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Resumen 

RESUMEN 
 
 La teoría trófica de las conexiones neuronales establece que durante el 

desarrollo embrionario los órganos diana son esenciales para la supervivencia y 

diferenciación de las neuronas que los inervan, rescatando a estas células del proceso 

natural de la muerte celular programada. El descubrimiento del factor de crecimiento 

nervioso (NGF, del inglés nerve growth factor) demostró que esta acción de los 

órganos diana sobre las neuronas está mediada por unas moléculas solubles 

denominadas factores de crecimiento, que son producidas y secretadas por estos 

órganos en cantidades limitantes. Así, durante el desarrollo sólo las neuronas que 

obtienen estos factores tróficos son capaces de sobrevivir al proceso natural de 

muerte celular programada y posteriormente diferenciarse y adquirir todas las 

características propias de las neuronas adultas. Actualmente se sabe que estos 

factores tróficos actúan también sobre las neuronas en diferentes aspectos; 

modulando la plasticidad neuronal, promoviendo la formación y el mantenimiento de 

las sinapsis aferentes, potenciando cambios de la excitabilidad celular o protegiendo a 

las neuronas tras la lesión, entre otras funciones. El NGF junto con el factor derivado 

del cerebro o BDNF (del inglés brain derived neurotrophic factor) y las neurotrofina 3 y 

4/5 pertenecen a una importante familia de factores de crecimiento denominadas 

neurotrofinas.   

 Las motoneuronas tanto espinales como craneales son un buen ejemplo de 

neuronas que necesitan de su diana, el músculo, para su supervivencia y 

diferenciación durante el desarrollo y para el mantenimiento de sus propiedades 

morfofuncionales en el individuo adulto. La axotomía produce cambios en las 

motoneuronas lesionadas que van desde la pérdida de las conexiones aferentes, y 

como consecuencia alteraciones de las propiedades de disparo, hasta la reducción del 

tamaño somático y cambios en las propiedades intrínsecas de membrana. Las 

motoneuronas que inervan los músculos extraoculares no son una excepción. Estas 

motoneuronas, localizadas en los núcleos oculomotores del tronco del encéfalo 

dependen de los factores liberados por los tejidos diana para el mantenimiento de sus 

propiedades morfofuncionales. Las propiedades de disparo de estas motoneuronas 

son muy características y están íntimamente relacionadas con los movimientos del ojo. 

Éstas células muestran un patrón de disparo fásico-tónico; así mientras que los brotes 

están correlacionados con movimientos oculares rápidos o sacádicos y son necesarios 

para vencer las fuerzas viscosas ejercidas por los tejidos que rodean al ojo, la tasa de 

disparo tónica se relaciona con el mantenimiento de la posición ocular durante 

fijaciones. Ambos tipos de señales se ven severamente afectadas tras la axotomía 

debido a la retracción de las conexiones aferentes de la motoneurona.  

 Basándonos en el descubrimiento de que las motoneuronas que inervan el 

músculo recto lateral, localizadas en el núcleo motor ocular externo (NMOE) expresan 

los receptores para las neurotrofinas y que el músculo expresa las neurotrofinas en el 
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individuo adulto, quisimos estudiar si los cambios morfofuncionales observados en las 

motoneuronas del NMOE tras la axotomía se debían, en parte a la privación de factores 

tróficos y si el aporte retrógrado exógeno de neurotrofinas podría restablecer estos 

efectos. 

 Así, la aplicación de BDNF, NT-3 o NGF en el interior de una cámara en la que 

se aislaba el extremo seccionado del nervio, evitando su contacto con los tejidos 

circundantes y las sustancias liberadas por estos, tuvo diferentes efectos sobre las 

propiedades de disparo y la sinaptología aferente a las motoneuronas del NMOE. El 

BDNF y el NT-3 ejercieron funciones complementarias, promoviendo el mantenimiento 

y/o recuperación de aferencias y por tanto la recuperación selectiva de las señales 

tónicas o fásicas de la motoneurona axotomizada. El NGF, sin embargo, no solo 

promovió el mantenimiento de la conectividad aferente, además provocó la 

hiperexcitabilidad de las motoneuronas axotomizadas, alterando la variabilidad y 

ganancia de sus propiedades de disparo. Estos efectos sugieren que el NGF pudiera 

estar modulando la expresión o el funcionamiento de canales iónicos así como el peso 

sináptico de las conexiones aferentes a la motoneurona. 

 Estos experimentos suponen la primera demostración in vivo de que el aporte 

exógeno de neurotrofinas promueve la recuperación de la conectividad sináptica y por 

tanto de las características de disparo de las motoneuronas del NMOE tras la 

axotomía. 

 Sirviéndonos de la señal de tensión procedente del músculo recto lateral, 

hemos generado un modelo de predicción de la tasa de disparo de las motoneuronas 

del NMOE. Este modelo incluye además de la señal de tensión, señales relacionadas 

con la cinemática del movimiento sugiriéndose que estas células, además de estar 

codificando señales oculares, también estarían codificando principalmente información 

relacionada con la tensión que se produce en el músculo recto lateral.  

 La existencia de varios tipos de motoneuronas en el NMOE con diferentes 

características de disparo según la relación existente entre la tasa tónica y fásica, así 

como un patrón de conectividad aferente distinto, ha sido postulada en varias especies 

de vertebrados. El extremo de este gradiente lo componen un tipo de motoneuronas 

que carecen de señal fásica y cuyas aferencias son diferentes a las de las demás 

motoneuronas. Esto sugiere la posibilidad de que diferentes poblaciones de 

motoneuronas del NMOE expresen diferentes combinaciones de receptores para 

neurotrofinas y esto potencie la inervación desde diferentes núcleos premotores. 

Basándonos en estas premisas, en este trabajo hemos hecho un estudio poblacional de 

las motoneuronas del NMOE según su patrón de disparo. Éste se ha correlacionado no 

sólo con parámetros derivados del movimiento ocular, si no también con la tensión 

provocada por la contracción del músculo recto lateral. La conclusión principal de este 

estudio es que las motoneuronas del NMOE no pueden clasificarse en grupos sino que 

más bien forman un continuo en el que las propiedades de disparo se distribuyen a 
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modo de gradiente desde las más fásicas a las más tónicas, sugiriéndose por tanto la 

posibilidad de que el aporte trófico que recibieran pudiera ser diferencial y 

constituyera la base para el escalamiento progresivo de las propiedades de disparo.  

 

 

 

 

 

 



Abstract 

ABSTRACT 
 
 The trophic theory of neuronal connections establishes that during embryonic 

development target organs are essential for the survival and differentiation of the 

neurons innervating them, rescuing these cells from the otherwise natural process of 

programmed cell death. The discovery of the nerve growth factor (NGF) demonstrated 

that the actions exerted by target cells on the neurons is mediated by soluble 

molecules, known as growth factors, produced and secreted by the target in limiting 

amounts. Thus, during embryonic development only neurons receiving these trophic 

factors are able to survive programmed cell death, differentiate and acquire all the 

features seen in adult neurons. Nowadays it is known that trophic factors also regulate 

different aspects of neuronal physiology in adult stages. They modulate synaptic 

plasticity, promote the formation and stability of synaptic afferents, produce changes 

on neuron excitability and protect neurons after injury, among other functions. NGF 

together with the brain derived trophic factor (BDNF) and neurotrophins 3 and 4/5 

belong to a family of growth factors named neurotrophins. 

 Spinal and cranial motoneurons are good examples of target dependent 

neurons. These cells depend upon its target, the muscle, for survival and 

differentiation during embryonic development and for the maintenance of their 

morphofunctional features during adult stages. Axotomy produces severe 

modifications on injured motoneurons ranging from loss of the afferent connectivity 

and as a consequence, altering their firing properties, to somatic size reduction and 

changes on intrinsic membrane properties. Motoneurons innervating extraocular 

muscles are not an exception. These motoneurons, lying in the oculomotor nuclei of 

the brainstem, depend upon the factors released by their target tissues for the 

maintenance of their morphofunctional properties. The discharge of these neurons is 

very characteristic and it is closely correlated with ocular movements. Extraocular 

motoneurons show a phasic-tonic firing pattern; while burst of activity is related with 

fast ocular movements or saccades and are necessary to overcome viscous forces 

exerted by the tissues surrounding the eye, tonic discharge rates are related with the 

maintenance of the ocular position during fixations. Both types of signals are severely 

affected after axotomy due to the retraction of the motoneuron afferent connections.  

 Based on the recent discovery demonstrating that motoneurons innervating the 

lateral rectus muscle express neurotrophin receptors and that this muscle expresses 

and releases neurotrophins also in adult stages, we studied whether the 

morphofunctional changes seen in abducens motoneurons after nerve injury are in 

part due to growth factor deprivation and if exogenous retrogradely delivered 

neurotrophins were able to reestablish the non-injured phenotype.  

 Thus, aplication of BDNF, NT-3 or NGF inside a chamber where the proximal 

stump of the injured VIth nerve was isolated avoiding its contact with the surrounding 

tissues, had different effects over the discharge properties and synaptic afferent 
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connectivity of abducens motoneurons. BDNF and NT-3 seemingly exerted 

complementary roles, promoting the maintenance and/or recuperation of the synaptic 

afferences coming from different nuclei and therefore the selective restoration of the 

tonic or phasic discharge signals of the extraocular motoneurons. NGF, on the other 

hand, not only promoted the maintenance of synaptic connectivity, but it also 

produced motoneuronal hyperexcitability, affecting the variability and gain of their 

discharge features. These effects suggest that NGF might be modulating the 

expression or function of ionic channels and the synaptic strength of afferent 

terminals contacting abducens motoneurons. 

 These experiments are the first in vivo demonstration that neurotrophic 

exogenous supply promotes the recovery of synaptic connectivity and thus the activity 

pattern of abducens motoneurons after axotomy.  

 Using the tension signal generated by the activity of the lateral rectus muscle, 

we have developed a model to predict the rate discharge of abducens motoneurons. 

This model is implemented not only with tension associated signals, but also with 

signals related to the kinematics of eye movements suggesting that these neurons, 

besides encoding eye movement, are mainly codifying signals related to the tension 

produced in the lateral rectus muscle. 

 The existence of distinct types of abducens motoneurons, with different firing 

features depending on their tonic vs. phasic discharge signals, as well as with different 

pattern of afferent synaptic connectivity, has long been postulated in several groups of 

vertebrates. The extreme of this gradient is composed by a type of motoneurons 

lacking phasic signals and whose afferences are different from those of other 

motoneurons. This raises the possibility that different pools of abducens motoneurons 

express distinct combinations of neurotrophin receptors and this, in turn, promotes 

the innervation coming from different premotor nuclei. Based on these premises, we 

underwent a population study on abducens motoneurons depending on their 

discharge characteristics. Their firing pattern has been correlated not only with 

parameters derived from the ocular movements but also with the tension generated by 

the contraction of the lateral rectus muscle. The main conclusion of this study is that 

abducens motoneurons can not be clustered into independent groups but they all 

constitute a continuous on which firing properties are gradually distributed from the 

very phasic to the very tonic motoneurons. This raises the possibility that 

motoneurons could get access to gradients of differential trophic support as the basis 

for the scaling of the firing properties. 
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Introduction 

INTRODUCTION 

Since most animals are able of moving and explore the world around them, 

perception and motor systems are needed in order to sense and control the movement 

of their body in space and to discern between self-generated and externally generated 

movements (Walls, 1962). Particularly important are the oculomotor and vestibular 

systems since they get information related to the position of our body in space, head 

and eye motion, to generate the proper compensatory motor response on every 

possible situation. These two motor systems are essential for the adequate control of 

gaze, balance, and posture. 

To ensure optimal vision, images must be held steady on the retina. For this 

reason a mechanism that finds, focuses, fixates and follows objects as we move 

through our environment is essential. If images move across the retina at more than a 

few degrees per second they appear blurred and perception deteriorates. Thus, one 

function of eye movements is to hold images stationary on the retina, and this is 

accomplished by the gaze-holding systems which produce ocular fixations, the 

vestibulo-ocular reflex (VOR) and the optokinetic reflex (OKR). These two mechanisms 

appeared early in the evolution of vertebrates.  

Along with the development of foveae (in fishes, birds and mammals, 

particularly primates) retinal streaks (in carnivores such as cat) and in general zones of 

highest density of photorreceptors, a second group of eye movements evolved 

(Simpson, 1984; Warrant, 2000). In foveated animals, visual acuity is best at this 

specialized part of the retina, so very precise eye movements are needed to change the 

line of sight so that the image of the object of interest is brought to and held close to 

the fovea. This second group of eye movements consisting of the gaze-shifting 

systems, are voluntary and comprise saccades, smooth pursuit and vergence 

movements. When gaze-holding and gaze-shifting systems work properly together, a 

correct binocular vision is achieved. Conversely, if these systems are not working 

properly, our view of the world becomes compromised.  

 

1. TYPES OF EYE MOVEMENTS 

There are five subsystems of eye movements, each controlled relatively 

independently through separate neural circuits believed to converge at the level of the 

effector pathway - the three bilateral groups of oculomotor neurons localized in the 

brain stem. Each of these movements process different aspects of sensory stimuli and 

produce movements with different temporal profiles and reaction times. Besides these 

five classes of movements, maintaining a stable eye position during gaze holding also 

requires its specific neuronal structures that actively suppress any eye movement. 

Figure 1 shows behavior examples of some of these eye movements in cat. 
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Figure 1. Spontaneous (A) and vestibularly-evoked (B) eye movements in the cat. From top 
to bottom each trace represents table velocity, the velocity of left (LH) and right (RH) horizontal 
eye movements and the last two traces are the position of both eyes. The different components of 
eye movements saccades, fixations, fast phases and slow phases are pointed with arrows. L and 
R are leftward and rightward directions of movement 

1.1. Saccades 

Saccades are fast conjugate eye movements that shift the fovea to a visual 

target in the periphery, consequently bringing the eyes to a new position. The sensory 

stimuli that activates the saccadic system is information about the distance and 

direction of a target image from the current position of gaze and its latency is 

generally between 200  and 250 ms (Becker, 1989). Saccades can be voluntary, but are 

also present as the resetting fast phases on vestibular or optokinetic nystagmus (see 
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fig. 1). There are diverse structures implicated in the generation and control of 

saccades. Commands for horizontal fast movements are produced by premotor 

neurons in the pons (Scudder et al., 2002), whereas premotor neurons in the rostral 

midbrain control vertical movements (Bhidayasiri et al., 2000). There are also higher 

structures involved in the control of saccades located in the superior colliculus (SC), 

thalamus, cerebellum and different areas of the posterior and frontal cortex (reviewed 

by Lynch and Tian, 2006). These structures control distinct types of saccades; the SC 

control visually guided saccades, whereas the cortex is involved in controlling 

intentional saccades. All of these higher structures send their afferents to premotor 

“saccade generators”, the paramedian pontine reticular formation (PPRF), for horizontal 

saccades, and the rostral interstitial nucleus of the medial longitudinal fasciculus 

(riMLF), for vertical and torsional saccades, both located in the brainstem.  

 

1.2. Smooth pursuit eye movement 

Smooth pursuit eye movements are needed to ensure a clear image of a slowly 

moving target on the fovea. It is a voluntary task and it is only found in foveate 

animals. This type of eye movement is activated by the retinal slip signal produced by 

a moving object. Target velocity is accurately estimated by the system that responds 

with the proper motor command to track the object. Because the foveal field covers 

only about 2 degrees of the visual fields of each eye, precise eye movements are 

needed. The latency for the initiation of this movement is generally shorter than for 

saccades, around 100-150 ms (Robinson, 1965) and in monkeys it can reach velocities 

up to 100 deg/s (Lisberger et al, 1981).  

Generally, not only eye but also head movements are generated in order to 

keep track of moving objects. In this situation, it is necessary to suppress the VOR, a 

compensatory reflex that moves the eyes at the same velocity than the head but in 

opposite direction in order to ensure clear vision. Many investigators (Leigh and Zee, 

1999; Fukushima et al., 1999; Belton and McCrea, 2000) have suggested that, under 

these circumstances, the CNS generates a smooth pursuit signal to accordingly cancel 

the VOR. Nowadays it has been proven that this is the case; however the mechanism 

and neuronal substrate of this cancellation remains controversial. Since infusion of the 

GABA agonist, muscimol, into the pursuit areas of the frontal eye field in the cortex, 

severely impairs VOR cancellation, it has been proposed this area is implicated in the 

control of gaze signals during free head smooth pursuit (Shi et al., 1998). For a 

complete review on the matter, see Fukushima et al., 2006.  

Premotor neurons with eye velocity sensitivity during performance of the 

smooth pursuit task are found in the medial and Y-group vestibular nucleus (Roy and 

Cullen, 2003; Chubb and Fuchs, 1982). These neurons project to the motor nuclei and 

receive afferents from the flocculus of the cerebellum (Langer et al., 1985). Neurons in 

the middle temporal visual area of the cortex encode speed and direction of moving 
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visual stimuli and are involved in the initiation of the smooth pursuit movements, 

while the medial superior temporal visual area is related to pursuit maintenance 

(Krauzlis, 2004). Other areas of the cortex are involved in distinct aspects of the 

smooth pursuit eye movement control and plannification (Gottlieb et al., 1994; Tanaka 

and Lisberger, 2002; Krauzlis, 2004), these are located in the frontal cortex and some 

of them seem to be shared with the saccade subsystem. 

 

1.3. Vergence eye movements 

Vergence movements are disconjugate movements generated to ensure that 

the object of interest is located in the same place in both retinas. Depending on the 

distance to the object of interest, eyes will approach lines of sight (converge) when the 

target is close to them, or separate them (diverge) when it is further away. The sense 

of depth is created by the visual system when there is retinal disparity between both 

eyes. This same stimulus serves the vergence system to drive what is known as 

fusional vergence movements. At any given time the entire visual world is not in focus 

in the retina, objects at a different distance of the one we are focusing on appear 

blurred. To obtain a clear image of an object situated at a different depth, animals 

need to adjust the radius of curvature of the crystalline lens. This is called 

accommodation and it is achieved by the contraction of the ciliary muscle. Vergence 

movements are generally small (less than 5 degrees) and slow, taking up 1 second for 

completion. Their latency is usually 150-200 ms but they are much faster when are 

made in conjunction with saccades (van Leeuwen et al., 1998).  

In this subtype of eye movement, only the horizontal extraocular muscles are 

implicated. Convergence is accomplished by simultaneous contraction and relaxation 

of medial rectus and lateral rectus muscles, respectively. Divergent movement of the 

eyes is produced by the contraction of both lateral rectus muscles. In monkeys, there 

are two groups of premotor neurons controlling vergence movements (Mays, 1984). 

One group is found dorsal and lateral to the oculomotor nucleus in the mesencephalic 

reticular formation of the supraoculomotor area, and the other is located rostral to the 

SC (Judge and Cumming, 1986; Mays et al., 1986). Both groups of neurons discharge 

in relation to vergence, accommodation or both. Some of them encode the angle of 

vergence (tonic neurons), others the velocity of the movement (bust neurons), but 

neurons encoding both, angle and velocity commands are also found (bust-tonic 

neurons) (Mays et al., 1986; Zhang et al., 1992).  

Neurons in the abducens and oculomotor nucleus carry independently both 

conjugate and vergence eye movement signals, the magnitude of each command 

varies for individual motoneurons (Mns) (Mays and Porter, 1984). There is evidence 

that the frontal and the posterior cortex (Gamlin et al., 1996) and several cerebellar 

structures (floccular region and deep cerebellar nuclei) participate in vergence control 

(Zhang and Gamlin, 1998). It is not yet clear how vergence signals get to abducens 
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Mns. Some authors suggest that the same premotor neurons that convey signals for 

conjugate eye movements also provide the vergence commands (Chen-Huan and 

McCrea, 1998).  

 

1.4. Gaze holding mechanism 

In order to maintain accurate vision, eyes need to be held still when looking at 

an object of interest (see figure 1A – fixations). This is achieved by an active system 

that is able to transform velocity commands encoded by most of the ocular premotor 

neurons, to position signals found in ocular Mns. This transformation consists of an 

integration in mathematical terms and for this reason, neurons achieving this 

computation are called “neural integrators”. Basically all types of eye movements share 

a common neural integrator, located in different nuclei for the horizontal (Cannon and 

Robinson, 1987) and torsional/vertical systems (Crawford et al., 1991; Helmchen et 

al., 1998). There are diverse structures implicated in the integration of velocity to 

position signals in the horizontal plane. Lesion experiments have demonstrated that 

the nucleus prepositus hypoglossi (PPH), the medial vestibular nucleus (MV) (Cannon 

and Robinson, 1987), the flocculus of the cerebellum (Fukushima et al., 1992) and 

some neurons within the paramedian tract (Nakamagoe et al., 2000), are essential to 

hold the gaze after a saccade. In the vertical and torsional plane, the velocity to 

position integrator is located within the mesencephalic reticular formation of the 

brainstem, in a well circumscribed nucleus called the interstitial nucleus of Cajal 

(Fukushima et al., 1992). 

  

1.5. Vestibulo-ocular reflex 

The VOR is a compensatory reflex that stabilizes the retinal image when the 

head moves by producing eye movements with the same velocity but in the opposite 

direction. While head acceleration in space is sensed by the semicircular canals, head 

position with respect to gravity is sensed by the otoliths of the inner ear (the utricle 

and the sacculus in mammals). These organs also respond to linear acceleration 

associated with translation of the head. Depending on the stimulus and the organ 

activated, there are different types of VOR responses. In this study we will only 

consider the rotational VOR (rVOR), sensed by the semicircular canals. The latency of 

this reflex is very fast, between 7 and 15 ms. (Johnston and Sharpe, 1994). 

Response components of the rVOR depend on the frequency of the stimulus; at 

high frequencies, the reflex only consist of compensatory slow component; this means 

the eye moves at the same velocity as the stimulus but in the opposite direction. At 

lower frequencies, however, it triggers two different types of ocular responses, the 

slow component and a fast component that is not compensatory and is aimed in the 

same direction as the stimulus (see fig. 1B). The purpose of these fast movements is to 

re-center the eye on the orbit. They are similar to the ones produced spontaneously 
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and they share some of the neural pathways that generate them (Igusa et al., 1980; 

Ohki et al., 1988). Fast and slow eye components together are known as nystagmus.  

The structures related with the control of this reflex are located almost 

exclusively within the brainstem, nevertheless, the flocculus of the cerebellum exerts 

an important role modulating its response during VOR learning (Lisberger et al., 1984) 

and controlling smooth pursuit related aspects of the visual-vestibular interaction 

(Krauzlis and Lisberger, 1996). As mentioned before, during the last years, growing 

evidence demonstrates that VOR can be actively cancelled by specific groups of 

neurons located on the cortex. This inhibition of the VOR would facilitate gaze control 

during combined head and eye tasks.  

Rotational VOR is achieved due to activation of the semicircular canals of the 

inner ear. There are three pairs of semicircular canals (horizontal, anterior and 

posterior) arranged approximately at right angles to each other. This canals sense 

angular accelerations caused by rotation of the head or the body. Specifically, the 

displacement of the endolimph during head or body movements, forces the activation 

of hair cells located within the ampulla of the canal. Hair cells transform the 

mechanical stimulus into depolarizations that are conveyed to neurons in the 

brainstem through the vestibular nerve (VIIIth cranial nerve) (Straka and Dieringer, 

2004). Hence from each canal, head velocity related signals are transmitted via 

afferent vestibular nerve fibers (primary vestibular neurons) to neurons in the 

vestibular nucleus (VN, secondary vestibular neurons) (Newlands and Perachio, 2003); 

centrally, signals from canals lying in nearly parallel planes are connected to form 

push–pull pairs [right horizontal– left horizontal, left anterior–right posterior (LARP), 

right anterior–left posterior (RALP)]. The basic pattern is that VN neurons receive a 

monosynaptic canal input from a single canal only. In the frog it could be shown that 

these neurons in addition receive disynaptic excitatory and inhibitory inputs from the 

same canal afferent (Straka et al., 1997). 

From the different subdivisions of the VN (superior, medial, lateral, descending 

and Y-group), direct excitatory and inhibitory pathways project to the Mns of specific 

extraocular muscle pairs, so any head rotation leads to a specific pattern of muscle 

activation and inhibition that produces the compensatory eye movement. The details 

of this pattern are adjusted to the species particularly in relation to frontal and lateral 

eye organization (Simpson and Graf, 1985).  

Within the VN, depending on the signals encoded, five types of neurons can be 

found;  

- Group I — vestibular only: neurons have head velocity sensitivity, but show no 

modulation with individual eye movements. 

- Group II — vestibular plus saccade: in addition to the vestibular response 

neurons burst or pause with saccades.  
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- Group III — vestibular plus position: this neurons show eye position sensitivity 

during spontaneous eye movements and head velocity signals during vestibular 

stimulation. To this group belong also the common position-vestibular pause neurons, 

which in addition pause during saccades (Escudero and de la Cruz, 1989).  

- Group IV — gaze velocity neurons, which encode eye velocity in space. They 

include floccular target neurons, which receive an input from the FL and are involved in 

vestibular–smooth pursuit interaction and probably also in VOR adaptation (Lisberger, 

1994).  

- Group V — saccade plus position (burst-tonic): these neurons show a firing 

pattern similar to the one seen in ocular Mns, with a burst-tonic discharge during 

spontaneous eye movements; during vestibular stimulation no additional, specific 

vestibular activity changes occur. 

In the dorsal Y-group, most of the neurons recorded have vertical gaze velocity 

signals (Chubb and Fuchs, 1982). These neurons project monosynaptically to the 

oculomotor nucleus and receive inhibitory input from the flocculus of the cerebellum 

(Partsalis et al., 1995a, 1995b).  

Lesions of the VN lead to spontaneous nystagmus, which can beat either 

ipsilaterally or contralaterally and does not depend on the site of the lesion within the 

VN complex. 

 

1.6. Optokinetic response 

The optokinetic response (OKR) also generates compensatory eye movements 

but in contrast with the VOR, the head is not moving. The stimulus inducing this 

response is the movement of the visual field and it is driven by the optokinetic system. 

As the VOR has two different components, slow compensatory eye movements 

intermingled with fast resetting eye movements, the combination of both is called 

optokinetic nystagmus (OKN).  

The slow compensatory phase is generated by two different components 

(Cohen et al., 1977) and visual pathways. One is called the ‘‘direct’’ component, it 

occurs soon after the onset of the optokinetic stimulus and it has been related to 

smooth pursuit mechanisms. It is characterized by the rapid increase in slow-phase 

eye velocity after the sudden presentation of a constant-velocity optokinetic stimulus. 

The second component is called the ‘‘indirect pathway’’ and it is distinguishable from 

its counterpart by a more gradual increase in slow-phase eye velocity during 

continuous stimulation and by its storage capabilities. This property is seen on the 

‘‘optokinetic after-nystagmus’’ (OKAN) — the slowly decay on the nystagmus after 

stimulation, e.g., when the light has been turned off (Blázquez et al., 2007). The 

‘‘indirect’’ component (also called the ‘‘velocity storage’’ component) can be related to 

concomitant activity changes in the VN (Waespe and Henn, 1977). 
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In birds and lateral-eyed animals (rat, rabbit), which have no smooth pursuit 

eye movements, the OKR consists almost entirely of the ‘‘indirect’’ component. 

The structures implicated in the generation and control of the OKR lie within 

the pretectum, the nuclei of the accessory optic tract, the vestibular nucleus and the 

cerebellum. Fibers from the retina contact different nuclei of the accessory optic tract 

and the nucleus of the optic tract in the pretectum. Neurons within these nuclei send 

numerous projections to other oculomotor structures (Büttner-Ennever et al., 1996a, 

1996b). Recording experiments have shown they have large receptive fields and 

respond best to large textured stimuli moving in certain directions (Simpson et al., 

1988b). Lesions in monkeys aimed to the nucleus of the optic tract not only affect the 

‘‘velocity storage’’ component of OKN (Cohen et al., 1992) but also the ‘‘direct’’ 

component (ocular following, smooth pursuit) (Ilg et al., 1993; Yakushin et al., 2000). 

Electrical stimulation induces OKN, followed by OKAN, proving this is the main site of 

generation of this reflex in mammals (rat: Precht et al., 1982; cat: Hoffmann, 1982; 

monkey: Mustari and Fuchs, 1990). 

 

2. STRUCTURES INVOLVED IN EYE MOVEMENTS 

Extraocular muscles (EOM) are the final effectors of the motor response and 

contraction of these singular muscles is orchestrated by Mns located in different 

oculomotor nuclei (abducens, trochlear and oculomotor) within the brainstem. 

Extraocular motoneurons (EO Mns) receive afferents from diverse premotor 

structures, some of them already described on previous sections, which integrate 

sensory and motor information from a variety of organs and generate the proper 

motor command that ensures the stabilization and reorientation of eye position for 

optimal vision. Some of these structures are implicated solely on a specific type of eye 

movement and some others, like the VN, are needed to generate different visual tasks. 

The eye is localized inside the craneal orbit surrounded by the EOMs, 

connective tissue, and orbital fat. Eye movements are generated by combination of 

rotations of the ocular globe in the socket of the orbit, due to the contraction of three 

distinct pairs of EOM. The eye rotates around three different axes (horizontal, vertical 

and torsional) having their intersection in the middle of the orbit. The rotation of the 

eye around the vertical axis produces horizontal movements; abduction (rotation of 

the eye away from the nose) and adduction (rotation of the eye toward the nose). Eye 

rotations around the horizontal axis produce the elevation and depression of the eye 

and its rotations around the torsional axis generates intorsion and extorsion of the 

eye, not changing the line of sight but rotating the eye around it towards to or away 

from the nose, respectively. To better understand how eye movements are generated 

and performed, the comprehension of the mechanics of the orbit and the anatomy and 

physiology of the EOMs and the orbital tissues that surround them is essential.  
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2.1. Extraocular muscles and their differences with other skeletal muscles 

2.1.1. General considerations 

Three pairs of antagonist muscles are attached to each eye: two pairs of rectus 

muscles (superior; SR, inferior; IR, medial; MR, and lateral; LR) and an oblique pair 

(superior; SO and inferior; IO) (Baker, 1986, Spencer and Porter, 1988). The recti 

originate at the apex of the orbit from a tendinous ring (annulus of Zinn) which 

surrounds the optic foramen and a portion of the superior orbital fissure (Sevel, 1986). 

They insert on different points of the sclera, anterior to the equator of the eye. The LR 

inserts into the sclera via a long, broad tendinous expansion, while the MR insertion to 

the globe is just posterior to the corneoscleral junction. Since the insertions of these 

muscles are symmetrically distributed around the horizontal meridian on opposite 

sides of the globe, the medial and lateral recti are functional antagonists that serve as 

the principal adductor and abductor of the eye, respectively. No secondary actions of 

these muscles are expressed during movements initiated from the primary position.  

The obliques approach the eye from the antero-medial aspect and insert behind 

the equator. Before its insertion on the eye ball, the SO muscle travels through a rigid 

pulley of cartilage (trochlea) attached to the orbital wall. After reflection in the 

trochlea, the SO tendon passes underneath the SR, thins, and flattens as it spreads out 

to its broad scleral insertion. The point of insertion of this muscle is different in frontal 

vs. lateral eyed animals. In frontal eyed-mammals, like primates, the SO inserts 

posterolaterally on the globe, while in lateral eyed mammals, like the rabbit, its 

insertion is anterolateral to the center of the globe (Kono et al., 2005). From the 

primary position, the predominant action of the SO in both lateral and frontal-eyed 

animals is intorsion. Differences in the point of insertion of this muscle lead to clear 

differences in its secondary actions. The primate SO secondarily depresses and 

abducts the globe, while that of the rabbit secondarily elevates and adducts. 

The IO muscle originates much more anteriorly near the orbital rim adjacent to 

the anterior lacrimal crest, continuing laterally to enter its connective tissue pulley 

inferior to the IR where the IO penetrates Tenon’s fascia (Demer et al., 2003). The 

insertion of the IO, like that of the SO, is posterior to the equator in the primate and 

anterior to the equator in the rabbit, thereby resulting in the same primary action, 

extorsion, but different secondary actions. The IO of lateral-eyed animals secondarily 

depresses and adducts, while that of frontal eyed animals elevates and abducts.  

Since EOMs are the final effectors of very precise commands destined to have a 

clear vision of the world around under every possible situation, these muscles have 

developmental, morphologic, cellular, and molecular differences with any other 

prototypical skeletal muscles. Some of these differences are summarized in table 1, 

where some traits of EOMs are compared with those from limb muscles. 
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2.1.2. Anatomical organization of the extraocular muscles 

EOMs are constituted by two, some times three, separate morphological 

subdivisions or layers (see figure 2), developmentally independent from each other. 

 - Orbital layer: Is a C-shaped outer layer, constituted by small diameter fibers, 

with high mitochondrial content, a well developed microvascular system and oxidative 

enzymes. All of these traits correlate well with the high level of continuous activity this 

layer holds. This layer is highly resistant to fatigue and produces rapid contractions.  

Genetic and immunocytochemical studies demonstrate that myofibers within this layer 

retains the expression of embryonic and cardiac proteins (Jacoby et al., 1990; 

Brueckner et al., 1996; McLoon and Wirtschafter, 1996; Khanna et al., 2004), while in 

myofibers from other layers and in skeletal muscle, these type of molecules are usually 

downregulated after birth. The expression of these proteins might also correlate with 

the layer function during eye movements (see below). The orbital layer terminates well 

posterior in the sclera and at least some of its fibers inserts onto Tenon’s capsule or 

‘pulleys’. These rings of fibroelastic connective tissue forms sleeves around the 

individual eye muscles and were first described by Joel M. Miller in 1989. Muscle 

pulleys are essential to understand the mechanics of eye movement within the orbit 

and will be described later in this section. 

- Global layer: The inner layer contains muscle fibers of larger diameter; it 

extends the full length of the muscle and inserts on the sclera of the globe via a well-

defined tendon. This layer is located adjacent to the globe in recti EOMs and in the 

central core of the oblique EOMs. In recti EOMs and the SO, the global layer anteriorly 

becomes continuous with the terminal tendon that inserts on the sclera (Demer et al., 

2000). 

- Marginal layer: In some species, including human (Wasicky et al., 2000), a 

third thin muscle layer outside the orbital layer has been described. 

Finally, in some species, a transitional zone between the orbital and global 

layers is found. In monkey this layer contains a mixture of muscle fiber types from 

orbital and global layers, whilst in rabbit is composed of a thin connective tissue band.  

 

2.1.3. Specific fiber types in the extraocular muscles 

The autonomous structural and functional unit of skeletal muscles is the 

myofiber or multinucleate muscle fiber. Skeletal muscles differ from one another by 

properties like their contraction speed (fast vs. slow twitch) and their ability to sustain 

force for long time (fatigue resistant vs. non-resistant). These differences depend on 

the proportion of the distinct types of myofibers that compose that muscle. There are 

four highly conserved types of myofibers; I, IIA, IIX and IIB (reviewed by Spencer and 

Porter, 2006). These myofibers are characterized, among many other properties, by 

their color, ranging from red to white, their twitch capacity and their resistance to 

fatigue. 
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Figure 2. Diagrammatic representation of orbital connective tissue relationships to the EOMs and 
eye, including the specializations of Tenon’s capsule, the rectus muscle pulleys. The connective 
tissues of the orbit are thickened to form pulleys for the four rectus muscles and inferior oblique. 
Interconnections between, and anterior and posterior to, the pulleys are the pulley sling. Differential 
distribution of orbital smooth muscle, collagen, and elastin components of pulleys and associated tissues 
is indicated. The three coronal views are represented at the levels indicated by arrows in the horizontal 
section. Separate insertions of orbital and global layers upon pulley and globe, respectively, also are 
indicated. IO, inferior oblique; IR, inferior rectus; LPS, levator palpebral superioris; LR, lateral rectus; MR, 
medial rectus; SO, superior oblique; SR, superior rectus (from Porter, 2006). 

 

 

Thus, skeletal muscles with a high content of myofibers type I and IIA, like the 

soleus, are slow-twitch, fatigue resistant and known as “red muscles”. The 

gastrocnemius, on the other hand, rich in fibers type IIB, is a fast-twitch, fatigable, 

white muscle. Nevertheless, early morphological, histochemical and immunological 

studies already demonstrated that EOM myofibers were atypical. Two basic EOM fiber 

types were first identified; one was similar to the fast twitch fibers existing in 

mammalian skeletal muscle (nowadays recognized as the “orbital singly innervated 
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Table 1. Structure-function differences in muscle allotypes  
(adapted from Porter and Baker, 1996) 

Trait  Limb allotype  Extraocular muscle allotype  

Fiber types  
I, IIA, IIB, IIC, IM(D);  
type composition is muscle 
dependent  

Peculiar to allotype, full range of 
properties except for slow twitch; all 
types in each muscle 

Fiber diameter (μm)  35-753  20-505  

Innervation pattern  Single  Single and multiple  

Adult fiber myosin types  I, IIA, IIB, IIX 
Most known isoforms, including 
cardiac,  developmental, and tissue 
specific 

Embryonic origin  Somitic, paraxial mesoderm Somitomeric mesoderm 

Mode of contraction  Twitch  Twitch and tonic  

Contractile properties     

   - Time to peak tension (ms) 
12.6 (extensor digitom), 37.8 
(soleus)  

4.4 

   - Half relaxation time (ms) 
8.7 (extensor digitorum), 54.8 
(soleus)  

4.8 

   - Twitch: tetanic tension ratio 0.2 0.13 

Fatigue resistance  Variable from muscle to muscle Moderate to extremely high  

Motor unit size  
(fiber/motor neuron)  

100-2000  13-20  

Motor neuron types  
alpha and gamma, bimodal size 
distribution  

alpha only, unimodal size distribution  

Acetylcholine receptor type Adult  Adult and embryonic  

Maximum motor neuron 
discharge rates 

    

   - Phasic (Hz) 125 >600  

   - Sustained (Hz) 50 >200  

Motor system strategy  
Division of labor with role-
specific muscles  

Capability for all movement types in 
single muscles  

Stretch reflex  Important feature  Absent 

Response to axotomy 
Severe atrophy, type grouping 
with reinnervation 

Limited atrophy, type grouping not 
seen 

Proprioceptors  
Muscle spindles and tendon 
organs  

Palisade endings>>spindles>tendon 
organs 

fibers” – SIF), and the other similar to slow fibers very rare in the mammalian 

skeletal muscle (known as “orbital multiply innervated fibers” – MIF). Since these early 

studies, EOM fiber typology has evolved such that today six different myofiber types 

have been recognized in the mammalian EOMs. These EOM special myofibers have a 

broad spectrum of differences with the skeletal fibers described above and are highly 

conserved across mammalian species. These six EOM fibers are different from each 

other on their location (orbital or global), their innervation pattern (single vs. multiple), 

their resistance to fatigue and their color (reviewed by Porter and Baker, 1996; Rashed 

et al. 2010). Thus, in the orbital layer there are singly innervated fibers (orbital SIF) and 

multiply innervated fibers (orbital MIF), while in the global layer there are global red 
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SIF, global white SIF, global intermediate SIF, and lastly, global MIF. In essence, both 

muscle layers contain MIF and SIF fibers. Differences between each fiber type are 

summarized in table 2. Morphologically and physiologically these six types of fibers 

fall into two fundamentally different categories – the SIF and MIF fibers. 

The SIF or twitch fibers undergo an all-or-none contraction and they exhibit a 

stereotypical pattern of innervation; a single motor axon contacts each muscle fiber 

roughly in the center of the fiber length. Skeletal muscles contain only SIF, with the 

exception of perhaps tensor tympani and vocal muscles (Morgan and Proske, 1984). At 

the endplate, acetylcholine released from nerve terminals interacts with muscle surface 

receptors, leading to an opening of Na+ channels, generating a propagated action 

potential along the muscle fiber length and an all-or-none twitch contraction. 

Functional characteristics of skeletal muscle-like contraction speed and fatigue 

resistance depend upon traits of the main constitutive fiber type of the muscle. 

Myofiber contraction speed is determined by myosin heavy chain isoform (including 

the myofibrillar ATPase), sarcoplasmic reticulum calcium pump type, and the quantity 

of t-tubule and sarcoplasmic reticulum elements. Fatigue resistance is directly related 

to dependence upon either glycolytic or oxidative enzymes, mitochondrial content and 

the capillary network associated with individual myofibers. 

All of SIF are similar in their contraction speed capabilities but they differ in 

their resistance to fatigue. While SIF in the orbital layer and red SIF of the global layer 

are similar in concern to this property, intermediate and white SIF of the global layer 

are less resistant to fatigue. White SIF of the global layer show few small mitochondria, 

hence they are used only sporadically because of their low fatigue resistance (Spencer 

and Porter, 2000). 

 

   

Table 2. Structural and functional properties of EOM fiber types 

 ORBITAL GLOBAL 

 SIF  MIF  Red SIF  Int. SIF  White SIF  Glob. MIF  

% of layer 80 20 33 25 32 10 

MHCI 2A + emb 1 + emb 2A 2B 2B -cardiac 

Mitochondria Many Intermed Many  Intermed Few Intermed 

Contraction:  

 - Mode twitch mixed twitch twitch twitch non-twitch 

 - Speed fast fast/slow fast fast fast slow 

Fatigue 
resistance 

high variable high Intermed low high 

Recruitment 
order 

1st 3rd 2nd 5th 6th 4th 

    MHCI: myosin heavy chain isoform. Intermed: Intermediate. emb: Embryologic type 
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EOMs has a high percentage (80–85%) of such SIF fibers, however these 

muscles are one of a few in mammals that also exhibit MIF (highly unusual in mammal 

skeletal muscle). These striated muscle fibers are innervated at several places along 

their length producing small grapelike clusters of endplates called ‘en grappe’ nerve 

endings (see figure 5A). Activation of the nerve leads the generation of a local 

contraction which is not propagated throughout the muscle fiber, but remains local to 

the nerve terminal (Morgan and Proske, 1984; Nelson et al., 1986; Jacoby et al., 1990). 

The MIFs are often referred to as non-twitch muscle fibers. They are a regular 

component of the skeletal muscles in amphibians, reptiles and fish (Morgan and 

Proske, 1984). SIFs and MIFs have many differences; the contraction of a MIF is slower 

than a SIF, but the first can maintain the tension for long periods at less energy cost, 

due to the slow turnover of the myosin-actin bonding. Nevertheless, the role of MIF in 

EOMs is still unclear. They appear to be a primitive or immature fiber type (Barker, 

1974). Since they have many features in common with intrafusal muscle fibers of 

muscle spindles (Barker, 1974) and are coupled with palisade endings (putative 

sensory receptors in EOM, see below; Steinbach, 2000) at their tips in the 

myotendinous junction, some authors claim these atypical fibers are part of a 

sophisticated proprioceptive apparatus adapted for oculomotor control systems 

(Büttner-Ennever, 2007; Blumer et al., 2009). Other authors correlate these fibers with 

the fine and acute tuning of eye movement in foveate animals (Konakci et al., 2005). 

Recent studies have shown that the multiple innervations seen in MIF can be axonal 

inputs from more than one Mn (Dimitrova et al., 2009), giving a possible explanation 

to the different electrical properties exhibited by MIFs of the orbital layer in the end-

plate zone of the muscle as opposed to areas distal to that zone. Polyneuronal 

innervation is often seen during development and neuronal regeneration after injury 

(Guntinas-Lichius et al., 2005), so it can be plausible that this trait, as many other 

developmental characteristics of EOMs, is retained in adult ocular muscles. 

 

2.1.4. Heterogeneity of myosin expression in extraocular muscles 

Striated muscle contraction is achieved by the sliding of contractile proteins 

(myofilaments) relative to one another. This myofilaments are composed principally of 

polymerized molecules of actin and myosin. While skeletal muscle actin is conserved 

across all skeletal muscle fiber types, myosin heavy chains are represented by a multi-

gene family whose isoforms exhibit diversity in contraction speed and energetics. Thus 

contractile properties of a particular skeletal muscle are determined by the unique 

isoform of myosin heavy chain they express. 

During development, skeletal muscles transiently express embryonic and 

neonatal myosin heavy chain isoforms, while adult muscles express only the adult 

myosin heavy chain types I, IIA, IIB, and IIX/D.  
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By contrast, EOM exhibits considerable heterogeneity in myosin heavy chain 

expression (Brueckner et al., 1996; Wasicky et al., 2000; Rushbrook et al., 1994; 

Jacoby and Ko, 1993). There are remarkable differences in the myosin pattern 

expression between skeletal and EOM; 

- In EOM there is expression of more than one myosin isoform in single 

muscle fibers. 

- Embryonic and neonatal myosin isoforms are only incompletely 

downregulated in EOM fiber types, because some fibers retain 

developmental isoforms while also expressing at least one adult isoform 

(Brueckner et al., 1996; Jacoby and Ko, 1993).  

- One of the two EOM MIF types expresses α-cardiac myosin, an isoform 

otherwise seen only in the heart and muscles of mastication, and the typical 

slow-twitch (type I) myosin (Pedrosa-Domellöf et al., 1992; Rushbrook et al., 

1994). 

- The EOM express a novel EOM-specific myosin heavy chain isoform, 

seen only in EOM and select laryngeal muscles (Brueckner et al., 1996; Lucas 

et al., 1995). 

It seems that some of the EOM properties have emerged to provide the special 

requirements of specific circuits within the oculomotor system, since deprivation of 

visuomotor and vestibular inputs to the developing muscle produces alterations in its 

specific myosin pattern of expression, (Brueckner et al., 1999; Brueckner and Porter, 

1998), thus altering muscle contractile and energetic properties. 

 

2.1.5. Proprioceptive system of the extraocular muscles 

Proprioception is achieved in skeletal muscle by specialized stretch receptors, 

neuromuscular spindles and Golgi tendon organs (GTOs). These two organs provide 

monosynaptic feedback of muscle length and tension and this information, hence, 

regulates motor neuron discharge rate and at last muscle contraction.  

By contrast, in EOMs neuromuscular spindles and GTOs do not appear to be the 

major sensory receptors, in fact there are many mammalian species where EOM 

spindles are absent. Therefore, in EOM information about muscle state must be 

conveyed to the system by different mechanisms. Some authors argue the need of a 

proprioceptive system for eye movements, since unlike other skeletal muscle activity, 

eye muscle contraction produce no load changes and have no gravitational influences 

so a sensory system conveying this type of information might not be necessary 

(recently reviewed by Blumer et al., 2009).  

Another big discussion along the years has been determining the importance of 

vision and the efference copy of the motor command (corollary discharge) as possible 

feedback mechanisms that provide higher neural centers proprioceptive information. 

Vision provides accurate, albeit long latency, on-line feedback as to the outcome of eye 
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movement commands, while corollary discharge provides accurate eye position 

information (Guthrie et al., 1983; Spencer et al., 1992). These two mechanisms might 

function in parallel with other muscle proprioceptive organs to achieve the level of 

accuracy needed in the visual system. 

 

2.1.5.a. Muscle spindles 

Muscle spindles are small encapsulated sensory receptors with fusiform shape 

and that located within the fleshy part of the skeletal muscle (Hunt, 1990). Their main 

role is to signal changes in the length of the muscle. All skeletal muscles possess 

muscle spindles. In EOM, nevertheless, most animals lack these receptors. None of the 

submammalian species studied have muscle spindles (Maier et al., 1974), neither 

mammals like most monkey species including Macacca fascicularis, dogs, cats, rats, 

guinea pigs and rabbits (Cooper and Fillenz, 1955; Ruskell and Wilson,1983). 

Notwithstanding humans, some species of monkey, mice and all ungulates 

(artiodactyls) have these sensory receptors in EOMs, and in some cases, like in 

humans, their density is very high (Lukas et al., 1994). The later studies show that the 

spindles are associated with the orbital layer, or the transition zone between the global 

and orbital layer but they never appear associated with the global layer (Blumer et al., 

2003).  

EOM spindles not only are very infrequent, they also differ from skeletal muscle 

spindles in their structure. In human EOMs, spindles are poorly preserved and their 

functionality remains doubtful (Ruskell, 1999). An exception to this is seen in 

ungulates where the extraocular spindles are very well developed, and they appear 

very similar to the skeletal spindles (Blumer et al., 2003). The erratic occurrence of 

muscle spindles in eye muscles of most species and their modified structure raises the 

hypothesis that a substitute receptor must be present in EOMs. 

 

2.1.5.b. Golgi tendon organs 

Back in 1880 Golgi described a complex encapsulated musculotendinous nerve 

ending in a broad range of muscles and animals. Nowadays, GTOs are recognized as 

muscle receptors similar to force transducers. GTOs respond to tension more readily 

than to stretch and provide afferent feedback for reflex regulation of motor behavior 

(reviwed by Büttner-Ennever et al., 2006). GTOs are very rarely found in EOM, but they 

have been reported in the tendons of EOM of sheep, camel, pig and calf (Ruskell, 

1999; Ruskell, 1990; Blumer et al., 2000). They exhibit structural features not seen in 

skeletal GTOs, and several different types have been described (Blumer et al., 2000). 

Of particular interest is the fact that in sheep GTOs lie in one specific layer of eye 

muscle, the outer marginal layer. Zelená and Soukup (1977) studied the development 

of GTOs and suggested that palisade endings (another type of proprioceptive EOM 

receptor described next) may represent immature GTOs.  
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2.1.5.c. Palisade endings 

The global layer possesses an unusual feature unique to eye muscles; it has 

palisade endings at the myotendinous junctions, both proximally and distally. These 

putative proprioreceptors have been described in the EOMs of almost all species that 

have been investigated including cats, monkeys and man (Eberhorn et al., 2005b, 

Alvarado-Mallart and Raymond, 1979; Richmond et al., 1984). Several authors have 

suggested that palisade endings could be the source of sensory afferent signals (Weir 

et al., 2000; Bütnner-Ennever et al., 2002) but this is a controversial topic and different 

recent findings argues in favor and against their motor function (Lukas et al., 2000; 

Konakci et al., 2005). These demonstrations, together with the uncertainty on the 

location of the cell soma of palisade endings make the conflict resilient. In this regard, 

it is worth noting that some authors have reported palisade endings somas to be 

within the trigeminal ganglion (Billing et al., 1997) or the mesencephalic trigeminal 

nucleus, supporting the sensory function hypothesis, whereas other authors have 

found them associated with the oculomotor nucleus, a result more compelling with a 

motor role for these organs or perhaps an aberrant pathway taken by the afferent 

axons (Gentle and Ruskell, 1997).  

 

2.1.5.d. Primary afferent nerve pathway from the extraocular muscles 

The only two pathways available for primary sensory afferents from eye 

muscles to access the brainstem are the trigeminal nerve or the ocular motor nerves, 

notwithstanding, as previously explained, localization of the somas of the putative 

proprioreceptors or the route the sensory afferents take are not clear. Anastomoses 

between the trigeminal and extraoculomotor nerves in retro-orbital regions have been 

demonstrated, so that it is possible that both pathways are involved.  

In spite of the uncertainty of the anatomy of the sensory pathways, there are 

clear evidences of afferent signals from extraocular muscles affecting structures 

involved in eye movement generation and control (Donaldson and Long, 1980; 

Donaldson and Knox, 2000; Knox et al., 2000; Weir and Knox, 2001). This confirms 

the existence of proprioceptive mechanisms in the EOMs, however, more research and 

new techniques will have to be applied to explain the unsolved question of how 

proprioception takes place in the oculomotor system (Wang et al., 2007).  

 

2.1.6. Extraocular muscle pulleys and their implication on eye movements 

Past views of eye kinematics and EOMs disposition during eye rotation assumed 

that when eyes rotate, EOMs side-slid over the globe, incurring on sideways 

displacement of muscles around the eye. For example, the LR would undergo sideslip 

in vertical gaze and the IR in horizontal gaze. However, in a theoretical study, 

Robinson (1975) showed that these displacements of the muscles over the sclera were 

highly improbable for mainly two reasons; the gross tissue rearrangements they would 
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imply at each gaze movement, and because they would make eye rotations 

uncontrollable. Instead, he proposed a model of eye kinematics where sideslips 

instabilities were moderated by supposing there to exist sufficient musculoglobal 

elasticities. Nevertheless, later studies then showed that posterior muscle paths were 

even more stable relative to the orbit than this early modeling suggested. Miller (1989) 

proposed that muscle paths were directly stabilized incorporating inflection points 

located posterior to their insertion points in the globe. Latter modeling (Miller, 1989; 

Miller and Robinson, 1984) and imaging studies (Miller et al., 1993) in monkey and 

human employing scans of the orbit during eye movements, demonstrated this 

hypothesis was right (Simonz et al. 1985; Miller, 1989) and that in fact, inflections of 

distal ends of muscles occurred during eye rotations.  

These observations, together with evidences of recti muscle bellies remaining 

relatively fixed in the orbit despite surgical transposition of its insertions, allowed 

Miller and colleagues to suggest that the points of inflection of each of the rectus 

muscle were sheaths of tissue fixed to the orbital wall that they called “pulleys” (Miller 

et al., 1993). Subsequent anatomical and imaging studies characterized fibroelastic 

sleeves, or pulleys, representing specializations in Tenon’s capsule (Clarck et al., 

1997; Demer et al. 1995). EOM sleeves are located approximately at the equator of the 

globe and suspended from the bony orbit by collagen/elastin/smooth muscle struts or 

entheses (see figure 2) (Demer et al., 1995; Kono et al., 2002a, 2002b; Miller et al., 

2003). Pulleys consist of discrete rings of dense collagen encircling the EOM, 

transitioning gradually into less substantial but broader collagenous sleeves. 

Anteriorly, these sleeves thin to form slings convex to the orbital wall, and more 

posteriorly the sleeves thin to form slings convex toward the orbital center. Adjacent 

muscle pulleys are intercoupled by connective tissue bands. The pulleys, as Miller 

predicted and MRI scans demonstrated, provide pivotal points in EOM paths (Clark et 

al.,1997). According to this, EOMs slide freely through their pulley sleeve that it is 

attached to the orbit by connective tissue. This was called the “passive pulley 

hypothesis”. 

Based on man and monkey MRI scans, and on the problems of the passive 

pulley hypothesis, Demer et al., (2000) formulated the “active pulley hypothesis”, 

assigning different roles to the global and orbital layer; the first providing the torque 

required to turn the eye by inserting onto the sclera, while the latter manipulated the 

longitudinal position of the pulleys, controlling the attack angles and effective fiber 

lengths of the global layer muscle fibers. The dual insertion of muscle layers permits 

movement of pulleys differently from the movement of scleral insertions (see figure 3).  

The active pulley system relays on orbital layer motor units activity to control 

and alter pulley positions and thereby adjust EOM vector forces in different gaze 

positions. It seems that EOM pulleys are evolutionary conserved since similar 

arrangement has been demonstrated in the orbit of rodents (Khanna and Porter, 2001;  
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Figure 3. Schematic view of the orbit to demonstrate the location of the global and 
orbital muscle layers and the pulley (suspension). The pulleys are displaced in 
adduction (B). From Büttner and Büttner-Ennever, 2006. 

B. Adduction A. Straight ahead 

Felder et al., 2005). Nevertheless, further reports on other species will be 

necessary to confirm this hypothesis. 

Since they were first proposed by Robinson and Miller in 1984, eye pulleys and 

their role on orbital mechanics have been extensively discussed (see e.g., van den 

Bedem, 2005). Still today is a topic of strong controversy (for a historical review see 

Miller, 2007 or Haslwanter, 2002) between authors who claim their implication on the 

implementation of Listing’s law and the half angle rule, thus giving the ocular plant a 

fundamental role on eye kinematics and others who affirm that pulleys only serve 

passive orbital properties (Dimitrova et al., 2003; Jampel and Shi, 2005, 2006) or even 

show that the orbital muscle fibers do not appear to terminate in the pulleys 

themselves (McClung et al., 2006; Goldberg, 2006), deducing therefore that pulleys 

are dragged along because of their physical attachment. Dimitrova et al. (2003) also 

demonstrated, extirpating all the connective tissue around the LR muscle, that 

amplitude and velocity of horizontal eye movements elicited by brainstem stimulation 

where not affected or even increased, reinforcing the foundations of those that were 

against the EOM pulley hypothesis. Nevertheless, on those experiments they never 

looked at three dimensional eye positions in tertiary gaze, and the active pulley model 

predicts only torsional abnormalities under these circumstances.  

 

2.1.7. Force generation in the extraocular muscles 

The speed of contraction and the fatigue properties of EOM are consequence of 

the properties of the functional units of the muscle, the motor unit, consisting of the 

Mn in the brainstem and the muscle fibres it innervates. Most of the fibres in an EOM 

motor unit are of the same type. The motor unit size (number of muscle fibers/Mn) 

determines the accuracy with which muscle force can be increased or decreased. Small 

motor units allow gradual force increments and usually are associated with fine 

control; likewise, large motor units can alter force only in large increments and usually 

are associated with postural or antigravitational musculature. The small motor unit 

size seen in EOM (2-20 muscle fibers per Mn depending on the EOM and species 
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studied) (Guéritaud et al., 1985; Shall et al., 2003) is consistent with the precise and 

fine force control required during fixations and eye movements to prevent blurred 

vision.  

Motor systems can increase force on the muscle by two distinct mechanisms; 1) 

increasing the firing frequency of the Mn until the motor unit reaches saturation and 2) 

increasing the number of Mns activated or recruited. The relation between contractile 

force and stimulation rate (tension-frequency curve) has essentially the same general 

shape, a sigmoid curve with a rather narrow frequency-range within which a variation 

in activation rate also gives an effective alteration of contractile force. This is the 

frequency range within which Mns have to operate for the effective gradation of force 

in single units. The recruitment threshold of a Mn depends on its electrical excitability, 

a trait that relies on intrinsic membrane properties but strongly depends of the 

ongoing synaptic drive. In most skeletal muscles, recruitment hierarchy in a pool of 

Mns goes from weak and slow toward stronger and faster units, following the ’size 

principle’ described by Henneman and his colleagues (for review see Henneman and 

Mendell, 1981). In the oculomotor system, is not clear if the recruitment of Mns follow 

this principle (Fuchs et al., 1988; Goldberg, 1990; Shall and Goldberg, 1992), however 

Delgado-García and colleagues were able to correlate VIn Mns size with their gain and 

threshold in cats (1986a). Direct evidence for recruitment order in EOM would be 

provided by relating the position threshold of oculomotor neurons, obtained by 

recording during fixation in alert animals, with the strengths of their associated 

muscle units as determined by intracellular stimulation. Technical difficulties of such a 

study are large, thus authors have to substitute some of these direct measurements 

with related traits and construct models to simulate motor unit recruitment in EOM 

(Dean, 1996). Presently, the most accepted recruitment model for ocular motor units is 

the one suggested by Robinson in 1978. This model accounts for the metabolic 

demands placed on fibers depending on their recruitment order and their consequent 

fatigue and for the requirement of smooth contractions to control accurate eye 

movements. In this model orbital SIF and global red SIF would be the first to become 

active within the off-direction of the muscle plane of action, then orbital MIF followed 

by global MIF and global intermediate SIF. Global pale SIF are the last fibers being 

recruited (see last row of table 2). The MIFs within the global and orbital layer 

presumably become active around the primary position, where eye adjustments are 

small but critical in order to achieve accurate eye positions. The important role of MIFs 

at this point is based on their unique ability to increment muscle force smoothly. Even 

though this model may still be correct, it is worth noting that it does not account for 

recent findings on eye anatomical structures like pulleys (Demer et al., 2000). Thus, 

new recruitment models accounting for individual roles of orbital and global layer 

fibers on pulleys and globe movement, respectively, are necessary. 

The model proposed by Robinson supports that the high heterogeneity of 
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muscle fibers in the EOMs is a consequence of their recruitment at specific eye 

positions, thereby requiring a range of contractile and fatigability properties. For the 

last thirty years Goldberg and his team as well as other scientist, have studied the 

speed of contraction, fusion frequency and fatigue resistance of fiber types within 

different oculomotor muscles making a comparative analysis in distinct species 

(Nelson et al., 1986; Quaia et al., 2009a; Dimitrova et al., 2009; Goldberg and Shall, 

1997, 1999, 2000; Goldberg et al., 1998; Shall et al., 1995, 1996, 2003; Dean, 1996; 

McClung et al., 2001). On figure 4 the contractile responses of cat MR and LR muscle 

units to electrical stimuli are shown, note the differences between twitch and non-

twitch fibers. The above mentioned studies have yielded the conclusion of the 

existence of five different types of motor units not often found in other skeletal 

muscle (Goldberg and Shall, 1999). This physiological classification scheme coincided 

with the structural and histochemical findings of five to six muscle fiber types in EOMs 

previously reported by Spencer and Porter (1988). The functional role of each fiber 

type proposed by Goldberg and Shall led to a reinterpretation of Robinson’s 

recruitment model. This model suggests that when the eye is in the primary position, a 

majority of the fatigue resistant units of the orbital and global layers are recruited for 

the fine and sustained gradation of force needed for fixation and binocular vision. The 

increasingly faster, but fatigable fibres are recruited only during saccades or when the 

eye is held in eccentric positions, where contraction of the muscle is maximal. 

Individual layer recordings of EMG with multiple electrodes in human EOMs, supported 

the view that EOM units can be recruited separately in slow and fast eye movements 

(Collins, 1975). These recordings demonstrated that, during saccades, fibers of the 

orbital layer almost only show step activation, while in the global layer a pulse-step 

activation of the fibers is seen. In the primary position there is only activity in the 

orbital layer. These experiments also corroborated the active pulley hypothesis 

(Demer, 2002) since step activation in the orbital layer correlates well with its unique 

function of controlling the position of the pulleys. Nevertheless, how these fibers have 

this activity pattern when recordings from the Mns innervating them show a pulse-step 

discharge is still not clear.  

Under isometric conditions, the range of forces that is possible for an EOM to 

achieve is studied correlating its elongation or the eye displacement with the tension 

produced (Robinson, 1964; Barmack et al., 1971; Goldberg et al., 1998; Bishop et al., 

2007). The experiments by the mentioned authors were done in different mammal 

species and even though some differences were reported (probably caused by 

methodological differences), they all followed a similar pattern; tension increased 

exponentially as muscle length increased.   
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Figure 4. Contractile responses of medial rectus (MR; left) and lateral rectus (LR; right) muscle units to 
electrical stimuli applied intracellularly to their respective motoneurons. Contractile properties of twitch 
units (A and B) and nontwitch units (C and D) were evaluated. A: these intracellular and muscle tension traces 
represent the activity of a typical MR twitch motor unit. A double pulse at 650 Hz delivered to the oculomotor 
nerve produced the antidromic activity shown in A1, where the initial segment-soma-dendritic (IS-SD) break 
indicates that the intracellular record was taken from a neuron soma. In A2, intracellular stimulation (S) of 
the motoneuron produced a twitch contraction (70 mg tension, 5.0-ms contraction time) in the MR muscle. 
Multiple intracellular pulses, at rates of 50-250 Hz, produced the tetanic contractions pictured in A3. This 
motor unit exhibited fused tetanus at the stimulation rate of 225 Hz, the same point at which maximum 
tetanic tension was achieved (693 mg). The bar beneath the tetanic traces represents the time scale (ms) and 
the duration of the stimulus train. These same conventions are used in the following figures. B: a 
representative LR twitch unit is illustrated here. In B1, an intracellular pulse evoked a twitch contraction of 
42.7 mg in 7.0 ms. Tetanic stimulation, shown in B2, produced fused tetanus between 150 and 200 Hz and 
showed 98% (353 mg) of maximum tetanic tension (367.4 mg) at fusion. C: the MR motor unit pictured here 
did not demonstrate a twitch contraction (bottom) in response to an intracellular pulse (S) but produced 
progressively higher tensions with increasing rates of tetanic stimulation (top). Tensions generated during 
tetanic stimulation of this unit were at 50 Hz = 10 mg, 75 Hz = 10.8 mg, 100 Hz = 13.0 mg, 200 Hz = 14.1 
mg, and 300 Hz = 18.8 mg. No value for fusion frequency could be determined. D: this LR motor unit did not 
exhibit a twitch contraction in response to a single intracellular stimulus (bottom). Tetanic stimuli, however, 
generated muscle tensions that increased with stimulus rate (top). Tetanic tensions of this nontwitch unit are 
at 50 Hz = 14.2 mg, 100 Hz = 22.7 mg, 150 Hz = 40.9 mg, and 200 Hz = 49.0 mg. No value of fusion 
frequency could be determined. From Meredith and Goldberg, 1986. 

 

This is similar for all skeletal muscles studied to date (Binder et al., 1996). A 

recent publication by Quai and colleagues however, claims length-tension relation to 

be better fitted with more complex function; T(L) = aL + beL/c + d, where T is passive 

force and L is muscle elongation and a, b, c and d are constant parameters. These 

authors also report considerable inconsistencies across data sets from all of the above 

cited authors, even within the same species (Quaia et al., 2009a, 2009b). Surprisingly, 

as the authors highlight, since those experiments were done (early seventies), not a 

single study has been performed to measure and contrast the early reports of static 
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mechanical properties of passive eye muscles. For this reason they carried out the 

same experiments in monkeys and found the static relationship between muscle 

length and tension to be remarkably consistent across EO recti muscles. They conclude 

that EOMs tension augments 0.14 g per degree of muscle elongation. This number is 

in discrepancy with the data provided by other authors (0.32 g/degree in squirrel 

monkey by Goldberg et al., (1998), 0.4 g/degree in man by Robinson et al., 1969), 

nevertheless the differences observed may be due to differences between species and 

methodological conditions (Croes and von Bartheld, 2007). Nowadays it is possible to 

build more reliable models of the orbital mechanics (Pfann et al., 1995) based on the 

utilization of muscle tension transducers that are able to accurately measure muscle 

force of each of the EOM during natural eye movements in the alert, behaving animals 

(Miller and Robins, 1992). These transducers are very useful since they provide precise 

and simultaneous measures of antagonist muscle pairs, thus giving a more realistic 

view of how the oculomotor system operates (Miller et al., 2002) and providing 

another tool that may help understanding the complexity of the orbital mechanics. In 

this project a muscle force transducer inplanted on the LR muscle will be utilized to 

measure muscle tension on behaving cats. This signal will be correlated with the firing 

discharge recorded from abducens Mns. 

Finally, it is worth mentioning that compared with other fast skeletal muscles, 

EOMs have very short contraction and half-relaxation times (Frueh et al., 1994). During 

maximal tetanic contractions, the force generated by these muscles is smaller in 

relation with limb muscles (even when normalized to their cross sectional area). The 

average LR maximal tetanic contraction produces a mean tension of 109 g in cat, 17 g 

in ferret and 13.7 g in squirrel monkey (Goldberg et al, 1998; Shall and Goldberg, 

1992; Bishop et al., 2007). The EOM twitch-to-tetanus ratio is lower than in other 

muscles. This distinct behavior of EOMs may be reflect of the developmental (Noden et 

al., 1999), anatomical (McLoon et al., 1996, 1999, 2003; Alvarado-Mallart and Pinçon-

Raymond, 1976), genetic (Cheng et al, 2004; Shrager et al., 2000) and physiological 

(Spencer and Porter, 1988; Kjellgren et al., 2003a) differences found in these muscles. 

 

2.1.8. Differential response of extraocular muscles to muscle disease 

After reviewing the enormous amount of differences between EOMs and other 

skeletal muscles, understanding that there are diseases or affections that selectively 

spare or target EOMs is not difficult. This muscle group is either more or less 

susceptible to some diseases than other skeletal muscles. In this section a brief 

summary of some of them will be made, (for a complete review see Kaminski et al., 

2002).   

As we previously mentioned, the orbital layer has a higher mitochondrial 

content to endure higher fatigue resistance. This trait makes EOMs selectively 

vulnerable to the respiratory chain dysfunctions occurring in mitochondrial disorders 
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such as chronic progressive external ophthalmoplegia. Other affections like 

myasthenia gravis or the irreversible long-term atrophies exert by botulinum toxin on 

EOMs have no clear explanation yet (Porter et al., 1991; Spencer and McNeer, 1987), 

nevertheless some hypothesis have been suggested (MacLennan et al, 1997; Kaminski 

and Ruff, 1997). In the case of strabismus, it is not clear if EOM alterations are cause 

or consequence of the disease since these alterations do not show a consistent pattern 

in muscle pathology (Martínez et al., 1980). Some authors have related aberrant 

localization of EOM pulleys with strabismus (Oh et al., 2002). Some muscular 

dystrophies, on the other hand, like Duchenne’s syndrome or congenital muscular 

dystrophy, are good examples of diseases that spare EOM (Khurana et al., 1995; 

Ragusa et al., 1996, 1997; Porter, 1998; Porter and Karathanasis, 1998).  

Nevertheless, not only EOM are spared in disorders that generally affect all 

other muscles, but also extraocular Mns seem to escape the effects of regular motor 

neuron diseases. Some examples include infantile and juvenile spinal muscular 

atrophy, Kennedy’s disease, amyotrophic lateral sclerosis (ALS; Nishio et al., 1998), 

and poliomyelitis (Mitsumoto et al., 1997). The EOMn must differ from spinal and 

bulbar Mns, which are selectively affected in these diseases. There are different traits 

that might help EOMn become more resistant than other spinal Mns, these include; 

expression of calcium-binding proteins that might protect them from the Ca2+ 

dependent degeneration, possible more efficient mechanisms that protect them 

against excitotoxic insults due to higher excitatory neurotransmission seen in these 

Mns (Spencer and Sterling, 1977), and different pattern of trophic factors expression 

(Benítez-Temiño et al, 2004; Engle, 2002). 

Studying the properties that make EOMs and EOMns immune to all these 

affections is essential to find new treatments and protective mechanisms for other 

skeletal muscles and Mns, along with a better comprehension of the properties that 

make this system unique and distinct from other motor systems. 

 

2.2. Extraocular motoneurons 

The contraction of EOM is produced by the activity of Mns located within 

different nuclei of the brainstem. These Mns thus represent the final common pathway 

upon which commands from distinct supranuclear areas converge to produce eye 

movements. The anatomical distribution, morphology, physiology, intracellular and 

extracellular properties, developmental features and their differences with other Mns 

have been extensively studied in different species. Since this thesis utilizes VIn Mns to 

study the effect target disconnection and exogenous trophic support has on their 

morphological and physiological properties, the main features of these neurons will be 

summarized on this section.  
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2.2.1. Extraocular motoneuron localization 

Mns in the oculomotor nucleus (IIIn) innervate the ipsilateral MR and IR and the 

IO and contralateral SR muscles; those in the trochlear nucleus (IVn) control the 

contralateral SO, and Mns in the abducens nucleus (VIn) drive the LR muscle. The 

mammalian IIIn also includes Mns which innervate the levator palpebrae superioris 

(LP); they lie in a slightly separate subgroup in caudal IIIn, called the central caudal 

nucleus. 

 

2.2.1.a. Oculomotor nucleus (IIIn) 

The IIIn lies in the midbrain, close to the midline and underneath the 

periaqueductal grey. Mn subgroups within this nucleus are organized in a topographic 

map (for review see Evinger, 1988). They follow, from rostral to caudal, the sequence 

of IR, MR, IO, SR (and LP) (Shaw and Alley, 1981). This topographic organization is 

similar in all mammals studied to date: monkey (Büttnner-Enneveret al., 2001), cat 

(Miyazaki, 1985), rabbit (Murphy et al., 1986), guinea pig (Evinger et al., 1987), rat 

(Glicksman, 1980). However, some differences, related to frontal vs. lateral eyed 

vision, are seen in the subgroups of LP and MR (Sun and May, 1993; Evinger et al., 

1987).  

It is worth noting that in primates, MR Mns subgroups are arranged differently. 

There are three distinct clusters of MR Mns, the A-group extending into the medial 

longitudinal fasciculus (MLF) lying ventrally, the large Mns of the B-group in the 

dorsolateral part of the IIIn and dorsomedially at the peripheral border of the 

oculomotor nucleus the C-group, consisting of smaller Mns (Büttnner-Enneverand 

Akert, 1981). In lower species such as cat (Miyazaki, 1985) and rat there are 

rudimentary Mn clusters similar to those three groups described in primates (reviewed 

by Büttner-Ennever, 2006). Surprisingly, it remains unclear if Mns lying within these 

three groups achieve different functions. Recent experiments show that the Mns of the 

C-group innervate the global layer MIFs of both MR and IR (Büttner-Ennever et al., 

2001) and that at least in monkeys these Mns receive different supranuclear afferents 

(Wasicky et al., 2004) raising the possibility that this Mns may accomplish different 

functions than those innervating the SIF (SIF Mns). 

Mns innervating the MIFs from the global layer of the IO and SR muscles lie 

together close to the midline, between both IIIn, constituting the ‘‘S-group’’ (Büttner-

Ennever et al., 2001; Wasicky et al., 2004). Excitatory inputs to the S-group would lead 

to upward deviation of the eyes, while the same input to the C-group would result in 

vergence with a downward component. Figure 5 B.1 and C.1 show a schematic 

diagram of the localization of MIF and SIF Mn within the IIIn and VIn.  

Within the IIIn, beside SIF and MIF Mns (see below, section 2.2.2.), there are 

also several populations of internuclear neurons (IntN) with diverse projection targets, 

such as the spinal cord, the cerebellum, the abducens nucleus (Clendaniel and Mays, 
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1994). The subpopulation of IntN which project to the ipsi and contralateral VIn lie 

within the IIIn but are also found in the supraoculomotor area. Some differences in 

their localization have been reported between monkey and cat (Maciewicz and Phipps, 

1983; Büttner-Ennever and Akert, 1981) but in both species the crossed pathway from 

IIIn IntN onto LR Mns is excitatory, monosynaptic and targets SIF LR Mns exclusively 

(Büttner-Ennever et al., 2003; Ugolini et al., 2006). These cells show a similar activity 

pattern than IIIn Mns, probably due to the axon collaterals they receive from them 

(Spencer and Baker, 1986). Oculomotor IntN are thought to be involved in the 

execution of conjugated eye movements. 

 

2.2.1.b. Trochlear nucleus (IVn) 

The IVn lies in the midbrain ventral to the aquaeduct and caudal to the IIIn. It 

contains only Mns of the SO muscle; however it has been demonstrated the 

contribution of SO motor unit activity during convergent eye movements (Mays et al., 

1991). In all mammals where the trochlear nucleus has been studied (rabbit, rat, 

hamster, guinea pig, cat, and ferret) the percentage of contralateral vs. ipsilateral 

projecting Mns is approximately 96-98 vs. 2–4% (Murphy et al., 1986). In lower 

vertebrates, however, the percentage of ipsilateral projecting SO neurons increases, 

being 16% in lamprey (Fritzsch and Sonntag, 1988). As a general trait, the ipsilateral 

SO projecting Mns are smaller than the ones projecting to the contralateral SO muscle.  

The Mns innervating the MIF, or slow non-twitch muscle fibers, lie in a tight 

cluster in the dorsal cap of the nucleus. (Büttner-Ennever et al., 2001). 

 

2.2.1.c. Abducens nucleus (VIn) 

The VIn lies in the pontomedullary brainstem beneath the floor of the fourth 

ventricle. The structure and localization of this nucleus is similar in mammals (for 

review see; Evinger, 1988). In teleosts, nevertheless the nucleus is divided in a rostral 

and a caudal subdivisions with bigger Mns on the latter (Sterling, 1977).  

This nucleus, at least in monkeys and rats, contains four different functional 

cell groups; two different types of Mns, one innervating the MIF and the other one the 

SIF of the global layer of the LR muscle, VIn IntN and in the rostral cap of the VIn, 

floccular-projecting neurons. SIF Mns (see section 2.2.2.) are scattered throughout the 

nucleus, MIF Mns in contrast are clustered in the periphery of the VIn (Büttner-Ennever 

et al., 2001). See figure 5C.  

The VIn-IntN tend to lie lateral the rootlets of the VIn in primates while in cat 

they are present throughout the VIn, more prevalent rostrally, but intermixed with Mns 

in the ratio of about 1:2, respectively (Steiger and Büttner-Ennever, 1978). Both, Mns 

and IntN, exhibit similar firing pattern during eye movements (see below) (Fuchs et al., 

1988) but in contrast with the IIIn, VIn-IntN do not receive collaterals from the VIn Mns 

(Highstein et al., 1982). The VIn-IntN project, through the MLF, to the contralateral IIIn 
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Mns controlling the MR muscle (Büttner-Ennever and Akert, 1988; Delgado-García et 

al., 1986b), being this connection essential for the adequate performance of 

conjugated eye movements in the horizontal plane. 

Hence, damage to the MLF causes paresis of the MR a syndrome called 

internuclear ophthalmoplegia (Delgado- García et al., 1986a, b; Zhou and King, 1998). 

 

2.2.2. Types of extraocular motoneurons 

Until recently, it was generally accepted that oculomotor Mns formed a 

relatively homogeneous group, constituted by cells with similar eye position related 

behavior (Keller and Robinson, 1972; Keller, 1973). The recordings made in monkeys 

by Robinson and Keller (1972) demonstrated that all Mns participated equally in all 

type of eye movements, strengthening the idea of the existence of only one type of Mn 

within the oculomotor nuclei. At that time, it was also thought that all the Mns 

projecting to the same muscle received the same afferents thus comprising the final 

common path for all the signals conveyed by higher motor centers to the muscles to 

move the eyes. Some authors, nevertheless, based on the known existence of different 

types of muscle fibers (see section 1.2.3) tried to classify at least five different groups 

of Mns depending on their activity pattern (Henn and Cohen, 1972).  

It was in 2001 when Büttner-Ennever and colleagues investigated, by means of 

retrograde tracers, the location of Mns supplying SIFs or twitch fibers and MIFs or non-

twitch fibers in the six EOMs of monkeys. The injections were made at different 

locations of eye muscles, either centrally, within the central SIF endplate zone; in an 

intermediate zone, outside the SIF endplate zone, targeting MIF endplates along the 

length of muscle fiber; or distally, into the myotendinous junction containing palisade 

endings. Surprisingly, the latter injection labeled almost exclusively small and medium-

large peripheral neurons that were different from the ones labeled with the other two 

injections. The localization of these MIF or non-twitch contacting Mns on each 

oculomotor nuclei has been described above. The large Mns labeled with the first two 

injections innervated twitch fibers and were named SIF or twitch Mns. The peripheral 

subgroups also contained medium-large neurons which were thought to be associated 

with the palisade endings of global MIFs.  

Later studies by the same group yielded the conclusion that twitch and non-

twitch Mns did not receive inputs from the same premotor structures. In this regard it 

is worth noting that the saccade generator (PPRF) does not project to the non-twitch 

Mns (Büttner-Ennever et al., 2002), the central superior VN only projects to twitch Mns, 

while the nucleus of the optic tract, and the olivary pretectal nucleus, seam to project 

only to non-twitch Mns lying in the contralateral C and S group (Wasicky et al., 2004) 

(see figure 6). 
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A.  A.  

B.  
B.1  B.2  

C.  
C.1  C.2  

Figure 5. Localization of the terminals 
of the SIF and MIF motoneurons 
within the muscle (A) and 
motoneuronal soma within the 
oculomotor (B) and abducens (C) 
nuclei. A. Schematic diagram of an eye 
muscle, showing SIF with the central 
endplate zone; and MIF with ‘‘en 
grappe’’ terminals along the whole 
length (in some cases one MIF is 
innervated by several motoneurons. 
Note that a tracer injection at the 
muscle tip, avoiding the central 
endplate zone, will retrogradely label 
only MIFs. On B.1 and C.1 shows the 
localization of the MIF motoneurons, 
mainly supplying the global layer of 
muscle (black dots). These 
motoneurons lie around the periphery 
of III and VI in a different pattern from 
the SIF motoneurons. The C-group 
contains MR and IR MIF motoneurons; 
the S-group contains IO and SR MIF 
motoneurons. The MR SIF motoneurons 
in the dorsal B-group, and ventral A-
group, are indicated by open circles. 
B.2 and C.2 show the photomicrographs 
of transverse sections of oculomotor 
nucleus (B.2), and abducens nucleus 
(C.2), double labeled for choline 
acetyltransferease (ChAT) (red) and 
perineuronal nets (green). All 
motoneurons and many EW neurons are 
ChAT positive (red). Only SIF 
motoneurons within the motor nuclei 
are also ensheathed by perineuronal 
nets (green). MIF motoneurons (arrows) 
lack perineuronals nets and lie close to 
EW. From Eberhorn et al., 2005a and 
Büttnner-Ennever, 2006. Calibration in 
B.2: 500 μm. 
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These experiments revealed that global MIF Mns are associated primarily with 

premotor areas for vergence, smooth pursuit and gaze-holding, but not with premotor 

areas generating saccades or VOR, which is in contrast to SIF Mns (Büttner-Ennever et 

al., 2002; Wasicky et al., 2004).  

Furthermore, both types of Mns not only differ in their morphology and their 

afferent signals, but also in their histochemical properties (Eberhorn et al., 2005a). 

Accordingly, the smaller MIF Mns do not contain non-phosphorylated neurofilaments 

or parvalbumin and lack perineuronal nets, whereas the larger SIF Mns express all 

these markers at high intensity. Experiments in rats have revealed the same subgroups 

of Mns, discarding the hypothesis of the segregation in two populations as a trait 

achieved to serve the special requirements of frontal eyed animals (Eberhorn et al., 

2006). 

All these results suggest that twitch and non-twitch Mns may have basically 

different functions challenging the idea of a ‘‘final common pathway’’ in which it is 

postulated that all Mns participate in all types of eye movements (Miller, 2003). 

Nevertheless the role of non-twitch Mns on eye movements remains unclear, since 

Figure 6. Diagram showing main signals conveyed to the SIF and MIF motoneurons and their 
plausible functions on eye movements. The diagram is based on the results of transsynaptic tract 
tracing experiments from Ugolini et al., 2006 that show that the MIF motoneurons receive afferents from 
premotor neural networks associated with smooth pursuit eye movements, convergence and gaze holding, 
but not from the networks generating saccades or the vestibulo-ocular reflex. In contrast, the SIF 
motoneurons receive inputs from saccadic and VOR pathways, and possibly the other networks too. The 
difference in connectivity of MIFs and SIFs means a difference in function, and it is suggested that the SIFs 
may drive fast eye movements, while MIFs control muscle tension. From Büttnner-Ennever, 2007. 
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individual recordings from these neurons in behaving primates have not been 

reported. Their firing characteristics may be deduced from studies in frog and cat, 

where non-twitch units were described (Goldberg et al., 1981; Dieringer and Precht, 

1986; Nelson et al., 1986; Shall and Goldberg, 1992). In frog, non-twitch units were 

shown to fire tonically at around 50 Hz (Dieringer and Precht, 1986; Straka and 

Dieringer, 2004). Figure 6 shows signals conveyed to both types of Mns and their 

plausible function on eye movements. Some authors have suggested a role for twitch 

Mns driving eye movements and a different role for non-twitch Mns, maintaining the 

tonic muscle activity, as in gaze holding and vergence, possibly involving a 

proprioceptive feedback system (Büttner-Ennever et al., 2001; Eberhorn et al., 2006; 

Wasicky et al., 2004). However more electrophysiological studies will be necessary in 

order to confirm this hypothesis. 

 

2.2.3. Anatomy and physiology of the extraocular motoneurons 

2.2.3.a. Morphometry and hystochemistry of extraocular motoneurons 

Mns within the oculomotor nuclei are in general polygonal multipolar neurons. 

Differences in size, geometrical characteristics and morphology of the dendritic tree 

between spinal, oculomotor and other cranial Mns have been reported (Bras et al., 

1987; Grantyn and Grantyn, 1977, 1978; Carrascal et al., 2005, 2006). Comparative 

studies in cats have shown that the largest ocular LR Mns are markedly smaller than 

large -Mns of the lumbar cord (reviewed by Büttner-Ennever, 2006). 

LR Mns have thinner dendrites when compared to spinal Mns with the same 

soma surface area. The maximal dendritic extension is less for LR Mns, this being 

correlated to the smaller initial diameters of primary dendrites. Nevertheless, no 

significant difference between spinal and LR Mns in the number of primary dendrites 

are reported, LR Mn having an average of 8.9 primary dendrites per cell (Grantyn and 

Grantyn, 1978). It is worth noting that there are interspecies variations on the 

morphometric characteristics of oculomotor Mns. While in homeotherms differences 

are scarce and soma diameter and number of dendrites are lineally related (for review 

see Evinger, 1988), in poikilotherms, increasing soma diameter leads to an increase in 

the diameter of the dendrites and for the same soma size, dendrites show larger 

diameter (Graf and Baker, 1985; Graf and McGurk, 1985; Szabo et al., 1987). Soma 

size and number of primary dendrites are some of the variable morphological traits 

found between mammals. Humans have oculomotor Mns with an average diameter of 

approximately 50 μm, and 12–20 primary dendrites (Szabo et al., 1987); whereas 

guinea pig, rat and ferret have oculomotor neurons of 25-30 μm diameter and 5–7 

primary dendrites (Durand, 1989a, b; Bishop et al., 2007).  

The most extensive comparative work has been carried out in cat and squirrel 

monkey. Although there is a wide variation in the results of VIn Mn sizes, there is a 

general consensus that those of cat are larger than those in monkey (Grantyn and 
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Grantyn, 1978; Langer et al., 1986; McCrea et al., 1986; McClung et al., 2001). Within 

the VIn, the reported diameter for monkey Mns ranged from 20 to 44 μm (mean 31.7 ± 

3.8 μm), and had four or more primary dendrites per cell, while in cat their size ranged 

from 26 to 66 μm (mean 37.2 ± 6.2 μm), having 8-9 primary dendrites per cell 

(Grantyn and Grantyn, 1978; McClung et al., 2001).  

Within the same oculomotor nuclei there are also differences in size of Mns. 

This is in consistence with the significant size differences reported for SIF and MIF Mns 

in different species (Büttner-Ennever et al., 2001; Eberhorn et al., 2005a).  

Primate and cat oculomotor Mns, as well as VIn IntN are all cholinergic (Kus et 

al., 2003; Spencer and Wang, 1996; Carpenter et al., 1992). Nevertheless, VIn IntNs 

appear to use glutamate and aspartate as transmitters (Nguyen and Spencer, 1999). 

The study of the neurotransmitters the extraocular Mns receive from their main 

afferents will be reviewed in section 2.2.3.f. 

Mns and IntN from the oculomotor nuclei express a multitude of membrane 

proteins, such as Ca2+ binding proteins (de la Cruz et al., 1998), trophic factor 

receptors (Benítez-Temiño et al., 2004, see section 5), cadherins (Heyers et al., 2004) 

or ion receptors (Bhattacharjee et al., 2002) that may exert a strong influence over 

their properties and are in part responsible for their unique behavior. 

 

2.2.3.b. Extraocular motoneurons excitability and firing properties 

As previously mentioned, two fundamental traits of Mns control their motor 

output, the recruitment threshold and its rate modulation. The former is defined by 

two factors: (1) Mn synaptic input (see section 2.2.3.f), and (2) its intrinsic threshold 

(Heckman and Binder, 1993b). The neuron intrinsic threshold depends on intrinsic 

electrical properties of each Mn (see section 2.2.3.c and 2.2.3.d). Rate modulation, on 

the other hand, also depends on synaptic input, however since there are gain 

differences between Mn pools receiving the same input, other factors might exert its 

influence over this parameter (Heckman and Binder, 1993a, 1993b; reviewed in 

Heckman et al., 2009).  

The firing pattern observed in EO Mns therefore relies on different factors; Mn 

afferent connections and the neurotransmitters released at these synaptic inputs, 

intrinsic neuron properties like the ionic currents responsible for changes in 

membrane potential and the summation of somato-dendritic input signals. 

Mn excitability is altered by two different mechanisms; the ‘‘ionotropic” 

mechanism working via neurotransmitters that open ion channels in the cell 

membrane and thus depolarizes or hyperpolarizes Mns generating excitatory or 

inhibitory postsynaptic potentials, respectively (EPSP and IPSP), and the “metabotropic” 

mechanism mediated by neurotransmitters which bind to receptors activating 

intracellular signaling pathways. These pathways modulate the properties of the 

voltage-sensitive channels that determine the intrinsic input–output properties of Mns 
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altering the neuron response to ionotropic inputs (recently reviewed by Heckman et 

al., 2009). 

In the following sections some of the mechanisms responsible for the Mns 

firing behavior will be reviewed and some possible factors that may produce changes 

in Mn excitability will be summarized. 

 

2.2.3.c. Ionic currents 

The dynamic regulation of motoneuronal excitability is largely determined by 

the voltage-gated channels present in its membrane and the influence of different 

neuromodulators acting over these channels. Different well defined ionic currents are 

responsible for the supra and subthreshold behavior of the membrane potential 

determining the cell’s threshold and firing behaviors (Kernell, 2006). Table 3 and 

figure 7 summarizes the type of currents and their effect on the Mn membrane 

potential.  

 - Na+ currents: all Mns have a fast inactivating Na+ current (I Na i), which 

underlies the fast depolarization phase during Na+-dependent action potentials. In 

spinal Mns the somatic I Na i activates and inactivates rapidly (1-4 ms) and shows a 

rather slow recovery from inactivation that might control the maximal firing frequency 

of the Mn (Ogata and Ohishi, 2002). In some Mns (facial, hypoglossal, and trigeminal) 

a persistent Na+ current (I Na p), i.e., non-inactivating, is also present (Chandler et al., 

1994; Mosfeldt Laursen and Rekling, 1989; Ogata and Ohishi, 2002; Powers and 

Binder, 2003; Zeng et al., 2005). It activates below spike threshold, accelerating 

subthreshold membrane depolarization to spike threshold. Some authors suggest 

these persistent channels may represent Na+ i channels in a non-inactivating gating 

mode, instead of a different type of Na+ channel (Crill, 1996). Taddese and Bean (2002) 

demonstrated this is the case in tuberomammillary neurons, in which I Na p arises 

from the incomplete inactivation of the same channels as the fast sodium current. 

 - K+ currents: K+ channels are responsible for the subthreshold membrane 

behavior, action potential shape, and firing properties of Mns. This channels are also 

important targets for neuromodulators affecting motoneuronal excitability. Several 

distinct types of K+ conductances are found in Mns (McLarlon, 1995). The resting 

membrane potential of Mns in vivo is the result of balance between outward K+-, 

inward Na+-, and Cl--leak conductances, nevertheless, other ionic currents, like the 

inward rectifier K+ current (I Kir), hyperpolarization-activated inward current (I h), 

transient outward K+ current (I A), and Ca2+- activated K+ currents may also affect the 

resting membrane potential (Bayliss et al., 1994; Hsiao and Chandler, 1995; Larkman 

and Kelly, 1992; Topert et al., 1998). Inward rectifier currents, i.e., currents that 

reduce upon depolarization and increase with hyperpolarization, are mediated by Kir 

channels (Hille, 1992; Rudy, 1988; Nichols et al., 1997). In some neurons, inward 

rectifiers are active at resting membrane potential, giving rise to a steady outward 
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current, which is in balance with leak inward currents. When the membrane is 

depolarized, Kir channels close, releasing the membrane to depolarize further 

(anomalous rectification). Transmitters acting on the Kir channels (through second 

messenger systems) can have a powerful influence on neuronal excitability by reducing 

the stabilizing action of the Kir current. Recently, several novel inwardly rectifying K+ 

channels (Kir2.1, Kir2.2, Kir2.4, GIRK1–3) have been identified in brain stem Mns 

(Topert et al., 1998). Delayed rectifier (I Kdr), transient outward (I A), Ca2+ - activated K+ 

[I K Ca(BK), I K Ca(SK)], and leak currents shape the action potential and the 

afterhyperpolarization phase (AHP). The delayed rectifier is a tetraethylammonium 

sensitive sustained outward K+ current (Rudy, 1988) activated by depolarization that 

contributes to the falling phase of the action potential and the fast 

afterhyperpolarization (fAHP). The transient outward K+ current IA is rapidly 

inactivating current activated by depolarization and deinactivated by hyperpolarization 

(Viana et al., 1993a, b). This current affects the onset and steady-state firing of Mns 

and when blocked spike repolarization is prolonged and fAHP is reduced (Hsiao and 

Chandler, 1995; Safronov and Vogel, 1995; Takahashi, 1990a; Viana et al., 1993b). 

There are two types of Ca2+-activated K+ currents; BK and SK. The former produces a 

large conductance of K+ through selective channels gated by the rise in intracellular 

Ca2+ during the action potential or voltage changes (Rudy, 1988), while SK produces 

smaller conductances and are not affected by voltage changes. I K – Ca (BK) acts 

reducing the falling phase of the action potential (Takahashi, 1990a; Umemiya and 

Berger, 1994, Viana et al., 1993b) and I K – Ca (SK) is the dominant conductance 

underlying AHP (Kobayashi et al., 1997, Viana et al., 1993b). Na+-activated K+ channels 

(I K Na) does not appear to contribute to single action potentials but gives rise to the 

postdischarge hyperpolarization that follows trains of action potentials, due to 

accumulation of internal Na+ (Safronov and Vogel, 1996). There are no reports of the 

existence of this current in EO Mns but since this hyperpolarizations are also seen, 

their presence is plausible. Mns also show a mixed cationic (Na+-K+) hyperpolarization-

activated current (I h, or I Q) (Mosfeldt Laursen and Rekling, 1989; Pape, 1996; 

Takahashi, 1990b; Viana et al., 1994) with inward net current both at rest and at 

hyperpolarized potentials. Activation-deactivation of I h following hyperpolarizations 

gives rise to a postinhibitory rebound and can lead to rebound bursts of action 

potentials. I h may be partially active at rest, thereby contributing to the resting 

membrane potential (Bayliss et al., 1994; Larkman and Kelly, 1992). 

  - Ca2+ currents: at least six types of voltage-gated Ca2+ channels (L, N, P, Q, R, 

and T types) are expressed in CNS neurons (Randall and Tsien, 1997). Three types of 

high-voltage-activated (HVA; L, N, and P type) and one type of low-voltage-activated 

(LVA; T type) Ca2+ channel types are present in hypoglossal Mns (Umemiya and Berger, 

1994). 
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Figure 7. Supra- and subthreshold membrane behavior of motoneurons. A: ionic currents 
underlying the action potential waveform. B: ionic currents underlying subthreshold membrane 
behavior, in this case, elicited by a shortlasting depolarizing/hyperpolarizing square current pulse. 
C: different phases of adaptation during repetitive firing and postdischarge hyperpolarization after 
a long-lasting current pulse. Unless noted, currents are activated at times indicated. For definitions, 
see Table 3. From Rekling et al., 2000. 

  

 

Ca2+ conductances affect the falling phase of the action potential, spike 

afterdepolarization (ADP), and AHP, in the latter case via I K Ca (Harada and Takahashi, 

1983; Umemiya and Berger, 1994, Viana et al., 1993a, 1993b). The L-type Ca2+ 

channels play a central role in the generation of plateau potentials in some Mns 

(Hounsgaard and Kiehn, 1989; Hsiao et al., 1998). In some others a Ca2+-activated Na+ 

current (I Na Ca) seems to be responsible for the prolonged plateau like firing 

observed in response to brief afferent input or current injection. I Na Ca resembles the 

Ca2+-activated nonspecific cationic current (I CAN) found in spinal Mns in the turtle, 

however in these Mns the current is not involved in generation of plateau potentials 

(Perrier and Hounsgaard, 1999). The spatial distribution of these conductances 

(restricted to dendrites in turtles) (Hounsgaard and Kiehn, 1993) is apparently the 

reason why they do not have the same role as its counterpart in rat (Hounsgaard and 

Kiehn, 1993; Svirskis and Hounsgaard, 1998). 
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Table 3. Membrane currents in motoneurons and their proposed function 

Current (Ions) Proposed Function 

I Na i (Na+) Action potential 

I Na p (Na+) 
Acceleration of membrane potential to spike threshold, amplify 
EPSP, linearize firing with increased current input 

I K leak (K+) Resting Vm  

I Kir (K+) Resting Vm, stabilize Vm around rest 

I Kdr (K+) Action potential repolarization, fAHP 

I h (K+, Na+) Resting Vm, stabilize Vm around rest, rebound potentials 

I A (K+) Resting Vm, control onset of firing  

I Cl leak (Cl-) Resting Vm 

I K Ca(BK) (K+) Action potential repolarization 

I K Ca(SK) (K+) AHP 

I Ca HVA (Ca2+) ADP, AHP, plateau potentials  

I Ca LVA (Ca2+) ADP, action potential repolarization  

I Na Ca (Na+) 
Plateau potentials, ADP in specialized motoneurons 
  

I K Na (K+) Postdischarge hyperpolarization  

 
2.2.3.d. Intrinsic membrane properties 

Since early intracellular studies carried on in 1963 by Sasaki on cat oculomotor 

Mns, it is generally agreed that these Mns differ in multitude traits from spinal Mns. 

Some of these electrophysiological particularities derive from their different size and 

geometrical features, nevertheless intracellular in vivo and in vitro preparations have 

demonstrated that passive and active membrane properties are also responsible for 

the differences found (Pretch and Baker, 1972; Llinás and Baker, 1972; Barmarck, 

1974; Grantyn and Grantyn, 1977, 1978; Durand, 1989a, 1989b; Carrascal et al., 

2006; Tsuzuki et al., 1995; Russier et al., 2003). 

 - Passive membrane properties; in contrast with spinal Mns on which there is a 

correlation between the soma surface area, conduction velocity and input resistance 

(R
N
), oculomotor Mns show lower R

N
 than should be expected when considering their 

geometrical parameters (Grantyn and Grantyn, 1978). R
N
 is generally obtained as the 

slope of increasing injected current pulses versus the maximum amplitude of the 

evoked membrane potential produced by each pulse. This parameter depends on the 

site of recording (soma or proximal dendrite) and the Mn velocity conduction. There 

are also differences between the R
N
 reported from in vitro and in vivo preparations, the 

former always achieving greater values of R
N
. These differences might be due to 

membrane alterations on slice preparations (Durand, 1989b). While in vivo studies in 
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cat and rat reported average values of R
N
 ranging from 0.8 to 8 MΩ (Barmack, 1974; 

Sasaki, 1963; Baker and Precht, 1972; Grantyn and Grantyn, 1978; Durand, 1989b), in 

slices, R
N
 values reached values between 6 and 75 MΩ (mean ranging from 25 to 70 

MΩ depending on the author; Guéritaud, 1988; Carrascal et al., 2005; Tsuzuki et al., 

1995). Conduction velocity calculated from the latency of antidromic spikes, is 

proportional to axon diameter and R
N
. At least in cat LR Mns, for conduction velocities 

between 25 and 84 m/sec, V and R
N
 are linearly related. However, within the cat VIn 

the conduction velocity range is broader, going from 15 to 95 m/s (Grantyn and 

Grantyn, 1978). This range is even larger in IVn Mns, going from 2 to 120 m/s (Baker 

and Pretch, 1972). Regardless of the recording method or the animal utilized, there is 

general agreement on the average resting membrane potential (V
m
) of oculomotor 

Mns, ranging from -58 to -65 mV in all cases. 

In oculomotor as in other cranial and spinal Mns (Carrascal et al., 2006; 

Durand, 1989b; Russier et al., 2003; Bertrand and Cazalets, 1998; Magariños-Ascone 

et al., 1999), the voltage response to depolarizing or hyperpolarizing current pulses 

exhibit a membrane potential rectification characterized by a hyperpolarizing or 

depolarizing drift, respectively, or ‘‘sag’’ that shifts the membrane potential toward the 

rest. The amplitude of this rectifying response is voltage dependent, lineally increasing 

with current pulses. An inward rectification current (I h) carried mainly by Na+ ions 

seems to be responsible for this membrane potential rectification (Bayliss et al., 1995). 

The time course of voltage change in response to hyperpolarizing current steps 

can be fitted by a series of exponential equations, the slowest of which corresponds to 

the neuronal membrane time constant (τ). Recordings from slices demonstrate that 

average membrane time constant of IIIn Mns is 5 ms (Carrascal et al., 2005). This value 

is similar to time constant obtained in vivo on spinal Mns (Burke and Ten Bruggencate, 

1971). 

 - Active membrane properties; these properties are studied applying pulses of 

depolarizing currents of distinct durations to the soma and measuring different 

parameters of the neuron’s electrical response. The rheobase is defined as the 

minimal injected current sufficient to elicit a single action potential in half of the trials. 

In vivo cat preparations have shown that LR Mns are more excitable than spinal Mns, 

since the intensity of depolarizing currents needed to produce a spike in the formers 

are half the intensities of the latter (4.7nA vs. 10nA). The large rheobase found on 

spinal Mns and thus their lower level of excitability may be related to their low R
N
 

(Grantyn and Grantyn, 1978; Richter et al, 1974). The different excitability of pools of 

Mns might be consequence of variations in density of voltage-gated Na+ channels or of 

modifications in their kinetics, although other conductances, such as persistent Na+ 

and long-lasting Ca2+ currents, also participate in the general excitability of the neuron 

(revised in Reckling et al, 2000). Threshold depolarization (Thd) is the difference 

between the membrane potential at which a spike is triggered and the resting 
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potential. Both in vitro and in vivo recordings have demonstrated that Thds of spinal 

and oculomotor Mns are similar, 10mV (Grantyn and Grantyn, 1978; Carrascal et al., 

2005; Coombs et al., 1959). The shape of the action potential has also been studied in 

different Mns (amplitude, half width, maximum depolarizing rate, maximum 

hyperpolarizing rate, time to AHP). In general all adult Mns show after the spike a 

fast AHP (fAHP), followed by a delayed depolarization and slow AHP (mAHP) that 

restores the V
m
. The main conductances underlying these phases are summarized in 

table 3 and figure 7. Briefly there are a few main differences found between 

oculomotor and other Mns. Delayed depolarization is encountered in mature LR Mns 

much more often than in lumbar or IVn Mns of cats (Grantyn and Grantyn, 1978; 

Russier et al., 2003; Kernell, 1964; Baker and Precht, 1972). mAHP of ocular Mns are 

known to be shorter and smaller compared to those of spinal Mns (Grantyn and 

Grantyn, 1978; Baker and Precht, 1972), thus eliciting larger firing frequencies. Under 

prolonged depolarizing current pulses, Mns show a repetitive firing whose frequency 

depends on the intensity of the current injected. Mns repetitive firing is characterized 

by burst of activity followed by a tonic discharge at lower frequencies or adaptation 

(Russier et al., 2003; Durand, 1989b; Grantyn and Grantyn; 1978; Baker and Precht; 

1972). Some authors have correlated this intrinsic behavior of VIn Mns with their 

physiological role on eye movements (Russier et al., 2003). In this sense, the burst-

tonic pattern of discharge might be a mechanism to compensate the inertia of the 

ocular globe (Baker and Highstein, 1975; Robinson, 1981). 

 Intrinsic properties of Mn excitability are determined, as shown above by a 

wide range of ionic conductances, some of which are shared by different Mn pools 

whereas some others are specific of a population leading to specific intrinsic 

properties that determine the repetitive firing and excitability of each Mn (reviewed by 

Bean, 2007).  

 

2.2.3.e. Extraocular motoneuron firing pattern 

 Single unit extracellular recordings of EO Mn firing pattern in the awake animal 

were first achieved by Evarts in 1966. Nevertheless it was Robinson the first who 

quantified and developed the mathematical correlation between eye movement and 

ocular Mns firing discharge. EO Mns show a typical burst-tonic pattern of activity that 

is related to eye position and velocity in the alert animal (González-Forero et al., 2003; 

Robinson, 1981; Delgado-García et al., 1986a; Fuchs et al., 1988). This type of 

discharge is required to overcome the viscoelastic forces exerted by the oculomotor 

plant (Robinson, 1964). During gaze holding, once a recruitment threshold is reached 

(see below), the ocular Mn shows a steady discharge that increases lineally with 

movements aimed to the corresponding activation direction. On LR Mns, this would be 

eye movements executed in the horizontal plane aimed to the ipsilateral side of the 

nucleus, i.e. abducting movements, (Fuchs and Luschei 1970). The tonic activity 
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counteracts the elastic elements of the orbital tissues and holds the eyeball stationary 

in the orbit. During fixations, each EO Mn can be characterized by its sensitivity to eye 

position (k) and its recruitment threshold (Th) or eye position at which the cell is 

recruited. Both parameters are obtained from the following equation (Eq. 1); FR = 

k*(EP) + F
0
, where FR means firing rate, EP means eye position and F

0
 is the cell firing 

rate at the straight ahead gaze (0 degrees). The cell Th is inferred from the -F
0
 / k 

relation. In monkey and cat VIn Mn k values range from 1 to 18 sp/s/deg, nevertheless 

there are some discrepancies about the average position sensitivity of the Mn pool 

between species, ranging from 4 to 8 sp/s/deg (Keller and Robinson, 1971; Fuchs et 

al., 1988; Delgado-García et al., 1986a; González-Forero et al., 2003). These 

differences might be due to methodological procedures or to the restricted eye 

movements achieved by cats (Delgado-García et al., 1986a). The Th varies from Mn to 

Mn, ranging from 60 deg in the contralateral to 20 deg in the ipsilateral direction. 

Many authors have described a covariation between Th and k; neurons with low eye 

position sensitivity are recruited at eccentric positions in the non-activation side while 

Mns with high k values are recruited later on, as the eyes are moved to the ipsilateral 

activation side (Fuchs et al., 1988; Ling et al., 2007; Hazel et al. 2002; Pastor and 

González-Forero 2003). For years it was suggested that Th and k of EO Mns could be 

consequence of intrinsic membrane properties and/or synaptic inputs (Dean, 1997). 

Nevertheless, in vitro studies have demonstrated an inverse relationship between Mn 

depolarizing threshold and spike gain, discarding the hypothesis of intrinsic 

membrane properties being the sole mechanism responsible for the Th in EO Mns 

(Nieto-González et al. 2007). Furthermore, studies by the same group have 

demonstrated the importance of muscarinic inputs in determining the Th and k of 

abducens Mns (Nieto-González et al., 2009). In vivo experiments where disconnection 

of the Mns from their natural targets forced synaptic stripping in the former, has also 

demonstrated the important role afferent connections play on these Mns (de la Cruz et 

al., 1994; Delgado-García et al., 1988), thus supporting the hypothesis of synaptic 

input as main determinant of eye related traits found in EO Mns. The variability of the 

tonic firing rate during fixations has been studied extensively in cats and monkeys 

(Keller and Robinson, 1971; Delgado-García et al., 1986a; González-Forero et al., 

2002; Gómez et al., 1986).  

 The above mentioned studies demonstrate that the coefficient of variation (CV), 

i.e. ratio of the standard deviation and mean of the firing rate, is highly dependent on 

the discharge frequency. In cats, at low firing rates the variability is over 20%, 

nevertheless as discharge frequencies increase, the CV exponentially decays to values 

under 10%, meaning that tonic discharge of oculomotor Mns between 70 and 120 sp/s 

is highly regular. The variability of the tonic discharge is another neuronal trait that 

can vary under certain circumstances. In this regard, the action of some 

neuromodulators or drugs on ionic conductances can contribute to modify the 
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variability of the neuron firing pattern (Fujisawa et al., 2004; Li et al., 2007; Deister et 

al., 2009). In contrast, diminishing the synaptic input a neuron is receiving may 

augment its firing regularity (González-Forero et al., 2002). The mechanisms 

underlying firing variability in EO Mns and other CNS neurons have not been 

elucidated. Nevertheless, intrinsic properties, like the duration of the AHP phase 

(Powers and Binder, 2000) and input related mechanisms like synaptic noise (recently 

reviewed by Faisal et al., 2008), the location of inhibitory afferents (Shadlen and 

Newsome, 1998), the electrotonic distribution of inputs (Banks and Sachs, 1991) and 

input synchrony (Lampl et al., 1999) seem to play an important role on the regulation 

of discharge regularity.  

 EO Mns activity is also related to eye velocity during saccades, VOR, OKR, 

smooth pursuit and vergence movements. These neurons fire a burst of action 

potentials just before the onset (5-15 ms; Delgado-García et al., 1986; Sylvestre and 

Cullen, 1999) and during saccades aiming to the activation side. The maximum firing 

rate achieved during the saccade is not maintained, but decreases with an 

approximately exponential decay to the tonic frequency corresponding to the new 

position (Delgado-García et al., 1986a, Sylvestre and Cullen, 1999). This exponential 

decrease of the Mn firing rate last 10 to 150 ms (Delgado-García et al., 1986a) and 

varies from neuron to neuron and is generally know as “post-saccadic slide”. During 

contraversive saccades, on the other hand, the activity of EO Mns decreases or even 

pauses before (12-25 ms) the onset and during the fast eye movement. Thus Mns 

phasic discharge is related to the duration and amplitude of the saccade. The equation 

(Eq. 2); FR = r*(EV) + k(EP) + F
0
, predicts the firing discharge of any ocular Mn during 

saccades (Robinson, 1970; Keller and Robinson, 1972). In this equation the parameter 

r is the neuron sensitivity to eye velocity (EV). For saccadic eye movements, r is known 

as r
s
 to differentiate it from other velocity signals the Mns may encode. No general 

consensus has been reached on the average value of this parameter in monkey LR Mn 

pool, reported values range from 0.27 sp/s/deg/s (Sylvestre and Cullen, 1999) to 0.96 

sp/s/deg/s (Ling et al., 1999). Part of these discrepancies can account for in most of 

these studies VIn neurons were not antidromically identified. In cat, average r
s
 reported 

for LR Mns is near 1 sp/s/deg/s (Delgado-García et al., 1986; Pastor and González-

Forero, 2003). Maximum firing rate during the burst and peak velocity of the eye 

movement area also lineally related.  

 During slow eye movements like smooth pursuit or VOR, Mns also show a 

velocity related signals that can be inferred from Eq. 2. It is worth noting that VIn Mn 

eye velocity sensitivities during VOR (r
v
) are not the same as during saccades (r

s
) since 

the afferences conferring each signal are different (see below). Similarly, k obtained 

from a neuron during fixations may be different than the k obtained during slow 

phases of VOR (k
v
) or smooth pursuit (Fuchs et al., 1988).  In LR Mns eye velocity 

sensitivity obtained from the slow phases of VOR vary from 0.6 to 5 sp/s/deg/s, 
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however average values are close to 1 sp/s/deg/s (Delgado-García et al., 1986a; 

Robinson and Keller, 1972; Skavenski and Robinson, 1973). Mns phase lead respect to 

eye position is frequency dependent, i.e. at 0.1 Hz of sinusoidal VOR stimulation, VIn 

Mns lead the eye by approximately 20 deg, whereas at higher stimulation frequencies 

(3-5 Hz), their phase lead becomes higher getting aligned with eye velocity (Delgado-

García et al., 1986a).  

 Is worth noting that Eq. 2 is a simplification of the model proposed by 

Robinson in 1964, on which eye acceleration and further eye derivatives with their 

respective sensitivity constants were included as well as a derivative of the FR. The 

simplified counterpart of that equation has since been commonly used to describe the 

saccade-related discharge of ocular Mns as well as their behavior during other type of 

eye movements (Robinson and Keller 1972; Stahl and Simpson, 1995; Delgado-García 

et al., 1986; Pastor and González-Forero, 2003). Some authors, nevertheless, have 

argued the need of retaining some original terms in Eq. 2 to make a better prediction 

of the dynamics of ocular Mn discharges and their frequency dependence during 

sinusoidal eye movements (Optican and Milles, 1985; Goldstein, 1983; Fuchs et al., 

1988; Sylvestre and Cullen, 1999). To date, none of those equations proposed are able 

to give a reliable prediction of ocular Mn discharge for long periods of time (more than 

1 or 2 sec), thus reflecting that these neurons might also encode other signals which 

the equations proposed do not account for.  

 This will be another aim of this work, trying to find a model that improves the 

prediction of the firing pattern of VIn Mns during spontaneous eye movements. 

 

2.2.3.f. Main afferent pathways to extraocular motoneurons and its 

neurotransmission 

 Through the above sections it has been outlined the importance of synaptic 

input to the Mn pool in determining their firing properties. Some of the afferent 

connections to the neurons responsible for the ocular movements in the horizontal 

plane (LR and MR Mns), as well as the neurotransmitters released at their synaptic 

contacts are summarized below and represented on figure 8. Special attention is paid 

on VIn Mns since all the experiments were performed in these neurons. Main 

afferences innervating LR and MR Mns as well as IntN arise from distinct nuclei laying 

in the brainstem, the VN, the PPH, the IIIn and the reticular formation. Some of the 

neurons within these nuclei convey signals related to eye velocity and position during 

VOR, pursuit, spontaneous ocular movements or saccades, while the connection from 

the IIIn seems to play an important role on the coordination of conjugate eye 

movements (Escudero and Delgado-García, 1988; de la Cruz et al., 1992).  

 Second order VN neurons receive specific canal afferents when the head is 

moving and project ascending axons with velocity signals that do not just excite Mns 

of one eye muscle but inhibits Mn pools innervating the antagonist muscle, thus 
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Figure 8. Synaptic afferents to extraocular motoneurons and associated eye movements. Several 
relatively independent neural networks of the brain converge at the level of the extraocular 
motoneurons to drive the eye muscles. The simplified diagram of these networks shows the premotor 
structures involved in five different types of eye movements and in gaze holding. MRF: Mesencephalic 
reticular formation; OKN: optpkinetic responses; PPRF: paramedian pontine reticular formation; RIMLF; 
rostral interstitial nucleus of the MLF; SC; superior colliculus; VOR; vestibulo-ocular reflex. From 
Büttnner-Ennever, 2007. 

 

 

 

 

 

 

generating a particular compensatory conjugate eye movement. These secondary 

vestibular neurons-Mn projection runs through the MLF and while ipsilateral pathways 

are inhibitory and use glycine as main transmitter in the horizontal circuit, their 

contralateral counterparts are excitatory and release glutamate and/or aspartate 

vesicles (Spencer and Baker, 1992). The morphological substrate for the horizontal 

VOR (see figure 9) thus begins with the primary vestibular afferents arising from the 

labyrinthine horizontal semicircular canal. These afferents monosynaptically excite 

second order VN neurons lying in the central magnocellular regions of the vestibular 

complex, specifically in the rostral part of the MVN and the ventral LVN and 

disynaptically inhibit and excite ipsilateral and contralateral VIn neurons, respectively. 

Ipsilateral MR Mns receive disynaptic excitation via the ascending tract of Deiters’ 

(ATD) and reciprocal, trisynaptic inhibition from the VIn IntN through the MLF 

(reviewed in Highstein and Holstein, 2006). Some ATD neurons transmit PVP signals to 

MR Mns, albeit the head velocity commands from the primary afferents. Albeit second 

order VN neurons, other VN neurons project to the oculomotor nuclei. This non-

second order neurons belong to group III, IV and V of VN neurons and the signals they 

convey were summarized on section 1.5. These neurons lie in the rostral MVN, 

marginal zone adjacent to PPH, SVN and the dorsal Y-group, (reviewed by Highstein 

and Holstein, 2006). Many of those in the marginal zone are inhibitory neurons using 
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glycine as their transmitter that have axons crossing the midline and terminate in the 

abducens nucleus. These neurons seem to play a role in pursuit eye movements.  

 The excitatory burst neurons (EBNs) for horizontal saccades lie in the nucleus 

reticularis pontis caudalis, and form a cluster of neurons under the MLF just rostral to 

the VIn in the PPRF. These burst neurons project monosynaptically (presumably using 

glutamate or aspartate as a transmitter) onto the ipsilateral VIn SIF Mns and IntNs and 

are essential for the generation of a horizontal saccades (reviewed by Horn, 2006). 

These neurons extend rostrally to the nucleus reticularis tegmenti pontis, where a 

small group of premotor neurons form a nest in the nucleus itself. Single cell 

recordings in PPRF demonstrate these neurons carry monocular signals to the Mns, 

and often their activity is correlated with the activity in the contralateral LR (Zhou and 

King, 1998). Inhibitory burst neurons (IBNs), on the other hand lie caudal to the EBNs 

in the dorsal paragigantocellular nucleus and establishes inhibitory contacts (mediated 

by glycine) with the contralateral VIn SIF Mns. EBNs send excitatory axon collaterals to 

the IBNs lying on the ipsilateral side. Both type of neurons are known as medium-lead 

burst neurons, they begin firing 10–12 ms before the saccade and respond with a 

high-frequency bursts of activity before saccades. EBNs provide the main source of 

excitatory drive for the saccade-related pulse of Mns activity, while IBNs are 

responsible for the decrease or pause of discharge observed during saccades aiming 

the Mn inactivation direction. The amplitude, duration and velocity of saccades are 

coupled to the EBN or IBN number of spikes generated, burst duration and peak firing 

rate of the burst of activity, respectively. A simplification of the circuitry for the 

generation of horizontal saccades is shown in figure 9. Briefly, signals for the 

generation of horizontal saccades arise from excitatory signals generated in higher 

structures in the deep layers of the SC. These signals activate the premotor circuitry 

within the PPRF, specifically EBNs, which in turn excite the Mns and IntNs of the 

ipsilateral VIn, thereby also activating the MR Mns in the contralateral IIIn, resulting in 

a saccade to the ipsilateral side. At the same time, IBNs driven by the EBNs, inhibit the 

Mns in the contralateral VIn in order to evoke a conjugate saccade (reviewed by Horn, 

2006).  

 The PPH and the adjacent marginal zone of the MVN are widely believed to be 

an essential part of the neural integrator for horizontal eye movements (Fukushima 

and Kaneko, 1995). Cells in PPH give rise to projections to the oculomotor cell groups, 

including bilateral afferents to the VIn and the MR subgroups of IIIn, that are excitatory 

(presumably mediated by glutamate and aspartate) for the ipsilateral and inhibitory 

(mediated by glycine) for the contralateral connections (Escudero et al., 1992). Trans-

synaptic tract tracing studies have demonstrated that the monosynaptic PPH input to 

EO Mns contact MIF, and perhaps SIF, Mns (see figure 6) (Büttner-Ennever et al., 2002; 

Ugolini et al., 2006).  
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Figure 9. Basic circuitry for horizontal eye movements at the brainstem level. Abducens neurons 
receive three bilateral and reciprocal (excitatory/inhibitory) inputs from the reticular formation 
(excitatory and inhibitory burst neurons), from the prepositus hipoglossi nucleus (PPHi and PPHc) and 
from the vestibular nucleus (MVNi, MVNc). The abducens nucleus contains motoneurons that innervate 
the lateral rectus muscle (LR) and Internuclear neurons that project contralaterally into the oculomotor 
nucleus where medial rectus motoneurons project to  the corresponding muscle. The burst and tonic 
pattern of discharge of afferents is illustrated. Adapted from González-Forero PhD thesis, 2002. 

 

The marginal zone is thought to provide the major output of the horizontal integrator 

and is the origin of the inhibitory pathway to the contralateral VIn. Even though within 

the PPH there can be found neurons encoding different signals, the activity of both ipsi 

and contralateral projecting PPH neurons is mainly correlated with ipsilateral eye 

position. Thus, the net input from the PPH to the VIn after saccade aimed to the 

activation side is a combination of a relatively weak increase in excitatory input from 

eye position neurons in the ipsilateral PPH and a relatively strong disinhibitory input 

from many neurons in the contralateral PPH (see figure 9) (reviewed by McCrea and 

Horn, 2006). These signals together with other weaker position signals arising from de 

VN, are apparently sufficient for the LR and MR Mns to hold eye steady at certain 

position (González-Forero et al., 2002). In this regard, lesions affecting the PH and 

adjacent regions of the MVN, as well as injections of chemicals that inhibit neurons in 

these regions, produce a profound gaze nystagmus characterized by an inability to 

maintain eccentric gaze in the ipsilateral direction (Godaux et al., 1993; Godaux and 

Cheron, 1996).  

 Finally, the IIIn IntNs project bilaterally to the VIn (May et al., 1987). The 

crossed pathway from IIIn IntN directly onto LR Mns is monosynaptic, and was shown 
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to target SIF Mns exclusively (Büttner-Ennever et al., 2003; Ugolini et al., 2006). Electric 

stimulation experiments have lead to the conclusion that the IIIn – VIn pathway is 

predominantly, excitatory (Clendaniel and Mays, 1994), however, 20% of the IntN of 

the IIIn retrogradely labeled from the VIn are GABAergic (de la Cruz et al., 1992). 

Essentially, these IntN send an excitatory signal to the contralateral LR Mns, 

appropriate for horizontal conjugate eye movements during saccades. This excitatory 

input is not serotoninergic (May et al., 1987), nor glycinergic (Spencer et al., 1989). 

There is an important difference between IIIn and VIn IntN, while IIIn behave very 

similar to IIIn Mns, presumably because they receive axon collaterals of MR Mns 

(Spencer et al., 1982), VIn IntN do not behave entirely like LR Mns and do not receive 

collateral input from LR Mns (Highstein et al., 1982; Delgado-García et al., 1986b).  

 It is worth noting that there is a cross-activation between vertical and 

horizontal systems is believed to be necessary for spatial coordination of eye 

movement coordinates and adaptive plasticity. Trans-synaptic tracing with rabies 

indicates that certain important areas related with the control of the vertical eye 

movements send a small number of projections to LR Mns (Graf et al., 2002). 

 

2.2.4. Extraocular motoneuron development 

 EO Mns go through two different developmental stages; (1) an early stage that 

goes from the birth of progenitor cells, their differentiation into Mn, growth of its axon 

toward its target and the establishment of synaptic contacts with it, and (2) a late 

stage, that may occur postnatally in some species, on which the Mn acquires its adult 

fate. The early development stage has been recently reviewed by Glover (2003) and 

Gutherie, (2007) and will not be discuss here. Nevertheless it is worth highlighting the 

existence of early genetic programs which specify cranial Mns and dictate their 

responses to local guidance cues in the developing head. In this regard, the initial 

phase of cranial motor axon extension to its final target of innervation involves the 

expression of different repulsive proteins by the floor plate, while next step is 

projection to the exit point which is determined by expression in the periphery of 

diffusible attraction molecules like growth factors. Some of these proteins may exert a 

chemoattractive role over some axons, however the same molecule can act as repellent 

over other axons. To date, little is known about the signals involved in oculomotor 

axons guidance and recognition of their target, however growing evidence suggest 

that trophic factors may play an important role (Strelau et al., 2009; Grumbles et al., 

2009). See next sections. 

 The development of ocular Mns do not terminate when they contact their 

target, in mice, for example, the motoneuronal adult fate is achieved by postnatal day 

15-20. In vitro studies from three different groups have shown that some of the 

intrinsic properties of rat ocular Mns change during the first two weeks after birth. 

While the resting membrane potential stays stable during postnatal development, the 
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input resistance and time constant seems to decrease drastically shortly after birth. 

The rheobase, on the other hand, gradually decays during the next two weeks after 

birth. The action potential and the mAHP both shortened from birth until postnatal day 

15 and 20, respectively. Finally, the firing gain and the maximum discharge increase 

with age (Carrascal et al., 2006; Carrascal et al., 2005; Tsuzuki et al., 1995). These 

profound changes might account for modifications in the excitability of Mns, including 

modification in the distribution and properties of metabotropic channels as well as 

changes in the density and nature of voltage-gated channels. These groups reported 

that two main types of Mn could be distinguished according to their firing profile 

during prolonged depolarizations (Russier et al., 2003; Tsuzuki et al., 1995; Nieto-

González et al., 2007). The first type exhibited a burst of action potentials followed by 

an adaptation profile, the second class of Mns displayed a delayed burst like 

discharge. Interestingly, they found that along development, the percentage of cells 

with burst like pattern of activity decreased while the percentage of cells with a tonic 

pattern discharge, more similar to the adult Mns fate, increased (Russier et al., 2003; 

Tsuzuki et al., 1995). Furthermore, these two groups reported that by postnatal day 

14-15 and 19, respectively, the electrophysiological properties of oculomotor neurons 

were all similar to those in adult rats, suggesting that burst Mns mature into tonic Mns 

during postnatal development, concluding that during postnatal development the 

intrinsic excitability of Mns suffer profound reorganizations that even change their 

firing profile. 

 

3. TROPHIC THEORY OF NEURONAL CONNECTIONS 

 

3.1. General considerations 

 The formation of synaptic contacts between the neuron’s growing axons and 

their appropriate target takes place during embryonic development. The guidance of 

axons towards their final destination is highly regulated by the expression of different 

chemoattractive and chemorepulsive diffusible molecules. These substances are 

secreted by cells located all through the pathway axons must follow to reach their final 

aim as well as by their target cells. While some of the axons receive the proper signals 

and establish synaptic contact with the target, some others do not, these neurons go 

through a process that is known as “programmed cell death” (PCD, for review see 

Penaloza et al., 2008). The natural phenomenon of PCD was first demonstrated by 

Viktor Hamburger, who observed that ablation of the wing bud or implant of a limb 

primordia in chick embryos resulted in drastic changes of the number of spinal Mns 

innervating that limb (Hamburger, 1934, 1939). These experiments along with others 

made in collaboration with Levi-Montalcini and Cohen led them to the discovery of the 

nerve growth factor (NGF), the first of a long list of trophic factors that were 

encountered later and are essential for the survival of neuronal pools during 
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development. These experiments contributed greatly to the postulation of the “trophic 

theory of the neuronal connections” that states that there is a retrograde signaling 

pathway established between the neurons and their synaptic targets. These cells 

produce and release trophic factors in limiting amounts for which the neuron has 

specific receptors at the nerve terminal. The union of the trophic factor to the receptor 

triggers molecular changes in the immature neuron allowing its survival and 

promoting its differentiation and acquisition of the morphofunctional features 

characteristic of the neuronal adult stage. As the survival factors released by the target 

cells are limited, some neurons do not get sufficient amount of them to get rescued 

from the otherwise natural process of PCD, thus these neurons die during 

development in a process is known to be caused by apoptosis (Johnson and Tuszynski, 

2008). This process is thought to help matching the size of neuronal populations with 

the organ they innervate (reviewed in Purves, 1990; Oppenheim 1991). However, much 

of the developmental growth of the animal takes place after these numerical 

adjustments are completed (Purves, 1988). The neurons rescued from PCD grow 

proportionally to their target, augmenting their size and adding new dendrites. 

 Recently, however it has been demonstrated that these factors are not only 

important during development but also in adult stages, since once the synaptic 

contacts are established, neurons become target dependent for the further 

maintenance of their intrinsic, morphologic and functional properties as well as for 

keeping their afferent inputs. Without the signals from the innervated cells the 

neurons deteriorate, get atrophied and some neurons may even die (reviewed in Lewin 

and Barde, 1996). This long term dependence between the neurons and their synaptic 

targets and the effects trophic factor deprival has on adult neurons has been studied 

from many different perspectives. Some of them include target removal (de la Cruz et 

al., 1994a, 1994b; Delgado-García et al., 1986a), target-neuron functional 

disconnection (Reynolds et al., 2000), axotomy (Delgado-García et al., 1988; Hyatt 

Sachs et al., 2007) or less invasive and straightforward approximations like 

sequestration or blockade of the trophic molecules or their receptors (Pinto et al., 

2010; Obata et al., 2006; Zhang et al., 2009). From all these studies it has been 

deduced the important role trophic factors play not only in uninjured adult neurons, 

but also as neuroprotectors after neuronal insults, raising the possibility of their 

therapeutic use after nervous system damage or disease. 

 In the following sections, the structure, expression, transport, regulation and 

especially the actions of these trophic factors as well as their receptors will be 

reviewed, with particular attention on neurotrophins, the family of trophic factors to 

which NGF belongs.  
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3.2. Neurotrophins and their receptors 

3.2.1. General considerations  

 NGF was the first of a long list of trophic factors discovered later. It belongs to 

a family of survival factors termed neurotrophins (Barde, 1990) that also contains in 

mammals the brain derived neurotrophic factor (BDNF), the neurotrophin 3 (NT-3) and 

neurotrophin 4/5. In bony fish, moreover two other neurotrophin genes have been 

identified, neurotrophin 6 and 7, however no mammalian or avian orthologues for 

these genes have been found (Hallböök, 1999). These proteins regulate many aspects 

of neuronal functions including neuronal survival, differentiation, migration, axonal 

and dendritic growth, membrane trafficking, synapse formation and function, and 

synaptic plasticity (see below). In mammals all neurotrophins, but NT-4/5, share highly 

conserved features of their sequence and structure. Sequence comparisons and on 

isolation of neurotrophin genes in various vertebrates has lead to the conclusion that 

ngf/nt3 and bdnf/nt4/5 evolved from separate duplication events. The most primitive 

neurotrophin genes, as well as those for their high affinity receptor, have been isolated 

from jawless fishes, a lamprey whose lineage diverged about 460 million years ago in 

vertebrate history (Hallböök, 1999), demonstrating neurotrophins and these receptors 

coevolved together. So far, no neurotrophin-like sequences have been detected in 

invertebrates, hence demonstrating these proteins are not essential in the formation of 

an invertebrate nervous system. 

 Neurotrophins exert their actions binding to two distinct classes of 

transmembrane receptors; the high affinity “tropomyosin receptor kinase” (Trk) 

receptors which belong to a family of tyrosine kinases receptors, and a low affinity 

receptor called p75 neurotrophin receptor (p75NTR), member of the tumor necrosis 

factor receptor superfamily. This dual system allows the transduction of very different 

signals, since the union of the same neurotrophin to one or the receptor may lead to 

cell death or cell survival. Furthermore, these two classes of receptors also directly 

interact, increasing the effectiveness of their actions and thus allowing fine tuning of 

their response. Three trk genes have been identified in mammals, trk a, trk b and trk 

c, from which three functionally distinct Trk receptors are synthesized. Each 

neurotrophin preferentially binds to a specific Trk receptor; NGF binds to TrkA, BDNF 

and NT-4/5 to TrkB and NT-3 preferentially binds to TrkC, nevertheless in some cases 

may also bind with less affinity to the other Trk receptors (see figure 10; for review, 

see Reichardt, 2006). 

 

3.2.2. Structure and gene localization of the neurotrophins and their receptors 

 The sequencing of mouse salivary gland NGF, in 1971, provided information on 

its primary structure but more importantly also paved the way for the cloning of the 

mouse and human genes. The human NGF gene is located on the short arm of 

chromosome 1 (1p22) and codes for a precursor polypeptide of 307 amino acids 
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(approximately 30 kDa in size). This pre-pro-protein is further cleaved (see below) and 

after the signal peptide and pro region are removed, gives rise to a mature protein of 

118 amino acids (13 kDa). Recently it has been demonstrated that regulation of the 

maturation of neurotrophins is an important post-transcriptional control point that 

limits and adds specificity to their actions (Lee et al., 2001). The mature homodimers 

naturally form non-covalently associated homodimers. Although different neurotrophin 

monomers are able to form heterodimers in vitro, there is no evidence that these 

heterodimers exist at significant concentrations in vivo. Neurotrophins are all basic 

proteins with a double loop formed by two disulphide bonds, penetrated by a third 

disulphide bond (reviewed in Dawbarn and Allen, 2003).  

 Trk and p75NTR have different dissociation constant and molecular weights, 

while the former has dissociation constant of approximately 10- 11 M and molecular 

weights of 140 kDa, the latter has 10-9 M (Rodríguez-Tebár et al., 1991, 1992) and 75 

kDa, respectively. The lower-affinity receptor (p75NTR) was cloned from rat and human 

and in humans the gene is localized on chromosome 17 (17q21–22) (Chao et al., 

1986). The 3.8 kb mRNA for p75NTR encodes a 427 amino acid protein containing a 28 

amino acid signal peptide, a single transmembrane domain and a 155 amino acid 

cytoplasmic domain including four cysteine-rich motifs. This receptor contains a 

cytoplasmic ‘death’ domain, i.e., with no enzymatic activity. p75NTR is processed by 

proteolysis but in addition to the major transcript encoding the full-length receptor, a 

minor transcript produced by alternative splicing exists. This transcript encodes a 

truncated protein that has lost its ability to bind neurotrophins (Dechant and Barde 

1997). The specific function of this protein remains uncertain. Full-length p75NTR is 

cleaved by a constitutively active metalloproteinase generating a soluble extracellular 

domain capable of binding neurotrophins, and a receptor fragment containing the 

transmembrane and intracellular domains (Zupan et al., 1989). The soluble form of 

p75NTR (and presumably, the remaining truncated receptor) is produced at very high 

levels during development and after peripheral nerve injury (Zupan et al., 1989, 

DiStefano et al., 1991), but their biological role are not clear yet. 

 Trk receptor gene was first isolated as an oncogene from colon carcinoma 

(Martín-Zanca et al., 1986), nevertheless, the discovery that those genes codified the 

high affinity neurotrophin receptors was not made until years later (Klein et al., 1991a; 

1991b; 1992; Lamballe et al., 1991). The protein domains of TrkA, TrkB and TrkC 

share 87% of homology at the amino acid level. While TrkA, like NGF, is located on 

chromosome 1 (1q21–22), TrkB is on chromosome 9 (9p22.1) and TrkC is on 

chromosome 15(15q25). These receptors form a homologous family of proteins, each 

comprising about 800 amino acids with half of the residues at the amino terminus 

forming the extracellular portion of the receptor. 
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The extracellular region of the Trk receptors is constituted by five distinct domains 

containing two cysteine-rich regions (domains 1 and 3) flanking a leucine-rich repeat 

(domain 2) and followed by two immunoglobulin (IgG)-like domains in the 

juxtamembrane region (domains 4 and 5). Binding and deletion studies indicate that 

domain 5 is responsible for neurotrophin binding and that the second leucine-rich 

domain has a modulatory, perhaps indirect, role in ligand interaction (reviewed in 

Roux and Barker, 2002). Figure 10 shows the structure of neurotrophin receptors and 

its respective neurotrophins. Spliced isoforms of each of the Trks have also been 

described. These isoforms seem to have different specificity in binding certain 

neurotrophins (Strohmaier et al., 1996; Clary and Reichardt, 1994), thus affecting the 

specificity of neuronal responsiveness to neurotrophins. Cytoplasmatic domains can 

also be altered and give rise to receptor isoforms defective in signaling (Tsouflas et al., 

1993; Valenzuela et al., 1993). Some authors have correlated the apparition of a mayor 

proportion of these truncated receptors with age and some ageing symptoms (Fryer et 

al., 1996). The precise physiological function of these truncated isoforms remains 

unclear, however convincing evidence suggest that albeit other possible roles, they 

may act as inhibitory modulators of Trk signaling (Eide et al., 1996). 

 

 

TTyyrroossiinnee  
kkiinnaassee  

Leucine-rich 
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Ig-C2 
domains 

pro-BDNF 

Figure 10. Models of Trk and p75 receptor activation. Neurotrophin binding results in dimerization of 
each receptor. Neurotrophins bind selectively to specific Trk receptors, whereas all neurotrophins bind 
to p75. Trk receptors contain extracellular immunoglobulin G (IgG) domains for ligand binding and a 
catalytic tyrosine kinase sequence in the intracellular domain. Each receptor activates several signal 
transduction pathways. The extracellular portion of p75 contains four cysteine-rich repeats, and the 
intracellular part contains a death domain. Neurotrophin binding to the p75 receptor mediates survival, 
cell migration and myelination through several signalling pathways. Adapted from Chao, 2003. 
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3.2.3. Protein processing (cleavage) 

 All four mammalian neurotrophin genes code glycosylated neurotrophin 

precursors (31–35 kDa) with a signal peptide whose mRNA directs the synthesis of the 

nascent protein to the endoplasmic reticulum attached ribosomes where the 

polypeptide chain will be formed. The pre-region is immediately cleaved off before the 

pro- neurotrophin is transferred to the Golgi apparatus probably in non-clathrin-coated 

vesicles and finally accumulate in the membrane stacks of the trans-Golgi network. 

The pro-region is cleaved there by serine convertases like Furin or when the pro-

neurotrophins are already in their secretory granules by prohormone convertases and 

the paired basic amino acid cleaving enzyme 4, giving rise to mature processed 

neurotrophins (Seidah et al., 1996; Khatib et al., 2002). Some trimming of pro-

neurotrophins also occurs earlier in the biosynthetic pathway in the endoplasmic 

reticulum (Mowla et al. 2001). Furthermore, recently it has been shown that some pro-

neurotrophins may also be cleaved extracellularly. As an example, pro-BDNF is cleaved 

by plasmin following its activation by the tissue plasminogen activator (Pang et al. 

2004) while pro-NGF is degraded by matrix metalloproteinase 7 (Lee et al., 2001). 

Regulation of cleavage of the extracellular pro-neurotrophins is a topic of intense 

current interest because growing evidence indicates that while neurotrophins exert a 

trophic action through its binding to Trk receptors, pro-neurotrophins might produce 

apoptosis after binding to the low affinity receptor (Lee et al., 2001; for review see Lu 

et al., 2005). Nevertheless, there is general disagreement in the literature over whether 

pro-NGF, for example, is neurotrophic or apoptotic (Fahnestock et al., 2004). Some 

studies support its neurotrophic role, demonstrating endogenous pro-NGF may exert a 

trophic effect over neuronal survival and axonal growth of sensory and sympathetic 

ganglia of mice (Buttigieg et al., 2007). In summary all these results indicate that pro-

neurotrophins are secreted in vivo and that they serve as signaling molecules. 

Moreover, they imply that the cleavage of pro-neurotrophins is an important 

mechanism that governs neurotrophin action. Demonstrating whether they exert 

neurotrophic or apoptotic effect might need further investigation, but is likely that 

their action is highly dependent on the cellular context of the receptors and its 

physiological state. 

 

3.2.4. Neurotrophin secretion (constitutive or regulated pathway)  

 After its synthesis in the endoplasmic reticulum, pro-neurotrophin precursors 

have to be folded correctly in the trans-Golgi network from where they will be 

transported to the appropriated subcellular compartment to be secreted into the 

extracellular space. The cleavage of the pro-region may take place before they are 

transported to the secretory region or once they are in the extracellular space. The 

(pro)-neurotrophin secretion may be through the constitutive or regulated mechanisms 

by which other proteins are generally secreted (Blochl and Thoenen, 1995). Many non-
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neuronal cells, such as smooth muscle cells, fibroblasts and astrocytes, may not 

express molecular components of the regulated secretory pathway and, therefore, 

secrete neurotrophins only constitutively. In neuronal cells, in contrast, regulated 

secretion is prevalent, nevertheless there is also constitutive secretion (Mowla et al., 

1999). Secretory granules containing (pro)-neurotrophins are transported into 

dendrites and spines, and are secreted by fusing to the membrane and releasing its 

content in an activity independent mechanism (Heymach et al., 1996). Large dense 

core vesicles with (pro)-neurotrophins, on the other hand undergo anterograde 

transport to axonal terminals where they will be released in a highly regulated and Ca2+ 

dependent manner (see, e.g. Lang et al., 2001). It seems that neurotrophins have some 

specific amino acids that are recognized by a sorting enzymatic receptor in order to 

send these proteins to the regulated secretion pathway (Lou et al., 2005). It is 

important to highlight the effects impairment in intracellular trafficking and secretion 

of neurotrophins may have. In this regard, for example, intracellular accumulation of 

BDNF as the result of a mutation affecting its transportation and secretion may cause 

selective impairment in hippocampus-dependent episodic memory (Egan et al., 2003).  

 Present evidence indicates that synthesis and secretion of neurotrophins is a 

highly regulated process that can be activated by a broad variety of internal and/or 

external signals, like neuronal activity (Canossa et al., 1997; Gärtner and Staiger., 

2002) or autocrine ligand engagement to Trk receptors (Mallei et al., 2004; Heymach., 

et al. 1996; Canossa et al., 2001), demonstrating that processing and secretion of 

neurotrophins is another important post-transcriptional regulator of their actions (see 

Lessman et al., 2003 for review). 

 

3.2.5. Union to receptor, internalization and retrograde transport 

 The mechanisms of retrograde transport of neurotrophins comprise all the 

events required to take neurotrophin from the extracellular environment of the axon 

terminals and deliver it to the cell bodies. These include binding of neurotrophin to its 

receptors on the axon terminal surface, endocytosis of neurotrophin, any trafficking 

events required to package the neurotrophin into transport-competent endosomes, 

and the retrograde transport of the endosomes along the axon to the cell body. It is 

well established that there are different sites of action of neurotrophins; from the 

neuronal surface to signaling endosomes containing internalized homodimers of 

neurotrophins in their lumens bound to their Trk receptors in their membranes. From 

all of these sites, activated receptors can exert rapid local or transcriptional dependent 

functions (Zweifel et al., 2005). 

 Over recent years, different models have been proposed to explain retrograde 

neurotrophin signaling (for review see Wu et al., 2009). The “wave model” suggests 

that a neurotrophin binds to and activates its membrane Trk receptor at distal axonal 

terminals. This activated receptor and/or activated 2nd messenger signals downstream 

 61



Introduction 

 62

of the receptor, are subsequently transported in a ‘wave’ fashion to the cell body. In 

this model endocytosis of the neurotrophin is not necessary in for the growth factor to 

exert its actions. This model is contrary to large amount of experimental evidence 

demonstrating that ligand–receptor internalization is necessary for the neurotrophin to 

produce an effect on the neuron (see as e.g. Ye et al., 2003). The “signaling effector 

model”, on the other hand, postulates that 2nd messengers instead of the 

neurotrophin-receptor complex, are retrogradely transmitted as the primary source of 

neurotrophic signal. A major deficiency in this model is that those signals have a 

limited radius of diffusion for the long distances between the axon terminal and the 

soma. Additionally, specificity of the neurotrophic action would be then intermingled 

with other signals and thus lost under this model, nevertheless there are studies 

supporting this model (MacInnis and Campenot, 2003; Mok and Campenot, 2007). 

 The signaling endosome hypothesis is based on the observation from diverse 

groups that after NGF binds to TrkA receptor at the axonal terminal, the activated 

receptor mediates the endocytosis of the signaling complexes that are further sorted 

into a subpopulation of endosomes to give rise to the signaling endosomes (Ye et al., 

2003; Sandow et al., 2000). This hypothesis is consistent with the need of cellular 

signaling pathways to be highly organized and compartmentalized in order to confer 

specificity and sustainability of signal transduction and it is supported by in vitro and 

in vivo experimental evidence from a large number of laboratories (Salehi et al., 2006; 

Howe et al., 2001; Grimmes et al., 1996). The possible next step in the maturation of 

the signaling endosome within the endosomal pathway is the formation of complexes 

containing other activated 2nd messenger (Wu et al., 2001; 2007; Delcroix et al., 2006). 

This mechanism of retrograde neurotrophin is highly dependent on active microtubule-

based transport to the soma since impairing the dynein activity leads to the lose of the 

neurotrophin induced signal (Wu et al., 2007; Yano et al., 2001). 

 Finally, Campenot's group have also demonstrated that in cultures addition of 

NGF that was covalently cross-linked to beads, thus rendering it incapable of 

internalization, was able to trigger activation and axonal transport of signaling 

proteins including TrkA (Sanger and Campenot, 1997). Furthermore, they showed that 

neither NGF nor TrkA retrograde transport was needed to convey their trophic actions 

for a few hours. This finding is surprising since without binding to NGF, activated TrkA 

can be quickly inactivated by phosphatases that will make it difficult for the signal to 

reach its final destiny. To date, it remains unclear how the signal is sustained and 

transmitted under these paradigms. 

 All these mechanisms may exist to complement the most plausible and 

generally accepted signaling endosome hypothesis. Figure 11 shows various 

mechanisms of internalization that have been suggested for neurotrophin-receptor 

ligands. 
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Figure 11. Neurotrophins and their receptors use various modes of internalization. The main 
endocytic routes for membrane receptors include at least four mechanistically diverse and highly 
regulated pathways: macropinocytosis, clathrin-mediated endocytosis, caveolae mediated endocytosis, 
and clathrin- and caveolae-independent endocytosis. The most studied neurotrophin–receptor complex, 
NGF–TrkA, uses three distinct internalization pathways. Although there is considerable evidence that 
NGF–TrkA complexes are internalized through a clathrin/dynamin-dependent process, TrkA has been 
localized to caveolin-like domains in PC12 cell lines, and disruption of Pincher-mediated pinocytosis 
prevents intracellular accumulation of NGF–TrkA complexes in both PC12 cell lines and primary 
sympathetic cultures. Whether Trk activity is required for internalization and how Trk receptor signalling 
modulates these pathways remain unresolved. From Zweifel et al., 2005. 

 

 Once an early endosome is internalized, its signal is sorted either into recycling 

endosomes to return back to the cell surface, or progresses from the early endosomes 

to late endosomes (Deinhardt et al., 2006), then into multivesicular bodies (Claude et 

al., 1982) and finally to lysosomes. In fact, each of these different subcellular 

organelles has been found to contain internalized neurotrophin/receptor signaling 

complex (for review see Wu et al., 2009), nevertheless identities and molecular 

components of these vesicles are far from clear, thus more investigation will be 

necessary to further characterize the trafficking and signaling properties of those 

endosomes. 

 

3.2.6. Activation of cascade of 2nd messengers 

3.2.6.a. Trk 

 The events triggered by Trk receptors activation are shared by other receptor 

tyrosine kinases, but the unique combination of Trk receptor docking sites, 

recruitment of different adaptors and enzymes, and regulated receptor trafficking 

elicits specific responses for neurotrophins. Trk receptors belong to a family of 

receptors with tyrosine kinase activity, union of neurotrophin homodimers produces 

receptor dimerization and transphosphorylation of activation loop tyrosines (Huang 

and Reichardt 2003). It is important to highline these receptors are only activated by 

mature and not by the pro-forms of the neurotrophin gene products (Lee et al. 2001). 
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The cytoplasmic domains of the Trk receptors contain several additional tyrosines that 

may also be phosphorylated by tyrosine kinases. These and other phosphorylated 

residues form the cores of binding sites for scaffolds, like proteins containing 

phospho-tyrosine binding (PTB) or Src-homology-2 (SH2) domains and enzymes that 

are intermediates in intracellular signaling cascades. 

 Four major pathways are activated by the Trk receptors; Shc-Ras-MAPK, Rap-

MAPK, PI3K -Akt, and PLC-γ (reviewed by Huang and Reichardt, 2003). In the last few 

years, however several new proteins downstream of Trk receptors have been described 

(for more details on these proteins see Arévalo and Wu, 2006). Those other proteins 

also exert important biological functions but due to space constraints, only main 

pathways will be summarized here. Figure 12 shows the proteins implicated in the 

main pathways and some of their main effects. 

 - Shc-Ras-MAPK: This pathway has been linked with signaling and 

transcriptional regulation implicated in neuronal survival and differentiation (Hagag et 

al., 1986). In response to the activation of Trk receptors, small GTPase Ras is activated 

by other set of scaffold proteins (Stephens et al., 1994). Raf-1 and B-Raf activation 

downstream of Ras subsequently triggers the activation of extracellular signal-

regulated kinases/mitogen activated protein kinases (ERK/MAPK, referred hereafter as 

MAPK) (Thomas et al., 1992). There are different overlapping MAPK cascades, but 

MAPK also have distinct targets within the cell (Pearson et al. 2001) that after been 

activated by phosphorilation activate in turn the transcription of genes essential for 

normal differentiation and prolonged survival of neurons. 

 - Rap-MAPK: this is a different pathway that activates MAPK for a prolonged 

period. It also has its specific adaptor proteins like CrkII/CrkL, the GEF C3G, the small 

GTPase Rap1, and B-Raf (York et al., 1998).  This pathway requires internalization of 

the Trk receptor into the endosomal compartment. Phosphorylation of MAPK through 

this pathway leads to activation of several downstream targets that mediate gene 

transcription, such as Rsk and MSK1. These two kinases can phosphorylate and 

activate the cyclic adenosine monophosphate response element-binding protein 

(CREB), which controls expression of genes essential for the survival and 

differentiation of neurons (Deak et al., 1998). 

 - PI3K-Akt: signaling through the phosphatidyl inositol-3 kinase-Akt (PI3K-Akt) 

pathway is critical for the important role exerted by neurotrophins over the survival of 

several neuronal populations during development. Active Trk receptors engage Shc, 

which associates with Grb2 and Gab1 to activate PI3K and, subsequently, Akt (Atwal et 

al., 2000). The inhibition or activation of several different pro-apoptotic and pro-

survival effectors downstream of Akt can mediate the survival actions of 

neurotrophins. As an example, the NF-κB pro-survival pathway is activated via Akt 

phosphorylation of the inhibitor I-κB, targeting it for degradation (Wooten et al., 2001). 

Signaling through PI3K-Akt mediates functions other than survival. Active Akt at the
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growth cone causes axonal growth and increases axon caliber and branching in 

sensory neurons, leading to microtubule assembly that promotes axonal growth (Atwal 

et al., 2000). 

 - PLC-γ: Trk receptor phosphorylation leads to PLC-γ recruitment and 

activation, which results in the hydrolysis of PtdIns(4,5)P
2
 to generate inositol tris-

phosphate (IP3) and diacylglycerol (DAG). IP3 and DAG cause the activation of different 

PKC isoforms. The effect of IP3 is mediated by release of Ca2+ from internal stores that 

additionally stimulate Ca2+-calmodulin-regulated protein kinases (CaM kinases) (see 

figure 12). PKC subsequently activates the Erk1 signaling pathway via Raf (Coorbit et 

al., 1999). PLC-γ activation in response to neurotrophins has been implicated in growth 

cone chemotropism and in the potentiation of thermal sensitivity on sensory neurons 

(Chuang et al., 2001). Moreover, the prolonged activation of PLC-γ by a brief pulse of 

NGF induces transcription of a sodium channel gene (Toledo-Aral et al., 1995). PLC-γ 

signaling has been demonstrated to be important essential on BDNF mediated synaptic 

Figure 12. Trk receptor mediated signaling pathways. Neurotrophin binding to Trk receptors 
lead to receptor dimmerization, activation and further recruitment of different proteins that 
associate with specific phosphotyrosine residues in the cytoplasmic domain of Trk receptors. 
These interactions trigger the activation of various signaling pathways, such as the Ras, Rap, 
PI3K, and PLC-γ pathways, which result in several trophic effects on the neuron. Adapted from 
Arévalo and Wu, 2006. 
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plasticity in the hippocampus and in long-term potentiation (LTP) (Minichiello et al., 

2000). 

 

3.2.6.b. p75NTR 

 Functions ascribed to the p75NTR receptor are diverse, complex, and sometimes 

contradictory. This low affinity neurotrophin receptor has been implicated in both 

promoting survival and inducing apoptosis, enhancing neurite outgrowth and 

facilitating growth-cone collapse, and mediating differentiation and enhancing 

proliferation. Moreover, p75NTR may also play a role in myelination (Du et al., 2005; 

Cosgaya et al, 2002; Yamauchi et al., 2004). The discovery of pro-NGF as a ligand for 

p75NTR has provided several answers to many long-standing questions (Lee et al., 

2001). This has shed light on the inconsistent data obtained from experiments 

investigating the apoptotic function of neurotrophins, as reagents used in previous 

studies contained variable amounts of pro-neurotrophins. Recently it has also been 

discovered that pro-region of the NGF precursor protein contains two novel bioactive 

peptides that may induce the rapid phosphorylation of the Trk receptor protein. Thus, 

pro-NGF may also activate TrkA receptor in a weaker way than mature NGF does 

(Fahnestock et al., 2004). Another important advance in the field of p75NTR signaling 

has been the discovery that pro-neurotrophins mediated apoptosis is dependent on 

sortilin that acts as a co-receptor with p75NTR (Nykjaer et al., 2004; Teng et al., 2005). 

The death domain of p75NTR suggests that the signaling of this receptor is mediated by 

interacting proteins that are either constitutively associated with or are recruited to the 

receptor in response to neurotrophins (see figure 13). As an example, in mature 

oligodendrocytes, NGF binding to p75NTR leads to the activation of JNK and produces 

apoptosis that may be counteracted by the presence of TrkA (Casaccia-Bonnefil et al., 

1998). The activation of JNK may occur through interaction of the TNF receptor-

associated factor-6 (TRAF6) with p75NTR (Yeiser et al., 2004). The apoptotic effects 

mediated by p75NTR may depend on the orchestration of several downstream molecules 

and other p75NTR -interacting proteins like NRIF, NRAGE, NADE, and SC-1. Figure 13 

explains the pathways of 2nd messengers activated after the union of these proteins to 

the activated p75NTR and the effects they exert over the neuron. Note in the figure that 

depending on the cellular context, the p75NTR protein can promote pro-survival as well 

as pro-apoptotic effects in response to neurotrophins. The pro-survival signaling 

pathway through NF-κ B pathway is only activated by NGF and not BDNF or NT-3 (Carter 

et al., 1996). Upon activation in response to neurotrophins, NF-κB translocates to the 

nucleus and triggers the expression of Hes1/5 to modulate dendritic growth (Salama-

Cohen et al., 2005). 

 



Introduction 

p75 + Sortilin + pro-nt = APOPTOSIS 

Prosurvival gene expression 

Dendritic growth  

Cyclins down-regulation  

Figure 13. p75NTR receptor-mediated signaling pathways. Binding of mature neurotrophins or 
pro-neurotrophins to p75NTR triggers the activation of different signaling pathways through 
different adaptors that result in diverse and at times opposite outcomes like survival, apoptosis, 
axonal growth, axonal collapse, and cell cycle arrest. Adapted from Arévalo and Wu, 2006. 

 

 

 It is also important noting that depending on the ligand p75NTR binds the effects 

observed may vary. p75NTR modulates axonal growth and while neurotrophin binding 

leads to axonal growth, myelin-derived growth inhibitors evoke growth-cone collapse. 

In the absence of neurotrophins, on the other hand, a constitutive interaction between 

p75NTR and RhoA maintains RhoA activation and inhibition of axonal growth, but 

neurotrophin binding to p75NTR causes dissociation of RhoA from the receptor, 

blocking RhoA activity and leading to axonal growth (Yamashita et al, 1999). 

 As shown in figure 13, binding of mature neurotrophins or pro-neurotrophins 

to p75NTR triggers the activation of different signaling pathways through different 

adaptors that result in diverse and at times opposite outcomes like survival, apoptosis, 

axonal growth, axonal collapse, and cell cycle arrest. 

 

3.2.7. Trk - p75NTR signal crosstalk and receptors interaction 

 Neurotrophin-mediated interactions through p75NTR and the Trk receptors have 

frequently opposing consequences. It is difficult to understand the opposition and 

synergy observed when neurotrophins activate these two receptor systems, 

nevertheless there are facts that help clarifying this issue. For example, the 
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observation that the two different receptor classes actually have distinct preferred 

ligands, pro-neurotrophins or mature neurotrophins provides a partial explanation of 

their opposing actions in the same neuron (Lee et al., 2001). Additionally, it is worth 

noting that there are important mechanisms through which these receptors 

communicate with each other, including in their signaling pathways enzimes that 

inhibit or activate other proteins participating as 2nd messengers in the other’s 

receptor signaling routes. This ensures a consistent biological response. In this regard, 

for example, signaling pathways initiated through Trk receptors act at several steps to 

suppress the major pro-apoptotic-signaling pathway stimulated by p75NTR, the JNK 

pathway (Yoon et al., 1998; see figure 13). There are several other mechanisms 

through which Trk receptor activation results in suppression of proapoptotic p75NTR -

mediated signaling (for review see Bibel and Barde, 2000). In contrast, Trk contributes 

with p75NTR on those pathways like the one including NF-κB signaling which promote 

neuronal survival (Yoon et al., 1998). 

 Finally, interactions between p75NTR and Trk receptor signaling are facilitated by 

assembly of multiprotein complexes that include both receptors as constituents 

(Arévalo et al. 2004, 2006; Bilderback et al.,1999) and evidence has recently been 

presented indicating that this complex plays an important role in promoting, for 

example, TrkA-mediated internalization and signaling (Geetha et al. 2005). In this 

regard, it has also been shown that expression of p75NTR can increase the affinity of 

TrkA for NGF and may enhance its specificity for cognate neurotrophins (Lee et al., 

1994). In consistency with these results Weise and colleagues (1999) also found that 

embryonic Mns isolated from p75NTR deficient mice required 5 times more BDNF to 

elicit maximal survival responses than wild-type control Mns. These results indicate 

that increased ligand selectivity can be conferred on the Trk receptors by the p75NTR 

receptor (Hempstead, et al., 1991; Benedetti et al., 1993). 

 

3.2.8. Rapid vs. long term actions of neurotrophins 

 The signaling pathways engaged by internalized and transported ligand–

receptor complexes are distinct from signaling events when neurotrophins and their 

receptors remain on the cell surface (MacInnis and Campenot, 2002). On the other 

hand, as previously mentioned, some of the 2nd messengers cascades triggered by the 

union of a neurotrophin with its receptor have as a final consequence the activation of 

nuclear factors that in turn activate the transcription of genes related to cell survival 

and differentiation, axonal growth and branching, voltage dependent channel 

expression (Luther and Birren, 2009; Zhang et al., 2005), synapse formation and 

stabilization (Vicario-Abejón et al., 2002), memory and learning process (Tao et al., 

1998), along with other long term effects. Nevertheless, activation of Trk and p75NTR 

receptors can also exert local rapid actions modulating the efficacy of synaptic 
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transmission (Poo, 2001), neuronal excitability (Ahn et al., 2007) and neural plasticity 

(Arancio and Chao, 2007).  

 Mechanisms for long term effects like cell survival or differentiation have 

already been explained above, nevertheless, those responsible for long term formation 

and stabilization of synapses are less well characterized. In principle, neurotrophins 

act at two levels to regulate synapse number; 1) by promoting synaptogenesis and 

axonal arborization, this has been demonstrated in vivo and in vitro in both, excitatory 

and inhibitory synapsis (Martínez et al., 1998; Tyler and  Pozzo-Miller, 2001; Vicario-

Abejón et al., 1998; Huang et al., 1998). It is worth noting that, while only TrkB 

dependent activity is capable of inducing the formation of inhibitory synapses in the 

CNS, both TrkB and TrkC are necessary for the correct formation of excitatory 

synapses. And 2) by stabilizing existing synapses. In fact, neurotrophins also seem to 

be necessary for the maintenance of functional synapses since their removal produces 

a reduction in synaptic connectivity between cultured neurons (Collin et al., 2001). In 

addition, neurotrophins also exert relevant influence on the maturation of developing 

synapses. Recent results indicate that neurotrophins are key mediators of structural 

and functional synapse maturation; in particular, the conversion of presynaptically 

silent synapses to a functional state in culture (Vicario-Abejón et al., 1998). 

 The neurotrophin induction of formation of new synapses or axonal branching 

requires de novo transcription of proteins, for this reason those effects are seen only 

within hours after the application of trophic factors. However other neurotrophin 

induced effects are very fast, suggesting that are not dependent on transcriptional 

activation of genes. Some of these effects are summarized below.  

 Growing evidence shows that neurotrophins may modulate the efficacy of 

synaptic transmission (Lohof et al., 1993; Poo et al., 2001) some times increasing its 

release at the presynaptic terminal (Jovanovic et al., 2000), by mechanisms that are 

mediated by Trk receptors (Lohof et al., 1993). Some authors have reported this 

synaptic transmission modulation is dependent upon presynaptic depolarization, 

however there is not general agreement on the requirement of Ca2+ influx (Knipper et 

al., 1994, Boulanger and Poo, 1999; Jovanovic et al., 2000). These experiments 

suggest that neurotrophin-evoked actions may self-amplify. In this positive feedback 

loop, neurotrophin release at active synapses increases the amount of presynaptic 

neurotransmitter release, and thus postsynaptic responses, which in turn increases the 

amount of released neurotrophins. Such a positive feedback mechanism has been 

shown in the rat hippocampus where activation of muscarinic acetylcholine receptors 

increases NGF and BDNF transcript levels and NGF proteins, whereas conversely NGF 

and BDNF enhance the release of acetylcholine from hippocampal synaptosome 

preparations (Knipper et al., 1994). 

 Neurotrophins also exert rapid effects on neuronal excitability by activation of 

ionotropic channels. BDNF, for instance can exert modulatory effects on both 
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excitatory and inhibitory synaptic transmission, mostly through an interaction with the 

respective ionotropic channels (Levine et al., 1995). Evidence indicates that TrkB 

activated by BDNF increases synaptic strength augmenting opening probability of N-

methyl-D-aspartate (NMDA) receptors (Levine et al., 1998). These effects of 

neurotrophins over ionotropic channels and neurotransmission modulation, especially 

those exerted by BDNF, have been demonstrated to play an important role on plasticity 

(long term potentiation, for a complete review on BDNF dependent LTP see Minichiello, 

2009) and during memory formation. There is also evidence that neurotrophins also 

modulate GABAergic transmission (reviewed in Rose et al., 2004). NGF, on the other 

hand, via activation of p75NTR, can liberate ceramide that is then metabolized to 

sphingosine 1-phosphate which through presently unknown mechanisms, leads to the 

modulation of Na+ and K+ ion channels and ultimately the enhancement of neuronal 

excitability of sensory neurons in the DRG (Zhan et al., 2002). The above cited 

experiments demonstrate that the modulation of neuronal excitability produced by 

neurotrophins are not only mediated through the high affinity receptors but also 

through p75NTR, this is not surprising since these two receptors have common 2nd 

messengers on their signaling cascades.  

 The effect of neurotrophins on neuronal excitability may also be due to their 

direct induction of ionic currents (Li et al., 1999). Experimental data shows that at 

least one of these ionic currents activated by TrkB receptor is mediated by a member 

of the transient receptor potential channel family. Ion influx through this channel 

could be involved in modulation of neuronal excitability by altering membrane 

potentials. 

 Besides the induction of acute neurotrophin effects through intracellular 

signaling cascades within seconds to minutes, a much faster and distinctly different 

excitatory action of neurotrophins has been reported. This action is mediated by 

neurotrophins directly acting on voltage dependent ionic channels which in turn evoke 

a rapid change in membrane potential similar to the one produced by 

neurotransmitters. (Blum et al., 2002; Kafitz et al., 1999;). BDNF, for example 

produces rapid gating of the Na+ channel Nav1.9 on hippocampus pyramidal cells 

(Kafitz et al., 1999), however the gating mechanism of these channels by activated 

TrkB receptors is still unknown.  

 Finally, it is well established that neurotrophins participate in activity-

dependent neuronal plasticity (Kang and Schuman, 1995). BDNF is implicated directly 

in hippocampal LTP. The facilitating action of BDNF on LTP induction has been 

attributed to both presynaptic and postsynaptic mechanisms. Minichiello and 

colleagues, (2002) have found that hippocampal LTP is impaired in mice with a 

mutation in the PLC-γ adaptor site of TrkB. Other authors, in contrast have based BDNF 

dependent LTP on the modulation of Na+ currents exerted by BDNF (Blum et al., 2002), 

since rapid BDNF-evoked excitation of neurons by TrkB/Nav1.9 channels mediates the 
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opening of voltage-gated Ca2+ channels (Kovalchuk et al., 2002) and this in turn might 

activate Ca2+-dependent signaling pathways that regulate activity-dependent gene 

expression. Some of the transcriptional factors activated as a result of the Ca2+ influx 

are known to be responsible for the activity-dependent regulation of BDNF expression 

(Tao et al., 1998, 2002). Rapid neurotrophin signaling might thus contribute to 

activity-dependent expression of neurotrophins themselves and to the establishment 

of long-lasting LTP and long term memory, which are known to depend on de novo 

transcription. Interestingly, it seems that not only mature neurotrophins may produce 

effects over neuronal plasticity since recent data indicate that pro-BDNF enhances 

hippocampal long term depression (LTD) through p75NTR, however the mechanism 

underneath this observations are less well characterized (Pang et al., 2004). 

 

3.2.9. Neurotrophins and their receptors expression pattern and regulation 

3.2.9.a. Neurotrophins 

 Neurotrophins are produced by innervated organs. Within targets, expression 

of trophic factors is localized to specialized cells that are innervated by the axons of 

responsive neurons. However, there are also other sources of neurotrophins. Of 

special importance during development, neurotrophins are expressed by tissues 

surrounding axons en route to their final targets and their expression there is 

essential for survival of these neurons (Fariñas et al., 1996, 1998). Additionally and of 

great importance in this work, neurotrophin expression is also important after injury. 

After peripheral nerve injury, macrophages infiltrate the nerve as part of an 

inflammatory response. These cells secrete cytokines that induce synthesis of NGF in 

both Schwann cells and fibroblasts within the nerve (Heumann et al., 1987). NGF is 

also expressed in mast cells from which it is released following mast cell activation at 

sites of inflammation. The elevated expression of neurotrophic factors in injured 

nerves and targets is essential for rescuing neurons from apoptosis and regeneration 

of injured neurons. Finally, many neurons also express neurotrophins. For example, 

many sensory and sympathetic neurons express BDNF or NT-4/5 affecting both 

peripheral and central targets (Mannion et al., 1999). Interestingly, these neural 

secreted neurotrophins may exert paracrine or autocrine effects. 

 During development, cellular interactions within target tissues are major 

determinants regulating the level and site of expression of neurotrophin genes 

(Patapoutian et al., 1999). Each of these genes is regulated through multiple 

promoters and enhancers (Heinrich and Pagtakhan, 2004; Bishop et al., 1994, 1997) 

and many of the cis elements and transcription factors involved in neurotrophin gene 

expression are being identified (Lei et al., 2005; Chang et al., 2006). Neurotrophin 

expression is regulated by multiple extrinsic stimuli, including Wnt and TGF- family 

members (Haas et al., 2009), thyroid hormone (Koibuchi et al., 1999), steroids (Toran-
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Allerand, 1996), neuronal activity (Tao et al., 1998, 2002; Saygili et al., 2010) or 

inflammatory cytokines among others.  

 Processing, cleavage, packaging, sorting to the regulated or constitutive 

secretory pathway, transport, secretion of neurotrophins are also important post-

transcriptional regulators of their actions (see above, section 3.2.4 and 3.2.5). The 

exocytosis of vesicles filled with neurotrophins is a highly regulated process and it can 

be triggered by a variety of signals like intracellular changes on Ca2+ stores produced 

by Trk receptor activation (Heymach et al., 1996; Canossa et al., 2001). On the other 

hand, growing evidence suggest that secretion of pro-neurotrophins is increased 

following brain injury or degeneration, nevertheless the mechanisms triggering this 

pro-neurotrophin release still need to be determined. As previously mentioned binding 

of these pro-proteins to p75NTR may increase neuronal loss in injury and disease 

models (Fahnestock et al., 2001; Pedraza et al., 2005). 

 Finally, it is important mentioning that neuronal trophic dependence for a 

specific neurotrophin may switch to another neurotrophin or trophic factor under 

certain circumstances (reviewed by Davies, 1994). This is the case, for example on a 

subpopulation of DRG nociceptive sensory neurons, which requires NGF for survival 

during development and expresses trkA prior to embryonic day 15. Afterwards, 

however, these neurons downregulate trkA expression and upregulate expression of 

glial-cell derived neurotrophic factor receptor, a switch in neurotrophin receptor 

expression that temporally correlates with a switch in the phenotype of the neuron 

(Molliver et al., 1997). Pathological conditions might also produce a switch of 

neurotrophin dependence of neurons. In ALS, a degenerative disease causing spinal 

Mn death, for example, the low percentage of remaining Mns change their regular 

pattern of neurotrophin and receptors expression from BDNF-TrkB and NT-3-TrKC to 

NGF and TrkA, suggesting, in first place an autocrine effect of these neurotrophins 

over the Mns, but also that surviving Mns switch their trophic requirements (Nishio et 

al., 1998). It would be of great interest determining if the expression of NGF and TrkA 

is the rescuing factor necessary for these Mns and what triggers the switch only in 

some cells.  

 In conclusion, neurotrophins are produced by target and non-target tissues and 

cellular interactions in these cells control the expression of the mRNAs encoding these 

proteins. Moreover, multitude of external factors, like axonal injury and molecules 

released under these conditions, may also regulate the expression of these factors. 

Finally, intracellular trafficking and intra- and extracellular proteolysis play a crucial 

role as regulators of neurotrophin actions. 

 

3.2.9.b. Trk receptors and p75NTR 

 The specificity of neurotrophin effects results from the selective expression 

pattern of the Trk receptors on neuronal cells. In the CNS for example, few neurons 
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express TrkA, whereas TrkB is widely expressed, explaining the multitude of actions 

BDNF exerts in the CNS (Klein et al., 1990). Trk A, on the other hand is highly 

expressed in the small-diameter nociceptive sensory neurons of the dorsal root and 

trigeminal ganglia (DRG and TG) and in sympathetic neurons, highlighting the 

important role NGF plays on sensitation of these cells during pain and inflammatory 

processes (for review see Pezet and McMahon, 2006). Within the DRG and TG, Trk B, is 

only expressed in medium-size mechanoreceptive neurons, whereas TrkC is expressed 

in large-diameter proprioceptive neurons of these ganglia, demonstrating the non 

overlapping pattern of expression of the three receptors in the DRG and TG. While null 

mutations of TrkA or NGF cause in mice the lost of virtually all nociceptors, mutations 

affecting TrkC or NT-3 produces lack of only proprioceptive neurons (Smeyne et al., 

1994; Fariñas et al., 1994).  

 Conditional mutants lacking Trk receptors or their neurotrophins have been 

essential to understand the roles played by these proteins. Most of the experiments 

and discoveries related to functionality and expression of neurotrophin and their 

receptors in different neural and nonneural populations derive from these mutational 

studies.  

 Within the CNS, TrkA receptor is mostly expressed in basal forebrain 

cholinergic neurons. Lack of this receptor during development produces death of most 

of these neurons while others remain in immature state (Fagan et al., 1997)  These 

cells provide the major cholinergic input to the cerebral cortex and hippocampus and 

are severely affected in different neurodegenerative diseases, like Alzheimer’s disease 

(AD) and Down syndrome (see Schindowski et al., 2008). The affection of these cells in 

AD due to TrkA loss seems to be the cause of attention, learning and memory 

impairment (Saragovi, 2005). TrkB is broadly expressed in the nervous system as well 

as in nonneural cells (Klein et al., 1990). This receptor is upregulated in hippocampus 

and cortex in an activity-dependent manner. Moreover, stress, seizure, exercise, 

antidepressants and antipsychotic agents affect TrkB expression in vivo. In TrkB 

conditional knockout mice specific populations of CNS neurons are lost and synapse 

formation and synaptic plasticity are abnormal (Xu et al., 2000a, b). The analysis of 

these conditional mutants indicates that TrkB is required at both the presynaptic and 

postsynaptic sites for the formation of Schaffer collateral synapses (Luikart et al., 

2005). In the cerebellum, the establishment of GABAergic synapses is also greatly 

inhibited in these conditional mutant mice. TrkB receptor is also expressed in 

nonneural tissues, in this regard it is well established that the expression of TrkB and 

TrkC in the heart is essential for its proper development (Wagner et al., 2005; Youn et 

al., 2003). TrkC is also broadly expressed in the CNS, mostly in subthalamic nuclei, 

thus conditional mutations affecting NT-3 or its receptor produces “cortical blindness” 

due to the lack of thalamicortical axon projection and collateral branching (Ma et al., 

2002).  
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 The above mentioned experiments demonstrate the important role these 

receptors and their neurotrophins exert over survival, differentiation, axonal growth, 

target innervation and the full phenotypic maturation of different pools of neurons 

during developmental and postnatal stages. Having such an important role in the 

organism, their expression should be highly and precisely regulated, and this is the 

case in fact. At least fifteen different putative transcription factors have been 

demonstrated to affect Trk expression on PC12 cell lines (for review see Lei and 

Parada, 2007). It remains unclear which of these or other elements activate Trk 

receptors expression in vivo and the physiological and pathological signals triggering 

their activity (see Lei and Parada, 2007 for transcriptional factors demonstrated to act 

on Trk expression in vivo). Nevertheless, this is a field of current growing interest as 

those transcriptional factors might be used as potential therapeutic solution to 

overcome the lack of Trk receptors in pathological conditions like AD and nerve 

injuries as well as for the understanding of why on certain tumors the expression of 

trophic factor receptors is upregulated (Fujimoto et al., 2005).  

 p75NTR is coexpressed with the Trk receptors in many neuronal populations 

(Chao and Hempstead 1995). Its expression profile is highly regulated during 

development (Bothwell 1995) but the transcription factors inducing this regulation are 

even less characterized than those for Trk receptors. During postnatal development, 

p75NTR is down-regulated in most parts of the central nervous system but is rapidly 

induced after pathological conditions like in AD or after nerve lesion, focal ischemia, 

stroke, axotomy or seizure (Roux et al., 1999; for review see Dechant and Barde, 

2002). This further links p75NTR with cell death in pathological situations. Finally, p75NTR 

is also expressed by many cells by the time they become postmitotic cells and/or 

migrate (Fariñas et al. 1998). The strong expression of p75NTR by neurons at the time 

when they form axons suggests a link between this receptor and process outgrowth 

(Yamashita et al. 1999). In summary, more research is needed in order to link these 

findings with the transcription factors inducing the up and down regulation of 

neurotrophin receptors expression under the mentioned physiological and 

pathological situations. 

 

3.3. Other trophic factors 

 Beside neurotrophins, other families of trophic factors have been demonstrated 

to achieve trophic actions over different neural and non neural tissues in the organism. 

Cytokine growth factors, transforming growth factor- β (TGF-β), or the insulin-like 

growth factors constitute good examples of these molecules (the actions of each of 

these factors have been recently reviewed, for a detailed description see Taud, 2004; 

Vivien and Ali, 2006; Folli et al., 1996, respectively). Here, only a brief description of 

some of the actions of the glial-cell derived neurotrophic factor (GDNF) family of 

ligands and neuropoietic cytokines will be made, since it has been shown that this 
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factor affects the survival of cranial and spinal Mns not only during development but 

also after injury. Nevertheless, it would be of interest mentioning that besides these 

factors, others like vascular endothelial, insulin-like or hepatocyte growth factors also 

promote motoneuronal survival and differentiation (see Sendtner et al., 2000). 

  

3.3.1. GDNF 

 The GDNF family of ligands (GFL) is critical to the development and 

maintenance of several neuronal types in the CNS and the PNS. The GFL trophic factors 

consist of four members. The original member, GDNF, was isolated from conditioned 

medium from a glial cell line base upon its ability to maintain the survival of cultured 

mesencephalic dopaminergic neurons (Lin et al., 1993). The second member, 

neurturin, was purified from the conditioned medium of Chinese hamster ovary (CHO) 

cells based on its ability to maintain the survival of dissociated sympathetic neurons 

(Kotzbauer et al., 1996). The third and fourth members were isolated based on their 

structural similarities with the other members of this family and are persephin and 

artemin. The GFL are heparin-binding members of the TGF-β superfamily. These 

factors are synthesized as prepro-sequences that, as neurotrophins are cleaved during 

processing. The receptor system for these factors is unique, and distinct from that of 

other members of the TGF-β superfamily (for detailed review see Bespalov and Saarma, 

2007). The signaling of all of the factors is mediated by the transmembrane tyrosine 

kinase, Ret, originally described as a proto-oncogene. The GFL do not directly bind Ret, 

a family of GPI-anchored proteins, the GFRom, function as binding subunits. These 

lipid-raft associated proteins serve to bind the ligands, recruit Ret to lipids rafts, and 

produce the formation of dimers that induce autophosphoylation of Ret and 

subsequent activation of multiple signal transduction pathways critical to GFLNF 

action, such as the PI3-kinase, MAP kinase, and src-family kinases (Tansey et al., 

2000).  

 The physiological roles of these factors and their receptors have been deduced 

largely by examination of knockout mice and, more recently, via conditional knockout 

mice. The most robust phenotype observed in knockout mice is seen in the GDNF, 

GFRoL1, its recruitment protein, and Ret knockouts wherein the animals are born 

lacking kidneys (therefore, they die soon after birth) and lacking the enteric nervous 

system. 

 GDNF has a critical role in the development of the enteric and parasympathetic 

nervous systems, being required for the proliferation and migration of precursors 

during early development. GDNF/Ret signaling, on the other hand is also required for 

spermatogenesis (Meng et al., 2000; Jain et al., 2004). Additionally, its effects are also 

observed on Mns and non-neuronal tissues during development. Growing evidence 

demonstrates the important role played by GDNF on spinal and cranial Mns. Recent 

experiments have shown that GDNF is a motoneuronal potent trophic factor rescuing 
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these neurons from programmed cell death during development and promoting their 

long-term survival following axotomy (Zhao et al., 2004; Watabe et al., 2000; 

Parsadanian et al., 2006).  

 In summary, the GFLs exert pharmacological neurotrophic effects on different 

neuronal types of PNS and CNS origin. As noted above, GDNF was discovered based on 

its ability to affect the survival of cultured mesencephalic dopaminergic neurons and 

neurturin on its ability to maintain survival of dissociated sympathetic neurons. Similar 

survival-promoting effects occur in spinal and cranial motor neurons, Ret-expressing 

subpopulations of sensory neurons, enteric neurons, and parasympathetic neurons.  

 

3.3.2. Neuropoeitic cytokines 

 Cytokines are a large family of pleiotropic glycoprotein molecules which 

mediate a wide variety of biological activities associated with the induction of immune 

and inflammatory responses (reviewed in Oppenheim and Saklatvala, 1993). The 

neuropoeitic cytokine family generally refers to molecules of the interleukin-6 family, 

which share a common signal-transducing receptor subunit termed glycoprotein (gp) 

130, and include interleukin-6, interleukin-11, leukaemia inhibitory factor (LIF), 

oncostatin-M, ciliary neurotrophic factor (CNTF), cardiotrophin (CT)-1, and the newest 

member, novel neurotrophin-1/B-cell stimulating factor-3 (Heinrich et al., 1998). 

Numerous studies suggest a broad variety of neuronal responses have been ascribed 

for members of this family, from neuronal survival and differentiation to neurite 

outgrowth. All neuropoeitic cytokines are regularly secreted proteins, with the 

exception of CNTF which is only released upon cellular damage. All members of the 

neuropoetic cytokine family signal via recruiting the common signal transduction 

receptor subunit, gp130 (Heinrich et al., 1998; Bravo and Heath, 2000). Like the GDNF 

family members which do not bind ret directly , many neuropoetic cytokines do not 

activate gp130 directly, but first bind to specific ligand-binding subunits. 

 The specific role of the different elements involved in neuropoeitic cytokine-

signal transduction remains basically unknown. However, it has been demonstrated 

that these factors do promote the survival and differentiation of many different 

peripheral neuronal populations in vitro. See table 4. (Arakawa et al., 1990; Sendtner 

et al., 1990; Martinou et al., 1992; Oppenheim et al., 2001; Pannica et al., 1996). 

 

4. AXOTOMY IN THE PERIPHERAL NERVOUS SYSTEM 

 

 Axotomy is one of the most utilized strategies for the study the target trophic 

dependence of adult neurons. However, it is worth noting that axotomy not only 

deprives the neuron of the target released molecules, but also produces neuronal 

phenotypic, morphological and functional changes due to the lesion. This makes 

difficult to discern in between the changes produced by the lack of trophic factors and 
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those produced by the injury. It is also important mentioning that the degree of those 

changes is strongly dependent on the type and site of lesion; those lesions produced 

in close proximity to the soma are more severe than the ones induced distal to it. 

 

4.1. Morphologic and metabolic changes 

 It has now been established that after axotomy the most degenerative 

extensive changes occur in the nerve cell body and its neurites. This process is known 

as “retrograde neuronal reaction” and takes place 24 to 72 hours following nerve 

lesion. These changes proceed in a centrifugal direction, from the nerve cell soma 

towards the lesion (reviewed by Fenrich and Gordon, 2004). Nevertheless, when an 

axon is crushed or severed, changes occur on both sides of the lesion. Distally the 

axon initially swells and subsequently breaks up into a series of membrane bound 

spheres. These modifications are initially degenerative, Schwann cells first and 

invading macrophages later phagocytate myelin and axonal debris in a process 

collectively known as Wallerian degeneration (reviewed in Fu and Gordon, 1997). 

Where regrowth of the axon is possible (the PNS), the presence of an intact 

endoneurial sheath near to and beyond the region of injury is important for the axon 

to re-establish satisfactory contact with its previous end organ or a closely adjacent 

one. The endoneurial sheath will become the scaffold over which the proximal stump 

of the axon will form the growth cone (Webber et al., 2008). After injury, Schwann cells 

of the distal nerve stump rapidly convert from a mitotically quiescent myelinating 

phenotype to a rapidly proliferating non-myelinating phenotype and upregulate the 

expression of many growth associated proteins, including neurotrophic factors (mostly 

BDNF and NGF), cell adhesion molecules, and many basement membrane components 

(Fu and Gordon, 1997). The role of those molecules on axonal regeneration and 

guidance is very important. 

 In the proximal nerve stump a similar series of changes may occur close to the 

point of injury, followed by a number of sequential changes in the cell body (reviewed 

by Johnson et al., 2005). The neuron goes from a signal transmitting functional state, 

where the priority is for instance the integration of synaptic inputs, the production of 

neurotransmitter and action potential conduction, to a regenerative state where the 

cell machinery is driven to the repair of the axonal membrane, remielinization and 

axonal guidance of the growth cone. These aims require metabolic changes that are 

first directed towards the removal of much of the original endoplasmic reticulum and 

Golgi apparatus by autophagic lysosomal action. This is followed by a dispersion of 

the large Nissl granules, (Boyd and Gordon, 2003) and the formation of new protein 

synthesizing organelles to produce distinct proteins many of which are destined to 

promote the regrowth of the axon, recovery of the membrane and the survival of the 

neuron (see section 5.2) (Fenrich and Gordon, 2004). Along with the metabolic 

changes, morphological variations like the temporally retraction of the afferent 
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synapses from the neuronal surface membrane or in some cases the reduction of the 

dendritic tree take place (Brännström et al., 1992). The nerve cell body, thus, exhibits 

distinct histological features, including chromatolytic reaction, swelling and rounding 

of the cell body and nucleus, displacement of the later and the nucleolus to excentric 

positions and dispersion of the Nissl substance (Tandrup, 2002). It is worth noting that 

all the above features, but the chromatollytic reaction and the reduction of the 

dendritic tree, are also seen in VIn Mns after the axotomy of the abducens nerve (Baker 

et al., 1981).  

 

4.2. Synaptic stripping 

 Besides the morphologic and metabolic mentioned changes, a general effect of 

axotomy is the retraction of the pre-synaptic afferents from the surface of the 

somatodendritic membrane of injured Mns. Morphologic studies demonstrate this 

synaptic stripping in spinal Mns (Brännström and Kellerth, 1998), cranial Mns 

(Blinzinger and Kreutzberg, 1968; Delgado-García et al., 1988) and also in oculomotor 

IntN (Pastor et al., 2000). Although this is a widespread effect in central and peripheral 

neurons, axotomy does not seem to affect all synaptic afferents the same way. While in 

axotomized LR Mns the stripping affects in greater extent to type F pre-synaptic 

terminals (Delgado-García et al., 1988), hypoglossal and spinal axotomized Mns 

predominately lack type S terminals (Linda et al., 1992; Sumner, 1975a). The 

mechanisms responsible for this afferent retraction are not clear, however many 

authors attribute an important role to glial cells. The role of astrocytes appears to be 

crucial since the displacement of pre-synaptic terminals from the post-synaptic 

membrane is accompanied by the projection of thin, sheet-like astrocytic processes 

(Derouiche et al., 2002) that may hinder the rewiring of lost connections and serve as 

scar tissue, blocking axonal growth (Fawcett and Asher, 1999). While some authors 

have suggested that this glial process may also force the retraction of the pre-synaptic 

somatodendritic terminals, others claim the glial process appear only once the 

stripping has taken place (reviewed by Svensson et al., 1993). Whatever its role might 

be, it is well established that glial response is particularly important for reestablishing 

a proper microenvironment for the replacement of the inputs (Aldskogius et al., 1999), 

since local inflammation and the consequent activation of glial cells provides a local 

source of trophic factors found to be essential for the reconnection of pre-synaptic 

terminals (Emirandetti et al., 2006; Ribotta and Privat, 2001).  

 

4.3. Electrophysiological changes 

 Along with the metabolic and morphologic changes and the pre-synaptic 

retraction of terminals, and probably as a consequence of these changes, axotomized 

neurons have distinct physiological features that are manly observed by their different 

passive membrane electric properties, synaptic transmission and firing pattern 
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characteristics (reviewed by Titmus and Faber, 1990). Axotomy produces a wide list of 

variations on postsynaptic potentials, probably due to the retraction or redistribution 

of the afferent terminals. Both, amplitude and duration modifications of the 

postsynaptic potentials have been demonstrated on spinal and oculomotor Mns after 

electrical stimulation of the pre-synaptic fibers (Kuno and Llinás, 1970; Delgado-García 

et al., 1988).  

 The membrane passive electric properties are also altered in axotomized Mns. 

Although there is some controversy on the results from different groups, in general 

membrane resting potential and amplitude of the action potential do not change after 

axotomy (Baker et al., 1981; Kuno and Llinás, 1970b). Input resistance and rheobase, 

on the other hand, seems to increase and decrease, respectively but this result has not 

been reproduced in all types of Mns (Gustaffson and Pinter, 1984a, b; Kuno and Llinás, 

1970). Even though the amplitude of spontaneous action potentials remain invariable, 

the shape of those antidromically evoked is different on axotomized Mns (Kuno and 

Llinás, 1970). The characteristic change on the shape of the evoked potentials, 

together with the augmented input resistance and diminished rheobase currents, 

suggest an increased excitability on the somatodendritic compartment and its 

reduction on the initial segment of the axon after axotomy. In the initial segment of 

axotomized VIn Mns it has been described a failure of antidromically evoked potentials 

supporting the hypothesis of a reduction on the excitability on this compartment 

(Baker et al., 1981).  

 In Mns innervating slow muscles, a reduction of the duration of the AHP has 

also been described. This change has been associated with the acquisition of an 

undifferentiated phenotype by axotomized Mns, since the duration of the AHP are 

similar to those seen on immature phasic embryonic Mns (see 2.2.4). Additionally, 

axotomy alters axonal velocity conduction due to the axonal diameter reduction and 

the distance shortening between Ranvier’s nodes (Baker et al., 1981).   

 Finally, all the above mentioned changes are well reflected, as well as being the 

cause of the changes on the firing pattern of injured neurons. The discharge features 

of axotomized oculomotor Mns and IntN have been well characterized in cat (Delgado-

García et al., 1988; de la Cruz et al., 2000; Pastor et al., 2000). In both cases a 

reduction of the neuron discharge rate as well as a decrease on their velocity and 

position sensitivities have been demonstrated. While the permissive environment of 

the peripheric axotomy of the VIth nerve allowed these Mns to recover their structural 

and functional properties 2-3 months after axotomy due to target reinnervation, the 

central lesion effects observed on VIn IntN were irreversible probably due to the 

inability of CNS neurons to reinnervate other targets after axotomy (Delgado-García et 

al., 1988; de la Cruz et al., 2000).  
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5. TROPHIC FACTORS AND MOTONEURONS 

  

 During development Mns are generated in excess, consequently a great 

number of them will die through the natural process of PCD (Buss and Oppenheim, 

2004). The survival of Mns appears to depend on distinct mechanisms along the 

embryonic developmental process. Initially there is an early target-independent period 

of Mn death that seems to be dependent on Sonic Hedgehog signals (de la Rosa and 

de Pablo, 2000; Oppenheim et al., 1999). However, the majority of Mns die in later 

stages when axon terminals functionally innervate their target skeletal muscle 

(Oppenheim, 1991). At a certain stage of development Mn survival depends on the 

presence of the target skeletal muscle and myelinating Schwann cells that surround 

peripheral axons (Riethmacher et al., 1997; Grieshammer et al., 1998). This fibers and 

Schwann cells contain many different trophic factors that promote Mn survival 

(Henderson et al., 1998). Furthermore, trophic factors released by these cells 

potentiate each other to promote Mn survival (Arakawa et al., 1990). Classical view of 

trophic dependence theory assumed that the growth factors the neurons require to get 

rescued from PCD mostly derived from target tissues. However the above experiments 

together with others, have demonstrated the assorted sources of growth factors 

necessary for Mn survival (see figure 14). These factors function together in regulating 

the survival and functionality of Mns not only during embryonic but also in postnatal 

development. Postnatal survival of Mns, on the other hand, becomes less dependent of 

target derived factors and relies on cell autonomous process such as the sufficient 

expression of the “survival of Mn” protein (Jablonka et al., 2000; reviewed in Gubitz et 

al., 2004). Finally, neurotrophins and other growth factors seem to become once again 

important protecting Mns from degeneration after nerve injury. Under these 

circumstances, the adult nervous system responds by switching on again the 

expression of growth factors from autocrine or paracrine sources (see Boyd and 

Gordon, 2003). It is worth noting that trophic dependence after injury may change and 

Mns that were dependent on a specific factor for their survival and differentiation 

during development may be protected by other trophic factors when lesioned (see 

below). NT-3, for example is essential for the survival of certain pools of Mns during 

development (Woolley et al., 2005; table 4), however its expression is downregulated 

after nerve injury (Funakoshi et al., 1993; see figure 15). 

 Table 4 shows the percentage of motoneuronal cell survival in different motor 

nuclei after depriving Mns of certain trophic factor or their receptor in knockout mice. 

Note the broad number of growth factors responsible for the survival of Mns. As seen 

in the table, distinct Mn subtypes may depend on specific trophic factors to survive 

(reviewed by Gould and Enomoto, 2009). In this table are also shown some factors not 

affecting survival of Mns when absent in knockout mice, e.g. BDNF or NT-4/5.  
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Figure 14. Different potential sources of trophic signals that may influence motoneuron survival 
during development. Adapted from Oppenheim, 1996.  

 

 

These factors, however may affect the survival, differentiation or axonal growth of Mns 

in culture or after nerve injury (Alcántara et al., 1997; McKay et al., 1996). 

 

5.1.  Expression of neurotrophins and their receptors in muscle and 

motoneurons during development 

 Several studies demonstrate that survival of developing Mns is not reduced in 

knockout mice in which the genes for NGF, BDNF, or NT-4/5 have been inactivated (see 

table 4). This results surprising since sensory neurons are severely affected in these 

mouse mutants (Liu et al., 1995) and northern blot analysis have demonstrated the 

expression of most of the neurotrophin genes in skeletal muscle (reviewed by Chevrel 

et al,. 2006). Motor deficits were only observed in NT-3 gene knockout mice (see table 

4). These studies reveal a specific role of NT-3 for the development of muscle spindles 

and γ-Mns that innervate these specialized muscle fibers (Kucera et al., 1995). There is 

some debate on the development and postnatal expression of NGF and BDNF, while 

some groups have reported no expression of these neurotrophic factors in muscle, 

others did find expression but in small amounts. Some authors have found NGF mRNA 

expression in hind-limb skeletal muscles in newborn but not adult rats (Koliatsos et 

al., 1993). Others found low but significant amounts of NGF in postnatal chicken, rat, 

and mouse muscle (Ebendal et al., 1986; Heumann et al., 1983; Maisonpierre et al., 

1990). Low levels of BDNF expression, on the other hand were reported in developing 

and postnatal avian and rodent skeletal muscle (Griesbeck et al., 1995; Koliatsos et al., 

1993; Maisonpierre et al., 1990). 

and γ-Mns that innervate these specialized muscle fibers (Kucera et al., 1995). There is 

some debate on the development and postnatal expression of NGF and BDNF, while 

some groups have reported no expression of these neurotrophic factors in muscle, 

others did find expression but in small amounts. Some authors have found NGF mRNA 

expression in hind-limb skeletal muscles in newborn but not adult rats (Koliatsos et 

al., 1993). Others found low but significant amounts of NGF in postnatal chicken, rat, 

and mouse muscle (Ebendal et al., 1986; Heumann et al., 1983; Maisonpierre et al., 

1990). Low levels of BDNF expression, on the other hand were reported in developing 

and postnatal avian and rodent skeletal muscle (Griesbeck et al., 1995; Koliatsos et al., 

1993; Maisonpierre et al., 1990). 
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Table 4. Neurotrophic factors and their receptors for motoneurons  
(Adapted from Gould and Enomoto et al., 2000). 

Trophic factor  Receptors on Mns  Mn subtype affected in knockout mice 

Neurotrophins   

- NT-3  
- NT-4/5  
- BDNF  
- NGF 

TrkC, p75NTR  
TrkB, p75 NTR  
TrkB, p75 NTR  
TrkA 

- NT-3 KO - complete loss of γ-Mns at all spinal levels  
- No deficits on NT-4/5, TrkB, or p75NTR KO mice 
- No deficits on BDNF, TrkB, or p75NTR KO mice 
- No deficits on NGF, TrkA, or p75NTR KO mice 

CNTF/LIF family   

- CNTF 
- LIF 

 
- CT-1 
 
- CLC/CLF 

CNTFR-, LIFR-, gp130 
LIFR-, gp130 
 
?, LIFR-, gp130 
 
CNTFR-, LIFR-, gp130 

- CNTF or LIF KO - no deficits at spinal or cranial 
levels, CNTFR-, LIFR-, gp130 KO - 40% loss at 
spinal and cranial levels. 

- CT-1 KO - All spinal levels: 20-30% loss, facial and 
hypoglossal: 30% loss 

- CLC/CLF KO - lumbar: 25% loss, facial: 30% loss 

Insulin-like GF   

- IGF-I 
 
- IGF-II 

IGFR-1 
 
IGFR-2 

- IGF-I KO – 30% loss at spinal levels, 25% loss of 
facial Mns, 30% loss trigeminal Mns. 

- IGFR-1 and IGFR-2 KO (not done) 

GFL   

- GDNF 
 
 
- NTR 

GFR 1, Ret  
 
 
GFR 2, Ret   

- GDNF KO – 20-30% loss at all spinal levels, 90% loss 
γ -Mns, 20% loss facial Mns, 25% loss trigeminal 
Mns, 20% loss hypoglossal Mns 

- No deficits noted on NTR or GFR2 KO mice 

VEGF - Flk-1, Flt-1, Flt-4 
- VEGF KO – facial Mn migration affected. Mn count 

not done (embryonic lethality). 

HGF/SF - met - met KO - Mn count not done (embryonic lethality) 

 

  

 

 

CNTF: Ciliary neurotrophic factor. CT-1: Cardiotrophin-1. CLC/CLF: Cardiotrophin-1-like 
cytokine/factor. LIF: Leukemia inhibitory factor. IGF-I and IGF-II: Insulin-like growth factor-I and Insulin-
like growth factor-II. GDNF: Glial derived neurotrophic factor. NTR: Neurturin. VEGF: Vascular 
endothelial growth factor. HGF/SF: Hepatocyte growth factor/scatter factor. KO: knockout. 

 

BDNF mRNA expression was also detected in eye muscles (Steljes et al., 1999). In situ 

hybridization (ISH) techniques have shown that the expression of BDNF appears 

confined to myofibers in adult rat muscle (Liem et al., 2001). NT-3 and NT-4/5 

expression, in contrast, appears to be relatively strong during development (some 

studies report that NT-3 mRNA expression is ten times higher than BDNF) 

(Maisonpierre et al., 1990; Wright et al., 1997; Sakuma et al., 2001) and in adult 

stages, respectively (Griesbeck et al., 1995). These results correlate well with the 

critical effects seen in NT-3 or TrkC knockouts (see table 4). In developing mouse 

muscles, e.g. the initial diffuse expression of NT-3 mRNA becomes increasingly 

restricted and by the day of birth is confined to the intrafusal fibers of muscle spindles 

(Wright et al., 1997). 

 Neurotrophin receptors, p75NTR and Trk, are also expressed in the muscle 

during development and after birth with variations between stages and also between 

different muscles (see Chevrel et al., 2006). In Mns, on the other hand, the existence 

of all subtypes of Trk receptors and p75NTR has also been demonstrated. Mns express 
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high levels of p75 NTR during early development. This expression occurs apparently 

before the Mns have established contact with skeletal muscle (Sendtner et al., 2004). 

Interestingly, the role of p75NTR as a mediator of cell death has also been shown in 

developmental Mns, since overexpression of the cytoplasmic part of the p75NTR in mice 

(Majdan et al., 1997) leads to significant losses of several populations of neurons 

including Mns in the facial nucleus. The expression of this receptor nevertheless is 

downregulated during late embryonic development and only under certain 

circumstances, like axotomy or muscle injury its expression is upregulated again.  

 It is important to highline that cat adult EO Mns express TrkA, TrkB and TrkC 

on different proportions (Benítez-Temiño et al., 2004). In the VIn, the percentage of 

cells expressing TrkB is significantly higher than the other two receptors. Moreover, 

the percentages obtained for the three Trk receptors in this study indicate that there is 

colocalization of two or three receptors in a large number of cells. The existence of 

these receptors in VIn Mns suggests their ligands might exert any effect over these 

neurons. However, to date no studies have been achieved to study the survival effects 

neurotrophin withdrawal has on Mns belonging to the oculomotor nuclei. It will also be 

interesting studying if the above mentioned pattern of expression of the p75NTR gene 

seen in other Mns during development, is the same in the EO Mns and the effects 

neurotrophins and their immature counterparts, pro-neurotrophins, have over the 

survival of these neurons not only during development but also after injury, since 

growing evidence shows the expression of this receptor is upregulated after nerve 

lesions (see below). 

 

5.2. Expression of neurotrophins and their receptors in muscle and 

motoneurons after lesion 

 Neurotrophins, as they do in other neural cells, protect Mns from degeneration 

after nerve lesion. In rat muscle, for example, nerve lesion produces a moderate 

decrease or no changes on NT-3 mRNA expression (depending on the muscle), 

whereas NT-4/5 mRNA rapidly decreases (Griesbeck et al., 1995; Funakoshi et al., 

1993). BDNF, in contrast, is upregulated in skeletal muscle following sciatic 

transection (Griesbeck et al., 1995). Several authors also reported a slow increase in 

BDNF expression on Schwann cells, which is suggested to play a role protecting not 

only Mns but also muscle fibers after injury. Amano and colleagues have reported an 

increase in NGF mRNA in skeletal muscle four days after denervation, however the 

origin and effects over Mns of this trophic factor remains unknown (Amano et al., 

1991). 

 On Mns, nevertheless, the pattern of expression of neurotrophins and their 

receptors following nerve injury are different. NGF is not expressed by adult Mns and 

axotomy do not upregulate its expression (Funakoshi et al., 1993). BDNF, in contrast is 

expressed at relatively low levels in intact Mns but its expression is rapidly induced 
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after injury (see figure 15A). Two days after injury, most facial Mns express high levels 

of BDNF mRNA (Kobayashi et al., 1993). However, this increase in BDNF gene 

expression is transient since it begins to decline at 4 days, and returns to baseline by 

7 days after injury. This upregulation of BDNF mRNA correlates with the detection of 

an increase of BDNF protein as early as 1 day following facial nerve transection. This 

increase reaches a peak at day 7 after injury and remains elevated compared to 

contralateral intact control Mns as late as 14 days post injury (Kobayashi et al., 1993). 

Other groups have reported the same pattern of BDNF expression for axotomized 

femoral Mns but with different kinetics (Al-Majed et al., 2000). Interestingly, electrical 

stimulation may shift the peak BDNF mRNA expression from 7 to 2 d after nerve repair 

(Al-Majed et al., 2000).  

 The kinetics of NT-3 and NT-4/5 expression after injury has been less studied. 

Spinal cord homogenates after sciatic nerve injury indicate that the expression of both 

NT-3 and NT-4/5 in Mns decreases after injury (Funakoshi et al., 1993). NT-3 mRNA 

shows a biphasic response (see figure 15A). NT-4/5 decreases slightly first and slowly 

returned to control levels. The problem with spinal homogenates is that is not clear 

whether the mRNA detected in these studies truly reflects motoneuronal expression, or 

expression in other cells present in the spinal cord such as IntN, astrocytes, 

oligodendrocytes, or microglia.  

 The expression pattern of neurotrophin receptors is shown in figure 15B. 

Skeletal Mns do not express nor upregulate trkA after injury (Escnadon et al., 1994). 

TrkB mRNA begins to increase 2 days after facial and sciatic nerve axotomy, peaks by 

day 7 and remains elevated between 14 and 21 days following injury (Kobayashi et al., 

1996; Hammarberg et al., 2000). TrkC mRNA, in contrast, remains relatively 

unchanged following sciatic nerve axotomy, but it is strongly downregulated after 

sciatic nerve avulsion. Surprisingly this downregulation remains well below intact levels 

at least 42 days after injury (Hammarberg et al., 2000). In facial nerve this severe 

downregulation of trkC genes is also seen (Fernandes et al., 1998).  

 Although the expression of the p75NTR receptor is barely detectable in adult 

Mns, numerous studies show it is rapidly upregulated following injury, reaching peak 

levels 7 days after axotomy (see figure 15B) (Gschwendtner et al., 2003; Rende et al., 

1992, 1995; Koliatsos et al., 1991). This is supported by the demonstration of an 

increase in p75NTR immunoreactivity in adult sciatic Mns at 2 to 7 days after axotomy 

(Wu, 1996; Koliatsos et al., 1991). The increased expression of p75NTR is maintained for 

several weeks after axotomy, returning to baseline by 30 days (Rende et al., 1995). 

Some authors have suggested that p75NTR expression after injury has a negative effect 

on the survival of Mns. Indeed, when the expression of this receptor was abolished in 

adult p75NTR–/– mice, survival and regeneration of axotomized Mns was improved in 

comparison to control animals (Ferri et al., 1998). In this same line, overexpression of 

the cytoplasmic part of p75NTR enhanced lesion-induced cell death of facial Mns in adult 
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mice (Majdan et al., 1997). These results are compatible with the suggestion that 

p75NTR may act as a cell death receptor in developing Mns. Nevertheless the results of 

some groups are in contrast with the view of p75NTR as a death promoting receptor in 

Mns. Ferri and colleagues (1998) have demonstrated that the number of facial Mns in 

6- to 9-week-old p75NTR–/– mice is reduced in comparison to wild-type mice.  Later other 

groups corroborated this result (Wiese et al., 1999). 

 In conclusion, the rapid upregulation of BDNF, TrkB and p75NTR suggests this 

neurotrophin has a strong role during the motoneuronal response to injury. BDNF may 

play an autocrine or paracrine role over Mns but the mechanisms mediating these 

effects remain to be determined. 

 Finally, it is worth mentioning that motoneuronal axotomy produces also a 

characteristic regulation of downstream signal transduction molecules. Hypoglossal 

nerve injury, for example, upregulates the expression of members of the PI3K-Akt and 

Shc-Ras-MAPK pathways (Owanda et al., 1997; Ito et al., 1996; Kiryo et al., 1996), both 

implicated in promoting neuronal survival. This provides strong evidence for the 

involvement of these pathways, in mediating the motoneuronal response to injury. 

Recently it has been demonstrated that the expression of some of these survival 

factors are strongly dependent on the existence of BDNF, supporting the important 

role of this neurotrophin after injury in Mns (Yang et al., 2006). 
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 Figure 15. Temporal expression of neurotrophic factors and their receptors in 
axotomized motoneurons. All values are normalized to contralateral intact control 
motoneurons. From Boyd and Gordon, 2003.  

 

 

5.3. Effects of endogenous and exogenous neurotrophic factors on 

motoneurons after nerve injury 

 As described above, after nerve injury a broad variety of neurotrophic factors 

from different sources are available to injured neurons. In vivo exogenous application 

of many of these neurotrophic factors has been demonstrated to support the survival 
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of both sensory and motoneuronal cell populations. Cranial Mns are more susceptible 

to injury than spinal Mns, mostly in neonatal stages (see Fu and Gordon, 1997). Many 

different experimental paradigms have shown that neurotrophic factors promote, not 

only the survival of axotomized or avulsed Mns, but also regeneration, axonal 

sprouting and functional recovery. Several administration methods have been used for 

this matter, from exogenous application with pumps and other devices (Jubran and 

Widenfalk, 2003) to adenoviral or lentiviral transfer (Tannemaat et al., 2008). All of 

these strategies ensure sustained release of the trophic factors to produce long-lasting 

effects on the Mns. In the next paragraphs a brief description of the effects 

neurotrophins exert over the survival, recovery from the lesion induced phenotype as 

well as on the functional recovery of injured Mns, will be made.  

 - Survival; Neuronal survival after axotomy is determined by distinct factors, 

such as neuron type, developmental stage or the degree and proximity of the injury; 

neonatal Mns, for example, are more susceptible than adult Mns and following distal 

injury, adult spinal Mns often remain viable for long periods of time, whereas avulsion 

injuries may induce substantial motoneuronal death (Hammarberg et al., 2000; Kishino 

et al., 1997; Novikova et al., 1997). From all neurotrophins, BDNF is the one that 

contributes in greater extent to the survival and axonal regeneration of injured 

mammalian Mns (Yang et al., 2006; Sakamoto et al., 2003). Exogenous BDNF 

application has been demonstrated to rescue axotomized neonatal facial (Sendtner et 

al., 1992b; Koliatsos et al., 1993; Yan et al., 1993), axotomized neonatal sciatic (Yan 

et al., 1993; Vejsada et al., 1995, 1998); and adult lumbar Mns following avulsion 

injury (Kishino et al., 1997; Novikova et al., 1997; Chai et al., 1999). While the survival-

promoting effects of exogenous BDNF on axotomized neonatal Mns seems to be 

transient (Vejsada et al., 1998), in adult Mns continuous application of exogenous 

BDNF exerted long-term survival promoting effects after avulsion injuries (Kishino et 

al., 1997). In line with the ability of BDNF to promote neurite outgrowth in vitro (Atwal 

et al., 2000), it has been shown that BDNF can induce motor axonal outgrowth after 

ventral root avulsion (Kishino et al., 1997; Novikova et al., 1997), although this 

regeneration was primarily restricted to the avulsion site. It would be also worth noting 

that the beneficial properties of BDNF may be reverted in a dose-dependent manner, 

but the mechanisms by which BDNF can become toxic for Mns remain to be 

determined (Boyd and Gordon, 2002). 

 It is not clear if NT-3 and NT-4/5 are able of promoting the survival of all type 

of injured Mns in vivo (Sendtner et al., 1996). While in one study, both neurotrophins 

were as effective as BDNF in promoting the survival of axotomized neonatal sciatic 

Mns (Vejsada et al., 1995), other studies have reported that NT-3 (Yan et al., 

1993,Hughes et al., 1993) and NT-4/5 (Hughes et al., 1993) promote survival of 

axotomized neonatal cranial and lumbar Mns, but to a lesser extent than BDNF. 

Koliatsos and colleagues (1993), on the other hand, reported completely different 
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results, demonstrating that NT-3 do not promote the survival of axotomized neonatal 

facial Mns. These discrepancies may be due to differences between populations of Mns 

(cranial vs. spinal) or slight variations in methodological and experimental procedures. 

 Since several groups have reported that Mns do not express TrkA receptors, 

very little reports are found on the effects of NGF in axotomized Mns. Surprisingly, 

some groups have reported that application of exogenous NGF on crushed neonatal 

Mns may potentiate their death (Miyata et al., 1986, Sendtner et al., 1992b). This effect 

has been attributed to its binding to p75NTR, since at least these pools of Mns do not 

express TrkA (Henderson et al., 1993). However, NGF contribution to injured 

motoneuronal death may be specific of the type of lesion and of neonatal Mns, since is 

not reproduced in Mns with other type of lesions (Marcol et al., 2004; Terrado et al., 

2000). In fact there are groups that have even reported and enhancement of motor 

nerve regeneration with NGF (He et al., 1992).  

 - Recovery from lesion induced phenotype; Along with the upregulation of 

trophic factors in Mns as part of the response to nerve injury, these neurons also 

downregulate enzymes associated with neurotransmission, like choline 

acetyltransferase (ChAT), (Friedman et al., 1995; Kishino et al., 1997; Tuszynski et al., 

1996; Jacobsson et al., 1998) and acetylcholinesterase (AChE), (Kishino et al., 1997), 

as well as proteins associated with transmitter release, such as the synaptobrevin 

isoforms vesicle-associated membrane protein (Jacobsson et al., 1998). An 

upregulation of microtubules associated genes like actin, GAP-43, and T1- tubulin 

(reviewed in Bisby et al., 1992) or calcitonin gene-related peptide (Tuszynski et al., 

1996; Jacobsson et al., 1998) is also seen in close temporal correlation with the 

decrease of ChAT. Growing evidence suggests that BDNF and NT-4/5, but not NGF or 

NT-3, play important roles in maintaining the cholinergic phenotype after injury. For 

instance, intracerebral ventricular infusion of BDNF and NT-4/5, but not NT-3 or NGF 

maintained the expression of ChAT in axotomized hypoglossal Mns (Tuszynski et al., 

1996). These effects have also been demonstrated in the spinal cord after sciatic nerve 

avulsion (Friedman et al., 1995; Kishino et al., 1997). The potential role of BDNF and 

NT-4/5, but not other neurotrophins, to promote the cholinergic phenotype is 

consistent with the mentioned upregulation of TrkB but not TrkA or TrkC receptors 

expression in Mns after injury.  

 Additionally to the phenotypic changes observed in Mns after injury, 

electrophysiological changes also occur (see above). Different groups have described 

alterations such as decline in axonal conduction velocity, rheobase, EPSP amplitude 

and duration of AHP, and increase in input resistance (Mendell et al., 1995; Munson et 

al., 1997). The maintenance of axonal conduction velocity in axotomized Mns seems 

to depend on both BDNF or/and NT-4/5 and NT-3 (Munson et al., 1997).  

 - Functional recovery; In contrast to the limited effectiveness of exogenous 

BDNF to promote functional motor recovery after immediate nerve repair (Moir et al., 
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2000), NT-3 delivered to the site of axonal regeneration, significantly increases the 

number of axons crossing the gap between the distal and proximal end stumps and 

penetrating the former end of the nerve (Sterne et al., 1997a). Furthermore, NT-3 

seems to promote myelinization of the recovered axons (Sterne et al., 1997a). The 

same group also found that the NT-3 enhanced peripheral nerve regeneration was 

associated with increased muscle recovery from denervation atrophy, and that NT-3 

selectively promoted the reinnervation of fast muscle fibres (Sterne et al., 1997b). 

 The above mentioned experiments demonstrate the ability of certain 

neurotrophins to permanently rescue injured Mns from cell death, to revert the 

phenotypic changes promoted by the lesion and their potentiality as therapeutic 

treatments to achieve the functional recovery of Mn-target connections after nerve 

injuries in the PNS. In this work, the effects of exogenous supplied neurotrophins on 

the morphofunctional properties of axotomized VIn Mns will be studied. 

 



Aims 

AIMS OF THIS PROJECT 
 
 

1. To design a system for the trophic delivery of neurotrophic factors isolating the 

nerve terminal from the extracellular milieu and providing a controlled bathing 

media to the stump of severed axons. 

  

2. To study the morphological, physiological and functional changes that 

abducens Mns undergo after distal axotomy of the VIth cranial nerve, with 

especial interest on those changes derived from the trophic deprivation. 

 

3. To study if abducens Mns in cat express the neurotrophin low affinity receptor, 

p75NTR and if the immunoreactivity of this protein changes after axotomy. 

 

4.  To demonstrate that at least part of the effects observed after the axotomy 

account for the deprivation of the trophic factors the muscle releases and that 

those changes may be reverted by applying exogenous trophic factors to the 

chamber were the axons were isolated.  

 

5. To implant a muscle force transducer on the lateral rectus muscle of a cat, in 

order to have a reliable measure of the tension generated in this EOM during 

natural spontaneous eye movements and to correlate both signals, tension and 

eye movement with the firing pattern of Mns innervating the muscle.  
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Abstract

We describe the use of an implantable device for peripheral nerves that allows chronic simultaneous delivery of small volumes of solution,
recording of both field and multiunit potentials, and electrical stimulation. This custom-made multifunctional device was attached to the cut end
of the abducens (VIth) nerve for stimulation, recording and injection purposes. Our device consists of a polyethylene chamber with two electrodes
that can be used for stimulation and recording and two Teflon tubes that serve as inlet and outlet for administering chemicals to the nerve fitted
inside. Since the device is implanted in a retro-orbital position, we herein will refer to it as an intraorbitary device (IOD). The applicability of the
IOD is demonstrated with an electrophysiological and anatomical account of the properties of the abducens nerve. Furthermore, it is shown that
certain neuronal discharge properties can be inferred from the nerve recordings. The IOD can also be efficiently used for the delivery of small
volume of pharmacological substances or conventional retrograde markers.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Abducens; Motoneurons; Cat; Oculomotor; Field potential; Axotomy; Nerve injury

1. Introduction

If we are to obtain a broad understanding of the neuronal
response to injury, it is important not only to describe the signal
processing and electrophysiological changes but also to match
these responses to those obtained following the use of poten-
tially restorative pharmacological treatments. Thus, we wished
to undertake a chronic recording study in axotomized nerves that
have been prevented from regeneration. The abducens (VIth)
nerve of the cat was used as a model. Furthermore, we wished to
compare the neuronal responses in this system to the adminis-
tration of diverse potentially therapeutic agents under controlled
conditions. In order to do so, we needed to test and validate a
method for the isolation of a severed nerve that allows the chronic
delivery of substances, as well as the study of the electrophysio-

∗ Corresponding author. Tel.: +34 95 4557122; fax: +34 95 4233480.
E-mail address: ampastor@us.es (Á.M. Pastor).

1 First two authors contributed equally to this work.

logical properties (Baker and Highstein, 1975; de la Cruz et al.,
1994; Delgado-Garcı́a et al., 1986; Pastor and González-Forero,
2003).

We present here an account of the procedures employed for
the characterization of a chamber used in the isolation of a sev-
ered nerve, while allowing long-term, up to 4 months, recordings
and delivery of substances to the nerve stump (Pastor et al.,
2006). Our methods derive in part from those previously used to
record via suction electrodes from nerves (Pastor et al., 2003).
The device described is implanted intraorbitally; therefore, it
will be referred to as an intraorbitary device (IOD). The con-
struction of the IOD is simple, it can be autoclaved or chemically
sterilized prior to aseptic implantation, and it provides comple-
mentary data for oculomotor research. An example of use is
presented here for the study of abducens nerve function in the
cat, but it can be easily adapted to other species and systems in
order to chronically assess the function of severed cranial and
spinal nerves (Mattsson et al., 1998; Sumner, 1975). Our results
indicate that the signals recorded by means of IOD correspond
well with those obtained at the single-unit level in other prepa-

0165-0270/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.jneumeth.2007.08.021
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M.A. Davis-López de Carrizosa et al. / Journal of Neuroscience Methods  167 (2008) 302–309 303

rations (Yoshida et al., 2000), making it suitable for long-term
studies with minimal invasion of the central nervous system, in
combination with the delivery of desired substances to control
the chemical environment of the severed nerve. An application
of use of the IOD has been published elsewhere in abstract form
(Pastor et al., 2006).

2. Materials and methods

Extracellular single-unit recordings and nerve tip record-
ings were performed in six adult cats. Retrograde tracing was
obtained from three of these animals upon termination of the
experimental recordings. We also employed six adult rats for
the further morphological assessment of the IOD in the common
peroneal nerve. Animals were purchased from authorized breed-
ers (Servicio de Animales de Experimentación, Universidad de
Córdoba, Spain). All experimental procedures were in accor-
dance to the Directive of the European Union (86/609/EEC),
and the Spanish legislation for the use and care of labora-
tory animals (BOE 67/8509-12, 1988). All the surgical and
manipulative procedures for chronic and acute experiments fol-
lowed the guidelines of the National Institutes of Health (USA;
(http://oacu.od.nih.gov/regs/guide/guidex.htm) and the specific
recommendations for the preparation and maintenance of higher
mammals during Neuroscience experiments (NIH publication
#94-3207, 1994).

2.1. Surgical preparation for chronic recordings

After a protective injection of atropine sulphate to reduce
vagal reflexes (0.5 mg kg−1, i.m.), animals were anesthetized
with sodium pentobarbital (50 mg kg−1, i.p.) and a silver bipolar
electrode was stereotaxically implanted to focally stimulate the
left VIth nerve at its exit from the brainstem (Fig. 1). The stimuli
applied were 50 �s square wave pulses of less than 0.1 mA. Two
turn eye coils, 22 mm diameter, made up of Teflon-insulated
multistranded stainless steel wire, were sutured to the sclera
of both eyes to record eye movements by means of the mag-
netic field search-coil technique (Fuchs and Robinson, 1966).
A square window (5 mm × 5 mm) was drilled in the occipital
bone to allow access to the abducens nucleus with microelec-
trodes (Fig. 1). An acrylic chamber was constructed around the
window for aseptic recordings. To immobilize the head during
recording sessions, a restraining system was constructed using
three bolts cemented with acrylic resin to self-tapping screws
attached to the skull. The leads of all electrodes and coils were
soldered to a socket cemented to the restraining system.

2.2. Extracellular recordings

During recording sessions animals seated comfortably in a
loosely fitting cloth-bag that was wrapped with elastic ban-
dages. The animal was seated in the feline-restraining system,
as previously described (de la Cruz et al., 2000; Pastor and
González-Forero, 2003). In brief, the assembly consisted of a
sturdy Perspex box with an internal foam cushion. The box
was located within the eye movement recording frame, so that

Fig. 1. Schematic of experimental approach. The IOD was implanted in the
abducens nerve (VIn) at the orbit location. This nerve was also stimulated
intracranially (St) using silver bipolar electrodes. The lateral rectus (LR) muscle
of the left side was removed (stippled). Extracellular recordings (Rec) were car-
ried out at the abducens level to assess the performance of the intraorbitary device
(IOD) and the electrophysiological characteristics of abducens motoneurons.
Eye coils were also implanted for the recording of eye movements. Other ele-
ments illustrate the internuclear neurons of the ABD nucleus projecting through
the medial longitudinal fascicle (MLF) into the OCM where the medial rec-
tus (MR) motoneurons (Mn) project through the third nerve (IIIn) into the
corresponding muscle.

the eyes were on either side of the geometric center. The head
restraining and micromanipulator bars were attached to the box.
The piece of dura mater accessible from the recording chamber
was gently removed under local 2% lidocaine anesthesia at the
beginning of the first recording session. Extracellular recordings
were carried out with glass micropipettes beveled to a resistance
of 1–3 M� and filled with a conductive solution of 2M NaCl.
The left abducens nucleus was approached stereotaxically, and
located with the aid of the antidromic field potential evoked by
the electrical stimulation of the VIth nerve (Fig. 2C). Abducens
motoneurons were identified by their antidromic activation from
the VIth nerve, and by the collision test between the ortho-
dromic and antidromic action potentials. Responses of abducens

http://oacu.od.nih.gov/regs/guide/guidex.htm
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Fig. 2. Schematics of the intraorbitary device. (A) Picture illustrating the main
elements of the implantable device. Pin connectors soldered at the end of the
electrode are 10 mm long. The inset shows a larger detail of the chamber. (B)
Retro-orbital location of the implanted device attached to the abducens nerve
illustrating also the relative location of the electrodes and tubing for filling the
chamber. (C) The electrodes and the tubing were driven under the skin towards
the skull. A socket was used for electrical connection and a capped chamber
protected the terminations of the tubes that served as the in-out port for fluids.
Both the socket and the in-out port were cemented to the acrylic head restraining
system.

motoneurons were recorded while the animal scanned the visual
field with spontaneous fixations and saccades. IOD recordings
were obtained with a differential amplifier (AM-502; Tektronix,
Beaverton, USA) using common mode rejection at a bandwidth
DC-10 KHz.

The extracellular single-unit neuronal activity was amplified
and filtered at a bandwidth of 10 Hz to 10 kHz. Action potentials
were fed into a window discriminator and the resulting Schmitt-
trigger pulses were stored in a computer using a CED 1401 A/D
card (Cambridge Electronics Design, UK). Computer programs
were developed to display the histogram of instantaneous fir-
ing frequency of the neuronal discharge (i.e., the reciprocal of

the interval between two consecutive spikes) and eye position.
The electroneurographic activity recorded with the IOD was
also half-wave rectified, and a floating average was constructed
every 50 ms. Regression analysis and statistical comparisons
were performed using Sigma-plot (version 9, Systat Software
Inc., Germany).

2.3. Implantable intraorbitary device preparation

The intraorbitary device consisted of a chamber, tubing and
electrodes (Fig. 2A). The chamber was constructed with a stan-
dard polypropylene pipette tip (20–200 �l volume). The tubing
consisted of two pieces 6 cm long made of thin wall polyte-
trafluoroethylene (PTFE, 26 gauge; Small parts, Inc., Miami
Lakes, USA). The internal electrode was a PTFE-insulated mul-
tistranded stainless steel (230 �m outer diameter) that was 6 cm
long with a 1-mm bare tip. The external electrode was a PTFE-
insulated single-stranded silver (330 �m outer diameter) also
6 cm long (A-M Systems, Inc., Carlsborg, USA).

A 1-cm piece was cut from the tapered end of a pipette tip with
the aid of a scalpel. The two PTFE tubes and the inner electrode
were inserted in the chamber via the wide end. The assembly
was glued together by melting the chamber edge with a heat gun
and a soldering iron to ensure that suction could be applied and
that the nerve stump was bathed only with the fluids we injected
through the IOD tubing (Fig. 2A). The external electrode was
also held in place with the melted plastic and then twisted around
the tip of the chamber (Fig. 2A, inset).

The IOD was implanted under general anesthesia in a sec-
ond surgical procedure after a few control recording sessions
to locate the abducens nucleus and to assure that the animal
accepted well the recording system. The orbit was approached
temporally through a skin incision on the eyelid canthus at the
left side (Fig. 2B). The abducens nerve was located in the inter-
nal side of the lateral rectus muscle, and cut free. Thereafter the
lateral rectus muscle was surgically removed from tendinous
insertions. The distal end of the abducens nerve was inserted
into the chamber by applying suction through the inlet and out-
let tubing. The chamber entry point was opened to fit the nerve
tightly but not compressing it excessively. The best relation of
the inner diameter of the chamber tip to the nerve diameter was
approximately 8/10. The effectiveness of the nerve suction was
assessed by the recording of the antidromic field in the nucleus
in response to electrical stimulation from the IOD. Two suture
ties to orbital tissues held the IOD chamber in place. As a cau-
tionary procedure to ensure the proper location of the nerve we
observed during several minutes that the level of fluid in the tub-
ing did not drop. In that event, we either applied suction again
or replaced the IOD by another with better fitting to the nerve.
The electrodes and tubing were passed under the skin, secured
with suture ties, and affixed to the head restraining system of
the animal using dental acrylic. The electrodes were soldered
to a socket, which was in turn attached to the acrylic cham-
ber. The tubes were covered with a knuckled cap for aseptic
reasons (Fig. 2C). The total volume of the IOD was approxi-
mately 15 �l including the dead space of the inlet and outlet
tubing.
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2.4. Dye injection and detection

After 2–3 months of experimental recordings in the abducens
nucleus and the IOD, retrograde tracings were performed. Flu-
orescent dyes (2% Fast blue and diamidino yellow, Dr. Illing;
Umstadt, Germany) were injected through the IOD tubing sys-
tem 4 days prior to killing the animal. The control lateral rectus
muscle was also injected by means of a Hamilton syringe.
Animals were anesthetized with an overdose of sodium pento-
barbital (100 mg kg−1, i.p.) and perfused transcardially with 1.0 l
of physiological saline followed by 2.0 l of 4% paraformalde-
hyde in phosphate buffer, pH 7.4. Following overnight fixation,
the pons (at the level of abducens nerve) was cut on a vibratome
in 50 �m thick sections that were collected free floating in 0.01M
phosphate buffer. For visualization of fluorescent markers sec-
tions were mounted onto gelatinized slides and coverslipped
with 50% glycerol in phosphate buffer (0.1M). Post-mortem
dissection of the orbit showed no signs of infection but reac-
tive tissue had wrapped the IOD chamber and tubing. We also
implanted IOD onto the sciatic nerve of rats to further assess
the morphological usage of IOD. Methods of surgical injection
were similar as for the cat. Horizontal sections of the spinal cord
were processed as described above.

3. Results

We performed simultaneous field potential recordings in
the abducens nerve and nucleus by means of the chronically
implanted IOD and glass micropipettes, respectively. Record-
ings were successful for up to 3 months in the animals tested
here. Stimulation of the abducens nerve at the intracranial loca-
tion (loci b in Fig. 3) elicited an antidromic field potential as
recorded in the abducens nucleus (Fig. 3B, upper trace; Baker
and Highstein, 1975) and an orthodromic field potential as
recorded in the IOD (Fig. 3B, lower trace). The antidromic
field potential, due to its closed field nature, exhibited a typi-
cal triphasic positive–negative–positive shape (Delgado-Garcı́a
et al., 1986) while the orthodromic field potential (as recorded
by the IOD placed at the tip of the abducens nerve) was bipha-
sic and consisted of a positive–negative wave. However, it was
noted in the up-swing phase after the first negative wave one
or two inflections (Fig. 3B, lower traces) corresponding to a
partial segregation of motoneuronal populations of different
axonal conduction velocity. Latency period for the initiation of
the antidromic response elicited by means of the intracranial
stimulus to the abducens nerve was (0.37 ± 0.03) ms, whereas
the latency period of the orthodromic field potential evoked
from the same site was (0.45 ± 0.04) ms. In contrast, when
antidromic field potential in the abducens nucleus was induced
by the IOD stimulation its latency was longer (i.e., 0.65, Fig. 3C)
and its amplitude was reduced to approximately 60–80% of the
maximum amplitude recorded in response to the intracranial
stimulation of the abducens nerve.

We questioned whether the antidromic and orthodromic field
potential had a similar graded nature as a function of the stimulus
intensity applied. For such, we electrically stimulated at increas-
ing intensity in the central VIth nerve. Results showed that as

Fig. 3. Field potential recordings in the abducens nerve and nucleus. (A)
Diagram of the abducens motoneuron somata and axons, and locations of stim-
ulation and recording sites. Recording (rec.) at site 1 and stimulation (stim.) at
locus “a” were obtained by means of an implanted IOD. Stimulus “b” cor-
responds to the intracranial location of stimulating bipolar silver electrodes
used to elicit antidromic and orthodromic field potentials (waves and directional
arrows). Recordings in the abducens nucleus (rec. 2) were performed with glass
micropipettes. (B) Field potentials recorded simultaneously after single shock
stimulus applied to the site “b” and recorded at loci 2 and 1, respectively. (C)
Field potential recorded at the center of the abducens nucleus (rec. 2) upon single
shock stimulus applied through the IOD electrodes. Onset of stimulus artifact is
depicted by an upward arrow.

more units were recruited (axons at the nerve and somata at the
abducens nucleus) larger field potential amplitude was elicited,
although the steps were more discrete at the abducens nucleus
(Fig. 4A). Nonetheless, a good linear correlation existed between
the amplitude of orthodromic and antidromic field potentials.
Correlation coefficients were in all cases tested (n = 6) larger
than 0.9 (Fig. 4B). Excitability of the abducens nucleus and
nerve was further tested by examining the changes in the ampli-
tude of the antidromic and orthodromic negativity as shown in
Fig. 5A. We checked these changes using a condition-test inter-
val between 1 and 45–55 ms. It was shown that recovery of a full
field potential amplitude occurred earlier in the nerve (around
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Fig. 4. Field potential amplitude as a function of stimulus intensity. (A)
Antidromic field potential recorded in the abducens nucleus (upper trace) and
orthodromic field potential recorded by the IOD (lower trace) at different stim-
ulus intensities after central VIth nerve stimulation. Arrows point to the traces
recorded at the intensities depicted (times the threshold for activation). Down-
ward directed arrows indicate onset of stimulus artifact. (B) The field potential
amplitudes recorded at both sites (i.e., V nerve and IOD) showed a positive
linear correlation as exemplified in the graph.

7 ms) than in the abducens nucleus, where the somata lies and
took around 30 ms (P < 0.05; ANOVA) consistent with a longer
refractory period (Fig. 5B, upwardly bent arrow; Grantyn and
Grantyn, 1978).

Antidromically identified abducens motoneurons recorded
extracellularly maintained a tonic and regular discharge dur-
ing eye fixations as previously described (Delgado-Garcı́a et al.,
1986; Fuchs et al., 1988). Firing frequency (i.e., the reciprocal
of the interspike intervals) was proportional to the horizontal
eye position in the orbit (Fig. 6A). Thus, motoneuronal firing
rate increased monotonically for ocular fixations at successively
higher angular positions directed towards the ipsilateral side

of recording (the on-direction; left direction in Fig. 6A), and
decreased or eventually ceased as the eye adopted more eccentric
positions in the off-direction (right eye movements in Fig. 6A).
Discharge activity was also related to eye movement veloc-
ity during saccades, exhibiting high frequency bursts during
on-directed saccades (Fig. 6A, dots) or sudden reductions and
pauses preceding off-directed saccades (Fig. 6A, arrowheads).

Fig. 5. Excitability of abducens neurons tested at different intervals after a con-
ditioning antidromic and orthodromic volley. (A) Simultaneous recording at the
abducens nucleus and nerve after central VIth nerve stimulation. Conditioning
stimulus (crossed arrow) was followed by a second stimulus applied at variable
latencies (arrows) in simultaneous recordings of the abducens nucleus (upper
trace) and IOD (lower trace). Two sweeps are superimposed in each test latency.
The amplitude of the control field potential (double dot or double asterisk) was
modulated as a function of double shock interval. (B) Time course of the changes
in the amplitude of the field potentials. Note a steady increase in the ampli-
tude of the orthodromic field potential (downwardly curved arrow) whereas in
the antidromic field potential there was a period of increased excitability (dot)
followed by a period of decreased excitability (upwardly curved arrow) until
approximately 30 ms after the first stimulus.
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Fig. 6. Comparison of firing characteristics of abducens motoneurons recorded as single units or as an electroneurogram from the IOD. (A) Control abducens
motoneurons (ABD. Mn) discharged tonically (FR, firing rate in spikes, s−1) in relation to eye position (RH, right horizontal eye position, in degrees) during
spontaneous fixations. Bursts of action potentials were present during saccades in the on direction (dots), tonic activity occurred during fixations (asterisks) and
pauses (arrowheads) occurred during off-directed saccades. Upward deflections represent eye movements to the left (L). The raw (IOD) and the integrated (Int. IOD)
electroneurographic activity recorded using the IOD are also shown. (B) Graph illustrating an example of the linear correlation obtained between the motoneuronal
firing rate and the horizontal eye position where k represents the neuronal sensitivity (in spikes, s/deg) and F0 represents the firing at straight ahead gaze. (C) This
graph represents an example of the correlation between the firing rate and the integrated electroneurographic activity.

The electroneurographic (ENG) responses recorded in the IOD
resembled the firing pattern of abducens motoneurons. Further-
more, when the ENG responses were half-wave rectified and
integrated (Fig. 6A, Int. IOD) the signal obtained resembled
the instantaneous firing frequency of individual motoneurons
(Fig. 6A, FR). Abducens motoneurons showed a tonic discharge
well correlated with eye position (Fig. 6B). The correlation coef-
ficient obtained between the instantaneous firing frequency and
the integrated electroneurogram was, in all cases tested (n = 35)
better than 0.65 (Fig. 6C).

We demonstrated the anatomical connection of the IOD by
means of delivering small volumes of neuronal tracers inside
the chamber. The fluorescent retrogradely labeled motoneu-
rons were seen in both the control and the IOD implanted
side in equal numbers (Fig. 7A–C). Similarly, retrograde
labeling of motoneurons in the spinal cord following injec-
tions into an IOD located on the common peroneal nerve
of a rat was extensive (Fig. 7D–E). This demonstrates the
capacity of the technique to be extended for usage in spinal
nerves.
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Fig. 7. Labeling of motoneurons from the IOD. (A). Abducens motoneurons retrogradely labeled from the muscle (asterisk) and from the IOD in the cat. (B–C)
Examples of labeled motoneurons at higher magnification from the control and the implanted side, respectively. (D) Motoneurons labeled from injection of an IOD
located on the common peroneal nerve of a rat. (E) Same at higher magnification. Calibration bars are 300 �m for A, 20 �m for B and C, 200 �m for D and 75 �m for E.

4. Discussion

The present results demonstrate an implantable device suited
for nerve recordings, which can be located at the stump of a

severed nerve, and used for chronic electrophysiological assess-
ment and for the delivery of substances in small volumes. Thus,
we have demonstrated that the IOD allows for (i) the antidromic
stimulation of abducens axons; (ii) field potential recording of
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efferent volleys elicited by nerve stimulation and (iii) multiunit
recording of spontaneous activity in the nerve during eye move-
ments in alert cats. Moreover, the IOD allows for the selective
delivery of substances in a controlled extracellular environment.

After using the IOD as a tool for motoneuron stimulation, the
period of latency of the antidromic field potential evoked in the
abducens nucleus was 0.65 ms. The sum of periods of antidromic
(recorded at the abducens nucleus) and orthodromic (recorded at
the IOD) latencies evoked from the intracranial stimulation site
was slightly larger, 0.82 ms. This difference of around 0.17 ms
could reflect the double utilization time included in the summed
latencies (i.e., the time lapse from the stimulus shock to the dis-
charge of the axonal capacitance, which presumably is equal in
both directions of conduction). The utilization time has already
been determined to be around 0.1 ms (Lemon and Prochazka,
1984), therefore, twice the utilization time is in good agreement
with our measurements.

The amplitude of the maximal antidromic field potential
evoked from the IOD was less than that obtained from the
intracranial site for stimulation. This result could indicate a
potential reduction in the effectiveness of the stimulation at the
IOD, although it could also reflect the retraction of some injured
axons or some degree of conduction blockade, due to nerve com-
pression or proximal injury during the implantation procedure.
The amplitude of the antidromic and the orthodromic field poten-
tials after a conditioning stimulus applied at the intracranial
stimulation point (Fig. 5B) closely resembled the excitability
changes in cell somata and axons due to postspike afterpoten-
tials. The course of the recovery of excitability agreed well with
the course of post-hyperpolarization in abducens and trochlear
motoneurons (Grantyn and Grantyn, 1978; Baker and Precht,
1972).

Besides the use of IOD for electrical stimulation, this device
could also be used for the electroneurographic recordings. Neu-
ronal activity recorded in the IOD and via single-unit recording
was correlated and reflected the moments of fixation and the sac-
cades in similar ways as the simultaneous recordings of single
units. However, as expected, there were movements in which
individual motoneurons entered into cut off, and the activity
in the nerve continued, since the nerve presumably contained
axons with thresholds lower than those of the recorded unit.
These would be active at more eccentric positions in the off
direction than the recorded neuron (Pastor and González-Forero,
2003).

The use and effectiveness of the chamber for application
of substances to the nerve stump was documented by the
effectiveness of uptake and transport of neuronal tracers when
these substances were injected into the IOD (Fig. 6). Thus,
a third property of the chamber was its capacity to provide
chronic exposure to substances. Specifically, it allows repeated
administration, wash out, and easy substitution of substances
of interest due to its accessibility. For these reasons, there is
no need to re-operate on the animal, or to implant chronic
delivery devices such as osmotic pumps, or to make manual
injections in situ via repeated surgical exposures of the nerve
(Muller, 1988).

Finally, this method of substance delivery could serve not
only for retrograde tracing experiments but also for the re-
infusion of substances of pharmacological application. Some
substances such as neurotrophins could have short half-life in
the tissue and with this method can be freshly injected as needed
for the experimental protocol (Poduslo and Curran, 1996). The
present chamber allows in vivo studies for the chronic study of
nerves prevented from contacting their potential targets yet kept
in a molecular controlled environment.
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This Week in The Journal
F Cellular/Molecular

Glutamate Binding Is Required for
AMPA Receptor Trafficking
Sarah K. Coleman, Tommi Möykkynen,
Annukka Jouppila, Susanna
Koskelainen, Claudio Rivera, Esa R
Korpi, and Kari Keinänen

(see pages 303–312)

Many quality-control mechanisms pre-
vent expression of mutated or misfolded
proteins in cells. For transmembrane pro-
teins, regulation of folding and assembly
occurs in the endoplasmic reticulum
(ER), where chaperone proteins bind to
misfolded proteins and prevent further
transport along the secretory pathway.
Chaperones are thought to recognize mis-
folded proteins by binding to domains
that are hidden when the protein is prop-
erly folded. Conformationally unstable
proteins that fluctuate between properly
and improperly folded states are more
likely to expose these domains, and thus
are inefficiently trafficked through the ER.
For some such proteins, binding of “phar-
macological chaperones” increases stabil-
ity and facilitates exit from the ER. This
week, Coleman et al. report that point
mutations that eliminate glutamate bind-
ing prevented delivery of AMPA receptors
to the plasma membrane in neurons. Be-
cause previous studies showed that gluta-
mate binding increases stability of AMPA
receptors, these data suggest glutamate is a
pharmacological chaperone required for
trafficking of AMPA receptors.

Œ Development/Plasticity/Repair

Neurotrophins Differentially Affect
Neuronal Firing
María A. Davis-López de Carrizosa,
Camilo J. Morado-Díaz, Juan J. Tena,
Beatriz Benítez-Temiño, María L.
Pecero, Sara R. Morcuende, Rosa. R. de
la Cruz, and Angel M. Pastor

(see pages 575–587)

Neurotrophins act throughout life to pro-
mote cell survival, synaptogenesis, and
synaptic maintenance. Muscle-derived
neurotrophins not only affect innervating
motor neurons, but also act transsynapit-
cally, influencing efferent inputs to motor

neurons. Davis-López de Carrizosa et al.
now show that individual neurotrophins
can differentially affect efferent inputs to
motor neurons in vivo. After the abducens
nerve was detached from its target muscle,
abducens motor neurons lost synaptic in-
puts and fired at lower rates. Both tonic
spiking, triggered by prepositus hypo-
glossi nucleus (PHN) inputs and associ-
ated with fixed gaze, and burst firing, trig-
gered by pontine reticular formation
inputs and associated with saccades, were
reduced. Brain-derived neurotrophic fac-
tor (BDNF) and/or neurotrophin-3
(NT-3) restored synaptic inputs but pro-
duced different effects on spiking. BDNF
restored tonic firing, but not bursting,
suggesting that it restored inputs from the
PHN but not from the reticular forma-
tion. NT-3 had complementary effects,
suggesting that it restored reticular inputs
but not PHN inputs.

f Behavioral/Systems/Cognitive

Reconsolidation and Extinction
Activate CREB in Distinct Areas
Nori Mamiya, Hotaka Fukushima,
Akinobu Suzuki, Zensai Matsuyama,
Seiichi Homma, Paul W. Frankland,
and Satoshi Kida

(see pages 402– 413)

Contextual fear memory is produced in
mice by administering a foot shock shortly
after introducing a mouse to a new environ-
ment. If the mouse is returned to the feared
environment for a brief period without
shock, the initial fear memory is reconsoli-
dated; but if the mouse is re-exposed for a
longer period without shock, the fear is ex-
tinguished. According to Mamiya et al., re-

consolidation and extinction depend on
gene expression in distinct brain areas.
With reconsolidation, cAMP-responsive
element-binding protein (CREB) was acti-
vated in the hippocampus and amygdala,
and expression of at least one CREB target,
activity-regulated cytoskeleton-associated
protein (Arc), increased in these areas. After
extinction, CREB activity and Arc expres-
sion increased in amygdala and prefrontal
cortex. Distinct roles of these brain regions
were further demonstrated by blocking pro-
tein synthesis: blocking synthesis in hip-
pocampus blocked reconsolidation, but not
extinction, whereas blocking synthesis in
prefrontal cortex had the opposite effect.

� Neurobiology of Disease

Loss of Doublecortin Alters Cortical
Network Activity
James B. Ackman, Laurent Aniksztejn,
Valérie Crépel, Hélène Becq, Christophe
Pellegrino, Carlos Cardoso, Yehezkel
Ben-Ari, and Alfonso Represa

(see pages 313–327)

Mutations in the microtubule-associated
protein doublecortin disrupt migration of
cortical neurons in humans, producing an
ectopic layer of neurons beneath the nor-
mal cortex and resulting in mental retar-
dation and epilepsy. To examine neuronal
activity associated with such defects, Ack-
man et al. knocked down doublecortin ex-
pression in nascent layer 2/3 (L2/3) neu-
rons of rats using in utero RNA
interference. Neurons transfected with
shRNAs targeting doublecortin formed ec-
topic clusters in white matter and deep
cortical layers. Although the frequency of
spontaneous EPSCs and IPSCs in these
neurons was much lower than in normal
L2/3, their spontaneous activity was
higher. Interestingly, the presence of ec-
topic neurons also had consequences for
untransfected L2/3 neurons. These mi-
grated to the appropriate layer, but had
much higher spontaneous EPSC fre-
quency than neurons in normal L2/3. Ec-
topic and overlying L2/3 neurons were in-
terconnected and were frequently
coactive, and perfusion with magnesium-
free medium induced epileptiform activ-
ity that was correlated across the two
populations.

Synaptophysin-labeled presynaptic boutons (green) are
present throughout the neuropil and surround motor neuro-
nal cell bodies (red) in the abducens nucleus (left). In the ab-
sence of externally supplied neurotrophins, axotomy reduces
the number of boutons (right). See the article by Davis-López
de Carrizosa et al. for details.
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Complementary Actions of BDNF and Neurotrophin-3 on the
Firing Patterns and Synaptic Composition of Motoneurons

María A. Davis-López de Carrizosa, Camilo J. Morado-Díaz, Juan J. Tena, Beatriz Benítez-Temiño, María L. Pecero,
Sara R. Morcuende, Rosa R. de la Cruz, and Angel M. Pastor
Departamento de Fisiología y Zoología, Facultad de Biología, Universidad de Sevilla, 41012 Sevilla, Spain

Neurotrophins, as target-derived factors, are essential for neuronal survival during development, but during adulthood, their scope of
actions widens to become also mediators of synaptic and morphological plasticity. Target disconnection by axotomy produces an initial
synaptic stripping ensued by synaptic rearrangement upon target reinnervation. Using abducens motoneurons of the oculomotor system
as a model for axotomy, we report that trophic support by brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3) or a mixture
of both, delivered to the stump of severed axons, results in either the prevention of synaptic stripping when administered immediately
after lesion or in a promotion of reinnervation of afferents to abducens motoneurons once synaptic stripping had occurred, in concert
with the recovery of synaptic potentials evoked from the vestibular nerve. Synaptotrophic effects, however, were larger when both
neurotrophins were applied together. The axotomy-induced reduction in firing sensitivities related to eye movements were also restored
to normal values when BDNF and NT-3 were administered, but discharge characteristics recovered in a complementary manner when
only one neurotrophin was used. This is the first report to show selective retrograde trophic dependence of circuit-driven firing properties
in vivo indicating that NT-3 restored the phasic firing, whereas BDNF supported the tonic firing of motoneurons during eye movement
performance. Therefore, our data report a link between the synaptotrophic actions of neurotrophins, retrogradely delivered, and the
alterations of neuronal firing patterns during motor behaviors. These trophic actions could be responsible, in part, for synaptic rear-
rangements that alter circuit stability and synaptic balance during plastic events of the brain.

Key words: abducens motoneurons; synaptic plasticity; BDNF; NT-3; Trk receptors; axotomy; oculomotor; vestibular

Introduction
Neurotrophins provide part of the molecular background that
promotes both synaptogenesis and stabilization of existing syn-
apses in the adult brain, and therefore are crucial for plastic
events such as regeneration or learning and memory (Vicario-
Abejón et al., 2002). These neurotrophin-mediated trophic ef-
fects, mostly studied in vitro, include the regulation of the num-
ber, composition and activity of synapses (McAllister et al., 1999;
Mendell et al., 1999), as well as the regulation of firing patterns
(Zhou et al., 2005; Youssoufian and Walmsley, 2007). Nonethe-
less, given the diversity of synaptic organization in the adult brain
and the patterns of distribution of neurotrophins and receptors,
an in vivo approach is required for ascertaining their specific roles
under physiological conditions (Schinder and Poo, 2000; Caleo et
al., 2003).

Lack of retrograde trophic support induced by axotomy in the

adult CNS produces a profound synaptic stripping that decreases
the motoneuronal responsiveness to afferent signals (Titmus and
Faber, 1990). These alterations normally revert when target rein-
nervation is allowed to occur or when a new target is provided
(Benítez-Temiño et al., 2005). The sequence of events for neuro-
trophins as target-derived factors is established. Neurotrophins
are produced by muscle cells (Steljes et al., 1999; Omura et al.,
2005) and then retrogradely and transsynaptically transported by
motoneurons (Rind et al., 2005) that are endowed with neuro-
trophin receptors (Benítez-Temiño et al., 2004). Retrograde neu-
rotrophin uptake and transport increases after nerve injury (Cur-
tis et al., 1998), and neurotrophin signaling reaches the soma
which influences cellular functions by different effectors and
transcriptional pathways (Zweifel et al., 2005). The abducens
motoneurons of the oculomotor system have firing patterns and
afferent synaptic connectivity well correlated to the parameters of
eye movement (Delgado-Garcia et al., 1986), and, thus, can be
used to test whether firing and synaptic properties can be modu-
lated by extrinsic trophic support after target-disconnection by
means of axotomy.

If neurotrophins play a causal role, as target-derived factors,
in regulating the discharge characteristics via alterations of the
synaptic composition, manipulations that either decrease or in-
crease neurotrophin supply should result in altered firing and
neuronal sensitivities. Here, to test this prediction, we adminis-
tered brain-derived neurotrophic factor (BDNF) and/or
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neurotrophin-3 (NT-3) to the stump of the severed axons of
abducens motoneurons. Thus, we sought to challenge the synap-
tic stripping by two ways. We either prevented it by neurotrophin
treatment starting at the moment of the lesion or promoted af-
ferent reinnervation once the synaptic stripping had occurred.
We also found a complementary role of BDNF and NT-3 in reg-
ulating the balance of tonic and phasic discharge properties of
motoneurons, respectively, that could be causally related to the
restoration of synaptic connectivity. This firing restoration could
be prevented by the blockade of the neurotrophin receptor sig-
naling with K252a, which resembles the effects of axotomy on
discharge properties of motoneurons. Our data demonstrate that
during synaptic remodelling, NT-3 and BDNF play trophic ef-
fects on synaptic inputs to motoneurons being NT-3 specific for
phasic inputs and BDNF selective for tonic inputs.

Materials and Methods
Animals and surgical procedures. Experiments were conducted on adult
cats weighing 2.0 –2.5 kg obtained from authorized breeders (Univer-
sidad de Córdoba, Córdoba, Spain). Animals were either prepared for the
chronic recording of eye movements and neuronal extracellular record-
ings in the abducens nucleus (n � 12) or those for histology were simply
instrumented for the chronic delivery of neurotrophins (n � 10). Surgi-
cal and handling procedures for chronic and acute experiments followed
the guidelines of the National Institutes of Health (http://oacu.od.nih.
gov) and the specific recommendations for the preparation and mainte-
nance of higher mammals during neuroscience experiments (NIH pub-
lication #94-3207, 1994) and were in accordance with national legislation
for the use and care of laboratory animals (R.D. 120/2005 BOE 252/
34367-91, 2005).

Animals were surgically prepared for chronic recordings of eye move-
ments and the electrical activity of abducens nucleus neurons. After a
protective injection of atropine sulfate (0.5 mg/kg, i.m.) to reduce vagal
reflexes, the animal was anesthetized with sodium pentobarbital (35 mg/
kg, i.p.) and placed in a stereotaxic frame. Surgery was then performed
under sterile conditions to implant stimulating electrodes, scleral coils,
and the recording chamber. Two silver bipolar electrodes were implanted
(supplemental Fig. 1, available at www.jneurosci.org as supplemental
material) to stimulate the left VIth nerve at its exit from the brainstem
and the right medial longitudinal fascicle (MLF) next to the oculomotor
nucleus. Coils, made up of 2 turns of Teflon-insulated stainless-steel
wire, were implanted in the sclera of both eyes. A square-shaped window
(5 � 5 mm) was drilled in the occipital bone to allow transcerebellar
access to the brainstem with glass micropipettes during the recording
sessions. A recording chamber made of acrylic resin was constructed
around the window, which was sealed between recording sessions. Fi-
nally, a pedestal made of dental acrylic with embedded bolts was con-
structed to immobilize the head during the recordings. Postoperative
care was provided to ensure the healthy state of the animal.

Chronic extracellular recordings. After 10 –15 d of postoperative recov-
ery, recording sessions started. The animal was restrained with elastic
bandages, and placed in a Plexiglas box inside the scleral coil frame. Both
the micromanipulator and the head-restraining device were located in-
side the coil frame. Eye movements were recorded by means of the mag-
netic field search-coil technique (Fuchs and Robinson, 1966). Eye coils
were calibrated by rotating at known angles the magnetic field frame
relative to the cat.

Extracellular recordings were performed with glass micropipettes bev-
eled to a resistance of 1–2 M� and filled with 2 M NaCl. The (left)
abducens nucleus was approached stereotactically and located with the
aid of the antidromic field potential produced by electrical stimulation of
the VIth nerve. Abducens motoneurons were identified by their anti-
dromic activation from the VIth nerve and by the collision test between
the spontaneously occurring orthodromic and antidromically evoked
action potentials. Abducens internuclear neurons were identified from
the electrode implanted in the MLF. The extracellular neuronal activity

was amplified and filtered at a bandwidth of 10 Hz–10 kHz for display
and digitalization purposes.

Data storage and analysis. Horizontal and vertical eye position of both
eyes and neuronal activity were digitally stored for off-line analysis using
a digitizing card (Power 1401, Cambridge Electronics Design). Com-
puter programs were written in Matlab 6.5 to display the histogram of
instantaneous firing frequency of the neuronal discharge (i.e., the recip-
rocal of the interval between two adjacent spikes) and the position of
both eyes, and to select data between cursors. Relationships between
neuronal firing rate (FR) (in spikes/s) and horizontal eye position (EP)
(in degrees) were obtained by linear regression analysis to calculate the
slope, i.e., the neuronal sensitivity to eye position (k) (in spikes/s/degree),
and the intercept (F0) (in spikes/s), i.e., the neuronal firing rate at
straight-ahead gaze. Firing rate during fixations responded to the equa-
tion FR � k � EP � F0. Relationships between neuronal firing and eye
velocity during spontaneous saccades were also obtained by linear regres-
sion analysis after subtraction of the position component (k � EP) calcu-
lated from the previously known sensitivity to eye position. Thus, the
equation used was FR � k � EP � r � EV � F0, where r (in spikes/s/
degree/s) is the neuronal sensitivity to eye velocity (EV) (in degrees/s).
Due to the impairment of eye movements of the affected eye, we used for
computations the eye movement of the contralateral eye.

Synaptic potentials and peristimulus time histograms. Four animals
were additionally implanted with silver bipolar electrodes in the vestib-
ular nerve bilaterally (supplemental Fig. 1, available at www.jneurosci.
org as supplemental material) during either the main surgical procedure
or in a second surgical session. Single pulse electrical stimulation to the
vestibular nerve with currents �50 �A produced typical extracellular
field potentials in the abducens nucleus (Pastor et al., 1997) that were
positive or negative-positive for the ipsilateral stimulation and mainly
negative for stimulation applied to the contralateral vestibular nerve.
One or more wavelets representing the afferent volley of activated pre-
synaptic axons were typically seen at short latency after the stimulus
artifact. To record extracellular field potentials, filters were set at DC-10
KHz. For constructing the peristimulus time histograms (PSTH), we
generated binned histograms (bin width 0.5 ms) spanning 20 ms before
and 50 ms after the stimulus for 200 – 400 cycles of stimulation applied to
either the contralateral or the ipsilateral vestibular nerves. The Schmidt-
trigger pulse obtained from action potentials was used to construct the
PSTH and the stimulus artifact pooled at the time 0 bin, but excluded
from computations. The intensity applied was 1.1� the current thresh-
old necessary to evoke a detectable eye movement (Baker et al., 1981;
Pastor et al., 1997). Neuronal responses were normalized to calculate the
z-scores of a normal probability distribution to detect those bins that
were statistically different from the mean of the response previous to the
stimulus artifact. The contralateral nerve stimulation produced a facili-
tatory response within the 4 –5 ms that followed the electrical stimulus
onset. The ipsilateral stimulation produced a disfacilitation of the basal
firing at the same latency. To quantify PSTH, the area above or below
mean before the stimulus application was computed to compare re-
sponses among experimental groups.

Abducens nerve section and preparation of the implantable intraorbitary
device. For the delivery of neurotrophins, we implanted the stump of the
abducens nerve in a custom-made chamber to control the milieu that
bathed it and to prevent axonal reinnervation of any orbital structure or
other extraocular muscles (Delgado-García et al., 1988). The intraorbi-
tary device consisted of a chamber that had two pieces of tubing inserted
for fluid replacement and two electrodes as we recently described (Davis-
López de Carrizosa et al., 2008). The chamber was made with a standard
polypropylene pipette tip shortened to �15 mm and thus having conical
shape. The wider side of the cone had inserted the tip of two 6-cm long
pieces of thin wall polytetrafluoroethylene (PTFE) (26 gauge; Small
parts). The electrodes for electroneurographic recordings at the stump of
the severed nerve were two PTFE insulated pieces, 6 cm long, 1 mm bare
tip, made of multistranded stainless steel (located inside the chamber)
and a single stranded silver wire (330 �m outer diameter) located outside
of the chamber that served as reference electrode (A-M Systems). The
tubing and the inside electrode were glued in place to the wide side of the
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chamber. The narrow part of the conical chamber was left opened to �1
mm wide to fit tightly the stump of the abducens nerve.

After a few control recording sessions to locate the abducens nucleus,
the intraorbitary device was implanted under general anesthesia in a
second surgical procedure. The orbit was approached temporally
through a skin incision in the eyelid canthus at the left side. The abducens
nerve was dissected free and the lateral rectus muscle removed. The distal
end of the abducens nerve was inserted in the chamber by applying
suction through the tubing system. The electrodes and tubing were
passed under the skin and were affixed with dental acrylic to the head
restraining system. A connection socket was used to solder the electrodes
and a plastic chamber with a knuckled cap to protect the tubing endings.
The total volume of the system was �10 –15 �l including the dead space
of the inlet and outlet tubing.

Administration of neurotrophins and inhibitor K252a. The protocol for
neurotrophin delivery consisted of single injections of 15 �l in the nerve
chamber on alternate days during 4 – 6 weeks of a solution at a concen-
tration of 15 �g/�l in saline. During the recording session, the chamber
was rinsed with sterile saline and followed by the injection in the chamber
of a dose of NT-3, BDNF or a mixture or both neurotrophins. The con-
centrations we used were in accordance with the doses used in studies in
vivo (Mendell et al., 1999, Novikov et al., 2000). The selective inhibitor of
the tyrosine protein kinase activity, K252a, was delivered at the concen-
tration of 100 nM dissolved in saline with 2% dimethylsulfoxide and the
mixture of both neurotrophins (Tapley et al., 1992). Finally, vehicle
treatment consisted in the administration alone of sterile saline. Admin-
istration of neurotrophins either started the same day of axotomy [im-
mediate administration protocol (IAP)] or delayed 15 d after the axo-
tomy day [delayed administration protocol (DAP)].

Immunocytochemical procedures for fluorescent confocal microscopy.
Animals were perfused intracardially with physiological saline followed
by 4% phosphate buffer paraformaldehide. The brainstem at the abdu-
cens nucleus level was cut at 50-�m-thick coronal sections on a vi-
bratome. The sections were washed in 0.01 M phosphate buffer, pH 7.4,
with 0.9% saline and containing 0.1% Triton X-100 (PBS/TX) and then
blocked with normal horse serum (1:10 in PBS/TX) and placed in differ-
ent mixtures of primary antisera overnight at room temperature. Dual or
triple color immunofluorescence for choline acetyltransferase (ChAT)
(for motoneurons), synaptophysin (SYN) (for synaptic boutons) and
glial fibrillary acidic protein (GFAP) (for astrocytes) was performed by
mixing the following primary antibodies and dilutions: ChAT [goat
polyclonal antibody (pAb); 1:300; Millipore], SYN (rabbit pAb; 1:500;
Zymed Laboratories) and GFAP [mouse monoclonal antibody (mAb)
7a; 1:800; Sigma]. To determine which fraction of the boutons was in-
hibitory, a series of experiments used the marker vesicular GABA/glycine
transporter (VGAT) (Dumoulin et al., 1999; González-Forero et al.,
2004), which is the vesicular �-aminobutyric acid transporter also known
as vesicular inhibitory amino acid transporter (VIAAT) that transports
GABA and glycine into synaptic vesicles (rabbit pAb; 1:500, Millipore).
Labeling of terminals with vesicular glutamate transporters 1 and 2
(VGLUT1 and VGLUT2) (guinea pig pAb; 1:300 –1:1000; Millipore)
yielded very low number of boutons on abducens motoneurons and no
further attempts to characterize them were done. After several washes,
the sections were incubated for 2–3 h in mixtures of secondary antibod-
ies. Immunofluorescence was visualized with donkey anti-rabbit IgG
coupled to fluorescein isothiocyanate (FITC) or Cy2, donkey anti-goat
IgG coupled to FITC, tetramethylrhodamine isothiocyanate or Cy3 and
donkey mouse IgG coupled Cy5 (The Jackson Laboratory). Secondary
antibodies were diluted 1:50 in PBS/TX. Finally, sections were washed in
PBS and mounted on glass slides and coversliped with Vectashield (Vec-
tor Laboratories).

Confocal microscopy (Leica; TCS SP2) at higher magnification (�63
oil immersion digitally zoomed at �2) was used to sequentially capture
images at the same focal plane by means of different filters and later
merged in Sigma scan or Image J (NIH). Gray scales were adjusted to
expand the maximum dynamic range of the image. Neurons included in
the quantitative analysis were randomly sampled at high magnification
(�63) in 1– 4 different focal planes separated by 2–3 �m in the z-axis
around the nuclear plane. Synaptophysin or VGAT boutons were

counted to calculate the linear density of boutons. The synaptic coverage
was also measured as the percentage ratio between the perimeter occu-
pied by synaptophysin-inmunoreactive (IR), VGAT-IR terminals or
GFAP-IR profiles over the ChAT-positive somata of motoneurons was
also measured. Mean gray value as a measurement of the optical density
of the section was also measured using square boxes of 30.4 �m side (80
pixels side) sampled through the neuropil of images captured at �40.
This measurement was considered as an index of the intensity of immu-
nolabeling in the abducens nucleus and computed as the average gray
value within the selection after background level subtraction. That is, the
sum of the gray values of all the pixels (8-bit resolution) in the selection
divided by the number of pixels. For comparisons between groups, one-
way ANOVA at an overall level of significance of p � 0.05 followed by
post hoc comparisons were performed in SigmaStat version 3.1.

Results
Using the axotomy model of the well characterized abducens
motoneurons, we tested the hypothesis that target-derived neuro-
trophic support modulates in adult motoneurons their synaptic
composition and firing patterns. Axotomy leads to a profound reor-
ganization of inputs to motoneurons that undergo stripping of syn-
aptic boutons rendering these cells to a very plastic mode that helped
us to test the synaptotrophic actions of neurotrophins.

Axotomy leads to firing alterations in abducens motoneurons
Control abducens neurons maintained a tonic and regular dis-
charge during eye fixations. Their firing rate increased monoton-
ically for ocular fixations at successive higher angular positions
directed toward the ipsilateral side of recording (the on-direc-
tion; leftward or temporal-directed for a left-side recorded mo-
toneuron), and decreased or eventually ceased as the eye adopted
more eccentric eye positions in the off-direction (Fig. 1A). The
slope of the linear regression line between the firing rate and the
eye position allowed us to calculate the neuronal sensitivity to eye
position (measured in spikes/s/deg) (Fig. 1D, circles). Motoneu-
ronal activity was also related to eye velocity during saccades, thus
motoneurons displayed high-frequency bursts during on-
directed saccades or pauses preceding off-directed saccades (Fig.
1A). The slope of the linear regression analysis between firing rate
and eye velocity was the sensitivity to eye velocity, namely r (in
spikes/s/deg/s).

The firing pattern of abducens motoneurons (Fig. 1B), but
not internuclear neurons (Fig. 1C), was dramatically changed
after lesion of the VIth nerve. Changes appeared gradually during
the first week that followed lesion and were permanent and more
noticeable throughout the second week and continued so during
the entire course of the experiment (8 –10 weeks). During the
initial 15 d postlesion, axotomized motoneurons showed an
overall reduction in firing rate. Motoneurons were accompanied
also by a severe reduction of modulation related to eye position
and velocity (Fig. 1B). Changes in the neuronal sensitivity to eye
movement were noticed as reductions in the slopes between fir-
ing rate and both eye position and eye velocity (Fig. 1D,E, dots).
Plotting the time course of changes in these two neuronal sensi-
tivities (k and r) during axotomy revealed significant differences
with control by 2 weeks after lesion (Fig. 1F,G). We used 15 d as
a time border between two administration protocols of neurotro-
phins, because it is known that during these initial 15 d, mo-
toneurons undergo a profound synaptic stripping (our data, see
below) (Delgado-Garcia et al., 1988). Thus, if neurotrophins
were administered immediately after the axotomy, we hypothe-
sized that synaptic stripping could be, at least partly, prevented,
and we termed this procedure the IAP. To the contrary, if synap-
tic stripping was allowed to occur during the 15 d that ensued
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axotomy, the subsequent neurotrophin
administration would in turn facilitate the
afferent reinnervation during the so-called
DAP.

Complementary firing restoration after
single-neurotrophin administration
Neurotrophin administration through the
IOD directly into the nerve stump of the
VIth nerve led to firing restoration in ab-
ducens motoneurons that could be appre-
ciated as early as 48 h after treatment.
Treatment with BDNF and NT-3 pro-
duced distinct changes in the firing pattern
of motoneurons. Thus, while BDNF led to
the restoration of the tonic firing (Fig. 2B),
NT-3, in turn, restored the bursting be-
havior of motoneurons (Fig. 2C) (see Fig.
2A for comparison with control), without
altering in any case (during axotomy of the
VIth nerve or during treatment with neuro-
trophins) the firing of abducens internuclear
neurons (data not shown). Thus, BDNF and
NT-3 produced complementary aspects of
recovery in the firing of abducens motoneu-
rons. BDNF treatment produced a signifi-
cant recovery of the eye position sensitivity
for both the immediate- and the delayed-
administration protocols (Fig. 3A). To the
contrary, BDNF did not produce any recov-
ery in the eye velocity sensitivity (Fig. 3B) as
bursts were of reduced amplitude (Fig. 2B).
Sorting the firing rate-to-eye position plots
in those fixations obtained after on-directed
saccades versus those obtained after off-
directed saccades yielded two eye position
sensitivities, k-on and k-off. Comparison of
the results obtained indicated that both re-
covered to control values after BDNF or
BDNF�NT-3, but not after NT-3 treatment
(not illustrated).

A mirror-image pattern occurred after
NT-3 administration; in essence, the
bursting behavior recovered but not the
tonic firing of the motoneuron during
spontaneous fixations (Fig. 2C). Quantifica-
tion of the neuronal sensitivities for both the
immediate and delayed administration pro-
tocols showed that the eye position sensitiv-
ity adopted an intermediate value, different
from the axotomy value but different also
from the control value (Fig. 3A). However,
the eye velocity sensitivity showed a dramatic
recovery reaching an average value higher
than control (Fig. 3B) as motoneurons
showed robust bursts during saccades (Fig.
2C). This supranormal recovery of the eye
velocity sensitivity resembled that found in
the Ia-spinal motoneuron synaptic efficacy
described by Mendell et al. (1999) when us-
ing NT-3 in axotomized and also in control
motoneurons.

Plotting of the eye velocity versus eye

Figure 1. Effects of VIth nerve axotomy on the discharge properties of abducens neurons with prevented regeneration and
reinnervation of a target. A, Firing profile of a control abducens motoneuron during spontaneous eye movements. L and R are left
and right directions of movement, respectively. B, Same as A, but for a motoneuron 20 d after axotomy. Note reduced firing during
both saccades and spontaneous fixations. C, Abducens internuclear neurons always showed a normal firing pattern after lesion of
the lateral rectus nerve. D, Calculation of eye position sensitivity for the motoneurons shown in A and B. The slopes of the
regression lines are the neuronal sensitivity to spontaneous eye movements (k; in spikes/s/deg). Linear relationships were FR �
6.4 EP � 62.6 for the control (circles; r � 0.92; p � 0.001), and FR � 2.7 EP � 1.0 (dots; r � 0.9; p � 0.001) for the axotomized
motoneuron. E, Same as D, but for eye velocity sensitivity. Linear relationships were FR’ � 0.74 EP (Figure legend continues.)
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position sensitivity in control motoneurons demonstrated that a
relationship existed and is described by the equation r � 0.095 k
� 0.32 (r � 0.63; p � 0.001). Thus, the larger the k, the larger was
the r value (Fig. 2D, blue) with r being �1/10th of the k value. As
a consequence of the treatment with individual neurotrophins
(BDNF or NT-3), the population scatterplot was above the con-
trol group after NT-3 treatment (Fig. 2D, green), because they
were dominated by higher r for a given k (r � 0.164 k � 0.36; r �
0.71; p � 0.001). To the contrary, treatment with BDNF shifted
the population scatterplot below the control group (Fig. 2D, red)

as they exhibited lower k sensitivities for a
given r value (r � 0.045 k � 0.32; r � 0.48;
p � 0.001). This indicated that despite a
robust relationship existing between k and
r at the population level, the ratio between
both parameters can be scaled as a conse-
quence of the relative synaptic efficacy of
both tonic and phasic inputs to the mo-
toneurons depending on the trophic sup-
port used.

We calculated the expected firing of
motoneurons using the actual parameters
of eye movement demonstrating marked
contrasts with the actual firing recorded.
Thus, treatment with NT-3 revealed that
the expected firing of the motoneuron
when using the actual r value (Fig. 2E, blue
lines), and the expected k value from the
control group (Fig. 2D, blue), demon-
strated a deficit of firing rate during eye
fixations (marked by down-directed ar-
rows). In a complementary manner, the
treatment with BDNF revealed that the ex-
pected bursts for a control motoneuron,
having the actual k value of the treated cell
but an extrapolated r value from the con-
trol population, were much larger than the
actual firing recorded (Fig. 2F, blue line,
better seen in the inset). This discrepancy
indicated a disbalance in the proportion of
k to r values that scaled differently than in
the control group.

Joint administration of BDNF and NT-3
produces recovery of motoneuronal
sensitivities to eye movement
A series of experiments consisted in the
simultaneous administration of both neu-
rotrophins. As expected from their indi-
vidual actions, the recovery was significant
for both the eye position and the eye veloc-
ity sensitivities and for both types of pro-
tocol, either immediate or delayed admin-
istration after axotomy (Fig. 3A,B). Firing
of motoneurons appeared balanced in
burst and tonic modulation, as shown in
Figure 4A for an example of a motoneuron

axotomized for 28 d and with the immediate trophic support.
This result indicated that trophic restoration could be main-
tained for long-term after lesion and changes could also be seen in
the electroneurographic recordings (Fig. 4A, middle trace). The
effects of the trophic support waned after administration ceased
and motoneuron firing appeared again axotomy-like as well as
the electroneurographic recording (Fig. 4B). However, trophic
support could be restored once the neurotrophin administration
resumed and cells turned again into an apparently normal firing
pattern with bursts and tonic discharges similar to controls (Fig.
4C). Thus, the joint administration of BDNF and NT-3 restored
the normal firing by scaling the appropriate sensitivities to eye
position and velocity of axotomized abducens motoneurons. Re-
moval of the trophic support by stopping the neurotrophin ad-
ministration led neuronal sensitivities to return to the axotomy
levels.

4

(Figure legend continued.) � 64.2 for the control (r � 0.87; p � 0.001), and FR’ � 0.34 EP �
3.0 (dots; r � 0.8; p � 0.001) for the axotomized motoneuron. F, G, Time course of changes in
k and r sensitivities after axotomy. Asterisks indicate significant differences with the control
value (ANOVA test, Holm-Sidak method for post hoc comparisons, p � 0.01).

Figure 2. Complementary firing patterns of BDNF- and NT-3-treated motoneurons. A, Control motoneurons burst for on-
directed saccades and fire tonically during eye fixations. B, Treatment with BDNF for 8 d immediately after axotomy reduced bursts
in response to saccades. C, Same as B, but for a 7-d NT-3-treated cell displaying large bursts for saccades but reduced tonic firing
for eye fixations. D, Relationship between k and r sensitivities obtained by linear regression analysis for 75 control (blue), 45
BDNF-treated (red) and 51 NT-3-treated (green) motoneurons. The control population (blue) regression line was r � 0.095 k �
0.32 (r � 0.63; p � 0.001), whereas the BDNF-treated population (red) showed a trend toward low r values, and thus the
regression line was r � 0.045 k � 0.32 (r � 0.48; p � 0.001). To the contrary, the NT-3 population (green) had higher r values,
and the regression line was r � 0.164 k � 0.36 (r � 0.71; p � 0.001). E, Response of a motoneuron (gray firing rate)
NT-3-treated for 14 d immediately after axotomy. The blue line represents the firing rate simulation obtained with the actual eye
movement and the r value but determining the k parameter from the control population shown in D. Arrows point to the decay in
firing rate during fixations. F, Response of a BDNF-treated motoneuron (gray) for 24 d demonstrating a tonic mode of firing. The
blue line as in E represents the simulated firing obtained with the actual eye movements and k but determining r from the control
population shown in D. The arrow points to the reduced bursts during saccades that are characteristic of BDNF-treated cells that,
however, exhibit normal tonic firing.
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We tested whether the actions of neurotrophins on abducens
motoneurons were mediated via the signaling of Trk receptors by
using the selective inhibitor of tyrosine kinase action K252a in the
presence of a mixture of BDNF and NT-3. Recorded cells showed
firing patterns that resembled axotomy when neurotrophins
were applied together with the inhibitor from the distal end of
sectioned axons (supplemental Fig. 2, available at www.jneurosci.
org as supplemental material). The eye position and eye velocity
sensitivities under the action of K252a decayed to axotomized

values. Motoneurons returned to either control values once the
inhibitor was eliminated from the treatment or stayed within the
axotomized range of values when administration of neurotro-
phins stopped.

Neurotrophin-mediated recovery of vestibular
synaptic potentials
We tested synaptic potentials of vestibular origin in abducens
motoneurons (Baker and Highstein, 1975; Delgado-García et al.,
1988; de la Cruz et al., 1994; Pastor et al., 1997). Extracellular
synaptic potentials elicited from the ipsilateral vestibular nerve
(inhibitory) were a positive wave indicative of hyperpolarizing

Figure 3. Quantitative effects in neuronal sensitivities induced by the neurotrophin treat-
ments and blockade with K252a. A, Eye position sensitivity expressed as mean � SEM for 75
control motoneurons (dashed line and gray band represent mean � SEM) and 65 axotomized
motoneurons (stippled and light gray band). Up-directed bars and error bars represent the
mean k values and SEM obtained for 45 (BDNF), 51 (NT-3) and 81 (BDNF�NT-3 labeled as NTs)
motoneurons obtained after the IAP. The down-directed bars and error bars represent the mean
k values and SEM obtained from 24 (BDNF), 31 (NT-3) and 44 (BDNF�NT-3) motoneurons
obtained after the DAP. Asterisks represent statistically significant differences from control
group. Note the recovery of k with BDNF or with the mixture of BDNF�NT-3 but not with NT-3.
Dots represent statistically significant differences from axotomy group (ANOVA test, Holm-
Sidak method for post hoc comparisons, p � 0.01 for individual comparisons) B, Same as A, but
for the eye velocity sensitivity. Equal number of cells and significance levels apply as in A. Note
recovery of eye velocity sensitivity (r) with NT-3 and BDNF�NT-3 but not the recovery with
BDNF.

Figure 4. Firing rate restoration induced by treatment with a mixture of BDNF and NT-3. A,
Motoneuron discharge pattern recorded 28 d after axotomy and BDNF�NT-3 treatment (im-
mediate administration protocol). In A–C, the eye position is shown in the top graph, the
middle trace represents the electroneurogram recorded at the stump of the severed abducens
nerve indicating that similar changes occurred in the whole nerve, and the bottom represents
the instantaneous firing rate. B, Another motoneuron recorded in the same animal but 14 d
after suspending the neurotrophic support. Note that this cell was characterized by a low firing
rate for both saccades and spontaneous fixations resembling the axotomy state. C, Motoneuron
recorded in the same animal but 14 d after resuming treatment showing the restoration of the
discharge characteristics toward normal.
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action at the intracellular level. To the contrary, extracellular po-
tentials elicited contralaterally (excitatory) were seen as a nega-
tive waves. As a result of axotomy, the vestibular potentials de-
creased in some cases almost completely although the
presynaptic arrival of the afferent volleys were seen (Fig. 5B,
dots). Treatment with NT-3 produced a significant recovery of
the ipsilateral–inhibitory potentials (Fig. 5C,E), whereas treat-
ment with BDNF produced mostly a recovery of contralateral–
excitatory–synaptic potentials (Fig. 5D,E).

We used these stimuli while recording abducens motoneu-
rons in the awake animal to elicit changes in firing probability
immediately after application of the stimulus, thus testing synap-
tic efficacy on treated motoneurons (Broussard et al., 1995). Elec-
trical stimulation at 1.1� the threshold for detecting eye move-
ments directed toward the contralateral side resulted in transient
changes of the discharge rate of abducens motoneurons, that
once averaged, produced a characteristic pattern of facilitation
and disfacilitation of the discharge rate produced by contralateral
and ipsilateral stimuli, respectively (Fig. 6A). For the majority of
cells, 200 –300 stimuli were used to generate the PSTH. Figure 6,
B–E, shows the averaged response for each experimental condi-
tion using 13–17 cells in each group. Characterization of the bins
that were significant using the z-score statistics demonstrated
that for the bins within the initial 4 –5 ms of the response there
was a significant facilitation (for contralateral stimulation) or
disfacilitation of the response (for ipsilateral stimulation). We
quantified the responses through the computation of the area
above or below the mean response previous to the stimulation
(Fig. 6F, gray areas). Quantification of the results demonstrated
that BDNF produced a significant recovery of the excitatory re-
sponse (Fig. 6G). Contrary to the results found with the extracel-
lular field potentials, NT-3 did not produce a significant recovery
of the ipsilateral–inhibitory response, because the tonic resting
level was low and the minimum response in a bin is zero, so the
carving by inhibition of the PSTH response was not very
conspicuous.

The effects of neurotrophin administration to motoneurons
studied during the vestibulo-ocular reflex demonstrated that (1)
axotomy produced a decay of the neuronal sensitivities to eye
position and velocity (supplemental Fig. 3B,C–F, available at
www.jneurosci.org as supplemental material), (2) NT-3 pro-
duced the recovery of eye velocity sensitivity (supplemental Fig.
3E,F, available at www.jneurosci.org as supplemental material),
(3) BDNF produced the complementary recovery of the eye po-
sition sensitivity (supplemental Fig. 3E,F, available at www.
jneurosci.org as supplemental material), (4) the dual administra-
tion produced a full recovery of eye position and velocity sensi-
tivities (supplemental Fig. 3A,C–F, available at www.jneurosci.
org as supplemental material) that was (5) abolished by the in-
hibitor K252a (supplemental Fig. 3E,F, available at www.
jneurosci.org as supplemental material).

BDNF and NT-3 prevent synaptic stripping
We found that the functional alterations of axotomy described
here were directly related to the degree of synaptic stripping. To
quantify these deficits of synaptic coverage, we performed immu-
nohistochemistry for synaptophysin and GFAP which are mark-
ers for synaptic boutons and astrocytes, respectively. We also
determined the fraction of inhibitory boutons by using immuno-
staining against VGAT. In the control abducens nucleus, the mo-
toneurons were surrounded in a 48.1 � 1.8% of the somatic
perimeter by synaptophysin-IR boutons and 20.1 � 1.1% of the
perimeter was covered by astroglial filaments (Fig. 7, control; Fig.

Figure 5. Changes in synaptic potentials. A–D, Extracellular field potentials recorded at the
center of the abducens nucleus upon single pulse electrical stimulation of the ipsilateral (left
side records) or the contralateral (right side records) vestibular nerve. In control (A), the inhib-
itory input produces a positive extracellular wave, whereas the excitatory input produces a
negative wave. During axotomy (B), both waves are extremely reduced, but note, however, the
presynaptic wavelets (dots) indicative of the afferent volley of presynaptic fibers reaching the
abducens nucleus. Treatment with NT-3 (C) restored the positive wave (inhibitory ipsilateral
input), whereas BDNF treatment (D) produced the selective recovery of the negative wave
(excitatory contralateral input). E, Summary of changes in mean amplitude of the field poten-
tials for the different conditions. Mean and SEM are shown for 6 –13 measurements taken
between 6 –12 d after treatment. Asterisks indicate significant differences with respect to
control group (ANOVA test, Holm-Sidak method for post hoc multiple comparisons; p � 0.01).
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8). Approximately 66% of the somatic
boutons were VGAT-IR. The consequence
of axotomy on surface coverage was that
synaptophysin-IR bouton coverage
dropped to 21.4 � 2.1% being a large pro-
portion of boutons VGAT-positive,
whereas astrocytic filaments proliferate
around the somata and doubled coverage
to 40.1 � 1.6% (Fig. 7, axotomy; Fig. 8A).
Treatment with the mixture of BDNF and
NT-3 in the immediate administration
protocol prevented the drop of
synaptophysin-IR and VGAT-IR boutons
(Fig. 8A). An intermediate situation oc-
curred by using a single neurotrophin, ei-
ther BDNF (Fig. 7, BDNF; Fig. 8A) or
NT-3 (Fig. 7, NT-3; Fig. 8A). In these cases
the prevention of synaptic stripping pro-
duced intermediate results since coverage
values were both different from control
(thus, certain synaptic stripping still oc-
curred) but also different from the axotomy
values (Fig. 8A). Neurotrophin treatment
with either single neurotrophins or the mix-
ture of two neurotrophins diminished in all
cases the astrocytic reaction around the so-
mata of motoneurons (Fig. 8B).

Mean gray value, as a measure of opti-
cal density, measured in the neuropil pro-
duced a similar pattern of synaptic cover-
age with synaptophysin-IR and VGAT-IR
profiles. The somatic coverage of mo-
toneurons with GFAP was between the
control and the axotomy values for the
NT-3 treatment and showed a full recov-
ery for the BDNF or the mixture of neuro-
trophins in the immediate administration
protocol (Fig. 8B). The GFAP-IR profiles,
however, demonstrated that reactive as-
trocytes were present in the neuropil for all
treatments; therefore, the recovery was
partial for treatment with a single neuro-
trophin but recovery was more profound
for treatment with the mix of both neuro-
trophins (Fig. 8B). Thus, astrocytes were
reactive as a consequence of the axotomy
in the neuropil but locally withdrew from
the surface of the motoneurons concomi-
tantly with the lack of synaptic stripping.

Neurotrophin treatment promotes
afferent bouton reinnervation
The delayed administration protocol of
the mixture of neurotrophins allowed us
to test the hypothesis that neurotrophins
would have a reinnervation effect once the
synaptic stripping had taken place. For do-
ing so, abducens motoneurons were axo-
tomized and 15 d later, once the stripping
has taken place, treatment with neurotrophins started until the
animals were killed after 30 d. The delayed administration pro-
tocol produced the largest recovery of bouton coverage (51.8 �
1.57%) around motoneuron somata with synaptophysin-IR pro-

files (Fig. 7, BDNF�NT-3; Fig. 8A). Compatible with these re-
sults, the coverage with GFAP-IR profiles was the lowest of all
treatments (15.9 � 0.9%). In the neuropil, the mix of BDNF and
NT-3 in the delayed administration protocol produced also the

Figure 6. Alterations by axotomy and neurotrophin treatment in abducens motoneuron responses to vestibular nerve electrical
stimulation. A, PSTHs constructed with 311 (contralateral) and 283 sweeps (ipsilateral), shown below in raster mode, that display 20 ms
before the stimulus (stimulus artifact bin has been deleted from A–F represented as a vertical dashed line) and 50 ms after the stimulus.
Top PSTH indicates a firing facilitation peaking at 2.5 ms (arrow) upon contralateral stimulation, and the lower PSTH shows a firing
disfacilitation that is maximal at 2 ms (arrow) after the ipsilateral stimulation. Bin width for PSTH is 0.5 ms. B–E, PSTH for contralateral
(top) and ipsilateral (bottom) vestibular nerve stimulation averaged for 13–17 responses of individual cells normalized to the number of
sweeps. F, Area measurement (in spikes) consisted in obtaining the number of counts (in spikes/s) times the bin width (in seconds) of the
initial eight bins excluded the first one (b) that were either higher, for contralateral stimulation, or lower, for ipsilateral vestibular stimu-
lation than the mean firing of the 20 ms previous to the stimulus application (a). G, Quantification of the PSTH responses demonstrated a
significant reduction in the area of the response for axotomized motoneurons and a significant recovery of the PSTH amplitude for
contralateral vestibular stimulation after BDNF treatment. Asterisks indicate significant differences with control groups (ANOVA test;
Holm-Sidak method for multiple comparisons; p � 0.01).
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largest recovery in the optical density (Fig. 8B). These results
indicate that neurotrophins used here have a profound synap-
totrophic and synaptotropic effect on axotomized motoneurons.

Discussion
Present data show that BDNF and NT-3 administered to the
severed axons of motoneurons results in both the prevention
of stripping of synaptic afferents when immediately adminis-
tered after lesion and the recovery of afferent innervation after
synaptic stripping due to lesion. Axotomy also induced the

decay in neuronal sensitivities to eye movements and a reduc-
tion in the amplitude of synaptic potentials of vestibular ori-
gin that were also restored to normal values when both neu-
rotrophins were applied. Moreover, the discharge
characteristics recovered in a complementary manner when
only one neurotrophin was administered. Thus, it is shown the
selective trophic dependence of bursting firing on NT-3
whereas BDNF supported the tonic firing of motoneurons.
The present data support a link between the synaptotrophic
actions of neurotrophins retrogradely delivered and the alter-

Figure 7. Neurotrophin involvement in prevention of synaptic stripping. A, Confocal high-magnification images of motoneurons in control, axotomy, treated with BDNF, NT-3 and treated with
BDNF�NT-3 (NTs) illustrating the synaptophysin innervation in green and the motoneuronal cell body in red (ChAT). All sections were obtained from animals after 15 d of axotomy alone or after
treatment with neurotrophins in an immediate administration protocol. Note the marked reduction of boutons after 15 d of axotomy. B, Same motoneurons and treatments as in A but for GFAP
coverage. Note an intense proliferation of astrocytic filaments surrounding the motoneuron somata. C, Confocal images of VGAT labeling in ChAT identified motoneurons. D, E, Same as A, B, but for
confocal low-magnification images illustrating the effects of treatments on boutons and glial filaments in the abducens nucleus neuropil. Scale bars: (A–C)10 �m; (D, E) 40 �m.
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ations of neuronal firing patterns during oculomotor behav-
iors through plastic rearrangements of synaptic contacts.

Alterations of target-derived trophic support determine the
morphophysiological changes induced by axotomy
Nerve injury induces profound changes at the structural and
functional level of damaged motoneurons (Sumner, 1975; Men-
dell, 1984). It is well known that these changes in electrical and

synaptic properties revert with target reinnervation (Delgado-
García et al., 1988; Brännström and Kellerth, 1999) and remain
altered when reinnervation is prevented (Sumner, 1976; Pinter
and Vanden Noven, 1989; Vanden Noven and Pinter, 1989).
Thus, for preventing random target reinnervation and/or rees-
tablishment of trophic support from orbital tissues, we devised a
method for controlling the extracellular environment that bathes
the axonal stumps (Davis-López de Carrizosa et al., 2008). We
cannot ascertain whether neurotrophins signaled to afferents
through transsynaptic translocation, like tetanus toxin does
(González-Forero et al., 2005; Rind et al., 2005), or induced in the
motoneurons the signal for alterations in their synaptic coverage.

The cascade of events mediated by neurotrophins was initi-
ated at Trk receptors located at the axonal stump and abolished
by K252a, a selective inhibitor in vivo and in vitro of Trk action
(Rutherford et al., 1997; Rattiner et al., 2004; Bozdagi et al., 2008).
In our system, K252a led to decreased neuronal sensitivities to eye
movement parameters that resembled those found during axo-
tomy, and thus it can be concluded that this agent blocked the
exogenous trophic support. It can be stressed the idea that exog-
enous trophic support switches the cellular program that main-
tains the axotomized cell synaptically disconnected from the af-
ferent circuit to a cellular program which implies the
reinnervation by afferents. Previous findings in the axotomized
abducens motoneurons and internuclear neurons, also in the cat,
support the idea of a strong dependence of these neurons on their
target as demonstrated by the recovery of firing properties in
coincidence with target reinnervation (Baker et al., 1981;
Delgado-García, 1988; Benítez-Temiño et al., 2005).

Neurotrophin complementary action on specific inputs
to motoneurons
Our findings show that neurotrophic support starting from the
day of lesion prevents the withdrawal of synaptic inputs and that
protection against synaptic stripping is more effective when
BDNF and NT-3 were applied together rather than when only
one neurotrophin alone was used. These results could indicate
either an additive effect over all the different afferents to the
motoneuron or a complementary effect over distinct afferents.
Our neuronal recordings demonstrate the second alternative.
Thus, NT-3 supported the phasic firing of motoneurons whereas
BDNF supported the tonic firing. BDNF and NT-3 have a strong
synaptotrophic action regulating the synaptic composition and
the growth of presynaptic and postsynaptic elements in the adult
brain (Novikov et al., 2000; Cotrufo et al., 2003) and in vitro
(McAllister et al., 1997; Je et al., 2006). It is noteworthy that
BDNF and NT-3 frequently have opposing roles that account for
the specification of electrophysiological properties in the spiral
ganglion neurons (Adamson et al., 2002; Zhou et al., 2005) to the
growth of dendrites in layer 4 pyramidal neurons (McAllister et
al., 1997).

NT-3 produced the recovery of the phasic firing during spon-
taneous saccades and increased the synaptic coverage of axoto-
mized abducens motoneurons. The phasic component is pro-
vided by burst reticular neurons (excitatory and inhibitory; EBN,
IBN) located in the paramedian pontine reticular formation
(Highstein et al., 1976; Hikosaka et al., 1978; Igusa et al., 1980)
that convey a strong burst during on-directed saccades and a
pause during movements in the opposite direction (Büttner and
Büttner-Ennever, 2006). It is likely that NT-3 exerts a trophic
effect over reticular synaptic contacts on motoneurons that ex-
plains the robust bursts during saccades (Fig. 9). Similarly the
presence of strong pauses associated to off-directed saccades in-

Figure 8. Prevention of synaptic stripping and promotion of reinnervation by neurotro-
phins. A, Changes in synaptophysin-IR (green) and VGAR-IR (red) boutons in the abducens
nucleus after axotomy and different treatments. Up-directed bars represent the percentage of
covered perimeter of the motoneurons in control, axotomy, single neurotrophin treatment
(BDNF or NT-3) and double neurotrophin treatment for either IAP or DAP. Down-directed bars
correspond to measurements in the neuropil of the same variables. Bars represent mean�SEM
for 15– 46 motoneuronal profiles in each group and 26 –50 measurements in the neuropil. B,
Same as A, but for measurements of GFAP-IR profiles around somata (up-directed bars) or in the
neuropil (down-directed bars). Asterisks indicate significant differences with control, whereas
dots indicate significant differences with axotomy. Two-way ANOVA, Holm-Sidak method for
pairwise multiple comparisons ( p � 0.01).
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dicates that also the inhibitory burst neurons are trophically
maintained by NT-3, otherwise the rate-velocity plots found
would have a smaller slope (Fig. 9). Interestingly, eye velocity
sensitivity resulted after NT-3 treatment higher than in control
motoneurons. A similar result occurs in the Ia synapses over

axotomized spinal motoneurons in vitro
and in vivo. (Munson et al., 1997; Arvanian
et al., 2003). NT-3 derived from muscle
spindles or after NT-3 treatment increases
the amplitude of this synapse over the con-
trol value, but results impaired for sus-
tained high frequency firing (Mendell et
al., 1999; Chen et al., 2002).

BDNF induced the recovery of the
tonic firing of axotomized abducens mo-
toneurons as well as an increase in their
synaptic coverage. The tonic component
arises from the output of a velocity-to-
position integrator (Aksay et al., 2001)
whose main output cells are the burst-
tonic neurons of the prepositus hypoglossi
nucleus (Escudero et al., 1992) that pro-
vide a reciprocal tonic excitatory/inhibi-
tory drive during on- and off-directed eye
fixations, respectively (Fig. 9). Chronic
treatment with BDNF has been shown to
produce a long-term enhancement of syn-
aptic transmission with no changes in
voltage-gated sodium and potassium cur-
rents (Sherwood and Lo, 1999). Nonethe-
less, it has been shown that BDNF in-
creases the excitability to depolarizing and
hyperpolarizing currents through modu-
lation of potassium currents rendering
tonic and rebounding cells in response to
current steps (Youssoufian and Walmsey,
2007). BDNF, also in vitro, decreases
membrane potential fluctuations promot-
ing rhythmical firing through a K252a-
sensitive mechanism that increases a per-
sistent sodium current (Fujisawa et al.,
2004) that others have identified as a
tetrodotoxin-insensitive sodium current
(Blum et al., 2002). BDNF has also been
shown to regulate the synaptic composi-
tion of axotomized motoneurons (No-
vikov et al., 2000). From the signal analysis
of firing rate we found that both the k-on
and the k-off sensitivities were both re-
stored to control values after BDNF treat-
ment alone or in combination with NT-3.
This result indicates a trophic action of
BDNF over the tonic excitatory and inhib-
itory input to the motoneurons. If that
were not the case, the rate-position plots
used to obtain the eye position sensitivity
would have a smaller slope than that found
(Fig. 9).

A third major source of afferents to the
abducens nucleus arises from the medial
vestibular nucleus that provides recipro-
cal, excitatory-contralateral/inhibitory-
ipsilateral input to the abducens motoneu-

rons (Fig. 9). The firing of abducens neurons during the VOR can
be expressed as the sum of a vestibular input and the output of a
velocity-to-position integrator that provides abducens neurons a
signal related to eye position. The vestibular signal is channeled
through the position-vestibular-pause neurons (Ishizuka et al.,

Figure 9. Diagram indicating trophic actions of BDNF and NT-3 on abducens motoneurons afferents. Abducens motoneurons
receive a main set of three bilateral and reciprocal afferents that convey signals for conjugate eye movements. Inputs represented
to the right of the figure are ipsilateral. Trophic actions of BDNF and NT-3 are labeled in pink and green, respectively. See discussion
for further details.
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1980, McCrea et al., 1980) and the tonic signal is also mainly
channelled through prepositus hypoglossi and these vestibular
neurons (Ramachandran and Lisberger, 2006). We found excita-
tory vestibular synaptic potentials recovered with BDNF as well
as the amplitude of modulation in the PSTH after contralateral
vestibular stimulation, indicating that the input from excitatory
vestibular neurons contralateral to the abducens would be de-
pendent on the trophic action of BDNF. However, inhibitory
vestibular synaptic potentials recovered with NT-3 treatment in-
dicating that the ipsilateral vestibular neurons would be depen-
dent on trophic support from NT-3 (Fig. 9).

The present work opens the possibility for the existence of
different motoneuronal types (tonic, phasic) according to their
responsiveness to different mixtures of neurotrophins coming
from the target. Our previous study (Benítez-Temiño et al., 2004)
demonstrated the coexpression of TrkB and TrkC receptors in
72– 82% of abducens motoneurons which also implies that 18 –
28% of the motoneurons might depend solely on either BDNF or
NT-3. This would indicate that some control motoneurons might
be purely tonic, others purely phasic and the vast majority tonic-
phasic. This likely heterogeneity among motoneurons is in con-
trast, although, with the homogeneous firing patterns found in
abducens motoneurons since every cell demonstrates a tonic and
a phasic firing (Delgado-Garcia et al., 1986) (present data).
Nonetheless, at least two types of motoneurons have been pro-
posed recently on the basis of retrograde and transneuronal trac-
ing (i.e., twitch large cells and small, nontwitch, peripherally lo-
cated in the nucleus) (Büttner-Ennever et al. 2001; Ugolini et al.,
2006). Despite the fact that smaller, nontwitch motoneurons,
having thus higher input resistance, could have a similar sensitiv-
ity to saccades arising from a reduced number of reticular bou-
tons, our data suggest that twitch and nontwitch motoneurons
might express a different number of TrkB and TrkC receptors
and/or receive different amounts of BDNF and NT-3 neurotro-
phins from their innervated muscle fibers, which in turn would
modulate the synaptic coverage and firing patterns of abducens
motoneurons.
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J, Graf W (2006) Horizontal eye movement networks in primates as
revealed by retrograde transneuronal transfer of rabies virus: differences
in monosynaptic input to “slow” and “fast” abducens motoneurons.
J Comp Neurol 498:762–785.

Vanden Noven S, Pinter MJ (1989) Effects of preventing reinnervation on
axotomized spinal motoneurons in the cat. II. Changes in group Ia syn-
aptic function. J Neurophysiol 62:325–333.

Vicario-Abejón C, Owens D, McKay R, Segal M (2002) Role of neurotro-
phins in central synapse formation and stabilization. Nat Rev Neurosci
3:965–974.

Youssoufian M, Walmsley B (2007) Brain-derived neurotrophic factor
modulates cells stability in the mouse medial nucleus of the trapezoid
body. Eur J Neurosci 25:1647–1652.

Zhou Z, Liu Q, Davis RL (2005) Complex regulation of spiral ganglion neu-
ron firing patterns by neurotrophin-3. J Neurosci 25:7558 –7566.

Zweifel LS, Kuruvilla R, Ginty DD (2005) Functions and mechanisms of
retrograde neurotrophin signaling. Nat Rev Neurosci 6:615– 625.

de Carrizosa et al. • Neurotrophin Modulation of Motoneuron Firing J. Neurosci., January 14, 2009 • 29(2):575–587 • 587



SUPPLEMENTAL MATERIAL

SUPPLEMENTAL FIGURE 1. Diagram of the experimental design 
for single unit and eye movement recordings (Rec). The abducens 
nucleus (ABD) contains motoneurons that innervate the lateral rectus 
muscle (LR) and internuclear neurons (Int) whose axons contact the 
contralateral medial rectus muscle (MR) innervating motoneurons (Mn) 
of the oculomotor nucleus (OCM). Bipolar stimulating (St) electrodes 
were implanted on the VIth nerve and on the medial longitudinal fascicle
(MLF). For vestibular stimulation, two additional electrodes were 
implanted in the vestibular nerve bilaterally that activate or inhibit 
disynaptically abducens neurons through second order vestibular 
neurons (MVc and MVi, respectively). Eye coils were also implanted 
bilaterally and after control sessions the lateral rectus muscle was 
removed and an intraorbitary device (IOD) was implanted to isolate the 
VIth nerve inside a chamber where the bathing fluid could be changed 
through in and out tubing. Electrodes allowed recording of the nerve 
spontaneous or evoked activity.
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SUPPLEMENTAL FIGURE 2. Inhibition by k252a of Trk receptor-induced 
firing recovery. A. Motoneuron discharge pattern recorded 15 days after 
axotomy and BDNF+NT-3 treatment (delayed administration protocol) and then 
followed by 7 days of BDNF+NT-3+k252a. B. Calculation of eye position 
sensitivity for the motoneuron shown in A. Linear relationship was FR= 3.0 EP + 
4.26 (r = 0.92; p < 0.001). C. Same as B, but for eye velocity sensitivity. Linear 
relationship was FR’= 0.17 EP + 11.6 (r = 0.8; p < 0.001).



SUPPLEMENTAL FIGURE 3. Firing properties recover during joint administration of BDNF and NT-3. A. 
Behavior of an abducens motoneuron during the horizontal vestibulo-ocular reflex (VOR) treated with BDNF 
and NT-3 for 8 days in a delayed administration protocol. B. Same as A but for a motoneurons axotomized 14 
days previously demonstrating reduced sensitivity to head rotation and fast-phases of the VOR. C-D. Partial 
regression plots of firing rate versus eye position and eye velocity, respectively, during the VOR for the 
motoneurons shown in A (dots) and B (circles). The multiple regression lines were FR= 10.1k + 1.02r + 13 (R= 
0.95) for the treated motoneuron and FR= 5.4k + 0.52r + 9.4 (R = 0.98) for the axotomized motoneuron. E. Eye 
position sensitivity during the VOR (kv) expressed as mean ± S.E.M. for 19 control motoneurons (dashed and 
grey band represent mean ± SEM). Bars and error bars represent the mean k values and SEM obtained for 
13 (axotomy, grey), 11 (BDNF; dark pink), 9 (NT-3; dark green), 14 (BDNF+NT-3, labeled NTs; dark blue) and 
11 (K252a; purple) motoneurons obtained after immediate administration protocol. Asterisks represent 
statistically significant differences from control group. Note recovery of kv with BDNF or with the mixture of 
BDNF+NT-3 (NTs) but not with NT-3. Dots represents statistically significant differences from axotomy group 
(ANOVA test, Holm-Sidak method for post hoc comparisons, p < 0.01 for individual comparisons) F. Same as 
A, but for the eye velocity sensitivity. Equal number of cells and significance levels apply as in E. Note recovery 
of eye velocity sensitivity (rv) with NT-3 and BDNF+NT-3 but not with BDNF.
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NERVE GROWTH FACTOR REGULATES THE FIRING PATTERNS AND 

SYNAPTIC COMPOSITION OF MOTONEURONS 
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Target-derived neurotrophins exert powerful synaptotrophic actions in the adult brain and are involved in the 
regulation of different forms of synaptic plasticity in normal and injured tissue. Target disconnection produces a 
profound synaptic stripping due to the lack of trophic support. Conversely, target reinnervation leads to synaptic 
remodelling and restoration of cellular functions. Extraocular motoneurons are unique in that they normally 
express the TrkA receptor in the adult, a feature not seen in other cranial or spinal motoneurons, except after 
lesions such as axotomy or neurodegenerative diseases like amyotrophic lateral sclerosis, a syndrome that spares 
oculomotor neurons. We investigated the effects of nerve growth factor (NGF), retrogradely delivered, in 
abducens motoneurons of the adult female cat. Axotomy reduced the density of somatic boutons and the overall 
tonic and phasic firing modulation. Treatment with NGF restored synaptic inputs and firing modulation in 
axotomized motoneurons. When K252a, a selective inhibitor of tyrosine kinase activity, was applied, the NGF-
mediated restoration of synapses and firing-related parameters was abolished. Discharge variability and 
recruitment threshold were, however, increased by NGF compared to control or axotomized motoneurons. 
Interestingly, these parameters returned to normal following application of REX, an antibody raised against 
neurotrophin receptor p75 (p75NTR). In conclusion, NGF, acting retrogradely through TrkA receptors, supports 
afferent boutons and regulates the burst and tonic signals correlated with eye movements. On the other hand, 
p75NTR activation regulates recruitment threshold and this impacts on firing regularity. This is the first report 
showing powerful synaptotrophic effects of NGF on motoneurons in vivo. 

 
Key words: Abducens motoneurons, synaptic plasticity, NGF, TrkA, p75 NTR, axotomy. 
 
 

Introduction 

In the adult brain, neurotrophins modulate a 
variety of functions, from regeneration to myelination 
or from pain to depression. Frequently, these actions 
involve synaptic reorganizations (McAllister et al., 
1999). This synaptotrophic role of neurotrophins 
results in changes in the balance of excitation to 
inhibition, and in the number and activity of synapses 
(Singh et al., 2006; Huh et al., 2008). Moreover, 
neurotrophins have a role regulating discharge 
properties at the cellular and network level (Berardi et 
al., 2003; Caleo et al., 2003; Luther and Birren, 2009). 
However, provided the multiplicity of pathways and 
signaling events in combination with the 
heterogeneous synaptic organization of the brain, no 
common rule for neurotrophin action emerges that 
could apply to every part of the brain. Therefore, an in 
vivo approach is also needed to unravel the actions of 
neurotrophins under physiological and pathological 
conditions (Chao, 2003). 

Extraocular motoneurons express TrkA, the high 
affinity receptor for nerve growth factor (NGF) 
(Benítez-Temiño et al., 2004). In contrast, other cranial 
and spinal motoneurons only express it transiently 
during development. Interestingly, the TrkA receptor 
reappears in spinal motoneurons after lesion or in 
response to pathologies such as amyotrophic lateral 
sclerosis (ALS), a disease that spares extraocular 
motoneurons (Obál et al., 2006; Ferrucci et al., 2010). 
In this case, surviving motoneurons switch their 
neurotrophin expression from brain-derived 
neurotrophic factor (BDNF) and neurotrophin-3 (NT-
3) to NGF (Nishio et al., 1998). NGF is expressed in 
developing skeletal muscle, but is down-regulated in 
the adult (Ebendal et al., 1986; Ernfors et al., 1991; 
Koliatsos 1993; Ip et al., 2001) and upregulated during 
muscle repair (Deponti et al., 2009) or in response to 
musculoskeletal pathologies (Kust et al., 2002; Toti et 
al., 2003). The action of NGF in extraocular 
motoneurons and reasons for persistence of NGF 
neurotrophic responses into adulthood are unclear. 

Decreased retrograde trophic support after 
peripheral nerve injury leads to profound synaptic 
stripping of motoneuron membranes that reduces 
responsiveness to afferent signals (de la Cruz et al., 
1996). These alterations revert to normal following 
reinnervation of natural or exogenous targets 
(Delgado-García et al., 1988; Benítez-Temiño et al., 
2005) or when BDNF and NT-3 are exogenously 
applied (Davis-López de Carrizosa et al., 2009). A 
possible role for NGF in regulating the 
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morphophysiological characteristics of extraocular 
motoneurons and its afferent inputs has not yet been 
studied. To analyze this possibility we induced 
alterations in the levels of NGF by either axotomy or 
externally applying NGF to the stump of the sectioned 
nerve (Davis-López de Carrizosa et al., 2008). Then, 
we examined the actions of NGF through its two 
receptors, p75NTR and TrkA. Our data shows that NGF 
has powerful synaptotrophic effects on excitatory and 
inhibitory synaptic inputs to motoneurons that control 
firing patterns and discharge characteristics. 

 
Materials and Methods 

Animals and surgical procedures 

Experiments were performed on adult female cats 
weighing 2.0-2.5 kg obtained from authorized 
suppliers (Servicio de Animales de Experimentación, 
Universidad de Córdoba, Spain). Animals were 
surgically prepared for chronic recording of eye 
movements and neuronal extracellular recordings in 
the abducens nucleus (n = 6) or for histological 
purposes (n = 6). The latter were just instrumented for 
chronic supply of NGF. Surgical and handling 
procedures for chronic experiments were in 
compliance with current legislation (R.D. 120/2005 
BOE 252/34367-91, 2005). 

Animals instrumented for chronic recordings 
received a vagolytic injection of atropine sulfate (0.5 
mg/kg, i.m.) and were then anesthetized with sodium 
pentobarbital (35 mg/kg, i.p.) and positioned in a 
stereotaxic frame to implant bipolar stimulating 
electrodes in the abducens nerve and the medial 
longitudinal fasciculus in order to antidromically 
activate abducens motoneurons and interneurons, 
respectively (Fig. 1 A). Coils, made up of 2 turns of 
Teflon-insulated stainless-steel wire, were implanted in 
the sclera of both eyes. A recording chamber made of 
acrylic resin was constructed over a squared window 
(5 mm side) drilled in the occipital bone to allow the 
transcerebellar passage of recording micropipettes. 
Finally, a pedestal made of dental acrylic with 
embedded bolts was constructed to immobilize the 
head during the recordings. Postoperative care was 
provided as needed. 

 
Chronic recordings 

Control recording sessions started after 2 weeks of 
postoperative recovery. The animal was gently 
restrained in a fabric bag, wrapped with elastic 
bandages, and placed in a Plexiglas cradle inside the 
magnetic field search-coil (Fuchs and Robinson, 
1966). Extracellular recordings were carried out with 
glass micropipettes pulled with long shanks (30 mm), 
and tips beveled to a resistance of 1-2 M when filled 
with 2M NaCl. The (left) abducens nucleus was 
located with the aid of the antidromic field potential 
produced by electrical stimulation of the VIth nerve. 
The extracellular neuronal activity was amplified and 
filtered at a bandwidth of 10 Hz-10 kHz for display 
and digitalization purposes.  

 
 

Data storage and analysis 

Horizontal and vertical eye position of both eyes 
and associated neuronal activity were digitally stored 
for off-line analysis (Power 1401, CED, UK). 
Computer programs written in Matlab 6.5 displayed 
instantaneous firing frequency (i.e., the reciprocal of 
the interval between two adjacent spikes) and the 
position of both eyes for the purpose of data selection. 
Relationships between neuronal firing rate (FR, in 
spikes/second; [sp/s]) and horizontal eye position (EP, 
in degrees; [deg]) were obtained by linear regression 
analysis to calculate the slope, i.e., the neuronal 
sensitivity to eye position (k, in sp/s/deg), the ordinate 
intercept (F0, in sp/s) and the abscissa intercept (the 
recruitment threshold; Th, in deg). Firing rate during 
fixations was represented by the equation FR = k·EP + 
F0. Relationships between neuronal firing and eye 
velocity during saccades were obtained by linear 
regression after subtraction of the position component 
(k·EP) calculated from the previously known 
sensitivity to eye position. Thus, the equation used was 
FR - k·EP = r·EV + F0, where r (in sp/s/deg/s) is the 
neuronal sensitivity to eye velocity (EV, in deg/s). Due 
to the impairment of eye movements of the affected 
eye, we used the non-injected, contralateral eye for 
computation of eye movements. 

 
Abducens nerve section and preparation of the 

implantable intraorbitary device 

For the delivery of NGF or inhibitors of NGF 
receptors, we implanted the stump of the abducens 
nerve in a custom-made suction chamber that allowed 
the control of the extracellular environment that bathed 
the nerve stump. This also prevented axonal 
reinnervation of extraocular muscles or any other 
structure (Baker et al., 1981; Delgado-García et al., 
1988). This, so called, intraorbitary device consisted of 
a chamber that had two pieces of tubing inserted for 
the push-pull of fluid (Davis-López de Carrizosa et al., 
2008). The chamber was made with a standard 
polypropylene pipette tip shortened to about 15 mm 
and thus giving it a conical shape. The wider side of 
the cone contained the tips of two, 6 cm long pieces of 
thin wall polytetrafluoroethylene capillary (PTFE, 26 
gauge; Small parts, Inc., Miami Lakes, USA). The 
tubing was glued in place to the wide side of the 
chamber. The narrow part of the conical chamber was 
left opened to about 1 mm wide to tightly fit the stump 
of the abducens nerve. After a few control recording 
sessions to locate the abducens nucleus, the 
intraorbitary device was implanted under general 
anesthesia in a second surgical step. The eye was 
approached temporally through a skin incision over the 
zygomatic arch. The abducens nerve was dissected free 
and the lateral rectus muscle removed. The nerve 
stump was inserted in the chamber by applying suction 
through the tubing system. The tubing was passed 
under the skin and was connected into a capped plastic 
chamber affixed to the head restraint system with 
dental acrylic. 
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Administration of NGF and the inhibitors K252a 
and REX  

The protocol for NGF delivery (Sigma, St. Louis, 
MO) consisted of single injections in the nerve 
chamber of 15µl of a 100 ng/l solution in saline. 
These were delivered on alternate days during 4-6 
weeks (Fig. 1 B). NGF, with or without the different 
inhibitors was delivered during the recording session 
after rinsing the chamber thoroughly with sterile 
saline. The concentration used was similar to those 
used in other in vivo studies (Villa et al., 1996; 
Pizzorusso et al., 1999). K252a, a selective inhibitor of 
tyrosine protein kinase activity (Rutherford et al., 
1997; Rattiner et al., 2004; Bozdagi et al., 2008), was 
delivered  at 100 nM in saline with 2% 
dimethylsulfoxide mixed with NGF (Tapley et al., 
1992). In order to block p75NTR activity, the polyclonal 
antibody against the rat extracellular domain of p75NTR 
(referred to as REX; Weskamp and Reichardt, 1991) 
was injected at a final concentration of 200 µg/l. This 
concentration is within the range used for in vivo 
experiments (Lucidi-Phillipi et al., 1996; Pizzorusso et 
al., 1999). The REX antibody was a kind gift from Dr. 
Louis Reichardt. Finally, the vehicle control consisted 
in the administration of sterile saline. NGF treatment 
started on the day of axotomy (2 animals), but 
administration of NGF+K252a (2 animals) or 
NGF+K252a+REX (2 animals) started 15 days after 
NGF treatment. Three additional animals from our 
previous study that were only axotomized and received 
saline injections were also used (Davis-López de 
Carrizosa et al., 2009). 

 
Western blot analysis 

Three cats were deeply anesthetized (sodium 
pentobarbital, 60 mg/kg, i.p.) upon termination of 
recording experiments to disect extraocular muscles. 
This tissue was homogenized in cold lysis buffer 
containing a cocktail of protease and phosphatase 
inhibitors, disrupted by sonication and centrifuged at 
13.000 rpm for 30 min at 4ºC. The supernatants were 
isolated, and total protein concentration were 
determined by the Bradford method (Bradford, 1976), 
using bovine serum albumin (BSA) as a standard. 
Proteins were diluted in sample buffer, denatured at 
95°C for 6 min, and then were separated by 15% 
sodium dodecyl sulphate polyacrylamide gel 
electrophoresis (SDS PAGE; 50 μg/lane). They were 
then transferred to polyvinylidene difluoride 
membrane by electroblotting. Nonspecific binding 
sites were blocked with 5% BSA for 1 hour, and then 
the blots were incubated overnight at 4°C, in a solution 
containing an antibody against NGF (1:200, sc-548, 
Santa Cruz, CA) diluted in TBS-Tween 0.1 % supplied 
with 5% BSA. The membranes were incubated in 
HRP-conjugated anti-rabbit antibody (1:200) 1 hour at 
room temperature. The immunoreaction was detected 
with a ECL western blotting kit (ECL, Amersham, 
UK). Bands were visualized on Image Reader LAS-
3000 (Fujifilm).  

 
 
 

Immunocytochemical procedures for fluorescent 
confocal microscopy 

Six animals were prepared just for histology. Two 
per group received NGF, NGF+REX or 
NGF+REX+K252a for 15 days after axotomy. Two 
additional animals from our previous study were just 
axotomized (Davis-López de Carrizosa et al., 2009). 
After terminal anesthesia (sodium pentobarbital, 60 
mg/kg, i.p.) animals were perfused intracardially with 
physiological saline followed by 4% paraformaldehyde 
in 0.1 M phosphate buffer, pH 7.4, The brain was 
extracted and postfixed in the same solution for 
another 2 hours. A vibratome was used to obtain 50 
µm-thick, coronal sections containing the abducens 
nucleus. These were washed in 0.01 M phosphate 
buffer, pH 7.4, with 0.9 % saline and containing 0.1 % 
Triton X-100 (PBS/TX), and then non-specific binding 
sites were blocked with normal donkey serum (10% in 
PBS/TX) and left overnight at 23º in different 
combinations of primary antisera. Triple 
immunofluorescence labeling was, in general, for 
choline acetyltransferase (ChAT, for motoneurons), 
synaptophysin (SYN, for synaptic boutons) and glial 
fibrillary acidic protein (GFAP, for astrocytes). Dual 
immunofluorescence was usually performed against 
ChAT and either TrkA (for NGF high affinity 
receptor) or the low affinity p75 neurotrophin receptor 
(p75NTR). Primary antisera cocktails were performed 
by mixing the following primary antibodies and 
dilutions: ChAT (goat pAb; 1:300; Millipore, Billerica, 
MA), SYN (rabbit pAb; 1:500; Zymed Laboratories, 
San Francisco, CA), GFAP (mouse monoclonal 
antibody, mAb G-A-5; 1:800; Sigma, St. Louis, Mo),  
TrkA (directed against a specific peptide mapping 
adjacent to the carboxy terminus of the TrkA receptor; 
rabbit pAb; 1:400; Santa Cruz Biotechnology, Santa 
Cruz, CA) and p75NTR (rabbit; 1:200; a kind gift from 
Dr Louis Reichardt). VGAT immunoreactivity was 
used to calculate which fraction of the total number of 
boutons was inhibitory (González-Forero et al., 2004). 
VGAT is the vesicular transporter of GABA and 
glycine (rabbit pAb; 1:500, Millipore). After washing, 
sections were incubated for 1-1.5 hours in a second 
mixture of antibodies fluorescently tagged as follows: 
donkey anti-rabbit IgG coupled to Cy2, donkey anti-
goat IgG coupled to Cy3 and donkey anti-mouse IgG 
coupled to Cy5 (Jackson, West Grove, PA). Secondary 
antibodies were diluted 1:50 to 1:100 in PBS/TX. 
Finally, sections were washed in PBS and mounted on 
glass slides and coverslipped with DakoCytomation 
(Dako, Glostrup, Denmark). 

Confocal microscopy (Leica TCS SP2) at high 
magnification was used to sequentially capture images 
at the same focal plane by means of different filters 
and merged in Image J (NIH, Bethesda, MD). Grey 
scales were adjusted to maximize their dynamic range. 
Neurons included in the analysis were randomly 
sampled at high magnification (x63) in 1 to 4 different 
focal planes containing the nucleus and separated by 2-
3 µm along the z-axis. SYN- or VGAT-
immunoreactive (IR) boutons were counted to 
calculate the linear density of boutons. The synaptic 
coverage was also measured as the percent ratio 
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between the perimeter occupied by SYN-IR, VGAT-
IR terminals or GFAP-IR profiles over the ChAT-
positive somata of motoneurons (Pastor et al., 1997). 
The p75NTR and TrkA receptor mean grey value was 
also determined within the somatic boundaries of 
ChAT positive motoneurons and scaled to the somatic 
area. The mean grey value in the neuropil of SYN, 
VGAT and GFAP was also measured using square 
boxes of 30.4 µm side (80 pixels side) sampled 
through the neuropil of images captured at x40. This 
measurement was considered an index of the optical 
density of immunolabeling in the nucleus and 
computed as the average grey value within the 
selection after background level subtraction. That is, 
the sum of the grey values of all the pixels (8-bit 
resolution) divided by the number of pixels. For 
comparisons between groups, one-way ANOVA at a 
significance level of p < 0.05 followed by post-hoc 
comparisons were performed in SigmaPlot 11 (Systat 
software Inc., Germany). 

 
Results 

TrkA and p75NTR expression in abducens 
motoneurons are modulated after axotomy  

Abducens motoneurons, identified by ChAT 
immunoreactivity (Fig. 2 A-F; insets), expressed 
constitutively the p75NTR (Fig. 2 A) and the TrkA 
receptor (Fig. 2 D; Benítez-Temiño et al., 2004) in the 
form of a speckled immunoreactive pattern covering 
the cell body and axons (Fig. 2 A, D and H).  The mean 
grey value of both NGF receptor immunoreactivities at 
the somatic level increased 15 days after axotomy (Fig. 
2 B, E and G; ANOVA; p < 0.001). NGF 
administration to the cut nerve demonstrated a partial 
recovery of the p75NTR receptor, although still higher 
than the control value, whereas TrkA 
immunoreactivity was similar to axotomy and 
therefore higher than control (Fig. 2 C, F and G). NGF 
receptors have been shown to be upregulated after 
axotomy (Johnson et al., 1999; Cui et al., 2002; Yuan 
et al., 2006) and after activation of the TrkA receptor 
(Rankin et al., 2008). The presence of NGF in the 
extraocular muscles was demonstrated by western blot, 
as illustrated for the lateral rectus (Fig. 2 I). A dense 
band at around 15 kDa, corresponding to the mature 
form of NGF protein, and several bands at around 32 
and 40 kDa, indicative of NGF precursors (Buttigieg et 
al., 2007), were observed. 

 
NGF recovers the firing pattern of axotomized 

abducens motoneurons   

The tonic and phasic firing of abducens 
motoneurons during spontaneous eye movements has 
been extensively described (Delgado-García et al., 
1986). Control abducens neurons had a tonic and 
regular discharge for eye position during eye fixations 
(Fig. 3 A) that increased proportionally to the degree of 
eye rotation directed towards the ipsilateral side of 
recording, namely the on-direction, represented by a 
leftward movement recorded in a motoneuron on the 
left side (Fig. 3 A; Fig. 4 A, numbers depicted 1 

through 4). Firing decreased proportionally, and 
eventually stopped whenever the eye moved towards 
the off-direction (Fig. 3 A; Fig. 4 A, numbers indicated 
5 through 7). The correlation of firing rate versus eye 
position allowed calculation of the eye position 
sensitivity (Fig. 4 B). The slope of the linear regression 
line obtained between the firing rate and the eye 
position represents the neuronal sensitivity to eye 
position (k; measured in sp/s/deg; Fig. 4 B). The mean 
eye position sensitivity (k) computed from 70 control 
abducens motoneurons was 6.4 ± 0.26 sp/s/deg (Table 
1). The abscissa intercept of the firing rate to eye 
position plot is considered the eye position at which 
the unit is recruited into activity (Fig. 4 B; Th, 
threshold). Mean recruitment threshold was -7.1 ± 0.86 
degrees in control motoneurons (Table 1). 
Motoneuronal activity was also related to eye velocity 
during saccades, thus motoneurons displayed high-
frequency bursts and pauses during on- and off-
directed saccades, respectively (Fig. 4 A; red box). The 
slope of the linear regression analysis between firing 
rate and eye velocity was the sensitivity to eye 
velocity, namely r (Fig. 4 C). In control motoneurons, r 
= 0.73 ± 0.04 sp/s/deg/s (Table 1). 

The firing pattern of abducens motoneurons (Fig. 
3 B), but not that of internuclear neurons (not 
illustrated), was perturbed after VIth nerve axotomy 
(Delgado-García et al., 1988; Davis-López de 
Carrizosa et at., 2009). Changes took place over the 
first week and did not recover during the entire 
survival time (Fig. 4 D; green circles). Axotomized 
motoneurons showed an overall reduction in firing rate 
and a severe decay of modulation related to eye 
position and velocity (Fig. 3 B; Table 1). By contrast, 
administration of NGF, immediately after lesion, not 
only prevented the decay in eye position and velocity 
sensitivities due to axotomy, but also quickly restored 
the firing pattern of motoneurons and enhanced their 
sensitivities to the parameters of eye movement (Fig. 3 
C and D). However, the effects of retrograde 
administration of NGF through the cut nerve produced 
other changes in the firing pattern that were apparent 
from the first week after treatment (around the second 
recording session; Fig. 4 D; blue triangles). NGF 
produced a significant rise in both eye position (9.37 ± 
0.30 sp/s/deg) and velocity (0.93 ± 0.03 sp/s/deg/s) 
sensitivities with respect to control (Table 1, Fig. 4 D; 
grey band labeled as NGF; p < 0.05). These were 
maintained at high levels throughout the course of the 
experiment (Fig. 3 C and D; Fig 4 D, blue triangles). 
Remarkably, motoneuronal recruitment threshold was 
shifted towards more eccentric eye positions (Table 1). 
We believe this may be indicative of higher levels of 
inhibition, despite the overall higher sensitivities to eye 
position and velocity compared to control. Results on 
motoneuronal recruitment threshold will be presented 
later.  

 
A concerted action of NGF through TrkA and 

p75NTR receptors 

We tested whether the effects of NGF on 
abducens motoneurons were mediated via high and/or 
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low affinity receptors by the sequential blocking of 
TrkA and p75NTR by using K252a and REX, 
respectively, as selective inhibitors. Since 14 days was 
the time when axotomized motoneurons first showed 
significant differences from control cells (Fig. 4 D, 
green circle at 14 days; p < 0.05), we initiated the 
pharmacological blockade of NGF receptors by this 
time. We administered NGF+K252a 15 days after the 
axotomized motoneurons had been treated with NGF 
(Fig. 3 E). K252a added together with NGF did not 
alter the motoneuronal firing modulation with eye 
position and eye velocity compared to control (Fig. 3 
E). Motoneuronal sensitivity decayed rapidly and 
within approximately 5 days it stabilized at values that 
were different from the axotomy and the NGF 
paradigm (Fig. 4 D; cyan squares), but not different 
from control values (Table 1). This result indicated 
that NGF acting through the p75NTR alone was 
sufficient to restore the firing sensitivity of the 
motoneuron, but when p75NTR acted together with the 
TrkA receptor, the effects were cooperative and thus 
sensitivities rose over the control values. Moreover, 
the dual blockade of both types of NGF receptor with 
K252a and REX led to the complete blockade of NGF 
actions (Fig. 3 F). In this case, the overall firing rate of 
motoneurons resembled the behavior after axotomy, 
showing very low sensitivities (Fig. 4 D; red 
diamonds) that were similar to the axotomy values 
(Table 1). It should be noted that, in contrast with 
axotomy, motoneurons that were doubly blocked fired 
in a continuous, low-modulation mode, as if they were 
disinhibited, but with very little excitatory drive (Fig. 3 
F). These results suggested that the sensitivities of 
axotomized motoneurons were enhanced by one 
receptor to control values and further boosted when 
both receptors were activated by NGF. 

 
Recruitment threshold changes with activation of 

p75NTR  

Recruitment threshold, calculated as the abscissa 
intercept of the rate-position plot, changed after NGF 
treatment (Supplementary Fig. 1 A). Abducens 
motoneurons show orderly recruitment patterns that 
correlate with neuronal sensitivity (Pastor and 
González-Forero, 2003). Thus, when regression lines 
between firing rate and eye position are plotted for 
individual cells, the slopes (k) are higher as the cells 
become recruited further towards ipsilateral eye 
positions (Supplementary Fig. 1 B for the 70 control 
motoneurons recorded). When we plotted eye position 
sensitivity (k) versus recruitment threshold for each 
neuron, an exponential correlation was found for each 
experimental group (Supplementary Fig. 1 C and D). 
Motoneurons treated with NGF not only had higher 
sensitivities to eye movements -that is, both the tonic 
sensitivity (k) during fixations and the phasic 
sensitivity (r) during saccades were enhanced- but they 
also showed a higher recruitment threshold (Th; Table 
1). The recruitment threshold, i.e., the eye position at 
which the motoneuron first enters into activity, shifted 
from a mean of approximately -6  to -7 degrees in 
control and axotomized motoneurons to about -2 
degrees in NGF-treated cells (Table 1; Supplementary 

Fig. 1 A). Interestingly, NGF+K252a treated cells 
(block of the high affinity receptor) did not show this 
modification of the average recruitment threshold, 
indicating that the shift in recruitment threshold was 
due to p75NTR. Furthermore, when we blocked both 
types of NGF receptor, the recruitment threshold 
returned to axotomized (similar to control) values 
(Table 1, Supplementary Fig. 1 A). 

 
Alterations in firing variability are due to p75NTR 

activation 

It was noticed that the variability of firing changed 
in response to the treatments. This was best seen in 
instantaneous firing frequency traces of larger 
variability compared to controls (Figs. 3, 5 A-C). To 
analyze firing regularity, we selected periods with 
stationary firing rate (Fig. 5 D-F).  The histograms of 
the interspike intervals (ISI) were constructed with at 
least 80 intervals from the same eye fixation (Fig. 5 G-
I). ISI histograms followed normal distributions 
(Kolmogorov-Smirnov test, p > 0.05) except those 
from NGF-treated cells that displayed Poisson-like 
distributions that were highly skewed towards long 
intervals. Control cells had the smallest variance of 
ISIs (Fig. 5 G). In contrast, NGF-treated motoneurons 
showed a distribution with both shorter and longer 
intervals (Fig. 5 I). The values of axotomized neurons 
were slightly expanded towards longer intervals (Fig. 5 
H). Autocorrelation histograms showed that control 
motoneurons produced highly regular spike trains. In 
control and axotomized motoneurons up to 8 peaks 
were readily observed in the autocorrelogram (Fig. 5 J 
and K). However, no repetitive pattern could be seen in 
the autocorrelograms of NGF-treated cells (Fig. 5 L).  

The dependence of the standard deviation of the 
mean firing rate on the mean firing frequency has been 
previously described in spinal and extraocular 
motoneurons (Powers and Binder, 2000; González-
Forero et al., 2002). We selected the coefficient of 
variation (i.e., the percent ratio of the standard 
deviation to the mean) since is insensitive to scale 
changes, thus it is adequate to establish comparisons 
between groups. The coefficient of variation was 
higher at lower frequencies, but decreased at higher 
frequencies, as exemplified for 2097 periods obtained 
from 70 control motoneurons. The coefficient of 
variation versus firing rate was fitted by a double 
exponential function (Fig. 6 A). The firing variability 
was slightly higher than the control in the axotomized 
motoneurons, but extraordinarily larger in those treated 
with NGF at all frequencies tested (Fig. 6 B; ANOVA, 
p < 0.05). We compared the variability across groups 
in the frequency range where the coefficient of 
variation was relatively stable and motoneurons of all 
groups were represented, that is, between 30 and 80 
sp/s (Fig. 6 C). Firing variability was slightly higher 
than the control in the axotomy group, much larger in 
the NGF group, and slightly less when the TrkA 
receptor was blocked, all these differences being 
significant (p < 0.05). The variability returned to 
axotomy level only when both NGF receptors were 
blocked (Fig. 6 C, red bar; ANOVA, Holm-Sidak, p < 
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0.05). Therefore, firing variability was mainly 
controlled through the activation of p75NTR. 

 
NGF synaptotrophism prevents synaptic 

stripping 

Functional alterations described above could arise 
because of changes in the synaptic composition of 
inputs to the motoneuron. The somatic surface 
coverage of synaptic and glial processes was measured 
by means of immunoreactivity against synaptophysin 
(SYN) and GFAP, respectively. To determine the ratio 
of inhibition to excitation we measured the synaptic 
coverage of inhibitory boutons by using 
immunostaining against VGAT. In control abducens 
motoneurons, 46.1 ± 2.0 % of the somatic perimeter 
was surrounded by SYN-IR boutons (Figs. 7 A and 8) 
and only 8.7 ± 1.4% was covered by astroglial 
filaments (Supplementary Fig. 2 A). Approximately 
70% of the somatic boutons were VGAT-IR in 
controls (Fig. 7 B). Axotomy reduced the coverage of 
SYN-IR boutons to 21.4 ± 2.1% (Fig. 8; ANOVA, p < 
0.05), a large proportion of the remaining boutons 
were VGAT-positive. On the other hand, astrocyte 
processes proliferated to cover up to 40.1 ± 1.6 % of 
the cell surface (Supplementary Fig. 2, Axotomy). The 
administration of NGF to axotomized motoneurons 
prevented the drop in both SYN-IR and VGAT-IR 
boutons (Figs. 7 and 8, NGF). NGF also reduced the 
GFAP reaction induced by axotomy to an intermediate 
level (14.1 ± 1.1 %; Supplementary Fig. 2, NGF). 
Blockade of NGF action via p75NTR with the REX 
antibody also prevented SYN-IR synaptic stripping 
(Fig. 8, NGF+REX) indicating that the synaptotrophic 
action of NGF occurred through the TrkA receptor. 
Finally, the dual blockade of NGF receptors produced 
an axotomy-like elimination of boutons (Fig. 8, 
NGF+K252a+REX). Changes in the density of SYN-
IR and VGAT-IR boutons occurred in parallel in the 
different experimental groups except for the 
NGF+REX treatment (Fig. 8). The neuropil of the 
abducens nucleus showed similar quantitative changes 
as in the perimeter of motoneurons. Mean grey value, 
an index of the optical density, measured in the 
neuropil, demonstrated a similar trend in synaptic 
coverage with SYN-IR and VGAT-IR profiles (Fig. 7 
C-D; Supplementary Fig. 2 B).  

Remarkably, the ratio of VGAT-IR to SYN-IR 
boutons changed from 0.75 in control to 0.6 in the 
doubly-blocked NGF-treated motoneurons, indicating 
a reduction in the proportion of inhibitory boutons. 
However, the ratio with respect to control did not 
change in axotomy, NGF-treated or NGF+REX groups 
(Chi-square test, p > 0.05). The fact that the ratio of 
inhibition to excitation was larger in the control and 
NGF-treated cells than after the double blockade was 
in agreement with the physiological recordings. These 
motoneurons showed much higher levels of inhibition 
in overall firing than after NGF treatment. In contrast, 
inhibition was scarce after double blockade (see Fig. 3; 
notice the large periods of inhibition in C and D versus 
the almost continuous –low rate– discharge in F). 
Thus, it appears that if NGF-treated cells showed a 

larger excitation, they also must have an equally large 
inhibition, while the contrary can be applied for the 
double blockade group (i.e., the more reduced the 
excitation, the less inhibition was present).  

 
Changes in the inhibition to excitation balance 

To check this idea, we measured k-on and k-off as 
an index of the excitation and the inhibition received 
by the motoneurons during firing activity. The k-on 
value was measured as the slope of the regression line 
between firing rate and fixations attained after on-
directed saccades. The opposite held for the k-off 
parameter. Axotomy reduced both the k-on and k-off 
values and NGF treatment elevated both above the 
control level (Fig. 9 A; ANOVA test, p < 0.05). The 
progressive blockade of NGF receptors demonstrated 
that both parameters decayed partly with the K252a 
treatment and totally when the dual block of NGF 
receptors was employed, resulting in values similar to 
axotomy (Fig. 9 A). The overall consequences of NGF 
treatment and blockade are summarized in the diagram 
of figure 9 B. The straight grey dashed line indicates 
the rate-to-position plot of the average control 
motoneurons and the solid grey lines indicate the 
slopes of the k-on (upper-right quadrant) and k-off 
values (lower-left quadrant), respectively. The overall 
effect of NGF treatment is a counter clockwise rotation 
of the regression line computed as higher slope (Fig. 9 
B; blue line). Conversely, the overall effect of the NGF 
dual blockade is a clockwise rotation (lower slope) of 
the line (Fig. 9 B; red line) to values similar to the 
axotomy state. However, in this case, the ratio of 
inhibition to excitation was smaller than what was 
expected from a simple clockwise rotation of the 
control group (compare the different angle between the 
solid/dashed red lines and the corresponding 
solid/dashed blue lines in the lower left quadrant of 
figure 9 B). Thus, motoneurons with less activity, i.e. 
the group treated with NGF+K252a+REX, also 
showed proportionally lesser inhibition. 

 

Discussion 

Our results show that NGF is a trophic factor for 
adult abducens motoneurons that restores afferent 
innervation and discharge characteristics after 
axotomy. NGF treatment resulted in the prevention of 
the lesion-induced stripping of synaptic boutons, and 
reestablished the excitability and neuronal sensitivities 
to eye movements, by acting through both p75NTR and 
TrkA receptors. This is the first in vivo evidence of 
complementary retrograde signaling through the two 
NGF receptors in the regulation of firing patterns 
through changes in the excitability and synaptic 
composition of motoneurons. 

  

Effects of NGF on synaptic coverage 

Treatment with NGF prevented the synaptic 
stripping caused by axotomy on motoneurons. This 
effect was mainly due to the action of NGF via TrkA, 
since blocking of p75NTR did not produce synaptic 
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stripping, and only when both NGF receptors were 
blocked did synaptic loss occur. It is well known that 
axotomy induces considerable synaptic stripping, and 
that the degree of deafferentation depends on 
manipulations of target reinnervation (Sumner, 1975). 
Thus, if neurons reinnervate any target, the effects of 
axotomy wane (Delgado-García et al., 1988; 
Bränsnström and Kellerth, 1999), but neurons remain 
partly deafferented when target reinnervation is 
prevented (Pinter and Vanden Noven, 1989). Our 
results indicate a high responsiveness of axotomized 
motoneurons to NGF. Both the phasic and tonic firing 
increased, and only after the complete blockade of 
NGF receptors did the sensitivities return to 
axotomized levels. Phasic firing during saccades is 
provided by excitatory and inhibitory reticular neurons 
located in the paramedian pontomedullary reticular 
formation (Büttner and Büttner-Ennever, 2006). The 
tonic component arises from the output of a velocity-
to-position integrator connected to motoneurons 
(Aksay et al., 2001). It is likely that NGF exerts a 
trophic effect through synaptic contacts by these inputs 
to the abducens motoneurons. In fact NGF has a robust 
synaptotrophic role, regulating aspects of synaptic 
transmission such as synaptophysin expression, 
neurotransmitter release, expression of synaptic 
receptors and changes in synaptic efficacy (Mendell 
and Arvanian 2002; Cotrufo et al., 2003; Hazary et al., 
2007; Huh et al., 2008; Tarsa and Balkowiec 2009).  

 
Expression of p75NTR and TrkA receptors 

Extraocular motoneurons are peculiar in that they 
express TrkA receptors (Benítez-Temiño et al., 2004; 
this study), as opposed to other cranial and spinal 
motoneurons (Lindsay et al., 1994; Ferri et al., 2002). 
Therefore, the modulation and expression of both 
p75NTR and TrkA receptors in the presence or absence 
of NGF was also distinct. There is variability in the 
occurrence of the Trk receptors, such that cranial and 
spinal motoneurons do contain Trk receptors, but only 
TrkB and TrkC are present in adults (Merlio et al., 
1992; Henderson et al., 1993; Koliatsos et al., 1993; 
Piehl et al., 1994). During development, spinal 
motoneurons contain TrkA receptors, but its 
expression is down-regulated afterwards (Ernfors et 
al., 1989). Motoneurons affected by ALS shift their 
expression of Trk receptors from TrkB and TrkC to 
TrkA (Nishio et al., 1988). In the adult, the expression 
of TrkA receptors is reinduced by axotomy in retinal 
ganglion cells (Cui et al., 2002) and in motoneurons 
(Omura et al., 2005), and lost again after the 
reinnervation of the target muscle (Koliatsos et al., 
1993). NGF has also been shown to affect axotomy 
responses via the p75NTR (Ferri et al., 2002) which, as 
in the present data, increases after lesion (Johnson et 
al., 1999; Yuan et al., 2006). The presence of NGF 
signaling in abducens neurons might confer greater 
resistance to the effects of lesions and 
neurodegenerative diseases (Benítez-Temiño et al., 
2004). 

 
 
 

Complementary effects via p75NTR and TrkA 
receptors 

It is noteworthy that motoneuronal sensitivities 
after NGF treatment become higher compared to 
control. NGF (Hazari et al., 2007), as BDNF and NT-
3, also enhance synaptic transmission (Munson et al., 
1997; Sherwood and Lo, 1999; Arvanian et al., 2003, 
Davis-López de Carrizosa et al., 2009). Our data 
indicates that the maintenance of synaptic coverage 
(i.e., the lack of synaptic stripping) was dependent 
exclusively on TrkA receptors. NGF increases in 
nicotinic transmission that are dependent on TrkA 
receptor activation have also been demonstrated in 
parasympathetic motoneurons (Hazari et al., 2007). 
Moreover, NGF acting through TrkA receptors has 
been shown to enhance the firing activity over control 
values on other central cholinergic neurons (Wu and 
Yeh, 2005). However, the neuronal sensitivities were 
partly dependent on both NGF receptors since the 
blockade of TrkA receptors decreased sensitivities 
from the high values of the NGF treatment, and the 
dual receptor blockade produced a further decay to 
axotomy levels.  

NGF treatment, even if TrkA was blocked, led to 
an increase in the ratio of inhibition to excitation. 
These cells showed ample inhibition as demonstrated 
by higher recruitment thresholds and longer firing 
pauses during fixation. In parallel with this response 
changes, the ratio of VGAT to synaptophysin 
increased with respect to the dual blockade of NGF 
receptors, although it did not differ from control ratios. 
NGF-treated cells also demonstrated more excitation, 
as shown by larger k values. These larger synaptic 
drives might be possible via larger synaptic efficacy 
since there was no vacant synaptic space (Huh et al., 
2008). Changes in the amount of inhibition appeared to 
compensate for changes in the excitatory drive in a 
homeostatic fashion, so the larger the excitation during 
NGF treatment, the larger the inhibition. The opposite 
rule applied when the excitatory drive was low during 
the dual blockade of NGF receptors (Nelson and 
Turrigiano, 2008).  

 
Changes in the motoneuronal excitability 

Motoneurons treated with NGF demonstrated 
higher recruitment thresholds and discharge variability. 
Blockade of the TrkA receptor partially reduced firing 
variability, but the subsequent blockade of p75NTR 
changed threshold and variability to axotomy values. 
Recruitment threshold is an index of excitability and 
activity of the abducens neurons. This overall activity 
depends, in part, on the ratio of inhibition to excitation 
that motoneurons receive. Thus, if this ratio is altered, 
then the basal activity changes as was shown with 
tetanus toxin effects on these motoneurons (González-
Forero et al., 2002, 2004). Low doses of tetanus toxin 
produced disinhibition and, therefore, a low inhibition-
to-excitation ratio that decreased recruitment threshold. 
A similar scenario occurred in our cells treated with 
NGF+K252a+REX that produced a disinhibited firing 
accompanied by lower thresholds than those seen in 
the motoneurons treated with NGF. Thus, p75NTR was 
responsible for disinhibited firing since blockade of 
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TrkA alone did not reduce the recruitment threshold in 
comparison with the NGF treatment. These results in 
the double blockade group were also accompanied by 
lower k-off values and lower VGAT coverage than 
expected.  In line with our results, NGF acting through 
p75NTR has been shown to increase the ratio of 
inhibition to excitation (Salama-Cohen et al., 2006). 

Motoneurons treated with NGF, even if TrkA 
receptors were blocked, demonstrated a high 
variability of firing. NGF has been shown to regulate 
excitability through several ionic currents (Zhang and 
Nicol, 2004; Luther and Birren, 2009). One of them is 
the M-current, likely present in oculomotor 
motoneurons as seen by carbachol-induced 
depolarizations (Nieto-González et al., 2009). This 
current is modulated via the two NGF receptors. 
Specifically, TrkA activation leads to a reduction of 
M-current that changes firing from phasic to tonic 
(Luther and Birren, 2009). NGF has also been also 
shown to neuromodulate pain sensitization (Shu and 
Mendell, 1999) due to changes of expression and 
kinematics of persistent sodium currents and voltage-
dependent potassium currents through the p75NTR  
(Zhang et al., 2002; Zhang and Nicol, 2004). However, 
it should be noted that any depolarization bringing 
membrane potential near the spike threshold also 
contributes to irregular firing due to fluctuations 
produced by i) synaptic noise (Calvin and Stevens, 
1968), ii) the strategic location of inhibitory inputs 
near the axon hillock (Shadlen and Newsome, 1998), 
and iii) the synchronization of inputs (Lampl et al., 
1999). Further study is needed to define which of these 
mechanisms is at work in abducens motoneurons. 

 
A trophic classification of abducens 

motoneurons? 

The present findings extend our analysis of target 
dependent neurotrophic responses in abducens 
motoneurons, by showing that the expression of 
normal morphological and physiological properties are 
regulated via the retrograde transport of different 
neurotrophins. We have demonstrated that BDNF 
leads to tonic firing in motoneurons via TrkB receptors 
whereas NT-3 led to phasic firing through TrkC 
receptors (Davis-López de Carrizosa et al., 2009). 
Abducens motoneurons vary with respect to the 
number of each receptor type they are endowed with 
(Benítez-Temiño et al., 2004). Thus, different classes 
of motoneurons may be defined with respect to their 
responses to the cocktail of trophic factors that are 
present (Büttner and Büttner-Ennever, 2006). 
Retrograde regulation may set the gradient of firing 
patterns, from tonic to phasic as recently described for 
sympathetic neurons (Luther and Birren, 2009). 
Trophic support changes could even explain 
phenotypic changes observed in ALS spinal 
motoneurons (Nishio et al., 1998). Thus, the ethiology 
of some diseases could be pursued in concert with 
neurotrophic changes in the target tissue such as in 
diabetic neuropathy (Andreassen et al., 2009), cardiac 
arrests (Ieda and Fukuda, 2009) or Parkinson´s disease 
(Ramaswami et al., 2009). 
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motoneurons. A, Firing rate (FR) 
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reinnervation. Note reduced firing 
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treatment causes recovery of the 
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treated with K252a still showed part 
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represented as mean ± SEM of CV in percent at different firing frequencies spaced every 5 Hz. All 
comparisons between groups were significantly different (ANOVA test, Tukey test for post hoc 
comparisons, p < 0.001). C, Comparison of CV in the interval 30-80 sp/s.  Note that NGF treatment 
dramatically increased the firing variability, while blockade of TrkA receptors partially decreased variability, 
and blockade of both p75NTR and TrkA receptors restored firing variability to axotomy levels (ANOVA test, 
Holm-Sidak method, p < 0.05). Symbols indicate significant differences between each experimental group 
and: *, control; •, axotomy; ‡, NGF treatment; and #, NGF+K252a treatment.
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FIGURE 7. NGF prevents synaptic stripping of motoneurons. Confocal images of motoneurons in control, axotomy and treated with NGF 
groups illustrating the innervation (green, A, C), or the inhibitory boutons labelled with antibody against VGAT (green, B,D) or the ChAT labeled 
motoneuronal cell bodies (red, A-D). All sections were obtained from animals 15 days after either axotomy or axotomy and treatment. Note the 
marked reduction of boutons after 15 days of axotomy. Scale bars: B, 20 µm; D, 80 µm.
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FIGURE 8. NGF promotes maintenance of 
afferent innervation on motoneurons. The linear 
density of synaptophysin-IR (SYN) and VGAT-IR 
boutons over the somatic perimeter of motoneurons 
changes after axotomy and the different treatments. 
Bars represent mean ± SEM for 17-38 motoneuronal 
profiles in each group. Asterisks indicate differences 
with control, dots with axotomy, and double crosses 
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FIGURE 9. NGF maintains the inhibition to excitation balance. A, Changes in 
eye position (EP) sensitivity calculated as k-on or k-off depending on the direction 
of the preceding saccade. Note that axotomy decayed both sensitivities whereas 
NGF greatly improved them maintaining the relative proportion of inhibition to 
excitation. Block of TrkA receptors reduced sensitivities significantly. However, 
only k-off was further reduced upon the double block (ANOVA, Holm-Sidak 
method for multiple pairwise comparisons, p < 0.05). Asterisks indicate 
differences with control, dots with axotomy, and double crosses with the NGF 
group B, Cartoon illustrating the sensitivity (k; dashed lines) in control (grey), after 
NGF (blue) and after the double NGF receptor blockade (red). Solid lines in the 
upper-right quadrant indicate the k-on values whereas solid lines in the lower-left 
quadrant depict the koff sensitivities. Note that double blockade of NGF receptors 
reduced the k-off (curved red arrow) indicating that motoneurons were 
significantly disinhibited. To the contrary, the k-off and k-on values were 
comparable both in control and in NGF-treated cells despite a trend towards 
higher inhibition in NGF-treated motoneurons. 



TREATMENT
Control
Axotomy
NGF
NGF+k252a
NGF+k252a+REX

N
70
53
134
46
39

k (sp/s/deg)
6.40 ± 0.26
3.54 ± 0.25
9.37 ± 0.30
5.31 ± 0.34
4.34 ± 0.27

0.73 ± 0.04
0.47 ± 0.03
0.93 ± 0.03
0.65 ± 0.04
0.53 ± 0.04

r (sp/s/deg/s)
-7.10 ± 0.86
-6.62 ± 1.00
-2.22 ± 0.31
-1.59 ± 1.51
-5.28 ± 0.73

Th (deg)

*• *
• ‡

‡

•* •
*• *
*
• ‡

‡ *
*

Table 1. Effects of NGF and receptor blocking on motoneuronal sensitivities and 
recruitment threshold.

* •Values are means ± SEM.  Symbols indicate significant differences with:    , control;   , axotomy and ‡, NGF
(One Way ANOVA, Holm-Sidak method for post hoc comparisons, p < 0.05).
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Supplementary figure 1. Relationship of eye position sensitivity with the recruitment 
threshold. A, Plots of the average relationship of motoneuronal firing rate versus eye position for 
the different recording groups. Slopes and thresholds are those of table 1. B, Linear regression 
lines of firing rate versus eye position for 70 control motoneurons. The slope of each line 
represents the eye position sensitivity (k) during spontaneous eye movements. C, Plots of eye 
position sensitivity (k, in spikes/s/deg) versus the recruitment threshold for all motoneuronal 
groups. Lines are the best fit with double exponential regressions (r > 0.5 for all regressions; p < 
0.001). Note that the main effect of NGF is a rightward shift in threshold and increase of average 
k. The effect of blocking TrkA was a reduction of k but not threshold, whereas the double block of 
NGF receptors led to a reduction of both k and threshold to axotomy levels. D, Same as C but all 
motoneurons are illustrated. Note that the exponential relationship between k and threshold held 
for all the populations studied; however, changes only in k or only in threshold also occurred.



A
xo

to
m

y
N

G
F

B 
C

on
tro

l
ChAT GFAP  A

Supplementary figure 2. NGF reduces astroglial reaction in 
the abducens nucleus after axotomy of the VIth nerve. 
Confocal images of ChAT-IR motoneurons (red) in control, 
axotomy and after NGF treatment illustrating glial fibrillary acidic 
filament (GFAP, blue) coverage around the motoneuron somata 
(A) and in the abducens nucleus neuropil (B). Note an intense 
proliferation of astrocytic filaments surrounding the somata of 
axotomized motoneurons. Scale bars: A, 10 µm; B, 40µm. V
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MUSCLE TENSION ENCODING BY CAT ABDUCENS MOTONEURONS 
 
María A. Davis-López de Carrizosa, Camilo J. Morado-Díaz, Joel M. Miller1, Rosa R. de la Cruz and Ángel 
M. Pastor.  
Departamento de Fisiología y Zoología, Facultad de Biología, Universidad de Sevilla, 41012-Sevilla, Spain.  
1
Smith and Kettlewell Eye Research Institute, San Francisco, USA. 

 

During spontaneous eye movements, tension in the lateral rectus muscle changes from a brisk rise during 

saccades to a transient decay to a stationary tension level for eye fixations, a process needed to accommodate 

viscoelastic forces in the eye plant. However, once the saccade terminates the eye remains still during eye fixations 

since glissades or postsaccadic slides are rarely seen in eye movements of mammals. We correlated abducens 

motoneuron firing with eye position and lateral rectus tension to determine to what degree tension and/or eye 

position are encoded. For eye fixations the eye tension exponentially rose with more eccentric gaze holdings. This 

finding was in accordance with simple estimates of innervation, a simple count of the number of action potentials 

reaching the lateral rectus muscle and only taking into account pool rules such as eye position recruitment and 

neuronal sensitivity. Therefore, the linear relationship of firing rate during fixations was better fit with eye position 

than with muscle tension. During the postsaccadic events, the time constant of the force decay was correlated with 

the time constant of the firing slide indicating that the motoneuron encodes muscle tension. Interestingly, we found 

that motoneurons with higher eye position sensitivities had lower time constants for the postsaccadic slide. Thus, 

the highly phasic motoneurons showed shorter time constants whereas the highly tonic motoneurons had longer 

time constants. The population of abducens motoneurons showed no clustering, rather was ordered along a 

continuum for the different discharge characteristics studied. Therefore, we propose that postsaccadic slide is a 

signal related to eye muscle tension and motoneuron pool represents a continuum between tension-related and 

position-related signals. 
 

Key words: abducens, motoneurons, muscle tension, eye movements 
 
 

Introduction 

There is no doubt in that extraocular motoneurons 

are the last elements to encode the characteristics of 

eye movements into a neural code of action potentials, 

a formulation of the classical final common path 

hypothesis, but, between the firing of motoneurons 

and the production of movement, eye muscles yet 

perform a final transformation between the barrage of 

action potentials in the nerve and the production of 

tension. Finally, muscle tension is applied as a force 

to the eye globe and its surrounding extraocular 

tissues, namely the eye plant. Thus, the question 

arises as to whether motoneurons encode for muscle 

tension, eye movement, or both since classically the 

discharge of extraocular motoneurons has been 

correlated with movement parameters, that is, the 

kinematics, due to the ease of eye movement 

recording (Robinson, 1963).  If motoneurons would 

solely encode the desired eye movement, then the 

assumption would be that any further signal 

transformation produced at the muscle level would 

not be accounted for by the neural code and then the 

desired (programmed) eye movement would depart 

from the actual eye movement. By contrast, if 

motoneurons would encode muscle force, i.e., the 

dynamics, they merely would correlate better with 

muscle tension than with eye movement parameters 

and the eye plant would introduce the last 

transformation from tension to movement. A final 

postulate is that motoneurons could be divided into 

functional subtypes, some of which would encode 

muscle tension, presumably more phasic units, and 

some others, more tonic, would encode eye position. 

Early in modern oculomotor research several 

descriptions of extraocular motoneurons found 

different classes of motoneurons (Henn and Cohen, 

1972; Sterling and Gestrin, 1975; Dieringer and 

Precht, 1986). Later, a consensus established around a 

single class of tonic-phasic motoneuron arose for the 

data of several animal species (Fuchs and Luschei, 

1970; Robinson, 1970; Schiller 1970; Delgado-García 

et al., 1986a; Fuchs et al., 1988; Pastor et al., 1991). 

More recently, a new classification of extraocular 

motoneurons into two distinct classes has arisen that 

defines those that connect with the singly-innervated 

muscle fibers from those that innervate the multiply-

innervated muscle fibers (Büttner-Ennever et al., 

2001, 2002). The weight of certain synaptic 

afferences possibly leads to likely differences in 

neuronal discharges and function (Ugolini et al., 

2006). The most parsimonious description of 

motoneuronal behavior during spontaneous eye 

movements required a burst of innervation 

proportional to the velocity of the saccade, followed 

by a postsaccadic slide in firing rate that terminates in 

a step of innervation during the fixation (Optican and 

Miles 1985; Goldstein and Robinson 1986). These 

works, inspired in the seminal work of Robinson 

(1964), formulated the need of a slide signal in the 

motoneuronal behavior to account for the exponential-

like transition from the burst into the step and helped 

in extending the description of the slide element to 

explain the expected firing during visual and 

vestibularly-guided reflexes (Fuchs et al., 1988; Stahl 

and Simpson 1995), and also during saccades 

(Sylvestre and Cullen., 1999). The formulation of the 

pulse-slide-step model by Optican and Miles (1985) 

did not account for the known afferent connectivity 
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consisting in burst neurons and a neural integrator, 

rather added a new path of information arriving to the 

motoneuron in the form of a low-pass filtered version 

of the pulse signal (Fig. 1A). In practicality there is 

not known afferent system to the extraocular 

motoneurons that contains solely a slide signal and it 

could be assumed that this signal is part of the output 

of the neural integrator (Pastor et al., 1994; Aksay et 

al., 2001, 2007). Thus, to ascertain the different 

signals and roles carried by motoneurons we aimed at 

studying the discharge characteristics of abducens 

motoneurons while simultaneously recording eye 

movements and lateral rectus muscle tension, an 

observation needed since the early recordings of 

tension (Robinson, 1964; Collins, 1971) and firing 

rates (Robinson, 1970). We show for the first time 

that the simultaneous recordings of tension, eye 

position and discharge rate indicate that motoneurons 

encode mixed signals related to eye position and 

muscle tension. Results indicate that tonic and phasic 

signals are distributed as a continuum within the pool 

of abducens motoneurons. A preliminary account of 

these results has been published elsewhere (Pastor et 

al., 2009). 

 

Materials and Methods 

Animals and surgical procedures 

Experiments were performed on adult female cats 

weighing 2.3-2.5 kg obtained from authorized suppliers 

(Servicio de Animales de Experimentación, 

Universidad de Córdoba, Spain). Animals were 

surgically prepared for the chronic recording of eye 

movements and neuronal extracellular recordings in the 

abducens nucleus (n = 3). Surgical and handling 

procedures for chronic experiments were in strict 

adherence to current legislation (R.D. 120/2005 BOE 

252/34367-91, 2005). 

Animals received a vagolytic injection of atropine 

sulphate (0.5 mg/kg, i.m.) and then anesthetized with 

sodium pentobarbital (35 mg/kg, i.p.). Then animals 

were positioned in a stereotaxic frame during surgery to 

implant bipolar stimulating electrodes in the left 

abducens nerve and the right medial longitudinal 

fascicle. Coils, made up of 2 turns of Teflon-insulated 

stainless-steel wire (Cooner Wire, CA), were implanted 

in the sclera of both eyes, the leads were passed 

subcutaneously towards the scalp. A recording chamber 

made of acrylic resin was constructed over a squared 

window (5 mm side) drilled in the occipital bone to 

gain access to the abducens nucleus through the intact 

cerebellum. Finally, a pedestal made of dental acrylic 

with embedded bolts and self-tapping screws was 

constructed to immobilize the head during the 

recordings and to attach sockets with the leads of eye 

coils and stimulating electrodes. Postoperative care was 

provided as needed to ensure the healthy state of the 

animal. 

 

Chronic recordings 

Control recording sessions started after 10 days of 

postoperative recovery. The animal was gently 

restrained in a fabric bag, wrapped with elastic 

bandages, and placed in a Plexiglas cradle inside the 

magnetic field search-coil (Robinson, 1963; C-N-C 

engineering, WA). Extracellular recordings were 

carried out with glass micropipettes pulled with long 

shanks (30 mm), and tips bevelled to a resistance of 1-2 

MΩ when filled with 2M NaCl. The (left) abducens 

nucleus was located with the aid of the antidromic field 

potential produced by electrical stimulation of the 

ipsilateral VIth nerve. Abducens motoneurons were 

identified by their antidromic and collision test from the 

VI
th

 nerve. Abducens internuclear neurons were 

identified antidromically from the electrodes implanted 

in the contralateral medial longitudinal fascicle. The 

extracellular neuronal activity was amplified and 

filtered at a bandwidth of 10 Hz-10 kHz for display and 

digitalization purposes.  

 

Lateral rectus muscle tension recordings 

Tension was recorded using a muscle force 

transducer (MFT) implanted in the tendon of the 

lateral rectus muscle by means of tie-down sutures 

through the frame (see Miller et al., 2002, for 

complete details on MFT construction and 

implantation). This device measures total 

oculorotatory force at the tendon level. The device 

consists of a buckle instrumented with two miniature 

strain gauge elements mounted in a bridge circuit that 

compensate temperature changes. The buckle had 

bearing holes and was positioned over the tendon. A 

stainless steel cross-rod was then pushed through the 

bearing holes but under the muscle (Fig. 1B). The 

braided Teflon-coated leads exit the orbit under the 

scalp skin towards a socket cemented to the acrylic 

pedestal used to embed the leads of coils and 

stimulating electrodes in the animal and restrain the 

head movements. Each MFT was calibrated before 

and after implantation loading it with known weights 

and tested that the sensitivity of the device did not 

change after implantation. The MFT was connected to 

a strain gauge amplifier (model 2120A, Vishay micro-

measurements, Selb, Germany). During the same 

surgery step, two hook electrodes made of Teflon-

insulated stainless steel multistranded wire were 

implanted in the belly of the lateral rectus muscle for 

electromyographic recordings. Their leads were 

passed subcutaneously towards a connector cemented 

in the dental acrylic pedestal. 

 

Data storage and analysis of muscle dynamics, 

firing rate and eye kinematics 

Horizontal and vertical eye position of both eyes, 

tension measured in the left lateral rectus muscle and 

neuronal activity recorded in the left abducens nucleus 

were digitally stored for off-line analysis (Power 1401, 

CED, UK). The Schmitt trigger produced by a window 

discriminator was also digitally stored to mark the 

occurrence of spikes in time. Computer programs 

written in Matlab 6.5 displayed instantaneous firing 

frequency (i.e., the reciprocal of the interval between 

two adjacent spikes) and the position of both eyes for 

the purpose of data selection. Relationships between 
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neuronal firing rate (FR, in spikes/second; [sp/s]) and 

horizontal eye position (EP, in degrees; [deg]) and its 

derivatives (velocity and acceleration) were obtained by 

multiple linear regression analysis to calculate the 

different sensitivities, i.e., the neuronal sensitivities to 

eye position (k, in sp/s/deg), velocity (rs, in sp/s/deg/s), 

acceleration (m, in sp/s/deg/s
2
), the ordinate intercept 

(F0, in sp/s) and the abscissa intercept (the recruitment 

threshold; Th, in deg). When using the first order model 

(Robinson, 1970), firing rate during fixations responded 

to the equation FR = k·EP + F0 (supplementary figure 

1A). Relationships between neuronal firing and eye 

velocity during saccades were obtained by linear 

regression after subtraction of the position component 

(k·EP) calculated from the previously known sensitivity 

to eye position. Thus, the equation used was FR - k·EP 

= rs·EV + F0, where rs (in sp/s/deg/s) is the neuronal 

sensitivity to eye velocity during saccades (EV, in 

deg/s; supplementary figure 1E). The leading time of 

the motoneuron with respect to the eye movement was 

estimated 5 ms by shifting in 1 ms increments during 

saccades the eye movement in relation to the firing rate 

to produce the best fit by regression analysis, and this 

value was in accordance with the physiological 

measurements of latency for eye movements after 

abducens nerve stimulation (Fig. 2B). Once the latency 

period was determined, it was applied systematically to 

all the data. 

Firing rate was also correlated to parameters of 

lateral rectus muscle tension to obtain sensitivities to 

the tension (p, in sp/s/g) and to the first derivative of 

tension (q, in spikes/s/g/s). Regression models included 

those derived by Robinson (1964), Fuchs et al. (1988), 

the first order simplification of the former (Robinson 

1970) as explained above, or mixed models containing 

signals to explain eye movement and muscle force 

elements.   

The relationships between muscle tension and 

either eye position or firing rate yielded exponential 

equations whose time constants were coined α and β, 

respectively (supplementary figure 1B,C for analytical 

description of the equations). The linear relationship 

between firing rate and the first derivative of tension 

during saccades yielded as slope rt (in spikes/s/g/s). 

Finally, during the postaccadic events we computed the 

time constant of the exponential time course of muscle 

tension (τMT) or firing rate (τFR) for individual cells. The 

relationship between both time constants examined for 

at least 12 postsaccadic events yielded an adimensional 

slope called S that characterized each motoneuron 

(supplementary figure 1D). 

 

Cluster analysis 

Cluster analysis is an exploratory technique that 

seeks to identify natural groupings in a set of subjects 

sampled. Clustering is achieved by determining 

similarities between cases using several measured 

variables as is a multivariate technique. To classify the 

motoneurons into groups via multidimensional analysis 

we considered that cells could be clustered in three 

groups as tonic, tonic-phasic and just phasic according 

to the signal content found in motoneurons and 

previously published descriptions (Henn and Cohen, 

1972). We employed the K-means clustering for 

multivariate analysis which is a pre-hoc classification 

method that extracts from a sample a number of clusters 

set a priori (3 in present case) using a reverse ANOVA 

technique. This technique seeks to minimize the 

variability within clusters and to maximize the 

variability between clusters while classificating the 

sample into a number of groups (Daly et al., 1995). 

 

Results 

Is motoneuron firing correlated to eye position or 

to muscle tension? 

A total of 62 motoneurons were analyzed during 

spontaneous eye movements. Motoneurons were 

antidromically activated from the abducens nerve and 

identified by collision test of natural and 

orthodromically evoked spikes (Fig 2A). Electrical 

stimulation of the abducens nerve not only evoked an 

antidromic field but also an electromyographic spike 

starting at 1 ms after the stimulus. The latency period 

for the starting of tension recording was approximately 

2-2.5 ms and was followed by another latency period 

until the initiation of eye movement at 4-5 ms after the 

shock to the nerve (Fig. 2B).  

Qualitatively, the typical recording of a well 

isolated (Fig. 3C,D) abducens motoneuron during 

spontaneous eye movements presented a monotonic 

firing during fixations, that is, tonic firing increased for 

fixations in the on-direction of movement -ipsilateral 

movements towards the recording side- and conversely 

for the off-direction.  Besides, motoneurons briskly 

bursted during saccades in the on-direction and reduced 

firing or even paused during off-directed saccades. 

Motoneurons also showed a slide transition between the 

burst and the tonic firing. A rough inspection of muscle 

tension during spontaneous eye movements revealed 

that the profile resembled quite closely all aspects of the 

motoneuronal firing rate (Fig 3D). The most prominent 

resemblance occurred during the postsaccadic slide 

firing in comparison with an equivalent slide in tension 

(Fig. 3 B, D; curved arrows) that, however, was not 

reflected in the eye position trace (Fig. 3A, straight 

arrow).. The small deflections in tension during 

fixations were also present in the firing of motoneurons. 

Every single study of motoneuronal firing has 

shown that the mean firing rate during periods of 

stationary fixation is well correlated to the eye 

position, that is, the so called rate-position plot that 

yields a linear correlation with normally high 

coefficients of correlation (Fig. 4A, first column in 

table 1). All motoneurons studied responded in a 

similar way and defined a scheme of pool recruitment 

that correlates with the neuronal sensitivity to eye 

position (Fig. 4B). Thus, the higher the recruitment 

threshold the higher the eye position sensitivity. 

However, tension and eye position were not correlated 

linearly, rather exponentially. Thus, as the eye moved 

towards the temporal direction by contracting the 

lateral rectus muscle, the tension rose exponentially 

indicating that increasingly more force was needed to 
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maintain the eye eccentric in the orbit (Fig. 4C). The 

equation obtained for the best fit was MT = BMT · e
α· 

EP
, where MT is muscle tension, and EP eye position. 

The parameter α averaged 0.07 deg
-1

 for the whole 

population of motoneurons (Fig. 4D). When we 

correlated muscle tension and firing rate for the same 

data set we noticed that again there was not a linear 

relationship (Fig 4E). Similarly as with eye position, 

the best fit was obtained after an exponential 

relationship according to the equation MT = BMT · e
β· 

FR
, with FR being the motoneuronal firing rate. The 

averaged β value was 0.016 s for the entire population 

of recorded motoneurons (Fig. 4F). This finding 

indicated that the motoneuron correlates linearly with 

eye position but not with muscle tension during 

stationary eye fixations.  

 
Innervation determines muscle tension 

There was not a linear relationship between 

muscle force and eye position so increasing amounts 

of force are needed to hold the eye more eccentric in 

the orbit (Fig. 4C,D). Thus, we decided to measure 

the force caused by innervation under auxotonic 

conditions, that is, when the muscle shortens against 

an increasing load likely produced in physiological 

conditions by other orbital tissues and the antagonist 

muscle. Our data showed that muscle force increased 

with innervation according to a power law (Fig. 5A). 

We evoked functional innervation by increasing the 

frequency of electrical stimulation to the sixth nerve 

at supramaximal current intensity (2x the threshold 

for obtaining a mechanical response) Thus, the 

physiological innervation driving the muscle could be 

causal to explain the relationship between muscle 

force and eye position (Fig. 4C, D). To estimate the 

physiological innervation we computed the total 

output of the abducens nerve calculated as the sum of 

action potentials from the first recruited motoneuron 

from our sample. As shown in Fig. 5B abducens 

motoneurons show an orderly recruitment directly 

correlated to the eye position sensitivity. The 

innervation (Fig. 5C, blue line) computed from the 

neuronal sensitivities and the recruitment pattern, 

followed a power law (Fig. 5C, red line) in the 

recruitment range (arrows in Fig. 5C), and beyond the 

trend was linear. This result indicates that the 

increased force required to overcome increasing 

elasticity as the eye becomes more eccentric might 

arise from a simple rule (recruitment) and its 

relationship to neuronal sensitivity that arises from the 

motor pool. 

 

Scaling of tonic and phasic signals in the pool of 

abducens motoneurons 

We sought to find whether there were different 

classes of motoneurons according to their discharge 

characteristics or whether there is a continuum in the 

population of motoneurons according to the functional 

parameters that we measured. It is commonly referred 

in the oculomotor literature that tonic and phasic are 

the signals found in the discharge patterns and several 

attempts of classification into different classes have 

occurred (Hen and Cohen, 1972; Dieringer and 

Precht, 1986; Ugolini 2006; Ying et al, 2008). To 

classify the motoneurons into groups we considered 

that cells could be clustered in three groups as tonic, 

tonic-phasic and just phasic (Henn and Cohen, 1972). 

We employed the K-means clustering technique for 

multivariate analysis which is an ad-hoc classification 

method that extracts from a population a number of 

clusters set a priori using a reverse ANOVA 

technique that minimizes the variability within 

clusters and maximizes the variability between 

clusters. The clustering technique explores a 

multivariate space that in our case was composed of 

six variables obtained from the discharge 

characteristics: the eye position sensitivity (k), the eye 

position threshold for unit recruitment (Th), the 

parameters S and β and the eye velocity and tension 

derivative sensitivities (rs and rt; see table 1). After 

amalgamation of the 62 studied cells into the 

predefined clusters, the results yielded 3 groups 

composed by 23 (37.1%), 24 (38.7%) and 15 (24.2%) 

cells but contrary to what was a priori set, groups 2 

and 3 were statistically identical in all parameters but 

in their recruitment threshold and S and  significantly 

different in all variables from the first group (table 1). 

We found that cluster 1 (Fig. 6A; red dots) with cells 

of high k, high rs and rt and short β parameter departed 

from the other two clusters (Fig. 6A; blue and green 

dots) that had lower k and a more widespread β. A 

short β indicated a steeper rate of rise of tension 

versus firing and was correlated with neurons of 

higher k sensitivity. Therefore, plotting k versus β 

showed an inverse relationship (Fig. 6A). 

Interestingly, all groups resulted different from the 

others in the tension related parameter during the 

postsaccadic slide (S) and in their recruitment 

threshold. Thus, group 3, characterized by its tonic 

profile, showed lower Th, indicating that motoneurons 

belonging to this group are recruited first, had a larger 

S indicatory of a longer postsaccadic slide after 

bursts, and a smaller rs and rt indicating less sensitivity 

to eye velocity and muscle tension during saccades 

(table 1).  

A second covariation of variables in abducens 

motoneurons appeared between the k, rs and 

recruitment threshold. Thus, neurons with higher k 

also had higher rs (r = 0.73) and recruitment threshold 

(r = 0.76; Fig. 6B). However, this plot did not show 

fragmentation of the scatterplot into different clusters 

of motoneurons. Motoneurons of the red cluster 

(group 1 in table 1) showed higher k, rs and Th as 

opposed to the green and blue clusters (groups 2 and 3 

respectively in table 1; Fig 6B). Therefore, abducens 

motoneurons showed a continuum in the range of the 

sensitivities to position and velocity instead of 

clusters of different groups of cells classified by their 

signal activity. In any case a pure tonic group having 

low k, S and rs could not be defined statistically. 
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Firing properties of abducens motoneurons 

during the postsaccadic slide 

Muscle tension after the saccade demonstrated a 

slide in tension in the absence of changes in eye 

position (Fig. 7A, blue trace). Similarly, firing rate 

demonstrates a postsaccadic decay in firing that can 

be fitted with an exponential function (Fig. 7B). For 

each of the 62 motoneurons analyzed a correlation 

could be found between the time constant of the slide 

in firing rate and the time constant of the postsaccadic 

decay in tension, with correlation coefficients larger 

than 0.65 in all cases. The slopes of the regression 

lines between the time constants obtained in firing vs. 

tension, namely S, were widespread (Fig. 7C). Thus, 

there were cells with high S values indicative that the 

postsaccadic firing time constant was larger than that 

of the tension and corresponded with cells that had 

weak bursts. The opposite occurred for cells having 

short postsaccadic firing time constants that showed 

strong bursts during saccades. The example in the 

inset of figure 7C had an S value of 1.22 (r = 0.8; p < 

0.001) indicating that the postsaccadic slides in firing 

were shorter than that of the possaccadic events in 

tension. The finding that each cell had an S value 

indicated that each motoneuron encodes precisely in 

firing rate the postsaccadic events as another signal 

complementary to the position and the velocity 

signals. We sought to find changes in the clustering of 

motoneurons according to the variable S. As indicated 

in the scatterplot of figure 7D there was a trend for 

neurons with large recruitment threshold values 

(group 1, red dots) to have lower S and the opposite 

for the group 3 (blue dots). The group 2 of 

motoneurons (green dots) seemed to distribute 

scattered between the other two pools. Close 

observation of the scatterplot in figure 7D leads to 

two findings. First, there was a continuum in the 

distribution of S values and thus there was no 

functional clustering of motoneurons into classes, as 

we found for other parameters explored above. 

Second, the S value, that is, the encoding of the 

postsaccadic events by the motoneurons, correlated 

well with functional parameters such as recruitment 

threshold (r = 0.74; p < 0.001) reinforcing the idea 

that postsaccadic slide is a separate signal computed 

by motoneurons.  

 

Does firing rate predict muscle tension? 

We tested how efficiently firing rate is a predictor 

of muscle tension by comparing with models 

previously described in oculomotor research. The 

classical second order model M1: 

FR=k·E+rs·E’+m·E’’+F0 served as the basis for 

constructing two models. The first one based on the 

second order linear model plus a tension element M2: 

FR=k·E+rs·E’+m·E’’+F0+pT and another model based 

purely on muscle tension M3: FR=p·T+q·T’+F0. We 

finally compared them to a last model containing a 

non linear term to explain the slide in firing M4: 

FR=k·E+rs·E’+m·E’’+F0-c·FR’ (Fig. 8). Calculation of 

the models was based on the eye movement and 

tension and the model parameters were obtained by 

linear regression analysis using the residuals to 

inspect the goodness of fit of the models. Models 1 

and 4 had little efficiency in adjusting the 

postsaccadic firing of the neuron as seen after on-

directed saccades (Fig. 8; arrows in M1 and M4) and 

off-directed saccades (Fig. 8; crossed arrows in M1 

and M4). Interestingly these two models were also 

unable to fit small variations in firing rate produced 

during fixations (Fig. 8; arrowheads in M1 and M4). 

By contrast, the models 2 and 3 very efficiently fitted 

the predicted to the actual firing during the 

postsaccadic events and even followed small 

fluctuations on firing rate very precisely since 

fluctuations were also seen in the tension recording as 

well (compare the tension with the actual, grey, firing 

rate trace in figure 8). Interestingly, even during long 

fixations lasting for more than 5 seconds the models 2 

and 3 followed all the small variations in firing rate 

during the allegedly stationary firing. 

To check the efficiency of all models we 

computed the coefficient of determination for 

modelling that included progressively more time 

adding slices of 100 ms on each run. In doing so we 

aligned by the starting of the saccade 27 epochs from 

12 cells distributed from 3 animals. Each epoch 

contained a saccade and a fixation lasting for at least 3 

seconds (Fig. 9A). The coefficients of determination 

of the multiple regression analysis for each model are 

represented in figure 9B to indicate that the efficiency 

of all models decayed with time. However, both the 

models 1 and 4, those based solely in eye movement 

parameters, decayed the most. ANOVA showed that 

models 2 and 3 were equally efficient, but after 1 or 

1.6 seconds the efficiency of models 1 and 4 decayed, 

respectively.  

 

Discussion 

On the prediction of force by motoneurons 

Firing of motoneurons linearly predicted eye 

position during fixations but not tension. This results 

in a non-linear relationship between firing and lateral 

rectus muscle force similar as is the relationship 

between muscle tension and eye position (see figure 8 

in Collins, 1971 and our figure 4C). Moreover, we 

showed that the force generated by the muscle in 

auxotonic conditions (load and length are allowed to 

vary in the alert behaving animal) varies with the 

frequency of stimulation (Fig. 5A) and as Collins 

(1971) pointed out from quick stretch experiments, 

the stiffness and the viscosity of the muscle vary with 

frequency indicating several non-linearities in the 

transformation from innervation to force that occurs 

in the muscle. Since muscle force is produced by the 

pattern of innervation received in the entire muscle, 

an easy assumption would be that total innervation is 

the sum of the barrage of action potentials in the 

abducens nerve of neurons that recruit progressively 

along the oculomotor range with increasing position 

sensitivities (Fig. 6B). Thus, the recruitment law of 

the pool of abducens motoneurons shows that 
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motoneurons recruit orderly and exponentially 

according to a position sensitivity gradient (Pastor and 

González-Forero, 2003). We demonstrate that total 

innervation explains the progressive non-linear rise in 

tension as the eye is more eccentric in the orbit, and 

recruitment is the simple pool rule to explain the 

gradation of force whilst the relation of recruitment to 

sensitivity (higher sensitivity to higher recruitment) 

explains the exponential rise of tension. 

Thus, the motor pool uses a non-linear 

innervation function applied to muscle that produces a 

linear response and steady fixation whereas the 

running models of the mechanics to explain the firing 

of motoneurons arise from that of Robinson (1964) 

that directly relates the kinematics of eye muscle 

(position, velocity and acceleration) to the dynamics 

of the muscle (tension and its first derivative) 

(Optican and Miles 1985; Fuchs et al., 1988; Stahl 

and Simpson, 1995) that lacks an explanation as to 

how the plant non-linearities are compensated to 

produce a linear eye movement. As pointed out by 

Collins (1975) and more recently by Sylvestre and 

Cullen (1999) the push-pull nature of the agonist-

antagonist pair cancels the non-linearities of muscles 

that need to be modelled accordingly. 

 

On the postsaccadic slide signalling by 

motoneurons 

The time constant of the postsaccadic slide found 

in motoneurons was linearly related to that found in 

eye tension during the postsaccadic events. It has been 

previously shown that the time constant of the 

postsaccadic slide is related to the amplitude of the 

pulse-step mismatch (Pastor et al., 1991) and that the 

postsaccadic slide shows adaptive properties to eye 

patching and to behavioural paradigms that shift the 

image after the saccade (Kapoula et al., 1987, 1989; 

Optican and Miles, 1995). The postsaccadic drift 

adaptation can lead to functional changes in other 

systems such as the neural integrator causing either 

leaks or instabilities depending on the behavioural 

paradigm employed (Major et al., 2004a, b). Our 

results indicate that the motoneurons encode the 

characteristics of the postsaccadic slide and thus can 

be considered as a separate signal processed by 

motoneurons. Provided the adaptability of this signal, 

it is parsimonious to argue that the signal is received 

by the motoneuron but not as a separate subsystem 

given the known connectivity (Optican and Miles, 

1985) but most likely embedded in the firing of 

afferent neurons that form part of the output of the 

neural integrator (Major et al., 2004b). The origin of 

postsaccadic slide in firing is unclear although does 

not seem to be an exclusive phenomenon of the 

motoneuronal membrane since adaptation to current 

pulses has time constants much shorter than those 

found in the slide (Baker and Precht, 1972; Barmack, 

1974; Durand, 1989; Grantyn and Grantyn, 

1978).Through the oculomotor network the 

postsaccadic slide can been observed in the discharge 

of neurons within the flocculus and the medial 

longitudinal fascicle (Miles et al., 1980; Delgado-

Garcia et al., 1986b; 1989; Iwamoto 1990). Thus it 

can be proposed that the postsaccadic slide is a signal 

processed and adapted by the oculomotor system that 

is finally conveyed to the motoneuron (Major et al., 

2004). The slope of that relationship, termed S, was 

linearly related to the recruitment threshold and 

therefore to the functional parameters of the 

motoneuron. Thus k, rs, Th and S are all functionally 

interrelated, and it can be interpreted that the S 

parameter is set by similar mechanisms to those that 

determine the threshold and sensitivity in 

motoneurons. 

 

On the division of labour by motoneurons 

Abducens motoneuron pool demonstrated a 

gradient in the distribution of tonic and phasic signals. 

The first motoneurons to be recruited had both low 

eye position and eye velocity sensitivities and the last 

neurons to be recruited displayed both high k and rs 

values in agreement with the finding that k and rs 

parameters are positively correlated in abducens 

motoneurons. Our attempts to isolate groups by means 

of a classification technique, the cluster analysis, 

which forces to split the sample into a predefined 

number of groups, rather showed that abducens 

motoneurons form a continuum in the gradation of 

properties. Nonetheless, we do not exclude the 

semantic classification on tonic, tonic-phasic and 

phasic units since the first cells in the recruitment 

rank are mainly tonic cells and the last motoneurons 

to be recruited show brisk bursts and only discharge 

tonically at very high frequencies when the eye is 

very eccentric, however with high k values, but once 

again there are no clustering in the pool of 

motoneurons. Our findings do not preclude the 

possibility that the first neurons in the recruitment 

rank could be small cells contacting the multiple 

innervated fibers and the rest of motoneurons contact 

singly-innervated muscle fibers (Büttner-Ennever et 

al., 2001, 2002; Ugolini et al., 2006). We found that 

one of the groups of motoneurons (group 1, table 1) 

was different in all parameters from the other two 

groups (i.e. groups 2 and 3). This group had discharge 

characteristics that make it more suitable to correlate 

with tension better than with eye position, however 

merged as a continuum with the other two groups 

when representing any of the variables referred. 

Whether the other two groups subserve a different 

function like contacting for instance the multiple 

innervated fibers remains unknown, however given 

the high percentage (62.9%) of motoneurons 

composing these groups, this possibility is less 

plausible. 

We have recently shown that oculomotor 

motoneurons are endowed with neurotrophin 

receptors (Benítez-Temiño et al., 2004) and that when 

neurotrophins are administered to axotomized 

abducens motoneurons they recover the normal 

discharge characteristics (Davis-López de Carrizosa et 

al., 2008, 2009) a result that indicates that 

motoneurons are trophically dependent from their 

target (Benítez-Temiño et al., 2005, for review). The 
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neurotrophins BDNF and NT-3 indeed had 

complementary roles in regulating the phenotype of 

abducens motoneurons.  BDNF enhanced the tonic 

firing whereas NT-3 enhanced the phasic firing of 

motoneurons. Thus, it can be proposed that concerted 

gradients of neurotrophins provided by the target 

tissue (i.e., the muscle fibers) can tune the discharge 

characteristics of abducens motoneurons in a gradient 

manner as found in present results. Examples of firing 

characteristics tuned in complementary fashion by 

gradients of neurotrophins or by activation of 

complementary neurotrophin receptors have recently 

been described (Adamson et al., 2002; Luther and 

Birren, 2009). 
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Figure 1. A. Circuit diagram illustrating the signals received by abducens motoneurons during 
saccades and fixations. A phasic firing (P, pulse) arises from reticular potine neurons like medium 
lead burst neurons (MLBN) and combines with a tonic signal (S, step) arising through the neural 
integrator (NI). However, during the early postsaccadic events, firing rate does not correlate well 
with eye position (EP) due to the postsaccadic slide in firing and represents the transition from the 
burst to the tonic signal (P+S). Eye muscle tension (T) recorded via a strain gauge muscle force 
transducer also demonstrates a transient rise, a slide and a persistent component in the tension 
whereas the eye position (EP) normally reflects a smooth transition from the saccade to the 
ensuing fixation. Other abbreviations: BN, burst neurons; LR, lateral rectus muscle. B. Drawing of 
the implanted MFT for recording muscle tension.
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Figure 2. Electrical stimulation of the VIth nerve. A. Antidromic activation of an 
abducens motoneuron within the field potential after electrical stimulation (dot) to the 
abducens nerve. When the stimulus was conditioned by the presence of an 
orthodromic spike the antidromic spike was occluded by the refractory period. B. 
Electrical stimulation of the abducens nerve produced the antidromic abducens field 
potential followed by an electromyographic compound potential in the muscle, by the 
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eye movements. The unit was simultaneously recorded with both, the eye 
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how tension resembles precisely the fine variations in firing frequency profile 
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Figure 4. Stationary firing rate predicts linearly eye position but not muscle tension.
A, B. The plot of firing rate-to-eye position (LH, left horizontal) from an abducens motoneu-
ron (inset) obtained during fixations demonstrates the motoneuronal sensitivity to eye 
position (k, in sp/s/deg) and the recruitment threshold or abscissa intercept of the regression 
line (Th=-F0/k). In B is the populational rate-position plots for the sample (62 motoneurons). 
C, D. The relationship of the muscle tension (MT) to eye position for the same data epochs 
(steady fixations) used in A was better fitted by an exponential function, indicating that 
progressively larger efforts for the same movement increment are needed to overcome the 
elastic forces of the eye plant. In D is the population response. E, F represent the muscle 
tension to firing rate relationship. In E is shown the same data epochs used in A for the same 
motoneuron and as expected, the data were better adjusted by an exponential relationship. 
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Figure 5. Innervation is a precise measurement of muscle tension. A. Muscle 
tension (MT) as a function of frequency of stimulation applied to the abducens nerve. 
Our data for three animals is also plotted (red dots). B. Relationships between eye 
position sensitivity and threshold for the population of abducens motoneurons. The 
fitted equation (red line) was EP = 7.9 • e0.08•Th, r = 0.86, p < 0.001). C. Computation of 
the innervation, as the simple sum of action potentials in the abducens nerve (blue line) 
obtained from the population presented in B. Arrows indicate the eye position where the 
first and last motoneurons from our sampled pool recruit. Note how innervation (I) 
follows a power law (I = 6.8 • EP2 + 226.8 • EP + 1853; r = 0.99, p < 0.001, red line) in 
the recruitment range (middle blue zone) and then becomes linear once the last 
motoneuron is recruited.



Figure 6. Are tonic and phasic signals are represented as a 
continuum in the abducens motor pool? We sought to find whether 
motoneurons can be classified as groups according to their signalling 
properties by using the K-means clustering, an ad-hoc classification 
technique that fractions a population into a number of clusters set a 
priori. An inverse relationship between k and β showed a continuum 
scatterplot of the population of motoneurons studied (A). A diret relation-
ship between k, rs and Th showed also a continuum spectrum of 
abducens motoneurons (B).
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Figure 7. Postsacadic slide as a distinct discharge characteristic. A. Muscle tension during a saccade 
demonstrates a postsaccadic slide in tension despite the eye position is stationary. B. Firing rate demon-
strates also a postsaccadic decay for the same saccade shown in A. Yellow dots are the 5 point floating 
average of the data. C. For each motoneuron a relationship can be obtained between the time constants of 
the postsaccadic slide in firing (τFR) and its corresponding decay in tension (τMT). This result indicates that the 
postsaccadic slide is another signal conveyed by motoneurons that can be characterized as the slope of a 
regression line (sensitivity to postsaccadic slide or parameter S; adimensional). The example of one 
motoneuron is illustrated in the inset in C and corresponds to the dashed regression line in purple. The cian 
line is the line of slope 1 which is close to the populational average (red line). D. Motoneurons with shorter 
time constant for the postsaccadic slide (higher S) also recruited later (r = 0.74; p < 0.001).
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Figure 8: Models for the prediction of the activity of abducens motoneurons. From top to bottom left 
horizontal eye position, lateral rectus muscle tension and firing rate of an abducens motoneuron (FR, 
grey) during spontaneous eye movements are shown. The predicted firing rate for each model is shown 
(red line) on top of the original firing rate. Below each prediction the residuals, i.e., original minus 
predicted firing are plotted. Model equations M1 through M4 are just above corresponding predictions. 
Note that model 1, based on eye movement signals (Van Gisbergen et al. 1981) as well as model 4, 
based on eye movement signals and the derivative of the firing rate (Robinson 1964), do not predict 
effectively either the postsaccadic slide in both directions (activation: arrows; inactivation: crossed 
arrows) or the slow decay observed along the fixation (arrowheads). Estimations from models 2 and 3 
that use tension (T)  terms, on the other hand, are closer to the original discharge during postsaccadic 
slides, as is demonstrated by the small residuals on these regions. While model 2 includes eye 
movement parameters plus tension, model 3 only uses tension and its first derivative.
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Figure 9. Statistical analysis of the models. The goodness of the prediction of each model, measured 
as the coefficient of determination of the multiple regression, was tested at different time steps on 27 
different time periods consisting of 200 ms preceding an on-directed saccade and the ensuing fixation 
lasting up to 3 s (A). The models were first tested on the initial 250 ms of the epoch and then on 
increasing steps of 100 ms each. B. Coefficients of determination vs. time for the different models. No 
differences were found between coefficients of determination from models 1 and 4. However, as the 
period utilized on the regression increases, the goodness of models 1 and 4 decreases in a greater 
extent than the coefficient of determination of models 2 and 3. One s after the section started the 
goodness of the prediction made by models 1 and 4 were significantly different from that of model 2 (*, 
two-way ANOVA, p < 0.05), and 600 ms after also from that of model 3 (‡, two-way ANOVA, p < 0.05). 
No significant differences were found in the goodness of the fitting between models 2 and 3, 
nevertheless coefficient of determination values were always lower for the latter model.
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N k (sp/s/deg) Th (deg) ß•(10-3) (s) S (adim.) rs (sp/s/deg/s)

Group 1

15 4.1 ± 0.3 17.1 ± 1.5 0.96 ± 0.09 0.49 ± 0.04Group 3

23 8.9 ± 1.0 10.7 ± 1.2 0.37 ± 0.04 0.78 ± 0.06

Group 2 24 4.5 ± 0.2 21.4 ± 2.1 0.60 ± 0.06 0.51 ± 0.05
* 1.3 ± 0.8 * *

*

*

Table 1. Eye movement- and tension-related parameters of abducens motoneurons.

TOTAL 62 6.0 ± 0.5 16.4 ± 1.2 0.6 ± 0.04 0.61 ± 0.03-5.9 ± 0.9

rt (sp/s/g/s)

0.53 ± 0.07

1.19 ± 0.12

0.95 ± 0.14

0.94 ± 0.08

Values are means ± SEM.  Asterisks and cross indicate significant differences with the other groups and with
group 3, respectively. (One Way ANOVA, Holm-Sidak method for post hoc comparisons, p < 0.05).

-6.8 ± 0.5 *
-15.4 ± 0.9 *

*
* †



Supplementary figure 1. Measured parameters. During eye fixations: A. The linear 
relationship between firing rate and eye position that yields the neuronal eye position 
sensitivity (k), an abscissa intercept (Th) and an ordinate intercept (F0, the firing at straight 
ahead gaze). B. The exponential relationship between muscle tension and eye position 
yielded the parameter α and the ordinate intercept BMT. C. The exponential relationship 
between muscle tension and firing rate yielded the parameter β and the ordinate intercept 
BMT. During postsaccadic slides: D. The linear relationship between the time constants of the 
tension (τMT) and the firing rate (τFR) during the slide yields a slope characteristic for each 
neuron and thus the neuronal slide sensitivity (S). The inset shows that time constants were 
obtained by fitting exponentials to muscle tension and firing rate during postsaccadic slides. 
For Saccades: E. The linear relationship between firing rate and eye velocity that yields the 
neuronal eye velocity sensitivity (rs). 
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Conclusions 

CONCLUSIONS and statement of this THESIS 
 
 
From the results obtained in this project the following conclusions are made: 

 

FIRST. The intraorbital device (IOD) is an adequate chamber for the chronic 

isolation of severed nerves. This device not only prevents the nerve from 

contacting with potential targets, but also allows neurophysiological studies and 

the control of its molecular environment. 

 

SECOND. Axotomy of the VIth nerve leads to long-lasting physiological and 

morphological changes on VIn Mns; the gain of their eye movement related signals 

is reduced due to the observed afferent synaptic retraction.  

 

THIRD. Exogenous application of BDNF or NT-3 on the nerve stump leads to partial 

recovery from the functional changes induced by axotomy acting in a 

complementary fashion. BDNF produces the recovery of the tonic eye position 

related signals; whereas NT-3 promotes the recovery of phasic discharge related to 

eye velocity during saccades. Both neurotrophins contribute to the partial 

reafferentation of VIn Mns as observed by synaptic potentials and 

immunocytochemistry.  

 

FOURTH. Retrograde delivery of a mixture of BDNF and NT-3 to axotomized Mns 

produces their complete recovery from injury effects. These effects are mediated 

by the corresponding Trk receptors, since their blockade returns Mns into the 

axotomized state. 

 

FIFTH. The recovery promoted by single or dual administration of neurotrophins 

was the same irrespective of the immediate or delayed-administration protocol 

suggesting that BDNF and NT-3 are not only preventing but also restoring the 

synaptic afferents, the glial reaction and the functional consequences on 

motoneuronal activity. 

  

SIXTH. The immediate application of NGF after distal nerve injury leads to a 

hyperexcitable functional phenotype on severed VIn Mns. NGF not only increases 

the motoneuronal sensitivity and variability, but also the firing recruitment 

threshold. Since synaptic composition remains as in control motoneurons, the 

physiological variations observed in NGF-treated Mns may reflect a change on 

synaptic strength of afferent inputs. 
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Conclusions 

 

SEVENTH. The effects of NGF are in part mediated by p75NTR signaling cascades, 

since TrkA inhibition does not lead to a significant decrease of neuronal 

sensitivities compared with non-axotomized Mns. Thus NGF mediates its 

synaptotrophic effects on VIn Mns in a cooperative fashion through both receptors.  

 

EIGHTH. Changes in the discharge variability of VIn Mns are mediated mainly 

through p75NTR since TrkA inhibition does not increase firing regularity through the 

entire discharge range of the these Mns. This effect may be due to p75NTR induced 

changes in neuronal excitability, contributing to firing variability through 

fluctuations produced by synaptic noise, the strategic location of inhibitory inputs 

or the synchronization of inputs. 

 

NINTH. High recruitment threshold and prolonged firing pauses, even when TrkA 

receptor was blocked, indicates that p75NTR induced modulation of the synaptic 

strength of excitatory and inhibitory synaptic drive is different. The recovery of 

normal recruitment thresholds and the reduced gain sensitivities to inhibitory 

ocular position related signals on Mns when the p75NTR receptor has been blocked 

further corroborates that NGF acting through this receptor increases the 

excitatory/inhibitory balance. 

 

TENTH. VIn Mns constitute a continuous over which firing properties, which are 

related to tension and ocular movement parameters, are gradually distributed from 

the very phasic to the very tonic Mns. This raises the possibility that Mns could get 

access to gradients of differential trophic support as the basis for their scaling of 

the firing properties. 

 

ELEVENTH AND LAST. In summary, this is the first in vivo demonstration that 

exogenous neurotrophins retrogradely delivered supports the synaptic connectivity 

and the discharge characteristics of adult Mns allowing me to state the following 

Thesis; “The morpho-functional phenotype observed in abducens axotomized 

motoneurons is due to target deprivation of trophic factors, since exogenous 

administration of neurotrophins not only prevents afferent terminal stripping 

and maintains the functional activity but also promotes the afferent 

reinnervation of injured motoneurons.” 
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 The trophic theory of neuronal connections establishes that 
during embryonic development target organs are essential for the 
survival and differentiation of the neurons innervating them, 
rescuing these cells from the otherwise natural process of 
programmed cell death. The discovery of the nerve growth factor 
(NGF) demonstrated that the actions exerted by target cells on the 
neurons are mediated by soluble molecules, known as growth 
factors, produced and secreted by the target in limiting amounts. 
Thus, only neurons receiving these trophic factors are able to survive 
programmed cell death, differentiate and acquire all the features 
present in adult neurons. Nowadays it is known that trophic factors 
also regulate different aspects of neuronal physiology in adult 
stages. They modulate synaptic plasticity, promote the formation 
and stability of synaptic afferents, produce changes on neuron 
excitability or protect neurons after injury, among other functions. 
NGF together with brain derived trophic factor and neurotrophins 3 
and 4/5 belong to a family of growth factors named neurotrophins.
 Based on the recent discovery demonstrating that 
motoneurons innervating the lateral rectus muscle express 
neurotrophin receptors and that this muscle expresses and releases 
neurotrophins also in adult stages, we studied whether the 
morphofunctional changes induced by nerve injury in abducens 
motoneurons are in part due to growth factor deprivation and if 
exogenous retrogradely-delivered neurotrophins were able to 
re-establish the non-injured phenotype.
 These experiments constitute the first in vivo demonstration 
that neurotrophic exogenous supply promotes the recovery of 
synaptic connectivity and thus the activity pattern of motoneurons 
after axotomy.




