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RESUMEN

1.- El objetivo del presente tabajo fue estudiar la participacién de la corteza
somatosensorial primaria (SI) y del 4rea motora suplementaria (AMS) en la percepcitn y
el procesamiento de estimulos somestésicos. Para este propdsito se utilizaron primates
subhumanos (Macaca mulatta) que aprendieron una tarea sensorial de categorizacién de
estimulos tictiles. Los animales ejecutaron esta tarea oprimiendo con la mano derecha
uno de dos interruptores, para indicar si la velocidad de una punta de metal (estfmulo
somestésico) que se desplaz6 sobre la piel glabra de uno de los dedos de la mano
izquierda, era categorizada como alta o baja. Se aplicaron 10 estimulos con velocidades de
12 a 30 mm/seg, con una distancia de recorrido (6 mm), fuerza (20 gr) y direccion
constantes, La tarea de categorizacién permilié cuantificar la conducta perceptiva con
técnicas psicométricas y evaluar las conductas motoras (el tiempo de reaccion ¥y el
tiempo de movimiento), que fueron similares para todos los animales y todas las
condiciones de estirmulacién.

2.- En la corteza SI, se realizé el registro unitario extracelular en el drea 1 durante la
realizacién de la tarea (frabajo experimental 1). Se registraron 45 neuronas de las cuales 31
se clasificaron como adaptadores rdpidos y 14 como adaptadores lentos. La latencia de
respuesta para todas las neuronas fue de 25.8+0.6 ms (SEM), con respecto al inicio de los
estfmulos. Por otra parte; se identificé en esta poblacién, neuronas (10 adaptadores rdpidos
y 2 adaptadores lentos) que incrementaron su tasa de disparo en funcién de las
velocidades que se categorizaron. Los resultados permiten sugerir la hipétesis de que la
actividad neuronal de la corteza SI, durante la tarea de categorizacién, es el paso inicial
para un posterior procesamiento de los estfmulos somestésicos, en otras dreas corticales,
en donde la actividad neuronal pudiera asociarse con la percepcién de los estimulos
tictiles.

3.- Para probar esta hipétesis, se realizé una lesién unilateral mecdnica de la corteza Sl
{trabajo_experimental 2). Los resultados indican que los animales pudieron detectar la
presencia de los estimulos somestésicos, pero perdieron la capacidad para categorizar de
manera adecuada estos estimulos. Esta alteracién se observé a partir del primer dia
después de la lesidén y no se identificé una recuperacién durante en periodo de evaluacién
{60 dias consecutivos). Los resultados de los trabajos 1 y 2 permiten concluir que en otras
areas corticales, con relaciones anatémicas con la corteza SI, podrian existir mecanismos
asociados con la percepcién de los estimulos somestésicos. Ademas de que SI es un nodo
importante para el funcionamiento de las dreas sométicas involucradas en la tarea.

4.- Una de estas areas corticales es el AMS. Durante la ejecucion de la tarea de
categorizacién, se realizé el registro unitario extracelular de 1836 neuronas en el AMS: 877
en el hemisferio derecho {(AMS-der), contralateral al estimulo y 959 en el hemisferio
izquierdo (AMS-izq), ipsilateral el estimulo. El anlisis cuantitativo permitié identificar
cuatro tipos de respuestas neuronales asociadas a la tarea de categorizacién. El primer
tipo de neurona correspendié a aquéllas que respondieron sélo durante la aplicacién de
los estimulos tictiles (trabaio experimental 3); se denominaron neuronas sensoriales o §
(130 en ambas AMS). Otro tipo de neurona respondié durante el periodo del estimulo y su
respuesta continué durante el periodo que abarcé el movimiento de la mano y el brazo
{trabajo experimental 3); estas células se denominaron neuronas sensoriomotoras o SM (196




en ambas AMS). La latencia y la magnitud de las neuronas S y SM no variaron en funcién
de las velocidades que se utilizaron ni se asociaron con el proceso de categorizacién. Por ofro
lado, se identificaron neuronas que respondieron sélo durante el movimiento de la mano y
el brazo para indicar la respuesta de categorizacion. Esta neuronas motoras no se incluyeron
en el andlisis; sus caracteristicas han sido descritas en la literatura. Por iiltimo, se
indentificaron neuronas con actividad diferencial en ambos hemisferios (AMS-der: 88;
AMS-izg: 103) que respondieron cuando el animal categorizé la velocidad como baja o
como alta (trabajo_experimental 4). Las células con estas respuestas fueron llamadas
neuronas categéricas. Este tipo de actividad neuronal se observé durante el periodo del
estimuloy el movimiento de la mano y el brazo. Se utiliz6 la Teorfa de Deteccién de Sefiales
para determinar si la actividad de las neuronas categdricas estaba en relacién con la toma de
decisiones durante la tarea de categorizaciénitrabajo experimental 4). ' Con este analisis se
obtuvieron los umbrales neurométricos para estas neurcnas que fueron comparables a los
umbrales psicométricos, de tal manera que la actividad de las neuronas categéricas se
correlaciond con la capacidad de los animales para categorizar los estimulos somestésicos
como altos o bajos.

5- La tarea de categorizacién de estimulos somestésicos junto con el registro unitario
extracelular (trabajo experimental 1) y la lesién de la corteza SI (trabaje experimental 2)
pemiiten concluir que esta 4rea sensorial, proporcona la actividad neuronal inicial que da
origen al procesamiento de los estimulos somestésicos en ofras dreas corticales, que
establecen relaciones anatémicas con la corteza 51, como es el caso del AMS. Los resultados
que se obtuvieron con la tarea de categorizacién y el registro unitario extracelular en el AMS,
plantean que esta drea motora participa en el procesamiento de estimulos somestésicos, a
través de una poblacién de neuronas que participa en la transformacién de una respuesta
somestésica, en una actividad asociada con la conducta motora (trabajo experimental 3) y
otra poblacién de células que reflefa en su actividad la toma de decisiones (trabajo

experimental 4).

ii



ABSTRACT

1.- The aim of this study was to investigate the role of the somatosensory cortex (SI) and
the supplementary motor area {SMA) in the perception of somesthetic stimuli. For this
purpose, we trained monkeys (Macace mulatta) in a tactile categorization task. They
performed this task by pressing with the right hand one of two target switches, indicating
whether the speed of a probe moving across the skin of the left restrained hand, was low
or high. The stimulator tip moved with speeds between 12 and 30 mm/s; half of them
were considered low (12, 14, 16, 18 and 20 mm/s) and the rest high (22, 24, 26, 28 and 30
mmy/s). The probe moved across a fixed traverse distance (6 mm), direction and force (20
g). Sensory performace was evaluyated with psychometric techniques and the motor
behavior by measuring the reaction (RT) and motor (MT) times.

2.- In 51 cortex (area 1), the activity of single neurons (45) was recorded during the
performance of the task {work 1). Thirty-one neurons were identified as quickly adapting
and 14 neurons as slowly adapting. Latency of response relative to the beginning of the
stimuli was 25.8:0.6 ms (SEM). On the other hand, we found a class of neurons (10
quickly adapting and 2 slowly adapting) that increased their mean firing rate as a
function of the stimulus speeds. The results suggest that S1 cortex provides the initial
substrate to other cortical and subcortical structures for somesthetic perception.

3.- To test this ., we removed $1 cortex, contralateral to the tactile stimulus and studied
the effects on the categorization tagk (work 2). The results showed that animals could
detect the somesthetic stimuli, but they lost their ability to categorize the stimulus
speeds. This effect was observed from the first day after the lesion and there was no
recovery during the period of evaluation (60 days). The results of works 1 and 2
indicate that indeed 51 cortex provides the initial subtrate for somesthetic perception.
However, those cortical areas linked to 51 cortex, may generate the neural signals
associated with the perception of somesthetic stimuli.

4.- One of these cortical areas is the SMA. During performance of the categorization
task, the activity of single neurons (1836) was recorded: 877 in the right hemisphere
(SMA-right, contralateral to the stimulus} and 959 in the left hemisphere (SMA-left,
ipsilateral to the stimulus). The analysis revealed four types of neural responses. The first
type of neurons responded only during the stimuiation period (work 3) and they were
classified as sensory neurons (S, 130 in both AMS). The second type of neurons
responded during the stimulation period and their responses continued during motor
responses ( work 3); these were classified as sensory-motor neurons {SM, 196 in both
SMA}. The latency and the magnitude inSand SM responses were not a function of the
stimulus speeds or to the category of the motor responses. The third type of neurons
responded only during the motor responses and they were not included in the analysis
because this type has already been reported. The last type of neurons responded
differentially {88 in SMA-right ; 103 in SMA-left) depending on whether the stimulus
speed was categorizated as low or high (work 4} . They were classified as categorical
neurons. This activity ocurred during the period of stimulation and during the motor
responses. We used Signal Detection Theory to determine whether this activity was
associated with the animal’s decision (work 4). Based on this analysis, we computed
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neurometric functions which were directly compared with the psychometric functions. The
results indicate that this activity predicts the categorization of stimulus speeds.

5.- These studies provide new information about cortical stimulus encoding and show
that this encoding is important for somatosensory perception. One important issue of
these experiments is the demostration that a frontal motor area (AMS) is associated with
a sensory decision process. This result challenges a unique role for motor areas in coding
exclusively the parameters of movements.
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INTRODUCCION

La percepcién implica obtener informacién del medio externo que nos rodea
o de nuestro medio interno, a través de nuestros 6rganos y sistemas sensoriales.
Asi, el proceso perceptual involucrarfa no sélo el problema de cémo la energia
fisica de los estimulos activa los érganos sensoriales, abarcaria también la
transduccién de esta energia en impuisos nerviosos y la formacién de uno o varios
codigos neurales en el sisterna nervioso central, que nos permitirfa interpretar y
relacionarnos con el medio externo o interno, a través de conductas complejas
(aprendizaje, memoria, motivacién, solucién de problemas).

Una aproximacién heurfstica al estudio de la percepcién es la combinacién
de técnicas de peicofisica y de neurofisiologia que permitiria una correlacién
cuantitativa éntre las réspuestas conductuales de un sujeto ante los estimulos y los
mecanismos neurales subyacentes a estas respuestas.

La presente tesis es parte de un programa de investigacién desarrollado por
el Dr. Ranulfo Romo Trujilllo en el que se utilizan técnicas de psicofisica y de
neurofisiologia, cuyo objetivo principal es el determinar la participacién de las
dreas de la corteza cerebral (somestésicas y motoras) en la percepcién de los
estimulos somestésicos. En las siguientes secciones se describirdn las
caracteristicas, los criterios de identificacidon y los estudios funcionales que
sirvieron de antecedentes para el trabajo experimental en dos dreas corticales: la

corteza somatosensorial primaria y el drea motora suplementaria.



EL S5ISTEMA SOMATOSENSORIAL

El estudio del sistema somatosensorial de los primates subhumanos ha
permitido el andlisis de los posibles mecanismos neurales relacionados con la
percepcién. Las técnicas anatdmicas aportan datos acerca de las vias periféricas y
las estructuras centrales involucradas en este proceso; por otro lado, las técnicas de
neurofisiologia, facilitan el conocimiento acerca de la transduccién sensorial y
como a partir de este mecanismo se generan potenciales bioeléctricos en los
receptores, en las fibras aferentes primarias y en los ntcleos y areas corticales que
forman el sistema somatosensorial. Estas aproximaciones permiten correlacionar
la actividad perifégica y central del sisterma nervioso con la modalidad, el lugar, la
intensidad y el pntﬂn wmpnml de Jos estimulos somestésicos (Mountcastle, 1980).
A pesar de estos avances, no $¢-conoce como esta actividad neural se modifica, se

transformt 0 cambia para dar origen a un proceso perceptual.

na , la mano es un importante 6rgano somestésico que permite
la identificacién de los objetos; la piel grabla posee la m4s alta densidad de
mecanoreceptores en el cuerpo (Kass, 1990). Los estudios diversos han permitido
identificar cuatro tipos diferentes de mecanoreceptores cutineos que estan
inervados de manera separada y selectiva por una fibra aferente. Estos
mecanoreceptores y sus fibras se clasifican de acuerdo a la adaptacién temporal a
un estimulo mecanico suave y estable que se aplica en su campo receptor ' . Las
fibras aferentes tipo I se clasifican como aferentes de adaptacion lenta (AL-I) e
inervan los discos de Merkel; los registros con microelectrodos demuestran que
estas fibras aferentes responden a la indentacién de la piel por periodos que
duran varios segundos (Mountcastle, 1984; Kass, 1990). Una segunda clase de
fibras aferentes de adaptacién lenta (AL-II) inervan terminales encapsuladas
llamadas corpusculos de Ruffini; estas fibras se localizan también en tejidos

profundos como ligamentos y tendones (Mountcastle, 1984; Kass, 1990). Es

' Un campo receptor en el sistema somatosensorial, se define como una zona corporal (cutdnea o
profunda), en donde los estimulos adecuados producen la activacion de mecanoreceptores, fibras
aferentes, células tdlamicas o corticales (Mountcastle, 1984).
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importante mencionar que las fibras AL-II slo se han descrito en la mano humana
¥ no en primates subhumanos (Johansson y Valbo, 1979). Las fibras aferentes que
predominan en la piel glabra de los digitos de la mano son fibras de adaptacién
ripida (AR) que inervan los corpiisculos de Meissner (Darian-Smith y Kenins,
1980; Darian-Smith, 1982), cuya densidad es grande en los segmentos distales de
los digitos (Darian-Smith y Kenins, 1980). Existe otro tipo de fibras aferentes
cutineas de adaptacién rdpida, que inervan los corpisculos de Pacini (CP) que se
localizan con baja densidad, en la piel profunda de los digitos (Darian-Smith y
Kenins, 1980; Darian-Smith, 1982). Las fibras aferentes que se han descrito forman
fasciculos junto con otras provenientes de otros receptores y dan origen a los
nervios periféricos, que penetran a la médula espinal a través de las raices dorsales.
La mayoria de las fibras aferentes se ramifican; una colateral se dirige a la
sustancia blanca, para seguir una trayectoria ascendente en la columna dorsal y
terminar en las neuronas de los nicleos de la columna dorsal, que se localizan en la
interseccién del bulbo raquideo y la médula espinal. Por otro lado, otras colaterales
llegan a las astas dorsal e intermedia de la médula espinal en donde hacen sinapsis
con neuronas internunciales. Las fibras ascendentes provienen de diferentesg
regiones corporales y terminan de manera somatotépica en los niicleos de la
columna dorsal {Mountcastle, 1984; Kass, 1990.) De las neuronas localizadas en
estos nucleos surgen fibras eferentes que se decusan y dan origen al tracto llamado
lemnisco medio. En conjunto, las fibras aferentes periféricas, ascendentes y del
lemnisco medio forman el sistema lemniscal. La organizacidén de las fibras de este
sisterna muestra una precisa y detallada representacion de las propiedades de los
mecanoreceptores periféricos, lo que permite asegurar un relevo adecuado hacia el
tdlarmo, que mantenga una estable y fuerte transmision espacial y temporal de la
estimulacién somadtica periférica (Mountcastle, 1980). Estas caracteristicas,
contrastan con las propiedades de las fibras del sistema anterior-lateral (por
ejemplo, posee una representacién corporal difusa), que a pesar de participar en la
sensibilidad somestésica, estd mds relacionade con la sensibilidad térmica y

dolorosa (Mountcastle, 1980).
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En el talamo, el complejo ventral-basal (VB) se encuentra formado por los
niicleos ventral posterior lateral (VPL) y el niicleo ventral posterior medial {(VPM)
y se caracteriza por tener una representacion topografica detallada de la superficie
corporal contralateral; sus células presentan respuestas especificas a la cualidad de
un estimulo, en campos receptores discretos y continuos (Mountcastle, 1980). El
complejo VB recibe las fibras ascendentes de Jos tractos aferentes somaticos (entre
ellos el lemnisco medio, que termina en el niicleo VPL), y proyecta eferentes a las
cortezas somestésicas que a continuaci6n se definen.

Una 4rea sensorial somética de la neocorteza es aquella que recibe vias
aferentes somdticas provenientes del complejo VB del tilamo y sus neuronas
responden a la estimulacién sensorial somdtica (Mountcastle, 1984) (Fig. 1E). De
acuerdo a estos criterios, el drea del giro postcentral (corteza somatosensorial
primaria o SI) y una zona localizada en el plano temporal superior (corteza
somatosensorial secundaria o SII) son consideradas 4reas sensoriales somaticas
(Fig. 1A y D). Sin embargo, otras dreas corticales que se localizan en el 16bulo
parietal posterior, también responden a la estimulacién somatica. Las células del
drea 7b, drea 5 y el drea somatosensorial suplementaria (parte mesial del drea 5)
responden a los estimulos sensoriales somaticos (Mountcastle, 1975; Hyvérinen,
1982) y la lesién de estas dreas produce desordenes complejos de la sensibilidad
somdtica como la astereognosis (Hyvirinen, 1982). A pesar de estas caracteristicas,
las vias sensoriales somadticas a estas dreas parietales, provienen de aferentes que se
originan en 51 y SII (Darian-Smith, 1982; Hyvirinen, 1982; Mountcastle, 1984) y su
inervacién taldmica se origina en el nicleo pulvinar anterior y el niicleo lateral
posterior que no reciben vias sensoriales somaticas ascendentes (Mountcastle, 1984;
Kass, 1990). Sin embargo, es importante mencionar que la estimulacién somadtica
puede llegar a estas dreas a través de las vias ascendentes del sistema anterior-
lateral (fibras espinotaldmicas} ya que una parte de las proyecciones terminan en el
nucleo central lateral del complejo intralaminar dei tilame, que proyecta eferentes

a la corteza parietal posterior {Darian-Smith et al, 1979; Hyvirinen, 1982).



CORTEZA SOMATOSENSORIAL PRIMARIA (SI)

En los primates superiores, la SI se localiza en la region parietal anterior
(giro postcentral) y se divide en direccién anterior-posterior en cuatro campos
diferentes que corresponden a las dreas 3a, 3b, 1 y 2 de Brodmann (Fig. 1A y D).
Esta division se basa en los siguientes criterios:
L.- Citoarquitectura. El drea 3a se caracteriza por un adelgazamiento en la capa [V de
las células granulares y la presencia de células piramidales gigantes, aunque esta
tltima caracteristica no es consistente en toda el drea (Kass, 1983). El drea 3b
presenta una gran densidad de células en las capas Il y IV, lo que permite
identificarla como coniocorteza (Mountcastle, 1984). En contraste, el area 1
presenta en estas mismas capas, una menor densidad de células (Kass, 1983). Con
respecto al drea 2, las capas IV y VI presentan una mayor densidad de células
(Kass, 1983).

2.- Conectividad.

Conectividad taldmica (Fig. 1E). De manera especifica, las aferentes
taldmicas a las dreas 3a, 3b, 2y 1 provienen del nuiicleo ventral posterior lateral,
parte caudal {VPLc) y del niicleo ventral posterior medial (VPM) (Friedman y
Jones, 1981; Jones y Friedman, 1982). Por otro lado, las proyecciones
corticotaldmicas surgen de los 4 campos en que se divide el drea S {se originan
enlas capas V y VI) y terminan en los nicleos VPLc y VIPM (Jones, 1984).

Conectividad cortical. Las conexiones entre los campos de 5] y entre Sl y
otras dreas corticales muestran una topografia definida. El drea 3a manda
proyecciones al 4rea 2, a la corteza motora prfmaria y a SII (Kass, 1990). Por otro
lado, las fibras que emergen del drea 3b proyectan hacia el drea 1, drea 2y Sl y
recibe proyecciones reciprocas de las mismas 4reas (Kass, 1990) (Fig. 1C). La
representacién de los digitos de la mano en el drea 2, establece relaciones

reciprocas con las representaciones de los digitos en las areas 3b y 1 de Brodmann
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FIGURA 1. Corteza Somatosensorial Primaria (Sl).

1A. Diagrama que muestra la superficie lateral del hemisferio cerebral izquierdo
del mono Macaca mulatta y que indica la localizacion de la corteza SI. Las 4reas
3ay 3b se localizan en el surco central {(SC) (ver D). A: surcc arcuato; L, surco
lunato; P, surco principal; PCS, surco postcentral; IP, surco intraparietal; ST, surco
temporal superior; S, cisura de Silvio.

1B. Representacion de diferentes parnes del cuempo en la corteza Sl (drea Sb y 1}
la secuencia medial-lateral que se ilustra es similar para el drea 2.

1C. Diagramas que ilustran algunas conexiones corticales de los diferentes
campos de Si. Circulos blancos y flechas: proyeciones unidirecionales; circulos
negros y lineas con dobie fiecha: conexiones reciprocas.

1D. (1) Localizacién de Sl en la corteza parietal posterior. También se presenta la
localizacién de la corteza S . (2) Seccidn sagital que ilustra los cuatro campos de
Sl localizados en el surco central y el giro postcentral.

1E. Diagrama que presenta en una seccion sagital, el patron de inervacién
tatdmica que se origina en & complejc ventrobasal. VPLc: nicleo ventral
posterclateral, parte caudal; VPLo: nticleo ventral posterolateral, parte oral. LP:
nicleo lateral posterior. VL. niicleo ventral lateral.

1F. Organizacién celumnar de Sl. (1) las aferentes a cada regién de S, provienen
de un tipo de receptor en la piel (cutdneo o profundo} con un campo receptor. El
dibujo muestra la organizacion columnar -de las aferentes provenientes de
campos receptivos de los digitos D2, D3 y D4. (2) El dibujo ilustra que las
columnas pueden dividirse de acuerdo al tipo de aferentes que reciben: AS:
adaptadores lentos; AR: adaptadores rapidos.



(Pons y Kass, 1986) mientras que las regiones que representan la punta de los
dedos en las dreas 1 y 3b también mantienen conexiones reciprocas. Estos
resultados muestran que la representacién de los digitos de la mano, en los 4
campos de SI, tiene estrechas interrelaciones. Con respecto a las relaciones
ipsilaterales de SI con otras 4reas corticales, se conoce que establece conexiones
reciprocas con SII (Jones, 1984; Burton, 1986) y manda fibras eferentes a la corteza
parietal posterior (dreas 5y 7b) y a la corteza MI (Jones, 1984; Mountcastle, 1984)
(Fig. 1C). Las 4reas 1 y 2 de Brodmann mandan proyecciones al drea motora
suplementaria (Jones, 1984; Mountcastle, 1984) y a la fecha no existen reportes que
sugieran proyecciones que surjan del drea 3b o 3a (Fig. 1C). Por otro lado, la
corteza SI manda fibras que viajan por el cuerpo calloso y terminan en las
cortezas SI y SII contralaterales (Jones, 1984). Es importante sefialar que la
' representacién de los pies y las extremidades anteriores (antebrazo, mano y dedos)
en los cuatro campos de Sl carecen de conectividad callosa (Jones y Powell, 1969b;
Jones, 1984; Shanks et al, 1985).

Conectividad subcortical. Las principales conexiones de SI a estructuras
subcorticales terminan en el putamen, en los ntcleos pontinos y en menor
numero se localizan eferentes al coliculo superior y a los micleos de la columna
dorsal. (Jones, 1984). Se ha demostrado que los 4 campos en que se divide SI,
mandan eferentes contralaterales a la médula espinal. En primates subhumanos
las fibras que surgen del drea 3b terminan en el asta dorsal, en la zona
correspondiente a las ldminas Ill y IV de la nomenclatura de Rexed, mientras que
las terminales de las fibras que se originan en el drea 1 se restringen a la regién
que corresponde a la ldmina IV (Coulter y Jones, 1977). Las fibras eferentes del
drea 2 también terminan en el asta dorsal, pero abarcan las liminas V y VI (Coulter
y Jones, 1977). En el caso del drea 3a, se ha reportado que sus eferentes terminan
en una drea que abarca la parte lateral del cuello y la base del asta dorsal,
correspondiente a las ldminas VI y VII (Coulter y Jones, 1977). Estas eferentes
terminan en los segmentos cervical, toraxico y lumbrosacral de la médula espinal

(Murray y Coulter, 1981}. En términos generales, las terminaciones corticoespinales




de la corteza SI terminan en el hasta dorsal de la médula espinal y por ello, es poco
probable que tengan una influencia directa en la actividad de las motoneuronas.
Los datos anatémicos (ver Jones, 1984) sugieren la posible participacién de estas

vias descendentes, en la modulacién sensorial de la estimulacién somestésica.

3.- Actividad neuronal. En cada una de estas dreas se identifican células que
responden a la estimulacién de los mecanoreceptores cutineos y profundos de la
piel glabra de la mano. Las neuronas del irea 3a responden a la estimulacién de
receptores articulares y musculares (Jones y Porter, 1980; Iwamura et al, 1983a).
Otros trabajos muestran que en el drea 3b, las células se activan principalmente con
la estimulaci6n de los receptores cutdneos ARy AL (Sur et al, 1984; Iwamura et al,
1983a), mientras que el drea 1 responde a la estimulacién de receptores cutneos
AR (Paul et al, 1982, Iwamura et al, 1983b). En el drea 2 se localizan células que
responden a receptores musculares y articulares (Iwamura y Tanaka, 1978), sin
embargo también se han reportado células que responden a la estimulacién
cutdnea (Iwamura y Tanaka, 1978; Kass et al, 1979; Pons et ai, 1985).

Campos receptores. La identificacidn de campos receptores en la zona
cortical correspondiente a la representacién de la mano, ha permitido establecer
que en el 4drea 1 se localizan, de manera predominante, células que responden a
diferentes sitios (cutdneos y profundos) en diferentes segmentos homdlogos de los
dedos (campo receptor multidedo) o responden a la estimulacién de los dedos y la
palma de la mano {campo receptor amplio} (Iwamura et al, 1983b; Sur et al, 1985);
los campos receptores cutineos de esta 4rea presentan una organizacién
centro(on)-periferiaoff) (Sur, 1980). En contraste, las células del drea 3b tienen de
manera preferente, campos receptores (cutineos y profundos) de menor tamaho,
su localizacién se restringe a un sélo dede {Iwamura et al, 1983a; Sur et al, 1985) y
los campos receptores cutdneos son uniformes y homogéneos. (Sur, 1980). En el
drea 2 se identifican células con campos receptores grandes del tipo multidedo y
amplio, que responden a la estimulacion cutdnea y articular o a ambas (Iwamura et

al, 1980).



4.- Representacion corporal. La utilizacion del registro unitario extracelular ha
demostrado que existe una representacién somatotdpica de la superficie corporal
en cada una de las 4reas de SI (Kass et al, 1979; Kass, 1983) (Fig.1 B} y que estas
representaciones muestran diferencias. La representacién en el drea 1 es més
pequefia que en el drea 3b (Kass et al, 1979). En el 4rea 2 se ha reportado la
existencia de regiones corporales con una representacién para la estimulacién
cutdnea y otra para la estimulacién profunda (Pons, et al, 1985). Es importante -
mencionar que estas representaciones no son estiticas. En animales que se
entrenaron por un tiempo prolongado (hasta 6 meses) y como consecuencia
mejoraron la ejecucién en una tarea de discriminacién de estimulos somestésicos,
se observé un incremento en el tamafio de la representacién cortical en el rea 3b,
corréspondiente al drea de la mano que se estimul6 (Recanzone et al, 1992).

De esta manera, la regién del giro postcentral que se ha descrito como SI en
primates superiores, consiste de 4 4reas con caracteristicas anatémicas y
funcionales definidas. Por ello, es erréneo hablar de SI como una sola zona cortical.
A pesar de estas diferencias, en estas adreas se descubrid un principio de
organizacién funcional que ha sido importante para entender los mecanismos de 51

en particular y de la neocorteza en general.

ORGANIZACION COLUMNAR DE LA CORTEZA SI

Los estudios realizados tanto en gatos como en monos anestesiados
(Mountcastle, 1957; Powell y Mountcastle, 1959) permitieron identificar Ia
organizacién columnar de 5I (Fig. 1F). En estos trabajos se realizaron registros con
microelectrodos, siguiendo penetraciones perpendiculares a la superficie pial de la
neocorteza; las neuronas presentaron, en las sucesivas capas corticales, latencias

de activacién similares y respuestas semejantes al espacio corporal que se estimulé



(campo receptor) y la modalidad sensorial que se utilizé. Con las penetraciones en
direccién tangencial o paralelas a la superficie cortical, se observé que las
respuestas de las neuronas cambiaban de manera regular, como si el
microelectrodo registrara diferentes poblaciones de neuronas. Mountcastle utilizé
el término “columna” para describir estos grupos funcionales de neuronas con
una organizacion vertical y lo propuso para designar a la unidad elemental de la
organizacion cortical en SI (Mountcaétle, 1957). De manera breve, se plantea que
una columna es un circuito neural local, con orientacién vertical, en el que la
informacién sufre un procesamiento que es determinado por los elementos de la
columna (Mountcastle, 1978). Las células corticales en una columna en SI pueden
estar asociadas con un grupo particular de vias aferentes cutdneas ya que en su
actividad se replican las propiedades dindmicas de las fibras aferentes (Powell y
Mountcastle, 1959). Por ello, se han identificado columnas con respuestas tipo AR,
ALy CP (Fig. 1F) que presentan una distribucién diferencial ya que el 4rea 3b
contiene més columnas de neuronas con respuestas de AL mientras que las dreas 1
¥y 2 contienen una predominancia de columnas AR (Sur, et al, 1984). El
planteamiente  de una organizacién columnar permitié tener un modelo
heuristico para entender el funcionamiento de la neocorteza ya que este tipo de
organizacion se ha descrito en otras dreas corticales de los primates como la
corteza visual primaria, la corteza auditiva primaria, la corteza motora primaria y

la corteza homotdpica del lobulo parietal posterior (Mountcastle, 1978).

REPRESENTACION DE LOS ESTIMULOS EN EL SISTEMA
SOMATOSENSORIAL
La organizacién anatémica y funcional del sistema somatosensorial asi
como la organizacién columnar de la corteza S, han permitido considerar a este
sistema, como un modelo apropiado para estudiar la representacién de los
estimulos tictiles en la actividad de las vias periféricas y en las estructuras

centrales. Un estimulo tactil que vibre de manera sinuosoidal y que se aplique a



la piel grabla de la mano, a una frecuencia de 10-40 Hz producird una sensacion
cutdnea local de aleteo o flutter, mientras que a frecuencias mayores (50-400 Hz)
se producird una sensacién difusa de vibracion. El estimulo flutter y la vibracion
son una forma de mecanorecepcién que es dependiente de la actividad de dos
grupos distintos de fibras aferentes. En un estudio hecho en primates subhumanos,
previamente anestesiados, se demostré que el estimulo flutter que se aplica en la
piel glabra de la mano, induce una actividad periédica de impulsos en las fibras
AR {provenientes de los corpiisculos de Meissner) mientras que las fibras CP
(provenientes de los corpusculos de Pacini) se activan con las frecuencias altas,
asociadas a la vibracién (Talbot et al, 1968). Esta disociacién se ha comprobado en
sujetos humanos, con el empleo de anestésicos locales aplicados en la piel, ya que
la sensacién inducida por el estimulo flutter desaparece debido a que los
corptisculos de Meissner se localizan en las capas superficiales de la piel, mientras
que la sensacién de vibracién permanece intacta, porque los corpisculos de Pacini
se localizan en las capas profundas de la piel (Talbot et al, 1968). La utilizacién del
estimulo flutter ha permitide establecer que tanto el hombre como los primates
sub-humanos presentan una sensibilidad similar a los estimulos somestésicos
{Talbot, et al, 1968). Los resultados de estos trabajos permiten concluir que a nivel
de las aferentes primarias, los estimulos tactiles con diferentes frecuencias inducen
patrones periddicos en la actividad de las fibras, que corresponden a la frecuencia
de estimulacion, ademas de que existe una segregacién en la transmisién de estos
estimulos vibrotictiles a estructuras centrales. Estos trabajos han permitido
abordar el estudio de las siguientes propiedades de los estimulos somestésicos. La
forma de un estimulo tactil se puede identificar a partir de sus caracteristicas
espaciales. En primates subhumanos anestesiados se ha estudiado la actividad de
las aferentes primarias, inducida por la estimulacién con patrones espaciales
somestésicos. Para ello, se utilizaron letras grandes en relieve, que fueron barridas
de manera repetida sobre el campo receptor de las fibras AL, AR y CP en un dedo
de la mano (Phillips et al, 1988). En ese estudio se encontrd que las fibras AL

mostraron una mejor resolucién, con respecto a las fibras AR y CP, para
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representar de manera isomérfica la forma de las letras (Phillips et al, 1988). Esta
representacién isomérfica, es un factor que determina los umbrales psicofisicos,
tanto para los estimulos con un patrén temporal (flutter-vibracién) como para los
estimulos con un patrén espacial {forma). En conjunto, estos trabajos muestran
que las propiedades temporales y espaciales de los estimulos somestésicos tienen
una representacion en los tres tipos de fibras aferentes periféricas que son
responsables de la transmisién y codiﬁcacién de estos estimulos. Los datos que se
obtuvieron han sentado la base para estudiar la representacién de estas
propiedades en la actividad de las neuronas de la corteza SI.

Con el estimulo flutter se ha demostrado en las dreas 1 y 3b de la corteza SI
de primates subhumanos despiertos, que las diferentes frecuencias inducen
patrones periddicos en la actividad de las células AR (para las frecuencias bajas) y
CP (para las frecuencias altas} (Mountcastle et al, 1969). En otro estudio, un patrén
espacial claramente definido (en forma de letras) se observé en la actividad
neuronal de las células AL del 4rea 3b (Phillips et al, 1988). Los resultados de estos
trabajos muestran que los pardmetros temporales y espaciales de un estimulo
somestésico pueden cuantificarse a partir de la actividad neuronal de SI. Esto ha
alentado a estudiar tales pardmetros con un sélo estimulo tactil. Para ello, se
disefid un estimulador cartesiano que permite la aplicacién de un estimulo
somestésico en movimiento sobre la superficie de la piel glabra de la mano con un
control preciso de la distancia, fuerza, velocidad y direccion (Romo et al,, 1993).
Con tal estimulo fue factible estudiar la representacion de la direccion y la
velocidad en las células de la corteza SI en animales despiertos. Los resultados
obtenidos muestran que la direccién del estimulo puede representarse como un
modelo vectorial de la actividad neuronal. Este modelo propone que una
poblacién de  células de SI (4reas 3b y 1) se sintoniza con una direccién
preferente del estimulo, lo que da origen a un vector poblacional que apunta o
sigue la direccién del estimulo somestésico aplicado y cuya magnitud es

modulada por la velocidad del estimulo (Ruiz, et al, 1995). Este resultado sugiere



que la representacién dindmica de un estimulo somestésico en SI podria ser
utilizada para un posterior procesamiento en la corteza cerebral.

El problema que resulta a partir de estos resultados {Mountcastle et al, 1969;
Phillips et al, 1988; Ruiz, et al, 1995) es determinar si la representacién de las
propiedades fisicas de los estimulos somestésicos en SI, se relaciona con la
ejecucion sensorial (capacidad perceptiva) de los animales. Con el propésito de
estudiar este problema se utilizé el estimulo somestésico flutter en una tarea
sensorial de discriminacién, en la que un estimulo con una frecuencia base (20,30
o0 40 Hz.) fue seguido por un estimulo de comparaciéon que fue de 2, 4, 6, u 8 Hz
por arriba o por debajo del estimulo base. El sujeto debe indicar a través de un
movimiento, si la frecuencia de comparacién es mayor o0 menor que la frecuencia
base. El registro unitario extracelular en las dreas 3b y 1 durante la ejecucién de
esta tarea en animales despiertos, reveld que las neuronas AR presentan una
actividad periddica en sus descargas, pfovocadas por los estimulos que son
discriminados y que los intervalos entre los potenciales de accién corresponden,
de manera exacta, a la duracién de los ciclos en los estimulos senosoidales
(Mountcastle et al, 1990). Estos resultados sugieren que las diferencias en los
intervalos de las descargas de las neuronas, son las sefiales neuronates que pueden
dar origen a la capacidad discriminatoria {capacidad perceptiva) del sujeto y que
dependen del orden serial de aparicién de los potenciales de accién {Mountcastle
et al, 1990).

El estudio de la representacién de las propiedades fisicas de los estimulos
sensoriales en la neocorteza y su posterior utilizacién, permite la posibilidad real
de identificar y cuantificar los posibles codigos neuronales relacionados a
conductas cognitivas, como la percepcidn, la memoria, el aprendizaje o la solucién

de problemas.

! Un cédigo neuronal se define como las sefales neuronales de la corteza cerebral que reflejan las
caracteristicas fisicas de los estimulos periféricos y que puede demostrarse que son utilizadas para
originar la percepcién de ellos (Mountcastle et al, 1990).

2




OBJETIVOS

Objetivo general. El objetivo general del presente trabajo sera estudiar la
participacién de la corteza somatosensorial primaria (SI) y del drea motora
suplementaria (AMS) en la percepcién y procesamiento de estimulos
somestésicos.

Objetivos particulares.

1) Disefiar una tarea sensorial somestésica (técnica de psicofisica) que
permita evaluar la capacidad perceptiva de los sujetos.

2) Correlacionar esta capacidad perceptiva con la actividad unitaria
extracelular (técnica de neﬁroﬁsiologia) que se obtendrd en una drea sensorial (SI)
¥y en un drea motora (AMS) de la corteza cerebral.

Objetivos especificos e Hipétesis.

Trabajo experimental 1. Determinar si en la actividad neuronal de la corteza
51 (drea 1) se refleja la capacidad perceptiva de los sujetos, que se evahia a través
de una tarea de categorizacién de estimulos somestésicos. Hip6tesis: la actividad
del drea 1 participa en el inicio del procesamiento de estimulos somestésicos.

Trabajo experimental 2. Estudiar e} efecto de la inactivaciéon permanente de
la corteza (SI} sobre la capacidad perceptiva de los sujetos {ejecucion de la tarea
de categorizacion). Hipotesis: la lesién mecénica de la corteza SI altera la
capacidad perceptiva de los sujetos

Trabajo experimental 3. Determinar si en la actividad neuronal de una
corteza frontal matora {AMS), es posible identificar sefiales relacionadas con la
expresion final de una conducta de percepcién. Hipétesis: la actividad de AMS
esta asociada con la capacidad perceptiva de los sujetos.

Trabajo experimental 4. Determinar si en la actividad neuronal de una
corteza frontal motora (AMS), es posible identificar sefiales relacicnadas con la
decisién del animal para asignar una categoria a los estimulos somestésicos.
Hipétesis: la actividad de AMS esta asociada con la categorizacion de los

estimulos somestésicos.




TRABAJO EXPERIMENTAL 1
INTRODUCCION

Los trabajos experimentales de la corteza SI sugieren que en esta area se
pueden estudiar los mecanismos neuronales que se relacionan con el
procesamiento de estimulos somestésicos. Los conocimientos anatémicos y
funcionales de la corteza SI que se revisaron en la seccién anterior apoyan esta
hipétesis. El estudio de la representacién de las propiedades fisicas de los
estimulos somestésicos en la corteza SI, ha planteado la pregunta de c6mo esta
representacién puede dar origen a la percepcién de los estimulos somestésicos.
Seloen un trabajo anterior (Mountcastle et al, 1990) este problema se ha estudiado
con-¢l empleo de técnicas de psicofisica y neurofisiologia. Con una aproximacién
expérimental similar, el propodsitc de este trabajo fue el disefiar una tarea
sensorial somestésica que permitiera evaluar la capacidad perceptiva del sujeto y
correlacionarla con la actividad neuronal de la corteza 51. En esta tarea, el sujeto
debia emitir un juicioc con respecto a una propiedad fisica (en este caso la
velocidad) del estimulo tactil (ver Método o Apéndice 1 para mas detalles);
durante la ejecucion de la tarea se realizd el registro de la actividad unitaria

extracelular en el 4rea 1.
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We used psychometric cechniques w study the sensor-
imotor performance of four monkeys trained to classify
the speed of moving tactile stimuli. Animals performed
the task by pressing onc of two target switches to indicate
whether the spoed of probe movement across the
ghabrous skin of the hand was low or high. Psychometric
curves indicated that animals classified the stimulus
speeds  irrespective of which ﬁnger was stimulated,
traverse distance and direction. The mean values of the
reaction (RT) and movement {MT) times during the
correct catepgarization of low and high stimulus speeds
were similar. However, 3 slight increase was detected in
the mean values of the RT during the incorrect
can:gonz,auon but not in the MT. During the task,
activity of single neurones (1=45) was recorded in
primary somatic sensory {SI) cortex. The results indicate
that a class of neurones (n=12) of 51 cortex mcreased
their impulse rates as a funcrion of the stimul
Hawever, the magpitude of their responses was similar
duvﬁ the correct and incorrect categorizations of
The same neurones also responded when the
mmdmulluudm the categorization tatk were

‘deldvived passively. Neurones of SI cortex responded with

a kency of 258+06ms (ts.em) relative to the
w of the moving tactile stimuli during the
ubqnnzatmn task. The same neurones (n=17) akeo
with a similar latency (24.6 £ 4.0ms) when
thyptdmuli were defivered passively. These results may
that, afthough this evoked neuronal activity may
be rtant for the perception of the moving taceile
st more centeal structures associated with SI cortex
may determine the performance of this learned somaes-
thetic tash.

Key words: Tacole cacgorization: Semsorimator pertor-
mance; Somatosensory curtex; Awake moenkevs
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Categorization of
somaesthetic stimuli:
sensorimotor performance
and neuronal activity in
primary somatic sensory
cortex of awake monkeys
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Introduction

The somatosensory cortex (81) of  subhuman
primates seems an appropriate model tor approach-
ing the question of how the cerebral cortex represents
tactile intormation. The hands of these animals and
their peripheral and brain structures related o somatic
sensitivity are similar to those of humans.™ Similar
sensory pertormance in somaesthenc tasks has also
been obscrved in subhuman and human primates.*
Recenty, we have studied the representation of tactile
sumeli in 81 cortex® and the mechanisms by which
these stmuli are processed by the motor centres o
guide beliviour.

A first ebjective of the rescarch programme was 1o
define quantitatively the neural representation ol
moving e signals in 81 cortex? A second
abjective was 1o design 3 sensorv somacsthetic task
ir which the neuromal events i §I cortex can be

« Rapid Science Publishers

correlated with the sensory performance. Animals
categorized  the sumuolus cpccdﬁ delivered o the
glabrous skin of one finger of the restrained hand
by pressing with the free hand one of two target
switches. The sensorv performance was cvaluated
with psvchometric techniques and the motor re-
sponses by measuring the reaction (RT) and move-
ment {MT) times during the categorization of the
sumulus  speeds. The results indicate thar the
sensorimotor performance can be measured in a
reliable manner in the present task. We also recorded
the responses of S[neurones with receptive ficlds on
the finger 1ips during the categorization of the
sumulus speeds. The resules indicate that a class of
neurones of Sl cortex rcspﬂnd by ancreasing cheir
impulse rates as a functon of the simulus speeds.
However, the same class of neurones of SI cortex also
responded  when the same set of sumuli were
delivered passively. These results may suggest char
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the newronal signals associated with the present sk
wust be searched in those central sumacsthetic areas
anatemically finked 16 the S0 cortex.

Materials and Methods

Somacsthetic task: Tour monkeys (Macaca mulatta,
5.5ky female and 4.5-5.5ky males) were trained to
perfurm u somacsthetic task i which they were
required to categorize the speed of a probe (2mm
round tip) moving across the ghabrous skin of onc of
the fingers of the left, restrained hand and indicate the
speed by interrupting with the free hand one of two
target switches (Fig. 1).

The left arm of the animal was secured in a half cast
and maintained in a palm up position by gluing the
back of the hand. The free hand operated an
immovable kev {elbow joint at about 90°) and two
target switches (the centres located at 70 and 90 mm o
the right of the midsagittal pliae} placed at reaching
distance (250 mm from the animal’s shoulder and eye
level). The stimuli consisted of a set of 10 speeds from
{210 30mm 57", in a fixed eraverse distance (6, 8 or
10 mm), dircerion and force (20g) in which half of
them were considered as low (12, 14, 16, 18 and
20mm s7") and the rest as high (22, 24, 26, 28 and

Interrupt Switches

\ Medial
y Lataral

Tactile
Stimuli

[y — S5

Y———— spP

] bP

1T ok
=
f

CP

PT
M e

FIG. 1. Diagram of tha monkey working in the categorization task,
below, the schematic odtlines of 1he task sequance. Bold broken line
means variable stimulus Speeds. Descriptions of the task sequences,
stimulus-set, and sensory-motor performance execution are given in
the text, 55. skin surface; SP. stimulus probe; DP, detect period; OK,
detect key; CP, choice pariod; PT, project to target; B, reward.
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30mm 57 Stk were presented by o nactile
stmulatoe buile o our Labovawey {or studving,
motion processing N the somatosensory S_\'NIL‘I]"I of
primates.”

The trained monkey began a wial when he detected
a step indestation of the skin by placing his frec hand
into an immovable kev o a period which did not
exceed 15 (Fig. i), He mamtained chis position
through a variable delay period {1.5-4.5 5, heginning
with deteerion of the indentation of the skin) until the
probe moved at any of the 10 speeds. He indicated the
detection of the end of the motion b_\' removing his
hand from the key within 600ms, and whether the
speed was low or high by projectung his free hand 1o
one of the two switches within 1 s (medial switch was
used to indicate low speeds and fateral one for high
speeds). The animal was rewarded for correct
catcgorization of the speed by a drop of water. The
tactile stimuli were neither visible aor audible in any
part of the task. The number of correct and incorrect
catcgorizations in a run (which consisted of 10 trials
per class (specds) presented randamly) was used w
construct  psychometric functions. These psvcho-
metric functions were plotted as the percentage of
judgmenes of the speeds as > 20mm 5™,

Surgery:  Afer animals reached proficiency in the
task {75-90% of correct responses), two  were
implanted with a stainless steel chamber tiled 30°
laterally 10 allow microglectrode penctrations for
single neurene recording in the right postcentral
gyrus, and with a head holder for head fixation. The
centre of the chamber was fitted to a 10 mm hole made
in the skull, exactly over the arca of the hand
representation.  Stainless steel Teflon-coated wires
were chronically implanted into the extensor digitor-
um communis (EDC), biceps (BIC) and wriceps (TRD)
brachii muscles of the right arm for EMG recordings;
the wires were brought 10 a connector fixed in the
skull. The chamber, head holder and the connector
were securcd by screws and acrylic in the skull. All
these procedures were carricd out under aseptic
conditions and sodium pentobarbital anacsthesia
{30mg kg™")

Electrophysiological recording: The activity of single
neurones was recorded extracellularly with glass-
coated  platinum-iridium  electrodes,  (2-3.5 Mi),
which were passed transdurally into the postcentrai
gyrus. Neuronal signals from the microeleetrode were
amplified, filtered and monitored with oscilloscopes
and with earphones. Neuronal discharges were
converted into digital pulses by means of a ditfer-
ential amplitude discriminator (DAD). A record was
kept of the depth at which each neurone was isolated
along the length of cach penerration. Micro-lesions
were made at the end of each penctration by passing
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5-10 A through the tip of the microelectrode for 10
% 1o aid reconstrucion of the penctration. EMGs
from the forearm and arm muscles were recorded
through the chronically implanted electrodes of the
moving arm in all recording sessions. EMG activity
was filrered, rectified and converted into digital pulses
by means of a DAD. Stmulus, behavioural control
and data collection were carried out through a
personal computer using standard interfaces. The
time between neuronal events, EMGs and between
behavioural events were measured with a resolurion
of 100 pss, collected and stored. On-line raster displays
were generated on a conventional monitor. Computer
datz hles were copied for off-line analysis.

Data analysis: The number of correct and incorrect
categorizations in a run was used to construct
psychometric functions {plotred as the percentage of
judgments of the speed as >20mm s™'). Logistic
functions of the form fx)= 1/(1+eTP* Al were
fited to these dara poims. All logistic regressions
were significant (p<0.0001, see Fig. 2). We also
measured the reaction time (R'T) and movement time
(MT) during the categorization of the stimulus speeds.
The non-parametric Kruskal-Wallis test and a test of
muleiple comparisons’” were used o determine
significamt differences (p<0.05) berween the RTs,
and berween the MTs occurring in response to the
stimuli (all classes).
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Off-line inspection of data for cach nevrone was
performed on the basis of raster plots with relerence
to cach behavioural event (Fig. 1) imitial probe
indentation of the skin (5P), detection of the
indentation  (KID), beginning and  ending of the
moving mctile stimuli (§ ON-OFF), key redease
(KU, end of the RT), and end of the MT
{interruption of the targer switches). Neuronal
responses were classified according to cach of these
events and the statistically significant differences in
impulse activity in ewo epochs (control (non-stimulus
period) of identical duration to the suspected changes
produced by the stimulus), were assessed with a
sliding window procedure on the basis of the non-
parametric one-tailed Wilcoxon matched-pairs signed
rank test (p<0.001). The non-parametric Kruskal-
Wallis test and a test of muluple comparisons were
used to determine significant differcnces {p <0.05)
between the neuronal responses occurring during the
stimuli.” An analysis of the response latency of the
neuronal discharges relative ro the beginning of the
moving stimuli was calculated and served to define the
discharges associated with the simulus period.”

Histological reconstruction: After the experiments,
animals were anaesthetized with ketamine (6 mg kg")
and sodium pentobarbital {(40mg kg™'. ip.) and
perfused through the carotids with PBS 01 M
followed by 4% paraformadchyde in PB 0.1 M. The

0.
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FIG. 2. Logistic funclions (topt, maan values of the RTs {rmddle} and MTs (bottom:, calculated during the categorization of the stmulus speads

Descriptions of A-D are given in the text
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brain was removed and suspended in parafornmalde-
hyde, Lager, a block of the right hemisphere contain-
i“g th' PUS[CL‘I'IU'.\i :_".\fl'us Wilh HCL‘I.iUnL'L( at 50.’”" &“lll
these sections were stained with eresy | violer. We used
the tracks and the clecteolytic lesions, wygether with
the micrometer readings obtained during the experi-
ments, W identify the neuromal recording sites in the
postcenteal gyrus.”

Results

Semaesthetic performance: Animals reached  profi-
cieney in the task in about 2 months afer training
began. The minimum training period required was 40
days for monkey ML, 50 days for monkeys M2 and
M3, and 70 days for monkcy M. During this tr:\ining
period, animals were first required to detect the end
onc of two clearly different speeds (12 or 30 mm s
Animals did so very well in a few wecks, since their
reached >95% correct responses. Simifar
behavioural reactions were produced by these two
stimuli, as determined by the RTs (370.7 £10 and
360.5 £7 ms {mean £ s5.e.m.} for low and high speceds,
respectively), During this training period the stimuli
were presented in the distal segment of digit 3, with a
fixed traverse distance of 6 mm, direction (distal to
proximal) and force {20g). In the second part of the
training period, animals were required to categorize
the twa speeds by projecting their free hand to one of
the two interrupt target swiches (medial for
12 mm 57" and lateral for 30 mm s7'). Amimals learned
this part of the task in about one week, reaching
scores of »>95% correct responses, with RTs of
3830417 and 3880119 ms, and MTs of
198.0+26 and 193.0+£18ms tfor low and high
speeds, respectively, When animals reached this stage
of the task, the complete set of speeds was delivered
on digit 3, with the same parameters used during the
training period.

Figure 2A (top) shows the psychometric curves of
the four animals, represented in the form of logistic
functions fitted to the data points (not shown), They
are plotted as percentage of speeds judged as as
>20mm s~'. The data were obtained from ene run
performed by each animal (10 wals per class). The
middle section of Figure 2 shows the mean values of
the RTs, and the bottom shows the MTs for the
different speeds during the categorization task. It can
be observed chat animals performed the categorization
of the stimulus speeds in a similar manner. No
significant differences between the mean values of the
RTs and MTs for low (RT: 35254+ 2.0ms; MT:
175.1 24 ms} or high {RT: 337.942.1ms; MT:
194.9 £ 3.6 ms) speeds were detected for each animal
or between the different animals (Fig. 2A). Figure 2B
shows that the performance of the categorization task,
RTs and MTs were not affected when the stumuli were

score
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delivered for the first tme i digit 2 or digit A,
compared with digit 3 (data arc from monkey M4, and
similar resules were obuined in monkeys MI1-M3). It
i alse renarkable that the caegorization sk was not
affecred i the rraverse distance was modified (data are
from munkey M4, and similar results were obtained
i mankevs MI-M3). Figure 2C shows the logistic
curves and the RTs and MTs when the set of the
sumuli were delivered in digit 3, but with traverse
distances of 6, § and 18 mn {dara arc from monkey
M+, and similar resulis were obtained in monkeys
MI-M3Y). Mecan values of the RTs and the MTs were
not affected. Finally, animals performed the categor-
ization task irrespective of the dircenon of the
stimulus speeds. Figure 210 shows the logistic curves
when digit 3 was scanned 1 four different directions
{distal to proximal and opposite, medial co lateral and
opposite), Mean values of the RTs and the MTs were
not affected by the directions of the scanning and
remained similar to situations A-C of Figure 2.

A slight increase in the mean RTs was detected
when the animal made incorrect categorizations of the
stimulus  speeds (3423 £ 1.5ms for correct and
366.5 £ 5.1 ms for incorrect categorizations} but this
was not scen for the MTs (186.2 £ 2.4 ms for correct
and 176.5 £ 4.8 ms for incoreect caregorizations), The
higher percentage of incorrect categorizanions oc-
curred with the intermediate speeds (18-22mm s7').

Neuronal responses of SI cortex during the caregoriza-
tion task: We swdied 45 neurones in arvea 1 of 51
cortex during the categorization of the stimulus
speeds. All these neurones possessed cutancous
receptive fields confined 1o one digit {distal segment
of digit 2, 3 or 4 of the lefi, restrained hand). These
neurones were recorded between the cortical surface
and a depth of 2000 im. They were also classified
according to the adaptation to a light, sustained
indentation of the skin in their receptive helds.
Thirty-one neuranes had quickly adapting responses
(QA) and 14 slowly adapting (SA) propertics. More
posterior penetrations recorded neurones with cuta-
neous receptive fields located in more than two
fingers, corresponding to arca 2'°. Histological re-
constructions of the penetrations confirmed thart the
recorded neurones studied were located in area 1.°
Figure 3 shows the responses of a QA neurone
during the categorization of the stimulus speeds, This
neurone responded with a train of impulses to the
contact of the stimulus probe with the skin and
responded again during the scanning in the distal
segment of digit 3, where the cutancous receptive field
was confined. The EDC-EMG of the responding arm
was recorded simulttancously. Neuronal responses
were not associated with the muscle activity {Fig.
3A,B), indicating thar this neural activity was catirety
dependent on the tactile stimuli. All 45 ncurones
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FIG. 3. Resporses of a neurane of ares 1 whoss cutansous raceptive

fiald was scanoad with
calmgorized. The receptive fisld wan located in the distal segmant of
dﬂl“lmdmﬁ.duaqadlvcdaplmq {A} Vartics! lines
by tha probe (SP and

e set of stimulus speeds thm the animal

-
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FiG. 4. Responsas of # 51 conlical neurone during the tactile
categorization task {AC) and when the stimuli were deliversd
pastivaly (B), in the non situation. Large wvertical lines
indicate baginning of the stimuli (S-ON) and medium vertical finas
:ndm the and of sach stimulus spesd (OFF). Smatl vertical lines

ion of the and of the stmuli (KU, end of reaction time).

boﬂminuufm sunmng {5-ON). Vertical lineg after the baginning of
th‘ ﬂiﬂluhu indlcm tha end of tha scanning (OFF). Small vertical
lon of skin indentation by the stimulus prots {KD)
Nmﬂﬁhcndafthnnmmqwmull {KU). Thesa two swants
ara shown in rank ordering (first trial in each class is the shorter RT).
Neuronal activity top) snd below the EDC-EMG {axtensor digitorum
is of the ding arm} ark rep d in the form of
small verticat tics. Each line corresponds 1o one single trial. Stimuli
ware prassrted randomly. (BI the same neurons! and EMG. activity
hirt now aligned with respect to KD and KU Stimulus parameters.
raverse distance, $ mm: direction, distal lo proximal,; constant force,
20 g. speeds 12-30mm s

showed statisticallv significant dittereaces in their
mean impulse rates during the moving tacule stimul:
(Wilcoxon, p<2.C1), compared with the contrel (non-
stimulus) period. However, the Kruskal-Wallis test
(p <0.01) showed that oniy 12 of the 45 ncurones
studied (10 QA and 2 ‘3.‘\. all with tonic responses
during Lhc scanning) had significant differences in the
mean impulse rawes associated with the stimulus
specds. Although the rest of the neurones responded
to the stimuli (compared with the control period), o
differences in the ympulse rates were found between
low and high stmulus speeds (21 QA and 12 SA).
Another striking property at neurones of arca 1
was thar afl of thosc tested in the categorization task
(Fig. 4A,C). responded similarly when the stimuli
were delivered passively (Fig. 4B). In this condition,
the same set of stimuli were defivered in the same
receptive field of the recorded neurone, but the
categorization was restricted, just by removing the
key and the interrupt target switches. Thus, in this
condition the animal remained alert, bur was no
longer using the sumuli to indicate categorization
with the free hand. This was observed in the 9
nevrones in which impulse race varied as a function of
the  stimulus  speed  (during  caregorizarion:

N | gischarg, D a5 verticsl tics. Botam, A and C
during lactile gorizati g of trisls in which the
anicval judged that the Ipsad vus hmh .. mnn I‘roquumy rltes
(£ 3.0.m.) of the neurcne 3% & fi B,
discharge rates during the pnubvndofmry ofm- ltimur (mn-wodtmg
situation), The same p fisld and as
described in Fig. 3,

54.8 = 8.91mp y ' during passive presentation of the
stimuli: 32.1 +9.0imp 57"} and in the seven neurones
thar did not show varations in the dischargc rate as a
function ot the stimuli (during  categorization:
2170109 mp s L during pa.ssiv(: presentation of the
stimuli: 27.1 = 1.1 1mp s7') Similar neuronal responses
were observed when the animal made correct or
incorrect categonzatons. This occurced in the 12
aeurones which were sensitive (correct responses:
SC.5 + 7.4 mp 57, incorrect responses: 54.5 1 8.8 mp
s and for the 33 neurones which were insensitive
{correct responses: 34.7 £3.7imp 7' incorrect re-
sponses: 35.9 £4.0imp 57"} to the stmulus speeds.

The response latencies relative to the begianing
of the moving stimult were determined in the 45
neurones of arca 1. These latencies ranged from 18 o
38ms (25.8+0.6ms, calculated from the correct
responses of all classes in 45 neurones), These
lastencies did not vary as a function of the stimulus
spccds when the stimul were delivered during the
categorization (24.8 +4.0ms, calculated in 17 neu-
rones), or in the passive mode (24.6L4.0ms,
caleulated 10 the same 17 ncurones). However, slight
increases 11 the response latencies were ohserved
when the animal made incorreet categorizations
{28.8 £+ 1.4ms determined in 41 neurones, p<0.03)
of the stimulus speeds.
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Discussion

Three nujor ohservations were made in the present
audy. First, the categorization of the moving tactile
stimuli is irrespeetive of the stimulated skin surface of
the hand, traverse distance and dircetion. Second, a
class of neurones of SI cortex increased {ts impulse
rates s a function of the stimalus speads during the
categotization task. However, these neuronal dis-
charges aise occurred when the same set of stimubi
were detivered passively. Third, the response latencics
of neuranes of 81 cortex relative to the beginning of
the moving stimuli were similar between the different
classes during the categorization and non-catcgoriza-
tion tasks.

Adimals categorized the stimulus speeds on the
hasis of a single stimulus. This was achieved since,
during the training period, they learned to identify the
lowest and the highest speed (12 and 3¢ mm s7"). The
set of stimulus speeds was indicared by pressing with
the frec hand one of two 1arger switches. To perform
this task, it is very likely that animals had to produce a
‘mnemeonic template’ of the edges of the stimulus sets
during the training period (the lowest and the highest
speed). This mnemonic template must read and
classify the cvoked neuronal acrivity clicited by the
stimulus 1o create a decision process. By contrast, in a
sensory discrimination task, animals use two stimul,
separated by a fixed interval of time, in which the
second stimuli is compared with che first one to create
a decision process during sensory discrimination.’
Therefore, this task is neither a simple sensory
detection and nor a discrimination task. [nstcad, we
propese that this represents a sensory categorization
rask.!!

The results indicate that the animals performed
sensory categorization on the basis of the stimulus
speeds. Tt is interesting to sce that the performance
was not altered when the stimuli were preseated with
different rraverse distances. Psychometric curves were
atmost identical. However, we cannot rule out the
possibility that the animals made the categorization
on the basis of the stimulus duration, since they
categorized the stimulus speeds with a fixed traverse
diseance during 2 run, Psychophysical studies have
shown that humans confound changes in stimulus
speed with changes in the movement distance."?

Psychometric curves were similar when the stimuli
were deliverced for the first ime on the fingers which
had not been stimulated before, or when new different
directions were introduced. This means that once the
monkey knows the task he was able to generalize the
categorization of the stimuli. However, we do not
really know whether this generalization can enly be
made when the stimuli are presented in the same hand.
In a different sensory somaesthetic task, the transfer
of the task from one hand to another is made almost
immediarcly.”
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Behaviowral motor resctions of the animals were
quaatitied by measuring the RTs and the Ml during
the exveution of the tactile sategorization wsk. The
results indicated that the RTs and MTs were similar
between the four perdorming animats. The mean
values of the RTs and the MTs did not change
substantially between the different classes of the
speeds being categorized by the animals, although a
slight increase was detected in the RTs, but not in the
MTs, during the incorreet categorizations. Thus, the
sensory performance is reflected in che RTs. Mount-
castle and colicagues have measured the RTs in a
sensory somaesthetic detection task and have indi-
cated that it varies as a function of the stimulug
amplitude."” However, these authors indicated that
once humans and trained monkeys performed the task
with stimuli above the threshold, the RT duration
decreased and also became more regular. The stimubi
used in the present task were well above the detection
thresholds, This may suggest that the slight increase in
the RT during the incorrect categorizations may be
reflecting the difficulties of the animal in categorizing
the stimulus speeds, but not in the detectian of the
stimuli.

An objective of the present siudy was 1o derermine
the neurpnal activity of SI cortex as animals
categorized the stimulus speeds. All neurones studied
responded during the categorization task. However,
only some responded as a function of the stimuli
detivered ia their reeeptive fields. These neurones
from area | also discharged when the stimuli were
delivered passively. This may indicate that, although
this evoked neuronal activity may be imporeant for
the perception of the somaesthetic stimuli, more
central structures associated with SI cortex may
derermine the performance of the catcgorization
tactile task. A similar observation was made in a
sensory somaesthetic discrimination task.”

[t may appear obvious that neurones of §I cortex
{among the cortical somatic sensory areas of the
parictal lobe) are the first to respond to the
somaesthetic sumuli; however, few studies have paid
actention to it [n the present study we determined
that neurones of area 1 responded with a latency of
258+ 06ms and, in preliminary experiments, we
observed that neurones of area 2 respond with a
latency of 58.7 & 2.8 ms (26 neurones studied, unpub-
lished results). Although we have not measured the
response latency of those neurones of somacsthetic
areas of the posterior parictal lobe, cortical processing,
of the somaesthetic stimuli probably begins in the 51
cartex. We have observed thas the response latency of
neurones in the ST cortex are simifar when the scimali
are categorized {correct responses) or during the
passive delivery of the same set of stimuli. However, a
slight increase in the responsc latency was observed in
the same nearoncs studied in the categorizazion task
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when the animals made incorrect categorizations of
the stimulus speeds (28.8 & 1.4 ms). ‘We do not know
whether this slight increase in the response latency has
a functional meaning,

The S1 cortex of the posteentral lobe is only one of
several brain structures implicated in somaesthetic
perception. Indced, many authors have studied the
sensitivity of neurones of the SI cortex to different
parameters of che tactile stimufi, in behaving™'*'® and
in naive monkeys.**” These observations indicate that
SI cortex represents in the evoked neuronal activity
the physical properties of the somaesthetic stimuli,
although it has been difficult to relate this neural
activity with the perception of the stimuli. Interest-
ingly, in monkeys trained in the somaesthetic
categorization task, we have recorded neurones in
the supplementary motor area and putamen that
respond to the siimulus speeds, but only when the
animals performs the categorization task.*'® The same
observation was made by Mountcastle and colleagues
in the primary motor cortex in a sensory somaesthetic
discrimination task." This suggests that there is a
transformation of the somaesthetic information in
those central structures anatomically connected o $1
cortex.

Conclusion

The results obtained suggest that catcgorization of
moving ractile stimuli is independent of the stimulated
skin surface of the hand, traverse distance and

direction. Neurones of the ST cortex respond 1o the
maoving tactite stimubiy however, they du nac retlect i_ll
their activity  the  categorization  process. It 1s
suggested thar this must be scarched for in more
central somacesthetic arcas anatomically linked w SI
cortex,
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TRABAJO EXPERIMENTAL 1

COMENTARIO

La tarea de categorizacién de estimulos somestésicos permitié evaluar la
capacidad perceptiva de los animales por medio de la elaboracién de curvas
psicométricas, asi como cuantificar la ejecucién motora a través de la medicién de
RT y MT. De esta manera los suietos- pudieron categorizar un conjunto finito y
arbitrario de estimulos somestésicos simples. Las curvas psicométricas indicaron
que los animales tuvieron mds dificultad para categorizar las velocidades
intermedias (20 y 22 mm/seg), ya que realizaron un mayor niimero de errores al
asignarles una categorizacién correcta. Como se menciona en la discusién, las
curvas psicométricas y la ejecucién de la tarea fueron similares para los dedos que
se estimularon, las distancias y las direcciones que se emplearon. Por ello, la
conducta sensorial y motora de los animales fueron homogéneas de ensayo a
ensayo y de dia a dia. Estos datos sugieren que una vez que los animales
aprenden la tarea, son capaces de generalizar la categorizacién de las velocidades.
Se desconoce si esta generalizacién podria llevarse a cabo cuando las velocidades
se aplican a la mano contraria.

Es importante sefialar que los psicologos perceptuales han definido la
percepcidn categdrica como las respuestas perceptuales discretas que se derivan
del rango de un continuo de estimulos (Harnard, 1989). En la tarea somestésica
que se utiliz6, el rango de las velocidades es el continuo de los estimulos y los
movimientos de los brazos, las respuestas discretas. De esta forma, la tarea de
categorizacion posee los requisitos para la definiciébn propuesta.

A pesar de que existié¢ una variabilidad en RT y MT, los valores medios no
cambiaron para las diferentes velocidades que se categorizaron. Los valores en RT
fueron altos para las categorizaciones incorrectas, pero no significativos. Por ello,
no se encontrd ninguna relacién con la categorizacion correcta o incorrecta de los
estimulos. A partir de estos datos se puede plantear que en esta tarea el proceso

sensorial no se reflejo en la conducta motora. Esto puede explicarse por el hecho




de que los animales se entrenaron antes del registro, durante un periodo largo de
tiempo {(diario, alrededor de 2 meses} durante el cual su conducta motora mejord.

Por otro lado, como se mencioné en los resultados, las latencias de
respuesta de las neuronas presentaron un incremento significativo cuando los
animales hicieron categorizaciones incorrectas. Una explicacién posible es que esto
indicaria un retraso en el procesamiento de los estimulos tactiles asociado a la
categorizacién incorrecta. Una posibilidad es que las categorizaciones incorrectas
dependan de los limites que tenga el templete o figura mneménica para identificar
y clasificar la actividad inducida por el estimulo. Sin embargo, se desconoce como
este templete o figura se representa en la corteza cerebral y como procesa la
actividad neuronal para crear un proceso de decisién que se exprese a través de
una conducta motora.

De manera general, los resultados destacan que la actividad neuronal no se
correlaciona con la categoria a la que se asigna cada velocidad. La aplicacién
pasiva de los estimulos muestra que latencia y magnitud de respuesta son
similares, en todas las velocidades, a la tarea de categorizacion. Por ello, las
respuestas neuronales relacionadas con la percepcidon de los estimulos
somestésicos es probable que ocurran en dreas de la corteza cerebral més
centrales, que mantengan relaciones anatomicas con SI. Los hallazgos de este
experimento permiten apoyar la hipétesis de que la actividad neural de la corteza
Sl proporciona el substrato inicial para el procesamiento, en la corteza cevebral, de

un estimulo somestésico (Mountcastle et al, 1990; Ruiz, et al, 1995).




TRABAJO EXPERIMENTAL 2
INTRODUCCION

Los resultados del trabajo experimental 1 permiten apoyar la hipétesis de
que la actividad neuronal de la corteza SI participa en la parte inicial del
procesamiento, de los estimulos somestésicos en la corteza cerebral. En
cosecuencia, cabria esperar que la inactivacion de la corteza SI permitiria confirmar
o rechazar, esta hipétesis. Por ello el objetivo del siguiente experimento fue evaluar
la capacidad perceptiva de los sujetos, a través de la tarea de categorizacién,
después de una lesién mecanica (por aspiracién) de la corteza SL
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Abstract We lesioned the right primary somatic sensory
(S1) cortex in two monkeys trained to categorize the
speed of moving tactile stimuli. Animals performed the
task by pressing with the right hand one of two target
switches to indicate whether the speed of a probe mov-
ing across the glabrous skin of the left hand was low or
high. Sensory performance was evaluated with psycho-
metric techniques and motor behavior was monitored by
measuring the reaction (RT) and movement (MT) times
before the experiment and throughout the 60 days after
the ablation of SI cortex. After the lesion, there was a
slight increase in the RTs but no change in the MTs, in-
dicating that removal of SI cortex did aot affect the ani-
mals’ capacity to detect the stimuli. However, monkeys
Tost their ability o categorize the stimulus specds. This
effect was observed from the Ist day after the lesion un-
til the end of the study. We conclude that somatosensory
areas outside SI can by themsclves process tactile infor-
mation i a limited way and that the extraction of higher-
urder features that takes place during the categorization
task requires the intervention of S[ cortex.

Key words Lesions - Somatosensory cortex -
Categonization task - Monkey

introduction

Recently. we quantified the sensortmotor performance of
monkeys working in a tactile categorization task (Rome
ctal. 1996). Animals were trained 10 press. with the right
hand. one of two target switches 1o indicate whether the
speed of u probc moving across the glabrous skin of the
restrained left hand was low or high. Psychophysical
measurements indicated that anmimals categorized the
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stimulus speeds irrespective of the particular finger stim-
ulated, the distance wraversed by the probe, und the stim-
ulus direction. Thercfore, we found this paradigm well
suited for investigaring. in somesthenic and motor corti-
¢al areas. the neuronal processes associated with the ani-
mal’s performance and with the categorization process.
Using the ractile categorization task, ‘we previously re-
corded the responses of neurons in primary somatic sen-
sory (81} cortex with receptive fields on the finger tips
(Rome et al. 1996). We found a class of neurons whose
discharge rates varied smoothly with stimulus speed.
However, these neuronal responses were also present
when the same stimuli were delivered passively and, fur-
thermore, were not spectfically linked to the speed cate-
gories used (el these cells were tuned 0 stimulus
speed. nol to speed category). In view ol these results.
we suggested that the neuronal signals associated with
the categorization process should be sought in those cen-
tral somoesthetc arcas hinked to S1cortex. However, as
shown in this report, the removad of S1 cortex contralat-
crally to the stimulated hand produces a severe deficit in
the animal’s abitity 1o categorize tactile simali. but does
not interfere with the detection of the same stimali,

Materiats and methods

Somesthetic sk

Two monkeys (Mececa mufana: 6- 10 B-kg miles) were trained to
perform a sumesthetic task in which thev were reguired ro catego-
rize the speed of a probe (2-mm round lip) moving across the gla-
brous skin ot one of the fingers of the restrained len hund, They
indieated the speed category by pressing. with the right hand. one
af two target <witches. All animal procederes were cartied out ac-
cordimg o stitutional protocols that meer or exceed NUH and So-
ciety for Neurncience guidehnes.

The left arm of the animal was secured in a half-cagy and the
hand maintained in i palm-up position. The night hamd vperaed an
immovable ke and two arget switches with centers located at
70 mm and M mm 1o the right of the midsagittal plane They were
placed at reaching distance. 250 mm away from the animal’s
shoulder, and ateye level. We used o set of ten speeds, from 12 10
20 mands, ar which the probe coutd move. Hall of them were con-




<

cred as fow (12 L4 £6, 1Y, and 20 mmifs) amd the rest as high
S 200 280 wnd 30 mds). Inall rials the probe scanmed a
sl traverse distanee (G sk in the same direction and with con-
i force (200 gy, Stimuli were delivered by o compuler-con-
ted tuctile stimulwor built in our Liboratory 1o study motion
cassing in the somtosensory system of prinsuies (Roema et ab.
1),

The tianed monkey began u tial when he derected o seep in-
tthon uf the skin of the restrained Tedt band, He indicied de-
ion by placing his right hand on an immovable key in a peried
exceeding | s, He maintained this position throughout o vari-
< delay period (1.5-4.5 s), beginning with delection of the skin
citition and ending when she probe moved-fit any of the ten
cds. He indicated the detection of the ewd of the motion by re-
ving his hand from the key within 60 ms (RT) and indicated
cihier the speed was luw o high by projecting his free hand w
- ol the two switches within | s (MT), The mudial switch was
d for low speeds und the bateral one for high speeds. The ani-
b was sewarded lor correct calegorization of the speed with o
p ol witer, The tactile stimuli were neither visible nor audible
my part of the sk, The number of correct and incorreet cile-
tzaions inoa . which consisted of ten wrials per class
seds) presented randomly, was used to construel psychometric
ctions. These psychometric functions were plotted as the per-
tage of judzments in which the speed was classilied as high
ther than 20 mnws). as a function of speed. Logistic functions
e form fo=1/1+et+8 3] were fitted 10 the resultiog data
uts, Al Jogistic regressions were signiticiml {P<0.001).

Lery

er unimals reached proficiency in the sk (75-909% of correct
winses), they were implanted with a stainless steel chantber til-
07 laterally to allow microelectrode penetrations for newronal
irding in the right postcentral gyrus and with & head hedder for
d fixution. The center of the chamber was fitied to o hole made
he skull, exactly over the hand representation in the postcenral
us. The chamber and the head holder were secured with screws
acrylic to the skull. All these procedires were carried out un-

uscpiic conditions and  sodium  pentobarbital - ancsthesia
mg/kg).

cirophysiological identification o’ the hand area
he postcentral gyrus

recorded the activity of single neurons with gluss-coated plai-
A-iridium electrodes (2-3.5 MQ), which were passed transdu-
y inio the posicentral gyrus. A record was kept of the depth at
ch each neuron was isolated along the length ol each penetra-
1. We identified the hand region in areas b, [ and 2. according

. 1 Psychometric curves for
categarization of tactile
wlus speeds. The curves on
left were measured before
consecutive diys) the uni-
ral lesion of primary somat-
ansory cartex. The curves
‘he right were measured af-
{31 consecutive days) the
on. After ablation of Sl cor-
performance in categoriza-
. degrades significantly. Da-
re from monkey M1; simi-
esults were obtained in
tkey M2
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1
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to the samusthetic properties of these neurons (Kass et al. 1979
Powell and Mounteastie 19391 Ruiz et al. 19953 Based on this
clectrophysicdogical studs. we subsequently ablated the hand rep-
rexcittion i the posteentral gyrus,

Lesion of primary sematic sensory cortex

Lhngler keliemine anusthesia (5 mafher, the dura wins opened ikl
subpial tissue was aspirited Lo remove the hand arca. The lesion
was matde wnder the microscope, using the Jandmarks obtained
during the electrophysiologicat idemificution of the hand area in
the pasteentral gyrus. Afterwards, the dura was closed in layers,
and the animal wis retrned 1w his home cage for recovery, Be-
canse uf the shert duration of the ketamine anesthesii, animals re-
covered very yuickly. We stadied the seasorimeotor perlormanee ol
the two animals tor 60 consecntive days Tollowing this lesion,

Hixtological revonstruction

Alter the experiments, inimals were anesthetized with ketamine
(6 my/ky) and sodium pentobirbit! (30 mg/kg) and perfused
through the carotids with PBS 0.1 M followed by 4% paraformal-
dehyde in PB 0.1 M. The brain was removed and suspended in
paraformaldehyde. Later. a block of the right hemisphere contain-
ing the posteentral myrus was sectioned at 50 pin amd the sections
were slained with cresyl violet. We wsed these sections 10 recon-
struct the lesions placed in the right posteentral gyri of the fwo an-
imals.

Results

Somesthetic performance in nermal animals

Figure | (left) shows || psychometric curves from mon-
key M1, obtained during || consecutive days before the
ablation of the hand area in 8 conex. These are logistic
functions fited to the data points {not shown). They are
plotted as the percemtage of trials in which the speed was ™~
judged as higher than 20 mm/s, as a function of speed.
Each curve represents dats from five runs {100 trials per
run; 10 trials per class) performed each day by this ani-
mal. From the profiles of the psychometric curves. it can
be appreciated that the animal performed the categoriza-
tion of stimulus speeds in a similar manner from day (o
day. The second animal (M2} performed similarly. The
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Post- Lesion
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Fig. 2 Reaction (RT) und movement (M7) times for low wad high
wtile simutus speeds during the cargporization sk, before (11
conseculive days) and after the lesion (31 consecutive days) of pri-
mary somatic sensory conex. Filled circles indicate the RTs and
MTx for low stimulus speeds and open cirvles for high stimulys
speeds. Data are mean=SD values for monkey MI: similar results
were obisined in monkey M2

mean values of the RTs and MTs were not signifi-
cantly different for low (RT, 418.83£30.7 ms; MT,
193.83£17.5 ms) and high (RT, 386.8226.8 ms; MT,
1910153 ms) speeds, or across animals. Figure 2
shows that these quantities did not vary noticeably from
day to day either.

Effects of lesioning S1 cortex on the somesthetic
categorization task

The lesion in the right hemisphere of monkey M1 includ-
ed areas 3b. . and 2 of the postcentral ayrus {(Fig. 1) 2
similar fesion was placed in monkey M2, This lesion
also aftected the arm and face arcas. We alser lesioned
accrdentally the arm area of primary motor (MI) cortex.
This lesion does not compromise the selectivity of the
effects produced by the removul of SEoneither fur the
categorization of moving tactile stimuli nor for the motor
performance in the same task. Figure | (right) shows the
effects of 81 cortex removal on the somesthelic perfor-
mance of monkey MI. Thirty-one psychometric func-
tions from 31 consecutive days after the lesion are
shown. The profiles of the psychometrie curves changed
considerably, indicating that speed categorization was
done almost by chance. The effects observed in monkey
MI were similar to thase produced by an identical lesion
of 81 cortex in monkey M2, Slight increments in the
mean values of the RTs (low. 466.5£39.2 ms; high,
517.9444.5 my} were detected foillowing the lesion, but
ne  change in the MTs was observed (low,
17671740 ms; high, 175.1+15.3 ms). Figure 2 shows
the daily RT and MT vulues throughout the experimnent.
The fact that animabs could perform the task with com-
parable RT and MT values before and after the lesion in-
dicates-that they were able to detect the somesthetic trig-
ger stimuli, skin indentation, and probe movement. How-
ever, alter the Jesion they could not categornize the speeds
correctly.

359

Fig. 3A, B Him?alm«lofﬂuhs made in the
right hemisphere of monkey M1 (A). B This lesion included areas
3b. 1. and 2 in the hand-arm and Face regions. The arm region of
primaty motor cortex was also removed. We show one section ev-
ery 0.8 mm from medial (rap} to lateral (botiom) (CS cenueal sul-
cus, ips intraparieis] sulcus)

Discussion

We detenmined the capacity of two monkeys to calego-
rize the speed of moving tactile stimuli following a Je-
sion ol ST cortex. Ns removal prevented the monkeys
from categorizing correctly. This effect was permanent,
since animals never recuperated this capacity, despite in-
tensive training following the lesion. In contrast, the ani-
mals™ ability to detect the stimuli was unaftected, as re-
vealed by Lhe measurements of the RTs and MTs.

The role of SI cortex in somatic sensitivity is firmly
established. Human patients with lesions in parietal cor-
tex, which includes S[ correx, have permanently elevated
detection thresholds in the contralazeral hand {Roland
1987). Studies in monkeys indicate that extensive lesions
of the parictal lobe (SI, SII and area 5) and fronwal motor
areas (ML, lateral premotor cortex, and supplementary
motor area) affect the capacity of monkeys o discrimi-
nate somesthetic stimuli (LaMotte and Mountcastle
197%). Animals never recuperated this ability. however,
they preserved the capacity to detect the simuli, al-
though the detection threshold was elevated. The results
obtained in the present study demonstrated that a lesion
confined te SI cortex (areas 3b, |, and 2) produced 2 per-
manent loss in the capacity of monkeys to categorize the
speed of moving ractile stimuli. In general, our findings
are comparable with those obtained by LaMotie and
Mountcastle (1979) in a different somesthetic task.
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These authors interpreted their results in lerms of a disor-
der in somesthesis. This interpretation is consistem with
the present results, which can be explained assuming thal
the lesion destroys the neuend machinery that actually car-
ries out the calegorization, However. another possibility
is that the speeds are correctly categorized and that the la-
ter associttion between the speed categories and the loca-
tions of the target switches are disrupted. Although we fa-
vor the first alternative. given that the kesion was made in
an early cortical structure. 1t 15 unclear how these moving
tactile stinuli are transformed into a visuomotor com-
mand signal for target location in the present task. Thus,
the second alternative cannot be ruled out.

Animals detected the stimuli very efficienly after. re--

moval of SI cortex, as indicated by the behavioryt T motor
reactions wriggered by the stimuti. This suggests that other
cortical areas carry out this function, [ndeed. the somes-
thetic arcas of the posterior parietal kobe were spared from
the lesion. and it is well known that they receive thalamic
inputs (Burton 1986). Thus, this ascending excitatory in-
put bypassing SI cortex and reaching the posterior parietal
lebe could be efficiently transferred to the frontal motor
areas (Jones [986; Jones et al. [978; Jones and Powell
1969) and from them to the spinal cord for the execution
of the behavioral motor reaction (Galea and Darian-Smith
1994). The results indicate that. in order to analyze com-
plex femures of the somesthetic signals, these need to be
processed by SI cortex. This region is necessary for the
somesthetic areas of the posterior parietal lobe 10 be fully
functional. This result is consistent with other studies
showing that these areas depend critically on SI cortex
(Pearsun and Powell 1985; Pons ctal. 1987).

Previously, we studied the ncuronal responses of Si
cortex in the same categorization task described here
(Romo et al. 1996). We found that the neuronat discharg-
es of St cortex vary smoothly with the speed of moving
stimuli and do not correlate with the categories these be-
long 10. In addition, the responses ure indistinguishable
whether the animal performs the task or whether the
stimuli are delivered passively. withoul requiring a be-
havioral response. The fact that the neural responses in
SI cortex are independent of the task raises the question
of its functional role in somesthetic perception, We pro-
posed that SI provides the initial substrate for the cortical
processing of moving tactile stimuli leading 1o their cate-
gorization (Romo et af. 1996; Ruiz et al. 1995). The
present tesults support this hypothesis. Thus. according
to these neurophysiclogical and lesion studies, a more
elaborated processing of the somesthetic information,
which leads 10 somesthetic perception, must occur in
those somesthetic and motor areas linked to SI cortex.
Interestingly, neuronal activity reflecting the categoriza-
tion or discrimination of somesthetic stimuli has been re-
corded in the supplementary motor area (Romo et al.
1993b) and in M1 contex (Mountcasile et al. 1992): some
neurons in these areas are specifically tuned to the speed
categories used in the task {Rome et al. 1997}, This sug-
gests that the percepiual process involves both somes-
thetic and motor areas. Experiments are in progeess fo

deicrmine the wles of theomesthetic arcas between S
cortex- and motor arcas ol the frograt fobe in this learned
somesthetic task, A
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TRABAJO EXPERIMENTAL 2

COMENTARIO

Los resultados de este trabajo muestran que una lesién mecanica unilateral
(contralateral al estimulo somestésico), que abarca la representacion de la mano
para las 4reas 3b, 1 y 2, produce en los animales una pérdida en la capacidad
para categorizar la velocidad de un estimulo tactil. Sin embargo, la capacidad
para detectar los estimulos no se afecté, como lo demostraron las mediciones de la
conducta motora (RT y MT). Es importante indicar que los estudios previos de
tesi6n realizados en primates subhumanos sefialan que las lesiones unilaterales
del giro postcentral {corteza SI), producen deficiencias somestésicas en el lado
contralateral del cuerpo, con ningtin efecto en el lado ipsilateral (Norrsell, 1980);
en sujetos humanos, con lesiones restringidas al giro postcentral se presentan
resultados similares (Roland, 1987). La lesion permanente permitid identificar de
manera clara una alteracidn en la ejecucion de la tarea. La utilizacion de
anestésicos locales (vgr. lidocaina) u otros agentes (vgr. tetrodotoxina) que
permiten el bloqueo reversible de la actividad neuronal, no se planted como una
alternativa en el presente trabajo. A pesar de que se ha determinado la difusion y
el curso temporal de los efectos para algunos de estos agentes (lidocaina), en la
sustancia blanca de la columna dorsal en la médula espinal del gato (Sandkiihler y
Gerbhart, 1991) o en otras estructuras subcorticales (Hikosaka y Wurtz, 1986), no se
han determinado su efecto en la corteza cerebral en prirmates subhumanos. En un
estudio reciente (Tehovnik y Sommer, 1997) se reportaron la duracién del efecto,
la difusion y el volumen de inyeccion, de un anestésico local {lidocaina) sobre la
actividad neuronal en la corteza frontal en monos despiertos, sin realizar una
tarea. Estos datos podrian ser importantes para que en un futuro, se puedan

evaluar los bloqueos reversibles durante la ejecucion de la tarea de categorizacion.
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Dos posibles mecanismos se proponen para explicar los resultados del
presente trabajo. El primero es que la lesién destruye los mecanismos neurales que
permiten la categorizacién; de esta manera, la lesién en SI afectaria el primer paso
para el procesamiento cortical involucrado en la tarea de categorizacion. La otra
posibilidad es que la categorizacion de las velocidades ocurra de manera correcta,
pero una posterior asociacién entre el resultado de la categorizacion (alta o baja) y
la localizacion espacial de los interruptores se altere por efecto de la lesion. Como
se menciona en la discusion, este altimo mecanismo no se puede descartar, pero es
poco probable que ocurra ya que en la tarea de categorizacién con una instruccion
visual {ver apéndice 1) los animales fueron capaces de dirigir de manera correcta
su mano hacia el interruptor que se iluminé y que les indic6é a que categoria
pertenecia la velocidad que se les presentd {datos no publicados).” -

Los animales no tuvieron problemas para detectar de manera eficiente los
estimulos tactiles, después de la lesion unilateral de SI, como lo indica la
cuantificacién de las conductas motoras (RT y MT). Una posibilidad es que otras
dreas corticales intactas permitan esta capacidad. En la discusién se propone que
las areas somestésicas del lobulo parietal posterior (areas 5 y 7b) podrian ser las
responsables. Es importante sefalar que la estimulacion somatica puede legar a
estas dreas a través del sistema anterior-lateral (ver pags. 3-4). Otra posibilidad es
que la capacidad para detectar los estimulos somestésicos sea dependiente de la
corteza SII, que posee una representacion somatotépica corporal y sus células
responden a la estimulacion somitica de la piel (Burton, 1986). En el presente
trabajo, estas areas no fueron afectadas por la lesion (ver Fig. 3). Asi, después de
la lesion de SI, una posibilidad es que la estimulacién somestésica llegue a las
cortezas somestésicas mencionadas y a través de sus eferentes (Hyvirinen, 1982,
Burton, 1986), las sefiales neurales se transfieran a las areas motoras frontales,
involucradas en la ejecucion motora de la tarea.

La pérdida de la capacidad para categorizar los estimulos tactiles plantea

que, para analizar las propiedades complejas de los estimulos {vgr. asignar una
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clasificacién), éstos requieren ser procesados en la corteza SI. Una posibilidad es
que este procesamiento se lleve a cabo en las columnas de la corteza SI, en donde
las propiedades fisicas de los estimulos comenzarian una serie de transformaciones
progresivas a cargo de los diferentes elementos neuronales de la columna. En la
tarea de categorizacion, estas transformaciones pasarian de la corteza Sl a otras
dreas que reciben sus eferentes, como podria ser el caso de las cortezas
somestésicas del lobulo parietal posterior, en donde ocurririan otras
modificaciones, para finalmente tener una expresién de salida, a través de las
cortezas motoras frontales.

El efecto de la lesion se puede considerar como permanente, ya que no se

observé una recuperacion durante la evaluacién diaria, después de la lesion (60

Mountcastle, 1979) se ha reportadc que en primates subhumanos una lesién
unilateral del l6bulo parietal (S, SII y 4rea 5) produce una incapacidad para
realizar una tarea de discriminacion de estimulos somestésicos (discriminacién de
frecuencias). Estos autores consideraron que esta deficiencia sensorial también era
permanente, ya que no observaron una recuperacién en la conducta después de
un periodo de evaluacién de 4 meses con técnicas psicofisicas. En otro trabajo,
monos que recibieron una ablacion que abarco el giro precentral (corteza motora
primaria) y gran parte del giro postcentral {corteza Sl) presentaron deficiencias en
la ejecucion de tareas somestésicas que requirieron tacto activo (discriminacion de
una superficie lisa y de una superficie rugosa; de una superficie convexa y una
superficie concava) 8 a 10 meses después de la lesion, (Semmes y Mishkin, 1965);
estas deficiencias fueron similares a las que se observaron 4 semanas después de
la lesién {Semmes y Mishkin, 1965). Por otra parte, en sujetos humanos se ha
reportado que las lesiones restringidas al giro postcentral (en la representacion de
la mana) producen deficiencias somestésicas en la mano contralateral, que se
presentan aun varios aios (de 1 a 3) después de la lesion (Corkin et al, 1970;

Roland, 1976). Estas alteraciones somestésicas comprenden deficiencias en la
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prueba de discriminacion tactil de dos puntos (tacto pasivo) (Corkin et al, 1970) o
la incapacidad para discriminar la forma y el tamafio de un objeto (tacto activo)
(Roland, 1976). Es importante mencionar que las alteraciones sornestésicas que
se han descrito en animales (Semmes y Mishkin, 1965; LaMotte y Mountcastle,
1979) y en humanos (Corkin et al, 1970; Roland, 1976) se han obtenido en sujetos
adultos. A pesar de estos resultados, los estudios recientes han proporcionado
evidencias de que en la corteza SI de sujetos adultos ocurren modificaciones
locales, en la representacién de la mano, como consecuencia de una estimulacién
sensorial prolongada (Recanzone et al, 1992; ver pagina 8) o de una pérdida
sensorial periférica {transeccién del nervio mediano de la mano o amputacién
de un dedo) (Fiorence et al, 1997). Estos datos sugieren la existencia de
mecanismos plasticos compensatorios que existen en la corteza SI, que pueden
activarse a partir de un daiio periférico. Sin embargo, los datos reportados y los
que se obtuvieron en el presente experimento, indican que la lesién extensa o
limitada a una region de SI en sujetos adultos, anula la posibilidad de una
recuperacion sensorial. Sin embargo, no debe descartarse la existencia de
mecanismos compensatorios que se activen como consecuencia de la lesion en S,
pero los datas sugieren que estos mecanismos parecen no ser suficientes para
inducir  un proceso de recuperacion, detectable en animales adultos. Por otra
parte, las técnicas diferentes que se han utilizado para evaluar los efectos de una
lesion en la corteza SI, podrian no ser adecuadas para identificar estos
mecanismos. La tarea de categorizacion que se empled en este trabajo, permitio
evaluar la perdida de una capacidad somestésica particular de los sujetos, pero
no fue qtil para identificar algin posible mecanismo de recuperacién.

Las respuestas neuronales de la corteza SI se estudiaron durante la tarea de
categorizacion (trabajo experimental 1) y como se describio en el trabajo, las
respuestas no estan asociadas a la tarea. Los resultados obtenidos a partir de la
lesion unilateral permiten comprobar la hipdtesis de que la corteza Sl proporciona

los elementos iniciales y esenciales para el procesamiento cortical del estimulo
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somestésico, que conducirdn a su categorizacion. En conjunto, los datos
neurofisiol6gicos (trabajo experimental 1) y los resultados de la lesién unilateral
en la corteza Sk, permiten suponer que el estimulo somestésico en la tarea de
categorizacién, sufre un procesamiento mas elaborado en las areas corticales

que reciben conexiones aferentes de la corteza SI.
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TRABAJO EXPERIMENTAL 3

INTRODUCCION

Los resultados que se obtuvieron con el registro unitario extracelular
(trabajo experimental 1) o con la lesién mecédnica (trabajo experimental 2) de la
corteza SI, durante la ejecucion de una tarea sensorial, sugieren que el
procesamiento de los estimulos somestésicos podria abarcar otras dreas corticales
que mantengan conexiones con la corteza SI, en donde la actividad neuronal
reflejaria las comparaciones y las decisiones que ocurren durante la realizacién de
un acto perceptivo. La existencia de este proceso puede evaluarse a través de una
conducta motora que el sujeto exprese para indicar que la aplicacién de un
estimulo dio origen a un acto perceptivo. Por ello, es posible que en 1a actividad de
las cortezas frontales asociadas con el control motor, se identifiquen sefales
neurales relacionadas con la expresién final de una conducta de percepcién. En
apoyo de esta hipétesis, se ha reportado la existencia de una poblacién de
neuronas, en la corteza motora primaria, que refleja en su actividad un proceso de
discriminacion de estimulos somestésicos (Mountcastle et al, 1992).

Los estudios de conectividad sugieren que el drea motora suplementaria
(AMS), que es parte de las cortezas motoras frontales, puede tener acceso a la
estimulacién tdctil a través de las conexiones aferentes que recibe de las 4reas
somestésicas parietales, entre ellas la corteza SI (Jones y Powell, 1969a; Jones et al,
1978; Jirgens, 1984, 1985; Weisendanger, 1981; para més detalles ver apéndice 2). Por
su organizacion anatémica y funcional, la mayor parte de los estudios en esta drea
cortical enfatizan la participacién del AMS en diferentes aspectos de la conducta
motora (Orgogozo y Larsen, 197%; Wiesendanger, 1986; Tanji, 1984; Tanji, 1994;
Tanii, 1996; Liiders, 1996; para mds detalles ver apéndice 2). Sin embargo, algunos
de estos trabajos sugieren que esta drea cortical podria participar en el
procesamiento de estimulos sensoriales externos que permitirian una transicion

sensoriomotora asociada con el inicio o la ejecucién de movimientos (Tanji y
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Kurata, 1985; Kurata y Tanji 1985; Romo y Schultz 1987; Schall 1991; Romo y Schultz
1992; para mas detalles ver apéndice 2). En estos experimentos en primates
subhumanos se ha mostrado que las neuronas de SMA responden a estimulos
sensoriales de diferente modalidad, que se utilizan en tareas motoras como
estimulos trigger, que indican el momento de iniciar un movimiento. Estas
respuestas neuronales estdn asociadas a los estimulos sensoriales, pero sélo si el
sujeto utiliza estos estimulos como una sefial para iniciar un movimiento, ya que la
presentacién de los estimulos sin relacion a la tarea, no induce actividad en AMS
(Kurata y Tanji 1985). De esta manera, la actividad neuronal de AMS relacionada a
los estimulos sensoriales, podria reflejar la salida de un proceso perceptual. A
pesar de esta hipétesis sencilla, no existen trabajos precedentes que aborden este
problema, ya que los estudios se han enfocada a explicar los aspectos motores de
AMS (Tanji y Kurata, 1982, Dao-Fen et al, 1991). Esta hipotesis sélo se puede
evaluar con la utilizacién de una tarea sensorial que permita un control adecuado
de los pardmetros fisicos de los estimulos.

Con estos antecedentes, el objetivo del siguiente trabajo fue estudiar la
participacién del AMS en el procesamiento de estimulos somestésicos. Para ello
se utilizé un paradigma conductual que combiné una tarea sensorial (tarea de

categorizacion de estimulos) y el registro unitario extracelular.
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ABSTRACT

The purpose of this study was to iﬁvestigate a question that had not been
addressed in depth previously: whether the supplementary motor area (SMA) is
involved in processing of sensory information. Neurons were recorded extracellularly
from the SMA of four monkeys trained to categorize the speed of moving tactile stimuli.
Animals performed the task by pressing with the right hand one of two target switches,
indicating whether the speed of a probe moving across the skin of the left, restrained
hand was low or high. This paradigm involves a motor component and allows the
sensory stimulus to be varied at will. We observed four types of neuronal responses in
the right and left SMA, classified according to the response latencies relative to the
beginning of the moving tactile stimuli; and to- the magnitude and selectivity of the
discharge rates during the stimulation and hand-arm movement periods. Sensory
neurons (S) responded only during the stimulation period. Sensory-motor neurons (SM)
responded during the stimulus period and continued discharging during the hand-arm
movement period. Motor neurons {M) responded only during the hand-arm movement
made to indicate categorization. The latencies and discharge rates for these three
neuronal types did not vary as functions of the stimulus speed nor in relation to the
speed category {(low or high). The fourth type of neuron responded differentially
depending on whether the stimulus speed was low or high; we termed these responses
“categorical” (Romo et al. 1997), We found that, although there is a wide variability in
the response latencies, on average S neurons responded before the SMs. 5§ and SM
neurons had similar latencies and discharge rates in both hemispheres, although 5M
neurons showed a small but significant difference between the right and the left SMA.
Some of the S and SM neurons were tested when the same stimuli were delivered
passively, with the animal being alert but not performing the task. Few S and none of
the SM neurons responded in this condition. A fraction of the S and SM neurons were

tested in a light instruction task, in which a visual cue instructed the animal to initiate
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the arm movement toward the target switches. Two thirds of the S and SM neurons
responded in the visual test. In conclusion, we found that few SMA neurons (the
categorical) modulated their activity as a function of the sensory stimulus. About half of
the total number of recorded neurons (the S and SM) had stimulus-related responses
but did not encode in their activity neither the speed of the somesthetic stimuli nor the
category they belonged to; they seemed to indicate that a stimulus was occurring, These
responses were conditional on the task, vanishing when the stimuli were delivered
passively. Although these findings are consistent with the general notion that SMA is
involved in sensory-motor coordination, we suggest that a large fraction of the SMA
neurons might serve to enhance a sensory signal only when it is to be converted into a
neural command leading to motor behavior. -

Key words: primate; medial premotor cortex; categorization; tactile stimuli; sensory-

motor coordination.

INTRODUCTION

The functional properties of supplementary motor area (SMA) neurons have
been assessed in a wide range of behavioral tasks. It has been shown that SMA neurons
encode in their activity high-order aspects of motor behavior (Alexander and Crutcher
1990; Kurata and Tanji 1985; Kurata and Wise 1988; Romo and Schuttz 1992; Tanji and
Kurata 1985; Tanji and Shima 1994; Tanji et al. 1980). In addition, it has also been shown
that SMA neurons respond to cues of different sensory modalities when the animal uses
these signals to guide behavior {Kurata and Tanji 1985; Romo and Schultz 1987; Tanji
and Kurata 1985; Schall 1990). These neurophysiological findings are well supported by
anatomical studies that have demonstrated a rich connectivity between SMA and both
sensory {Cavada and Goldman-Rakic 198%; Jones and Powell 1969a; Jones et al. 197§;
Jiirgens 1984; Luppino et al. 1993; Pandya and Kuypers 1969; Petrides and Pandya 1984;
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Pons and Kass 1986) and motor structures (Jiirgens 1984; Kiinzle 1978; Luppino et al.
1993; McGuire et al. 1991; Muakkassa and Strick 1379), including the spinal cord (Dum
and Strick 1996). Thus both anatomical and neurophysiological observations suggest
that the SMA could participate in a large number of sensory and motor processes.
However, most of these studies have primarily addressed the involvement of SMA in
motor functions, and have not investigated whether it transforms sensory information
in some way.

In view of this situation, we decided to explore the role that the SMA might play
in the processing of sensory information. We used a task in which neuronal events in
SMA could be correlated with the value of the sensory input in behaving monkeys
(Romo et al. 1996). Animals categorized the speed of tactile stimuli delivered to the
glabrous skin of one finger of the restrained hand, indicating the speed category by
pressing with the free hand one of two target switches. While monkeys performed the
task, we recorded single neurons in the SMA contralateral and ipsilateral to the
stimulated hand. From the types of responses recorded, it appears that two
independent neuronal processes occur simuitaneously during the execution of the task.
The first one seems to be associated with the general sensory-motor coordination
required by the task; we describe this process in the present paper. The second one
corresponds to a neural representation of the animal's decision, and has been reported

elsewhere {(Romo et al. 1997).

MATERIALS AND METHODS

Somesthetic task Four monkeys {Macaca mulatta; 5.5 kg fernale and 4.5-5.5 kg males)
were trained to perform a somesthetic task in which they were required to categorize
the speed of a probe (2-mm round tip) moving across the glabrous skin of one of the
fingers of the left, restrained hand. They indicated the speed category by pressing with

the right hand one of two target switches, and were rewarded for cofrect categorization.
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All procedures concerning the animals were carried out according to institutional
protocols that meet or exceed the NIH and Society for Neuroscience guidelines.

The left arm of the animal was secured in a half cast and maintained in a palm up
position (Romo et al., 1993b). The right hand operated an immovable key (elbow joint at
about 90°) and two target switches with centers located at 70 and 90 mm to the right of
the midsaggital plane. They were placed at reaching distance, 250 mm from the
animal’s shoulder and at eye level. The stimulator tip moved with speeds between 12
and 30 mm/s and covered a fixed traverse distance (6 mm) with constant direction and
force (20 g). A set of 10 speeds were used; half of them were considered low (12, 14, 16,
18 and 20 mm/s) and the rest high (22, 24, 26, 28 and 30 mm/s). Stimuli were delivered
processing in the somatosensory system of primates (Romo et al. 1993a).

The trained monkey began a trial when he detected a step indentation of the skin
of the left hand, which he indicated by placing his right hand onto an immovable key in
a period not exceeding 1 s (Fig. 1A). He maintained this position throughout a variable
delay period that lasted between 1.5 and 4.5 seconds, beginning with detection of the
skin indentation, until the probe moved at one of the 10 speeds, chosen randomly. He
indicated detection of the end of the motion by removing his hand from the key within
600 ms, and indicated whether the speed was low or high by projecting his right hand
to the corresponding switch within 1 s. The medial switch was used for low speeds and
the lateral one for high speeds. The animal was rewarded for correct categorization

with a drop of water. The tactile stimuli were neither visible nor audible.

Passive delivery of the moving tactile stimuli In this situation the stimuli were
identical to those delivered during the categorization task, but the animal's key was

removed and the right armn movements restricted {Fig. 1B).



6

Light instruction task Animals were also trained to execute movements from the key to
the target switches guided by lights. In this situation each trial began as in the
somesthetic task, but one of the two target switches was illuminated at the moment of
skin indentation. The light stayed on after detection of the skin indentation and
throughout the variable delay period (1.5-4.5 s). It was turned off when the probe was
lifted from the skin, at which moment the animal could initiate a movement toward a
target switch. No movement of the stimulator tip took place; the visual cue instructed

the animal which target switch to press for a reward (Fig. 1C).

Surgery After animals reached proficiency in the task (75-90% of correct responses),

thej were implanted with a stainless steel chamber to allow microelectrode “j

penetrations for single neuron recording in the right and left SMA. A head holder for
head fixation was also implanted. The center of the chamber was fitted to a rectangular
hole (14 x 8 mm) made in the midline of the skull, exactly over the SMAs. Stainless steel
teflon-coated wires were chronically implanted into the extensor digitorum communis
{EDC}, biceps (BIC) and triceps (TRI} brachii muscles of the right arm for EMG
recordings; the wires were brought to a connector fixed to the skull. The chamber, head
holder and connector were secured to the skull with screws and acrylic. All these
procedures were carried out under aseptic conditions and scdium pentobarbital

anesthesia (30 mg/kg).

Electrophysiological recording The activity of single neurons was recorded
extracetlularly with glass-coated platinum-iridium electrodes {2-3 MQ), which were
passed transdurally into the right or left SMA. Neuronal signals from the
microelectrode were amplified, filtered, and monitored with 05cillostoPes and
earphones. Neuronal discharges were converted into digital pulses by means of a

differential amplitude discriminator (DAD). A record was kept of the depth at which
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each neuron was isolated along the length of each penetration, beginning with the first
cell recorded after entering into the cortex. EMGs from the forearm and arm muscles
were recorded through the chronically implanted electrodes of the right moving arm
during all recording sessions. EMG activity was also filtered, rectified and converted
into digital pulses by means of a DAD. Stimulation, measurements of reaction {RT} and
movement (MT) times, and data collection were carried out though a personal
computer using standard interfaces. All signals were sampled with a resolution of 100
ps, collected and stored. On-line raster displays were generated on a conventional

monitor. Analysis of the computer data files was done off-line.

Timing of motor évents We meéasured the reaction (RT) and movement (MT) times
during categorization. The RT began when the stimulator tip stopped moving and
ended when the animal released the key (DK in Fig 1). The MT began when the animal
released the key and ended when he pressed a target switch (PT in Fig. 1). The non-
parametric Kruskal-Wallis test and a test of multiple comparisons (Siegel and Castellan,
1988} were used to determine significant differences (P < 0.03) in the RTs and MTs

across speed categories and across tasks.

Analysis of the neuronal responses Off-line inspection of each neuron’s activity was
performed on the basis of raster plots in which all behavioral events were marked (Fig.
1A-C): probe indentation (S}, detection of the skin indentation (KD}, beginning and
end of tactile stimulation (S ON-OFF), key release (KU, end of the RT and beginning of
the MT), and interruption of the target switch (end of the MT). Neurons were classified
according to their responses in the intervals between each of these events. The impulse
activity was compared to that obtained during a control (non-stimulus) period
immediately preceding the stimulation. The statistical significance of differences in

impulse activity in the two epochs was assessed on the basis of the non-parametric one-
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tailed Wilcoxon matched-pairs signed rank test (significance level set at P < 0.05). Since
a class of SMA neurons responded by increasing their impulse activity during
stimulation, we analyzed a period comprising the beginning of the discharges, after a
latency, until the end of the stimulus period. Some neurons had phasic responses; for
these we considered their activity during a period of 210 ms, from the beginning of the
discharge, for all speeds. We used a period of 210 ms as post-stimulus period. This
corresponded to the RT period during the categorization and light instruction tasks,
and to the post-stimulus period during the passive delivery of the same stimuli. The
non-parametric Kruskal-Wallis test and a test of multiple comparisons were used to
determine significant differences (P < 0.05) between the neuronal responses occurring

during stimulation-and during the RT and MT periods (Siegel and Castellan 1988).

Neural response latency An analysis of the latency of the neuronal discharges relative
to the beginning of the moving tactile stimulus was carried out by means of signal
detection methods. Briefly, the spike trains were transformed into functions expressing
the actual density of spikes in time {Richmond et al. 1987; Ruiz et al. 1995). Having
generated the spike density functions, we proceeded to detect significant non-stationary
or driven activity, either transient or sustained, and to quantify its latency and its
variability {Mcpherson and Aldridge 1979), using boctstrapping techniques (Diaconis
and Efron 1993; Efron 1982). For each neuron, the spike density functions corresponding
to each speed were shuffled bin by bin by means of a random number generator (Press
et al., 1988) to generate a mean density function. This mean density provided a binned
estimate of the background activity, which was used to test the significance of the
changes in the individual spike density functions. The test was repeated many times for
each neuron and each speed, computing a different mean density on each iteration. The
results were averaged over all trials to obtain final values for the significance. This

method does not require full knowledge of the components needed to calculate the




4

background activity, because the collected data are used to generate it. Finally, the
mean latency was calculated as the first bin in which a significant change (P < 0.05) in

the spike density was detected after the stimulus onset.

Anatomical studies In the last recording sessions, lesions (passing 20 pA for 20 s) were
placed in the SMA at different depths. Animals were anesthetized with ketamine (6
mg/kg) and intravenous sodium pentobarbital (40 mg/kg) and perfused through the
carotids with PBS 0.1 M followed by 4% paraformadehyde in PB 0.1 M. Guide wires
(125 um) were inserted in the most anterior and posterior sectors of the recorded
territory of the right and left SMA. The brain was removed and suspended in
parafermaldehyde- A block of the right and left hemispheres containing the arcuate and
central sulci was sectioned every 50 um and the sections were stained with cresyl violet.
We used the marks left by the guide wires and the microelectrode tracts, together with
the micrometer readings recorded during the experiments to identify the neuronal
recording sites in the SMA. The electrode penetrations were normalized against the
posterior border of the arcuate sulcus, by tracing a line to the SMA. This allowed correct
localization of the electrode penetrations in each of the eight hemispheres studied.
However, given the chronic character of the study, it was impossible to carry out a

precise electrode track reconstruction of the cortical depths of the neurons studied.

RESULTS

We recorded single neurons in the interior wall of the two SMAs during the
categorization task. The recording area extended up te 3 mm lateral to the midline in
the two hemispheres and 5 mm anterior and posterior to the posterior border of the
arcuate sulcus (Fig. 2). This region comprises both pre-supplementary motor area
(SMA) and SMA proper (Matsuzaka et al,, 1992; Luppino et al, 1993). Neurons were

sampled from both subdivisions in approximately equal proportions. No distinction is
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made between these areas because they revealed very similar during the categorization
task. A careful evaluation of the responses of single neurons in association with the
stimulus parameters and with the motor performance was carried out. This was done
by measuring the response latencies and the magnitude and selectivity of the discharge

rates of SMA neurons, as well as the RTs and MTs.

Recordings of muscle activity The EMG activity of the EDC, BIC and TRI muscles from
the responding arm was also monitored in all neuronal recordings during the
categorization task. In addition, in separate sessions we recorded EMGs from the same
muscles in the left, restrained hand and from the muscles of the shoulder, neck and
paraspinal group [data not shown; the behavior of these muscles was similar to that
obtained previously in a delayed go-nogo task (Schultz and Romo 1992) and during the
same categorization task (Merchant et al. 1997)). We found that the EDC and BIC of the
right arm discharged about 100 ms before the end of the RT, while the TRI discharged
at the end of the RT (Fig. 3). We did not observe ocbvious EMG activity neither from the
muscles of the left, restrained arm nor from the paraspinal muscles during the task.
Therefore, the impulse activity of SMA neurons that occurred during delivery of the

stimuli was not associated with any of the muscles recorded.

Data base Tables 1 and 2 show the numbers and types of neurons recorded in the right
and left SMA during the categorization task. Neurons were classified as related to the
stimulus (S) if they responded during the stimulus period, and if their response
latencies and discharge rates remained constant across the different classes of stimuli
(Fig. 4). Neurons were classified as related to the stimulus and arm movement (SM) if
they responded during stimulation and prolonged their discharges into the arm
movement period (Fig. 5). These neurons did not modulate their firing rates with

stimulus speed either. Neurons were classified as categorical if they responded
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selectively to low- or high-speed stimuli (Romo et al. 1997). We also recorded a
population of neurons that discharged during the delay period preceding the stimuli
(preparatory). These neurons with preparatory activity did not discharge during the
stimulus and RT periods. A subpopulation of the S and SM types also had preparatory
activity; these were not included in the group of neurons with preparatory activity
alone. Finally, a population of neurons discharged only during the RT and MT periods
and were classified as motor (M). We will focus on the analysis of the S- and SM-related
responses.

We explored the possible presence of cutaneous and deep receptive fields of
SMA neurons that showed S or SM responses. This was done by listening through
earphones to the activity of these neurons during manual stimulation of the skin and
de;:p_ tissuéé of the left, restrained hand and of the free hand. None of the cells showed a
clear receptive field. Sometimes they responded to the first touch, but repetitions failed

to drive these neurons consistently.

Neuronal responses to the moving tactile stimuli We found 160 of 354 neurons of the
right SMA, and 166 of 391 of the left SMA that responded during the stimulus period,
for all speeds, during the categorization task. Of these, 53 of the right (Fig. 4B) and 77 of
the left SMA (Fig. 4C) responded exclusively during stimulation (8), while 107 of the
right {Fig. 5B) and 89 of the left SMA (Fig. 5C) continued discharging until the end of
the RT or MT period (SM). 5M neurons had slightly longer latencies (right, 152.4 + 2.9
ms; left, 145.7 + 3.5 ms) than the S (right, 123.4 + 4.9 ms; left, 1234 + 3.4 ms). Fig. 6
shows the latency distributions values of S and SM neurons for each hemisphere. As the
stimulus speed was varied, no change was observed neither in the latencies nor in the
discharge rates of 5 and SM neurons (Kruskal-Wallis test). This was somewhat
unexpected, because these responses appear to be related to the sensory signal (see

below).




As mentioned above, some of the S and SM neurons of the right (23 5 and 8 SM)
and left (24 S and 8 SM) SMA showed preparatory activity during the delay period.
These neuronal subclasses (with preparatory activity) were different from the
preparatory neurons, which also developed preparatory activity but stopped
responding during tactile stimulation (66 for the right SMA and 81 for the left SMA;
data not shown). 5 and SM neurons with preparatory activity fired at higher rates
during the stimulus and movement periods than during the delay. The response
latencies (right, 117.6 1+ 3.0 ms; left, 1029 + 24 ms) of S neurons preceded by
preparatory activity were slightly shorter (Mann-Whitney U test, P < 0.004) than for 5
neurons without preparatory activity. (right; 127.9+2.5 ms; left, 1329 £ 1.7 ms$). These
differences were found for all stimulus speeds (Mann-Whitney U test, P < 0.05). In
contrast, the latencies of SM neurons with (right, 142.0 + 10.0 ms; left, 143.8 £ 11.5 ms)
and without (right, 153.3 £ 3.0 ms; left, 146.8 £ 3.7 ms) preparatory activity were similar.
There were no differences in firing rates for S neurons with and without preparatory
activity; the same was observed for the two subgroups of SM responses in both
hemispheres.

Some of the S and SM neurons in the right and left SMA also gave a clear
response to the skin indentation (SP) at the beginning of a trial. We found 38 neurons
(11 S and 27 SM) of the right and 50 (23 S and 27 5M) of the left SMA with this
characteristic. The response latency to skin indentation for 5 neurons {right, 107.5 £13.5
ms; left, 118.7 £ 9.0 ms) was similar to the latency relative to the moving tactile stimuli
{right, 115.6 £ 11.3 ms, left 112.2 + 7.4 ms). Similar values were also seen for SM neurons
{after skin indentation: right, 135.9 + 5.8 ms; left, 141.1 £ 4.9 ms; after tactile stimulus:
right, 146.9 + 4.9 ms; left, 136.8 + 7.1 ms). These responses were time-locked to the SP,
since there was no relation between the response latencies and the detection of the SP,

as determined by the time at which the monkey reached the key (KD} (r < 0.53, where r
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represents the average correlation for the population responding to SP). Analogously,
the responses elicited by the tactile stimuli were time-locked to the stimulus onset (S-
ON) and were not correlated with the detection of the end of probe movement, as

determined by KU (r < 0.58).

Reaction and movement times during categorization The motor behavior of the
animals was very regular throughout the study, as measured by the RTs and MTs that

were computed during the recordings of the S and SM neurons in both hemispheres.

Neuronal responses during correct and incorrect categorizations We compared the
response latencies and discharge rates when the animal made correct and incorrect
categorizations of the stimulus speed. Data for each hemisphere was analyzed
separatély. The differences in latency were very small in all cases. S neurons in the right
hemisphere showed the largest difference: 123.4 £ 1.9 ms for correct and 136.3 £ 4.0 ms
for incorrect trials. For the left SMA they had 123.5 + 1.5 ms for correct and 130.4 £ 3.5
ms for incorrect categorizations. Latencies for SM neurons were also similar in both
conditions: for the right SMA, 152.6 + 3.2 ms for correct and 152.3 4.2 ms for incorrect
trials, and for the left, 147.2 + 3.8 ms for correct and 159.5 + 3.8 ms for incorrect. The
discharge rates for both neuronal types in both hemispheres showed no significant

differences when the comparison was made

Neuronal responses during passive stimulation We compared the responses of 32 (8 5
and 24 SM) neurons of the right and 36 of the left {13 S and 23 SM) SMA during the
categorization task and when the same set of stimuli were delivered passively (Fig. 7).
Of all cells tested, only 6 of 13 5 neurons in the left SMA responded in the passive

condition. Except for one neuron, those that responded did so with smaller discharge
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rates. Interestingly, these 6 neurons had shorter latencies during the categorization task

{81.0 + 9.0 ms) as opposed to the passive delivery of the same stimuli (116.6 + 4.9 ms).

Neuronal responses during the light instruction task We used the visually-guided
motor task to test 50 neurons of the right (13 S and 37 SM} and 41 of the left SMA (18 5
and 23 SM) that respondéd during the categorization task. During the light instruction
task the light-off and probe-up stimuli (which occurred simultaneously) were the
trigger signals which indicated to the monkey that he could initiate the arm movement
toward the target switch that had been illuminated. Six of 13 S neurons of the right
SMA, and 14 of 18 of the left SMA responded in this condition. They did so with
latencies of 130.9 + 11.8 ms and 108.0 + 11.1 ms; respectively; (Fig- 8) which were
statistically indistinguishable from the latencies found during the categorization task
(right SMA: 126.6 1 11.9 ms; left SMA: 121.4 + 10.4 ms). Twenty-one of 37 SM neurons of
the right and 15 of 23 of the left SMA responded to the trigger signals, with latencies of
152,0 + 10.9 ms and 136.8 + 7.1 ms, respectively (Fig. 9). These response latencies were
also very similar to those found during categorization (143.6 £ 6.2 ms for the right SMA
and 144.2 + 74 for the left SMA). The discharge rates of the neurons of both types that
responded in the visually-guided task were very similar to those found during
categorization. The fact that on average about 40% of the S and SM neurons tested did
not respond in the light instruction task suggests that a significant proportion of these

cells are modality-specific.

DISCUSSION

Previous studies using motor paradigms have demonstrated that some neurons
of the SMA respond to sensory cues when the animal uses these signals for movement
initiation. The question is whether these cue-related responses reflect sensory

processing in the SMA. We believe this can only be addressed in a paradigm in which

g
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the sensory component is also varied systematically. Our results show that SMA
neurons exhibit stimulus-related responses in the categorization task, but a large
majority of them do not encode in their activity the physical properties of the stimulus.
The responses found are very similar to the sensory cue-related responses observed in
motor paradigms. These findings are consistent with the notion that the SMA is

involved in the transformation of a sensory event into a motor neural signal.

Possible sources of input to the SMA The activity of SMA neurons evoked by the
moving tactile stimuli could be due to the neuronal activity present in primary
somatosensory (SI} cortex (Romo et al. 1996). SI neurons are activated by the same
stimuti with an average latency of 25.8 0.6 ms (¥ S.EM.) (Romo et al. 1996}. In both
hemispheres, S and SM neurons of the SMA discharged later, 100 and 125 ms after,
respectively. However, because of the magnitudes of the latencies, the SMA responses
cannot be due to direct transmission from SI cortex. The anatomy supports this
conclusion, since the hand representation in SI has no interhemispheric connections
with the homologous structure (Jones and Powell 1969b; Jones et al. 1978; Killackey et
al. 1983; Shanks et al. 1985) and with the SMA of the opposite hemisphere. The S and
SM responses recorded in the two SMAs could originate in the somesthetic areas of the
posterior parietal lobe, which become active bilaterally via the callosal connections
(Caminiti and Sbriccoli 1985; Cavada and Goldman-Rakic 1989; Manzoni et al. 1984,
1986; Shanks et al. 1985). Although we have no evidence for this, the neural responses
we found in the right and left SMAs are indeed contingent upon stimulation of the skin

of the left hand during the categorization task.

Cutaneous and deep receptive fields We looked carefully at whether the § and SM
neurons possessed cutaneous or deep somatosensory receptive fields in the stimulated

and free hands. They definitely did not have the classical cutaneous or deep receptive
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fields we found previously in neurons of SI cortex. (Mountcastle et al. 1990; Romo et al.
1993, 1996; Ruiz et al. 1995). It was almost impossible for us to ascertain whether S and
SM neurons were driven by the passive manipulation of the hands. One possibility is
that these neurons acquire an active receptive field only during the tactile
categorization task. Interestingly, Schall (1991) reported visual receptive fields in a class
of SMA neurons, but revealing those receptive fields required active attention during
the task. It 1s impossible to explore cutaneous receptive fields as in the visual task.
However, detection of the skin indentation is analogous to the detection of the visual

fixation point, and holding the skin indentation and scanning the skin are comparable

to the events that take place when the visual receptive field is determined. Most of the $

arid all the SM responses occurred exclusively during the somesthetic task, vanishing
when the stimuli were delivered passively. Matsuzaka and colleagues (1992) reported
cutaneous receptive fields in the SMA during passive exploration. However,
Wiesendanger and colleagues were unable to find them; nevertheless they did describe
somesthetic responses to passive displacements of the forearm (Hummelsheim et al.
1988, Wiesendanger et al. 1985), that had very short response latencies. We have no
explanation for the discrepancies between the results obtained by these two groups and
ours. One possibility is that these investigators sampled a different population of SMA
neurons; however, the recording sites explored by these two groups are similar to the

region explored in our experiments.

Relation to motor paradigms Previous studies have shown that SMA neurons respond
to sensory cues of different sensory modalities when the animal uses these signals to
initiate voluntary movements (Kurata and Tanji 1985; Romo and Schultz 1987, 1992;
Schall 1991). These could be the same responses we found associated with the moving
tactile stimuli. Indeed, a number of the 5 and SM neurons responded to the trigger

signals in the light instruction task. However, these neural signals could have a

b st
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different origin. In motor paradigms, a sensory cue determines the initiation of the
behavioral reaction. In contrast, in our somesthetic task the tactile stimulus provides
information that first needs to be processed, to generate a decision, and is then directed
to the motor apparatus to indicate the decision through a motor reaction. Thus SMA
neurons of S and SM type may be reflecting in their activity the translation of a pre-
processed sensory event into a neural motor signal for the general execution of a task.
The fact that the S and SM neurons respond with similar latencies and discharge rates

during correct and incorrect categorizations is consistent with this idea.

Functional role of preparatory activity A considerable number of the 5 neurons of the
SMA were preceded by preparatory acti_vizy dui'ing thé'delray’ penod Preparatory
activity has been widely described in studies of delay-instruction paradigms in motor
tasks (Alexander and Crutcher 1990; Kurata and Tanji, 1985; Kurata and Wise 1988;
Tanji and Kurata 1985; Tanji et al. 1980; Romo and Schultz 1987, 1992; Schall 1992). The
conclusion reached in these studies is that this activity is related to the preparation for
motor acts. We suggest here that preparatory activity preceding the sensory responses
can be partly associated with preparation for the arrival of a sensory signal. The activity
of preparatory neurons occurred during the delay period and typically ended when the
stimulator tip started moving. In the case of S neurons, their responses ended when the
stimulator tip stopped moving, and this included those 5 neurons with preparatory
activity. In contrast, few SM neurons displayed preparatory activity. Although it is
difficult to assess the functional meaning of this preparatory activity, it is possible that
its role is to change the excitability level in anticipation of the input transmitted from
the somesthetic areas of the posterior parietal lobe (for example). This is supported by
several lines of evidence. First, the latencies of 5 neurons with preparatory activity were

shorter than of those without it. Second, 5 neurons with preparatory activity were




silent, both during the delay and during the stimulation period, when the same set of
stimuli were delivered passively. This also occurred for most of the neurons with pure S
responses. Third, during the light instruction task the same preparatory activity was
observed. Some neurons did not respond in this condition, but this might have reflected
a modality dependence. In conclusion, these results indicate that the preparatory
activity might be reflecting a sensory "set-signal”, although we cannot discard a general
role in motor preparation for movement execution during the categorization task
(Evarts et al. 1984). Interestingly, in the same task, we did not find neurons in SI cortex
with preparatory activity preceding the stimuli (Romo et al. 1996).

Functional meaning of the stimulus related responses SI cortex has been regarded asa

key structure coding the parameters of somesthetic stimuli, although its role in sensory
perception has been difficult to establish. In naive animals, SI cortex codes sensory
stimuli very much like the cutaneous afferents (Talbot et al. 1968; Phillips et al. 1988),
although some transformations have already occurred by the time the sensory signal
reaches SI (Mountrastle et al. 1969; Phillips et al. 1988; Ruiz et al. 1995). In behaving
monkeys performing sensory somesthetic tasks, the stimuli evoke neuronal activity in
SI cortex that is almost identical to the activity seen when the same stimulus is delivered
passively (Mountcastle et al. 1990; Romo et al. 1996). In a large fraction of SI cortex
neurons recorded during the categorization task, the firing rate increased
monotonically with increasing speed. Other SI cortex neurons showed very weak
modulation of their activity as a function of stimulus speed (Romo et al. 1996). When
the sensory signal reaches the SMA, it has been transformed dramatically: first, no
neurons with smoothly graded responses to stimulus speed are found. Second, most of
the stimulus-related responses disappear in the passive condition. Third, two strikingly
different types of sensory responses are seen, ones that correspond to the output of a

decision process indicating the speed category (categorical neurons; Romo et al. 1997),
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and others, the majority (S and SM), that have an all-or-none character and are sensitive
not to the different stimulus speeds, but only to the presence of a sensory stimulus. This
might seem somewhat paradoxical: why would so many neurons with stimulus-
dependent responses seem to say so little about the stimulus? The answer may lie in the
functional role of the whole circuit; it is tempting to think that the categorical neurons
deliver a pre-processed sensory signal that might ultimately determine specific
parameters of the motor reaction, such as movement direction, while the S and SM
neurons gate the flow of this information by allowing its transit only when a motor
action is to be performed. This would be consistent with the idea that the SMA is
important for sensory-motor coordination. If this picture is correct, neurons like the 5
and ‘SM might play a key, rolé in routing highly processed neural signals from one
cortical structure to others that will use them to trigger the adequate behavioral

response.
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FIGURE LEGENDS

Fig. 1. A: schematic outline of the categorization task. The bold broken line indicates

variable speed movement of the stimulus probe across the glabrous skin. The broken
line preceding the bold broken line means variable delay period (1.5-4-5 s). 55, skin
surface; 5P, stimulus probe; DP, detect period; DK, detect key; CP, choice period; PT,
project to target; R, reward. B: passive delivery of the stimulus set. C: light instruction

task, the same sequence as in A but without the moving tactile stimuli.

Fig. 2. Top view of the medial premotor cortex {SMA) surveyed in this study (monkey
4). Dots in the inset indicate microelectrode penetrations for the four animals in which
stimulus and movement-related responses were recorded. AS: arcuate sulcus; CS:

central sulcus.

Fig. 3. Spike density functions from EMGs recorded in the extensor digitorum
communis (EDC), biceps (BIC) and triceps (TRI} brachii of the right arm during the
categorization of stimulus speeds. The curves represent the results from a full run (10

speeds, 10 trials per speed). Vertical lines indicate the skin indentation produced by the
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stimulus probe (SP) and end of the stimulus (S OFF). Bold horizontal bars indicate
detection of the stimulus probe (KD), the stimulation period (S ON-OFF) and detection
of the end of the stimulus (KU).

Fig. 4. A: discharge of an SMA neuron with stimulus-related responses (S) responding
during the stimulation period (S ON-OFF) in the categorization task. Large vertical lines
indicate beginning of the scanning (S ON). Vertical lines after the beginning of the
stimulus indicate the end of the scanning (S OFF). Small vertical lines indicate detection
of the end of the moving tactile stimulus (KU). The rasters for each speed are shown
rank-ordered according to this event. Each line of small tics corresponds to a single trial.

B and C: responses for the population of S-type neurons of the right (B) and left (C} _

SMA, which had stimulus-related responses (S neurons preceded by preparatory
activity during the delay period were not included). Individual histograms for each
neuron, averaged over trials, were added, and the resulting sum was divided by the

number of neurons.

Fig. 5. A: discharge of an SMA neuron with stimulus and movement-related responses
(SM) during the categorization task. This neuron fires during stimulation (S ON-OFF)
and continues doing so until the end of the reaction time (KU). B and C: responses for
the population of SM neurons of the right (B) and left (C) SMA (no neurons with

preparatory activity were included).

Fig. 6. Left: distribution of response latencies of the 5 and SM neurons during the
categorization task. Latencies are relative to the beginning of the moving tactile stimuli.
A: S responses of the right SMA. B: S responses of the feft SMA. C: SM related responses
of the right SMA. D: SM responses of the left SMA. Right: mean response latencies (+
S.EM.) of the same groups shown on the left side of the figure.
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Fig. 7. Responses of two neurons of the right SMA that were studied during the
categorization of stimulus speeds (A) and when the same stimuli were delivered
passively (B). The top cell is of type S and the bottom one of type SM. The responses

disappear in the passive condition.

Fig. 8. Responses of two 5 neurons that were studied during the categorization task (A)
and in the light instruction task (B). In the visually-cued task trials were aligﬁed with
the trigger signals (probe up (SP) and light off (L-OFF)), which indicated to the animal
that he could initiate an arm movement toward the target switch that had been

illuminated. The top cell did not respond to the trigger signals; the bottom cell did. IM,

the medial push-button was illuminated. IL, the lateral push-button was illuminated.

Fig. 9. Responses of two SM neurons studied during the categorization task (A) and in

the light instruction task (B). All panels are labeled as in the previous figure.
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Table 1. Data base of MPC.

Neurons studied

. Hemispheres Penetrations Tested Responsive Analysis
RROO4-R 24 251 147 125

RROOS-R 20 365 168 118 .
RROO6-R 1 131 81 31
RROO7-R 20 120 120* 80

Total-R s 877 516 354

RR004-L 2 275 178 125

RROOS-L 27 250 137 71

RRO06-L 16 255 132 52
RRO07-L 2L 179 179* 143 4
Total-L 92 959 626 391

TOTAL 167 1836 1142 745



Table 2. Type of responses of MPC neurons,

Hemispheres

RRO04-R
RROO5-R
RROO6-R
RROO7-R

Total-R

RROO4-L
RROOS5-L
RRO06-1.
RROO7-L

Total-L

TOTAL

Sensory Sensory-Motor  Categorical Preparatory  Motor

12 59 20 19 15

19 15 41 29 14

10 9 0 7 5

12 24 21 1 6
53(15) 107 (30.2) 88 (24.8) 66 (18.7) 40(113) X =354 (100)

20 33 17 38 17

9 18 23 13 8

14 10 21 s 2

34 28 42 235 14
77 (19.7) 89 (22.8) 103 (26.3) 81(20.7) 41(105) I =391(100)
130 (17.5) 196 (26.3) 191 (25.6) 147 (19.7) 81(109) X=745(100)
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TRABAJO EXPERIMENTAL 3

COMENTARIO

La tarea de categorizacién es una tarea sensorial que permitié estudiar el
procesamiento de la informacién tictil en el AMS contralateral (derecha) e
ipsilateral (izquierda) con respecto al estimulo. Como se mencioné en la seccion
de resultados, se identificé dos poblaciones diferentes de neuronas, en ambas
AMS, que presentaron respuestas S o SM. El andlisis que se realizé permite sugerir
que ambos tipos de neuronas participan en la transformacién de una sefial
sensorial somestésica en un comando motor asociado a la ejecucién de la tarea.
Este anélisis no permiti6 identificar ningiin dato que relacionar4 la actividad de
estas neuronas con la propiedades fisicas de los estimulos (diferentes velocidades),
ni la trayectoria del movimiento del brazo hacia los interruptores, ni a la decisién
para efectuar la categorizacion.

La tarea de categorizacién es un paradigma conductual bimanual, ya que la
aplicacién de los estimulos somestésicos se realizé en un segmento de los dedos de
la mano izquierda inmovil y la respuesta motora se ejecutd con la mano y el brazo
derecho que estaban libres. Una posibilidad es que las respuestas de las neuronas
5 y 5M no estuvieran asociadas a la estimulacion de la mano izquierda
(indentacion de la piel por el probdsculo o SP y el recorrido sobre la piel con las
diferentes velocidades), sino a la presion sobre la palanca que se ejerce con la
mano derecha. Esta explicacién no es posible ya que en las neuronas S y SM (en
ambos hemisferips) que respondieron a 5P, se encontré que no existe una
relacidn entre la latencia de respuesta neurcnal y el tiempo de deteccion de SP
{colocacién de la mano derecha en la palanca) (ver resultados, pags. 12-13)
Tampoco existe una relacién entre la latencia de respuesta neural provocada por el
inicio del estimulo tactil y el RT (deteccién del final del estimulo) (ver resultados,
pags. 12-13). Asi, la iniciacion de las respuestas de las neuronas Sy SM en ambas

AMS son provocadas por la estimulacion de la piel de la mano izquierda inmévil,
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durante la tarea de categorizacion y no es debida a la respuesta sensorial
(contacto de la piel con la palanca) o a la respuesta motora (soltar la palanca) de
la mano derecha libre.

Las fespuestas de las neuronas en AMS a los estimulos somestésicos,
durante la ejecucién de la tarea de categorizacién, podrian tener su origen en la
actividad neuronal que se inicia en la corteza SI de acuerdo a los resultados que se
reportaron para la latencia (latencia media de 25.8 * 0.6 SEM mseg) en el
experimento 1. En una tarea de discriminacién somestésica, en la cual los ensayos
se inician de manera similar a la tarea de categorizacién, las neuronas de SI
contralateral al estimulo tictil, respondieron con latencias de 20-25 mseg
(Mountcastle et al., 1990). Como se mencions en la discusién, las latencias que se
obtuvieron en las células S (alrededor de 120 mseg) y SM_ {alrededor de 150
mség) descartan la posibilidad de una transmisién directa de la corteza 51 y
sugieren que estas respuestas podrian originarse en las 4reas somestésicas del
I6bulo parietal posterior. La posibiljdad de que las respuestas de las células de
AMS a los estimulos tictiles se originen a partir de una influencia taldmica se
debe descartar. Las aferencias talimicas que terminan en AMS no provienen de los
nicleos somestésicos del tilamo (Schell y Strick, 1984; Wiesendanger et al, 1987;
Darian-Smith et al, 1990). Los estudios neuranatdomicos han demostrade que los
nucleos talamicos se consideran como nicleos especificos de relevo, ya que las
conexiones intemucleares son escasas o nulas (Jones, 1983). Por otro lado, por las
conex:ones aferentes que recibe AMS de la corteza SII (Jones y Powell, 1969a; Jones
et al, 1978; Jurgens, 1984), otra posibilidad que no puede descartarse, es que las
sefiales neurales que se registraron, provengan de esta drea somestésica, ya que
recibe aferentes de] nucleo taldmico VPLc (Burton, 1986). Es importante destacar
que no existe una evidencia directa de que estas vias estén involucradas en la
transmision de la sefial somestésica en la tarea de categorizacién. Los resultados
demuestran que las respuestas neuronales en AMS-derecha y AMS-izquierda son

dependientes de la estimulaciéon de la piel glabra de la mano izquierda, sélo
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durante la tarea de categorizacién ya que nos se presentan en la situacién pasiva
cuando el animal recibe el estimulo somestésico.

De esta manera, la sefial del estimulo tictil que llega a la corteza SI
(contralateral), pasaria a las areas somestésicas del 16bulo parietal posterior del
mismo hemisferio y de ellas surgirian las sefales neurales al AMS-derecha
(contralateral al estimulo) para posteriormente, a través de las conexiones
interhemisfericas, legar al AMS—izquierda. La alta densidad de fibras callosas en
la representacién distal del brazo y de la mano en AMS, que es superior en las
mismas areas con respecto a la corteza Ml (Roullier et al, 1994), apoyaria esta
posibilidad y explicaria el resultado de gue la latencia media de respuesta de las
neuronas Sy SMes similar en AMS-derecha y AMS-izquierda. Sin embargo, no
se puede descartar la posibilidad que se menciona en la discusién, de que Ia
estimulacién que llega a a Ia corteza SI (contralateral) alcance a ambas AMS por
medio de la activacién simultdnea de las cortezas somestésicas del l6bulo parietal
posterior.

Como se menciond en el trabajo, de manera cuidadosa se estudid la
posibilidad de que las neuronas 5 y SM tuvieran campos receptores cutineos o
profundos, de acuerdo a los criterios que se utilizan para estudiar las neuronas de
la corteza SI. En los estudios somestésicos (Mountcastle et al,, 1990; Romo et al,,
1993; Ruiz et al, 1995), la exploracion de un campo receptor se realiza escuchando
a través de audifonos, la actividad de las neuronas que se registran, durante la
estimulacién manual de la superficie de la piel y de tejidos profundos. Las
respuestas neuronales deben ser constantes a la estimulacion. Los trabajos en el
AMS han mostrado que la estimnulacidn eléctrica de nervios cutéaneos periféricos
en primates subhumanos anestesiados evoca respuestas en AMS (Wiesendanger et
al, 1973); pero las técnicas de registro unitario han reportado que muy pocas células
responden a estimulos sensoriales tictiles (Brinkman y Porter, 1979; Wise y Tanyji,
1981). Algunos autores han descrito respuestas somestésicas a desplazamientos
(flexiones y extensiones) pasivos del brazo anterior con latencias de respuestas

muy cortas (15-25 mseg);, (Weisendanger, 1981; Hummelsheim et al, 1988;
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Wiesendanger et al., 1985). Sin embargo, en otros estudios se ha reportado que las
células en la representacién de la mano en AMS, responden a una ligera presion
mecinica sobre los dedos (Smith, 1979) o que en la representacién del antebrazo, las
, células seactivan a la estimulacién cutdnea suave con un explorador de superficie
amplia {Hummelsheim et al, 1988). La estimulacién tactil ligera (desplazar un
cepillo o tocar con el dedo) de la piel pilosa o glabra en la extremidad antetior,

produce respuestas en AMS, en particular en la llamada AMS-propia (ver .

Apéndice 3) (Matzuzaka et al, 1992). En general, estos trabajos muestran que un
nuimero reducido de células de AMS se logra activar por la estimulacion
somestésica, independiente a una tarea. A pesar de que en un estudio se ha
propuesto que las células de AMS presentan campos receptores cutineos muy
amplios (Smith, 1979), en ninguno de los trabajos mencionados anteriormente, se ha
demostrado de manera clara y convincente Ia existencia de campos receptores
cuténeos como se ha demostrado para la corteza SI (ver pag: 5). En la discusién del
presente trabajo se mencioné que no se identificaron campos receptores cutineos
o profundos para las neuronas S y SM, en la mano estimulada y en la mano libre.
En algunas ocasiones estas neuronas respondieron a la primera estimulacién
manual, pero la repeticion de la estimulacion no produjo una respuesta
consistente. De esta manera se puede concluir a partir de los datos que se
obtuvieron, que las células Sy SM no poseen campos receptores cutanéos o
profundos como aquellos descritos en la corteza SI. Una posibilidad que se
propone en la discusién, para explicar las respuestas a los estimulos somestésicos,
es que estas neuronas generen un campo receptor sélo durante la tarea de
categorizacién somestésica. En el sistema visual y coliculo superior se ha
demostrado que la intensidad de respuesta de una neurona a un estimulo visual no
solo depende de las caracteristicas fisicas del estimulo sino también de factores
conductuales intrinsecos del animal como el alertamiento y la atencién, que
pueden influir en el tamafo del campo receptor (Wurtz et al, 1980).

Las pocas neuronas S que respondieron durante la situacién pasiva

posiblemente representan una poblacién de células que se encuentran mas cerca de
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la entrada de la sefial tactil que proviene de las dreas somestésicas parietales. Esta
sugerencia se apoya en que su latencia de respuesta al estimulo tactil es menory a
que en la corteza SI las células responden de manera similar en la tarea de
categorizacién y en la situacién pasiva. No se puede descartar la posibilidad de
que estas respuestas se deban a otros factores como el alertamiento y ia atencién.
Como se destaca en la discusién, en tareas motoras, se ha mostrado que
las células de AMS responden a estimulos somestésicos o de diferente
modalidad sensorial, cuando los animales utilizan estas sefiales para iniciar un
movimiento (Tanji y Kurata, 1982; Kurata y Tanji, 1985, Romo y Schultz, 1987,
1992; Shall, 1991). Como se menciona, estas respuestas neuronales podrian ser
similares a las respuestas asociadas a los estimulos somestésicos en la tarea de
categorizacién. Asi los valores de latencia de las célu]as de AMS a estimulos

somestésicos (> 90 msec) que se utilizan como estimulos 1mc1adores (tngger) en
una tarea motora (Tanji y Kurata, 1982; Kurata y Tanji, 1985) son similares a la
latencia de las células S y SM. Ademds, como se mencion6 en la parte de
resultados, gran parte de las neuronas S y SM respondieron al estimulo iniciador
{trigger) en la tarea de instruccion visual. Por ello, es posible que las respuestas Sy
SM indiquen el momento que ocurrié la estimulacion somestésica, que
posteriormente se utilizard para generar la actividad motora. Los estimulos
sensoriales trigger utilizados en tareas motoras en el AMS (ver Apéndice 2),
probablemente indiquen cuando se presentaron los estimulos para guiar la
conducta motora. A pesar de esta similitud, como ya se discutié, las respuestas al
estimulo tctil en la tarea de categorizacidn, podrian tener un crigen diferente. En
un paradigma motor, un estimulo sensorial no proporciona informacisn al animat
acerca de la respuesta conductual; el estimulo sensorial trigger sélo le indica el
momento de iniciar la respuesta. En la tarea somestésica de categorizacion, el
estimulo tactil mévil proporciona informacién al animal para la ejecucion sensorial
gue se manifiesta por una respuesta motora.

Los resultados del presente trabajo indican que las células Sy SM reciben

informacién sensorial somestésica, sélo cuando la salida de la percepcion sensorial
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se indica a través de un acto motor, aunque esta actividad neuronal no refleja el
proceso de categorizacién. Por ello, estas neuronas de AMS (S y SM} podrian
estar reflejando en su actividad la transferencia de un evento sensorial en una
sefial motora asociada a la ejecucién de la tarea de categorizacién. De esta manera,
se propone con base en las latencias de las neuronas Sy SM, que un continuo
neural se inicia en AMS, durante el desplazamieno del estimulo tictil, continua
durante RT y finaliza con MT. Este continuo neural sensoriomotor ocurriria
simultineamente en el ambas AMS. Sin embargo, no se puede descartar la
posibilidad de que las respuestas de las neuronas S y SM provengan de dos
poblaciones independientes y que sélo participen en un aspecto de la tarea (
durante la aplicacion del estimulo o la ejecucién motora).

Se utilizb un periodo de espera variable {(1.5a 4.5 seg) entre la deteccitn
de la indentacién” de la piel y 1 iniciacion del estimulo téctil. Este periodo de
espera variable no proporcioné informacién al animal acerca de las velocidades
que se le presentaron y evité que los animales desarrollaran una expectancia para
recibir el estimulo somestésico. Como se describi6, la actividad preparatoria en
AMS se ha estudiado en paradigmas del tipo instruccién-periodo de espera en
tareas motoras y la conclusién general de estos trabajos es que esta actividad esta
relacionada con la preparacién para ejecutar un acto motor. En el presente
estudio, se propone que la actividad neuronal que precede a las respuestas S
pudiera relacionarse con la preparacién para la recepcion del estimulo
somestésico.

Las sefiales neurales que se identificaron en AMS durante la tarea de
categorizacion (neuronas 5 y neuronas SM) podrian representar un ejemplo de
una transformacién sensoriomotora, es decir, de la codificacién de las propiedades
fisicas de los estimulos tdctiles en la corteza de SI, a una sefial neural que participa
en la conversion de un estimulo sensorial somestésico a un comando motor
necesario para realizar la respuesta conductual. Esta sefial motora podria tener su
expresion de salida a través de las conexiones eferentes directas de AMS a la

médula espinal (Hummelsheim, 1986; Hutchins et al, 1988; Dum y Strick, 1991;
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Luppino et al, 1993; Galea y Darian-Smith, 1994, Roullier, et al, 1996; ver Apéndice
2); no se descarta la posibilidad de que la corteza motora primaria también participe
en esta salida, a través de las conexiones eferentes que recibe de AMS (De Vito y
Smith, 1959; Kiinzle, 1978; Jiirgens, 1984; 1985; Tokuno y Tanji, 1993; ver Apéndice
2). Es importante indicar que la sefial neural asociada con la transformacién
sensorimotora, no codifica los pardmetros fisicos de los estimulos, ni participa en
el proceso de categorizacién. '

Los estudios previos han encontrado, en paradigmas motores, que las
neuronas de AMS responden a estimulos sensoriales externos cuando el animal
los utiliza para iniciar 0 guiar un movimiento (Tanji y Kurata, 1982, Tanji y
Kurata, 1985; Kurata y Tanji, 1985; Romo y Schultz, 1987; Shall 1991; Romo y
Schultz, 1992; Ver Apéndice 2). En ninguno de ellos se ha determinado ¢6mo se

procesa esta informacién sensorial. - El estudio de la-actividad neuronal atravésde -

la utilizacién de una tarea sensorial (tarea de categorizacién) permitié demostrar
por primera vez la participacién de AMS en la percepcién de estimulos
somestésicos.
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TRABAJO EXPERIMENTAL 4

INTRODUCCION

Los resultados que se obtuvieron con el registro unitario extracelular en las
neuronas de la corteza Sl (trabajo experimental 1) muestran que las células no
refljan en su actividad, el proceso de decisién sensorial asociado 2 la
categorizacién de las velocidades. Con la utilizacién del estimulo flutter en una
tarea de discriminacién somestésica, los animales utilizan dos estimulos, separados
por un intervalo fijo de tiempo; el segundo estimulo se compara con respecto al
primero para dar origen a un proceso de decisién sensorial (Mountcastle et al,
1990). El registro unitario extracelular en las sreas 1y 3b de la corteza SI no mostré

relagién con-el proceso de decisiém durante la giecucion” de la farea de
discriminacién (Mountcastle et al, 1990). En conjunto estos datos permiten sugerir
que las decisiones asociadas con la percepcién de estimulos somestésicos pueden
ocurrir en otras regiones corticales.

La tarea de discriminacién ha permitido identificar en la actividad celular
de la corteza motora primaria, sefales neuronales selectivas, sin relacién a la
actividad muscular, asociadas a la decisién correcta para discriminar los estimulos
somestésicos (Mountcastle et al, 1992). Una poblacidén de neuronas indica en su
tasa de disparo si el segundo estimulo fue de mayor frecuencia y otra pobacién
distinta sefiala si este estimulo fue de menor frecuencia. (Mountcastle et al, 1992).
Este hallazgo sugiere la participacién de la corteza motora primaria en la salida de
un proceso selectivo, relacionado con una decision sensorial. Se desconoce si otras
dreas motoras del l6bulo frontal participan en la salida selectiva para un proceso
perceptual. Los resultados del trabajo experimental 3 muestran que la actividad de
las células S y SM es similar para todas las velocidades que se categorizaron ; sin
embargo no se debe descartar la posibilidad de que en la actividad neuronal de
AMS, se identifiquen senales asociadas con la decisién del animal para asignar

una categoria a los estimulos somestésicos. Por ello el objetivo de este trabajo fue
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identificar y cuantificar la actividad de neuronas en AMS que participen en el
proceso de decisién, en una tarea sensorial de categorizacién. i

Es importante sefialar que en este trabajo se emplea el término corteza Py
premotora medial para designar al AMS. Para algunos autores (Thaler et al,1995) !
la denominacién de drea motora suplementaria se debe evitar, ya que sugiere

diferencias jerarquicas con respecto a la corteza premotora que se localiza lateral a 3
AMS.
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the sensorimotor performance can be measured in 2 reliable
manner in this task. Thas, this scosory task scems to be well
suited for studying the coding of the paramesers of the scimull in
the evoked activity of the somatosensory (3 cortex, and the
ncural signals associated with the animal's decision.

We have recorded the responscs of neurons of S cortex with
receptive fickds on the finger tips during the categorization of the
stimulus speeds (Romo #f al, 1996). The results indicate that a
clags of neurons of 51 corex respoi by increasing their impulse
raie3 a3 a function of the stimulus speeds. However, the simie
class of ncurons of 51 coctex also responded when the stme

required to be pressed for reward. Very few neurons {14 of T}
maintained their differential responses abserved in the categoriza-
tion task. Some categorical neurons {n = 6} were also studied; the
animal categorized the 1actile stimutus speeds, bul kwew in advance
whather the stimulus speed was low or high {categerization + light
instruction}, This was made by illuminating one of the two target
switches which was iated with the stimulus spaed. The
categorical respanse was considerably attenuated in this condition,
Interastingly, during the delay period, thase neurons reflected in their
activity whether the stimulus was low or high. A numbar of the
categorical MPC neurons {n = 30} were studied when the same set
of stimuli, used in the cateygcrization, were delivered passively. None
of these neurons respanded in this condition. These results suggest
that the MPC., apart from its well-known role in motor behavio, is
also involved in the animal's decision during the exacution of this
learned somesthetic task.

Introduction

This study is part of a research program aimed at understanding
the cortical processing of somesthetic information in behaving
mankeys. With this purpose, we designed a sensory somesthetic
task in which the neuronal events in somatic and motor cortical
areas could be correlated with the sensory performance (Romo
¢f ¢, 1996). Animals performed the task by pressing one of two
target switches 1o indicate whether one of ten speeds of probe
movement across the glabrous skin of the hand was low or high.
The sensory performance was evaluzted with psychometric
rechniques, and the motor response was assessed by messuring
1he reaction (RT) and motor (MT) times. The results indicate that

the posterior parietal lobe, motor aress of the frontal lobe, 22
well a3 subcortical structures . Thus, it would be interesting o
study the flow of the somesthetic information processing from SI
to those cortical and subcortical structures anatomically
connected to it during the categorization of tactile stimuli.

We have focused our attention on the medial premotor cottex
(MPC), a cortical motor area which may also be involved in the
somesthetic categorization task. Anatomical studies have shown
a rich connectivity between somesthetic areas of the parietal
lobe and the MPC Jones and Powell, 196%; Pandya and Kuypers,
1969, Jones ef af., 1978; Jurgens, 1984, Petrides and Pandya,
1984; Pons and Kass, 1986; Cavada and Goldman-Rakic, 1989;
Lupping ef alf, 1993). Interestingly, in a preliminary study
(Romo ef @i, 1993b), we recorded neurons in the MPC that
responded during this categorization task. Of special intcrest
was the recording of a type of neurons that reflected in their
activity the caregorization of the stimulus spueds.

We have pursued this problem by recording from the MPC in
monkeys working in the somesthetic categorization task. [n this
paper, we analyz¢ the activity of these neurons in terms of signal
detecrion theory (Green and Swects, 1966), o determine
whether they encode the categorization process. The results
indicate that this is true. In addition, we observe that most of
these categorical neurons are nat associated with the motor
responses used by the animal to indicate categorization. Finally,
we found that these categorical tesponses are context depen-
deng, since they occurred exclusively during the categorization
rask. Therefore, these findings suggest that the MPC, apart from
its well-kaown role in motor functions, is also involved in the
sensory deciston process in this leamed somesthetic task.

Materials and Methods

Somesthetic task

Four monkeys (Macaca mulalia; 5.5 kg female and 4.5.5 5 ky males)
were trained to perform a somesthetic sk in which they were required
to cacegorize the speed of 2 probe (2 win round UPY moving acruss the
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Figurn 1. {4) Orawing of a monkey working on the tactile categorization task. |8) Schematic cutling of the task. Bold broken kne indicates varible speed movement of the stimulus
probe across the glabrous skin. The broken fine preceding the bold broken fine means variable delay period [1.5-4.5 5). S5, skin suface; SF stimulus probe; DP detect period; UK.
detect key; CP choice periad; PT, project to target; B, raward. (C} Passive delivery of the stimulus set. D) Light instruction task, the same sequence as in (4}, but without the moving
tactile stimwli. Descriptions of the task sequences, stimulus set and sensery-motar performance are given in the text.

glabrous skin of one of the fingers of the lefy, resiralned hand, and
indicate the speed by interrupting with the right hand one of two targer
switches (Fig. 14).

The left arm of the animal was sccurcd in a half cast and maintaincd
in a palm-up position (Romo ef ., 19934). The fight hand operated an
immovable key (elbow joint at — 90°) and two target switches (the centers
located a0 70 and 90 mm 10 the right of the midsagittal plane) placed at
reachiny distznce (250 mem from the animal's shoulder and at eye bevel).
The stimuli consisted of a set of 10 speeds from 12 1o 30 mmy/s, in 4 fixed
traverse distance (6 mm), direction and force (20 g) in which half of them
were considered as low (12, t4, 16, 18 and 20 mm/s) 2nd the rest as high
(22, 24, 26, 28 and 30 mmys). Stimuli were presented by a tactile
stimulator built in our laboratery for studying motion p in the

began as in e SOMESINECLC 25K, DUL One Of The (WO targel SWitChes was
illuminated, beginning with the skin indentation, continned after
detection of the skin indentation (variable delay peried 1.5-4.5 5), and
turncd off when the probe was lifted off from the skin (stimulus triggers).
This visual cuc instrucred the animal which target switch was required to
be pressed for reward (Fig. 10).

Surgery

After animals reached proficiency In the rask (75-90% of cotrect
responses), they werne implanted with 2 stzindess steel chamber to allow
microclectrode penetrations for single neuron recording in the right and
the left MPC, and with a head helder for head fixation. The center of the

somatosensory system of primates (Romo ef g, 19932).

The trained monkey began a trial when he detected a step indentation
of the skin of the left hand by placing his right hand into an immovablc
key in 2 period that did not excecd 1 5 (Fig. 18), He maintained this
position theough a varlable delay period (1.5-4.5 5, beginaing with
detection of the indentation of the skin) until the probe moved at any of
the 10 speeds. He Indicated the detection of the end of the motion by
removing his hand from the kzy within 600 ms, and whether the speed
was low or high by projecting his right hand to one of the two switches
within 1 8 (the medial switch was used to indicate low speeds and the
laterzl onc for high speeds). The animal was rewarded for correct
categarization of the speed by 2 deop of water. The tactile stintili sere
nejther visible nor audiblc at any part of the task.

Passive Delivery of the Moving Tactile Stimuli

la this situation the stimuli were identical to those delivercd during the
caregorization task, but the animal’s key was removed and the right arm
movements restricted (Fig. 1C).

Light Instruction Yask
Animats were also required to execute movements from the key to the
target switches in a light instruction task. In this situation, each rial

Mg premotor Cortex in Categorical Forception - Romo exal.

chamber was fitted 10 a rectangular hole (14 = 8 mm) made in the midline
of the skull, exactly over the two MPCs. 5tainless steel, Teflon-coated
wipes were chronically implanted into the extensor digitorum communis,
biceps and triceps brachii muscles of the right arm for EMG recordings;
the wires were brought to a connector fixed in the skutl. The chamber,
head holder and the conncctor were secured by serews and acrylic in the
skull. All these procedures were carricd out under aseptic conditions and
sodium pentobarbital anesthesia (30 mg/kg).

Electrophysiological Recording

The activity of single ncurons was recotded extraccilularly with
glasscoated platinum-irldium electrodes (2-3 M), which were passed
wansdurally into the right or left MPC. Neuronal signals from the
microclectrode were amplified, filtered and monitored with oscillo-
scopes and carphones. Neuronal discharges were converted into digial
pulses by means of a differcntial amplitude diseriminator (DAD). A record
was kept for the depth at which each neuron was isolated along the
length of each penetration, from the first cell recorded after entering into
the cortex. EMG from the forcarm and arm muscles were recorded
through the chronically implanted electrodes of the tight moving arm in
all recording sessions. In separate sessions, we recorded the EMG activity
in different muscles of the shoulder, neck and dorsum during the
categorization task (not showty; the behavior of these muscles during the



Pigere 3. Tap viow ol the medisl poswoiy cortex seveyed fn this i ruddey 41
Dots in the inset indicate microelectrode penetrations for the four animals in which
categorical responses were recocded. AS, arcuate sulcus: C5, central suleus,

rask are similar 1o those obtained in 2 delayed go-no go task in Schulez znd
Romo, 1992). Stimulus, behavioral control and data collection were
carried out through a permsond! computer using standard interfaces. The
time between ncuronal events, EMGs, and between behavioral events
were measurcd with a resolution of 100 ps, collected and stored. On-line
raster displays were gencrated on a conventional monitor. Computer daca
files were copicd for off-linc znaiysis.

Psychophysics of the Tactile Categorization Task

The number of correct and lncorrect categorizations of the stimulus
speeds during the study of the differential responsive ncurens was used
to construct psychometric functions. These psychomctric functions were
plotted a5 the probability of correct judgments of the stmulus specds as
*»2) ot <22 mm/s. We uscd the logistic Boltzmann cquation to fit these
data

(r--u]flr + A

where p is the probability of a correct judgment of the speed as >20 or <22
mmy/s, A, is the initial p, A; is the final p, x, is the stimulus speed
supporting the 0.5 of performance, and dx is the width of the function at
the 0.367-0.632 of p interval. All regressions fitted significantly the data
with a x? of P < 0.01. Psychometric thresholds were computed as half of
the sum of the stimulus speeds at the 0.25 plus 0.75 p of correct
Judgmenes of the tactile stimulus speeds (Fig. 70).

Analysis of the Neuromal Responses
The statisically significant diffcrences in impulse activity in two cpochs
[control {non-stimulus period) of identical duration to the suspected
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changes produced by the stismuluc and RT-MT periods) were asscmed
with 2 sliding window procodure on the basis of the non-parametric
oactaliod Wilcoxol mstched-palrs signed rank west (P < 0.05). The
aon-parsmeiric Kraskel-Wallis tesc and 2 test of multiple comparbons -
were wecd to detcrmine significany diffcrences (P < 0.05) between the
acwonal during the stimuli and during the KT-MT -
periods (Siegel and Castellan, 1988).

Anatomical Seudies

In the final recording sessions, kesions (20 pA for 20 5) were placed in the
MPC at different depths. Animals were anesthetized with ketamine (6
mg/kg) and intravenous sodium pentobarbiral (40 mg/kg} and perfused
though the carotids with PBS 0.1 M followed by 4% paraformadehyde in
PB 0.1 M. Guide wires {125 pm) were inserted in the most anterior and
posterior sectors of the recorded territory of the righe and ieft MPC, The
brajn was rernoved and suspended in parformaldehyde. A block of the
right and left hemispheres containing the arcuate and ceniral sulcl was
scctioncd at 50 pm and these sections were smined with cresyl violet. We
used the marks left by the guide wires and the microelectrode tracts and
Iesions, together with che micromerer readings during the experiments,
to identify the neuronal recording sites in the MPC. The electrode
penetrations were normaiized agzinst the postetior border of the srcuate
sulcus by tracing a line to the MPC. This allowed correct location of the
clectrode penctrations in cach of the eight hemispheres studied.
However, given the chronic character of the study, it was impossible o
CATTY OUt A precise clectrode track reconstruction of cortical depths of
ncurons studied.

Results

We recorded single neurons in the wall of the two MPCs during
the categorization task. The investigated area extended up to 3
rm kateral to the midline in the two hemispheres and 5 mm
anterior and posterior to the posterior border of the arcuate
sulcus (Fig. 2). This rcgion comprises both pre-supplementary
motor area (SMA) and SMA proper (Matsuzaka et al, 1992;
Luppino et al 1993). Neurons were sampled from both
subdivisions in approximately equal proporticns and are
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Figure 3. Discharges of four neurons of the MPC that had differential responses during
the categorizotion task. Heuronsin A and € began their differential responses at the end
of the stimulus [S ON-OFF) and ended their discharges with the end of the reaction
tirma {KU). Newons in 8 and £ responded sefectively during the RT perind, Large vertical
lines indicate beginning of the scanning by the stimolus probe {S-ON). Verticat lines
after the beginning of the stisulus indicate the end of the scanning {OFF). Small vertical
lings indicate detection of th end of the stimulus (KU|. These two events are shown in
rank ordering of the reaction times (RT). Neuronal discharges are represented in the
farm of smalf ticks. Each line carresponds to one single trial, Stimuli were presented
rardomly in the glabrous skin of the distal segment of the third finger of the left hand
Stimulus parameters: traveese distance, & mm: direction, distal to proximal; constant
force, 20 g; speeds. 12-30 mmys.

considered together because of similar activity during the
categorization task.

Eighty eight (32 pre-SMA and 56 SMA proper) of 354 neurons
of the right MPC, and 103 (47 pre-SMA and 56 SMA propen)
of 391 of the left MPC discharged differentially during the
categorization task, and reflected in their activity whether the
stimulus speed was low or high (Kruskal-Wallis test, P < 0.01).
These differential responses occurred mainly during the
stimulus and RT periods (Table I). Figure 3 shows four neurens
that responded differentially during the categerization task. Two
of them discharged during the end of the stimulus [with 2 mean
average latency relative to the beginning of the moving tactile
stimuli of 176.9 £ 10 ms ( SEM)], and continued discharging
during the RT period (Fig. 34,C). A number of these neurons also
dischatged differentially during the RT period (Fig. 38,0). The
histograms in Figure 4 show the population response of the MPC
neurons that responded selectively for low or high stimulus
speeds. These diffcrentiat responses are not due to 2 bias in the
RTs and MTs, since they were similar when the animal indicated
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Figura 4. Population response of all neurons of the MPC that discharged selectively for
low {4} or high (B} stimulus speeds during the categanization. These neurons were
selected accovding to an analysis made on the sigaal detection. Histagrams for each
neuron narmalized from trial number were added and the resulting sum was divided by
the numkber of newrens. Activity was aligned on the beginning of the moving tactile
stimuk {S-0ON), and according to the rank ordering of the reaction time (KUJ.

that the stimulus was low (RT: 3450 £ 104 ms; MT: 1RG4 2 6.0
ms) or high (RT: 337.5 ¢ 10.8 ms; MT: 194.8 £ 8.8 ms). However,
it may be possible that these MPC neurons were coding the
intention to respond, or with the trajectory of the Tund toward
one of the two target switches to indicate categorization. We
tested this possibility in a light instruction rask {sce the
description of this 1ask in Fig. 1C). Most of these neurons (57 of
71, 80%) did not show differential responses in this task (Fig. 5).
In addition, some of the neurons which had differential
responses were tested when the same stimuli were delivered
passively (1 = 30). None of these neurons discharged in this
situation (Fig. 6).

Neurometric Functions qf the Differential Discharges of
MPC Neurons

Those neurons of the MPC thar discharged selectively when the
stimudus speed was low or high (according to the Kruskal- Wallis
test, P <0.01) were submitted to an analysis sliose purpose was
to produce a quantitative estimarion that was comparable to the
psychomettic function. To this end, we employed an analysis
based on signal detection theory to cotpute a newrometric
function for cach neuron (Green and Sweets, 1966; Briten ef @l
1992). These neurometric functions reflect the probability that
an ideal observer could accurately report whether the stimulus
speed was low or high, basing his judgments on the responses

like those recorded from the neuron wnder study. Thus, these™

neurometric functions can be correlated to the psychometric
functions.

To compute the neurometric function, we made the
simplifying assumption thar the newvronal eeshold can be
determined from two independent neural signals during the
categorization task: that corresponding to the stimulus and RT
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task to see whether these

were
instruction task, trials were aligned -efative to the indentation (SP) and to the probe up + fight-off {SP + L-OFF). which served as triggers to indicate detection (KU} and button
presses (IM, instruction for pressing medial push-button; IL, instruction for pressing lateral push-button). These examples illustrate that most of these categarical responses are not

asseciated with the arm movements but with the categonization of the stimulus speeds

periods, and that correspoading to an hypothetical anti-neuaron
[ie. the same neuron’s activity, using its contral period (non-
stimulus period preceding the beginning of the stimulus)]. This
strategy has been used successfully by Britten et al {1992) to
compute neurometric functions that can be correlated with the
sensory performance in a visual discrimination task. We then
assumed that, on any given triai, the neuronal activity reflects
the decision in favor of the stimulus categorization: low or high,
with the larger response occurring during the stimulus-RT
period. Finally, we assumed that the responses of the neuron and
the anti-neuron arc statistically independent. This is due to the
fact that the neuronal activity during the control perlod was not
significantly different (Wilcoxon test) to the spontancous
activity (the intertrial period).

Under these assumptions, a neuron that discharged selectively
for low stimulus speeds (12-20 mm/s) during the categorization
task will produce a correct categorization on a single trial, if the
discharge rate during the stimulus-RT period is larger than the
preceding control period (Fig. 74). Conversely, the categoriza-
tion is incorrect if the discharge rate is larger during the
stimulus—-RT period than the control period when the stimulus
speed was high (22-30 mavs). Perdformance was near chance
(0.5 of p) If the neuron did not discharge for low stimuus
speeds. The same criteria was applied for those¢ ncurons that
contribute to the categorization of the high stimulus speeds.

Performance was computed trial by trial by compiling a
receiver operating characteristic {ROC ) for each pair of
discharge rates (stimulus-RT period agginst the discharge rates
during the conmrel period). Each ROC curve (Fig. 7B) was
generated by plotting the proportion of trials in which the
response during the stimulus-RT period exceeded a criterion
against the proportion of trials in which the contrel period
cxceeded the same criterion. We used 42 criterion levels,
beginning at O spikes/s/trial, and increased the criterion in steps
of 0.5 until 40 spikes/s/trial. Thus, for neurons that discharged
differentially during the categorization of low stimulus speeds,
for example, all trials during the both stimulus-RT and control
periods exceeded a criterion of 0.5 spikes/s/rial, and the
resulting points of the ROC curve fell in the upper right corner
of the plot. As the criterion increased to 20 spikes/s/trial, the
proportion of responses during the control period fell nearly 1o
0, while the proportion of responses during the stimulus-RT
period exceeded the criterion with a p near w0 1. As the criterion
increased further to 40 spikes/s/trial, the responges during the
stimulus-RT period that exceeded the criterion also fell toward
0. Thus, for a neuron that discharged at fow stimulus speeds,
12-18 mmy/s, its values Fell along the upper and left margins of
the plot. In contrast, the ROCs for speeds between 24 and 30
mmy/s fell near to the diagonal line bisecting the plot, since the
distributions of responses exceeding the critedion during the
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Figure B. {A) Response ol & neuron of the MPC that discharged selectively for low
stimutus speeds. (B} Aespanses of the sama neuron when (e same el of simuli as
used in the categerization task were delivered passively. The activily shown in the form
of istograms was normatized accerding to the maximum discharge rates during the
stimuti in ane of the ten classes of stimli.

stimulus-RT period were very similar to the responses
exceeding the criterion during the control period. In general,
the curvature of the ROC away from the diagonal indicates the
separation of the respense distribution of the stimulus-RT
period from the control period.

I¢ has been showa formatly that the normalized area under the
ROC's curve corresponds to an ideal observer in a
two-alternative, forced-choice psychophysical paradigm {Grecn
and Sweets, 1966), as in the present categorization task. Thus,
for a neuron that fires selectively for low stimulus speeds, the
area under the ROC's curve for high stimulus speeds was (.5 of
P, Therefore, the area under the curve is ~1 of g when the
stimulus speed is low. The same applies when the discharge of a
ncuron is associated with the categorization of the high stimulus
speeds. Thus, for each stimulus speed, we used this method to
compute the probability that the decision rule would yield a
correct response. As for the psychometric data, we fitted the
neurometric data with sigmoidal curves of the form described in
equation (1). This function provided an excellent description of
the neurometric data (chisquare test, £ < 0.01; Table 2). The
neurometric thresholds were computed as the stimutus speed at
0.75 p of correct judgments (Fig. 7C).

Relations between the Psychometric and Neuromelric
Functions
We computed the threshold ratio of each pair of psychometric

n2 rCorex In G Perery + Romo ctal,

Table 2
MPC neurons with neurometric lunctions that coded whethir the stimulus speed was kow of kigh

Stimulus speeds
Lowe {1220 mary's) High (22-30 mmvs| Tatal
fAight MPC
Stimuhs 1 1 H
Stimuus + RT 16 5 n
RT 15 10 %5
Totats ~ right k4 % 48
Left MPC
Stimulus 1 Q 1
Stimus + RF 18 8 %
BT a i 9
Tolels - feft Fi Pi:] 56
TOTALS 59 45 104

Al these neurons fitted the Bolizmann equation with a chi-square of £ < 0.001.
RI, reaction ime.

and neurometric functions. This was determined by dividing the
neurometric threshold by the psychometric threshold, It is
shown in Figure 8 that sometimes these neurons, which had
differentiat responses, are more sensitive, equal, or less sensitive
than the psychometric threshold, for either neurons that fired
selectively for low or high stimulus speeds. However, the
threshold ratio of the neuronal population was close to 1 (Fig. 9).
The tiresheld ratios of the two populations that coded that the
stimulus speed was low (20.73 mm/s) or high {20.7 mm/s) were
almost identical to the threshold ratios of the psychometric
functions when the animal decided that the stimulus specd was
low (20.73 mmy/s) or high (20.7 mm/s). Figure 10 shows the
neurometric population functions thac decided whether the
speed of the stimulus was low (Fig. 104) or high (Fig. 108),
together with their corresponding psychometric functions. This
was made by plotting the total probability of the population that
the response during the stimulus-RT period exceeded the same
criterion. We used the 42 criterion Jevels described above. With
these ROC curves, we computed the neurometric functions of
these two independent neuronal populations and obtained the
profiles shown in Figure 10.

Modulation of the Neurometric Function

Six categorical neurons of the right MPC (contralateral to the
stictulated handy were tested when the animal categorized
the moving tactile stimulus, but knew in advance whether the
moving tactile stimulus was low or high, This was done by
illuminating one of the two push-buttons which was associated
with the stimulus speed. Figure 11 gives an exampie of one
neuron studied in this condition. The neuron in Figure 114
shows strong responses during the stimulus-RT period for low
stimulus speeds. This categorical response (Fig. 110, for low
speeds, was considerably attenuated when the animal was
visually insiructed about the forthcoming stimulus speed (Fig.
t18,03). Interestingly, this neuron developed a differential delay
response during the visual instruction (Fig. 118).

Discussion

We recorded neurons in the MPC that had differential responses
during the categorization task, predicting whether the stimulus
speed was jow or high. We made an analysis of these differential
responses in terms of signal detection theory to see whether
these MPC neurons coded the animal’s declsion (Green and
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Sweets, 1966; Briven ef af, 1992). Psychometric and neuro-
merric thresholds were highly correlated. Therelore, these
neural signals may be associated with the categorization of the
stimulus speed. Categorical responses occurred during the
stimulus and RT periods. Thus, it appears that there exists 2
continuum in the construction of the categorization process,
beginning during the stimulus period, and ending with an
output selective signal which reflects the animal's decision.
These categorical responses occur exclusively during the
categorization task, since none of them occurred during the
passive delivery of the same s¢t of stimuli used in the
categorization task. Therefore, these findings suggest that the
MPC possesses a neural apparatus which is engaged in the
animal's decision process in the present somesthetic task. We
focus the discussion on this issue,

MPC neurons that had differential responses began their
discharges during the stimulus period with a mean average
latency of 176.9 £ 10 ms. These neurons sespond with similar
latencies to those MPC neurons with ipvariant stimulus
responses (Romo et afl, 1993b). Considering the response
latencies between these two populations of neurons, it could be
interpreted that two independent neural processes were
operiting in the MPC during the execution of this sensory task.
The first a5 2 sensory-motor neural process associated with the
general behavioral motor reaction, and the second as a
stimujus-movement.related neural process which predicis
whether the stimulus speed was low or high.

Animals categorized the stimulus speeds by pressing with the
right hand one of two target switches (medial for low speeds and
lateral for high speeds). It is possible, therefore, that the MPC
neurons with differentiai responses, instead of coding the stimu-
lus speed in their activity, were associated with the intention to
press, or with encoding the trajectory of the hand toward the
target switches to indicate categorization (Alexander and
Crutcher, 1990; Matsuzaka, ef al, 1992, for results in different
maotor paradigms). However, most of these neurons seem to be
associated with the cacegorization of che speed of the taceile
stimuli. This is supported by the fact that most of them (B0%) did
not discharge diffecentially when the animazl interrupted the
taepet switches after visual instruction. Therefore, most of these
neurons code in thejr activity the categorization task.

This finding raises the question whether these MPC neurons
are entirely specialized in the categorization of the stimulus
speeds. We studied the responses of some MPC neurons in a
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Figura 10. Coirelation between the population of ngurons that coded whether the
stilus was low (A} or high (8} and the psychometiic functions. (n 4, the neurometric
threshoid is 20,38 mmys and the psychometsic threshald is 20.73 mmys. In B, the
neurometric thresholg is 20.38 mmys, and the psychometric thieshold is 20.7 mays.
Filled circles represent the neurometric funcions. and open circles represent the
psychometric functions,

combination of light instruction task and tactile categorization.
in this condition, the animal is instructed about the forthcoming
stmulus speed. All differential responses are considerably
artenuated in this situation. Interestingly, neurons studied in this
condition responded selectively during che delay period
associated with the differential response occurring during the
stimulos, although the selective response during the stimuli
almost disappeared. It is likely that the categorical neural
response is considerably attenuated, since the differential motor
response was already specified by the visual instruction. This
finding indicates that ncurons of the MPC are not necessarily
specialized in one single function. Indeed, these categorical
neurons displayed the selection of the categorization of the
stimulus speed during the delay period. Therefore, these results
are consistent with previous investigations showing that the
MPC is involved in the planning of the forthcoming behavioral
reaction (Kurata and Tanji, 1985 Tanji and Kurata, 1983;
Alexander and Crutcher, 1990; Kurita and Wise, 1988; Romo
and Schulez, 1987; Schall, 1991; Romo et af., 1992).

One important question raised by these resuits is the possible

role of the MPC in sensory decision processes. We believe that

the MPC is only one of scveral structures which may be
associated with this function. Indeed, in the present task, we
have described similar differentiat responses in the neostriatum
(Romo ef al, 1995) and, in preliminary results, observed these
neurat signals in the laeral premotor cortex (unpublished
results). Mountcastie ef al {1992) have recorded neurons in M1
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cortex that reflect in their activity the discrimination process in
a somesthetic discrimination task. This is in contrast to the fact
that SI cortex neurons do not code in their activity the sensory
decision (Romo et af,, 1990). A similar observation was made by
Mountcastle er gl (1990) in a different sensory somesthertc task.
Thus, if St cortex neurons do not reflect in thelr activity the
animal’s decision, the alternative is that the construction of the
sensory decision process beging in those somesthetic areas of
the parietal lobe linked to SI. However, experiments remain to
be done to see the contribution of somesthetic arcas of the
parietal lobe in this function.

The role of MPC in motor functions Is well established. This
cortical region is connected with the spinal cord (Dum and
Strick, 1991} and with 2 number of subcortical strucrures that
subserve motor functions (Wiesendanger and Wicsendanger,
1985, McGuire et ai, 1991). On the other hand, the large
number of afferent projections o the MPC from such structures
as the parittal lobe makes the MPC an important node for
associating the sensory with the motor processing in this
categorization task (Jones and Powell, 1969; Petrides and
Pandya, 1984; Pons and Kass, 1986; Cavada and Goldman-Rakic,
1989; Luppino ef al, 1993). Our study has shown how the
processing of sensory information reaches 2 motor arez of the
frontal lobe, very likely associated with the outpur of the
perceptual process.

In a series of elegant studies made in the middle temporal

area, Newsome and colleagues have demonstrated that few
neurons of this cortical region are necessary for monkeys to be
capable of discriminating visual motion (Newsome ef al, 1990;
Britten ef ai,, 1992). In this sensory task, animals use the eyes to
indicate discrimination. The discriminative visual neural signal
recorded in the middle temporal area must be projected to the
oculomotor regions of the brain to move the eyes to indicate
discrimination. The question is whether in the neuronal
discharges of these oculomotor regions is also observed the
animal’s decision. The same problem is posed by our paradigm,
although we have no evidence of z tactile motion arex in the
parictal lobe similar to the visual motion area of the middie
temporal lobe. The results obtained in our study suggest that the
outpur of the animal’s decision is reflected in a type of ncuron of
the MPC during the execution of the tactile categorization task.
Thus, this study presents evidence that the decision-making
process is also represented in motor areas of the brain.
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TRABAJO EXPERIMENTAL 4

COMENTARIO

En este trabajo experimental, se identificaron neuronas que presentaron
respuestas diferenciales o categéricas durante la realizacion de la tarea; estas
células reflejaron en su actividad si la velocidad del estimulo se categorizaba como
alta o como baja. Se realiz6 un anilisis de estas respuestas diferenciales con base a
la Teoria de Deteccién de Sefiales que es una técnica psicofisica que permite
realizar la evaluacién de un sujeto observador, considerandolo como un sensor
para un estimulo y como un decididor (persona que toma decisiones) con
respecto a la presencia o ausencia del estimulo (Green y Swets, 1966; Coombs et

al, 1970). Esta técnica se adapt6 para determinar si las neuronas diferenciales que - -

se identificaron en AMS transmiten informacién en relacién a la decisién
conductual del animal. El anélisis permiti6 identificar dos poblaciones de neuronas
categdricas (para las velocidades altas y para las velocidades bajas). La actividad
de cada una de estas poblacéiones se correlaciona con la conducta del animal, ya
que los resultades indican que los umbrales neurométricos y psicométricos fueron
bastante similares. Por ello, se puede afirmar que las respuestas de estas
poblaciones de células estan asociadas con la categorizacion del estimulo por
parte del sujeto. Sin embargo, se desconoce si las dos poblaciones de neuronas
categéricas interactdan entre ellas para dar origen al proceso de categorizacion de
estimulos tactiles.

Al considerar las diferencias de latencias con respecto al inicio del estimulo
somestésico, entre las poblaciones de que se identificaron, células S (alrededor de
120 mseg), SM (alrededor de 150} y categéricas (alrededor de 180 mseg), s¢ puede
interpretar como si dos actividades neuronales independientes ocurrieran en AMS,
durante la realizaciébn de la tarea. Una actividad reflejaria un proceso
sensoriomotor {células S y SM) asociado con la conducta motora para ejecutar la

tarea (trabajo experimental 3), mientras que de manera simultinea, se originaria
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una sefial neural que permitiria predecir si el estimulo somestésico se categorizaba
como bajo o como alto (células diferenciales). La existencia de estas dos
poblaciones de neuronas en AMS, plantea la posibilidad de una relacién funcional
entre ellas. Sin embargo, el anilisis que se utilizé en la presente tesis no permiti6
identificar algin dato que sugiriera una relacién entre ambas poblaciones. No debe
descartarse la posibilidad de que exista una interaccién entre estos dos grupos de
células, ya que el proceso de decision para asignar una categoria debe emplear un
comando motor para manifestar el resultado.

El hallazgo de que las neuronas categ6ricas no respondieron durante la
aplicacion pasiva de los estimulos soméstesicos y que la mayoria de estas
neuronas (80%) tampoco respondieron durante la tarea de instruccién visual,
permite afirmar que en AMS existe una poblacién neuronal que se relaciona con

un proceso de decision sensorial por parte det ! animal. Es unportante mencionar
que en los ultimos afios se han reportado algunos trabajos en sujetos humanos
que se han enfocado a estudiar la participacién de los mecanismos neurales y las
estructuras asociadas al proceso de decisién. Con el empleo de la técnica de
resonancia magnetica funcional, en sujetos entrenados en una tarea visuomotora
con un paradigma motor go-nogo, se ha reportado una activacién en la regidn
correspondiente a AMS-propia (ver apéndice 3) en la situacién go ¥ una activacion
en la region pre-AMS (ver apéndice 3) en las situaciones go y no-go (Humberstone,
1997). Con base a estos resultados, semh_a;ropuesto que la region correspondiente
a pre-AMS esta involucrada en el proceso de decisién para realizar un movimiento
{(Humberstone, 1997). Sin embargo, esta explicacion es dificil de sostener. En
estudios con primates subhumanos en paradigmas motores, se ha demostrado
que las células de AMS (abarcando las dos regiones en que se divide), responden
a estimulos somestésicos o de diferente modalidad sensorial, sélo cuando los
animales utilizan estas sefiales {(estimulos triggers} para iniciar (Kurata y Tanji,
1985; Schall, 1991) o reprimir un movimiento (Romo y Schultz, 1992). En un
trabajo en que se utilizé un paradigma experimental similar (go-no go), se

encontro que las neuronas de AMS responden en la situacion de no-go (Romo y
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Schultz, 1992). Es importante sefialar que en un paradigma motor como el descrito
previamente, es imposible diferenciar las respuestas al estimulo sensorial de las
respuestas relacionadas al movimiento. En la tarea somestésica de categorizacion,
el estimulo tctil proporciona informacién al animal para la ejecucién sensorial,
que se manifiesta por una respuesta motora. Esta caracteristica de la tarea
somestésica de categorizacién ayuda a disociar la respuesta neuronal provocada
por el estimulo téctil de la respuesta neuronal asociada con la reaccién motora. Por
ello la tarea de categorizacién es una herramienta experimental que no sélo
permite estudiar el procesamiento de la informacién somestésica, también permite
investigar los mecanismos asociados con la toma de decisiones. Su utitizacién en

sujetos humanos permitiria conocer con mayor detallle esta drea de estudio.

primera vez que la actividad neuronal de AMS puede patticipar en un proceso
diferente al control motor, asociado a la decisién del animal para categorizar un
estimulo somestésico. El andlisis con la teoria de deteccidn de sefiales de la
poblacién de neuronas con respuestas selectivas para los estimulos taciles
categorizados como altos o bajos, permitié determinar la sensibilidad de cada
neurona con respecto a la ejecucion sensorial. De esta manera, las funciones
neurométricas se cotrelacionaron con la funciones psicométricas; estos resultados
permiten afirmar que AMS participa en un proceso asociado con la decision

conductual.
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COMENTARIO GENERAL

El trabajo experimental de esta tesis permiti6 evaluar, a través de una tarea
sensorial(tarea de categorizacién), la participacién de dos areas corticales (una area
sensorial y una drea motora) en la percepcién de estimulos somestésicos. Los
resultados que se obtuvieron con el registro unitario extracelular (trabajo
experimental 1) y la lesién de la corteza SI (trabajo experimental 2) apoyan la
hipétesis de que esta drea sensorial primaria proporciona la actividad neuronal
inicial y esencial, para un posterior procesamiento de los estimulos somestésicos,
que conducird a la generacién de un acto perceptivo, en otras dreas corticales. Una
de estas regiones de la corteza que establece conexiones anatdmicas con SI y que
s parte de las cortezas motoras del 16bulo frontal es el AMS. Los resultados que se

-obtuvieron con el registro-unitario extracetular enrAMS, proporcionan evidencias ~ -

de que esta 4rea cortical participa en el proceso perceptual de estimulos
somestésicos a través de una poblacibn de neuronas que interviene en la
transformacién de los estimulos tactiles en actividad neuronal asociada a una
conducta motora (trabajo experimental 3) y otra poblacién de células que refleja
en su actividad el proceso de decisién sensorial (trabajo experimental 4).

La formacién de un proceso perceptual inveolucraria la representacién y
reconstruccién de los estimulos externos, a través de transformaciones sucesivas de
las propiedades fisicas de estos estimulos en la actividad neuronal. El proceso
perceptual también se relacionaria con procesos de decision, que permitirian
comparar las propiedades de los estimulos con un repertorio interno, previamente
adquirido (memoria) de estas propiedades. En la tarea de categorizacion,
ocurririan una secuencia de transformaciones a partir de la actividad neural que se
inicia posiblemente en las columnas de la corteza SI. De esta manera, la
representaciéon de las propiedades fisicas del estimulo tactil (la velocidad)} es
modificada en una forma o codigo que es interpretada por el aparato motor, (en
esta caso las células S y SM de AMS) para permitir el movimiento hacia los

interruptores. Este codigo podria ser el sustrato para la formacion de una decisién
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(con la participacién de una memoria o templete mnemanico), que se reflejaria en
la actividad de las celulas categéricas de AMS. Asi, estas células _relacionarian la
salida del proceso de categorizacién con el aparato motor, que permitiria expresar
la decisi6n.

Es importante mencionar que estos procesos neurcnales no tienen su origen
en AMS. La utilizacién de la tarea de categorizacién en primates subhumanos ha
permitido demostrar la existencia de neuronas S, SM y categdricas en la corteza
motora primaria (Salinas y Romo, 1998) y en el putamen (Romo et al., 1995;
Merchant et al, 1997), estructuras con las que AMS mantiene conexiones
anatémicas (ver Apéndice 2). Los datos de estos trabajos muestran que los valores
de las latencias con respecto al inicio del estimulo, se sobreponen de tal manera

que-estas estructuras se-activan de manera simultinea. -Esto-concuerdacon las

observaciones de que existe un procesamiento distribuido y paralelo de la
informaci6n en los circuitos que forman estas estructuras {Alexander y Crutcher,
1990; Romo y Schultz, 1992; Houk y Wise, 1995). Por ello, se propone que el AMS
es sélo una de-varias regiones {un nodo), que pueden estar formando un sistema
distribuido asociado con la percepcidn de los estimulos somestésicos, durante la
tarea de categorizacién.

La posible relacién entre la actividad neuronal y un jucio psicofisico es un
tema de interes en el estudio de los procesos sensoriales. Los estudios previos han
comparado, la ejecucién de sujetos humanos o animales en tareas de
discriminacion con las sefiales neuronales, pero en la mayoria de estos trabajos, los
datos neuronales y psicofisicos no se obtuvieron en los mismos sujetos o con las
mismas condiciones experimentales o temporales, debido a dificultades técnicas
(Collins y Roppolo, 1980; Bradley et al, 1987; Vogels y Orban, 1990; Hawken y
Parker,1990). Existen pocos trabajos que cumplan estas condiciones (Britten et al,
1992; Newsome et al, 1989). La tarea de categorizacién permitié combinar técnicas
de psicofisica y de neurofisiologia para lograr correlacionar en los mismos

animales y con las mismas condiciones experimentales, la decisién sensorial
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{umbrales psicométricos) con la tasa de disparo diferencial de las neuronas i
categdricas (umbrales neurométricos).

Por ultimo es importante mencionar que la distribucién anterior-posterior

(que se extendié 10 mm) para los sitios de registro de las neuronas 5, SM y
categéricas (ver Figs. 2 en los trabajos experimentales 3 y 4), abarco las regiones en 4
que se divide AMS: pre-AMS y AMS-propia (ver apéndice 3). No se encontré una %
predominancia en estas regiones, pafé las células que se identificaron en el trabajo
de esta tesis. Por ello, las células S, SM y categbricas presentaron una distribucién
uniforme en ambas regiones del AMS.
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APENDICE 1
TAREA DE CATEGORIZACION SOMESTESICA

Todos los animales que se utilizaron en los experimentos se entrenaron
para realizar una tarea sensorial somestésica que requiri6 la categorizacion de la
velocidad de un punta de metal (2 mm de didmetro), que se desplazé sobre la piel
glabra de uno de los dedos de la mano izquierda, mientras ¢l animal indicé la
categoria de la velocidad, presionando con la mano derecha uno de dos
interruptores. El animal se sent6 en una silla especial para primates no-humanos.
El brazo izquierdo del animal se colocd en una férula hecha con material plastico
(Orthoplast) que impidié su movimiento, mientras que un guante del mismo
material permitié mantener la paima de la mano izquierda en supinacién. Los

dedos de ta manicse pegaron con esfer de cianoacrilato (que no provocé ningtin

dafio a la piel del animal) a una superficie de pldstico (Orthoplast), para evitar su
mpvimiento durante la aplicacién de los estimulos.

El animal y la silla se colocaron en una mesa antivibratoria adaptada para
este propdsito. El animal colocé su mano derecha sobre una palanca fija, lo que
permitié mantener la articulacién del codo a 90°. Dos interruptores se colocaron
por arriba de la palanca fija a una distancia que permitiera su alcance con la mano
derecha (250 mm a partir del hombro del animal y a nivel de lcs ojos). Los
estimulos somestésicos consistieron de 10 velocidades, en el rango de 12 a 30
mm/s, con una distancia fija de recorride (6 mm), direccion y fuerza constantes
{20 g). Las cinco primeras velocidades fueron categorizadas como velocidades
“bajas” (12, 14, 16, 18 y 20 mm/s) mientras que el resto fueron categorizadas
como velocidades “altas” (22, 24, 26, 28 y 30 mm/s). El criterio para asignar esta
clasificacién fue considerar slo la mitad del range de las velocidades. La
presentacion de los estimulos se realizé a través de un robot cartesiano que se
construyd vy diseitd para estudiar la representacidn de estimulos tactiles en la

corteza SI (Romo et al., 1993).
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En un mono entrenado un ensayo comenzé cuando el sujeto detectd el
contacto del probésculo con la piel (indentacién) en un dedo de su mano izquierda
inmévil, colocando su mano derecha libre sobre la palanca fija en un periodo de 1
seg. El animal debfa mantener esta posicién durante un periodo de espera variable
(1545 segundos) que comienza con la indentacién y finaliza con el
desplazamiento del probdsculo a cualquiera de las 10 velocidades. Este periodo de
espera variable evité que el sujeto pudiera predecir el inicio del estimulo. El
probésculo termindé su recorrido y el animal indicé la finalizacién de éste,
retirando la mano derecha de la palanca fija en un periodo de 600 ms. Sila
velocidad que se presentd fue categorizada como al.ta o baja, el animal debia dirigir
su mano derecha hacia uno de los dos interruphml'es en un periedo de 1 segundo;

el mtermptor medial se utilizd para indicar las velocidades bajas, mientras que el

mtermptor lateral se uso para las velocidades altas. La categorizacién correcta de
la velocidad le permitié al animal obtener una recompensa que consisti6 en una
cantidad pequefia (una gota) de agﬁa o jugo de fruta. Es importante mencionar
que durante la ejecucién de la tarea, los estimulos tictiles nunca fueron visibles
{una ldmina de metal impidié al sujeto mirar la mano que se estimuld) ni audibles
(se utilizéd ruido blanco a 60-80 dB que enmascard el ruido del robot) para el
animal. La aplicacién de los estimulos somestésicos fue al azar y conformaron
bloques de 100 ensayos (10 ensayos por cada una de la velocidades) a los que se

llamé corridas.

Aplicacidn pasiva de los estimulos tictiles. En esta situacion los estimulos
tactiles fueron iguales a los aplicados durante la tarea de categorizacion, pero la
palanca fija y los interruptores fueron retirados de la tarea y los movimientos del

brazo derecho se restringieron.

Tarea de instruccién visual. En esta situacidon un ensayo comenzd con la
indentacién de la piel como en la tarea somestésica, pero simultdneamente uno de

los dos interruptores fue iluminado y continuo asi después de la deteccion de la
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indentacion (periodo de espera variable de 1.5 a 4.5 segundos). Al finalizar este
periodo, la punta de prueba se retiré de la superficie de la piel y la iluminacién
fue apagada; ambos estimulos se consideraron como un solo estimulo iniciador o
trigger. El estimulo visual le indic6 al sujeto cual interruptor debia oprimir para
obtener la recompensa . Es importante mencionar que en esta tarea de instruccion

visual no existié un desplazamiento del probosculo sobre la piel.

Tarea de categorizacién somestésica con instruccién visual. Esta tarea comenzé
de la misma manera que la tarea de categorizacibn somestésica, pero
inmediatamente después de la indentacién de la piel, uno de los dos interruptores
se iluminé y se mantuvo en esta condicién hasta que el probésculo termind el

 recarrido sobre la piel. El probésculo se levanté y la iluminacién finalizs. EI

estimulo visual Je indicé al sujeto cual interruptor debia oprimir para obtener la
recompensa.
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APENDICE 2
AREA MOTORA SUPLEMENTARIA

El 4rea motora suplementaria (AMS) es un campo cortical que se localiza en el

giro frontal superior, en la cara medial de los hemisferios (rostral a la corteza motora
primaria o MI), extendiéndose desde el banco dorsal del surco del cingulo hasta un borde
lateral (4 a5 mm) a partir de la linea media (Fig. 2A). De acuerdo a su localizacién en
primates humanos y subhumanos, el AMS es un campo cortical que forma parte de las
cortezas motoras frontales de la pared medial de los hemisferios. Durante mucho tiempo
el AMS se considerd como una 4rea cortical homogénea. Los estudios recientes en
prunates subhumanos, han subdividido al AMS con base a criterios anatémicos y
olbW(verApéndjoe 3), en una regién rostral, quesedenonuna drea F6 6 pre-AMS

y um'f':

1991; Madhuzaka et al, 1992; Rizzolatti et al, 1996) (Fig. 2A).

ORGAMACION ANATOMICA

Vias aferentes.
El AMS recibe proyecciones aferentes ipsilaterales de la corteza premotora (4rea 6),

de la corteza motora p;imaria (drea 4), de la corteza prefrontal dorsomedial (drea 9),
dorsolateral (areas 46 y 8a) y basal (&reas 11 y 12), de la corteza cingulada (drea 24), dela
insula y de las dreas 5 y 7 del I6bulo parietal posterior (Jones y Powell, 1969a; Jones et al,
1978; Jurgens, 1984, 1985; Cavada y Godlman-Rakic, 1989; Luppino et al, 1993; Bates y
Goldman-Rackic, 1993) (Fig. 2B). También recibe aferentes ipsilaterales, ordenadas de
manera somatotdpica de la corteza SI del giro precentral (dreas 1, y 2 } y de la corteza SII
{Jones y Powell, 1969a; Jones et al, 1978; Jiirges, 1984) asi como también de la corteza
somatosensorial suplementaria (drea 5) (Weisendanger, 1981) (Fig. 2B). Las aferentes
contralaterales provienen del drea homotopica contralateral (McGuire et al , 1991). Las
principales aferentes tdlamicas provienen del niicleo ventral lateral, parte oral (VLo)

{Schell y Strick, 1984; Wiesendanger et al, 1987; Darian-Smith et al, 1990} y parte caudal
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FIGURA 2. A. En la parte superior del dibujo se ilustran cones coronales de las
dos divisiones del drea motora suplementaria {pre-AMS y AMS-propia) que
muestran su extensién en la superficie medial del hemisferio izquierdo. En la
parte inferior se muestra su extension en Ja superficie lateral del mismo
hemisferio (vista dorsal). Ambas divisiones se extienden al banco superior del
surco cingulado. PM; corteza premotora; MI: corteza motora primaria; AMC: areas
motoras cinguladas; COS: campos oculares suplementarios del I6bule frontal, B.
Se ilustra en una vista lateral del hemisferio derecho, las principales relaciones
anatomicas corticales de AMS: Sl corteza somatosensorial primaria; PP: areas
somestésicas del I6bulo parietal posterior. C: Vista dorsal de ambos hemisferios
que muestra las conexiones reciprocas entre ambas AMS.



(VLc) (Darian-Smith et al, 1990) . Otras aferentes, en menor niimero, provienen del niicleo ;
ventral anterior, parte parvocelular (VApc), del niicleo medial dorsal (MD) (Schell y ‘
Strick, 1984; Darian-Smith et al, 1990) ; del 4rea X (Wiesendanger et al, 1987; Darian-Smith

et al, 1990) y de micleo ventral posterior lateral, parte oral (VPLo) (Darian-Smith et al,
1990).

Vias eferentes. '
La AMS proyecta conexiones eferentes (ipsilaterales) a MI (drea 4), a la corteza

premotora (4rea 6), al 4rea 5 de la corteza parietal, ala corteza prefrontal dorsomedialy -
lateral (dreas 8,9 y 46), a la corteza orbital y al banco ventral del surco cingulado (dreas
23 y 24), (DeVito y Smith, 1959; Pandya y Kuypers, 1969, Kiinzle, 1978; Jiirgens, 1984;
1985; McGuire et al, 1991). Algunos estudios reportan que las eferentes al giro precentral -
_ _(SD y a 1a corteza parietal posterior son escasas (Kiinzle, 1978; McGuire et al ,_19_911‘-15_~
eferentes corticales contralaterales de AMS terminan en la corteza MI, (De Vito y Smith, E
1959; Kiinzie, 1978, Muakassa y Strick, 1979; Rouiller et al, 1994), en la corteza premotora, |

en la corteza prefrontal (dreas 8 y 46), en la corteza del banco ventral de surco cingulado ?)a |
(4reas 23y 24) y en la corteza homot6pica de AMS (Jilrgens, 1984 ; McGuire et al, 1991, -

e ey

Rouiller et al, 1994). Las proyeccidnes unilaterales talimicas mdés importante son hacia
los nucleos VApc, ventral lateral, VPLo, MD y area X, (Kiinzle, 1978; Jiirgens, 1985);
también se han encontrado fibras que terminan en los niicleos intralaminares,
centromediano, parafascicularis, central lateral, paracentral, reticular, posterior lateral y
central lateral superior (De Vito y Smith, 1959; Kiinzle, 1978; Jiirgens, 1985) . Otras
conexiones eferentes subcorticales terminan, de manera bilateral, en el putamen, el
nuicleo caudado, el claustrum (Jones et al, 1977; Jones et al, 1978; Kiinzle, 1978; Jurgens,
1984, 1985) y la regién parvocelullar del niicleo rojo (Kuypers y Lawrence, 1967; Kiinzle,
1978; Jurgens, 1984). Por otro lado, se ha demostrado que de AMS surgen proyecciones
que terminan en los segmentos cervical, tordxico y lumbar-sacral de la médula espinal

{Murray y Coulter, 1981; Macpherson et al, 1982, Hummelsheim, 1986; Hutchins et al,
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1988, Galea y Darian-Smith, 1994) y que estas proyecciones se organizan de manera

somatotGpica (Dum y Strick, 1991; Luppino, 1993; Galea y Darian-Smith, 1994).

Somatolopia. .
Los estudios de actividad unitaria realizados en primates subhumanos, han

demostrado que las células que responden a movimientos distales de las extremidades
superiores, se localizan anteriores a aquéllas que se relacionan a movimientos proximales
de las mismas extremidades, mientras que las células que responden al movimiento de las
extremidades inferiores 0 del cuerpo se localizan en la parte méds caudal de AMS
(Brinkman y Porter, 1979). Otros estudios han demostrade que la localizacién de las
células relacionadas con los movimientos del las extremidades anteriores y posteriores no
es entremezclada, ya que presentan una distribucién anterior posterior en las porciones
cingulado, (Wise y Tanji, 1981; Tanji y Kurata, 1983). Los estudios de microestimulacién
intracortical han confirmado que existe una distribucibn rostral caudal, para la
representacin de la cara, la extremidad anterior y la extremidad posterior; que se localiza
en la parte posterior de AMS (Mitz y Wise, 1987; Lupinno et al , 1991 Matsuzaka et al, .

1992). La estimulacion eléctrica en sujetos humanos en AMS, por medio de arreglos de
electrodos colocados en la superficie medial de ambos hemisferios, demuestra la
existencia de una representacidn del cuerpo, al producir movimientos de la cara, el
cuello, las extremidades anteriores, el tronco y las extremidades posteriores en una
direccién rostral caudal (Fried et al, 1991). Con la utilizacién de la técnica por emision de
positrones en sujetos humanos se encontro en AMS, diferentes zonas de activacién para
movimientos de los dedos o movimientos sacddicos de los ojos, sugiriendo la existencia
de una somatotopia (Fox et al, 1985). En conjunto los trabajos en primates suhumanos y
humanos demuestran claramente la existencia de una organizacién somatotpica en

AMS,
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Es importante mencionar que en ningiin estudio anatémico se reporta la existencia
de conexiones de AMS con dreas corticales primarias gustativas, visuales o auditivas ni
con sus niicleos de relevo taldmico. Con base en sus proyecciones anatdmicas, se plantea
que el AMS estd mas relacionada con aspectos de coordinacién motora (Jiirgens, 1984).
Esta idea se refuerza por la existencia de una representacién del aparato somatomor que
abarca todo el cuerpo y de eferentes directas al hasta anterior de la médula espinal y
niicleos motores del tallo cerebral. Estos criterios son suficientes para considerar al AMS
como una zona cortical con funciones somatomotoras (Zilles y Roland, 1996}. A pesar de
esta conclusién, los estudios funcionales (que se revisardn en la siguiente seccién),
sugieren que el AMS podria participar en apectos mis complejos relacionados con la
conducta motora.
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ORGANIZACION FUNCIONAL
Actividad asociada con el movimiento.
Los estudios que utilizaron la técnica del registro wunitario extracelular

demostraron que las neuronas de AMS estin relacionadas con la ejecucién de
movimientos proximales y distales de las extremidades superiores (Brinkman y Porter,
1979; Tanji y Kurata, 1979; Tanji et al, 1980;). Para comparar la actividad neuronal de
AMS con respecto a MI fue necesario registrar esta actividad en ambas 4reas corticales, en
animales sometidos a un sélo paradigma conductual. Estos trabajos muestran que la

actividad neuronal de AMS cambia antes y durante la ejecucion de movimientos simples
' de las extremidades superiores, de manera similar a la actividad neuronal de MI (Tanji y
Kurata, 1982, Dao-Fen et al, 1991). Estos resultados permiten concluir que la actividad
AMSe;mnbealaacu\udaddem para cierto tipo de movimiento. A pesar de esta

activan de manera preferente a un estimulo sensorial de una determinada modatidad
{visual, auditiva o somestésica) cuando estos estimulos indican el momento de iniciar un
movimiento; esta activacién diferencial no se encuentra en las células de MI (Tanji y
Kurata, 1982; Tanji y Kurata, 1985); el tiempo de respuesta neuronal (latencia) en AMS
para estos estimulos visuales, auditivos y somestésicos no se correlaciona con el tiempo
de reaccién en la gjecucion de un movimiento simple, mientra que esta correlacidn es
significativa para las células de MI (Tanji y Kurata, 1982). En conjunto estos resultados
permiten sugerir que la actividad neuronal de AMS esta mas relacionada con la
utilizacién de sefiales sensoriales que son necesarias para iniciar un movimiento que con
la generacién de una respuesta motora. De hecho, se ha propuesto que el AMS podria ser
una drea en donde las sefiales sensoriales externas podrian transformarse en sefales

asociadas a la iniciacién de un movimiento {Tanji, 1984).

" Los movimientos simples son aquéllos que no requieren una organizacién espacial y temporal compieja:
vgr. jalar y empujar un manipulador y por lo tanto son de fécil ejecucién.
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Otras propiedades de AMS, que permiten identificarla, surgen en tareas motoras
que requieren mas demanda. Los estudios realizados en sujetos humanos muestran que

el flujo sanguineo cerebral (FSC) en AMS se incrementa de manera significativa, cuando

et e

los sujetos ejecutan movimientos de las extremidades superiores e inferiores que ‘-
requieren una sequencia espacial y temporal, ademas de su memorizacion (movimientos
complejos) (Orgogozo y Larsen, 1979). La medicién del FSC muestra que AMS presenta
una activacién bilateral junto con un aumento de la actividad de la corteza motora ﬂ
primaria contralateral, en el momento que los sujetos humanos realizan movimientos ":‘_f
unilaterales balisticos de los dedos (Roland et al, 1980a). Cuando al sujeto se le pide que  }
simule la ejecucién de los movimientos sin realizarlos, s6lo se presenta una activacién
bilateral del AMS (Roland et al, 1980a). A partir de estos resultados se ha sugerido que'el  §
AMS participa en la elaboracién de rutinas motoras que especifican la secuencia del *
" movimiento (Roland et al, 1980a). Esta propuesta recibe apoyo de otros. estudios. E;%
pacientes que se sometieron a una corticotomia unilateral de AMS los resultados :
muestran que la Unica deficiencia motora a largo plazo es la incapacidad para,
simultdneamente, cerrar el pufio con una mano y extender los dedos con la otra (Lapiane

et at, 1977), es decir, la incapacidad para ejecutar la secuencia de un movimiento. En
pacientes que han sufrido una lesion en AMS (por infarto) se observa una incapacidad

para realizar una tarea que requiere movimentos sacddicos en secuencia (Gaymard et al,
1993). Los estudios en primates subhumanos han reportado que las células del AMS

presentan cambics en su actividad durante la ejecucion y planeacion de movimientos
multiples (la ejecucion de movimientos en un orden o una secuencia particular) de la
extemidad superior, que el animal tiene que recordar y no presentan estos cambios
cuando el animal realiza la misma tarea, pero con la guia de estirnulos visuales (Mushiake
et al, 1990; Mushiake et al, 1991). En el AMS se ha reportado la existencia de células que
se activan sélo antes de la ejecucidn de tres movimientos de la extremidad superior, que

requieren un orden o secuencia particular y especifica (Tanji y Shima, 1994). También se
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han encontrado células que sélo responden después de realizar un movimiento particular
y antes de la ejecucion de otro movimiento especifico, dentro de una tarea de
movimientos multiples (Halsband et al, 1994; Tanji y Shima, 1994}. Los resultados clinicos
y experimentales sugieren que AMS participa en la organizacién de patrones motores que

requieren una secuencia temporal y una memoria para su ejecucion.

Actividad asociada con estimulos sensoriales.
Como se mencion6 las neuronas de AMS responden a estimulos sensoriales

,
5.

externos de diferentes modalidades sensoriales (visién, audicién, tacto), que se utilizan
como estimulds iniciadores - (trigger) pata un movimiento (Kurata y Tanji 1985; Romo y
Schultz 1987; Schall 1991; Romo y Schultz 1992). Estas respuestas neuronales estdn
mm, ya que se presentan solo si en animal las utitiza '

para iniciar un movimiento; las células no responden cuando los estimulos sensoriales

se presentan de manera aislada, sin relacién a una tarea motora (Tanji y Kurata, __19?85).r
Estos hallazgos sugieren que las neuronas de AMS participan en el procesamie_n_td‘_de la
informacidn sensorial reflejando posiblemente, la salida de un proceso perceptual. Por

ello seria interesante estudiar la participacion de AMS en la percepcion sensorial.

Actividad preparatoria.

Por medio de técnicas electroencefalogréficas aplicadas a sujetos humanos, se
pudo descubrir en el AMS un potencial negativo lento llamado potencial de anticipacién
(Bereischaftspotential) que precede a los potenciales relacionados con actos motores y
que se ha relacionado conla preparaci6n e intencidn para realizar un movimiento simple
(Deecke et al, 1969). El significado funcional de esta actividad preparatoria se ha

estudiado en primates subhumanos, con tareas conductuales que contengan un periodo
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de espera’. Los estudios en primates subhumanos reportaron que en la ejecucion de un
movimiento del brazo, las células presentan una activacién previa al inicio del

movimiento (Brinkman y Porter, 1979). Por otro lado, se ha observado que las células del

AMS incrementan su actividad antes de que el animal presente una sacudida muscular . ;-

durante la realizacién de movimientos distales y proximales del brazo (Tanji y Kurata,
1979). Otros estudios han demostrado que la actividad neuronal en AMS se incrementa o
decrementa durante el periodo de preparacion, dependiendo de la intencién o no del
animal para jalar o empujar un manipulador (Tanji y Taniguchi, 1978; Tanji et al, 1980).
En monos entrenados a realizar un movimiento de la extremidad anterior con el fin de
obtener una recompensa, se observé que las células de AMS presentan una activacién
prevta a la iniciacién de un movimiento generado internamente o gulado por estimulos

e:mntrado cuando el animal realiza sélo mov:mmtosdeextmsmndelamunecasmun
blance definido (Thaler et al, 1988). En un estudio reciente se demostré que la actividad
neuronal previa a un movimiento (interno o guiado), terminaba antes de que la mano del

animal alcanzara el reforzador lo que sugiere que la actividad neuronal preparatoria,
estd relacionada a la ejecucion de un movimiento, mas que a la obtencién de un
reforzador (Romo y Schultz, 1992). En otros estudios la actividad preparatoria de AMS se
ha relacionado con la intencién de realizar un movimiento de la extemidad superior hacia
una direccion o sitio determinado (Kurata y Wise, 1988; Alexander y Crutcher, 1990).
Esta actividad preparatoria también se ha planteado que estd asociada con la
programacion temporal y la memoria, para la ejecucién de movimientos multiples (Tanji

y Shima, 1994; Haslband et al, 1994). De manera general, los resultados que se mencionan,

* En este tipe de tarea el animal recibe un estimulo o sefial sensorial de instruccién y tiene que esperar
durante un periodo variable de tiempo (milisegundos o segundos), la aparicién de otro estimulo o senal
sensorial (estimulo trigger) que le indique el momento de ejecutar la tarea.
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plantean que la actividad neurcnal de AMS esté relacionada a lapreparacién para iniciar

y ejecutar un movimiento.

Actmtdad asocmda con movimientos gmados por estimulos externos o guiados internnmente.
Durante mucho tiempo se planteo la hipétesis de que la actividad neuronal de AMS

estaba asociada con movimientos guiados internamente (auto-iniciados) mientra que la
actividad de la corteza premotora (PM), que se localiza lateral a AMS, estaba relacionada
con movimientos guiados o iniciados por estimulos sensoriales externos (Eccles, 1982;
Wise, 1984; Wise, 1985). Esta hipétesis se planteo a partir de que PM recibe conexiones
aferentes de 4reas parietales (drea 7b y drea 7m; Panya y Kuypers, 1969; Cavada y .
Goldman-Rakic, 1989) relacionadas con el procesamiento de estimulos ‘visuales i
(Hyvkmen, 1982);.en primates subhumanos con ablacién bilateral de PM, se presentan
mummmmhmmwmfﬁg
estimulo visual para ejecutar la tarea (Halsband y Passingham, 1982). Los estudios con la :
técnica para determinar FSC han reportado un incremento en la actividad de PM, en .
sujetos humanos que reciben ordenes verbales para la ejecucién de una tarea motora

simple (Roland et ai, 1980b), mientras que enotro estudio en el que los sujetos humanos
seleccionanron los parametros para realizar un movimiento {una tarea de seleccion libre},
el AMS presenté un mayor incremento en FSC (Deiber et al, 1991). A pesar de estas
observaciones, los trabajos con registro unitario extracelular realizados en primates
subhumanos, demuestran que las neuronas en PM y en AMS se activan de manera similar
cuando los animales realizan movimientos simples de la mano o la extremidad superior,
en una tarea que utiliza estimulos sensoriales externos para guiar el movimiento o en una
larea que requiere un movimiento guiado internamente (Okano y Tanji, 1967, Romo y
Schultz, 1987; Kurata y Wise, 1988; Thaler et al, 1988). Estos resultados permiten descartar
la hipotesis dicotémica que consideré durante mucho tiempo, diferentes funciones a PM y
AMS. 5in embargo, es importante sefialar que en la ejecucién de una tarea que requiere

movimientos sequenciales (complejos) de la extremidad superior, la actividad de las

51



células de PM es predominante (pero no exclusiva) cuando la ejecucién es guiada por
estimulos externos, mientras que la actividad neuronal de AMS es mayor (pero tampoco
exclusiva) cuando se requiere ejecutar la tarea con base a una memoria y sin estimulos
externos {Mushiake et al, 1991; Halsband et al, 1994). En el hombre, los procesos
degenerativos o quirtirgicos que involucran dafio a AMS producen un severo
decremento tanto en conductas motoras miciadas por el sujeto y como en aquéllas
guiadas por estimulos externos (Goldberg, 1985).

La definicién de una 4rea cortical requiere de los datos que se obtengan a traves
de diferentes técnicas y métodos. De esta manera, esta informacion debe ser comparada
e integrada, para permitir la identificacién de propiedades particulares que proporcionen
una mejor definicién. La utilizacién de un sélo método o el enfésis en una propiedad
particular, dificilmente permiten la definicién de una &rea cortical. Los datos anatémicos,

“Fisiologicos y clinicos que se han obtenido en monos y sujetos humanos en poco mds de
40 afios, permiten ver al AMS no como una simple entidad funcional somatomotora, sino
como una zona cortical heterogénea {(Apéndice 2) que participa en el control de
movimientos (simples y complejos) y en procesos complejos como la planeacién para

realizar una conducta motora. A pesar de estos avances, los resultados de los estudios
clinicos y experimentales han fortalecido el concepto de AMS como una area “motora”
(Liiders, 1996}, tomando poco en cuenta la existencia de datos, que como se describieron,

sugieren su participacién en el procesarmiento de estimulos sensoriales.
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APENDICE 3
DIVISIONES DEL AREA MOTORA SUPLEMENTARIA

A partir de las observaciones originales de Penfield y Welch (1949;1951) que
permitieron identificarla, el AMS se consider6 como una drea cortical homogénea. Este
punto de vista prevalecié durante poco més de cuarenta afios. Los estudios recientes en
primates subhumanos, han subdividido al AMS en una regidn rostral, que se denomina
area F6 6 pre-AMS y una regién caudal llamada 4rea F3 6 AMS-propia (Matelli et al, 1991;
Luppino et al, 1991; Matsuzaka et al, 1992; Rizzolatti et al, 1996) (Fig. 2A). Los estudios
realizados en el cerebro humano sugieren que tambien existen dos zonas en AMS con
propiedades funcianales distintas (Fried et al, 1991; Matelli et al, 1993). - En este apéndice
se diicribirén algunos critetios anatmicos y funcionales que permiten identificar estas

dosreglones.

CRITERIOS ANATOMICOS
1.- Aferentes corticales.

En los diltimos aflos, algunas de las aferentes corticales han sido estudiadas con
mas exactitud de acuerdo a la division de AMS. Las principales aferentes al area F3 o
AMS-propia provienen de la corteza MI, de la corteza premotora {rostral y caudal), de
las cortezas motoras cinguladas (dreas 24c y 24d) y de la corteza parietal posterior
{Luppinno et al, 1993), mientras que las aferentes al drea F6 o pre-SMA provienen de la
corteza prefontal, de la corteza premotora (rostral ventral) y de corteza motora cingulada

{drea 24c) (Luppinno et al, 1993).

1.2.- Aferentes tilamicas.
El patrén de innervacién talamica en ambas divisiones de AMS es bastante

similar, pero cuantitativamente diferente. El &rea F3 o AMS-propia recibe aferencias de

los niicleos VLo, VLe, VApc, VPLo y MD y el 4rea F6 6 pre-AMS recibe aferencias de
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VApc, MD, drea X, VLc y VPLo (Rizzolatti et al, 1996). De acuerdo a un andlisis
anatémico, el &rea F3 o AMS-propia, recibe 48% de la densidad de fibras que tienen su

origen en los micleos tdlamicos (Vapc y VLo) que sirven de relevo a las vias que
provienen de los ganglios basales y 34% de los nicleos de relevo (drea X, VLc y VPLo)
para las vias del cerebelo, mientra que en el 4rea F6 6 pre-AMS un 29% corresponde a la
inervacién proveniente de los ganglios basales y un 39 % a la proveniente del cerebelo
(Rizzolatti et al, 1996). La importancia funcional de esta inervacion diferencial se

desconoce. No se sabe si existe un patrén diferencial de inervacién para ambas regiones

de AMS que se origine en otras regiones subcorticales.

2.- Eferentes corticales.
De las conexiones eferentes de AMS la més estudiada ha sido la proyeccién a MI-

T 'que presenta una organizacion topografica (Muakkasa )TSEEkT 1979); sin embargo, este
resultado contrasta con trabajos recientes que sugieren que las proyecciones a la

representacién de la extremidad superior en MI, no presentan una organizacién
topografica y que se originan sélo de Ia zona &rea F3 0 AMS-propia (Tokuno y Tanji,
1993). Por otro lado, ain no existe una definicion clara de si ambas divisiones de AMS o

proyectan fibras eferentes subcorticales a similares o diferentes regiones.

2.1.- Eferentes a la médula espinal.
Un criterio que permite subdividir a AMS, es que las eferentes a la médula espinal

surgen solo de la regién caudal (Macpherson et al, 1982) que corresponde a AMS-propia

o drea F3 (Rizzolatti et al, 1996).

Somatetopia.
Los estudios de microestimulacion intracortical demuestran que existe una

progresién rostral caudal, para la representacién de la cara, la extremidad anterior v la
extremidad posterior, que se localiza en la parte posterior del area 6 mesial {Mitz y Wise,

1987) correspondiente al drea F3 (Lupinno et al , 1991) o AMS-propia (Matsuzaka et al,
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1992). En otros trabajos se ha reportado que existe una representacién predominate solo
de los miembros anteriores en el drea F6 o pre-AMS (Lupinno et al, 1991; Matsuzaka et
al, 1992).

CRITERIOS FUNCIONALES
Actividad asociada con el movimiento.

En el AMS se ha reportado la existencia de células que se activan s6lo antes de la
ejecucién de tres movimientos de la extremidad superior, que requieren un orden o
secuencia particular y especifica (Tanji y Shima, 1994). También se han encontrado células
que séio responden después de realizar un movimiento particular y antes de la ejecucién
de otro movimiento especifico, dentro de una tarea de movimientos multiples (Tanji y
Shima, 1994). Bsta actividad neuronal se identifica de manera preferente en AMS-

externos (Yanji y Shima, 1994; Halsband et al, 1994). En sujetos humanos que realizan
movimientos simples (distales y proximales) del brazo, el FSC muestra una activaciéon
solo en la regién caudal de AMS, que podria corresponder al drea F3 0 AMS-propia
{Matelli et al, 1993).

Actividad asociada con estimulos sensoriales.
Los estudios han encontrado que las células del drea F6 o pre-SMA responden de

manera predominante a estimulos visuales que sirven como instruccién en una tarea
motora (Matzuzaka et al, 1992). La estimulacién tactil ligera (desplazar un cepillo o tocar
con el dedo) de la piel pilosa o glabra en la extremidad anterior, produce una respuesta

en AMS-propia y de manera menos frecuente en pre-AMS (Matzuzaka et al, 1992).
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Actividad preparatoria.
Las células que muestran actividad preparatoria se han localizado de manera

preferente, aunque no exclusiva, en la parte rostral de AMS (Alexander y Crutcher, 1990)
correspondiente al drea pre-AMS (Matzuzaka et al, 1992).
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