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RESUMEN

En nuestro laboratorio se ha demostrado que transplantes
homotodpicos fetales de corteza insular (Cl) producen recuperacion en
la capacidad de adquirir el Condicionamiento Aversivo a los Sabores
(CAS), en ratas que previamente la habian perdido debido a lesiones
de la CI. Existen evidencias en el sentido de que la CI presenta
actividad colinérgica considerable, asi como de que el bloqueo
farmacologico de la transmision de acetilcolina (ACh), provoca
trastornos en la adquisicion del CAS. Algunas observaciones
efectuadas en nuestro laboratorio sefialan que los transplantes
homotdpicos neocorticales que promueven la recuperacion del
aprendizaje, liberan ACh, en tanto que en los transplantes
heterotépicos que no inducen recuperacion funcional no se registra
liberacion del citado neurotransmisor. La serie de investigaciones que
forman parte del presente trabajo tiene como objeto el conocer la
participacion de las moléculas troficas involucradas en la promocion
de la sobrevivencia, integracion y capacidades funcionales de los
transplantes de CI, como parte de los procesos de regeneracion
neuronal. En particular el factor de crecimiento neuronal (FCN), ha
sido ampliamente estudiado en relacién al restablecimiento de las
neuronas colinérgicas del sistema nervioso central, las cuales estan
involucradas en los procesos de aprendizaje y memoria. En la
primera etapa de esta serie de estudios, efectuamos un analisis
conductual y citoarquitectonico, siguiendo el curso temporal (15, 30,
45 y 60 dias) de desarrollo de los transplantes, en ausencia de FCN,
mostrando que la recuperacion conductual comienza a manifestarse a
partir de los 30 dias de desarrollo post-transplante, alcanzando su
mejor expresion hacia los 60 dias. En otra fase del presente proyecto,
se demostro la participacion de la proyeccion colinérgica entre el
nucleo basalis magnocellularis y la CI, en la integracién neural de la
informacién gustativa. Los estudios efectuados en nuestro laboratorio
combinando implantes fetales de CI con el FCN, mostraron que la
asociaciéon de ambos elementos produce una aceleraciéon de los
procesos de recuperacion de la capacidad de aprender que se
manifiesta a partir de los 15 dias de desarrollo post-transplante, en



ratas previamente lesionadas en la Cl. Posteriormente, llevamos a
cabo el analisis in vivo de la actividad colinérgica de transplantes
homo (CI) y heterotdpicos (corteza occipital), encontrando diferencias
significativas entre ambos. El analisis de la conducta de estos grupos
mostré que los transplantes heterotépicos a diferencia de los
homotopicos, no produjeron recuperacion conductual, Esto sugiere
que la especificidad de los tejidos transplantados es un factor
importante para el restablecimiento tanto de la actividad colinérgica
de los implantes como de las manifestaciones conductuales que
subyacen a la integracion de los mismos.

Finalmente, nuestros hallazgos muestran también que la
actividad colinérgica (medida in vivo e in vitro) a diferencia de la
GABAérgica, juega un importante papel en la recuperacion
conductual mediada por los transplantes de CI en combinacion con el
FCN.



ABSTRACT

We have shown that insular cortex (IC) grafts induce recovery
on the ability to acquire a conditioned taste aversion (CTA) on
previously IC lesioned animals. We have demonstrated that choline
acetyltransferase (ChAT) activity, in the IC is higher, than in other
cortical areas, and that IC-grafts acetylcholine (ACh) release is
correlated with the recovery of CTA. In the present work we
evaluated the role of the nerve growth factor (NGF) in the behavioral
recovery induced by IC grafts. NGF promotes survival and growth of
cholinergic neurons in the central nervous system, which are
involved in learning and memory processes. In the first part of the
present work we demonstrate that in absence of NGF, the behavioral
recovery starts 30 days after grafting and reaches its best expression
at 60 days when the best signs of reconnectivity and maturity of the
grafts were found. In other part of this project we showed that the
nucleus basalis magnocellularis is involved in the neural integration
of feeding behavior and that its cholinergic projection to the IC is one
of the implicated neurotransmitter systems. The behavioral data
obtained when IC grafts were supplemented with NGF indicates that
at 15 days post-graft the group with homotopic IC grafts in
combination with NGF promotes recovery of the ability to acquire,
the CTA. This indicates that the administration of NGF in the cortical
graft significantly affects the functional recovery observed at 15
days post-graft.

Our biochemical analyses showed that cholinergic activity in
the IC-grafts plus NGF was similar to that in the IC of intact control
animals, whereas in the IC grafts plus vehicle it was considerably
reduced. Furthermore studies using in vivo, assays of ChAT and ACh
levels have demonstrated that IC but not heterotopic grafts with NGF
reestablish cholinergic activity.

In addition, measurement of glutamate decarboxylase (GAD)
activity, at 15 days post-graft, in contrast to ChAT, did not show any
significant differences between groups. These results suggest that



GABA mediated neurotransmission does not play an important role
in graft-promoted mediated behavioral recovery.

The present findings suggest that NGF when associated
simultaneously with homotopic IC-grafts accelerates recovery of
learning abilities in IC-lesioned rats and the reestablishment of ChAT
activity in the grafts at 15 days post-graft.
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RESUMEN

En nuestro laboratorio s¢ ha demostrado que transplantes
homotdpicos fetales de corteza insular (Cl) producen recuperacion en
la capacidad de adquirir el Condicionamiento Aversivo a los Sabores
(CAS), en ratas que previamente la habian perdido debido a lesiones
de la CI (Bermuadez-Rattoni y col, 1987; Escobar y col, 1989). Existen
cvidencias en el sentido de que la CI presenta considerable actividad
colinc¢rgica, asi como de que cl bloqueo farmacoldogico de la
transmision de acetilcolina (ACh), provoca trastornos en la
adquisicion del CAS (Woolf y Butcher, 1982; Bermudez-Rattoni y col,
1983; Lopez-Garcia y col, 1990a). Algunas observaciones efectuadas
en nuestro laboratorio sefialan que los transplantes homotépicos
neocorticales que promueven la recuperacion del aprendizaje, liberan
ACh, en tanto que en los transplantes heterotopicos que no inducen
recupcracion funcional no se registra liberacion del citado
neurotransmisor (Lopez-Garcia, 1990b). La serie de investigaciones
que forman parte del presente trabajo tiene como objeto el conocer la
participacion de las moléculas tréficas involucradas en la promocion
de la sobrevivencia, integracion y capacidades funcionales de los
transplantes de CI, como parte de los procesos de regeneracion
neuronal, En particular el factor de crecimiento ncuronal (FCN), ha
sido ampliamente estudiado en relaciéon al restablecimiento de las
neuronas colinérgicas del sistema nervioso central, las cuales estan
involucradas en los procesos de aprendizaje y memoria (Korsching y
col, 1985; Gage y col, 1986; Barde y col, 1987; Barde, 1989). En la
primera ctapa de esta serie de estudios, efectuanios un andlisis
conductual y citoarquitectonico, siguiendo el curso temporal (15, 30,
45 y 60 dias) de desarrollo de los transplantes, en ausencia de FCN,
mostrando que la recuperacion conductual comienza a manilestarse a
partir de los 30 dias de desarrollo post-transplante, alcanzando su
mejor expresion hacia los 60 dias. En otra fase del presente proyecto,
se demostrd la participacién de la proyeccidén colinérgica entre el
nucleo basalis magnocellularis y 1a CI, en la integracion neural de la
informacion gustativa. Los estudios efectuados en nuestro laboratorio
combinando implantes fetales de CI con el FCN, mostraron que la



asociacion de ambos clementos produce una aceleracion de los
procesos de recuperacion de la capacidad de aprender que se
manifiesta a partir de los 15 dias de desarrollo post-transplante, en
ratas previamente lesionadas en la CI. Posteriormente, llevamos a
cabo el analisis in vivo de la actividad colinérgica de transplantes
homo (CI) y heterotopicos (corteza occipital), encontrando diferencias
significativas entre ambos. Ll analisis de la conducta de estos grupos
mostré que los transplantes heterotopicos a diferencia de los
llOlllOtépiCOS, no produjeron recuperacion conductual. Esto sugiere
que la especificidad de los tejidos transplantados es un factor
importante para cl restablecimiento tanto de la actividad colinérgica
de los implantes como de las manifestaciones conductuales que
subyacen a la integracion de los mismos.

Finalmente, nuestros hallazgos muestran también que la
actividad colinérgica (medida in vivo ¢ in vitro) a diferencia de la
GABAérgica, juega un importante papel en la recuperacion
conductual mediada por los transplantes de CI en combinaciéon con el
FCN.
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INTRODUCCION

. LOS TRANSPLANTES DE TEJIDO NERVIOSO FETAL Y LA
PLASTICIDAD DEL SNC |
Hoy en dia, se sabe que el Sistema Nervioso Centrél (SNC) es
capz’xz de generar procesos que promueven la recuperacion de
funciones despué¢s de haber sido danado. En respuesta a la
denervacion por ejemplo, numerosas fibras preséntan rebrote axonal
| (sprouting) y forman nuevas sinapsis que reemplazan a las perdidas.
En algunos casos, tales procesos de rccohexi()n pucden participar en
la recuperacion funcional (Cotman y col, 1981). Sin embargo en casos

de daio severo, la recuperacion no ocurre a menos que se utilicen los

implantes de tejido cerebral fetal (Bjorklund y Stenevi, 1984; Gash 'y

col, 1985; Collier y col, 1988).

Son varios los mecanismos posibles mediante los cuales los
implantes estimulan la recuperacion funcional. Por ejemplo, los
implantes pueden restablecer la circuiteria interrumpida tras una
lesidén, o incrementar la disppnibilidad de un neurotransmisor para
facilitar la comunicacion neuronal. Por otra parte, los transplantes
pqéden estimular_ la vascularizacion, eliminar substancias toxicas o
p_roinover la sobrevivencia y el crecimiento neuronales a través de
interacciones troficas entre el huésped y el transplantg (Cotman y
Kesslak, 1988). |

Entre las variables mds importantes que deben considerarse
para transplantar tejido :ncrvio_so se encuentran: la edad del donador,

el sitio en el que se coloca el implante y la edad del huésped. El

transplantar tejido cerebral fetal al SNC adulto conlleva la interaccion
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del SNC del huésped con el transplante, la reacciéon de los
transplantes fetales ante la pérdida de su ambiente normal, aunque
su crecimiento y diferenciacion son restaurados postcriorménte y, el
establecimiento de la comunicacion entre el transplante y él huésped
a través del intercambio de conexiones reciprocas. A’ este i*espectb;
Gibbs y Cotman (1987) sugieren en su tfabajo sobre la éObrévivenciia
y el crecimiento de los transplantes, que el introducir un lapso entre
la lesion y el transplante incrementa la probabilidad de
sobrevivencia y un adecuado desarrollo de los implantes y, que
generalmente las fibras formadas en los transplantes compiten
selectivamente con las proyecciones nativas del huésped durante el

proceso de reinervacion.

[.L1 LOS FACTORES TROFICOS Y LA INTEGRACION DE LOS
TRANSPLANTES. ’

El estado actual de las investigaciones en torno al papel que
juegan los neurotran‘smisores y moléculas troficas, en la promocion
de la sobrevivencia neuronal, asi como de la guia y crecimiento de
axones y dendritas, no solo durante. las primeras etapas de
des'arrollo, sino también en el individuo adult_o comd parte de los
procesos de regeneradc’;n neuronal, permite pensar que tales factores
intervienen de 111a11¢ré decisiva, en la sobrevivencia 'y adecuada
intégracic’)n de los transplantes de tejido nervioso fetal, los cua_les' a su
Vez soh los responsables (como lo demuestran numerosos paradigmas
conductuales) del rest'ablecimienfo de las funciones cognitivas y

“motoras de los sujetos transplantados.



A e¢ste respecto, se sabe que los tejidos cerebrales conticnen
factores trélicos que son activos in vitro, como promotores de
sobrevivencia celular, crecimiento de neuritas ydilr’ereni:iﬁcién tanto
en neuronas de SNC como de sistema nervioso perifé‘rito (SNP). Nieto-
Sampedro y Cotman (1986) sugicren que ciertos factores
n¢ur0tréfic05 especificos, incrementan su disponibilidad tras una
lesion, contribuyendo en consecuencia, a la sobrevivencia y

crecimiento de los transplantes, Asi, aparentemente el cerebro

responde al dano, produciendo factores tréficos que incrementan la

sobrevivencia celular y promueven el crecimiento de neuritas.
Aunados a los factores que sistematicamente se hallan

implicados en la sobrevivencia, mantenimiento y diferenciaciéon

neuronal, tales como el FCN (factor de crecimiento neuronal), el FGF

(factor de crecimiento fibrobldstico), el BDNF (factor trofico deriva.do
del cerebro), el EGF (factor de crecimiento epidérmico), etc., en los
ultimos anos se ha venido desarrollando la tendencia cada vez mayor,
hacia el estudio de los neurotransmisores ne sélo como moléculas
implicadas en Ia transmision de informaci()n, sino como importantes
participes en la definicion de la estructura de los circuitos en los
cuales participan. Recientes hallazgos han demostrado el potencial de
los.neux:otrahsnﬁsores como reguladores de la motilidad del cono de
crecimignto ax()n,ico‘ durante el desarrollo (Hayc_lo_n y col, 1984,
Goldberg y Kater, 1985), la estructura sinaptica en el cerebro adulto
(Desmond y Levy, 1983; Chang vy 'Greenou.gh, 1984) y la
neurodegeneracion (Coyle y col, 1983; Maragos y col, 1987). La
investigacion en torno al papel que juegan los ncurotransmisores en

la regulacion de la forma neuronal, se ha encaminado hacia el analisis

S
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de las alteraciones morfoldgicas que pueden ocasionar los
ncurotransmisores liberados por los axones aferentes cn neuronas en
desarrollo (Mattson y col, 1988). | |

En la literatura que sobre transplantes Se ha generado en los
altilllos afios, resulta relativamente frecuente el (3116011tra1* que lois'
fenémenos de reconexion implante-huésped son adjuclicados en

buena medida a la presencia y actividad de factores troficos (Nieto-

Sampedro y Cotman, 1986; Dekker y col, 1992; Dekker y Thal, 1993).

Las investigaciones cn torno a transplantes de tejido nervioso
fetal han registrado avances significativos, particularmente en las
ultimas dos décadas, ampliando consecuentemente el panorama

acerca de los diversos fenomenos que conforman la plasticidad del

SNC de los seres vivos. Hoy cn dia, la combinaciéon de la técnica de

transplantes de tejido nervioso fetal con técenicas electrofisioldgicas,
histoquimicas, bioquimicas, de cultivo y mas recientemente con la
ingenieria gendtica, ha generado importantes aportaciones al estudio
de la recuperacién funcional, la reconectividad, la neurobiologia del
desarrollo, asi como de las interacciones tréficas entre el transplante
y el huésped.

En el.ambito de la co-participacion dc los transplantes y la
ingenieria genética por ejemplo, se han transplantado fibroblastos

gendéticamente modificados, para producir FCN y promover asi, la

sobrevivencia y crecimiento de neuronas colinérgicas en la {fimbria-

fornix previamente lesionada, permitiendo el restablecimiento de las
proyecciones septohipocampales (Olson y col, 1990; Stromberg y col,
1990). Jinnah y col. (1989) reportaron que transplantes de

fibroblastos genéticamente modificados para producir L-DOPA,
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fucron implantados exitosamente en el nuacleo caudado de ratas,
restableciendo las deficiencias motoras originédas Epor la lesion
previa de la via nigro estriatal. IFreed y col. (1989); demostraron que
la transferencia gendética mediada pbr retrovirus cen ciertas lineas
celulares, puede ser usada para producir tirosina-hidroxilasa ('TH),
enzima que participa en la biosintesis de las Catecolaminas; con
caracteristicas altamente semejantes a las de la enzima natural.

Estos experimentos sugicren que las lineas celulares producidas
mediante recombinacion gendética tienen un gran potencial para
producir efectos funcionales una vez que han sido transplantadas al
interior del SNC (Freed y col, 1989; Stromberg y col, 1990; Piccardo y
col, 1992; Maysinger.y col,1992a; b; c¢;). De manera que el
conocimiento acerca de la participacion de numerosos factores
troficos y neurotransmisores en cl desarrollo y funcionaniento del
SNC, puede ser cempleado exitosamente para generar nuevas
estrategias terapcuticas encaminadas a prevenir o retardar el avance

de enfermedades neurodegenerativas.

IL. LA CI’I‘OARQUITEC'I‘URA NEURONAL INFLUENCIADA POR LOS
MENSAJEROS NEURALES Y SU RELACION CON LOS PROCESOS DE
APRENDIZAJE Y MEMORIA .
Numerosos datos indicah que el cerebrc(). aduito no es
estructuralmente estatico, sino que se encuentra en uh estado de
continuo flujo citoarquitectonico (Purves y col, 1986). lih este sentido,
los; cambios estructurales pueden ser un componente nece:sario de las
funciones cerebrales adaptativas, tales como el aprendizaje y la

memoria (Bailey y Chen, 1983). Varios investigadores han observado
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cambios e¢n la citoarquitectura iwuronal, mediados por
neurotransmisores, que han sido correlacionados con procesos de
aprendizaje y memoria. En Aplysia se ha mostrado q’uej la activacion
serotoninérgica de receptores presindpticos en neuronas sensoriales
contribuye a la facilitacién del "gill withrawal response” o respuesta
dc eScape, que constituye un modelo simplificado para el aprendizaje
y la memoria (Kandel y Hawkins, 1992). En el hipocamp'o han sido
observados cambios en la estructura sindptica de las dendritas de las
neuronas piramidales, correlacionados con la fortaleza de las sinapsis,
tras la produccién de la potenciacién a largo plazo =(LTP). Los
resultados demucstran que el glutamato estd involucrado en el LIP y
sugieren que este neurotransmisor juega un importante papel en los
cambios morfolégicos asociados con el aprendizaje y la memoria (Arai
y Lynch, 1992; Bliss y Collingridge, 1993).

I1.1 LOS TRANSPLANTES Y LA RECUPERACION FUNCIONAL.
.Tradicionalmente se habia considerado que la capacidad
regencrativa del sistema nervioso de mamiferos era nula a diferencia
de la encontrada en aves y en anfibios (Cowan y col, 1965). Ranson
(1903), Saltikow (1905) y Altobelli (1914) efectuaron algunos de los
primeros trabajos de transplantes de tejido nervioso c.n' 51:11211111fel;os.
Mis tarde el mismo Ranson (1914) y Le Gros Clark (1940),
demostraron que tejido nervioso tomado de fetos de ratas no soélo
sobrevivia durante periodos largos de tiempo, sino que ademas
desarrollaba neuronas totalmente diferenciadas. Recientemente:' la
técnica de transplantes de tejido cerebral fetal ha sido empleada

como una herramienta efectiva para disminuir las deficiencias
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funcionales y conductuales producidas por lesiones mecanicas o
quimicas (Kesslak y col, 1986; Woodruf y col, 1987; Isacson y col,
1988; Yirmiya y col, 1988; Kolb, 1992; Hodges y col, 1992”; Dunnett y
col, 1992; Will y col, 1992). Sin cmbargo la intcrroganté acerca de
como actuan los transplantes para promover la recuperacion
fu_ncional, permanece aun sin resolver. En este‘ sl*.ntido, la
participacién de los factores troficos en la recuperacién inducida por
transplantes ha cobrado auge en los ultimos afios (Stein, 1988; Nieto-
Sampedro, 1988; Maysinger y col, 1992b; Piccardo y col, 1992). Entre
los factores implicados en la citada recuperacion destaca cl FCN, que
ha sido sistematicamente relacionado con el restablecimiento de las
vias colinérgicas involucradas en los procesos de aprendizaje y
memoria (Varon y col, 1989; Gage, 1990; Hefti, 1990). El papel del
FCN en los procesos de aprendizaje y memoria se trata mas

ampliamente en el trabajo I de la presente tesis.

1.2 EL CONDICIONAMIENTO AVERSIVO A LOS SABORES Y LA
CORTEZA INSULAR. |

En nuestro laboratorio se ha utilizado el modelo conductual de
Condicionamiento Aversivo a los Sabores (CAS), originalmente
propuesto por John Garcia en la década de los 60's, para pvaluar la
recuperacién de los transplantes de tejido cerebral en rzitas
previamehtélesionadas. El CAS constituye un modelo sélido para el
estudio de la ontogenia y filogenia de los procesos gustativ-os-.
Ademas, ha contribuido a mejorar el entendimiento de los procesos
anatémicos y/o funcionales del SNC, qué integran la informacic’ni

gustativa. En este modelo, los animales normales adquieren aversion
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a un estimulo gustativo cuando éste es seguido de uha' irritacion
gastrica (Garcia y col, '1985). Entre las estructuras cerebrales
superiores que s¢ han asociado al CAS, se encuentra la corteza insular
(CI) (Braun y col, 1972; Norgren y Wolf, 1975). Eh mamiferos las
aferencias gustativas que ascienden a través de los nervios VII, IXy
X, cstablecen relevos de primer orden cn los tercios rostrales del
nucleo del tracto solitario. Asimismo, este ntcleo recibe aferencias
viscerales provenientes de las ramas hepaticas del nervio vago que
son sensibles a la irritacion gastrica; del area postrema, la cual
detecta la presencia de toxinas en la circuiteria periférica, asi como
del sistema vestibular, que presenta sensibilidad a la nausea
producida por movimiento. El relevo gustativo de segundo orden,
constituido por neuronas con capacidad de respuesta ante estimulos
gustativos, se ha localizado en el drea parabraquial del puente o area
gustativa pontina, la cual emite proyecciones hacia él ntcleo
posteromedial ventral del tdlamo (PMV). Las neuronas del nucleo
PMV envian proyecciones gustativas hacia la corteza somatosensorial
ventral ¢ insular anterior en la rata (dreas 13 y 14 de la neocortem
de acuerdo a Krieg), denotada como corteza insular gustativa (Braun
y col, 1982).

Asimismo, se ha reportado la existencia de proyecciones
reciprocas directas entre la Cl y el drea pon'tina del gusto (Lasiter y

col, 1982), y 1a CI y el nucleo del tracto solitario (Krushel y van der

Kooy, 1988). Por su parte Saper (1982) y Shipley (1982)

demostraron que las neuronas de la CI proyectan axones hacia el
complejo parabraquial y la region caudal del ntcleo del tracto

solitario. Un afio después, en 1983, Lasiter y Glanzman demostraron
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que las alerencias pontinas que reciben tanto el nucleo ventromedial
talamico como la CI tienen su origen en las mismas neuronas, es
decir, colaterales axénicas del drea gustativa del puente' proyectan
tanto hacia PMV como a CI. N

El papel de cada una de estas vias neurales en la sensibilidad
gustativa, s¢ ha inferido a través de métodos coﬁductuales,
electrofisiolégicos y neuroanatémicos, lo que ha hecho posible el
concluir con alguna scguridad que mientras las zonas taldmicas
(PMV) y parabraquial pontina, se hallan involucradas en la
percepcién del gusto, la corteza insular sc¢ ' relaciona
fundamentalmente con la modulacion conductual gustativa (Lasiter y
col, 1982).

En nuestro laboratorio sc ha demostrado que transplantes
homotopicos fetales de corteza insular, producen recuperacion en la
capacidad de adquirir el CAS, después de dos meses, en ratas que
previamente la habian perdido debido a la lesion de la CI (Bermudez-
Rattoni y col, 1987). Posteriormente, tratando de conocer el grado de
integracion neuroanatémica de los transplantes y el papel que juega
esta integraciéon en la recuperacion funcional, mostramos que los
transplantes homotopicos de CI pero no los heterotépicds de tejido
tectal, podian restablecer las funciones cognitivas y la conectividad
con el talamo y la amigdala del tejido huésped, con quien'es‘ la corteza
insular mantiene conexiones normalmente (Escobar y col, 1989).

Mas tarde, coh el animo de comprender los procesos te111p0rales_'
que subyacen a la recuperacion funcional y anatomica observadas,
efectuamos un analisis conductual y citoarquitect(’)nicb, siguiendo el

curso temporal (15, 30, 45 y 60) dias de desarrollo de los
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transplantes, mostrando que la recuperacion conductual comienza a
manifestarse a partir de los 30 dias de desarrollo post-transplante, al
tiempo que aparecen los primeros indicios de reconectividad,
vascularizacion y maduréz estructural de nuestros transplantes,
alcanzando su mecjor expresion hacia los 60 dias. Estos ' resultados
sugieren que la maduréz morfologica y la reconectividad entre el
transplante y el huésped, son necesarias para la adecuada expresion
“de la recuperacién conductual del CAS, en sujetos previamente
lesionados en la CI. |

Trabajos efectuados por Woolf y Butcher (1982) y Bermudez-
Rattoni y col. (1983), sefialan que la acetilcolina (ACh) juega un papel
importante en el CAS. Existen evidencias, en el sentido de que la CI
presenta considerable actividad colinérgica, asi como de que el
bloqueo farmacoldégico de la transmision colinérgica provoca
disturbios en la adquisicion del CAS (Lépez-Garcia y col, 1990a).
Algunas observaciones efectuadas en nuestro laboratorio, seﬁalan
que los transplantes homotépicos de CI que promueven la
recuperacion del aprendizaje en el CAS, liberan ACh, en tanto que en
los transplantes heterotopicos de corteza occipital que nb inducen
recuperacion funcional no se registra liberacién del citado
neurotransmisor. Lo cual sugiere la participacion colinérgica en la
recuperacion conductual mediada por transplantes de corteza insular

(Lopez y col, 1990Db).

Considerando los antecedentes conductuales, anatémicos y

neuroquimicos obtenidos en nuestro laboratorio, los objetivos
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Iundamemdles abm dados a lo largo de ld b(..IlC dc. cxpulmentos que
founan pdlLC del presente Lmbcuo luemn R -

1) Debido a quc el factor de uccumcnlo nemonal s un 1.1(.[01
ncuxotrohco que plomueve la SOblCVlVLﬂCla el u(.,unnemo y las
capaadddc.s 1unuonales del sistema Lolmu*gu.o en el SN(_., mtcmamos
anahzal la parumpacmn de este factor duramc el pmgeso de
mtegx acion de los transplantes neocor txcales asi como su repelcusmn
en la 1ecuperac10n funcional mediada por los mismos.

2) Analizar Ia integridad neuroquimica de los transplantes
neOcorticaIe‘s en presencia del FCN, monitoreando la expresion de
algunos neurotransmisores, tales como la acetilcolina y el GABA,
tanto in vivo como in vitro.

3) Analizar el grado de especcificidad de la acciéon del FCN sobre los
diferentes tejidos transplantados, homo y hLLexotoplcos y su
repercucion sobre la recuperacion iunmonal

4) Ampliar el marco conductual de nuestros estudios, probando

paradigmas de conducta tales como la prevencion pasiva.

A continuacion se incluyen los articulos, que han sido
publicados o enviados a publicacion en revistas especializadas del
extranjero o nacioriales los cuales contienen los resultados
expuumntdles obtemdos durante el desarrollo del proyecto de
1nvest1gac10n El amuulo de revision enviado a la revista CIENCIA

contiene la informacion general acerca delt factor de crecumento

nt.uronal y su relacion con el sistema ner vioso central, informacion

que fundamenta en bucna medida la serie de investigaciones. que se

resumen en los 6 articulos restantes. Estos ultimos, 4 de ellos
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publicados y otros 2 enviados, se presentan cn el orden temporal de

su realizacion.
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RESUMEN

Los factores neurotréficos son proteinas que desemperian un
papel decisivo en la sobrevivenéia, crecimiento y capacidades
funcionales de poblaciones especificas de neuronas. Por 1o que se ha
abierto en los dltimos afios un importante campo de investigacion en
torno a su participacion en la etiologia y el tratamiento de algunas
patologias humanas neurodegenerat_ivas. En particular, el factor de
crecimiento neuronal, primer polipéptido biolégicamente activo al
cual le fue aplicado el término de factor tréfico, ha sido ampliamente
estudiado en relacién al restablecimiento de las neuronas colinérgicas
del sistema nervioso central, las cuales estan involucradas en los
procesos de aprendizaje y memoria y se encuentran alteradas en

enfermedades como la demencia de tipo Alzheimer.



NERVE GROWTH FACTOR IN THE CENTRAL NERVOUS SYSTEM

ABSTRACT

Neurotrophic factors are proteins controlling survival growth
and functional capabilities of selected populations of neurons. So
recently, an important research field around its participation in \the
etiology and treatment of some human neurodegenerative
pathologies, has emerged. Particularly, the nerve growth factor (NGF),
the first biologically active polipeptide named trophic factor, has
been extensively studied in relation to the re-estab_]iShment of the
central nervous system (CNS) cholinergic neurons, which are
involved in learning and memory processes and are altered in the

Alzheimer's disease.



INTRODUCCION

La diversidad celular en el sistema nervioso se origina a partir
de la accidon concertada de los procesos de proliferacién celular,
diferenciacién, crecimiento, migracién, sobrevivencia y formacién de
sinapsis. Entre los mensajeros involucrados en la comunicaciéon
neuronal, que da origen a estos procesos, se encuenl:raﬁ ciertas
moléculas denominadas factores tr(’?ficos. Los factores tréficos o
factores neurotréficos (FNT) son proteinas que controlan la
sobrevivencia, el crecimiento y las capacidades funcionalés de
poblaciones especificas de neuronas (Varon, 1985).

El estudio de estos factores ha llevado a la postulacion de la
hipétesis neurotréfica del sistema nervioso central (SNC) (Appel,
1981; Hefti, 1983; Varon, 1985), que sefiala: |
1) Las neuronas del SNC adulto dependen de sus FNT para su
mantenimiento, funcion y reparacion.

2) Los FNT endoégenos son liberados por sus territorios de inervacion
(parejas post-sinapticas y glia). |

3) Deficiencias en los FNT endédgenos originan trastornos neuronales:
disfuncion, hipotrofia y degeneracion.

4) in administracién exdégena de FNT previene y/o corrige los dafios
0 trastornos produtidos por lesiones crénicas o agudas.

5) Los FNT pueden ayudar en el tratamiento de algunas patologias
humanas neurodegenerativas. |

El primer polipéptido biolégicamente activo al cual le fue
aplicado el término de factor trofico fue el factor de crecimiento
neuronal (FCN). En 1951, V. Hamburger y R. Levi-Montalcini

observaron que la liberacién de un factor difusible, generado por



ciertos tumores de ratén implantados quirdrgicamente en embriones
de pollo, causaba crecimiento de los ganglios simpdticos y sensoriales
del sistema nervioso periférico (SNP) y promovia una notable
emisién de neuritas en las neuronas de estos ganglios (Levi-
Montalcini y Hamburger, 1951; Levi-Montalcini, 1966). Hoy en dia
sabemos que el FCN también actaa sobre las células colinérgicas del
SNC (Korsching y col, 1985).

La presente revision intenta mostrar un panorama global
acerca del estado actual de las investigaciones en torno al FCN, con

especial énfasis en su relacion con el SNC. Abordaremos los avances y

las interrogantes que existen en torno a su estructura, sus

mecanismos de accién y biosintesis, asi como los modelos

experimentales empleados para suministrarlo al SNC.

I. UN PROMINENTE MIEMBRO DE LA FAMILIA DE LAS
NEUROTROFINAS

Los factores tréficos pueden ser agrupados convenientemente
en familias, tomando en consideracion dos criterios: a) las poblaciones
celulares sobre las que actiian, es decir, considerando sus células
blanco y, b) su estructura, puesto que algunos factores troéficos
presentan obvias similitudes estructurales en sus secuencias
aminoacidicas (Walicke, 1989; Meakin y Shooter, 1992). Con base en
estos criterios, algunos factores réficos se han agrupado en familias,
como la del factor de crecimiento fibroblastico (FCF) (Gospadorowicz,
1990; Baird y Klagsbrun; 1991), la de los factores de crecimiento
semejantes a la insulina (I'CI) (Roth, 1988), la del factor de

crecimiento epidérmico (FCE) (Derynck, 1986) "y la de las



neurotrofinas, también llamada familia del FCN (Thoenen, 1991;
Meakin y Shooter, 1992). |

El FCN es una proteina oligomérica formada por diferentes
subunidades llamadas alfa, beta y gamma (Varon y col, 1968);
solamente la subunidad beta (B-FCN) posee actividad promotora de
crecimiento. La subunidad B-FCN (denominada también FCN 2.5S,
debido a su coeficiente de sedimentacion), es un dimero con 26.5 KDa
de peso molecular y un punto isoeléctrico de 9.3. Este dimero es
parte de'un complejo multiunitario denominado FCN 7S (Greene y
Shooter, 1980) y cada una de las dos cadenas que lo constituyen
tiene 118 aminoacidos. El FCN se produce en las células blanco de las
neuronas sensoriales y simpaticas del SNP; en las neuronas inervadas
por las células colinérgicas del SNC, principalmente neocorteza e
hipocampo; en algunas células gliales, y en la glandula submaxilar de
ratén (la fuente mas abundante para su purificaciéon) (Varon y col,
1968). De manera similar, se han detectado grandes cantidades de
factor de crecimiento neuronal en el veneno de algunas serpientes y
en el fluido seminal de los toros. El significado funcional del facior en
estos tipos celulares se desconoce (Levi-Montalcini y Calissano,
1986). Resulta conveniente seiialar que las células sensibles al FCN
como son las neuronas de los ganglios simpaticos y sensoriales del
SNP vy las neuronas colinérgicas del SNC, responden a éste de manera
diferencial a lo largo de su vida. Presentando durante algunas etapas
de su desarrollo una dependencia total para su sobrevivencia,
mientras que en otras, esta dependencia se encuentra reducida
(Levi-Montalcini y Booker, 1960; Large y col, 1986; Whittemore y col,

1986). La concentracion del FCN en el sistema nervioso central in



vivo varia entre los 0.07 vy 1.5 ng/g de peso himedo (tabla I)
(Korsching y col, 1985). Con el empleo de inmunoensayos enzimaticos
e hibridacion "in situ", Larkfors y col (1988) observaron el curso
temporal de la aparicion del FCN y de su ARNm en el SNC de la rata.
Estos estudios demostraron la existencia de niveles detectables de
FCN a partir de los 15 dias de desarrollo embrionario, y que la
maxima concentracion se alcanzd después de la tercera semana de
desarrollo post-natal (coincidiendo con la maduracién de la
inervacién colinérgica procedente del cerebro basal anterior). En el
hipocampo, los niveles de FCN y de su ARNm disminuyeron en un 40
-y 50% respectivamente, durante la etapa senil, comparativamente
con los valores detectados durante la edad adulta.

Investigaciones recientes sobre la estructura del FCN,
empleando estudios de difraccién de rayos X y analisis del espectro
Raman (analisis que permite conocer las propiedades dinamicas de la
estructura de una molécula), tanto en la forma cristalina como en
solucidn, revelaron que esta molécula posee una estructura B anti-
paralela con escasa o nula conformacién en o-hélice. La difracciéon de
rayos X reveld a su vez, una estructura alargada y profusamente
plegada, constituida por filamentos en la conformacion B (Fig 1),
Estos estudios revelaron también que las dimensiones aproximadas'
de la molécula del FCN son 60 x 25 x 15 A (MacDonald y col, 1991;
Bradshaw y col, 1993).

A. Los receptores del FCN
De manera similar a otros polipéptidos tréficos, el FCN lleva a

~ cabo sus acciones sobre sus células blanco a través de la interaccién



con receptores de superficie (Taniuchi y col, 1986; Bradshaw y col,
1993). La primera evidencia acerca de los receptores de FCN fue
obtenida por estudios de unién (binding) utilizando FCN marcado con
1257 (Bradshaw, 1978), mediante los cuales se demostré la existencia
de dos clases de receptores denominados (de acuerdo a una antigua
clasificacion), receptores tipo I de alta afinidad (Kd 10‘11M)‘ (Hosang
y Shooter, 1985) y receptores tipo II de baja afinidad (Kd 10-9 M)
(Sutter y col, 1979). Otras investigac-iones dieron a conocer que los
pesos moleculares de los receptores oscilaban entre los 130-150 KDa
(Costrini y col, 1981) y 65-80 KDa (Grob y Bothwell, 1983)
respectivamente. |

El receptor de baja afinidad, que hoy se conoce como p75NGFR
fue clonado a partir de células sensibles a FCN de rata (Radeke y col,
1987) vy de humano (Johnson y col, 1986). Sin embargo no fue sino
hasta 1991 cuando sc¢ dié un gran paso en el conocimiento de los
receptores del FCN, con la identificacién de un receptor, con actividad
de tirosina cinasa, en las células sensibles al FCN (Kaplan y col, 1991;
Klein y col, 1991). Este receptor resultd ser el producto del proto-
oncogene Trk, ahora denominado TrkA. La forma celular se denomina
pl40proto-Trk (Schneider y Schweiger, 1991). La tirosina cinasa
TrkA es una glicoproteina transmembranal de 140 KDa que exhibe
una rapida autofosforilacién como consecuencia de la unién del FCN.
Estudios subsecuentes han mostrado la co-existencia de los
receptores p7SNGrFR y p140TrkA en practicamente todas las células
sensibles al FCN, tanto de SNC como periférico (Hempstead y col,
1991; Schlessinger y Ullrich, 1992) y atin en las células PC12 (linea

celular procedente de un feocromocitoma de células cromafines de la



meédula adrenal de rata, que se neurogeniza en presencia de FCN)
(Kaplan y col, 1991).

Se han propuesto dos modelos de los receptores del FCN. El
primero afirma que el anteriormente denominado receptor de alta
afinidad o tipo I, es en realidad un complejo formado por la
asociacion de las subunidades p75NGIR y p140TrkA (Meakin y col,
1992). El segundo modelo propone que los sitios de unién de alta
afinidad para el FCN pueden formarse en ausencia del receptor
p75NGFR (Klein y col, 1991) y que la sola presencia del receptor
p140TrkA es suficiente para desencadenar respuestas bioldgicas
(Weskamp y Reichardt, 1991; Ibafiez y col, 1992). Es claro que la
naturaleza de los sitios de union de alta afinidad y de las
interacciones entre ambas subunidades presenta aun grandes
interrogantes.

B. Oixros miembros de la familia

El restringido nuimero de poblaciones celulares sensibles al FCN
motivoé la busqueda de factores neurotroficos relacionados. Hoy en
dia, el FCN forma parte de una familia de factores con actividad
trofica, denominada familia de las neurotrofinas, constituida por los
siguientes miembros: FCN, factor neurotrofico derivado del cerebro
(BDNF), neurotrofina-3 (NT-3), neurotrofina-4 (NT-4) y neurotrofina-
S5 (NT-5). La purificacién y clonacién molécular del BDNF (Leibrock y
col, 1989), permitieron la subsecuente identificaciéon de las tres
nuevas neurotrofinas NT-3, NT-4 y NT-5 (Hohn y col, 1990; Hallbook
y col 1991). Las NT-3, 4 v 5 no fueron directamente purificadas a
partir de una determinada fuente l:isulgr, sino que fueron obtenidas

en forma recombinante tras su expresion en cultivos celulares. Se ha
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propuesto que las NT-4 y 5 son en realidad una misma molécula (Ip
y col, 1992) pero este problema permanece aun sin resolver. Las
cinco neurotrofinas son capaces de promover la sobrevivencia y
diferenciaciéon de un gran ndamero de neuronas sensoriales, pero
poseen distintos efectos sobre otras poblaciones celulares. Asi,
mientras que el FCN es importante para la sobrevivencia de las
neuronas de los ganglios simpaticos, el BDNF no ejerce efecto alguno
sobre ellas (Barde, 1989). Ademas numerosas poblaciones neuronales
que no son sensibles a la accion del FCN son blancos de la accién de
otras neurotrofinas; por ejemplo los ganglios retinal y nodoso son
sensibles al BDNF y no al FCN (Barde, 1989). En contraste, las
neuronas colinérgicas del cerebro basal anterior son sensibles tanto
al BDNF como al FCN (Chao, 1992). Las neurotrofinas presentan en la
secuencia gendmica que las codifica, regiones conservadas que
determinan su estructura basica. Sin embargo, también preséntan
diferentes regiones variables que determinan su especificidad
neuronal diferencial. |

El ya mencionado descubrimiento de que el proto~oncogehe
TrkA codifica para el receptor de FCN (Kaplan y col, 1991; Klein y col,
1991), ha permitido el avance en el conocimiento de los mecanismos
de transduccion de las sefiales del FCN, al mismo tiempo que ha
coadyuvado en la identificacién de las neurotrofinas, como ligandos,
para la denominada familia de receptores Trk, que poseen actividad
de tirosina cinasas. Algunos genes estrechamente relacionados con el
TrkA, tales como el TrkB (Klein y col, 1989) y el TrkC (Lamballe y col,
1991) codifican proteinas que acttian como receptores para el BDNF,
NT-3, NT-4 y NTQS (Klein y col, 1992; ip y col, 1992). La familia de
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receptores Trk presentan gran semejanza con el pl40TrkA no
solamente en la regién de tirosina cinasa, sino también en la regién
extracelular rica en residuos de cisteina (¥ig 2) (Chao, 1992). Aunado
a lo anterior, el receptor del FCN de 75KDa (p75NGFR) es reconocido
por la mayoria de las neurotrofinas (Rodriguez-Tebar y col, 1990;
Squinto y col, 1991) y es requerido junto con el TrkA para la
formacion de los sitios de union de alta afinidad (Hempstead y col,
1991). Recientemente, se ha propuesto que las neurotrofinas
comparten un receptor comun de baja afinidad y que sus complejos
de alta afinidad se forman tras la adicion de una segunda subunidad
(Rodriguez-Tébar y col, 1990; Thoenen, 1991) (Fig 3).

II. LA INTERACCION ACETILCOLINA-FCN Y LOS PROCESOS DE
APRENDIZAJE Y MEMORIA

Existe amplia evidencia en el sentido de que el FCN interviene
en el desarrollo, mantenimiento y regeneracion del SNP (sensorial y
simpatico) (Thoenen y Barde, 1980). Hoy en dia se sabe que
diferentes niveles regionales de FCN en la periferia (areas de
inervacion del SNP), determinan diferentes densidades de inervacién
por parte de las neuronas sensibles al FCN. La regulacién de la
produccién de FCN en esas zonas es autc’)noma y en particular,
independiente de la actividad neuronal (Rohrer y col, 1988) (Fig 4,A).
Mas recientemente, se ha demostrado que el FCN incrementa la
recuperacion de algunas areas del SNC lesionadas e induce el
incremento de niveles de colinacetil-trasferasa, enzima de sintésis de
la acetilcolina (ACh), en el cerebro basal anterior e hipocampo, de lo

cual y aunado a numerosas evidencias en este sentido se deduce su



participacion en el sistema colinérgico del SNC (Korsching y col, 1985;
Gage y col, 1986; Auburger y col, 1987; Barde y col, 1987).

Asi, en la actualidad existen numerosos datos acerca de la
existencia dél factor de crecimiento neuronal en el SNC. La
hibridacion in situ ha revelado la presencia de grandes cantidades de
ARNm de FCN en el hipocampo, la corteza cerebral y él bulbo
olfatorio (Ayer-Lelievre y col, 1988). Comparados con los niveles de
otras areas cerebrales, los niveles endc">genos de FCN en la corteza y el
hipocampo son también altos (Whittmore y col, 1986). Tales areas
reciben densa inervacién colinérgica procedente del nucleo basalis
magnocelularis (NBM) y el area septal respectivamente. Schwab y col
(1979), encontraron que el FCN marcado radiactivamente y
administrado en el hipocampo o0 la corteza, es transportado
retrégradamente hacia las células del septum, los nicleos de la banda
diagonal, asi como al NBM (Schwab y col, 1979).

La sintesis de FCN en las neuronas del SNC tiene lugar en los
sitios de proyeccién de las neuronas colinérgicas sensibles al FCN del
cerebro basal anterior (p. €j. el hipocampo y la corteza), y esta
regulada por la actividad neural. Se sabe asimismo, que la mayor
regulacion positiva (up-regulation) ocurre a través del sistema de
transmisores glutamatérgicos, mientras que la regulacion negativa
(down-regulation) ocurre por mediacién del sistema GABAérgico
(Zafra y col, 1990) (Fig 4, B).

Numerosos estudios farmacoloégicos han sugerido
reiteradamente el papel de la ACh en un gran nimero de funciones
cerebrales, incluyendo el aprendizaje y la memoria (Dunnet y col,

1985). Existen neuronas receptoras a la ACh en practicamente toda la



neocorteza; investigaciones a este respecto han mostrado que entre el
60 y el 80% de la ACh cortical, proviene de fuentes extrinsecas a la
corteza (Emson y col, 1979). Entre tales estructuras extracorticales
destaca el NBM del cerebro basal anterior (Rye y col, 1984), cuyo
papel en numerosas tareas de aprendizaje es bien conocido (Dubois y
col, 1985; Miyamoto y col, 1985; Collerton, 1986). A este respecto,
investigaciones efectuadas en nuestro laboratorio mostraron que el
NBM esta involucrado -en la integracion neural de la conducta de
ingesta y que su proyeccion colinérgica a la corteza insular es uno de
los factores implicados (Lopez-Garcia y col, en prensa).

Springer y col (1987) mostraron que neuronas del NBM son
inmunoreactivas a anticuerpos contra el receptor del FCN. Se ha
probado asimismo que la presencia de implantes de tejido
embrionario procedente del cerebro basal anterior, colocados en la
neocorteza de ratas con lesiones del NBM, rastablecen parte de la
inervacioén colinérgica original (Dunnet y col, 1985). Estudios
realizados por Dekker y col (1992) demostraron que el tratamiento
con FCN, administrado a través de minibombas osmaéticas en ratas
con lesiéon en el NBM producida por acido iboténico, mejora
notablemente el aprendizaje espacial.

Otro de los patrones colinérgicos mas ampliamente estudiados
en el SNC es la via septo-hipocampal. Las neuronas colinérgicas del
area septal proyectan sus axones a la formacion hipocampal a través
de un tracto bien definido: la fimbria-férnix. La participaciéon de esta
via en los mecanismos del aprendizaje y la memoria es bien conocida.
La administracién del FCN en animales con lesiones experimentales

de la via septo-hipocampal atenta las deficiencias conductuales
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inducidas por la lesién (Hefti y col, en prensa; Lapchak, 1992). Asi,
tras lesionar los cuerpos celulares del 4rea septal o la via axonal que
une al septum con el hipocampo, el FCN restaura las respuestas en
multiples tareas asociadas con la consolidaciéon y formacion de la
memoria, tales como el laberinto en "T" y el laberinto radial de 8
brazos (Will y Hefti, 1985; Will y col, 1990). Los resultados
experimentales acumulados hasta el presente sefialan que estos
efectos conductuales del FCN estan mediados por las neuronas
colinérgicas septo-hipocampales, reafirmando asi que las neuronas
colinérgicas del cerebro basal anterior que son sensibles al FCN, tanto
durante el desarrollo como en la vida adulta (Thoenen y col, 1987;
Araujo y col, 1990; Lapchak y Hefti, 1991; Lapchak, 1992), estan
involucradas en los procesos de memoria (Bartus y col, 1982; Olton y
Wenk, 1987).

ITII. MODELOS DE INTERACCION ENTRE EL FCN Y EL SNC

El postulado que sefiala: " Los FNT pueden ayudar en el
tratamiento de algunas patologias humanas neurodegenerativas"
resume en buena medida uno de los principales enfoques de la
investigacién en torno a la busqueda de modelos que permitan
comprender mejor la etiologia, el tratamiento y por supuesto la
participacion de los factores tréficos en las enfermedades.
degenerativas del SNC.

Debido a que el FCN es un polipéptido de 26.5 KDa, y por lo

tanto no atraviesa la barrera hematoencefalica, es importante

considerar los procedimientos experimentales que se han ensayado

para administrar el FCN en el SNC.
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1) Infusién del FCN a través de canulas o minibombas osmoticas.
2) Administracion del FCN en conjunciéon con un implante de tejido
cerebral fetal, o bien a través de celulas genéticamente modificadas
para producir el factor, implantados en algunas regiones del SNC.
3) La via menos cruenta, puesto que no involucra la intervencién
quirargica concomitante a los dos procedimientos anteriores, es la
administracion del factor por via sistémica, conjuntamente con algin
vehiculo o acarreador del mismo (en virtud de la ya citada
imposibilidad del FCN para atravesar la barrera hematoencefalica), o
bien la administracion de algan precursor del factor de crecimiento
neuronal. Esto tltimo implica por supuesto un mayor conocimiento de
los mecanismos de biosintesis inherentes al FCN.

Es importante serialar que las vias de administracion mencionadas
no son excluyentes, sino que frecuentemente se usa la combinacién

de algunos de los procedimientos experimentales citados,

A. Minibombas osméticas y canulas

La infusion créonica de FCN usando minibombas osmoticas
implantadas subcutaneamente fue reportada por vez primera por
Stromberg y colaboradores en 1985. Las minibombas tenian la
finalidad de sustentar el crecimiento de implantes de tejido cromafin,
colocados en el estriado de ratas, asegurando asi una pausada y
continua liberacion del FCN. Las minibombas osméticas han sido
utilizadas también para liberar FCN en los ventriculos cerebrales, con
el fin de rescatar a las neuronas colinérgicas axotomizadas que

proyectan al hipocampo y a la neocorteza (Williams y col, 1986).
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La administracién crénica de FCN a través de (:énulas 0
microinyecciones aplicadas estereotaxicamente, ha probado ser util,
por lo que sigue siendo una opcién vigente a pesar de sus
inconvenientes técnicos. Davies y Berdsall (1992) probaron que el
FCN, administrado a través de microinyecciones en el estriado,
previene selectivamente la degeneracion de las células colinérgicas
estriatales, originada por la administracion de acido quinolinico.
Lfectos similares en las células colinérgicas del sistema septo-
hipocampal fueron observados por Lapchak y Hefti (1992), en la
neocorteza y el estriado de rata (Maysinger y col, 1992a; Altar y col,
1992), y en el cerebro basal anterior de primates (Koliatsos y col,
1991) tras la microinyeccién de FCN en cada una de las areas
mencionadas. La sinaptogénesis neocortical también fué estimulada
por la administracién intracerebroventricular del factor (Garofalo y
col, 1992).

Sin embargo, la utilizacién de las minibombas osméticas tiene
varios inconvenientes. El principal es que tanto la minibomba como la
canula de dialisis ubicada en el interior del cerebro son fuentes
potenciales de infeccién. Otro de los problemas radica en que las
minibombas disponibles funcionan como maximo entre 2 y 4
semanas, de manera que si se requiere de liberaciones mas
prolongadas, se tiene que acudir a otro tipo de aproximaciones

experimentales (Olson y col, 1990).
B. Los implantes de tejido cerebral fetal
'Hoy en dia, se sabe que el SNC es capaz de generar procesos

que promueven la recuperacion de funciones después de haber sido
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danado. En respuesta a la denervaciéon por ejemplo, numerosas fibras
presentan rebrote axonal (sprouting) y forman nuevas sinapsis que
reemplazan a las perdidas. En algunos casos, tales procesos de
reconexion son suficientes para producir la recuperaciéon funcional
(Cotman y col, 1981). Sin embargo, en casos de dafio severo, la
recuperacion no ocurre a menos que se utilicen los implantes de
tejido cerebral fetal (Bjorklund y Stenevi, 1984; Gash y col, 1985).

Son varios 1os mecanismos posibles mediante los cuales los
implantes estimulan la recuperacion funcional. Por ejemplo, los
implantes pueden restablecer la circuiteria interrumpida tras una
lesion, o incrementar la disponibilidad de un neurotransmisor para
facilitar la comunicacién neuronal. Por otra parte, los implantes
pueden estimular la vascularizacion, eliminar sustancias téxicas o
promover la sobrevivencia y el crecimiento neuronales a través de
interacciones (réficas entre el huésped y el implante (Cotman y
Kesslak, 1988).

En la extensa literatura que sobre implantes se ha generado en
los dltimos afos, se encuentra frecuentemente que los fenémenos de
reconexion implante-huésped son adjudicados en buena medida a Ia
presencia y actividad de factores troficos. Nieto-Sampedro y Cotman
(1986), sugieren que ciertos factores neurotréficos especificos
incrementan su disponibilidad tras una lesion, contribuyendo en
consecuencia a la sobrevivencia y crecimiento de los implantes. Asi,
aparentemente el cerebro responde al dafio, produciendo factores
troficos que incrementan la sobrevivencia celular y promuevén el

crecimiento de neuritas.
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En el ambito de los implantes de tejido cerebral fetal, Toniolo y
col (1985), encontraron que el FCN incrementa la actividad de la
colinacetil-transferasa en las neuronas colinérgicas transplantadas en
el hipocampo deaferentado, pero no tiene efectos sobre los implantes
colocados en el hipocampo intacto. El implante de glandula sublingual
de ratén (tejido rico en FCN) en la fimbria-férnix pre\}iamente
lesionada, tiene efectos tréficos sobre las neuronas colinérgicas
axotomizadas (Springer y col, 1988). '

Estudios efectuados en nuestro laboratorio, combidando
implantes fetales de corteza insular con el FCN, mostraron que la
asociacion de ambos elementos produce una recuperacion rapida y
estable del aprendizaje, en ratas previamente lesionadas en la
corteza insular. Nuestros hallazgos muestran también que la
actividad colinérgica, a diferencia de la GABAérgica, juega un
importante papel en la recuperaciéon conductual mediada por los
transplantes de CI (Bermidez-Rattoni y col, 1992; Escobar y col, en
prensa). |

Algunas lineas celulares como las 3T3 y 3E (derivadas de la
transformaciéon de fibroblastos de ratén) han sido modificadas
genéticamente para secretar FCN, Implantes de estas células han sido
empleados exitosamente como fuentes continuas de FCN, tanto en el
estriado (Ernfors y col, 1989a) como en la corteza (Ernfors y col,
1989b), ejerciendo efectos positivos sobre las interneuronas
colinérgicas preséntes en cada una de estas zonas. Ademas el
implante de fibroblastos genéticamente manipulados para producir
FCN ha probado tener efectos protectores, sobre los trastornos

neurotéxicos que originan el acido quinolinico y quiscudlico, en
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diferentes areas del SNC (Piccardo y col, 1992; Maysinger y col,
1992b). Tanto los fibroblastos como las lineas celulares modificadas
genéticamente para producir factor de crecimiento neuronal, se han
implantado también, en alguna de las regiones que forman parte de
la proyeccion septo-hipocampal, tras la lesion de la fimbria-férnix,
promoviendo la sobrevivencia y recuperacion funcional de las células
colinérgicas septales (Rosgnberg y col, 1988; Stromberg y col, 1990).

También algunas modalidades de células gliales tales como los
astrocitos, se han utilizado exitosamente, en la prevencién de la
degeneracién y aun en la restauracion de los sistemas de fibras
colinérgicas dafiadas tras una lesion (Cunningham y col, 1991).

Sin embargo, el empleo de células modificadas genéticamente,
tiene serios problemas, como el control de la secreciéon de FCN y el
potencial tumorogénico de los implantes de esta naturaleza (Olson y
col, 1990).

Como modelo alternativo, algunos investigadores han colocado
implantes de tejido cerebral fetal combinados con FCN en la camara
anterior del ojo. En el microambiente proporcionado por la camara
ocular, areas del SNC fetal tales como la corteza, el hipocampo, el
septum y la médula espinal, desarrollan caracteristicas estructurales
y funcionales similares a las de sus contrapartes normales (Olson y
‘col, 1988). Este sistema permite monitcirear, el tamafo de los
transplantes in vivo, a través de la cornea del animal implantado. En
estos experimentos el tratamiento es iniciado generalmente con la
incubacién (previa al transplante) de los fragmentos de tejido

cerebral fetal en el factor tréfico correspondiente. Adicionalmente, el
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factor neurotréfico puede ser inyectado crénicamente en la célhara
anterior del ojo, empleando diferentes dosis y tiempos.

Utilizando este modelo, Friksdotter-Nilsson y col (1989a)
mostraron que los transplantes septales crecen considerablemente
mejor cuando son tratados con FCN, a diferencia de los transplantes
de corteza parietal o hipocampo, cuyo crecimiento fue inhibido por el
factor (Eriksdotter-Nilsson y col, 1989D).

Otra interesante modalidad en la administracion de un factor
neurotrofico, recientemente descrita en la literatura, es la
implantacién de microesferas fabricadas con polimeros
biodegradables. Las microesferas han proporcionado una efectiva,
prolongada y controlada liberacién del FCN en la neocorteza de ratas
adultas (Powel y col,1990; Maysinger y col,1992¢) y en los ganglios
de la raiz dorsal (Camarata y col,1992)

C. La administracién sistémica y los mecanismos de
biosintesis. |

La imposibilidad del factor de crecimiento neuronal para cruzar
la barrera hematoencefalica, ha orientado las investigaciones hacia la
busqueda de mecanismos que perrriitan aumentar su disponibilidad
en el SNC, a través de la induccién farmacolégica del incremento en
su biosintesis y liberacién en poblaciones especificas de neuronas
(Mochetti, 1991).

Inves tigaciones a este respecto han mostrado que la
produccién de FCN en el cerebro puede ser aumentada a través de la
estimulacion de los receptores a ciertos neurotransmisores, por

ejemplo los receptores B-adrenérgicos de los astrocitos (Schwartz y
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Mishler, 1990), los fibroblastos (Furukawa y col, 1989) y células de la
linea celular C6 (derivada de un glioma de rata) (Dal Toso, 1988). La
estimulaciéon de los receptores B-adrenérgicos en estos tipos
celulares, origina un incremento en la produccion y liberacién del
FCN, el cual esta mediado por la activacién de una proteina cinasa A
dependiente de AMPc (De Bernardi y col, 1991; Mochetti y col, 1991).

Algunas otras moléculas implicadas en la regulacién de la
biosintesis del FCN son la interleucina-1 (Carman-Krzan y col, 1991)
los esteroides (Mocchetti, 1991) y, dentro del SNC, neurotransmisores
como la acetilcolina (Alberch y col, 1991), el 4cido glutamico y el
GABA (Zafra y col, 1990; Ernfors y col, 1991). Es posible que la
expresion génica del FCN en diferentes regiones cerebrales esté
regulada de manera especifica por la presencia de diferentes
estimulos locales, como pudiera ser la activacion de diferentes
mecanismos de transduccion de seniales (Mochetti, 1991).

Es importante recordar que el FCN ejerce su actividad biologica
a través de la unién con sus receptores de alta afinidad (Shooter,
1989), por lo que los estudios sobre la estimulacion de la biosintesis
del FCN, deben acompainiarse del andlisis de la expresiéon de sus
receptores. Esta consideracion se ve respaldada por la observacion de
que altos niveles de FCN en el cerebro, como los que se originan tras
su infusién crénica o como resultado de una lesién, incrementan la
expresion génica del receptor a FCN (Brunello y col, 1990).

Cabe destacar que las acciones derivadas de la actividad
biolégica del FCN se inhiben pbr la administracion de los anticuerpos
contra este factor. Cohen, Levi-Montalcini y colaboradores reportaron

por primera vez en 1960, la destruccién del SNP simpatico, debida a
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la administracion exdégena de anticuerpos dirigidos contra el FCN
(anti-FCN) (Cohen, 1960; Levi-Montalcini.y Booker, 1960). Dos
décadas después (Gorin y Johnson, 1979) mostraron que la exposicion
prenatal al anti-FCN promueve la muerte de las células sensoriales.
Efectos similares se han registrado en las células colinérgicas del SNC
(Vroegog y col, 1992). Recientemente ha sido desarrollado un
compuesto alcaloide denominado K-252a, que tiene la capacidad de
inhibir la actividad de tirosina cinasa propia del receptor de alta
afinidad del FCN (Berg y col, 1992). v

Lo anteriormente expuesto pone de manifiesto que el
conocimiento acerca de la biosintesis del FCN es aun incipiente, por lo
que el desarrollo de agentes farmacologicos que incrementen la
disponibilidad de este factor tendra que esperar algun tiempo. Sin
embargo, el panorama no es del todo desalentador ya que Frieden y
colaboradores (1993), demostraron que la conjuncién del FCN con un
anticuerpo para el receptor de transferrina, permite que el factor
cruce eficientemente la barrera hematoencefalica tras su
administracién sistémica. En este estudio se utilizé el modelo de
implantes intraoculares de tejido colinérgico, procedente del area
septal fetal (Frieden y col, 1993). Este enfoque experimental abre
nuevas e interesantes expectativas en torno a la participaciéon de este
factor en los fenémenos de sobrevivencia y diferenciacién, asi como

en el tratamiento de algunas enfermedades neurodegenerativas.
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IV. ALGUNAS PROPUESTAS SOBRE EL MECANISMO DE ACCION
DEL FCN.

La union del factor de crecimiento neuronal a su receptor de
alta afinidad, ya sea el p140TrkA o al dimero de este receptor con el
p75NGFR (de acuerdo a las dos hipétesis aun cuestionadas, que
describimos previamente), desencadena una gran variedad de
sefiales celulares que conducen a la diferenciacion y sobrevivencia de
las poblaciones celulares sensibles al FCN. Sin embargo y pese a que
el FCN es el factor neurotréfico mas ampliamente estudiado, el estado
actual del conocimiento acerca de su mecanismo de accién presenta
aurn miultiples interrogantes.

Una vez que el FCN se ha unido al receptor de superficie
formando un complejo, se internaliza (Calissano y Shelanski, 1980) y
subsecuentemente se transporta retrogradamente a través de los
axones neuronales, hasta alcanzar el soma (Fig 5) (Ferguson y col,
1991). Ya en el interior del citoplasma, el complejo FCN-receptor
desencadena, una cascada de eventos bioquimicos mediados por uno
o varios segundos mensajeros. Otro de los posibles efectos de la
internalizacién del complejo FCN-receptor, es el de permitir el
contacto entre el factor y algunos sitios de unién perinucleares
(Marchisio y col, 1980; Levi y Alema4, 1991). Es conveniente seiialar
sin embargo, que los eventos desencadenados por el FCN pueden ser
generados a partir de la unién del factor con sus receptores de
| Superficie, sin que necesariamente medie la internalizaci.c’m del
complejo (Gage y Vardn, 1988; Kaplan y col, 1991, Klein y col,' 1991).

Numerosos segundos mensajeros han sido postulados como

participes en la transduccion de la sefial del FCN. Entre Jos



mensajeros propuestos se encuentraﬁ productos de la metilacién o
hidrdlisis de fosfolipidos (Skaper y Varon, 1984; Liwah-Chan y col,
1989), el AMPc (Kalman y col, 1990), el Ca+2 (Nicodijevic y col, 1990)
y el acido araquidénico (Halegoua y col, 1991).

Se ha observado también que entre los efectos de la actividad
biolégica del FCN se encuentran en orden cronoldgico: 1a metilacién e
hidrélisis de fosfolipidos, el plegamiento de la membrana celular, la
elevacién de los niveles de AMPc, la activacidon de cinasas, la
liberacion de Ca*2, 1a activacién de la ATPasa Na+/K+, la activacién de
la ornitina descarboxilasa, la formaciéon de neuritas y finalmente la
activacién de la colinacetil-transferasa y de la tirosina hidroxilasa
(Halegoua y col, 1991). La activaciéon de cinasas, se traduce en una
intensa actividad de fosforilacion de proteinas importantes para las
multiples funciones celulares (Cremins y col, 1986; Hall y col, 1988),
ambos procesos son considerados como parte de las acciones de tipo
inmediato mas relevantes, desencadenados por el FCN (Mutoh y
Guroff, 1989). |

De igual manera, entre los mecanismos que se activan por la
union del FCN con su receptor debemos sefialar la transcripcion de los
genes de respuesta temprana. Estos genes son denominados terceros
mensajeros puesto que convierten los estimulos eXtracelulares en
cambios de la programaciéon genética (Macara, 1989; Herschman,
1989). Sin embargo, la activacién de los genes tempranos como
respuesta al FCN es minoritaria comparada con la activacion de los
sistemas de segundos mensajeros. Entre los genes activados se
encuentran c-fos (Greenber y col, 1985), c-jun (Wu y col, 1989), c-

myc (Greenber y col, 1985) y erg-1 (Milbrandt, 1987). Recientes
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hallazgos seflalan que el incremento en el ARNm del FCN, esta
mediado por la activaciéon de c-fos (Hengereer y col, 1990). Otro
mecanismo clave es sin duda la autofosforilacién que experimentan
los receptores de tipo p140TTKA tras su unién con el FCN (Kaplan y
col, 1991 ; Klein y col, 1991).

Resumiendo, el FCN sintetizado en el reticulo endoplasmico y
empacado en el aparato de Golgi de las células productoras del factor,
es liberado presumiblemente por un proceso de exocitosis hacia el
fluido intersticial sinaptico. Una vez en el espacio sinaptico, el FCN
interactua con sus receptores desencadenando fundamentalmente
- dos tipos de acciones, unas inmediatas a través de la fosforilacién de
proteinas (Kaplan y col, 1991) y otras de larga duracién a través de
la regulacién de la transcripcion de genes (Fig 6) (Muller y col, 1989;
Sugimoto y col, 1984; Aleman, 1991).

CONCLUSIONES |

El FCN ha sido ampliamente estudiado como promotor de la
sobrevivencia, crecimiento y diferenciacion de las neuronas
sensoriales y simpaticas del SNP. Debido a esta influencia sobre las
neuronas catecolaminérgicas periféricas, se han realizado varios
intentos para determinar si el FCN afecta de la misma manera a las
neuronas catecolaminérgicas centrales (Bjorkiund y Stenevi, 1972).
Hasta la fecha, la conclusiéon es que el FCN no es un efectivo agente
tréfico para estas ultimas (Konkol y col, 1978j Dreyfus y col, 1980).

Sin embargo, recientes experimentos han demostrado
contundentemente la influencia del FCN sobre las neuronas

colinérgicas del SNC, las cuales estan estrechamente relacionadas con
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los procesos de aprendizaje y memoria (Korsching y col, 1985; Gage y
col, 1986; Auburger y col, 1987; Barde y col, 1987). Por lo que el
conocimiento acerca de los factores troficos y su relacion con el
sistema nervioso central se ha incrementado considerablemente en la
ultima década. Pese a ello, atin existen grandes interrogantes que
deberan ser aclaradas antes de que los factores tréfiéos sean
administrados de manera generalizada, como parte de las estrategias
terapéuticas empleadas en el tra.ltamiento de enfermedades
neurodegenerativas del SNC humano (Heft, 1990; Olson y ¢o0l,71992).
En los altimos afos la investigacion acerca del factor de
crecimiento neuronal, se ha visto estimulada por una serie de
acontecimientos que resumiremos a continuacic’)n.‘
1) El descubrimiento de la familia de las neurotrofinas relacionadas
con el FCN, es decir el BDNF y las NT-3, NT-4 y NT-5 (Hohn y col,
1990; Hallbook y coi, 1991).
2) La caracterizaciéon de dos receptores para el FCN, denominados
p75NGER y e] proto-oncogene p140TrkA (Bothwell, 1991), asi como
la de otros miembros de la familia de tirosina cinasas (Trk),
denominados p145TrkB y p145TrkC (Ip y col, 1992).
3) El conocimiento de la estructura tridimensional del FCN
(MacDonald y col, 1991).
4) La reirterada observaciéon, de que el FCN es capaz de estimular la
sobrevivencia y capacidades funcionales de las neuronas colinérgicas
adultas del SNC, tras haber experimentado una lesion o un proceso
degenerativo como producto de alguna alteracion patologica.
Estas son algunas de las premisas que amplian las perspectivas

de accién y enfatizan la trascendencia de los factores tréficos como
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importantes participes de los mecanismos basicos de sobrevivencia,
crecimiento y diferenciacion neuronal, y como una opcién terapéutica

ante el problema que representan las enfermedades degenerativas
del SNC. |
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FIGURAS

Figura 1. Esquema que muestra la estructura alargada y plegada de
la fraccion activa del factor de crecimiento neuronal. En el angulo
inferior derecho se indican las dimensiones de la molécula en un

plano tridimensional (McDonald y col, 1991).

Figura 2. En este esquema puede abreciarse la similitud entre los
diferentes miembros de la familia de receptores Trk, tanto’en las
porciones ricas en cisteina como en las que poseen actividad de
tirosina cinasa. El receptor p 75NGFR es capaz de unirse a todas las

neurotrofinas.

Figura 3. Estructuras hipotéticas de los receptores de alta afinidad
de las neurotrofinas. Se ha propuesto que las neurotrofinas
comparten un receptor comun de baja afinidad y que sus complejos
de alta afinidad se forman tras la adicion de una segunda subunidad
(Thoenen, 1991).

Figura 4. Comparacion esquematica entre la regulacion de la sintesis
del FCN en el SNP y el SNC, (A) En la periferia una gran variedad de
células no neuronales sintetizan I'CN, en las areas blanco de las
neuronas sensoriales y simpaticas, sensibles al factor. La regulacion
de la produccién del factor en estas zonas es auténoma e
independiente de la actividad neuronal. (B) En contraste, la sintesis
del FCN en las neuronas colinérgicas sensibles al FCN del cerebro

basal anterior, esta regulada por la actividad neuronal. Se cree que la



regulacién positiva (up regulation) ocurre a través del sistema de
transmisores glutamatérgicos, mientras que la regulacion negativa

(down regulation) ocurre por mediacion del sistema GABAérgico.

Figura 5. Esquematizacion del transporte retrégrado que
experimenta el FCN, una vez que ha interactuado con los receptores
de superficie. Puede apreciarse también la produccién y subsecuente
transporte anterégrado de los receptores hasta alcanzar la terminal
sinaptica donde se pondran en contacto con el factor (Gage y Vardn,
1988).

Figura 6. Representacién hipotética de algunas de las acciones
desencadenadas por el FCN. Se muestra la fosforilacién de proteinas
subsecuente a la activacion del receptor, a su vez, la fosforilacién
activa otros sistemas de segundos mensajeros como el de la proteina
cinasa C. Algunas de las proteinas fosforiladas, pueden interactuar
con el genoma celular activando algunos genes de fespuesta
temprana como fos, myc, jun y erg-1. La activacion de otros segundos
mensajeros puede ocurrir tras la unién del factor con sus receptores.

Esquema modificado de Aleman (1991).

Tabla I. Niveles de FCN en algunas areas del SNC de rata. Los ddtos
estan reportados en ng de FCN por g de peso humedo. Datos

recopilados por Korsching y col (1985).
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Time-Dependent Recovery of Taste Aversion Learning
by Fetal Brain Transplants in Gustatory
Neocortex-Lesioned Rats

J. FERNANDEZ-Ruiz,* M. L. Escosar,™ A, L. PINAY S, Diaz-CiNrea,t
F. L. CiNtrA-McGrong, T AND 1. Bermipiz-Rarront* !

tInstindo de Fisiologfa Celular and 1instituto de Investigaciones Biomiddicas, Universidad
Nacional Autdnoma de Mévico

We recently showed that fetal brain transplants produced a significant recovery
in the ability of gustatory neocortex-lesioned rauts to learn a conditioned taste
aversion. In this report we assessed the capubility of gustatory neocortex fetal
brain transplants to produce behavioral recovery al different times. Four groups
of male Wistar rats showing disrupted taste aversions due 1o gusttory neocortex
lesions were stadied. The lesioned animals received fetal cortical grafts, obinined
from 16-day-old fetuses, and were retrained in the behavioral procedure after 15,
30, 45, or 60 days postgraft. Behavioral results showed a very pood funetional
recuperation at 60 days, slight recovery at 45 aud 30 days, and o poor recovery
at 15 days postgraft, Results with HRIP histochemistry revenled that at 30, 45,
and 60 days postgrafting there were incrensed connections with the ventromedinl
nucleus of the thalamus and with the amypedalin, AULS days postpralting there
was an absence of HRP-labeled cells. In addition, helavioral recovery was cor-
related with increased acetylcholinesterase activity, detected histochemically, and
with morphological neuronal maturation, revealed by Golgi stadning, "Fhese results
suggest that morphological matutity and reconnectivity between prafts and host
tissue are important for behavioral recovery in gustatory neocortex-lesioned rats, -

& 1991 Academic P'ress, fog,

The fetal brain transplant technique has been used recently as o very
effective tool to ameliorate functional and behavioral deficits produced
by ecither mechanical (Kesslak, Nicto-Sampedro, Globus, & Cotman,
1986; Woodruff, Braisden, Whittington, & Benson, 1987), chemical

"This rescarch was supported by Consejo Macional de Ciencin y Fecnolopia (Crant
PEXCNA-050290). We thank Jorge Perez-Leon and Anpeles Ontegn Tor technical assistunce,
Dr. Roberto Prado-Alcala and Nap Collet for their helpful eomments, snd Mrs, Muria
Teresa Torres for preparing the manuseript, Please address all correspondence aned requests
for reprints to Dr. Federico Bermudez-Rattont, Departimento de Neurociencias, Institat
de Fisiologia Celular, Universidad Nacionsl Autonoma de Mexico, Apdo, Postal 70-004),
04510 Mexico, D. I-.

174
(163- 1047791 $3.0)

Copgnpht £ 1PH Ly Aeademis Priss, bne,
AL rights of segreductog i any lany peseiyed,



o

180 FERNANDEZ-RUIZ ET AL.

(Isacson, Dunnctt, & Bjorklund, 1986; Kesslak, Walencewicz, Calin,
Nicto-Sampedro, & Cotman, 1988), or degenerative injuries to adult
mammal brain (Collicr, Gash, & Sladek, 1988. Fine, Dunnett, Bjork-
lund, & lversen, 1985; Huang, Kissane, & Hawrylewicz, 1987).

Conditioned taste aversion (CTA) has been widely used as a model for
the study of learning processes (Garcia, Lasiter, Bermudez-Rattoni, &
Decems, 1985). In this model animals can acquire aversion to a taste cue
(conditioned stimulus, CS) when it is followed by gastrointestinal illness
(unconditioned stimulus, US). The anatomical pathways involved in CTA
have been extensively studied (for review sce Garcia et al., 1985; Kicfer,
1985). Brielly, the posterior ventromedial (VPM) and ventromedial nuclei
(VM) of the thalamus receive afferents from the pontine taste arca. These
thalamic nuclei send fibers to both the gustatory ncocortex and the amyg-
dala (Kicfer, 1985; Lasiter & Glanzman, 1985); reciprocal connections
between the amygdala and gustatory ncocortex have recently been de-
scribed (Escobar, Fernandez, Guevara-Aguilar, & Bermudez-Rattoni,
1989; Lasiter & Glanzman, 1985).

Lesions of the gustatory neocortex region (GN) in adult rats lead to a
behavioral impairment in both acquisition and retention of conditioned
taste aversions (Kicfer, 1985; Lasiter & Glanzman, 1985). It has been
demonstrated that cortical fetal brain transplants induce recovery of taste
aversion learning in rats with gustatory neocortex lesions (Bermudez-
Rattoni, Fernandcz, Sanchez, Aguilar-Roblero, & Drucker-Colin, 1987;
iscobar et al., 1989; Yirmiya, Zhou, Holder, Deems, & Garcia, 1988).

The mechanisms by which the brain transplants produce functional
recovery are not well understood. In this regard, several authors explain
the behavioral improvement after fetal brain transplants in previously
lesioned animals as being due to the release of “trophic” factors (Labbe,
Firl, Mufson, & Stein, 1983). Other groups have pointed out that new
connections between the graft and the host are responsible for the be-
havioral recuperation (Dunnctt, Low, lversen, Stenevi, & Bjorklund,
1982). Kesslak and co-workers (1988) reported that hippocampal but not
glial transplants to adult rats produced partial recovery of a forced-choice
alternation task. These results suggest that morphological recovery is nec-
essary for the functional recovery. In agreement with this hypothesis, we
recently demonstrated, using the horseradish peroxidase histochemistry
technique (HRP}), that cortical but not tectal brain transplants were able
to produce behavioral recovery and reestablish connections with the amyg-
dala and the ventromedial nucleus of the thalamus (Escobar et al., 1989).

Several authors have found connections between the cortical grafts and
the host brain, Floeter and Jones (1985) reported that the cortical trans-
plant projected fibers to the thalamus, the contrafateral cortex, the stria-
tum, and the hippocampus, Castro and co-workers observed that 10
months after cortical grafting, the transplanted tissue had received fibers
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from the basal forebrain, locus coeruleus, and raphe (Castro, Tonder,
Sunde, & Zimmer, 1988). These results clearly show that the cortical
grafts are able to survive in the brain parenchyma and to establish afferent
and cffcrent connections with the host tissue (Ebner, 1988; Escobar et
al., 1989). ‘

In the present study we report the time course of the behavioral recovery
induced by gustatory necocortex transplants after GN lesions, as well as
the time course of the appearance of connections with the amygdala and
thalamus. In addition, we report the time course of the appearance of
acetylcholinesterasc reactivity and the development of grafted tissue using
the Golgi staining technique.

METHODS

Subjects

Fifty-four male Wistar rats weighing 250-280 g were individually housed
in Plexiglas boxes and had ad lib access to food and water, except dur-
ing the CTA procedures (see below). The animals were kept on a strict
12:12-h light-dark cycle (08:00 h on; 20:00 h off).

Surgery

Large bilateral clectrolytic lesions were made under pentobarbital anes-
thesia (S0 mg/kg) to cncompass the gustatory neocortex (AP = +1.2
mm, L. +5.3 mm, DV ~5 mm) in 30 experimental animals. Lesions were
made by passing a direct anodal current (1 mA/60 s) through a stainless
steel electrode coated with epoxyle except for the cross section of the tip.
Twenty-four animals were used as unoperated controls.,

Behavioral Procedure

Following the 7-day recovery period, the experimental and control an-
imals were habituated to drinking their entire daily water ration in the
home cages during a 10-min period in the morning and an cqual period
in the afternoon. This water deprivation schedule was maintained from
Day 8 throughout the remainder of the experiment unless otherwise stated.
The volume of water consumption was measured cvery day with 50-ml
calibrated test tubes cquipped with a rubber stopper and a plass drinking
spout. Water consumption was recorded to the nearest 0.5 ml.

On Day 13 (the acquisition trial), 0.1 M LiCl was presented instead of
water in the afternoon period. It has been demonstrated that the taste
of LiCl can readily be aversively conditioned to its gastric aftereffects,
since it is also the agent inducing illness (Nachman, 1963). The first
extinction trial was given after five water intake baseline measures on
Day 16 in the afternoon. Extinction trials consisted of the presentation
af 0.1 M of NaCl iustead of the LIiCl. Two extra extinction tuials (Days
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tographed under bright- and dark-field microscopy for the presence and
location of retrogradely labeled neurons,

Golgi stain, Six animals from groups G60, G30, and G15 (two cach)
were anesthetized with pentobarbital and perfused through the heart with
10% ncutral buffered formalin, and the brains were removed the following
day. In each rat a 4-mm-thick coronal block of tissue including the gus-
tatory cortex was prepared for the rapid-Golgi technique. The immersion—
fixation solution consisted of 4.5% potassium dichromate (K2Cr207) and
1% osmium tetroxide in distilled water (3:1). After 10 days of fixation
the solution was poured off and the tissue was drained briefly on absorbent
paper, transferred to a 0.75% silver nitrate (AgNO3) solution, and stored
in brown glass bottles. Twenty-four hours later the tissue was removed
from the silver solution, drained briefly on absorbent paper, and then
washed with an ethanol impregnated brush. The tissue was then gradually
dehydrated with ethanol and stored for 24 hin absolute ethanol and ether,
Following that, the tissuc was gradually exposed to gradually more con-
centrated solutions of nitrocellulose (from 2 to 30%) over the course of
not more than 5 days at the maximum. The blocks were embedded in
fow viscosity 30% nitroccllulose and hardened overnight in a container
with chloroform vapors.

Serial sections were cut at 120-pum thickness on the sliding microtome,
dehydrated in ethanot (70, 80 and 95%, 10 min cach), and passed through
98% isopropanol and 98% terpineol (10 min cach). The sections were
transferred to reagent grade xylene and mounted with synthetic resin.

Acetylcholinesterase histochemistry. The remainder of the animals (two
from cach experimental group) were anesthetized with pentobarbital and
perfused transcardially with the same formula described above for HRP
injections. The brains were cut coronally (40 wm thickness), mounted,
and then immersed in the incubating solution described by Paxinos and
Watson (1982). The following day the slices were developed in sodium
sulfide (pH §) and mounted with synthetic resin.

RESULTS
Behavior

Ounec-way ANOVA was done on the test day consumption volume for
all groups, with post hoc group comparisons, when appropriate, using the
Student--Newmann—~Keuls'test (Fig. 1), During the pregraft test trial,
there were significant diflerences among groups (F(7, 51) = 11.4; p <
.001). As expected, the four control groups showed strong taste aversions
in the first test trial. The experimental (GN lesions) groups showed sig-
nificant disrupted taste aversions when compared with their own controls
(p’s < .05). Postgraft ANOVA comparisons (Fig. I, right) revealed that
there were significant differences among the groups (F(7, 51) = 0.88; p
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VOLUME CONSUMED (mi} * SEM

PRE POST

Fig. 1. The graph illustrates the amount of NaCl consumed by control (C) and grafted
groups (G) pre- and postgraft, The lelt side shows the results from the test trial prior to
transplant. ‘The right side shows the results of one test trial after transplant for the 30-, 45-
, and 60-day groups (sec text). *p < .05 (Newmann-Keuls test).

< .001). The control groups again showed excellent aversion, The G15
group showed a disrupted taste aversion, consuming significantly more
NaCl solution when compared with its own control (p < .05), The G30
and G45 groups consumed more saline solution than their respective
control, although there were no significant differences. The G60 group
showed a strong water intakc suppression in the presence of the CS, which
was similar to its own control.

In addition, paired ¢ tests between pre- and postgraft volume con-
sumption were done. The postgraft scores revealed that groups G30, G45,
and GG60 showed a significant aversion as they reduced their water con-
sumption in the presence of the CS when compared with their pregraft
scores (p’s < .05). In contrast, group G15 showed a disrupted taste
aversion both pre- and postgraft, as they had similar NaCl water con-
sumptions.

HRP Histochemistry

The analysis of the brain tissue mjected into the VPPM and VM nuclei
of the thalamus or amygdala with HRP in the G15 experimental animals
showed that there were no HRP-lubeled cells in the grafted tissue. Never-
theless, we found labeled host cells in the ipsitateral thalamus and amyg-
dala projections of the same animals, indicating that the labeling procedure
was working. In the graft tissue of G30 animals the HRP ncurons were
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scarcely labeled. In contrast, in the 45- and 60-day graft tissue, a great
number of labeled ncurons were found, though not as many as in control
tissue, as we have described previously (Table 1; Fig, 2; Escobar ct al.,
1989). The cell distribution inside the transplant did not follow any dis-
tinguishable pattern in all the grafts in which HRP-labeled cells were
found. In addition, we did not find differences in the amount of labeled
cells depending upon the place where the injection was made, i.c., amyg-
dala or thalamus.

Golgi Stain

The Golgi stain results were obtained from six adult brains with fetal
brain transplants. We observed differences at each age of the transplanted
tissue. The difference in the tissues taken at 15, 30, and 60 days was that
they were all in different stages of neuronal development and maturation.
In all experimental groups the grafted tissuc showed a neural reorgani-
zation in both tissue types (grafted and host) with a greater neuronal
density in the transplanted tissue, particularly in thosc of 60 days. In
general, the fetal transplants adhered to the host tissue with abundant
vascularization and great proliferation of glial cells in the transplant border
as well as fibers that crossed the interface. The following chronological
changes were observed. At 15 days, transplanted tissue showed scarce
development of ncurons and blood vessels. Round-shaped ncurons ap-
peared with few dendritic processes; some of them had no spines at all
in their dendrites (Fig. 3A). There were few glial cells in the border of
the transplant. In an overall view the grafts appeared to be at an initial
state of neuronal development, with an incipient vascularization process
between transplant and host tissue. At 30 days, graft tissuc appcared to
be in a more advanced stage of development (Fig. 3B). That is, neurons
showed a great number of dendritic processes growing in all directions
from the celt body. The axons were apparent in the majority of the
neurons, and blood vessels were found in the border and inside the trans-
planted tissuc. Many pyramidal and multipolar neurons were found inside
the transplant. Glial cells were found in many parts of the transplanted
tissue, without any regular pattern. At 60 days, the transplanted tissuc
showed a further advance in the development of neurons and glial cells
(Fig. 3C). Neurons in the graft presented multipolar, piriform, and tri-
angular-shaped somas that appeared quite similar to the host cortex but
not in the same stage of development. ‘The cells in the transplanted tissue
were surrounded by abundant vascularization and well-developed glial
cells (Fig. 3C, g). These glial cells were identified as astrocytes (Fig. 3C,
ga) and oligodendrocytes (Fig. 3C, go). Ramifications of the axons can
be observed in the cell's own dendritic field (Fig. 3C, neuron 5) or in'a
straight direction (IFig. 3C, neurons 2 and 6). Fibers were more abundant
in the border of the transplant. |
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TABLLE L
Quantitative Analysis of the Presence of the HRP-Labeled Neurons instde the
Cortical Grafts

Days post-transplang

Injection site 15 ki) A5 Ol
Thalamus
Mean 0 135 375 8.8
SE — 1.5 7.8 3.5
n 2 2 ) N
Amygdala
Mean { 9.5 135 31
SEE —— (.5 1.5 2.0
n 2 2 2 2

Note. Sce Fig, 2.

Acetylcholinesterase Reactivity

The 15-day antmals showed some fabeled cells and there were few
processes in the transplant, In the 30-, 45-, and 60-day groups there was
an increased number of AChE fibers inside the transplants (Fig. 4). These
fibers formed patches along the grafts, The 15-day post-transplant groups
did not show these AChE patches, since there were few AChF-stained

fibers (Fig. 4A). We could not obscrve any difference in the number of

cells among the different transplant groups, although there was an in-
creased AChIE reactivity withn the G30, G435, and G60O (IFig. 4).

DISCUSSION

The behavioral data obtained in these experiments showed that it took
the grafts at least 30 days to start producing functional recovery in the
host animals. During the initial 15 days post-transplant, the subjects did
not show any rccuperation in the CTA paradigm (Fig. 1). The animals
were able to learn the aversive response to the noxious stimulus after 30
and 45 days post-transplant. At 60 days postgraft the behavioral recovery
was almost complete (GoO; sce Fig. 1), as the grafted group did not show
any significant differences with its own control (Fig, 1), The time-de-
pendent behavioral recovery was accompamed by time-dependent histo-
logical changes. At 15 days postgraft the cortical transplants did not es-
tablish any demonstrable connections with the thalamus or with the
amygdala (Table 1). In the 30-, 45-, and 60-day postgraft groups, the
brains showed increased conncctions with both the thalamus, (VPM-VNM
nuclei) and the amygdala (sce Table ). We could not find a corrclation
between the number of cells labeled in the transplants and the behaviorad
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FiG. 3. Camera lucida drawings of Golgi-rapid impregnated neurons fromy 5+, 3=, and
60-day-old transplants. (A) Drawing of Golgi rapid-impregnated neurons from 15-day-old
transplant. Some neurons show a round-shapzd soma and dendrites supporting sparse spines
(sce, cells 2, 3). Cell | shows more spines and celb 4 15 a nonspiny newon. (B) Drawing
from Golgi-impregnated neurans from J0-day-old transplant. Neuron 1 shows a multipolar
shape with spines on its dendrites. (C) Golgi rapid-impregnated neurons from 60-day-old
transplant, Neurons 1, 2, 3 show multipolar shape, their dendrites ure covered with spines,
and they keep close reltion with pliad cells (), astrocites {ga), and oligodendrocyles (go).
Neurons 4 and 5 (from the border of the transplant) have Large and ramificd axons (arrows),
and neuron 2 iy a typical multipolar cell, Bars represent 0 g ot 00X magnifications.

recovery. However, in the case of the group (15 day) that did not show
behavioral recovery, there were also no labeled cells in the trapsplants
(sce Fig. I; Table 1).

The neurons of the transplants from the 30~ and 60-day postgratt groups
showed a more mature cell morphology. In these groups, the Golgi stain
revealed that cell bodies were more mature, sinee they had mare dendritic
processes with more spines. Nevertheless, the stages of maturation were
ditferent from that of the neighborhood host cortical tissue. These results
arc in agreement with those that have used similar (60-day postgraft)
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Fig, 4. Acetylcholinesterase reaclivity of homotopic neocorticul grafts, in 15 (A and 3),
30 (C and D), and 60 (E and F) days postgrait. A, C, and E x 320. B, D and I x 160,

cortical fetal brain transplants (Yirmiva ct al., 1988). In contrast, the 15-
day post-transplant group showed an immature ccll morphology with a
small number of dendritic spines observed with the Golgi staining, tech-
nique, compared to the adjacent host gustatory cortex (sce Figs. 3A, 313,
3C; Jaeger & Lund, 1981). '

Our results suggest that some maturation of the transplanted tissue
accompanies behavioral recovery, The maturity of the neurons can be
determined by the number of their connections, which include, in part,
those cstablished between the transplant and the host, Recently, some
authors have reported the establishment of connections between cortical
grafts and the thalamus in neonatal rats 2 to 4 months after transplantation
(Castro, Zimnmer, Sunde, & Bold, 1985). Other studies have also shown
that the thalamus of the adult brain could establish only a few connections
with the cortical transplants, from 8 to 28 weeks after transplantation
(Gonzalez, Sharp, & Loken, 1988). We had previously demonstrated that
60-cay transplants of the gustatory ncocortex could establish connections
with the VPM-VM and the amygdala, although the number of labeled
cells was not as great as in control animals (Table 1; Escobar et al., 1989).
In the present paper, the results suggest that the transplanted neurons

B W TR
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required more than IS5 days to start making connections with both the
thalamus (VPM and VM) and the amygdala. In addition, with the use of
the Golgi impregnation, in the 60-day grafts we were able to see some
fibers crossing the boundaries of the transplant into the host tissue, in-
dicating a dynamic process of interaction between the transplant and the
host tissue. However, there was not a faminar arrangement in the grafts
as in the normal host tissuc, indicating that grafted neuronal tissue {ollows
its own developmental and maturation neuronal patterns. These results
are in agreement with those of others, who found partial functional re-
covery without a normal laminar arrangement of fetal cortical brain trans-
plant. (Mufson, Labbe, & Stein, 1987; Yirmiya ct al., 1988), However,
fetal cortical transplants in the central hemisphere of newborn rats showed
laminar patterns in a supra- and infragranular lamimae, which resembled
the normal cortical faminar distribution (Castro et al., 1987), since the
factor for the lamination neocortical pattern appears in postnatal devel-
opment.

One of the explanations for behavioral recovery, from the results pre-
sented here, is that some morphological recuperation is needed, since it
is necessary to wait at least 30 days to start seeing any functional recovery
in gustatory ncocortex-lesioned rats. However, it has been suggested by
other authors that structural and morphological integrity of fetal brain
grafts may not be essential for behavioral recovery after brain injury
(Dunnett, Ryan, Levin, Reynolds, & Bunch, 1987; Kesslak et al., 1980,
Stein, Palatucci, Kahan, & Labbe, 1988). These authors have speculated
that brain injury and/or brain grafts induced a release of neurotrophic
substances that can reactivate ncural function and/or prevent injury-
induced degeneration in the danmaged host brain (Dunnett, et al,, 1987,
Kesslak ct al., 1986). In our results the possibility is low that neurotrophic
factors alone may be involved in the functional recovery since it was
necessary to wait at least 30 days o sce any recuperation.” The best
recovery was reached at 60 days postgraft (see Fig. 1). This obscrvation
is supported by the finding that homotopic cortical but not heterotopic
occipital, cortical, or tectal fetal brain transplants could restore the as-
sociations between taste cues and illness (Escobar et al., 1989; Lopez-
Garcia, Fernandez-Ruiz, Bermudez-Rattoni, & Tapia, 1990). Therefore,
if neurotrophic factors are involved they need to be associated with cortical
homotopic and/or with some time-dependent factor to start producing
functional recovery.

The demonstration of the AChE expression in the transplant in our
results is congruent with previous observations (Hohmann & Ebner, 1988).
Thus, other authors (Park, Clinton, & Ebner, 1984) found AChE exproes-
sion alter 7 days of cortical transplantation. Howcever, it was only after
2 months that they found AChE reactivity similar to that of the cortical
host tissue (Park et al., 1984). In this paper, we are showing the e
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course of AChE graft expression, There was observed a great reactivity
for AChE in the somas but few processes for the [5-day postgraft group.
The number of all processes increased AChE reaction at 30, 45, and 60
days postgraft. Morcover, in a recent paper it was shown that acetylcholine
can be released from homotopical but not from occipital cortical grafts
and that this was correlated with recovery of CTA with 60-day fetal
neocortical grafts (Lopez-Garcia ct al., 1990),

Recently, several authors have demonstrated the presence of trophic
[actors delivered by specific systems. For example, Zhou and co-workers
(Zhou, Averbach, & Azmitia, 1987) described the enhanced proliferation
of processes from raphe-transplanted but not locus coeruleus-transplanted
neurons when they were placed in serotonin-denervated hippocampus.
Moreover, when a hippocampal transplant is placed near undamaged host
hippocampus, the raphe neurons of the host are capable of mnervating
the new target sites, indicating that there 1s some kind of chemotaxis
(Zhou, Averbach, & Azmitia, 1988). So, it seems that some trophic factors
could guide the neuronal processes with some specificity and finally could
lead to the formation of new connections.

In the case of the establishment of connections between GN and VPM,
it may be possible that these connections are mediated by trophic factors
(Zhou et al., 1987, 1988). In our model, there are at least two potential
sources of factors: the transplant itself and the lesion-denervated host
tissue (Cunningham, Haun, & Chantler, 1987). The interaction of these
factors could promote the connection of the transplant with the VPM--
VM and amygdala. One possible hypothesis to explain our behavioral
results is based on the reconnectivity between VPM-VM and GN, as
proposed by Sharp and Gonzalez (1986). These authors suggested that
the reconnections between thalamus and cortex could stop the degener-
ative processes due to the lesion. In this manner the graft could help the
restoration of the lost function, '

In conclusion, we have demonstrated that after 30 days postgraft the
animals with transplants were able to learn the aversive response in the
CTA paradigm. The ncurons in the transplant can express AChE in a
time-dependent fashion. After 30 days the grafted neurons started to
establish connections with the thalamus and amygdala of the host. Finally,
the neurons in the older transplants showed a more mature morphology
than those in the younger ones. All of these results suggest that cell
maturation and reconnectivity are important for recuperation of the ca-
pacity for taste aversion learning in GN-lesioned rats,
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Effects of excitotoxic Iemms of the nuciens basalis magnocellularis on conditioned taste aversion and inhibitory avoidance in
the rat. PHARMACOL BIOCHEM BEHAV 45(1) 147-152, 1993, —The role of the nucleus basalis magnovellularis (NBM)
in a varicety of learning tasks is well known. Lesions of this nucleus result in a reduction of cholinergic transmission throughout
a vast portion of the cortex. Because cholinergic transmission in the insular cortex seeins to be important for the acquisition
of conditioned taste aversion, the aim of the present work was to study the effects of bilateral chemically induced lesions of
the NBM on this conditioning, as correlated witlt some cholinergic markers in the insular cortex. The effect on inhibitory
avoidance was also studied. Lesions prevented the acquisition of the aversion and disrupted retention of the task in previously
trained animals, Learning in the inhibitory avoidance paradigm was also notably affected, Postlesion reductions of choline
acetyltransferase and acetylcholinesierase activities and of K*-stimulated ['H]acetyleholine release were found in the insular
cortex. Further, in intacl rats lubeling of NBM neurons was observed by retrograde tracing after injection of Fluoro-Gold
into the insular cortex. These findings indicate that the NBM is involved in the neural integration of feeding behiavior and

that its cholinergic projection to the insular cortex is one of the implicated neurotransmitter systems.

Nucleus basalis magnocellularis Insular cortex

Acetylcholine release

Conditioned taste aversion

Choline acetyltransferase

THE nucleus basalis magnocellularis (NBM) is the major
source of cholinergic projections to the cercbral cortex (25,
26,30) and it is known to be involved in a variety of learned
behaviors (5,6,17,27,31,34 36)

Conditioned taste aversion (CTA) is a tearning paradigm
in which animals acquire aversion to a taste cue when it is
followed by digestive malaise (14). The brain structures in-
volved in CTA learning have been well established (19). The
agranular insular cortex (IC), a region of the temporal cortex
in the rat, corresponding to Krieg’s areas 13 and 14 and re-
ferred to as gustatory neocortex (4), has been implicated as a
neural substrate of CTA (4,20). Recently, it has beea demon-
strated that the IC is also involved in the acquisition and
consolidation of spatial and inhibitory avoidance learning
tasks (2,3).

We have previously shown that the adult [C is able to
release significant amounts of radioactive acetylcholine (ACh)

' To whom requests for reprints should be addressed.
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after K*-depolarization in a Ca**-dependent manner and pos-
sesses clioline acetyltransferase (ChAT) and acetylcholinester-
ase (AChE) activities (21). However, it is not known whether
this cholinergic input arises from the NBM and whether such
projection is involved in CTA learning. Hence, the aim of the
present work was to study the existence of a cholinergic path-
way arising from the NBM to the IC and its possible role in
the flow of taste information. For this purpose, we analyzed
the effect of excitotoxin-induced lesions of the NBM on CTA
and its relationship with neurochemical alterations in the cho--
linergic nevrotransmission in the 1C.

| METHOD
Subjects and Surgical Procedure

Adult, male Wistar rats weighing 250 + 10 g at the start
of the experiment were used. They were housed individually,
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under an inverted 12 D2 12 Loeyele, with Tood and water ad
lib except when indicated,

Under pentobarbital anesthesia (50 mg/kg), bilateral le-
sions of the NBM were made in 40 animals by stereotaxic
injection of 0.5 pul 0.12 M quisqualie acid (QA) dissolved in
phosphate-buflered saline (PBS), using the following set of
coordinates with respect to bregma: AP ~ 1,8 mm, L 3.2
mm, V —6.8 mm (29). Bregma and lambda were set at the
same horizontal level. The use of this neurotoxin differs from
most articles, in which ibotenic acid has been employed to
destroy the NBM. However, it has been reported that QA
shows a higher degree of specificity for NBM neurons than
ibotenate and that after QA-induced lesion of the NBM corti-
al ACh is deereased as alter ibotenate acid but without the
nonspecific behavioral deficits observed with the latter (9).

The duration of the stereotaxic injection was 5 min, with a
further S-min period allowed for diffusion. In preliminary
experiments, it was observed that the bilateral ijection of QA
during the same period ol anesthesia resulted in severe loss of
weiglit and death of the majority of animals. Therefore, a
I-week interval between the QA injection into the right and
left NBM was allowed. Control rats (n = 13) received injec-
tions of PBS ouly. Behavioral and neurochemical tests were
started 2 and 4 weeks, respectively, after the seconud injection
(see the Results section). Of the 40 rats injected, 14 were dis-
carded because the histological examination showed that the
injection site was misplaced.

Behavioral Procedures

Inhibitory avoidance. Training for inhibitory (passive)
avoidance was carried out in a two-compartment box (30 x
40 x 15 ¢cm) divided by a sliding door. One of thie chhambers
was iluminated by a 46-W light bulb, The other chamber was
not illuminated and its lloor was a metal plate through which
electric shocks were delivered. During the acquisition session,
animals were placed in the illuminated chamber and after 30 s
the sliding door was opened, allowing the rat to enter the dark
compartment. The time elapsed since the door was opened
until the rat moved into the dark chamber was recorded.
Then, the door was closed and a 0.8-mA DC foot-sliock was
delivered for 3 s. The door was opened and the animal was
allowed to return to the Hluminated side. Twenty-four hours
later, the same procedure was folfowed except foot-shock was
not applied (retention trial). If the rat did not enter the dark
chamber within 600 s, the test was stopped and the animal
was returned to its home cage.

Conditioned taste aversion, A previously described experi-
mental model of CTA was used (22). Briclly, animals were
deprived of water for 24 h and trained to drink water twice «
day during [0-min trials for 4 days. On the fifth day, a 0.1 M
LiCl solution was given instead of water to induce taste aver-
sion. After 4 more days of bascline consumption, water was
substituted by @ 0.1 M NaCl solution to test the aversion. LiCl

and NaCl are indistinguishable by rats (38). A decrease of

NaCl intake during the test trial was considered as aversion to
the salty taste.

Neurochemical Procedures

Release of labeled neurotransmitters. The simultancous re-
lcase of ["CJGABA and [*HJACh in IC slices was studied
using a previously described superfusion method (21,28). Ani-
mals were decapitated and their brains quickly removed. The
IC was dissected using the middle cerebral artery and the rhi-
nal sulcus as references (4,20,37). 1C slices (200 pn thickness)
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were olained ina Mcellhwain tissue chopper and preineabated
(about 15 mg tissue) for 10 min at 37°Cin 1 ml of an oxygen-
ated medivm containing (in mM concentrations): NaCl 118,
KCl 4.7, Na, HPO, 1.2, CaCl, 2.5, MgSO, 1.2, ghicose §.5,
Tris-HCI 25, pH 7.4, aminooxyacetic acid 0.1, and eserine
0.1, After this period, the slices were incubated For another
10-min period in the presence of both ["CJGABA (2 nCi,
0.5 uM) and [*H]choline chloride (2 uCi, 0.5 M) and 0.8-ml
aliquots were transferred to superfusion chambers holding
0.65-pan filters, Tisstie was washed by superfusion during S
min and then the collection of T-min fractions of the superfu-
sate was started. At the end of the fifth fraction, the imneditn
was substituted by one containing 47 mM KCIl and 10 more
ractions were collected. The radioactivity in each fraction
and that remaining in the filter was counted by scintillation
spectrontetry, with the double-channel procedure; correction
for YC/*'H overlapping was made. Results are expressed as
percent of total radioactivity released per minute, Total radio-
activity is the sum of total released radioactivity plus that
rentaining in the filter at the end of the superfusion.

The identity of the radioactive compounds released by K-
depolarization under these experimental conditions has been
previously cstablished. About 80% of the "C label released
corresponds to GABA (28), whereas more than 95% of the
tritiwm radioactivity released represents ACh (21).

Ienzyme activities, Water homogenates of the 1C were used
for measuring enzymattic activities by previously deseribed pro-
cedures. ChAT (13,21) and ghutamate decarboxylase (GAD)
(1,21) activitics were measured by radioisotopic techniques
and AChE activity according to a spectropliotometric method
(10). Protein was determined using the Folin reagent method
as described (23).

Histology

To assess the lesion induced by QA microinjection, some
animals were anesthetized with an overdose of pentobarbital
and perfused through the ascending aorta with 0.15 M NacCl
followed by a 4% paraformaldehyde, 0.1% glutaraldehyde
solution in PBS, The brains were subsequently immersed for
2 hiin the fixation solution and theu in 20% sucrose during 24
h, prior to sectioning. A scries of coronal sections (40 jn
thickness) were cut in a cryostat, collected in PBS, mounted
on gelatin-coated slides, and stained with cresyl violet (Nissl
staining) by standard procedures,

In another group of 10 nonlesioned rats, 0.5 pl of a 2%
Fluoro-Gold solution (33) were unilaterally injected in the IC
over a 5-min period, Four days later, animals were perfused,
their brains sliced as described above, and the site of injection
verified histologically by locating the needle track. The ap-
pearance of Fluoro-Gold in retrogradely labeled neurons in
the NBM was studicd with the aid of a fluorescence micro-
scope.

Statistical Analysis

Overall differences among the data from the behavioral
experinients were analyzed using one-way analyses of variance
(ANOVAS), Posthoc comparisons were made using the Fish-
er’s feast significant difference test, Biochemical data were
analyzed using Student’s -tests. In all cases, values of p <
0.05 were considered significant.

Chemicals

[U-""Cl]Aminobutyric acid (sp. act. 192 mCi/mmol) and
[acetyl*H]acetyl-coenzyme A (1.6 Ci/mmol) were purchased
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LESION

FIG, 1. Center: diagram of a section of rat brain at the NBM. Left: micrograph of a Nissl-stained section of the nucleus basalis magnocellularis
{(NBM}) (B) 2 weeks after the lesion induced by quisqualic acid (QA) niicroinjection; the arrows indicate the limits of the lesion (x20). Right:
micrograph of the same region in a control rat, GP, globus pallidus; ic, infernal capsule, Note the important gliosis in the tesioned region.

from NEN Dupont (Boston, MA). [Mcthyl-’H|choline chlo-
ride (80 Ci/mmol) and [1-"'C]L-glutamic acid (56 mCi/mmol)
were obtained from Amersham (Buckinghamshire, UK). Quis-
qualic acid was purchased from Tocris Neuramin (Essex, UK).
Other chemicals were obtained from Sigma Chemical Co. (St.
Louis, MQO).

RESULTS

Histological Observations

Retrograde tracing, Injection of IFluoro-Gold into the IC
of intact animals resulted in labeling of a great number of
neurons in the ventroposteromedial thalamic nucleus and in
the basolateral amygdala ipsilateral to the injection site, as
previously described (11). In agreement with other studies
(32), in the ipsilateral NBM some Fluoro-Gold containing
large neurons were observed, although they were less abun-
dant than in the former structures (results not shown).

Assessment of the NBM lesion. In control as well as in
lesioned animuals, the needle track was readily identificd by
the presence of gliosis. In PBS-injected animals, gliosis was
also observed in the NBM area but the appearance of the
neurons within the injection site was normal. The injection of
QA in the NBM, however, produced loss of magnocellular
neurons in the area, as revealed by Nissl staining (Fig. 1),

Behavioral Observations

Inhibitory avoidance. The deleterious effect of NBM lesion
on the inhibitory avoidance task has been previously reported
(17,27). In the present study, no differences were observed in
the latency to enter the dark chamber during the acquisition
session between the control and the experimental group (<30
s in most cases) and, in agreement with the previously de-
scribed deficits, 70% of coutrol rats reached the maximum
latency allowed during the retention trial, with a mean value

of 485 s, whereas NBM-lesioned rats entered the dark chamber
within the first 200 s of the test {Table ). All animals vocal-
ized as a response to the electric shock during the acquisition
session, indicating that pain sensitivity was not affected by
the lesion.

Conditioned taste aversion, A small, nonsignificant reduc-
tion in the intake of the LiCl solution vs. the baseline intake
(neophobia) was found in the control group (Table 2). This
trend was not observed in lesioned animals. During the test,
however, a highly significant reduction in NaCl intake was
observed in control animals, whereas NBM-lesioned rats
drank as much of the solution as during their daily intake
(Table 2). As mentioned above, a decreased intake during the
test trial should be considered as aversion to the salty taste.

In another series of experiments, the effect of the NBM
lesion in previously trained animals was studied. In this case,
the LiCl solution was given 2 days before the first QA injec-
tion into the right NBM and animals were tested with the
NaCl solution 2 weeks after the injection into the left side (see
tlie Method section). As shown in Table 2, there was a marked
decrease of NaCl consumption by the control group during

TABLE 1

EFFECT OF NBM LESION ON
INHIBITORY AVOIDANCE

Inhibitory Avoidance Latencies (seconds)

Acquisition Test
- Controt (13) 20.1 & 5.0 485 4 62.5
Lesioned (26) 22.6 1 5.0 167 4 44.6*

Figures are mean values 1 SEM for the number of
antmals shown in parentheses,
*n < 0.001 vs. control group.

- p—— Y
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TABLI 2

EFFECT OF NIM LESION ON CONDITIONED TASTE AVERSION

Acquisition Baseline Test % Intake
[.esion betore acquisition
Control (13) %1 4 09 1.8 4 0.5 5.2 + 0.5 49 4§
Lesioned (20) 1.3 & 0.7 10.5 & 0.4 9.4 4 0.8* 90 4 T
Lesion after acquisition
Countrol (10) 9.6 + 0.8 1.7 1 0.6 6.3 + 1.3" 52 + 14
Lesioned (9) 1.6 + 0.9 104 4 04 12.7 + L.1* 122 4 10*

Results are expressed as absolute water intake (in ml) during each of the stages of the behav-
ioral procedure and as percentage of water intake during the test as compared to baseline con-
sumption (last column), Figures are mean valdes + SEM for the number of animals shown in

parentheses,
*1 < 0.001 vs, control group.
Yp < 0,001 vs, baseline intake,

the test, whereas lesioned animals did not reduce the intake
cven though they had been previously trained,

Biochemical Determinations

Release of neurotransmitters. [*C]GABA release from IC
slices in response to high K* concentrations is shown in Fig.
2. As previously described (21), in 1C slices from control rats
K*-depolazization produced a threefold peak increase of la-
beled GABA release as compared with the basal prestimula-
tion value. The NBM lesion did not affect this release because
identical results were obtained with IC slices prepared from
lesioned animals.

PHJACh release was studied in the same set of 1C slices
used for ['C]JGABA release experiments (see the Method sec-
tion). As shown in Fig. 2, and in agrecment with previous
findings (21), K*-depolarization resulted in a 100% peak stim-
ulation of ACh release in control IC slices, In tissue obtained
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FIG, 2. K*-stimulated release of labeled GABA (lef1) and acetylcho-
line (ACh) (right) from insular cortex (IC) slices obtained from. nu-
cleus basalis magnocellularis (NBM)-lesioned animals (O) and control
rats (@) in the presence of Ca®*, After loading ihe slices simultane-
“ously with ["C]JGABA and [’H]choline, they were superfused as de-
scribed in the Method section. At 6 min (arrow), the superfusion
medium was substituted by medium containing 47 mM KCl. Mean
values of 26 experiments for lesioned rats and 13 for control animals.
The maximum SEM was 20% of the corresponding mean but for
most points it was smaller than 10%, *p < 0.05 vs, control group,

from lesioned animals, there was a 37% reduction of the K*-
stimulated ['THJACh release (stimulation peak related to the
basal release) as compared to control tissue.

Enzyme activities. As shown in Table 3, 1C homogenates
from control and lesioned animals had similar GAD activity.
When the incubation medium was supplemented with pyridox-
al-5’-phosphate, GAD activity is enhanced by 100% and the
NBM lesion had no effect on GAD activation by its coenzyme,
In contrast, ChAT activity in IC homogenates was notably
reduced (46% dccrease as compared to controls) after the
NBM lesion. AChE activity was also decreased (by 30%) in
lesioned animals, although this reduction did not reach statis-
tical levels of significance (Table 3).

DISCUSSION
The major cholinergic input to the cerebral cortex is the
NBM, and this seems to inctude a specific projection to the
IC (32). The histological, neurochemical, and behavioral re-
sults of the present work clearly support this possibility and

further indicate that this pathway may be involved in CTA.

Besides the appearance of labeled neurons in the NBM when
the retrograde tracer Fluoro-Gold was injected into the IC of
intact rats, our ncurochemical observations after the QA-
induced leston indicate the putative cholinergic nature of this
pathway.

TABLE 3

LEFFECT OF NBM LESION ON
ENZYME ACTIVITIES IN THE IC

Control (13) Lesioned (26)
GAD
+PLP 45.3 4 5.4 40.8 + 6.3
-PLP 16,9 & 2.5 21.0 + 3.1
ChAT 620 + 8.9 33.4 & 4.2
AChE 942 + 196 672 + 88

Results are expressed as nmol/h/mg protein,
Figures are mean values 1 SEM (or the number of
animals shown in parentheses. GAD activity was de-
termined in the presence and absence of pyridoxal-
5'-phosphate (PLP)..

*p < 0.01 vs, control group.

-]
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The notable reduction ol ChAT activity in the 1C after
QA-induced leston of the NBM is in agreement with pre-
viously reported decreases in other cortical regions using QA
as the neurotoxic agent (8). In addition, we observed a 30%
decrease ol ACOE activity, although with considerable experi-
mental vaciability, and a 37% reduction in ['H]JACh release.
A greater release reduction was expected because CHAT activ-
ity was considerably decreased and the tissue was loaded with
labeled choline. This disagreement can be explained by the
remaining unlesioned cholinergic fibers, which might take up
choline and synthesize and relcase ACh in a normal fashion.
In fact, at least 20% of the ACh present in the cortex does
not arise from the NBM (9,16) and it may be presumed that
this value applics also to the 1C,

The fact that [PC]JGABA release and GAD activity in the
1C were not altered by the NBM lesion rules out the possibility
ol nonspecific damage of the IC and indicates that GABAer-
gic neurotransmission, if involved, is not sufficient for CTA
learning. The possibility that other neuroactive substances
known to be present in the 1C, such as glutamate (21), chole-
cystokinin, somatostatin, or enkephalin (24), may be involved
in gustatory neural processing reniains open.

Several avoidance and spatial learning tasks are affected
by NBM destruction, The impairment of inhibitory avoidance
in NBM-lesioned rats scen in the present study agrees with
previous findings on the role of NBM in this model (17,27).
Because lesions of the 1C also disrupt passive avoidance (2,3)
and because, as discussed above, there is a NBM projection
to the 1C, the loss of this connection may be involved in this
behavioral deficit.

The main and novel bebavioral finding of the present study
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wits the marked impairment of CTA learning alter NBM dan-
age. Our results do not establish the particular stage of CTA
fearning in which the NBM is involved, Because central cholin-
ergic blockade prevents the acquisition of CTA (15), the NBM
projection to the IC might be the anatomic substrate of such
interference, On the other hand, the NBM may also be in-
volved in CTA information retrieval, Indeed, our present re-
sults show that animals that were trained before the surgery
did not retain the CTA aftec NBM destruction, suggesting a
role for NBM in CTA memory,

Opposite the present results, in a previous study in which
the NBM was lesioned witlt ibotenate no effect on CFA was
observed (12), This discrepancy might be due to the fact that
in the latter work animals were preexposed to the conditioned
taste several times prior to the induction of the digestive mal-
aise,

Finally, it has been proposed that the learning deficits ob-
served after NBM lesions are due to an effect on ity limbic
targets, mainly the amygdala, and not to the interruption ol
its ncocortical projection (18). However, it has been shown
that CTA learning is not mediated by the amygdala (3,7), and
a recent report showed no participation of the NBM choliner-
gic projections to the amygdala in CTA (35).

In conclusion, our data indicate the existence of a choliner-
gic NBM projection to the IC and suggest that it may be
onc of the neurotransmitter systems involved in the ueural
integration of feeding behavior.
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AVERSLON IN THE INSULAR CORTEX LESIONED RATS
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INTRODUCTION

Recent research in our laboratory has focused on the influence of
brain grafts on the recovery of learning ability in cortical-lesioned
animals. The findings suggest that graft maturation and/ov cholinergic
activity may play a role in the graft-mediated behavieral recovery
following brain lesiouns.

THE BEHAVIORAL MODEL: CONDITIONED TASTE AVERSION

Our studies have used conditioned taste aversion paradigms (CTA) to
examine the effects of brain grafts on learning in cortically lesioned
rats. Animals can acquire aversions to flavors 1if the taste stimulus (CS)
1s followed by gastrointestinal illness {(Garcia et al.,, 1985) as an uncon-
ditioned stimulus (US). Taste is readily associated with illness and can
be observed after a single taste~illness experience. Tlavor-illness
association has been demonstrated in several laboratories and in different
animal specles. A major advantage of thils model in the study of the
neuroblology of learning and memory is the knowledge of the neural path-
ways 1nvolved. The pathways for CTA have been established with the use of
anatomilcal, electrophysiological and behavioral wmethods (for veview sece
Garcia et al,, 1985; Kiefer, 1985).

THE INSULAR CORTEX

The insular cortex (IC) has been referred to as gustatory or visceral
cortex, since it rveceilves taste and visceral information f{rom the ventro-
medial nucleus of the thalamus that, in turn, receilves afferences from the
pontine parabrachial nucleus, which is a second-order relay for taste and
visceral information (for review sce Norgren, 1989; Kiefer, 1985). The
anatomical connections of the IC clearly suggest that this brain region
may play a role in integrating and possibly storing visceral information
(see Garcila et al., 1985), Moreover, it has been postulated that the 1C
receives convergence of limbic afferences and primary sensory iuputs that
1s not seen within any other seusory area in the cortex (Krushel and van
der Kooy, 1988). Among the IC connections that may be important for
memory processing are those with the limbic system; L.e¢., amygdala, dorso-~
medinl nucleus of the thalamus and prefrontal cortex (Krushel and van der

Chemical Signals in Vertebrates VI, Edited by R.L. Doty and
D. Miiller-Schwarze, Plenum Press, New York, 1992 297



Kooy, 1988; Bermidez-Rattoni and MeGaugh, 1991 Escobar et al., 198%; van
der Koy, 1984).

Although the IC connectivity is fairly well known, the neurotransmit-
ters of the IC have not been extensively studied. 1In this regard, we have
recently demonstrated that slices taken from the IC are able to release
labeled GABA, ACh and glutamate but not dopamine. Additionally, there are
significant glutamic acid decarboxylase, choline acetyl transferase aud
T;;Syiuhuliuesterase activities in IC homogenates (Lopez-Garcia et al.,

a).

Several studies have shown that the insular cortex area is involved in
medlating the associative aspects of taste response, but is not involved
1 the hedonic responses to taste. Rats lacking the IC are impaired in
acquiring and retaining taste aversion. That 1s, when the IC lesions are
made either before or after acquisition of the CTA animals do not show
taste aversfon. However, the hedonic responses of lesioned IC rats appear
to be normal: like normal rats, IC-lesioned animals prefer sucrose as well
as low concentrations of sodium chloride over water and reject quinine and
acid solutions. Also, it is known that taste vesponsiveness remains intact
even in decerebrate rats (Kiefer, 1985; Braun, et al., 1982; Grill &
Norgren, 1978).

RECOVERY OF FUNCTIONS BY FETAL BRAIN GRAFTS

Functional behavioral recovery from brain injury has recently been
demonstrated using the fetal brain transplant technique in adult mammalian
brains. It has been established that transplanted neurons differentilate
and make connections with the host brain (Bjorklund and Stenevi, 1985). We
recently showed that the fetal brain transplants produced a significant
recovery in the ability of IC-lesioned rats to acquire a CTA. The possibil-
ity of spontaneous recovery was excluded, because the animals with IC
lesions that did not receive transplants were unable to acquire the CTA 8
weeks after the transplantation, even with two series of acquisition
trials (Bermddez-Rattoni et al., 1987). In contrast, animals with lesions
in the amygdala showed spontanecous recovery eight weeks after the lesion
was induced. Similar spontancous recovery of performance in an alternatlon
task has been found in animals tested 6 weeks after having received large
cortical ablations (Dunnett et al., 1987).

Elsewhere we have discussed in detall these functional differences
between the amygdala and IC (Bermidez-Rattonil et al.,, 1987). One possible
explanation is that amygdala lesions may have resulted in reorganization
of other elements in the neuronal network. Another plausible explanation
is that for taste-aversion learning the IC may be a permanent memory
store, whereas the amygdala may only serve to influence an initial step in
the storage of CTA (Bermiddez-Rattoni et al., 1987; Bermiddez~Rattond et
al., 1989).

We have further shown that the degree of functional recovery induced
by fetal brain tissue grafts depends on the place from which gralt tissue
was taken., Animals which received homotopic but not occipital cortlcal
tissue recovered the CTA. Further, the animals that received either tectal
heterotopic tissue or ne transplant showed no behavioral recovery.

Results based on horseradish peroxidase (URP) histo:“emistry revealed that
cortical, but not braln-stem grafts, established connectilons with swygdala
and with the ventromedial nucleus of the thalamus (Escobar e 2., 1)89).
Biochemical analyses revealed that IC fetal grafts released GABA, aCh and
glutamate in response to K+ depolarization. In contrast, occipital grafts
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released labeled GABA and glutamate, but not ACh (Lopez-Garcia et al.,
1990b). These results sugpgest that cholinergic transmission 15 dmportant
for CFA and that ACh may play a role in graft-mediated behavioral recovery,

The results discussed above indicate that some morphological recovery
is necessary for the acquisition of taste aversion. However, it has been
suggested that structural and morphological integrity of fetal brain
grafts may not be essential for behavioral recovery after cortilcal brain
Injury (Dunnett at al., 1987; Kesslak et al., 1986). These Investigators
have speculated that brain injury or brain grafts induce a release of
neurotrophic factors that can reactivate neural function and/or prevent
injury-induced degeneration in the damaged host brain (Dunnett et al,,
1987 Kesslak et al.,, 1986), Labbe and coworkers (1983) reported that rats
lesioned in the frontal cortex and given cortical transplants were able to
learn a spatial alternation task in fewer trials than lesionaed controls or
rats with cerebellary dmplants. The recovery effects were seen just one
week after transplantation. In this regard, Dunnett and coworkers (1987)
found that neocortical grafts produced short-lasting improvement in the T-
maze alternation performance. They concluded that the short-lasting ef~
fects were attributable to diffused influences of the embryonic tissue on
the lesioned host brain instead of a reconnection of the damage circuits.
In contrast, findings from our laboratory clearly sugpest that, with CTA,
recovery of function increases with time after transplant.

TIME-DEPENDENT RECOVERY

In a serdes of experiments 1in our laboratory, rats with lesions of IC
showing disrupted taste aversion receilved neocortical transplants and were
retrained at 15, 30, 45 and 60 days after transplantation., The behavioral
results showed almost complete functional recovery at 60 days, slight
recovery at 45 and 30 days and a poor recovery at 15 days post-graft. lRP
histochemistry revealed that at 15 days there were no HRP labeled cells in
thie ventromedial nucleus or into the amygdala. At 30, 45 and 60 days post-
graft, there were increasing connectlons, almost as many as those seen in
the controls, with the thalamus and with the amygdala. The behavioral
recovery was correlated with increased acetylcholinesterase activity,
detected histochemically, and with morphological maturation, revealed by
Golgl staining (Ferndndez-Rulz et al., 1991). The possibility that neuro-
trophic factors alone may be involved in the functlonal recovery is
unlikely, because 1t is necessary to wait at least 30 days to seec any
recuperation, Therefore, such findings suggest that 1f neurotrophic fac-
tors are involved, they need to be associated with cortical homotopic
grafts and/or with some time dependent factor essential for producing
functional recovery., The implication of these series of experiments is
that, for the IC and CTA, functional recovery is related to the morpholo-
gical maturation of the graft.

THE ROLE OF THE NERVE GROWTH FACTOR IN FUNCTIONAL RECOVERY

Several lines of evidence have demonstrated that the nerve growth
factor (NGF) produces a significant regeneration, regrowth and penetration
of cholinergic axons in the hippocampal formation {(Gage 1990; llagg et al.,
1990). Chronic perfusion of NGF, in fimbria-fornix lesioned animals with
severe learning impalrments, produce functional and anatomical recovery
(Varon et al., 1989). It has also been demoustrated that chronic intrace-
rebral infusion of NGF improves memory performance in cognitively impaired
aged rats (Gage and Bjorklund, 1986). Nevertheless, long-term impairments
by application of NGF in combination with intrahippocampal septal grafts
have been observed (Pallage et al., 1986).



In another series of experiments, we have assessed the role of NGF on
the recovery of acquired conditioned taste aversions in cortical lesioned
rats. For CTA, the animals were habituated for 10 days to drink tap wiater
dally during 5 min sessions. After surgery, the animals were given one
acquisition trial and two testing trials conducted every fourth day with
baseline access to distilled water on the Intervining days. The acquisi-
tion day involved the presentatlon of 0.1 M LiCl instead of water. It has
been demonstrated that the taste of LiCl can readily be aversively condi-
tioned to its gastric aftereffects, since it is also the agent inducing
illness (Nachmann, 1963). The tests consisted of the presentation aof 0,1
M of NaCl instead of the LiCl with three water intake baseline measures in
between (sce Bermiidez~Rattonl et al., 1987; Fernindez~Ruiz ct al., 1991).
Rats cannot discriminate between the flavors of NaCl and LiCl (Nachmann,
1963). Three groups of rats showing disrupted taste aversions due to IC
electrolytic lesions were grafted as follows: the fivst group received
fetal (15E) cortical grafc -+ NGF (ICNGF), the second group received
telfoam + NGF (NGF), and the third group received fetal cortical graft
alone (IC). Unoperated animals were used as a control group (CON). The . ,
three grafted and control groups were subdivided in three subgroups (LCN, i
ICNGF, NGF and CON) that were retrained for CTA at 15-, 30~ and 60-days !
post-graft respectively. As expected, the control groups showed strong '
taste aversions in all the post-graft times (see Fig. 1), The IC group
showed a disrupted taste aversion at 15 days post-graft. During the 30
and 60 post-transplantation day, the IC groups showed recovered taste
aversion when compared with the CON group. The ICNGF group showed a siguif-
icantly recovered ability to acquive the taste aversilons at the three
post-graft times when compared with the NGF alone group. These results
indicate that the application of RNGF with the cortical graft accelerace
the functional recovery up to 15 days after grafting.
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Fig. 1. The amount of NaCl consumed by control (CON), Insular Cortex _
(1¢), Insular Cortex -+ NGF (LCNGF), and NGF with gelfoam grafted
groups at 15-, 30-, and 60-days postgraft. # p << 0,05 (Newman-
Keuls' test). For comparison the group CI was redrawn from
Fernindez-Ruiz et al,, 1991,
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The possibility that combinations of NGF with any other brain tissue
could produce functional recovery in IC lesioned animals is currently
being evaluated in our laboratory. Briefly, four groups of IC-lesioned
rats showing disrupted taste aversions received either cortical praft +
NGF, cortical graft + DMEM (Dulbecco's Modified Eagle Medium), mesence-
phalic tissue with NGF, or mesencephalic tissue alone. All the proups were
retrained 15 days after transplantation. The results clearly indicate that
the combination cortical grafts with NGF produce significant recovery in
the lesioned animals to acquire taste aversions. Those animals that
recelved mesencephalic grafted tissue in combination with NGIY, mesence-
phalic tissue alone, or the vehicle with cortical grafts were unable to
acquire the taste aversions after 15 days postgraft. The histochewical
results show the presence of pesitive fmmunoreactlon for NGF and many AChE
positive labeled fibers and somas Into the grafts of the cortical wlth NGV
group. The grafts from the same group showed a noticeable growth and
integration with the host tissue. In addition, preliminary biochemical
experiments showed that choline-acetyltransferase (ChAT) activity in this
proup was very similar to that of the unoperated controls.

CONCLUSIONS

In our model, the application of NGF alone did not produce significant
functional recovery in any of the posit-praft times tested. In contrast,
other authors using different learning models and different brain regions
have found, after few days post-graft, recovery following acute applica-~
tion of NCGF or other trophic factors (Kesslak, et al., 1986; Will and
Hefti, 1985; Heftd et al., 1984; lefti, 1980). Varon and coworkers have
found functional recovery by chronic administration of NGF in fornix
lesioned animals that had evidenced severe impairments in a Morris spatial
task (Varon et al., 1989). In our study, the best functional recovery was
seen when the NGF was assoclated with homotopical cortical grafts but not
with heterotopical mesencephalic grafts or the applicatdon of NGF alone,
These behavioral results appear to be related with the integration and
maturity of the grafted tissue. Preliminary results using the Gelgi
staining technique indicate that the cortical prafts with NGF showed more
neuronal maturation compared to the other groups. Thervefore, as men-
tioned, if neurotrophic factors are involved, they need to be assoclated
with cortical homotopic grafts and/or certain cortical factors-essential
for producing functional recovery.
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Nerve Growth Factor with Insular Cortical Grafts Induces Recovery
of Learning and Reestablishes Graft Choline Acetyltransferase
Activity
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SUMMARY

Rats showing disrupted taste aversion due to
~insular cortex (IC)-lesions received either IC-
grafts with NGV, grafts without NGF, or NGF
alone. An additional group served as lesioned
controls. Only those animals that received IC-
grafts with NGI' recovered the ability to learn
the conditioned taste aversion task, at 15 days
post-graft. Choline acetyltransferase (ChAT)
activity in the IC-grafts with, but not without
NGF, was similar to the IC activity of
unoperated controls. In contrast, glutamate
decarboxylase activity was similar in all the
groups, These findings suggest that IC-grafts
_associated with NGF induce recovery of
learning abilities in IC-lesioned rats, which
corvelates with reestablishment of ChAT
activity in the grafts at 15 days post-
implantation.

KEY WORDS

nerve growth factor, insular cortex, choline
acetyltransferase, grafts, learning, conditioned taste
aversion

Reprint address:

Federico Bermidez-Rattoni _

Instituto de Fisiologig“Celular

Universidad Nacional Auténoma de México
AP 70-600, 04510 México |

It has been demonstrated that chronic perfusion
of NGF in fimbria-fornix lesioned animals with
severe learning impairments induces functional and
anatomical recovery /23/. Moreover, chronic
intracerebral  infusion of NGF improv%s
performance in cognitively impaired aged rats /25'}/.
Recently Otto et al. /21/ showed that the presence
of NGF-soaked gelfoam reduces the death rate of
medial septal neurons following fimbria-fornix
lesions. i

Conditioned taste aversion (CTA) is a learning
paradigm in which rats acquire aversion to a taste
cue when it is followed by digestive malaise /13/. It
has been shown that bilateral lesions of the insular
cortex (IC) disrupt acquisition and retention of
CTA /3,5,16/. Recent research in our laboratory has
focused on the influence of brain grafts on the
recovery of learning ability in IC-lesioned animals
/12,9,10/. Analysis of the time course of the
behavioral recovery induced by IC-grafts after IC-

lesions, demonstrated that at the initial 15 days

post-implant the subjects did not show any
recuperation in the CTA paradigm, whereas a good
recovery was observed at 45 days after graft. In
addition, behavioral recovery was correlated with
increased acetylcholinesterase activity, detected
histochemically /10/ and biochemically /18/.

These findings suggest that graft maturation
and/or cholinergic activity may play a role in the
graft-mediated behavioral recovery following brain
lesions. In the present study we evaluated the role
of NGF in the recovery of CTA induced by cortical
grafts, and attempted to correlate such behavioral
effects with ChAT and glutamate decarboxylase
(GAD) activities, as indicators of cholinergic and
GABAergic neuronal systems, respectively, in the
grafted tissue.

Adult male Wistar rats weighing 250-300 g at
the start of the experiment were used. They were



housed individually, under an inverted 12 h light-
dark cycle, with food and water ad libitum except
where indicated. Bilateral stereotaxic electrolytic
lesions (2 mA/45 s) of the IC were made in 41
animals under pentobarbital anesthesia (50 mg/kg)

using the following coordinglés\with respect to
bregma: AP = +1.2 mm; Lk mm; V = -55
mm. Eleven animals were \iséd as unoperated

controls.

A previously described experimental procedure
for CTA was used /10/. Briefly, animals were
deprived of water for 24 h and trained to drink
water twice a day, during ten min trials for four
days. On the fifth day, a 0.1 M LiCl solution,
which induces digestive malaise, was given instead
of water in order to induce taste aversion. After
four more days of baseline consumption, the water
was substituted by a 0.1 M NaCl solution to test the
aversion. LiCl and NaCl are indistinguishable by
rats /20/. The NaCl consumption volume was taken
as the taste aversion score.

After the first behavioral CTA training and test,
the experimental animals were divided randomly
into five groups: Group one received IC-grafts in
combination with NGF (IC-NGF, n=13); group two
received IC-grafts with vehicle (IC-VEH, n=7); a
third group received gelfoam soaked in the NGF
solution, without graft (NGF, n=10); the fourth
group was an IC-lesioned group (LX, n=11) and
the fifth was an unoperated control group (CON,
n=11), Sixteen-day-old fetuses were removed from
the abdominal cavity of pregnant rats under
barbiturate anesthesia (50 mg/kg). The fetal brains
were removed, and the temporoparietal area (above
the rhinal sulcus) was dissected under a field
microscope. The tissue (about 2 mm3) was soaked
in a highly concentrated solution (20 pg/ml) of
NGF 7S (Sigma, St. Louis, MQO) in Dulbecco’s
Modified Eagle’s Medium (GIBCO, Grand Island,
NY) containing 0.25% bovine serum albumin
(Sigma, St. Louis, MO), according to the procedure
of Otto et al. /21/. After soaking, the tissue was
aspirated into a 100 pl Hamilton microsyringe and
then stereotaxically injected into the IC area, with
the same stereotaxic coordinates used previously
for producing the lesion. After implanting, gelfoam
(about 1 mm?3) soaked in the same NGF solution
was inserted into the cavity. For group two the

soaking solution and gelfoam did not contain NGF,
Fifteen days after the transplantation procedure all
the animals were retrained for CTA.

At the end of the behavioral procedure (post-
implant) IC water homogenates from the IC region
(group CON) or from dissected IC-implants
(groups IC-NGF and IC-VEH) were used for
measuring enzymatic activities. Animals were
killed by decapitation and their brains quickly
removed, The IC region was localized using the
middle cerebral artery and the rhinal sulcus as
references /16,17/ and was dissected on ice and
homogenized as required. The grafted tissue was
carefully dissected from the host tissue dnd
processed in the same manner. ChAT /11,17/ énd
GAD /1,17/ were measured by the radlolsotoplc
techniques previously described in detail, usmg
[*Hlacetyl-coenzyme A (1.6 Ci/mmol) (NEN
Dupont, Boston, MA) and [1-14C]L-glutamate (56
mCi/mmol) (Amersham, Buckinghamshire, U.K.)
respectively, Protein was determined using the
Folin reagent method, as described /19/.

Two animals from each grafted group were
perfused through the ascending aorta with 0.15 M
NaCl followed by a 4% paraformaldehyde, 0.1%
glutaraldehyde solution in PBS, The brains were
subsequently cut and processed for cresyl violet
(Nissl staining) by standard procedures /2/ to
determine the transplants’ characteristics.

A simple ANOVA was done on the test day
consumption volume for all groups, pre and post
graft, with pqst— “hoc group comparisons, when
appropriate, using the Student-Newmann-Keuls’
test, at a 0.05 significance level, The results of the
CTA experiments are shown in Fig, 1. During the
pregraft test trial, there were significant differences
among groups (F, 59=25.63, p<0.001). As expected,
the control group showed strong taste aversion,
whereas the IC-lesioned (IC-NGF, IC-VEH, NGF
and LX) groups showed significantly disrupted
taste aversion. Fifteen days after grafting, ANOVA
comparisons revealed significant  differences
among the groups (F;s;=11.61, p<0.001). The IC-
NGF group showed markedly reduced NaCl
consumption, which was similar to that of the
control group, and significantly different from its
pregraft score, indicating a recovery of taste



aversion, while the X, NGF and IC-VEH groups
did not show any improvement (Fig. 1.

The results of the determination of enzyme
activities are shown in Fig. 2. ANOVA analysis of
ChAT activity revealed significant differences
among groups (I, 2;=9.01, p<0.001). ChAT activity
in IC-NGF grafts was similar to that in intact
controls IC, whereas that in IC-VEH grafts was
only 41% and 47%, as compared with the controls
and the IC-NGF tissues, respectwely In contrast,
GAD activity was similar in IC homogenates in
control, IC-VEH and IC-NGF groups (¥;4,=0.56)
(Fig._._‘Z). The IC-grafts with or without NGF
showed a well integrated and healthy aspect (Fig.
3):

It has been demonstrated that fetal brain grafts
can produce functional recovery in a variety of
behavioral tasks /4,6,8/. We have found that in the
CTA paradigm cortical brain grafts produce a
significant recovery of the ability to learn after 60
days post-graft in IC-lesioned animals, and that -
such recovery requires at least 30 days post-graft
/10/. Other studies have shown that ChAT activity
in the IC is higher than in other cortical areas, and
that IC-graft ACh release is correlated with the
recovery of CTA /17,18/, suggesting that the
cholinergic system is involved in the functional
recovery mediated by IC-grafts. The purpose of the
present experiments was to study the effect of
supplementing grafts with NGF on the behavioral
recovery induced by fetal IC-implants, and to relate
such effects to biochemical changes in the
cholinergic or GABAergic systems.

‘The behavijoral data obtained indicates that at 15
days post-graft the only group that promotes
recovery of the ability to acquire the CTA was the
group with homotopic IC-grafts in combination
with NGF. In view of the above-mentioned data,
this indicates that the administration of NGF in the
cortical grafts significantly affects the functional
recovery observed at 15 days post-graft.
Experiments assessing the effects of NGF alone or
in combination with grafts, in a time-dependent
fashion, are currently being evaluated in our
laboratory.

Our biochemical analyses showed that ChAT
activity in the homotopic IC-grafts plus NGF was
similar to that in the IC of intact control animals,

whereas in the IC-grafts plus vehicle it was
considerably reduced. 'Furthermore, preliminary
studies using in vivo assays of ChAT and ACh
levels have demonstrated - that IC but not
heterotopic “grafts ~with NGF reestablish ChAT
activity (Russell R.W., Escobar M.L., Booth R.A,
and Bermidez-Rattoni F., in prepmauon) These
data, togethur with the above-mentioned findings,
suggest a  participation = of  cholinergic
neurotransmission in the graft-mediated functional
recovery. In this regard, it has been demonstrated
that NGF application produces a sxg,mﬁéant
regrowth and reconnectivity of cholinergic flhers
using the septo-hippocampal lesion model /}4/
Other authors, using different learning models and
different brain regions, have found recovery after
acute application of NGF or other trophic factors.
Moreover, that recovery has been correlated with
the survival and improvement of the functional
capabilities of cholinergic cells /7,12,15,22,24/. In

‘this regard, Varon and coworkers /23/ using

chronic NGF administration in animals with fornix

“lesions, have described functional recovery in a

Morris spatial task, that also correlated with
regrowth of cholinergic fibers.

In the present experiments, measurement of
GAD activity at 15 days post-graft, in contrast to
ChAT, did not show any significant differences
between groups. These results suggest that GABA
medidated neurotransmission does not play an
important role in graft-promoted - behavioral
recovery. Obviously, the involvement of other
neurotransmitter systems cannot be dismissed.
Despite  the apparent similarity in  the
morphological appearance of the IC-NGF and IC-
VEH grafts, the results indicate that the
biochemical differences in ChAT activity are more
relevant to the behavioral recovery observed.

The present findings suggest that NGF, when
associated simultaneously with homotopic IC-
grafts, produces recovery of learning abilities in
IC-lesioned rats and the reestablishment of ChAT
activity in the grafts at 15 days post-graft. o
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CONDITIONED TASTE AVERSION
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Fig. 1:  Amount of NaCl consumed by control (CON), lesioned (LX), insular cortex + NGF graft (IC-NGF), NGF alone (NGF)
and insular cortex + vehicle graft (IC-VEH) groups. Left panel shows the results from one taste test trial prior to implant,
Right panel shows the results of one taste test trial 15 days after implant. Values are means = SEM. **p<0.01 as
compared with controls (Newmann-Keuls’ test), = ' o
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Flg.3:  Nissl staining of coronal sections from homotopic
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position of the grafts in the host brain is schematized (center). B and D (40x) magnifications of the boxed regions in A

and C (20x) respectively.
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ABSTRACT

Wc xcccmly dunoum ated that fetal bl am 1mplanlb plOdULCd a momlwdm
wcovuy in the dblllly of insular cortex (IC) lesmmd rats to learmn a
conditioned taste aversion (CTA). We now ICpOll ctlects on the recovery
oll CTA and of a second measure of leammg, mhibitory avoulance (IA), of
supplementing the implants with nerve growth factor (NGF). Four groups
of male Sprague-Dawley animals showing disrupted taste aversion
following 1C lesions, plus two control groups, received different
experimental treatments: Group 1, unlesioned control; Group 2,
homotopic IC implants without NGF; Groups 3 and 4, 1C implants + NGF;
Group 5, heterotopic occipital cortical implants + NGF; and Group 6,
without an implant as a lesioned control. All groups except Group 4 were
trained pre- and post-implant in the CTA paradigm. Two days after CTA
testing post-implant, all groups received IA training. Behavioral results
showed that insular cortex implants with NGF promoted recovery to
control levels of the ability to learn both tasks at 15 days post-implant.
Those animals that received occipital implants with NGF, or insular cortex
with vehicle or remained without implants did not show any significant
behavioral recovery at 15-days post-implant. These findings suggest that
NGF should be associated with homotopic implants facilitates recovery of
learning abilities 1n insular cortex lesioned rats and suggest that similar
treatments with N'TFs ‘may have analogous effects when lesions involve

other brain areas.
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INTRODUCTION

Some 30 years ago evidence for the control of growth in nerve cells
by a protein factor, i.e., neurotrophic l.’ucter (specilically, NGF) (Levi-
Montalcini, 1964) suggested "...the interesting possibility that interactions
may occur between behavior and 'biochemitcal events involved in the
synthesis of NGF...."(Russcll, 1966). During the past decade a number of
reports have shown the relations between NGF and the recovery of
behavioral impairment with and without bfain "implants" following lesions
of cholinergic pathways in the brain. Thus, lesions of the cholinergic
septohippocampal pathway have been shown to produce severe impairment
of behaviors involving sensory-motor processes, learning and memory. It
has also been reported that, continuous infusion of exogenous NGF icv
reduces total neuronal degeneration measured at 2 weeks after fimbria-
fornix transection in adult rats, sparing being 50% in the medium septum
and 100% in the diagonal band of Broca (Williams, Varon, Peterson,
Wictorin, Fischer, Bjorklund & Gage, 1986), Such relations between
neurochemical events and changes in behavior have encouraged a spate of
experimentation designed to manipulate NGF and neuronal regeneration as
means of compensating for adverse behavioral effects of experimental
lesions. Two general experimental approaches have been used: (a) repeated
(chronic) injections, infusion of NGF or inscrtion of NGF-soaked gellfoam
| and (b) implantation of neuronal or target tissue. Both of these have been
reported to have produced at least partial compensation for effects of brain
damage, restoring the pattern of cholinergic mnnervation and producing

concomitant improvements in some but not all behavioral patterns.
Conditioned taste aversion (CTA)_ is a learning paradigm in wich

graft-mediated recovery has been observed (Bermidez-Rattoni, Ferndndez,

.
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Sdanchez, Aguilar-Roblero & Drucker—C(")\l/in‘,‘ 1987; Escobar, Ferndndez,
Guevara-Aguilar & Bermidez-Rattoni, \1989; Yirmiya, Zhou, Holder,
Deems & Garcia, 1988). In this beluwioralmo,del, rats acquiré aversion (o
a taste cue when it is followed by digéstive malaise (Garcfa, Lasiter,
Bermudez-Rattomi & Deems, 1985). The zu_latdmical substrates responsible
for CTA learning have been well established (Kiéi’er, 1985). It has been
shown that bilateral lesions of the msular neocortex (IC), a region of the
temporal cortex in the rat, disrupt acquisition and retention of the aversion
in an experimental model of CTA (Lasiter & Glanzman, 1985). Recent
research m our laboratory has focused on the influence of brain grafts on
the recovery of learning ability in IC-lesioned animals (Bermiidez-Rattoni,
et al., 1987; Bermidez-Rattoni, Escobar, Pifia, Tapia, Lopez-Garcia &
Hiriart, 1992; Escobar et al., 1989; Ferndndez-Ruiz, Escobar, Pifia, Diaz-
Cintra, Cintra-McGlone & Bermiidez-Rattoni, 1991). Analysis of the time
course of the behavioral recovery induced by IC-grafts after IC-lesions,
demonstrated that at 15 days post-implant the subjects did not show any
recuperation in the CTA paradigm, whereas a good recovery was observed
at 45 days after implant. In addition, behavioral recovery was correlated
with increased acetylcholinesterase activity, detected histochemically
(Ferndndez-Ruiz et al., 1991) and biochemically (Lopez-Garcia,
Fernindez-Ruiz, Bermidez-Rationi & Tapia, 1990). In the paragraphs to
follow we report experiments designed to investigate the role of NGF in

the recovery of CTA and A induced by cortical grafts.

- —— " Do

-
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MA'l LRIALS AND MF '1 HODS
ReqL arch De‘slg_l_

| 'lhe rcsecuch dcswn s bumnmuzud m 'ldble 1 deh 01 SIX gploups of
rats ICCCIVCd dlﬂuem ucatmuus Group l bLIVCd as an unlebloned
conuol ,g,loup Gloup 2 pxowded the data requucd to dotermme eifects of
IC 1mplants without NGF. Groups 3 and 4 were both implanted with IC +
NGF, differing only in that Gloup 4 was never cxposed to the hthlum
involved in the C(I)ndmoncd tahte dVClblOIl p(uadlg,m (C I‘A) Group 5
recelvcd hetelotoplc OCCII)llal cortex (OCC) for compamon w1th cuumala
recelvmg homotoplc lmplants Gloui) 6 \;v[as Iesmned in the IC and did not
receive an implant.

Animals

Sixty male Sprague-Dawley rats (Charles River Laboratories,
Wilmingtom, MA), participated at the start of the study. They weighed
between 200-225 g when they arrived in the vivarium. They were
assigned one pei' cage and were fed on standard laboratory chow. A 12 hr

light/dark cycle (lights on at 7:00 a.m.) was maintained throughout the
| experiment. During their stay the animals were checked regularly for
signs of infection; additional "sentinel" animals showed negative serologies
throughout. One animal failed to survive surgery following lesioning; data
on amount of water consumed by another subject during a critical CTA
trial were lost, eliminating that animal from further participation in the
study.
Lesions

Stereotaxic surgery was used to create bilateral electrolytic lesions in
the IC. Animals were kept under deep pentobarbital anesthesia (50 mg/kg)

during the procedure.. A monopolar stainless steel electrode, coated with
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cpoxyle except t01 the up (0.5 mm) kwas inserted using the following
coordinates wiih r(spc,ct to blcgmd AP 41, 2; L, & 5. 5, and V, -5.5. The
lesions were produced by pasbmg, 4 2 mA anodal current through the
electrode for a duratlon of 45 s.

IC Implants

| Sixteen-day-old fetuses were rémoved from the abdominal cavities of
pregnant rats under pentobarbital anesthesia and their brains were
extracted. Tissue blocks of approxixﬁatély 3 mm3 in volume were
dissected from the region 'correspondihg’ to the temporopafietal area
(above the rhinal sulcus) and from the oééipital cortex for homotopic and
heterotopic implants, respectively. Using a 100 pl Hamilton syringe (1700
series gastight, needle L.D. 0.006 in.) tissue w'as. placed stereotaxically into
the cavity produced by the lesion, using the same set of coordinates given
above. Prior to the implants the txssues were embedded in a high
concentration solution (20 ug,/m]) of NGF 7S (Sigma, St. Louis, MO) +
DMEM (Dulbecco's Modified Eagle's Medlum, GIBCO, Grand Island,
NY/0.25 BSA Bovine Serum Albumin (Sigma, St. Louis, MO) according to
Otto, Frotscher and Unsicker, 1989. Following implant, a cap of gelfoam
embedded in the same solution was inserted into the cavity and the external
(cranial) opening was sealed with nylon s-c.'r.ews. Implant surgery started 12

- days after the lesion procedure.

Conditioned Taste Aversion (CTA)

The CTA procedure used in the present experiment has been described
clsewhere (Femzindez-Ruiz et al._, 1991;_iL6pez-Garcia, et al., 1990). In

brief, animals were first deprived of water for 24 hr and then given 10

min drinking sessions twice a day (9:00 a.m. and 4:00 p.m.) for two days,



Homotopic implant + NGF

by which time the amount conSumcd had become asymptotic. On the
moming of the third 'clay 1 0.1 M LiCl solution replaced the tap water in
order to induce taste aversion. There follpwed four drinking sessions with
tap water before a test for retention of the CTA using a 0.1 M NaCl
solution, the latter being indistinguishhble'from LiCl by rats (Nachman,
1963). A second retention trial withNaCl was givén after two further
sessions with tap water. Fifteen days after the implant surgery the CTA

procedure was repeated, this time with only one NaCl test.

Inhibitory (Passive) Avoidance

Inhibitory (passive) avoidance memory was measured in a "step
through" apparatus. The apparatus consisted of (a) a small compartment
made of white plastic, (b) a larger dark compartment of stainless steel, and
(c) a shock delivery'unit with a set duratjon (0.5 s) and adjustable intensity
(mA) of the mild electric shock used as an aversive stimulus. The
procedure involved two types of trials. During a single training trial the
animal was placed in the white compartment; entry into the dark
compartmenfled immediately to the closing of a guillotine door and the
administration of a 0.40 mA footshock. A test trial without shock was
giveﬁ 2 days later, the measure takein' being time to enter the dark
compartment after release {rom tlic w?;ite. The times for animals not
entering within 10 min were recorded as 600 s. The IA procedure was |
carried out at the end of the second CTA training and testing. Six days
later, all animals were killed and their brains were dissected and processed

for cholinergic assays (Jenden, 1977).
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Data_Analysis =~ o

| Analyses of all data centered' on ANOVA. Parametric or
nonparametric procedures were applied :depending upon the nature of the
measure being treated. When F-values were significant (p<3.0x10-2 level
of confidence), parametric (Zar, 1974) for CTA or nonparametric (Siegel
& Castellan, 1988) for IA techniques for multiple comparisons were used
in determining the source(s) of the significance. IF and p values are usually
given only when' significant, precise p values being recorded to p<5.0x10-
2

RESULTS

'The results are summarized in two major sections. The first examines

effects of the lesions and implants on CTA and the second, effects of

implants on IA.

Conditioned Taste Aversion

CTA Conditioning. Analyses of results during the postlesion period
provided opportunities to examine several treatment effects independently
from interactions with effects of the various implants. Potential effects of
the IC lesions per se were reflected in water intakes during the two
‘drinking sessions (A.M. and P.M.) which followed the surgery by five days
and preceded the LiCl treatment the following day. However, there were
no significant differences among the treatment groups during either of
these sessions. The mean = SEM for the combined groups were: A.M.,
14.97 + 0.318; and P.M,, 13.53 £ 0.351. These analyses indicate that any
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postoperative effects on drinking behavior that may have uccompanied the
surgery had disappeared by the time condiﬁoning of thé CTA began,

As has been reported previously, fllcx"e was a clear disruptioniof the
neophobic response by IC-lesions (Berhiﬁdez—Rattoni et al., 1987; Escobar
et al., 1989). ANOVA was calculated 611 percentagcs" from previous day
baseline volumes within each group. During the postlesion acquisition trial,
there were significant differences in immediate responses to the LiCl
experience per s¢ between groups: F(4,49)=3.16, p=2.2x10-2. Analysis by
Scheffé contrasts indicated that the control group drank significantly less
(84.7943.68) than the four lesioned groUpS exposed to ‘LiCI (101.77+£3.13)
and the non conditioned group (103.681+6.45).

Retention of CTA. After four normal drinking sessions, the first of two
tests for retention of the CTA was administered, NaCl solution being
substituted for tap water. Figure 1A shows the effects of IC-lesions during
the NaCl test session. Differences among groups were highly significant:
F(4,49)=11.27, p=1.0x10'4. Examination of the means for the various
groups showed a clear suppression of NaCl-solution intake in the control
animals despite the reduced consumption of LiCl during the acquisition
session, but not in the other groups, all of which had been lesioned
(control, x=59.7 5+11.39; lesioned, ;=122.2i7.6) and the non conditioned

group (140£10.02). This trend was similar to that on the normal tap water

session following the LiCl trial. Scheffé contrasts also showed that the

control group drank significantly less than the other animals. In terms of
established CTA interpretation, the controls remembered the LiCl

experience, while the others did not (Figure 1A).

Extinction of CTA. Two normal tap water sessions intervened before the

second NaCl test. There were no significant group differences in water
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intake during that session. Apparently extinction of the CTA had occurred
in the control animals. |

Effects of implants. Retraining of the CTA began 15 days after implant

surgery, with LiCl solution substituted for tap water during the A.M.
session on the third day. A NaCl test for retention of the CTA took place
during the P.M. trial on the fifth';day of the series, differences between
groups being highly significant: F(5,53)=27.12, p=1.0x10-4. Schefté
contrasts revealed that the control ( §=32.78:*:4-.78) and IC-V-NGF
( x=28+2.84) animals differed frdm the other groups, but not from each
other. In other words, the animals recéiving IC implants supplemented
with NGF had recovered the ability to learn the CTA task (Figure 1B). It
is strikingly clear that, although a high level of retention as evidenced in
low water intake continued to characterize the behavior of the control
group, a major improvement occurred in animals with IC + NGF implants.
Retention by subjects in the other treatment groups showed very little
change postimplant, despite the earlier practice during the postlesion
period.

Of particular significance to the interpretation of our present results
are comparisons between the performances of the various groups on
retention (NaCl) tests postlesion and postimplant. Such comparisons
provide information about effects of the various experimental treatments.
They were carried out using pairéd t-tests. Retention of the CTA by
control and LX subjects were not significantly different when tested
postlesion and postimplant. Both lesioned groups receiving exogenous
NGF drank less after treatment than _before, indicating an improved
retention (p<5.0x10-2). The IC-V group (without NGF) also improved |

significantly (p<5.0x10-2), Animals receiving homotopic implants (IC) plus
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NGF evidenced by far the greatest recovery, reaching control levels within
15 days postimplant (p<1.0x10-3). Those with heterotopic implants (OCC)
plus NGF showed a small but reliable recovery that could be attributed to
the exogenous NGF included in their treatment (p<5.0x10-2),

L ] - .. | l
Inhibitorv Avoidance

Performance in the inhibitory avoidance situation was introduced as a
second measure of differences in leaming among the various treatment
groups. Training sessions were conducted on the day immediately
following the CTA retention trials; tests for JA memory, on the second day
thereafter. Because of the arbitrary limit of 600 sec imposed on retention
trials, the distributions of measure of rete_ntion times were truncated,
leading to the use of nonparametric statistics for analyzing the data.
Training times were not so artificially limited and were normally
distributed.

Means=SEM for retention times (sec) are given in Figure 2. There
were no significant differences in training times ainong the groups:
F(5,53)=0.32, p=9.0x10-1. This indicated that the preceding treatments
(Iesion, implant, CTA) had no carryover effects on the responses of the
animals to the negative phototropism involved when placed in the IA
apparatus. By comparison, performances during the retention session were
highly significant: Kruskal-Wallis (chi-square approximation) analysis
yielded a Chi2(5)=44.517, p<1.0x10'4. This indicated both that acquisition
of the avoidance response had occurred during the training trials and that
the training had differential effects on the various treatment groups.

Examination of Figure 2 suggests that three treatment groups had
significantly longer re_tention times than did the others, 1.e., control, 1C-V-

NGF, and 1C-V-NGF-N. Multiple comparisons using rank sums (Siegel &

9
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Castellan, 1988) confirmed this observation. It is also reasonable to
predict that the two IC-V-NGF groups, differing only in that one had been
tested for CTA and the other had not, would not be significantly different.
This prediction was corroborated by a rank sums comparison, indicating
that there were no carryover eflects of exposure to LiCl three days carlier.

A central hypothesis in the present studies was designed to test
whether supplementation of the fetal IC implant with NGF would induce
recovery from the I1C lesions at 15 days post-graft. This hypothesis may be
tested by comparing the rank sums of retention times for the two 1C-V-
NGF groups with the groups, IC-V, that did not receive the NGF, and the
OCC-V-NGF that received heterotopical grafts plus NG supplement.
Clearly supplementing the homotopic fetal implant tissue with NGF
produced a significant recovery of learning performance. These effects
were not evidenced when heterotopic grafts were supplemented with NGF
or when only vehicle was applied in the homotopic grafts. Differences
among the other three groups were not significant and showed little

evidence of learning.

DISCUSSION

Lithium; lack of extended carryvover effects

The research was also designed to clarify a secondary matter, i.e., that
the use of LiCl in the CTA paradigm might influence the conditioning
process by affecting levels of ACh in brain. It has been reported that, after
acute injection, lithium accumulates slowly in brain, reaching a maximum
concentration in approximately 24 hr and being removed slowly (Kling,
Manbwitz & Pollack, 1987). It has also been shown that corresponding

increases occur in rate of synthesis of ACh (Jope, 1979). Behavioral
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effects of chronic LiCl treatment have been reported to include suppression
of hyper-reactivity to changes in external environmental stimulation
(Russell, Pechnick and Jope, 1981), cffects i‘@lnilliscent of the use of Lias a
therapy in human manic and manic-depressive disorders. To ensure that
interpretation of the results of the present experiments would not be
complicated because of the exposure to Li, the research design included
animals treated exactly as the experimental gi'oup, IC-V-NGF, but not
tested for CTA conditioning, i.c., receiving no LiCl. It would be predicted
that any carryover effects would appear as differences between these two
groups. As the results showed, behavioral measures of the two were not
significantly different when tested three days after exposure to LiCl.

Behavioral recovery

A case for the involvement of the cholinergic neurotransmitter system
in behavioral recovery from brain lesions when the latter are followed by
fetal implants has received extensive support from a variety of
experimental studies (Bermiidez-Rattoni et al., 1992; Gage & Buzsaki,
1989; Russell, 1988). Lesions have been shown to produce highly
significant morphological, electrophysiological and neurochemical changes
that are reflected in behaviors known to be influenced by the functioning
of that system. Given such effects, attention has turned to means by which
they may be ameliorated, with particular emphasis on the use of exogenous
NGF and/or its combined actions with tissue implants. The present
experiments have defined the success of such approaches, i.e., "recovery”
from lesions, in terms of behavioral criteria. Investigations usiilg other
criteria have demonstrated that treatments involving homotopic implants
supplemented by exogenous NGF can enhance and accelerate regrowth and

penetration of cholinergic axons into a lesioned area (Hagg, Vahlsing,
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Manthorpe and Varon, 1990; Vahlsing, l—-Iagg, Spencer, Connor, Manllhorpe
& Varon, 1991), restore rhythmic slow '(them) acﬁvity in the denervated
hippocampus (Buzsaki, Gage, Czopf & Bjorklund, 1987) and stimulate the
recovery of cholinergic functions (Lapchzik, Jenden and Heft; 1991).
Results of the present research have extended knowledge of the latter and
related 1t to changes 1 behavior.

The ultimate criteria for recovcry in the .preisent-Iexperiments were
measures of learning in two quite different paradigms: conditioned taste
aversion and inhibitory avoidance. Previous research had shown a form of
specificity in reactions between the sites of lesions and their effects on these
two behaviors: IC lesions resulted in disruption of both, amygdaloid
lesions only IA (Bermidez-Rattont & McGaugh, 1991)- The research had

also established convincing evidence for the importance to behavioral

recovery of homotopic implants, heterotopic being ineffective (Bermidez-

Rattoni et al., 1992). Our present results are consistent with both these
conclusions. These results are also consistent with an earlier report that
recovery of IA from the debilitating effects of IC lesions is greatly
facilitated by the simultaneous implant of homotopic fetal tissue and NGF
(Escobar, Hiriart, Pifia & Bermuidez-Rattoni, 1991), NGF in gelfoam had
been found to reduce death of medial septal neurons following fimbria-
fornix lesions, the success rates being only partial and related to the level
of NGF administered (Otto et al., 1989).

Roles of NGF in behavioral recovery

e s

During the past decade interest in behavioral effects of experimentally

administered exogenous NGF has grown rapidly. Almost without

~exception reports of such research have indicated improvement in

behavioral deficits induced by brain lesions. In our laboratory we have

12

e

-

~ ——



R

Homotopic implant + NG

been especially interested in looking for neural and vascular changes which
may coincide in these time frames with the behavioral modifications. We
h;we shown (I-"*‘miuindez-Rufz et al., 1991) that tissues taken at various times
after fetal brain implants without NGIF supplementation were in different
stages of maturation. At 15 days there was very little development of
neurons and blood vessels in the implanted tissue. Increasing maturation
occured at 30 and 45 days. By 00 days a greater neuronal deusity had
developed; fetal implants adhered to the host tissue with abundant
vascularization; proliferation of glial cells was clearly apparent; and, fibers
increasingly crossed the border between the implant and the host. We have
also demonstrated that, using the same experimental designs, recovery of
learning and memory followed a simtlar cause: starting at 45 days post-
implant (Ferndndez-Ruiz et al., 1991) and reaching a significant recovery
by 60 days (Bermudez-Rattoni et al., 1987; Escobar et al., 1989).

The results we now report fit well within this general time frame. In
the present experiments we have introduced exogenous NGF using two
techniques employed by other investigators: implants of fetal brain tissue
and infusion using NGFEF-saturated gel foam. The nature of our research
design makes it possible to isolate the behavioral effects of each, as well as
their combined effects. Neither fetal implants alone nor NGF supplement
of heterotopic implants induced recovery of CTA or IA te normal control
levels within 20 days post implant. The contrast with performances of
animals receiving both homotopic implants and NGF supplements was
striking, they having reached parity with the unoperﬁted control subjects
within this period These findings indicate that NGF associated with

homotopic implants significantly facilitated behavioral recovery and
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suggest that similar treatments with NTFs may have analogous effects when

lesions involve other brain areas.
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TABLE |

SUMMARY OF RESEARCH DESIGN”

Treatment
Group n 1 2 3 4 5 6
Lesion CTA Implant CTA IA Neurochem
Assays
Days of experiment 0 8 16 31 37 43
Control 10 . + - + + +
IC-V 9 + + + - + +
IC-V-NGF 10 + .e + + : +
IC-V-NGF-N 9 + - + + +
OCC-V-NGF 10 + + + + + +
- + + +

LX 10 + +

*"4", treatment given, "-", treatment not given



Fig. 1 Amount of NaCl consumed by CON control; IC-V insular cortex
implants; 1C-V-NGF insular cortex implants with nerve growth factor (-N,
not exposed to lithium); OCC-V-NGF, occipital cortex implants with nerve
growth factor and LX, lesions only. Consumption is expressed as the
percentage of each group's previous day water baseline. Left panel (A)
shows the results of one taste test trial prior to implant. Right panel (B)
shows the results of one taste test trial 15 days after implant. Values are

means & SEM * p<5.0x10-2 as compared with controls (Sheffé test).

Fig. 2 The bars illustrate the latency in seconds during the inhibitory
avoidance test, of control (CON); insular cortex implants(IC-V); (IC-V-
NGF) insular cortex implants with nerve growth factor (-N, not exposed to |
lithium); (CCC-V-NGF) occipital cortex implants with nerve growth factor
and (LX) lesioned groups at 15 days post-graft. * p<5.0x1092 (Kruskal-

Wallis) as compared (o control group.
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Cholinergic involvement in behavioral recovery

ABSTRACT

We recently demonstrated that insular co_rte'x?‘ (IC) fetal implants
suppléﬁmnted by nerve growth factor (NGF) can accelerate the recovery of
behavioral deficits induced by IC brain lesions. In the present report we
describe results of in vivo assays of acctylcholine (ACh) turnover in the IC
of rats subjected to the same brain lesion and implant treatments used in that
research and for which detailed behavioral data are available. The
neurochemical assays were carried out immediately after completion of the
behavioral measurements. The assays showed that implants or NGF with
heterotopic tissue continued to be associated with elevated levels of ACh
and with deficits in learning and memory at a time postlesion when both
behavior and ACh turnover in vivo, after treatment with homotopic implants
and NGIF combined were at nonlesioned control levels. The results support
the concept that, in vivo, the cholinergic neurotransmitter system is
intimately involved in recovery from IC lesion-induced deficits in behavior
and show that a combination of homotopic implant and NGF may be used as
a means of manipulating that system to accelerate the repair of such deficits.

Mechanisms by which this combination produces its effects are considered

and the possibility suggested that other neurotrophic factors (NTF) may also

be useful when other types of brain lesions are involved.
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INTRODUCTION |

Recently we have demonstrated that behavioral recovery after cortical
lesions involving cholinergic pathways in the bru‘ini can Ibe very significanlty
accelerated by homotopic fetal implants supplémented by NGF (Bermidez-
Rattoni, Escobar, Pifia, Tapia, Lopez-Garcia &'l-lirim'i, 1992; Lscobar, Russell,

Booth & Beﬁnﬁdei-Rattoni, submitted).“Research,using other criteria for
j "recovery” had concluded that similar combinations of implants plus NGF can
enhance and accelerate regrowth and penetration of cholinel\'gic axons into a
lesioned area (Hagg, Vahlsing, Manthorpe, & Varon, 1990; Vahlsing, Hagg,
Spencer, Connor, Manthorpe & Varon, 1991), restore rhythmic
electrophysiological activity in the denervated hippocampus (Tuszynski, Buzsaki
&Gage, 1990) and stimulate recovery of ACh synthesis and release in vitro and in
vivo (Lapchak, Jenden & Hefti, 1991). Such observations are consistent with the
wealth of evidence supporting the central roles played by the cholinergic system in
a variety of neurodegenerative diseases (Candy, Perry, Court, Oakley and
Edwardson, 1986; Perry, 1990) in brain aging (Wenk, Pierce, Struble, Price &
Cork, 1989) and in learning and memory ( Decker & McGaugh, 1991).

Research described in the prescent report focuses on interactions between two
of these basic parameters: neurochemical events and behavior. Much attention has
been given to changes in activity levels of enzymes involved in the synthesis and
degradation of ACh (Gage & Buzsaki, 1989; Lépez-Garcia, Bermiddez-Rattoni &
Tapia, 1990a). Changes in ACh itself have been seen .to relate to behavioral
recovery, neurotransmitter turnover rates of newly established neuronal
connections operating at rates similar to those of undisturbed pathways (Bjorklund,
Gage, Schmiddt, Stenevi & Dunnet, 1983). Recovery from very significant lesion-

induced reductions in rates of [14C]2—deoxyglucose utilization has been observed |
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following cholinergic reinnervation, suggesting a i'clalio.h bclwcc.n the recovery
~and this essential component of ACh synthcsis (Kelly, Linvall, Stenevi &
Bjorklund, 1985). Chronic administration of exogénous NGF "...significantly
increases the activity of hemicholinium bCHSllIVL Ch Lransport... " (Williams &

Rylett, 1990), which has been .shown to allcct Imemory processes (Russull & Macri,

1978; Russell, 1988). It has been reported tlldt muscarinic receptors, both M| and
M2, "...respond to cholinergic denervation and reinnervation similarly" (Joyce,
| Gibbs, Cotman & Marshall, 1980). |
| Such a constantly expanding body of knowledge about relations between
NGF and parameters of the cholinergic neurotransmitter system provides a basis
for understanding not only the modes of action of fetal implants and of NGF, but
also of how these may participate in the recovery of various behavioral functions.
However, when behavior has been the dependent variable measured, questions
have been raised about (a) limitations to the extrapolation of data collected in vitro
to the state of affairs in.vivo, and (b) the specificity of the various markers u’sed to
measure cholinergic functions. A lack of complete parallelism between in vitro
and in vivo has been observed in studies of behavioral effects of drug treatments
(Bollinger, Palacios, Closse, Gmelin & Malanowsky, 1986). Recently it has been
reported that: "In contrast to the significant reductions in cholinergic parameters
measured in vitro after partial fimbrial lesions, such partial lesions did not
significantly alter in vivo measures of hippocampal cholinergic function” (Lapchak,
et al., 1991). Presumably, residual cholinergic neurons remaining after partial
lesions may compensate for losses by upregulating their capacity to synthesize and
store ACh. Such results indicate the importance of measuring par ameters of the
cholinergic system in vivo when testing hypotheses about their interactions with

behavior.
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In principle, each of its parameters may be used as a marker of the
cholinergic system. However, the values of markers depends upon their specificity
and sensitivity. Among markers reported in many studies, choline acetyltransferase
(ChAT) is often considered a specific marker for cholinergic neurons, yet ChAT
identical with brain ChAT has been found in tissues without such innervation
(Haubrich, 1976; Rama-Sastry, Stathan,l Axelrod & Hirata, 1981). Another
enzyme often reported as a marker is acetylcholinesterase (AChE), which also is
not associated specifically with cholinergic cells. Loss of cholinergic neurons may
not result in a corresponding decrease in muscarinic receptors (mAChR); indeed,
the result may be a regulatory increase. Problems in the selection of cholinergic
markers have been summarized (Jenden, 1985J).

For our present purposes, the preferred approach to obtaining information
about interactions between behavioral and cholinergic functions was to assay ACh
turnover in vivo at a critical time in the recovery of behavior under various
experimental conditions, e.g., following fetal tissue implants with and without
NGF supplements. The availability of animals participating in our experiment
designed to study recovery of learning and memory after gustatory neocortex-
lesions (Escobar, et al., submitted) provided particularly favorable circumstances

within which to carry out such assays. Fernidndez-Ruiz, Escobar, Pifia, Diaz-

Cintra, Cintra-McGlone and Bermidez-Rattoni (1991), had described the time .

course for recovery of taste aversion learning and memory following homotopic
fetal brain implants: "Behavioral results showed a very good functional
recuperation at 60 days, slight recovery at 45 and 30 days, and a poor recovery at |
15 days postgraft.” Our more recent research has shown that recovery of CTA to
control levels could be induced by 16 days postimplant when the implants were

supplemented with NGF. In the present report we describe results of in vivo assays
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of ACh turnover in the gustatory neocortices ol rats subjccu,d Lo lhc, vauour, brain
leston and implant treatments described in our uuhu study and for which detailed
behavioral data were available. Because of lhe mvolvcmcnt in CTA of the nucleus
basalis magnocellularis (NBM) lhlough cholmu 01(: pxojcctlons to the IC (Lopez-
Garcia, Fermdndez-Ruiz, Escobar, Bemmde/,-ll{dl‘lom & Tapia, in pless) cholinergic
assays were also carried out on NMB tissue. The neﬁ_fochémical aSsays took place
immediately after completion of the behavioral measurements, 'i.e., with brain
tissues taken at 26 days postimplant. The combined behavioral and neurochemical
data make it possible to determine the status of the cholinergic system in vivo at a
time when behaviors had returned to normal control levels and to compare this

with treatments that were not associated with such recovery.

MATERJALS AND METHODS

Behavioral Measures and Research Design

With the exception of assays for ACh tumover, the research design,
materials and methods have been described in full in our earlier report (Escobar, et
al., submitted). They are summarized briefly here. The research design included
six groups of male Sprague-Dawley rats (Charles River Laboratories, Wilmington,
MA). They were maintained on standard laboratory chow and lived under a 12 hr
light/dark cycle throughout the experiment. Each of the six groups received -
different treatments. Group ! (control) served as an unlesioned control. Group 2
(IC-V) provided data for determining effects of IC implants without NGF
supplementation. Groups 3 and 4 (1C-V-NGF) were both implanted with IC+NGF,
differing only in that the latter was not subjected to assays of conditioned taste
aversion (CTA) involving ingestion of lithium. Beca_usé lithium was shown to

have no carryover effects when the neurochemical assays were conducted, these
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groups were combined for purposes of the present analyses. Group 5 (OCC-in
situ) was a heterotopic control for comparison with animals receiving homotopic
implants and involved tissue taken directly from the occipital cortex.

Leaming and memory were measured in two Well-standardized behavioral
tasks (Bermudez-Rattoni & McGaugh, 1991). Conditioned taste aversion involved
substituting lithium chloride solution (0.1 M) for normal tap water in inducing taste
aversion and measuring retention of the conditioned response at intervals
thereafter. Inhibited avoidance (IA) took advantage of the fact that rats are
negatively phototropic, punishing animals for making such a response (mild
electric shock) and measuring memory in terms of the inhibition of responding on

later test trials.

Lesions and Implants

Stereotopic surgery was used to create bilateral electrolytic lesions in the IC,
Animals were kept under deep pentobarbital anesthesia (50 mg/kg) during the
procedure. A monopolar stainless steel electrode, coated with epoxyle except for
the tie (0.5 mm), was inserted using the following coordinates with respect to
bregma: AP, +1.2; L, £5.5; V, -5.5. The lesions were produced by passing a 2 mA
anodal current through the electrode for a duration of 45 s,

Sixteen-day-old fetuses were removed {from the uteri of pregnant rats under
pentobarbital anesthesia and their brains were extracted. Tissue blocks of

approximately 3 mm3 in volume were dissecled from the region corresponding to

the temporoparietal area (above the rhinal sulcus) and from the occipital cortex for

homotopic and heterotopic implants, respectively. Using a 100 pl Hamilton
syringe, tissue was placed stereotaxically into the cavity produced by the lesion,

using the same set of coordinates given above. Prior to the implants the tissues

S
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were embedded in a high concentration solution (ZOlE]_Lg/l'l'll) of NGFE 7s (Sigma, St.
Louis, MO) + DMEM (Dulbecco's Modified Eagle's Medium) GIBCO(Grand
Island, NY)/0.25 BSA Bovine Serum Albumin, (Sigma, St. Louis, MO).
Following implant, gelfoam embedded in the same solution was inserted into the
cavity (Otto, Frotscher & Unsicker, 1989) and (he external (cranial) opening was
sealed with nylon screws. For purposes of comparison, tissue samples were taken

from the occipital cortex in situ.

Measurement of ACh and Ch Turnover

For measurement of acetylcholine (ACh) and choline (Ch) turnover in the
two brain regions, the rats were injected i.v. via the tail vein with [2H4]Ch (20
nmol/gm) and sacrified 1 min later by focused microwave irradiation of the head (4
kw for 2.9 sec; Gerling-Moore, Palo Alto, CA). In dissecting the tissues to be
assayed, the IC region was localized using the middle cerebral artery and the rhinal
sulcus as reference points (Lopez-Garcia, Ferndndez-Ruiz, Bermudez-Rattoni &
Tapia, 1990b; Lasiter, & Glanzman, 1985) and the implanted tissue was carefully
teased from the host tissue. Because of our earlier observations showing only very
nedomentary recovery within the time frame of the present experiment (Ferndndez-

Ruiz, et al., 1991), it was not possible to include the lesion--only group in our

assays. After dissection, brain regions were weighed and immediately

homogenized in 5 volumes of a mixture of cold 15% 1 N aqueous formic acid and

acetone (v/v) containing [21'19](311 and [2H9]JACh as internal standards. The

extraction procedure utilized ion pair extraction with dipicrylamine as described
previously (Freeman, Wictorin, Bjorklund, Williams, Varon & Gage, 1987). The
concentrations of endogenous ACh and Ch and of [2H4]-labelled ACh and Ch
were determined by GCMS (Jenden, Roch & Booth, 1973). Total concentrations

¢

-



Cholinergic involvement in behavioral recovery

were caleulated as the sum of endogenous + [21'14]/\(;‘11 or 121-14 ]Ch and mole ratio,
as the ratio of [2114IACh or [2114]Ch to their 1cspccuve total amounls Rates of
-ACh synthesis were calculated according to the plocc,dun, du;u ibed by Schuberth,
Spart and Sundwall, 1970 and by Jenden, Choi, SIIVCIIllclIl Steinborn, Roch &
Booth, 1974) which corrects for (,hang:,c,s n [2114]Ch rl\’dlldblllly during the

mterval between injection and microwave irradiation.

RESULTS

Behavioral Effects

Behavioral effects of the various treatments have been described in detail
elsewhere (Escobar, et al., submitted) and need only to be summarized here. Two

paradigms for measuring learning and memory were involved. (1) Retention of the

CTA by normal control subjects did not differ sigunificantly when tested at pre- and

postimplant intervals. Animals receiving homotopic implants plus NGF evidenced
by far the greatest recovery, reaching normal control levels within 16 days
postimplant. The group treated with homotopic implants without NGF and the
group with beterotopic implants plus NGF showed significant, but much less
pronounced, improvements. (2) In tests of memory using the IA paradigm the two
groups treated with homotopic implants plus NGF did not differ significantly from
the performance of the normal control animals. The other treatments were not
different from each other, showing no significant evidence of recovery from
memory deficits. Given these behavioral effects, the objective of the present study
was to determine the extent to which the differences among the treatment groups
might be related to concomitant differences in the various parameters of the

cholinergic systen.

- ——
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ACh and Ch Levels and Synthcsis

In vivo assays for neurochemical pdldlllCLu.‘s in Lwo brain regions, tnsular
cortex (IC) and nucleus basalis magnoccllularls (NB) were carried out after
completion of the tests for retention of the mlnbllcd dv01clance task. Means SEM
for each of the parameters assayed are presented in ldbles 1 and 2. Table 3 reports
the rates of synthesis of ACh in sampleb of tissues from implants in the two brain
regions under the three 11121_]01 treatment conditions and i1 the control animals.

Two-way ANOVAs established the existence of highly significant
differences between the two brain regions among the various treatments
(experimental groups) and for interactions between them. The data for each of the
neurochemical parameters were next subjected to one-way ANOVAs across
treatment groups. These analyses were carried out independently for tissues from
the IC and the NB. The results are included in 'l‘dbles I and 2. When significant
F-values were found, further post-hoc analyses (Scheffé, 1953) were used to
identify the responsible treatment(s). Because there were no significant differences
between the IC-V-NGF and IC-V-NGF-N groups, the two were combined in the
analyses. The failure to find differences between these two groups indicated that
the exposure to LiCl during the CTA conditioning 10 days carlier had no carryover

effects at the time the GCMS assays were conducted.

Endogenous ACh and Ch. ANOVA showed that levels of endogenous
cortical [2ZHQJACh and [2HQ]Ch differed very significantly among the treatment
groups. Scheffé contrasts failed to detect significant differcnces in AChI levels
when the 1C-V-NGF animals were contrasted with controls. Similarly, endogenous
levels did not differ between the IC-V and OCC-V-NGF groups. Quantitatively
the latter were significantly higher than the IC-V-NGF and control levels. ACh

levels in the NB did not différ among the various treatments.

8



Cholinergic involvement in behavioral recovery

ANOVA provided evidence that cndogcnous;.Ch levels were different in
both the cortex and in the NBM, the F-ratio for the former having a more
significant p-value than that for the latter. Once again, Scheffé contrasts failed to
detect significant differences between cortical levels in animals receiving 1C-V-
NGF implants and controls, these two treatments having significantly lower levels
than the group receiving the IC-V implant without NGF. Multiple contrasts
showed that, as was observed in analyses of cort'ical. tissue, the iC-V and OCC-V-
NGF groups had higher levels of endogenous Ch in the NBM than did the control
and 1C-V-NGF animals.

Uptake of labelled Ch. Despite the significant differences in endogenous

levels of ACh and Ch described above, there was no evidence from the GCMS
assays that the uptake of [21*14]Ch into the cortex varied among the treatment
groups. However, there were differences in the NBM. Inspection of the mean
levels presented in Table 2 suggests that uptake in the IC-V group was significantly
greater when compared to the 1C-V-NGF animals. Indeed, a multiple contrast
showed that the IC-V animals had a greater uptake than all other groups combined.

Levels of [2H4]AC11. During the one-minute interval between the injection

of [2H4]Ch and the inhibition of cholinergic activity by microwave fixation, some
of the [2H4]Ch was converted to ACh. As with Ch uptake, there were no
significant differences among tissues taken from the cortex. Once again levels in ~
the NBM did differ, those in IC-V animals being highest, closcly followed by
Jevels in OCC-V-NGF samples. Scheffé contrasts showed that the source of the
significance reflected in the one-way ANOVA was due to differences between
these two treatments, which did not differ between themselves, and the combined.

control plus IC-V-NGF groups.
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Mole Ratios. The final columns i Table 1 Summarizc the mole ratios of
[2H4]ACh to the total ACh in cortex and NB for caéh of the various trcatment
groups. This is one measure of the synthesis of ACh during the interval (1 min)
between injection of the [2H4]Ch and the inactivation of the cholinergic system by
microwave fixation. It is, of course, a measure which involves interactions
between synthetic and metabolic processes within the cholinergic pathway,
influenced by the activity levels of the enzymes ChAT and AChE. As Table 1
shows, 1-way ANOVAs by treatments provided significant p-values for both
cortex and NB. Further analyses by Scheffé comparisons showed that the overall

significance among the cortical tissues was due entirely to the elevated specific

activity of the occ in situ groups relative to other treatments. It will be recalled that

tissues for this group had been taken {rom the occipital cortex in situ and not from
an implant. The Scheffé contrasts detected signficant differences between ACh
mole ratios in such tissues and those for the IC-V and OCC-V-NGF groups, but
failed to detect differences in tissues taken from the control and IC-V-NGF
animals.

The control and occ in situ groups provided information about mole ratios in
tissues not involved as implants, i.e., tissues sampled directly from the insular and

occipital cortex, respectively. The preceding sections have already indicated that

differences were not detected between control tissues and those of the IC-V-NGF |

treatment group, i.e., that in which behavioral recovery had occurred. Analyses of
tissues taken directly from the occipital cortex deviated from this result. None of
the choline parameters showed significant differences from those of the OCC-V-
NGF implant tissues. However, differences in acetylcholine parameters did appear
in both the cortex and NB. In the former, endogenous ACh and AChTot were

significantly lower for the occ in situ tissues and their mole ratios were

10
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significantly higher. In NB, |2H4]ACh and ACh mole ratios were lower in the oce
in sit tissues in relation to those from the OCC-V-NGF implants.

Rates of ACh synthesis. Schuberth, et al., 1970, and Jenden, et al, 1974,

have provided a means for calculating a rate of synthesis for ACh in vivo. This rate
represents the product of [2H4]ACh and the ratio of ChTotal to [2H4]Ch, thus
allowing for changes in the availability of [2H4]Ch during the time between its
injection 1.v. and microwave fixation of the cholinergic system one minute later.
Rates for the synthesis of ACh in cortex and NB as provided by our present
analyses are summarized in Table 3. One-way ANOV As showed that rates in both
regions differed significantly among treatment groups. Schelfé contrasts failed to
detect differences between rates for the pair, control and 1C-V-NGF groups, nor
between the pair, IC-V and OCC-V-NGF treatments. In both cortical and NBM
tissues, multiple comparisons detected significantly higher rates of ACh syiithesis

in the second of these pairs.

11
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DISCUSSION
The present experiment was designed to in'lveStigzlte the involvement of the

cholinergic neurotransmitter system in behavioral recovery following lesions to the

brain's insular cortex. Earlier research had shown that a combination of homotopic

fetal brain implants supplemented with NGF accelerated recovery at a time when
these two treatments by themselves were not"effective.' Because cholinergic
innervation is related to levels of NGF in the CNS (Korshing, Auburger, Heumann,
Scott & Thoenen, 1985), it could be predicted that variations in those levels would
be measurable as concomitant changes in cholinei'gic ﬁihction and these, in turn, as
changes in behaviors for which they are substrates. Our rescarch and reports from
other laboratories generated two broad hypotheses: (a) that the lesions would
produce elevated ACh turnover in vivo, and (b) that the turmover would return to

normal control levels when behavioral deficits induced by the lesions had

~disappeared. The results of the present experiments are consistent with both these

hypotheses. They raise questions about mechanisms that may underlie the observed

effects.

NGF-Cholinergic System -- Behavior Interactions

In evaluating various possibilities the time frame required for a proposed

mechanisms to function is of paramount important, i.e., changes in morphological -

and/or neurochemical parameters could be expected to occur within a time frame

consistent with behavioral recovery. That such recovery after IC lesions does, in

fact, follow a time-dependent course has been reported in studies where all

experimental animals received the same NGF treatment, but CTA behavior was

assayed at different times post-implant (Fernandez-Ruiz, et al., 1991). During the

first two weeks post-implant, the experimental animals gave no evidence of the

12
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recovery which later characterized bcliavibr prb{grcssivclylland which was
paralleled by increases in cell maturity and reconnéctivily between implanted
neurons and host tissues.  Assays of ncurochemical events occuring within the
same time frame have also shown progressive changeSf |
“Upon combletiou of the two assays for memory (CTA and IA), at 23 days
postlesion, the behaviors of animals in tl’léﬁpresent experiment receiving the four
treatments could be classified into two groups, there being no significant
differences between treatments within each group. Behaviors of animals with
combined implants plus NGF treatment performed at the same levels as control
animals. By comparison, the performances of those with implants only or with
heterotopic implants plus NGFE had retention significantly poorer than controls.
Behavioral assays conducted immediately prior to the respective experimental
treatments had shown comparable performance levels for animals from all groups.
Presumably, effects that developed tllel'eaf;en' were related to differences in the
treatments they received. |
| Differences among treatment groups in cholinergic functions in the insular
cortex were highly significant and paralleled the differences in behavior. Both
levels of ACh (nmol gm~1 min-1) and rates of {2H4]ACh synthesis (nmol gm-1
min-1) in animals receiving the combined treatment were comparable to control
levels, while those of animals with the other two reatments were significantly
elevated. Comparisons between cholinergic function in tissues from animals with
heterbtopic implants supplemented with NGF (OCC-V-NGF) and tissues taken
from the occipital lobes in situ showed the former to be elevated and the latter to be
at control levels, thus the difference can be attributed to the presencé of NGF per

AYR
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Effects of the various trcatments on cllolinéi'gic f(unclio.n ili the NBM
differed in an important regard. The NBM had been chom,n for e,ludy bccdusc of
1ls cholmelg,u, projections to the 1C and (o othm areas of the cortex (Rye Wainer,
Mesulam, Mulson & Sdle 1984; Decker & MLGdugh 1991) It has been shown
to be involved 1in a vaucly of learned bchd\!l()lb (I leplel Wonkc, GlbbS Olton &
(,oyh-,, 1985; Smith, 1988). Recent studies of effects of excitotoxic lesmns of the
NBM have reported significant reductions in choiin'ergic markers in the IC,
indicating interaction between the two brain regiohs-(L(’)pez—Garc'x’a, et al., in
press). Accompanying the neurochemical effects of the lesions were suppression
of CTA learning and disruption of its retention in previously trained animals. In
the present experiment, the NBM was not lesioned, yet certain significant
neurochemical differences in treatment effects were observed: ACh levels were
not affected, while rates of ACh synthesis were elevated in the IC implant and

OCC-V-NGF animals when compared to controls.

Potential Mechanisms of Action

Taken together, results of research reported here and elsewhere indicate that
the upregulation of cholinergic function which accompanies IC lesions is involved
in the recovery of behavioral deficits induced by the lesion. Recovery can be
facilitated by treatment with homotopic implants or NGF supplements and
accelerated still further when the two treatments are combined. Cholinergic
neurons in the basal forebrain both express NGIF and respond to NGF (Koliatsos,

Clatterbuck, Gouras & Price, 1991). What hypotheses about mechanisms of action

‘may be generated to encompass these processes? The possibilities have been

‘reviewed on several occasions as the body of relevant information has grown

14
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(Clark, Gage; Dunnett, Nilsson & Bjorklund, 1987; Gage & Buzsaki, 1989;
lhouu,n Aubruger, Hellweg, Heumann & Korsching, 1987). i |

Survival after lesion: "silent” neurons. It has recently buenrcportud that, in

the dxotoml?ed septohrppommpal system "... about one- thnd 01 the axotomized
5cplal cholmcrglc eurons may survive 101 a longD time in a down 1cz,uldtcd
auophlc stalc” (l*lscher & Bjorklund, 1991). These cells 1cmmnccl undelectud by
conventional markers, AChE hlthChClnlbtly and NGl receptor
immunocytochemistry, but were detected by the ﬂuorescent retrograde tracer,
FluoroGold (IFG). Reduced numbers of AChE arid NGF-positive cells were
observed within four to seven days postlesion, while loss of FG-prelabeled cells
was confirmed only after four weeks. Such results suggest that erroneous

interpretations of neuronal loss are possible. NGF produced endogenously or

imported exogenously either directly or through implants may attenuate both the

atrophic and degenerative processes through its action on such "silent" neurons
(Gasser, Weskamp, Otten & David, 1986; Fischer & Bjorkiund, 1991). Indeed, it
has been reported that delayed treatment with NGF "reverses the apparent loss of
cholinergic neurons after acute brain damage" (Hagg, Vahlsing, Manthorpe &
Varon, in press).

Extent of the lesion. In interpreting the present results it is also important to

consider the possibility that not all relevant IC cholinergic neurons were lesioned
in the present experiments. Significant differences in effects on transmitter
Hfunctions of "full" and "partial" fimbrial lesions have been reported (Lapchak, et
al., 1991) and are indicative of what may have happened in our stu'dy. Results

following partial destruction of cholinergic fibers suggest that "...residual
cholinergic neurons are able to upregulate their capacity to synthesize and store

ACh in vivo..." thus compensating "...for the loss of neighboring neurons of their

15
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population.” In the plcsult experiments cholinergic lllllblIOIlb havc bc,cn measured
in vivo using the same methods and parameters. lhc tissue sludled was from
another brain area 1C vs septohippocampal.

Ass,ummg, that in our studies destruction was partial rather than full it could
be plC(lIClL(l llml residual neurons would ' compumlﬁc for lLSlOIl'IlldLILCd losses.
F urthelmole it (,ould be hypothc,sucd that this pIOCGSS would c,onunue as recovery
“to normal populdtlon densities of cholinergic neurons pmgiessed That such
progressive morpholo;,u,dl IeCovery occurs 1s leportcd 1n recent results based upon
~horseradish peroxidase assays following gustatory neocortical lesions and fetal
brain implants using the same techniques as in our present experiment (Escobar,
Fernandez, Guevara, & Bernnidez-Rattoni, 1989; Fernandez-Ruiz, et al., 1991). It
has also been suggested that certain neurochemical effects of lesions in a related
brain region (the NBM) "...can be explained by‘ the remaining unlesioned
cholinergic fibers, which might take up choline and synthesize and release ACh in
a normal fashion (Lopez-Garcia, et al., in press).

"Reactive synaptogenesis." There is evidence that, following brain lesions,

reinnervation may occur through both intrinsic and extrinsic processes. That
central neurons exhibit an intrinsic capacity for axonal sprouting and generation of
new connections in response to injury is well established (Cotman & Nadler,
1978). When intrinsic reinnervation occurs without supplementation, progress has
been reported to occur at a diminishing rate (Matthews, Cotman & Lynch, 1976).
Plots of the reappearance of morphologically-intact synapses show rapid increases
through 30 days postlesion, when the number of synapses reached approximately
50% of control values. Complete recovery was approached at 240 days. Lesions

of the septohippocampal pathway are followed by an increase in endogenous NGF

content in the hippocampus and septum, injury to the cholinergic system appearing
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to be intimately involved (Korsching, Heumann, Theonen & Hefti, 1986; Gasser, ct
al., 1986).

The possibility that "spontaneous recovery" dépendent solely on the intrinsic
capability of neurons for axonal sprouting and formation of new connections could
account for effects observed within the time frame of the present experiment
appears to be unlikely. Animals with IC lesions that have not received implants or
NGF supplementation have been found to be unable to learn the CTA even when
given extra acquisition trials over a period of eight weeks (Bermidez-Rattoni,
Fernindez, Sanchez, Aguilar-Roblero & Drucker-Colin, 1987). Functional
recovery within the time frame of the present experiments depended upon
supplementation of the lesioned area with homotopic fetal implants plus NGF.

It has been shown (Ferndndez-Ruiz, et al., 1991) that tissues taken at various
times after fetal brain implants without NGF supplementation were in different
stages of maturation. At 15 days there was very little development of neurons and
blood vessels in the implanted tissue. Increasing maturation occurred at 30 and 45
days. By 60 days a greater neuronal density had developed; fetal implants adhered
to the host tissue with abundant vascularization; proliferation of glial cells was
clearly apparent; and, fibers increasingly crossed the border between the implant

and the host. It has also been demonstrated that under the same general conditions,

recovery of learning and memory followed a similar course starting at 45 days

post-implant. In another study of adult rats, exogenous NGF administered

immediately after unilateral decortication induced changes in terminal fields and

synaptic connections which compensated for the deficits produced by the lesions:

"...Increased to supernormal levels both the size of cholinergic boutons and the
number of synaptic connections...”" parameters unaltered in unlesioned rats ireated
with NGF (Garofalo, Ribeiro-da-Silva & Cuello, 1992).

17
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Interaction between neuarotransmitter systems. The {inding in our present
expertment that ACh synthesis in the NBM showed cffects of the various
treatments that were analogous to these found 1n the IC suggests the possibility that
Interactions between neurotransmitter systems may have been involved. A likely
candidate is y-aminobutyric acid (GABA). Contads between GABAergic and
cholinergic neurons have been identified as a general‘ feature in the basal forebrain
(Zaborszky, 1992). GABAergic manipulations of the NBM affect performance on
tasks sensitive to cholinergic manipulation (Decker & McGaugh, 1991). GABA
has been shown to play an mmportant role in memory processing (Sarter,
Dudchenko, Moore, Halley & Bruno, 1992). More specifically, out of such
research has come the conclusion that the NBM 1s involved in taste aversion
learning (Tardiff, Kesner & Berman, 1988).

The design of the present experiment included assays for the same
parameters of cholinergic function in both the IC and NBM. At the time of
neurochemical assays, tissues were taken from the same animals and the same
treatment groups. Comparisons among the groups revealed a major similarity and
a major difference between IC and NBM. In both tissues, rates of [2H4)ACh
synthesis in animals that had received the combined IC plus NGF treatment were at
control levels, significantly less than rates in tissues from the other two treatment
groups. Comparisons of ACh levels, however, showed similar differences in
treatment effects for cortical tissues, but not for tissues from the NBM.

The possibility that interactions between cholinergic and GABAergic
neurotransmitter systems might be involved in the accelerated behavioral recovery
observed in the present study has been examined by two experimental approaches.
One studied effects of excitotoxin-induced lesions of the NBM on CTA, 1A and on

cholinergic markers in the IC (Lopez-Garcia, et al., in press). NBM lesions

18



Cholinergic involvement in behavioral recovery

markedly impaired both learning paradigms. Postlesion reductions in cholinergic
markers were found in the IC, indicating involvement of NBM cholinergic
projections to that area. This was in contrast to the observation that NBM lesions
failed to affect GABAecrgic markers, [14C]JGABA release and glutamate
decarboxylase (GAD) activity, in the IC. The latter fact led to the conclusion
"...that GABAergic neurotransmission, if involved, is not sufficient for CTA
learning."

A second series of experiments using a design similar to that of the present
study, has corroborated our observation that recovery of CTA learning to control
levels occurs at 15 days postimplant only when treatment of IC lesions includes
both 1C-implants and NGF, other treatments remaining significantly different from
controls. By comparison, GAD activity in the 1C at the 15-day point did not show
any significant differences among the experimental treatments. These results have
been interpreted as suggesting that "...GABA-mediated neurotransmission does not
play an important role in graft-promoted mediated behavioral recovery” (Escobar,
Jiménez, Lopez-Garcia, Tapia & Bermidez-Rattoni, in press).

Cholinergic functions. Considerable attention has been given to the role of

NGF in the regulation of cholinergic functions in the brain and subsequent effects

at the behavioral level (Araujo, Lapchak, Chabot, Nair & Quirion, 1989;

Calamandrei, Valanzano & Alleva, 1991; Vahlsing, et al., 1991). Evidence points |

to cholinergic neurons in the basal forebrain nuclei as predominantly responsible
for cognitive defects in progressive degenerative dementias. The same neural
population is responsive to NGF and depends upen it for normal development and
for the maintenance of normal function (Thoenen, Bandtlow & Heumann, 1987).
NGF is involved in cholinergic regulatory processes of the rodent CNS, the animal

model used in the present experiments. It is among these processes that bases for
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the interactions between NGF, the cholinergic neurotransmitter system and
behavior reported in our results may well be found. Consideration of some of the
major possibilities follows. Cholinergic neurdns in the basali. forebrain both
express NGI and respond to NGF. Involx;ecl in these functions are two species of
receptors. The distribution of one of these, NGF receptor molecules (NGF-R), in
the CNS resembles the distribution of chdlinérg@ neurons of the basal forebrain
(Calamandrei, Valanzanox & Alleva, '1991). They and their mRNA are
particularly evident in areas where cholinergic innervation is dense. Cholinergic
neurons in the basal forebrain are supplied with NGF by retrograde axonal
transport from thelr target regions. NGF also modulates the expression of its own
receptor within the CNS (Fusco, Polato, Vantini, Cavicchioli, Bentivoglio & Leon,
1991). NGF-Rs have been shown to be downregulated in aging and in such
disorders as Alzheimer's disease (Hefti & Mash, 1989). Studies using the same
basic research design as in our present experiment have reported that upregulation
of NGF receptors to control levels accompanied post IC lesions with homotopic
implants plus NGF, at a time (15 days) when neither of these treatments alone
showed similar effects (Bermudez-Rattoni et al., 1992). Such evidence suggests a
kind of compensatory mechanism that might account for the accelerated recovery

from IC lesions seen in our present experiment.

Similar observations have suggested that increases in cholinergic binding

sites m rats basal forebrain lesions may reflect compensatory regulation of spared
“neurons at the level of the presynaptic vesicle (Ruberg, Mayo, Brice, Duyckaerts,

Hauw, Simon, LeMoal & Agid, 1990). More detailed examination of cholinergic

receptor binding has revealed differences between high- and low-affinity binding

sites (Deckel & Robinson, 1987). Kainic acid lesions followed by fetal implants in

the striatum induced significant upregulation mn high-affinity sites and significant
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downregulation in fow-alfinity sites. The loxmcx are mvolvul in the synthesis of
ACh and the ldllCl with processes related to phosphollplds Such ellects 1ollow111;,
1C lesions with hclcnotoplc implants supplunultcd by NGI* would bc uxpccu,d to
1nduce elevated synlhesm and levels of ACh In the brain, as seen in the present
expeumem. After IC lesions were treated with homoloplc implants plus NGF
effects were consistent with the view that i'écovéry frdm the lesions included the
return of neurochemical, neurohistologicali and lleui'obellavioi'al functions to
normal limits. | | | |

o put to work results of the kind we have reported here requires fuller
understanding of the mechanisms underlying interactions among brain implants,
neurochemical processes, and behavior. Some likely models have been considered
above. Each needs further study. The potential value of such knowledge about
NGF and other neurotrophic factors can already be seen as the uses of brain

implants in human therapies gain increasing attention.

Acknowledgements |

" The present research was supported by U.S. Public Health Service Grant
MH 17691 to Donald J. Jenden and Roger W. Russell, DGAPA-UNAM IN 204689
and CONACYT 0178-N9107 to FB-R, and PADEP-UNAM-DCCH9176 to M.E.

The authors wish to thank Dr. Jenden for his support of the project and for his

critique of the present manuscript; Margareth Roch and Kathleen M. Rice for their

skills in the analyses of the neurochemical variables; and Ann S. Chang for her

expert advice on matters of statistical analyses. All are affiliated with the
Department of Pharmacology, School of Medicine, University of California, Los

Angeles.
21

- ap— e Vo

—



JL“ . .’ \ke :;J f'.a-"-ﬂ ’
g Wt RE 8

1 -

il HJ'* e f;ﬁ,
F‘i\: LR 1*»’ i

Cholinergic involvement in behavioral recovery

REFERENCES

Araujo, D.M., Lapchak, D.A., Chabot, J.G., Nair, N.,P., Quirion, R. (1989).
Characterization and possible role of growth factor and lymphokine receptors
in the regulation of cholinergic function in the mammalian brain. Progress in
Clinical Biology Research, 317, 423-436.

Bermidez-Rattoni, F., Ferndndez, J., Sanchez, M.A,, Aguilar-Roblero, R. and
Drucker-Colin, R. (1987). Fetal brain transplants induce recuperation of taste
aversion leaming. Brain Research, 416, 147-152. |

Bermudez-Rattoni, F. and McGaugh, J.L. (1991). Insular cortex and amygdala
lesions differentially affect acquisition on inhibitory avoidance and conditioned
taste aversion. Brain Research, 49, 165-170.

Bermuidez-Rattoni, F., Escobar, M.L., Piiia, A.L., Tapia, R., Lépez-Garcia, J.C. &
Hiriart, M. (1992). Effects of NGF on the recovery of conditioned taste
aversion in the insular cortex lesioned rats. In: R.L.. Doty (Ed.), Chemical |
Signals in Vertebrate VI, (pp 297-303). New York, Plenum.

Bjorklund, A., Gage, G.H., Schmidt, R.H., Stenevi, U. & Dunnett, S.B. (1983).
Intracranial grafting of neuronal cell suspensions. VIII. Recovery of choline
acetyltrannsferase activity and acetylcholine synthesis in the denervated
hippocampus reinnervated by septal suspeﬁsion implants. Acta Physiol.ogica
Scandanavica Supplement, 522, 59-66. o

Bollinger, G., Palacios, J.M., Closse, A., Gmelin, G. and MalanoWski, J. (1986).
Structure-activity relationships of R586 analogues. In A. Fisher, I. Hanin and
C. Lachman (Eds.), Alzheimer's and Parkm.son s Diseases (pp. 585-592). New

Y01k Plenum Press.




Cholinergic involvement in behavioral recovery

Calamandrac, G., Valanzano, A. and Allcva; E.l(1991). NGF and cholinergic
control of behavim" Anticipation and enl’lancén*lcnt o.f scbpolamine effects in
neonatal mice. Developnwnml Brain Research, 01,237-241.

Cdndy J.M., Peuy, E.K., Perry, R.H., Court, J. A , Oakley, A. L and E dwardson
JA. (19860). The current status of the cortical chohnclg,lc system in
Alzheimer's disease and Parkinson's disease. /n D.F. Swaab, E. Fliers, M.
Mirmiram, WA van Pool and F. van I—Ijzlzlréll (Eds.), P}'()gress in Brain
Research (pp. 105-132), London:Elsevier. o |

Clarke, DJ., Gage, F.H., Dunnett, S.B., Nilsson, D.G. and Bjorklund, A. (1987).
Synaptogenesis of grafted cholinergic neurons. Annals of the New York
Academy of Sciences 495, 268-283.

Cotman, C.W. and Nadler, J.V. (1978). Reactive synaptogenesis in the
hippocampus. In C.W. Cotman (Ed.), Neuronal Plasticity (pp. 227-271). New
York: Raven Press. |

Deckel, A.W. and Robinson, R.G. (1987). Receptor characteristics and behavioral
consequences of kainic acid lesions and fetal transplants of the striatum,
Annals of the New York Academy of Sciences, 495, 556-580.

Decker, S.B. and McGaugh, J.L. (1991). The role of interactions between the

cholinergic system and other neuromodulatory systems in learning and

memory, Synapse, 7, 151-168.

Escobar, M., Fernandez, J., Guevara-Aguilar, R. and Bermiidez-Rattoni, F. (1989).
Fetal brain grafts induce recovery of learning deficits and connectivity in rats
with gustatory neocortex lesion. Brain Research, 478, 368-374.

Escobar, M.L., Jiménez, N., Lopez-Garcia, J.C., Tapia, R. and Bermiidez-Rattoni,

E. (in press). Nerve growth factor with insular corticalgrafts induces recovery

23

- — S



Cholinergic involvement in behavioral recovery

of learning and reestablishes gralt cholinch accl.yitn:ansl’crase acl:ivity. Journal of
Neural Transplant Plasticity. B .E &. i |

Escobar, M.L., RuSscll, R.W., Booth, R.A; and BermadeZ—Rattoni, F. | (submitted).
‘Accelerating behavioral recovery after cortical Jesions: I. Homotopic implants
plus NGF. | | ') | . ‘

Femdndez-Ruiz, J., Escobar, M.L., Pifia, A.L., Dfaz-Cintra, S., Cintra-McGlone,
F.L., Bermidez-Rattoni, IF. (1991). Time-dependent recovery of taste aversion
learning by fetal brain transplants in gustatory ncocortex-lesioned rats.
Behavioral and Neural Biology, 55, 179-193, |

Fischer, W., Bjorklund, A. (1991). Loss of AChE- and NGF4-labeling precedes
neuronal death of axotomized septal-diagonal band neurons: reversal by
intraventricular NGF infusion. Lxperimental Neurology, 113(2), 93-108.

Freeman, W., Wictorin, K., Bjorklund, A., Williams, L.R., Varon, S. and Gage,
F.H. (1987). Amelioration of the cholinergic neuron atrophy and spatial
memory impairments in aged rats by nerve growth factor. Nature, 329, 65-68.

Fusco, M., Polato, P., Vantini, G., Caviccioli, L., Bentivoglio, M., Leon, A. (1991).
Nerve growth factor differentially modulates the expression of its receptor
within the CNS. Journal of Comparative Neurology, 312, 477-491,

Gage, F.H. and Buzsaki, C. (1989). CNS grafting: Potential mechanisms of action.
In E.J. Seil (Ed.), Neural Regeneration and Transplantation. (pp. 211-220).
New York: A.R. Liss.

Garofalo, L., Ribeiro-da-Silva, A. and Cuello, A.C. (1992). Nerve growth factor-
induced synaptogenesis and hypertrophy of cortical cholinergic terminals.
Proceedings of the National Academy of Sciences (USA), 89, 2639-2643.

| “Gasser, U.E., Weskamp, G., Otten, U. and David, A.R. (1986). Time course of the

elevation of nerve growth factor (NGF) content in the hippocampus and

24



Cholinergic involvement in behavioral recovery

septum following lesions of the scpldhippocalm)al pathway in rats. Brain
Rescarch, 376, 351-350. | | | | | |

Ha o, T, Manthrope, M., Vahlsing, H.L. 'and Varon, S. (in press). Delayed
treatment with nerve growth factor reverses the apparent loss of cholinergic
neurons after acute brain damage. Lxperimental Neml'ol_ogy. |

Hagg, T., Vahlsing, H.L., Manthorpe, M.‘,and Vardn, S. (1990). Nerve growth
factor infusion intodenervated adult rat hippoéampal formation promotes its
cholinergic reinnervation. Journal ofNeulrokcic'n.ce, 10, 3087-3092.

I'Iaubx'icll, D.R. (1976). Choline acetyltrénsferase and its inhibitors. In A.M.
Goldberg and 1. Hanin (Eds.), Biology of Cholinergic Function (pp. 239-268).
New York: Raven Press.

Hefti, F. and Mash, D.C. (1989). Localization of nerve growth factor receptors in
the normal human brain and in Alzlleimer's disease. Neurobiology of Aging,
10, 75-87.

Hepler, D.J., Wenk, G.L., Cribbs, B.L., Olton, D.S. and Coyle, J.T. (1985).
Mefnory impairments following basal forebrain lesions. Brain Rescarch, 346,
8-14.

Jenden, D.J., Roch, M. and Booth, R.A. (1973). Simultaneous measurement of
endogenous and deuterium-labeled tracer variants of choline and acetylcholihe
in subpicomole quantities by gas chromatography/mass spectrometry.
Analytical Biochemistry, 58, 438-448.

Jenden, D.J., Choi, R.L., Silverman, R.W., Steinborn, J.A., Roch, M. and Booth,
R.A. (1974). Acetylcholine turnover estimation in brain by gas
chromatography/mass spectrometry. Life Science, 14, 55-63. |

Jenden, DJ. (1985). Cholinergic markers in the early diagnosis of Alzehimer's

disease. Bulletin of Clinical Neuroscience, 50, 49-52.

25



Cholinergic involvement in behavioral recovery

Joyce, J.N., Gibbs, R.B., Cotman, C.W.Iuncl Marshall, J.F. (1980). Regulation of
muscarinic receptors in hippocampus 1"ollowing cholinergicA(le.nervation and
reinnervation by septal and striatal transplants. 'Joz.u'nal of Neuroscience, 9,
2776-2791. " |

Kelly, P.A.T., Gage, F.l., Lindvall, O., Stenevi, U. and Bjorklund, A. (1985).
Functional reactivation of the deafferented hippocanﬁnus by embryonic septal
grafts as assesséd by measurements of local glucose utilization. Experimental
Brain Research, 58,570-579. | | | |

Koliatsos, V.E., Clatterbuck, R.E., Gouras', G.K. and Paire, D.L. (1991).
Cholinergic neurons in basal forebrain both express NGF and respond to NGF.
Annals of the New York Academy of Sciences, 640, 102-109.

Korsching, S., Auburger, G., Heumann, R., Scott, J. and Thoenen, H. (1985).
Levels of nerve growth factor and its mRNA in the central nervous system of
the rat correlate with cholinergic innervation. EMBO Journal, 4, 1389-1393.

Korsching, S., Heumann, R., Thoenen, H. and Hefti, F. (1986). Cholinergic
denervation of the rat hippocampus by fimbria transection leads 1o
accumulation of nerve growth factor (NGF) without change in mRNA NGF
content. Neuroscience Letters, 60, 175-180.

Lapchak, P.A. Jenden, D.J. and Hefti, F. (1991). Compensatory elevation of

acetylcholine synthesis in vivo by cholinergic neurons surviving partial lesions

of the septohippocampal pathway. Neuroscience, 11, 2821-2828.

Lasiter, P.S. and Glanzman, D.L. (1985). Cortical substrates of taste aversion
learning: Involvement of the dorsolateral amygdaloid nuclei and the temporal
neocortex in taste aversion learning. Behavioral Neuroscience, 99, 257-276.

Lopez-Garcia, J.C., Bermidez-Rattoni, F. and Tapia, R. (1990). Release of

acetylcholine, gamma-aminobutyrate, dopamine, acid glutamate and activity of

26



s e

Cholinergic involvement in behavioral recovery

some related enzynes, in rat gustatory ‘1'1cocmlcx.' Brain Research, 523, 100-
104, .

Lopez-Garcia, J.C., Ferndandez, Ruiz, ., i§é1'111L’ldez—Rattoni, I*. and Tapia, R.
(1990). Correlation between acetylcholiue release and recovery of conditioned
taste aversion induced by fetal ncdcor;px grafts, Brain Research, 523, 105-
110. | -

Lopez-Garcta, J.C., Fernandez-Ruiz, J., Escobar, M., Bermidez-Rattoni, F. and
Tapia, R. (in press).' Effects of excitatoxic lesions of the nucleus basalis
magnocellularis on conditioned taste aversion and inhibitory avoidance in the
rat. Pharamacology, Biochemistry and Behavior, 45.

Matthews, D.A., Cotman, C. and Lynch, G. (1976). An electron microscopic
study of lesion-induced synaptogenesis in the dentate gyrus of the adult rat. II.
Reappearance of morphologically normal synaptic contacts. Brain Research,
115, 23-41.

Otto, D., Frotscher, M., Unsicker, K. (1989). Basic fibroblast growth factor and
nerve growth factor administered in gelfoam rescue medial septal neurons
after fimbria-fornix transection. Journal of Neuroscience Research, 22, 83-91.

Perry, E.K. (1990). Nerve growth factor and the basal forebrain cholinergic
system: A link in the etiopathology of neurodegenerative dementias?
Alzheimer's Disease and Associated Disorders, Vol. 4 (pp. 1-13).

Rama Sastry, B.V., Statham, C.N., Axelrod, J. and Hirata, F. (1981). Evidence for
two methyltransfe'rases involved in the conversion of
phosphatidylethanolamine in the rate liver. Archives of Biochemistry, and
Biophysics, 211, 762-773.

Ruberg, M., Mayo, W., Brice, A., Duyckaerts, C., Hauw, J.J., Simon, H., LeMoal,
M. and Agio, Y. (1990). Choline acetyltransferase activity and [3I'I]ves_amical

27



Cholinergic involvement in behavioral recovery

binding in the lcmporal cortex of paticugs with Alzheimer's disease, Parkinson's
disease, and rats with Basal forebrain lesions. Neurr)science, 35, 327-333,

Russell, R.W. and Macri, J. (1978). Some behavioral effects of suppressing
choline transport by cerebroventricular injection of hemicholinium-3.
Pharmacology, Bvi()cl‘z.emi.s‘try and Belzavibr? 8, 399-403.

Russell, R.W. (1988). Brain "transplants," neurotrophic factors and behavior.
Alzheimer's Disease and Associated Disorders, 2, ‘77-95.

Rye, D.B., Wainer, B.H., Mesulam, M.-M., Mufson, E.J. and Saper, C.B. (1984).
Cortical projections arising from the basal forebrain: A study of cholinergic
and noncholinergic components employing combined retrograde tracing and
immunohistochemical localization of choline acetyltransferase. Neuroscience
13, 627-644.

Sarter, M., Dudchenko, P'., Moore, H., Holley, L.A. and Bruno, J.P. (1992).
Cognitive enhancement based on GABA-cholinergic interactions. [n E.D.
Levin, M.W. Decker, and L.L. Butcher (IEds.), Neurotransmitter Interactions
and Cotnitive Function (pp. 329-354). Boston: Birkhiiuser Press. |

Scheffé, H. (1953). A method for judging all possible contrasts in the analysis of
variance. Biometrika, 40, 87-140. |

Schuberth, J., Sparf, A. and Sundwall, B. (1970). On the turnover of acetylcholine

in nerve endings in mouse brain in vivo. Journal of Neurochemistry, 17, 461-

468. |

Smith, G. (1988). Animal model of Alzheimer's disease: experin'lental cholinergic
denervation. Brain Research Review, 13, 103-118,

Tardif, R., Kesner, R.P. and Berman, R.F. (1988). Nucleus basalis magnocellularis
is involved in taste aversion learning in rats. Society of Neuroscience

Abstracts, 14, 1220.

28



Cholinergic involvement in behavioral recovery

‘Thocnen, H., Augurger, G., Hellweg, R., Heumann, R. and Korsching, S. (1987).
Cholinergic innervation and levels of nerve growth factor and its mRNA in the
central nervous system. ./n M.J. Dowdall and J.N. Hawthorne (Eds.), Cellular
and Molecular Basis of Cholinergic Functzon (pp. 380-388). New York: L.
Harwood Publishers.

Thoenen, H., Bandtlow, C. and Heumann, R. (1987). The physiological function
of nerve growth factor i the central nervous system: comparison with the
periphery. Reviews of Physiology, Biochemistry and Pharmacology, 109, 145-
178.

Tuszynski, M.H., Buzsaki, G. and Gage, F.H. (1990). Nerve growth factor
infusions combined with fetal hippocampal grafts enhance reconstruction of
the lesioned septohipocampal projection. Neuroscience, 36(a), 33-44,

Vahlsing, 11.L., Hagg, T., Spencer, M., Comnor, J.M., Manthrope, M. and Varon, S;
(1991). Dose-dependent responses to nerve growth factor by adult rat
cholinergic medial septum and neostriat‘um neurons. Brain Research, 552(2),
320-329. |

Wenk, G.L., Pierce, D.J., Struble, R.G., Price, D.L. and Cork, L.C. (1989). Age-
related changes in multiple neurotransmitter systems in the monkey brain.
Neurobiology of Aging, 10, 11-19, |

Williams, L.R. and Rylett, R.J. (1990). Exogenous nerve growth factor increases
the activity of high-affinity choline uptakp and choline acetyltransferase in
brain of Fisher 344 male rats, Journal of Neurochemistry, 55,1042-1049.

Zaborszky, L. (1992). Synaptic organization of basal forebrain cholinergic

projection neurons. /n E.D. Levin, M.\W. Decker, and L.L. Butcher (Eds.),

Neurotransmitter Interactions and Cognitive Function (pp. 27-65). Boston:

Birkhiuser Press.

29



TABLE 1
ACETYLCHOLINE: MD‘WS (' ) = SEM FOR LEVELS AND MOLE RATIOS

A CORTEX

BHg] ACh* [*H,] ACh* ACh TOT* ACh Mole Ratlos
Treatiment n X SEM X SEM X SEM % SEM
Control 10 35371 = 2.8477 0057 + 01490  86.328 % 2.7588 0.029 + 00060
ICV 9 47.336 + 3.6642 0739 * 00607  48.075 % 3.6562 0016 + 0.0019
IC-V-NGF 19 30.643 = 3.1156 0693 * 00332  31.337 x 3.1257 0.024 + 0.0024
OCCV-NGF 10 57,048 + 9.3424 0923 * 00718  58.772 + 9.3871 0.019 + 0.0024
OCCinsity 10 22218 * 1.3064 0829 * 00688  23.047 * 1.3204 0.037 2 00033
F (5.52) ‘ 10 7.78, p=1.6X10"" 1.94, ;;,;1,0)»:‘10'1 7.80, p=156x10"° 499, p=8.3x10"

'B. NUCLEUS BASALIS MAGNOCELLULARIS

Control 10 46.256 + 3.2300 0761 * 04797 47017 = 33117 © 0016 + 0.0029
ICV 9 55.424 + 95266 1025 + 00804 56449 + 95447 0022 + 0.0046
ICV-NGF 19 51.006 & 3.6035 0617 + 00363 52464 + 3.6250 0.012 - 0.0009.
OCCV-NGF 10 68.860 * 0.4234 0993 + 00941  69.863 & 9.4789 0.017 2 0.0034
OCCin sity 10 55368 4 4.5322 0620 + 00904 55989 % 4.6202 0011 + 0.0008
F (6552) 148, p=2.1x1072 351, p=83x10"> 150, p=2.0x107 250, p=4.2x10"%

* nmol gm’! wet welght
%% Mole ratio: [2 H4JACh/Total ACh



TABLE 2

CHOLINE: MEANS (%) + SEM FOR LEVELS AND MOLE RATIOS

A CORTEX -

[PH,] Chw [PH,] Ch* Ch TOT* Ch Mole Ratios
Treatment n X SEM X SEM X SEM X SEM
Control 10 26517 = 30094 6746 + 09036  33.263 = 35085 0.207  0.0202
ICV 9 58203 = 11.2135 6629 + 09164  64.832 = 10.8385 0.127 + 0.0228
ICV-NGF 19 26890 = 1.7024 7169 £ 04100 34059 * 1.8446 0.221 * 00126
OCCVNGF 10 34.757 x 2.8830 G797 + 04872 41554 x 30524 0.169 * 00146
OCCin sity 10 35930 # 47055 6304 = 0.7785 42234 = 49709 0.160 # 00211
F (652 10 5.49, p=39X10™ 025, p=94x10*  5.25, p=5.6x10"* 4.66, p=1.4x10"3

B. NUCLEUS BASALIS MAGNOCELLULARIS
Contrdl 10 21,962 + 1.1669 4548 + 07705 26510 = 1.6690 0.164 % 0.0202
IC-V 9 31.134 + 3.1600 6230 £ 08182 37.370 35736 0.167 + 0.0164.
ICV-NGE 19 26814 % 1.7409 3608 * 02145 30501 % 18511 0.124 + 0.0067
OCCVNGF 10 32555 + 2.6632 3884 + 03842 36439 * 25585 0.113 x 00147
OCCin situ 10 26,131 + 1.9347 4072 + 04269  30.203 * 21506 0.135 # 0.0166
F (6,52 2,66, p=3.3x10"% 311, p=16x10"% 2063, p=3.4x1072 2,69, p=3.1x1072

* nmal gm wet weight
** Mole ratio: [® H,ICh/Total Ch

e
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TABLE 3
RATES OF [°H,JACh SYNTHE

SIS* FROM SYSTEMICALLY INJECTED [2H4]CHOLINE

IN THE CORTEX AND NUCLEUS BASALIS MAGNOCELLULARIS (NBV)

Treatment n "Corlex NBM

X SEM %X SEM
Control 10 461 + 0.466 448 * 0.520
ICV 9 531 + 0522 716 * 1026 °
ICV-NGF 19 3.36  0.220 534 = 0.535
OCC-V-NGF 10 10,52 * 2.136

581 % 0.655

F(3,44)=7.43,
P=3.9X10"

F(3,44)=5.59,
P=2.4X10°

*amol gm™ min™
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LEGENDS FOR TABLES

Table 1. Animals were injected intravenously with (2H4]choline 1 min
before focused microwave irradiation. Tissues were analyzed by GCMS.
"Control," unlesioned control; "1C-V", 1C implants without NGF; "IC-V-NGFE," IC
implants with NGF; "OCC-V-NGF," heterotopic implants with tissues from the

occipital cortex; "OCC-in situ,” tissues taken directly from the occipital cortex.
Table 2. The procedure used was identical to that stated in Table 1.

Table 3. Data were obtained from the same animals and tissues as those
shown in Table 1. The rates of synthesis represent the product of [2H4]ACh and
total Ch/[2H4]Ch availability.
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. - DISCUSION GENERAL

'Se ha probado que los transplahtes de tejido cerebral fetal
tienen la capacidad de sobrevivir y establecer conexiones normales
con el tejido huésped denervado de animales previamente lesionados
(Kromer y col, 1981a; b; Bjorklund y col, 1983; Lewis y Cotman,
1983), y que la integracion anatomica y funcional de los transplantes,
se traduce en la recuperacion conductual de los sujetos implantados
(Bjorklund y col, 1980; Low y col, 1982; Dunnett y col, 1982: Labbe y
col, 1983).

Existen numerosas evidencias de que durante el desarrollo o
después de una lesion, las neuronas del SNC y periférico requieren de
agentes troficos para sobrevivir, crecer y emitir proyecciones hacia |
sus tejidos blanco (Bjorklund y Stenevi, 1981; Kromer y col, 1981a;
Gage y col, 1984). Se ha reportado también, que las lesiones
cerebrales originan la produccién de factores neurotroéficos en los
sitios lesionados, tanto en ratas nconatas como cn adultas (Nieto-
Sampedro y col, 1982; 1983; Manhorpe y col; 1983), y que la
sobrevivencia del tejido neuronal transplantado se incrementa por la
adn‘linistracién de extractos' de tejidos lesionados (Nieto-Sa1hpedro y

col 1984) o d1rcctamente de factores ncurotrohu)s (Iomolo y col,

iy

_1985 PallagLycol 1986; l“mnycol 1993)

Expeumentos plCVlOb efectuados en nuestro ldbOl atorio,
demostrauon que los transplantes homotopicos fetales de corteza
insular produjeron recuperacion en la capacidad de adquirir el CAS,
en ratas que previamente la habian perdido debido a la lesion de Ia

CI (Bermﬂdez-Rattoni y col, 1987). Se demostro asimismo, que los
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transplantes homotopicos de Cl, pero no los heterotopicos de tejido
tectal, podian no soio restablecer las funciones'cognbscitivias sino
también la concctiﬁdad con el talamo y'la"amig!dalzidel"tejido
huésped, con quiencs la CI mantiene conexi(')nés' normalmente. Estas
observaciones subrayan la importancia de la cspeCiI’icideld.'de los
tejidos transplantados en los pProcesos de integracion (Escobar y col,
1989). Estudios realizados por Bermudez-Rattoni y McGaugh (1991),
demostraron que la lesién de la ClI produce deficiencias en la
adquisicion, no solo de la tarea de CAS sino también de prevencién
pasiva (PP) en ratas.

En la primera ctapa del presente trabajo, efectuada con la
finalidad de comprender los procesos temporales que subyacen a la
recuperacion funcional y anatémica observadas, llevamos a cabo un
andlisis conductual y citoarquitectonico siguiendo el curso temporal
(15, 30, 45 y 60 dias) de desarrollo de los transplantes de CI. Los
resultados de estas investigaciones muestran que la recuperacion
conductual comienza a manifestarse a partir de los 'treinta'_dias de
desarrollo post-transplante al tiempo que aparecen los primeros
indicios de reconectividad, vascularizacién y maduréz estructural,
alcanzando su mejor expresion hacia los 60 dias. Durante los
primeros 15 dias de desarrollo post-transplante, los sujetos no
mostraron ningun indicio de recuperacion en'elparadigma' del CAS,
en tanto que las obServaciones histolégicas mostraron la presencia de
neuronas poco desarrolladas, con escasas proyecciones y
revascularizacion incipiente. | |

- El andlisis de los resultados obtenidos con las técnicas de Golgie

impregnacion argéntica, revel6 la presencia de un proceso gradual de
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desarrollo, caracterizado por una reorganizacion neuronal, (anto en
el tejido huéspéd como cn ¢l transplante, con uinii’inaydi"densidad
neuronal en el tejido transplantado.

Por su parte, la técnica de histoquimica para AChE reveld que
las neuronas de los transplantes homotdpicos expresan una reacciéon
positiva para esta enzima de mancera tiempo-dependiente. Aunados a
estas observaciones, los trabajos cfectuados por Woolf y Butcher
(1982) y Bermudez-Rattoni y col. (1983), sefialan que la acetilcolina
jucga un papcel importante en el CAS. Existen cvidencias de que la
corteza insular presenta considerable actividad colinérgica, asi como
de que el bloqueo farmacolégico de la transmision colinérgica
provoca deficiencias en la adquisicion del CAS (Lopez-Garcia y col,
1990a). Estudios previos de nuestro laboratorio mostraron que los
transplantes homotdpicos neocorticales, que promueven la
recuperacion del aprendizaje en el CAS, liberan ACh, en tanto que en
los transplantes heterotépicos (corteza occipital), que no inducen
recuperacion funcional, no se registra liberacion del citado
neurotransmisor. Esto sugierc una participacion colinérgica en la
recuperacion conductual mediada por los transplantes dentro del CAS
(Lopez-Garcia y col, 1990D). |

~ Numerosos estudios farmacolégicos han sugerido
rei;teradaménte‘cl papel de la acetilcolina, en un gran namero de
funciones cerebrales, incluyendo el aprendizaje y la memoria
(Dunnett y col, 1985; Candy y col, 1986; Perry, 1990; Decker y
McGaugh, 1991). Recientes investigaciones han sefialado que el FCN
prolmueve la sobrevivencia, crecimiento y capacidades funcionales de

las neuronas colinérgicas centrales del cerebro basal anterior (Gage y
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col, 1986; Dekker y Thal, 1993; Cuello y col, 1992; Frim y col, 1993).

~ Administraciones intraventriculares de este factor, incrementan la

sobrevivencia de las neuronas colinérgicas axotomizadas, tras la
lesion del fornix (Hefti, 1990; Kron'lcr,‘]-987; Varon y (:61, 1989). Se ha
reportado también que la administracion de FCN ‘eﬂibebido en
gelfoam reduce la tasa de mortalidad de las neuronas del Septum
medial, originada por lesiones de la fimbria-férnix (Ottgd y col, 1989),
Claramente en nuestro modelo la aplicacion del ECN sélo; no produjo
recuperacion funcional significativa a ninguno de los tien'lpos post-
transplante probados. En contraste, otros autores, usando diferentes
modelos de aprendizaje y diferentes regiones cerebrales han
encontrado recuperacion tras la aplicacion aguda del FCN u otros
factores trdficos, después de pocos dias de desarrollo post-
transplante (Kesslak y col, 1986; Will y Hefti, 1985; Hefti y col, 1984,
Lapchak y Hefti; 1992; Hagg y col, 1990; Lapchak vy Hefti, 1991).
Varon y colaboradores, por ¢jemplo, han encontrado recuperacion
funcional debida a administraciones crénicas de FCN en animalés
lesionados en el férnix, los cuales presentaban severas defi_ciencias en
la ¢jecucion de la tarea espacial de Morris (water maze) (Varen y col,
1989).

En nuestros estudios, 1a mejor recuperacion de la habilidad
para aplend(.r las tarcas de CAS y PP fue ObbCI vada cuando cl FCN se
asocio con transplantes corticales homotop1cos, no asi cuancl.o se |
administré6 en combinacion con transplantes heterotdépicos
provenientes ya sea de mesencéfalo o de corteza occipital. A este
respecto, Heusching y col. (1988), efectuaron un estudio en el que fue

probada la actividad troéfica de diferentes regiones del SNC (cortical,
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hipocampal, septal y estriatal) sobre néﬁféhas :élllbi‘iOIIall'izlS
transplantadas,‘ provenicntes de difcrchtésﬁzﬁiréhé cerebrales,
encontrando que mientras los transplantes de corteza e hipocanipo se
integraron y crecieron adecuadamente en las' 4 regiones, los
transplantes de septum, sufricron atrofia ‘al ser colocados en cl
estriado. Por su parte, los transplantes de estriado, se integraron y
crecieron adecuadamente tan solo cuando fueron colocados en la
region estriatal. Los autores destacan el hecho de que en todos los
casos los transplantes homotdpicos, mostraron una mejor integracion,
caracterizada por un alto y constante nimero de neuronas
sobrevivientes. Asi Heusching y colaboradores, sostienen que
cualquier area del cerebro adulto lesionada, presenta actividad
trofica especifica, preponderantemente dirigida hacia las células
homotopicas embrionarias correspondientes. La habilidad para
responder a la mencionada actividad, parecel cambiar con el grado de
afinidad entre el transplante y Ia zona receptora del huésped.
Nuestros resultados conductuales parecen estar relacionados
con la integracion y maduréz del tejido transplantado. Resultados
preliminares empleando la tincion de Golgi indican que los
transplantes corticales con FCN, mo’strarog un mayor desarrollo
‘neuronal, un‘ahipertrofia de las poblacion_és ce_lulql‘cs en torno al
transplante, una menor cantidad de glia réactiva eﬁ su interior asi
como una extendida vascularizacion, cuando fueron compafados con
el resto de los grupos. Por lo tanto, tal como mencionamos
‘anteriormente, si bien el FCN estd involucrado en los procesos de
rec.'uperaci(’m requiere, en nuestro modelo, de la'fpije_sencia de los

transplantes homotopicos neocorticales y/o de algin factor cortical
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esencial para la produccion de la recuperacion funcional. Asinlismo,
nuestros resultados sefialan reiteradamente que la acelerada
recuperacion mostrada en presencia del factor “de crecimiento
neuronal, s¢ halla estrechamente asociada 'a"'la‘ 'pai‘ti'ciplaci()n del
sistema colinérgicd, medido a través de los niveleé'!cndégenos del
neurotransmisor y de la actividad de la ChAT (1’11’&/1:"./0'0 in | i/itro), en
los procesos de integracion neuroquimica de los transplantes.
Diferencias en la actividad colinérgica similares a las detectadas
en nuestros experimentos empleando marcadores in vivo e in vitro,
han sido ampliaméntc documentadas en la literatura (JCnden, 1985;
Lapchak y col, 1991; Dekker y col, 1991). Sin embargo a pesar dc las

discrepancias inherentes a las metodologias utilizadas, nuestros

resultados demuestran que la actividad colinérgica en los implantes

de los grupos controles intactos y los que recibicron transplantes de

CI combinados con FCN, es similar en todos los casos, exhibiendo
diferencias significativas con respecto a los grupos que recibieron
implantes heterotépicos con FCN u homotépicos con vehiculo sin
factor. |

Existen neuronas receptoras a la ACh en pricticamente toda la

neocorteza, investigaciones a este respecto han mostrado que entre cl

60 y el 80% de la ACh cortical; proviene de f_uentes extr_injsecas a la
corteza (Hebb, 1963; Emson y col, 1985). Entre talcs'_estructm‘as
cxtracorticales destaca el ntcleo basalis magnocellularis (NBM) del
cerebro ventral anterior (Shute y Lewis, 1967, Hartgraves y col,

1982; Rye y col, 1984). Se ha probado asimismo, que la presencia de

transplantes de tejido embrionario procedente de cerebro anterior

ventral, en la necocorteza de ratas con lesiones de NBM, restablecen
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" Hace mds de un cuarto de siglo querse sabe quc las acciones
derivadas de la actividad biologica del FCN se inhiben por la
administracion de los anticuerpos con'tra' este factor. Cohen, Levi-
Montalcini y colaboradores reportaron por pum(_m vez en 1960, la
destruccion del SNP simpatico, debida a la ddnmnbudcxon exdgena de
anticuerpos dirigidos contra el FCN (anti—FCN) (Cohen, 1960; Levi-
Montalcini y Booker, 1960). Dos décadas despuds (Gorin y Johnson,
1979) mostraron que la exposicion prenatal al anti-FCN promueve la
muerte de las células sensoriales. Efectos similares se han registrado
en las células colinérgicas del SNC (Vroegog y col, 1992). A este
respecto, llevamos a cabo estudios preliminares con la finalidad de
- probar la especificidad de las acciones derivadas de la presencia del
FCN en nuestro modelo, los resultados de estas investigaciones
muestran que la combinacion del factor con un anticuerpo anti-FCN,
bloquea el efecto de aceleraciéon de la re'cup'eracién de la habilidad
para aprender, mediado por los transplantes de CI con FCN,

Finalmente, en este contexto cn el que los transplantes de
tejido cerebral fetal son capaces de integrarse al tejido hLiésped de
restablecer funciones e incluso 1ncmmentar su sob1ev1venc1a y aun
acelerar la 1ccupc1aC1on si son Lombmados con dlgunos factmu
uohcos es nccesauo sefnalar que dlgunas mvcsugauoncs cn ldb que
se han analmado los cfectos a largo plazo tanto de la adnnmstrauon
de factores tréficos como de los transplantes combinados con éstos,
han mostrado efectos negativos sobre las 111anifestaciones
"condli.lctual_es (Will y Hefti, 1985; Pallage y col, 19806; Hefti, 1990).
En n_Lxe_stro laboratorio, rccientcmente llevamos | a .ﬁcabo

estudios en los que analizamos la respuesta conductual de ratas con
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trzmspldntés‘de CI con o sin FCN dcspués de 130 dias de desarrollo
post- llclllSpldlllC Los resultados de estas mvcsug,auoneb 1evcl(uon
que todos los grupos de animales tr ansplantados muestr an severas
deficiencias en el aprendizaje de las tareas de PP y laberinto de agua
de Morris, éomparados con los grupos controles intactos y atn con los
grupos que permanecen lesionados en la CI. La hipdtesis mas
ampliamente documentada que intenta explicar este 1"(311(’)111@110,
afirma que después de largos periodos de desarrollo pOSt—trahsplante
se¢ establecen conexiones inadecuadas entre el transplante y cl
huésped al tiempo que se origina una invasion de los tejidos
adyacentes al implante, con el consecuente trastorno de la
comunicacion neuronal (Milner y Loy, 1980; Bjorklund y Stenevi,
1981; Madison y Davis, 1983; Gage y col, 1984; Will y Hefti, 1985). De
manera que 1'1 investigacion en torno a los clectos a largo plazo de la
admlmstracmn de factores troficos y su COllelIldClOl‘l con transplantes
de tejido cerebral fetal, requiere de un anilisis mas profundo acerca
de sus efectos sobre la evolucién neuroquimica y los procesos de
aprendizaje de los sujetos implantados. |

En conclusic')n nuestros estudios han demostrado que:

1) La recuperacwn funcional de los transplantes homotoplcos de CI

en ausmcm de FCN comlcma a nnmiestarse a par tir clc los 30 chas
de dcsanollo post-uansplame alcan/ando su me;or cxprcsmn hac1a
los 60 dias post—transplante

2) Los tr ansplantes homotoépicos de CI combumdos con F CN aceleran
la Lecuperaaon de la habilidad para apxcndel hacm 105 15 dias de

desarrollo post-transplante en ratas prev;amente 1e310nadas en la CL
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3) La proyeccion colinérgica existente entre el NBM y la CI participa
cn Jla integracion ncural de la informacion gustativa y en el
restablecimiento de la comunicacién neuroquimica inducida por los
transplantes de CI combinados con FCN,

4) La actividad colinérgica medida in vivo e in vitro a diferencia de la
GABA¢rgica, e¢s similar en los implantes de las ratas controles
intactas y las que reciben transplantes de CI en combinacion con FCN,
y significativamente diferente a la de los grupos restantes.

5) Ninguno de los grupos con implante heterotopico, vehiculo o FCN
s6lo, son capaces de promover la citada recuperacién, ni de restaurar
los niveles colinérgicos hacia los 15 dias de desarrollo post-
transplante.

Estos resultados sugicren que él FCN cuando se¢ asocia
mmultaneamcnte con transplantes homotomcos dc CI produce
lecupemcxon de la habilidad para aprcndel en ratas pxewamente
lesionadas en la CI, y promucve el mstablec_lmlemo de la actividad
colinérgica de los illlplantes a partir de los 15 dias de desarrollo post-

transplante.
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