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OBJETIVOS




Uno de los grandes retos que afronta la Neurobiologia moderna es
el esclarecimiento de los mecanismos que regulan la cantidad de células
asignadas durante el desarrollo embrionario a las poblaciones neuronales
definitivas. El proceso de muerte neuronal fisiolégica es uno de los
principales mecanismos que determinan un ajuste correcto del nimero de
neuronas. A través de la produccién de cantidades limitantes de factores
neurotroéficos, los tejidos de inervacion tienen una funcién esencial en la
regulacién de las poblaciones neuronales definitivas y, por tanto, de la
muerte neuronal fisiolégica. El estudio de este proceso de muerte celular
programada en la poblacion de las motoneuronas (MTN'’s) de la médula
espinal constituye un reto especialmente atractivo. A diferencia de lo que
ocurre con otras poblaciones neuronales, aun no se han tipificado con
precision las moléculas neurotroficas derivadas del musculo especificas

para las MTN’s.

Los objetivos de esta Tesis pueden ser agrupados en tres bloques:

1. Desarrollo de un modelo experimental de cultivo de MTN’s de

médula espinal del embrion de pollo. Hemos pretendido elaborar un

modelo experimental de cultivo celular apto para el estudio de la
muerte fisiologica durante el desarrollo embrionario de las MTN'’s
espinales asi como de las interacciones tréficas MTN-musculo. En
primer lugar, hemos perfeccionado un método para aislar y cultivar
una poblacion pura de MTN'’s de la médula espinal del embrion de
pollo. A continuacion, hemos utilizado este sistema in vitro para
caracterizar el proceso de muerte fisiologica de las MTN’s como
apoptético y estudiar la dependencia de las MTN’s, para su
supervivencia, de las actividades troficas presentes en el tejido
muscular esquelético, asi como los mecanismos implicados en la

muerte de las MTN'’s por deprivacion neurotréfica. Nos ha merecido



especial atencion la participacion del metabolismo de las pirimidinas

en el control de la supervivencia de las MTN’s embrionarias.

Estudio del patrén de expresion de receptores Trk en la poblacion de

MTN’s espinales embrionarias, asi como de la relevancia de la

activacion de los receptores Trk en la seiializacion de la

supervivencia y diferenciacion neuronal. Hemos caracterizado, a

nivel proteico, el patron de expresion de los diferentes receptores
Trk en la poblacibn de MTN’s espinales durante el periodo de
muerte fisiologica. La obtencion de esta informacion ha resultado ser
muy util a la hora de establecer una correlacion de relevancia
fisioldgica con el patrén de expresion de los correspondientes
ARNmM’s asi como con la respuesta de supervivencia de las MTN'’s
embrionarias a las diferentes neurotrofinas (NT's) conocidas. Por
otra parte, hemos abordado la relacion existente entre la
autofosforilacién y activacion de los receptores Trk y la transduccion
de sefales iniciada por las NT’s. En concreto, tomando como
modelo el receptor TrkA presente en la superficie de las neuronas
simpaticas del ganglio cervical superior del embrién de rata y de las
células PC12, hemos investigado cémo se correlaciona la
autofosforilacion de TrkA a nivel de tirosinas inducida por el factor
de crecimiento nervioso (NGF) con las respuestas de diferenciacion

y supervivencia neuronal.

Los mecanismos de la supervivencia neuronal mediada por ca*.

Aunque los factores neurotréficos son los principales determinantes
de la supervivencia neuronal durante el periodo de muerte neuronal
fisiologica, en los ultimos afios han aumentado las evidencias que
demuestran la implicacion en dicho fenbmeno biolégico de otros
factores, como la actividad bioeléctrica. La despolarizacion crénica
de la membrana celular con elevadas concentraciones de K™ en el

medio de cultivo estimula la supervivencia de una larga lista de



poblaciones neuronales a través de un incremento mantenido de la
concentracién del Ca** citoplasmatico libre. Hemos realizado una
aproximacion al estudio de los mecanismos implicados en este
fendbmeno. En concreto, hemos examinado en varios tipos
neuronales la posibilidad de que el ca*" estimule la supervivencia
neuronal a través de la activacion de proteinas con actividad tirosina

kinasa (TK) citoplasmaticas.
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Skeletal Muscle-derived Trophic Factors Prevent Motoneurons from
Entering an Active Cell Death Program in vitro

Joan X. Comella, Cesar Sanz-Rodriguez, Marti Aldea, and Josep E. Esquerda
Lnit of Neuromuscular Research, Departament de Ciéncies Mediques Basigues, Facultat de Medicina, Universitat de

Lleida, E-25006 Lleida, Spain

The purpose of the experiments reported here is to provide
evidence that motoneurons (MTNs) isolated from chick em-
bryo spinal cords go through an active process of cell death
when deprived of trophic support in vitro. In order to analyze
and characterize this process, MTNs were isolated with a
metrizamide gradient technique and cultured in the presence
of saturating concentrations of soluble muscle extract. When
muscle extract was washed off from the cultures, MTNs en-
tered a process of cell death that could be blocked with
inhibitors of mRNA and protein synthesis. Two other addi-
tional criteria were used to define this process as an active
one. First, ultrastructural analysis of MTNs dying as a con-
sequence of muscle extract deprivation showed that some,
but not all, of the MTNs displayed clear signs of apoptotic
cell death. Those included cytoplasm condensation, frag-
mentation of chromatin, and preservation of cytoplasmic or-
ganelles. Second, internucleosomal degradation of DNA was
detected in MTNs deprived of muscle extract. When DNA
was analyzed by Southern hybridization techniques using
digoxigenin-labeled genomic probes, a clear ladder pattern
could be identified on muscle extract-deprived MTNs. The
degradation of DNA upon trophic deprivation could be pre-
vented by cycloheximide (CHX). In an attempt to character-
ize further the process of active cell death in MTNs, we found
a time point of commitment to cell death of ~10 hr by using
three different approaches: muscle extract deprivation plus
readdition of muscle extract, muscle extract deprivation plus
addition of CHX, and muscle extract deprivation plus addi-
ticn of actinomycin D. Moreover, we show that MTNs de-
prived of trophic support from muscle extract but maintained
alive with CHX could not be rescued from cell death by read-
ding muscle extract if CHX was washed off the cultures
within the first 15 hr of muscle extract deprivation. However,
muscle extract alone was able to rescue MTNs that had been

Received Mar. 25, 993; revised Oct. 11, 1993; accepted Oct, 19, 1993,

JX.Coand CSR. comributed equally to the elaboration of this work. We
acknowledge the contribution of Anna Buj-Bello to the initial phases of this work,
and we thank Dr. Eugene M. Johnson, Jr., and colleagues of our department for
the critical reading of the manuscript, We also thank Dr, C. E. Henderson, CNRS-
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Unaversitat de Lleida, Rovira Roure 44, E-253006 Lleida, Spain
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kept alive with CHX for periods of time longer than 24 hr
after muscle extract deprivation. From these results we pos-
tulate that the activation of the cell death program after tro-
phic deprivation is transient.

[Key words: motoneuron, neurotrophic factors, apoptosis,
programmed cell death, neuronal death, protein synthesis
inhibitors]

During embryonic development, most neuronal populations un-
dergo a process referred 1o as natural or programmed cell death
in which about half of neurons die (reviewed by Oppenheim,
1991). For motoneurons (MTNs) of the lumbar spinal cord of
chick embrvos, this process takes place in a defined period of
time [embryonic days 6-10 (E6-E10)] coincident with synap-
togenesis between motor nerve terminals and muscle cells and
with the beginning of neuromuscular activity (Hamburger, 1975,
Oppenheim and Heaton, 1975). Tt is now clear that neuronal
populations depend on specific neurotrophic factors to survive
(Barde, 1989). Death of neurons during development seems to
result from the failure 1o obtain sufficient amounts of a neu-
rotrophic molecule from their territory of innervation, either
because of the limited quantities of factor produced and released
by target tissue or because of the inability of neurons to gain
access to the factor (Oppenheim, 1989 Snider and Johnson,
1989). The most extensively studied neurotrophic factor is NGF,
a molecule that supports survival in vive and in vitro of sym-
pathetic neurons, some sensory neurons, and certain cholinergic
neurons of the CNS (Ebendal, 1992).

Recently, several groups have demonstrated that brain-de-
rived neuretrophic factor (BIDNF) and neurotrophin 3 (NT-3)
are able o support the survival of MTNs. BDNF rescues MTNs
from death induced by facial (Sendtner et al,, 1992: Koliatsos
etal,, 1993) or sciatic (Yan et al., 1992) nerve lesions in neonatal
rats. The effect of BDNF on rescuing MTNs of the facial nucleus
alter nerve lesion was also observed with NT-3, although greater
doses were needed (Sendtner et al., 1992). Moreover, BDNF
was able 1o rescue chick MTNs from naturally occurring death
in vivo (Oppenheim et al., 1992). Finally, several members of
the neurotrophin family that include BDNF. NT-3, and NT-5
have been shown to be neurotraphic for cultured embryonic rat
MTNs at picomolar concentrations (Henderson et al., 1993),

Muscle is the natural target or innervating tissue for MTNs
and it has been demonstrated that MTNs can be rescued from
death, both in vitro (Dohrmann et al., 1986: Tanaka, 1987
Martinou et al., 1989; Bloch-Gallego, 1991) and in vivo (Op-
penheim et al., 1988; MeManaman et al., 1990; Houenou et al.,
1991) by crude or partially purified muscle extracts. Although



CULTIVO DE NEURONAS COLINERGICAS Y SU
APLICACION AL ESTUDIO DE LAS INTERACCIONES
TROFICAS EN EL SISTEMA NEUROMUSCULAR

J.X.Comella, R.M.Soler, M.Iglesias, C.Sanz-Rodriguez y J.E.Esquerda

Unitat de Recerca Neuromuscular, Departament de Ciéncies Médigues Basiques, Facultat de
Medicina de Lleida. Universitat de Barcelona

1. INTRODUCCION

Los origenes de las técnicas de cultivo de neuronas se remontan a la primera
década de nuestro siglo. En 1910, G. Harrison logré, por vez primera, crecer
fragmentos de tejido nervioso procedentes de médula espinal de rana, embebidos en
una gota de linfa coagulada”. Con este sencillo y elegante sistema experimental,
Harrison pudo observar directamente la formacién y crecimiento de fibras nerviosas
a partir de neuroblastos, zanjando definitivamente la polémica sobre el origen de la
fibras nerviosas en favor de los conceptos anteriormente defendidos por Ramén y
Cajal. Harrison ademds realizé importantes observaciones como la contraccién
espontanea de las fibras musculares cuando éstas eran cultivadas conjuntamente con
fragmentos de médula espinal®.

Algunos afios mas tarde, Maximow perfecciond las técnicas de cultivo celular
¢ introdujo los términos histiotipico para describir el crecimiento difuso de uno o
varios tipos celulares, y organotipico para designar un crecimiento organizado que
implica tanto diferenciacién histolégica como citolégica.

Actualmente, en el contexto neurobiolégico, se utiliza el termino organotipico
para describir el cultivo de tejido nervioso en el que se observa un proceso de
diferenciacién normal después de ser aislado del organismo. En estos cultivos se
mantienen las relaciones ordenadas entre los diversos tipos neuronales y gliales asi
como las conexiones sindpticas que definen grupos particulares de neuronas,
formando circuitos sindpticos.
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Chronic Depolarization Prevents Programmed Death of Sympathetic
Neurons in vitro but Does Not Support Growth: Requirement for Ca2+

Influx but Not Trk Activation

James L. Franklin, Cesar Sanz-Rodriguez,* Anna Juhasz,* Thomas L. Deckwerth, and Eugene M. Johnson, Jr.
Depariment of Molecular Biology and Pharmacology, Washington University School of Medicine, St. Louis, Missouri 63110

Continuous exposure of many types of neurons in cell culture
to elevated concentrations of K+ greatly enhances their sur-
vival. This effect has been reported to be mediated by a
sustained rise of cytoplasmic free Ca?* concentration caused
by influx of Ca** through voltage-gated channels activated
by K*-induced chronic depolarization. In this report we In-
vestigate the effects of elevated K+ on the programmed
death that embryonic rat sympathetic neurons undergo in
culture when deprived of NGF. Elevated K* in the culture
medium did not significantly prevent death ot NGF-deprived
cells until after the third day following plating of embryonic
day 21 neurons. On the fifth day after plating, incrementally
increasing K+ concentrations in the culture medium from 5
to 100 mu caused chronic depolarization of neurons and had
a biphasic effect on survival of NGF-deprived cells. En-
hanced survival was steeply related to membrane potential,
Increasing from no enhanced survival In cells held at poten-
tials between —51 and ~34 mV to 80-100% of control sur-
vival at about —21 mV. At potentials positive to —21 mV,
survival decreased. Assoclated with the chronic depolariza-
tion was a sustained rise of steady-state free Ca** concen-
tration that showed a biphasic relationship to membrane
potential roughly similar to that exhibited by survival. Steady-
state Ca® concentration increased with increasingly lower
membrane potentials to-a peak at about —23 mV (to =240
nu from =40 nm at about —51 mV) and then decreased at
more positive potentials. The elevation of intracellular Ca*+
was largely blocked by dihydropyridine and phenylaikyl-
amine Ca*+ channel antagonists and was potentiated by a
dihydropyridine Ca* channel agonist. Neither the rise of
Cat+, or survival was affected by the Ca** channel antago-
nisy, w~conotoxin. Therefore, the Ca?* elevation was probably
caused by Cat** Infiux through L-type, but not N-type, chan-
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nels. Antagonists of L channels blocked both survival and
the sustained increase of steady-state free Ca** at similar
concentrations, suggesting that the relevant factor deter-
mining survival of depolarized cells was Ca*+ Influx rather
than some other effect of depolarization. Surprisingly, how-
ever, there was no clear correlation between the sustalned
rise of Ca™ and survival. Some membrane potentials that
induced similar increases of Ca** concentration produced
widely different levels of survival. While chronic depolariza-
tion promoted survival of neurons in the absence of NGF,
cells supported in this manner showed little growth as mea-
sured by neurite extension, total cellular pmteln, and mean
somal diameter.

Coempounds commonly used as calmodulin antagonists
blocked survival of depolarized cells at concentrations that
did not affect survival of celis maintained in NGF. However,
these antagonists appeared to block survival by Inhibiting
Ca** Influx rather than through an effect on calmodulin. Ex-
posure to NGF, but not depolarization without NGF, caused
activation of the tyrosine kinase activity of Trk, suggesting
that depolarization does not promote survival by activating
Trk. Both NGF and depolarization caused tyrosine phos-
phorylation of a protein with a molecular welght of about 44
kDa that may be an extracellular slgnal-regulated protein
kinase (ERK).

These data show that increased Ca® Influx induced by
chrenic depolarization can substitute for trophic factors in
promoting survival of sympathetic neurons that would oth-
erwise undergo programmed death. The data also demon-
strate that the relationship between intracellular Ca** con-
centration and survival in depolarized neurons Is not as
straightforward as previously supposed, Additionally, these
results suggest that Ca** may promote neuronal survival by
activating tyrosine kinases downstream from receptor ty-
rosine kinases and that the signal transduction pathways for
growth and survival are separate.

[Key words: programmed cell death, NGF, neuronaf cal-
cium, apoptosis, tyrosine kinases, Trk]
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Massive cell death oocurs as a part of the normal development
of the vertebrate nervous system (Oppenheim, 1991). Depend-
ing on the neuronal population, approximately 20-80% of the
neurons produced during neurogenesis die before or shortly after
birth. A primary purpose of this death is thought to be attain-
ment of an appropriate match between the amount of inner-
vation of a neuronal target and the target size. Availability of
neurotrophic substances provided by target and other tissues
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Abstract

Cytosine arabinoside (1-8-p-arabinofuranosyleytosine, AraC) is a commonly used antimitotic agent that kills proliferating cells by
inhibiting DNA synthesis. We report that AraC is toxie to cultured chick embryo spinal cord motoneurons (MTNs) in a concentration-
dependent fashion with an ECs, of about 2 uM. Interestingly, this type of MTN death is specific, resembles that occurring upon muscle
cxtract (MEX) trophic deprivation regarding its morphological and temporal characteristics, and has apoptotic features, as judged by
observation of nuclear marphology. The death of AraC-treated MTNs can be blocked by 2'-deoxyeytidine (dC), a pyrimidine metabolite
AraC is structurally related 10. Overall, these findings suggest that dC may participate in a pathway, different from inhibition of DNA

synthesis, that is necessary for cultured MTNs 1o respond to the rrophic activities present in MEX,  © 1997 Elsevier Science Ireland

Ll

Keywerds: Motonewrons; Muscle extract; Cytosine arabinoside; Cell death; Apoptosis; Nitrobenzylthioinosine: 2'-Deoxycytidine

Cytosine arabinoside (1-5-p-arabinofuranosyleytosine,
AraC) is a pyrimidine antimetabolite structurally related
to 2 -deoxycytidine (dC). Tt is a useful tool to selectively
Kill dividing cells, since it may be incorporated into DNA,
thus g inhibition of DNA synthesis [7]. Indeed,
AraC is widely used in tissue culture of non-mitotic cells
to eliminate proliferating cells, such as fibroblasts or glia,
as well as a chemotherapeutic agent for certain lympho-
proliferative disorders. Yet, AraC may also affect certain
non-dividing cells. In vitro, AraC is more toxic to neurons
than other antimitotic drugs [1,11]. Moreover, cancer
patients treated with AraC can present with central and
peripheral nervous system degeneration [6,10]. Several
researchers have used in vitro models to examine the
mechanisms underlying the neurotoxicity of AraC. This
drug blocks specifically the survival in vitro of postmitotic
parasympathetic. sympathetic, and sensory neurons stimu-
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lated by neurotrophic factors [8,12,15] as well as of cere-
bellar neurons [3]. The neuronal death induced by AraC is
apoptotic [3,8,12], in agreement with what has heen
reported for other cell types [5.9]. AraC appears 1o exerl
its neurotoxic effect by interfering with a dC-dependem
step included in neurotrophic factor signalling pathways,
which is independent of DNA synthesis or repair [8.15]. In
this study, we investigated whether AraC is also neuro
toxic to postmitotic spinal cord motoneurons (MTNs).
MTNs were purified from 5.5-day-old chick cmbryos
(COPAGA, Spain) as previously reported |2]. First, spinal
cord MTNs that had been cultured for 24 h in the presence
of muscle extract (MEX), were treated with varying con-
centrations (10 nM—100 pM) of AraC while in the pre-
sence of MEX for 3 additional days. Both MTN survival
and morphological changes occurring during the experi-
ment were assessed in detail. At very high concentrations
of AralC (100 pM), MTNs degenerated very rapidly while
swelling and accumulating vacuoles, in what clearly
looked like a dose-related and non-specific toxic effect.
However, at concentrations of AraC ranging from 10 nM
to 10 uM. no changes were observed in the exposed cul-

und Ll All rights reserved
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