B Analyt Technol Biomed Life Sci 2003; 792: 99-106.

Shupliakov O, Brodin L. Recent insights into the building and cycling of synaptic
vesicles. Exp Cell Res 2010; 316: 1344-50.

Silm K, Yang J, Marcott PF, Asensio CS, Eriksen J, Guthrie DA, et al. Synaptic
Vesicle Recycling Pathway Determines Neurotransmitter Content and Release
Properties. Neuron 2019; 102: 786-800.e5.

Singh M, Denny H, Smith C, Granados J, Renden R. Presynaptic loss of dynamin-
related protein 1 impairs synaptic vesicle release and recycling at the mouse
calyx of Held. J Physiol 2018; 596: 6263—6287.

Soto D, Olivella M, Grau C, Armstrong J, Alcon C, Gasull X, et al. |-Serine dietary
supplementation is associated with clinical improvement of loss-of-function
GRIN2B-related pediatric encephalopathy. Sci Signal 2019; 12: eaaw0936.

Srivastava S, Cohen J, Pevsner J, Aradhya S, McKnight D, Butler E, et al. A novel
variant in GABRB2 associated with intellectual disability and epilepsy. Am J
Med Genet Part A 2014; 164: 2914-2921.

Steinlein OK, Mulley JC, Propping P, Wallace RH, Phillips HA, Sutherland GR,
et al. A missense mutation in the neuronal nicotinic acetylcholine receptor
a4 subunit is associated with autosomal dominant nocturnal frontal lobe
epilepsy. Nat Genet 1995; 11: 201-203.

Strandwitz P. Neurotransmitter modulation by the gut microbiota. Brain Res
2018; 1693: 128-133.

Sudhof TC. The synaptic vesicle cycle revisited. Neuron 2000; 28: 317-20.

Studhof TC. Towards an Understanding of Synapse Formation. Neuron 2018;
100: 276-293.

Sung K, Jimenez-Sanchez M. Autophagy in Astrocytes and its Implications in
Neurodegeneration [Internet]. J] Mol Biol 2020[cited 2020 Feb 2] Available
from: http://www.ncbi.nlm.nih.gov/pubmed/31931011



Bibliografia

Swan B, Jacobsen JC, Love DR, Lehnert K, Prosser DO, Robertson SP, et al.
Brain dopamine-serotonin vesicular transport disease presenting as a severe
infantile hypotonic parkinsonian disorder. J Inherit Metab Dis 2015.

Swanson MA, Coughlin CR, Scharer GH, Szerlong HJ, Bjoraker KJ, Spector
EB, et al. Biochemical and molecular predictors for prognosis in nonketotic
hyperglycinemia. Ann Neurol 2015; 78: 606—-618.

Takamori S, Holt M, Stenius K, Lemke EA, Grgnborg M, Riedel D, et al. Molecular
Anatomy of a Trafficking Organelle. Cell 2006; 127: 831-846.

Tanaka H, Endo K, Tsuji S, Nygaard TG, Weeks DE, Nomura Y, et al. The gene
for hereditary progressive dystonia with marked diurnal fluctuation maps to
chromosome 14q. Ann Neurol 1995; 37: 405-408.

Tanaka M, Olsen RW, Medina MT, Schwartz E, Alonso ME, Duron RM, et
al. Hyperglycosylation and Reduced GABA Currents of Mutated GABRB3
Polypeptide in Remitting Childhood Absence Epilepsy. Am J Hum Genet 2008;
82:1249-1261.

Tort F, Ferrer-Cortes X, Ribes A. Differential diagnosis of lipoic acid synthesis
defects. J Inherit Metab Dis 2016; 39: 781-793.

Tristan-Noguero A, Diez H, Jou C, Pineda M, Ormazabal A, Sanchez A, et
al. Study of a fetal brain affected by a severe form of tyrosine hydroxylase
deficiency, a rare cause of early parkinsonism. Metab Brain Dis 2016; 31: 705—
9.

Tristan-Noguero A, Garcia-Cazorla A. Synaptic metabolism: a new approach to
inborn errors of neurotransmission. J Inherit Metab Dis 2018; 41: 1065—-1075.

Tritsch NX, Granger AJ, Sabatini BL. Mechanisms and functions of GABA co-
release. Nat Rev Neurosci 2016; 17: 139-145.

Ungewickell E, Ungewickell H, Holstein SE, Lindner R, Prasad K, Barouch W,
et al. Role of auxilin in uncoating clathrin-coated vesicles. Nature 1995; 378:
632-5.

Vogel KR, Ainslie GR, Gibson KM. mTOR inhibitors rescue premature lethality
and attenuate dysregulation of GABAergic/glutamatergic transcription in
murine succinate semialdehyde dehydrogenase deficiency (SSADHD), a
disorder of GABA metabolism. J Inherit Metab Dis 2016.

355



Sistemes de neurotransmissid en trastorns neuropediatrics

356

Wanders RJA, Vaz FM, Ferdinandusse S, van Kuilenburg ABP, Kemp S, van
Karnebeek CD, et al. Translational Metabolism: A multidisciplinary approach
towards precision diagnosis of inborn errors of metabolism in the omics era. )
Inherit Metab Dis 2019; 42: 197-208.

Wang H-L, Milone M, Ohno K, Shen X-M, Tsujino A, Batocchi AP, et al.
Acetylcholine receptor M3 domain: stereochemical and volume contributions
to channel gating. Nat Neurosci 1999; 2: 226-233.

Wassenberg T, Molero-Luis M, Jeltsch K, Hoffmann GF, Assmann B, Blau N, et
al. Consensus guideline for the diagnosis and treatment of aromatic I-amino
acid decarboxylase (AADC) deficiency. Orphanet J Rare Dis 2017.

Watson LM, Bamber E, Schnekenberg RP, Williams J, Bettencourt C, Lickiss J,
et al. Dominant Mutations in GRM1 Cause Spinocerebellar Ataxia Type 44. Am
J Hum Genet 2017; 101: 451-458.

Weber S, Thiele H, Mir S, Toliat MR, Sozeri B, Reutter H, et al. Muscarinic
Acetylcholine Receptor M3 Mutation Causes Urinary Bladder Disease and a
Prune-Belly-like Syndrome. Am J Hum Genet 2011; 89: 668—-674.

Wilhelm BG, Mandad S, Truckenbrodt S, Krohnert K, Schafer C, Rammner B,
et al. Composition of isolated synaptic boutons reveals the amounts of vesicle
trafficking proteins. Science 2014; 344: 1023-8.

Woody RC, Brewster MA, Glasier C. Progressive intracranial calcification in
dihydropteridine reductase deficiency prior to folinic acid therapy. Neurology
1989; 39: 673-673.

WuY, Arai AC, Rumbaugh G, Srivastava AK, Turner G, Hayashi T, et al. Mutations
in ionotropic AMPA receptor 3 alter channel properties and are associated
with moderate cognitive impairment in humans. Proc Natl Acad Sci 2007; 104:
18163-18168.

Wu Y, Pearl PL, Theodore WH, Pettiford JM, Knerr I, Cortez MA, et al. Succinic
semialdehyde dehydrogenase deficiency: Lessons from mice and men. )
Inherit Metab Dis 2009.

Yang X, Hou D, Jiang W, Zhang C. Intercellular protein—protein interactions at
synapses. Protein Cell 2014; 5: 420-444.

Yudkoff M. Interactions in the Metabolism of Glutamate and the Branched-
Chain Amino Acids and Ketoacids in the CNS. Neurochem Res 2017; 42: 10-18.



Bibliografia

e Zeltner NA, Welsink-Karssies MM, Landolt MA, Bosshard-Bullinger D, Keller F,
Bosch AM, et al. Reducing complexity: explaining inborn errors of metabolism
and their treatment to children and adolescents. Orphanet J Rare Dis 2019;
14: 248.

e Zielonka M, Makhseed N, Blau N, Bettendorf M, Hoffmann GF, Opladen
T. Dopamine-Responsive Growth-Hormone Deficiency and Central

Hypothyroidism in Sepiapterin Reductase Deficiency. JIMD Rep 2015; 24:
109-13.

357












	ECS_COBERTA
	Tesi Elisenda Cortès_completa_final

