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INTRODUCTION
1. Why study coordinated eye and head movements?

In higher mammals such as cats and monkeys, images of objects along the
line of sight fall on parafoveal regions of the retina and are seen in fine detail;
those that fall on more eccentric regions of the retina are viewed with less spatial
resolution. The photoreceptors are fixed on the eyes that move relative to the head,
which in turn shifts its location in space. Movements of the eyes and head are part
of an active strategy for exploring items present in the visible world. The
coordinated movements of the eyes and head that enable high spatial frequency
samples of the visual environment by shifting the line of sight (=gaze) from one
part of the visual scene to another are an essential aspect of the visual process. Eye‐
head gaze shifts, which rapidly re‐orient the line of sight towards new attractive
targets, are also a model system for understanding how the brain controls multi‐
segmental motion. Like arm movements, eye‐head gaze shifts are a form of motor
coordination in which movement of a controlled variable, in this case line of sight,
results from the coordinated motion of multiple underlying segments.

2. Behavior

Gaze shifts typically consist of 1) one rapid eye movement (saccade), 2) a
slower head movement in the same direction, and 3) a vestibular‐driven slow
phase (VOR) that stabilizes gaze until the head movement end. Figure 1 illustrates
an example of an eye‐head coordinated movement of a monkey that produced
about a 650 displacement in the line of sight. The gaze shift was initiated by a
movement of the eyes. After a delay, the head began to move toward the target
and the eyes until the gaze shift ended. The head continued to move for some time,
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but the eyes moved in the opposite direction through VOR and gaze remained
stable.

Fig. 1. Typical pattern of eye and head movement of a monkey when gaze is directed to a
horizontal target. Gaze H: Gaze horizontal position; Eye H: horizontal eye position; Head H:
head horizontal position. Modified plot of data reported by Freedman and Sparks (1997a)
The example of Fig. 1, though illustrative, does not reveal the variability of
the eye‐head coordination, especially on the basis of the relative onset and
contribution of eye and head movements. In cats, head movements usually
precede the onset of gaze shift (Guitton et al. 1984) and movements of the eyes and
head are tightly coupled temporarily (Guitton et al. 1990). In monkeys and humans
there is a high degree of variability in the relative timing of eye and head
movements (Guitton and Volle 1987; Phillips et al. 1995). The relative contribution
of the ocular and head components of gaze shifts depends on the species, the
subject, the eccentricity of the target and the initial position of the eyes. In the
rhesus monkey, the eyes act essentially alone for gaze shifts less than about 20deg
(Tomlinson and Bahra 1986; Phillips et al. 1995; Freedman and Sparks 1997b) from
a point of fixation lying straight ahead. This eye only range can be much bigger in
humans (Stahl 1999) but is only 4 deg in the cat (Blakemore and Donaghy 1980;
Roucoux and Crommelinck 1988).
Saccades, usually lasting less than 100ms, are the most studied component
of gaze shifts. Saccades can be triggered by a visual, auditory or a somatosensory
stimulus that is currently present in the environment or has been memorized, or
they can occur spontaneously with no apparent stimulus. Saccades called quick
phases often interrupt slow eye movements occurring in the opposite direction
10

that are elicited in response to head motion or whole field visual stimuli. Saccades
are preprogrammed ballistic movements and are executed without any visual
feedback. Saccades are also stereotyped movements with a standard velocity
profile, i.e. a single smooth increase and decrease of eye velocity. Saccade velocity
is mainly determined by the saccadic amplitude, i.e. the bigger the saccadic
amplitude the higher the velocity. The relationship between peak saccadic eye
velocity and the size of saccade can be described by a straight line for saccades
with amplitudes ranging between 0.030 and 200 (Bahill et al. 1975). This
relationship is often referred to as ‘’main sequence’’.

3. Neuronal substrate of saccades and rapid gaze shifts

Most previous studies of gaze‐movement–related neurons in the brain were
done with the subject’s head restrained so that changes in the direction of the line
of sight (gaze amplitude) were accomplished only with saccadic eye movements.
As a result, the neuronal substrate of saccadic eye movements is well documented
(see Moschovakis et al (1996) for review). Latter studies with the head
unrestrained condition have shown that most -if not all- of the saccade related
areas were also involved in the execution of eye-head coordinated movements (Isa
and Sasaki 2002; Sparks et al. 2002). A summary of the major elements of the
neuronal network responsible for saccades and gaze shifts is shown in Fig.2.
Visual information concerning target position is conveyed through both striate and
extra‐striate visual cortex to the parietal cortex [e.g., the lateral intraparietal area
(LIP)], the frontal eye fields (FEF), the supplementary eye fields (SEF), and the
superficial layers of the superior colliculus (Fig.2, SCsup). Neurons in the LIP, FEF
and SEF send their axons to the thalamus, the intermediate and deep layers of the
SC (Fig.2, SCi/d), the caudate nucleus of the basal ganglia and the basal pons. The
saccade related output nucleus of the basal ganglia, the substantia nigra pars
reticulata (Fig.2, SNpr), provides inhibitory projection to the SC. Thus, the
11

intermediate and deep layers of the SC seem to be a major point of the
convergence of descending saccade related signals and the locus of the
saccadic/gaze shift command formation. Efferents from the above layers of SC
synapse to a number of targets, largely via collaterals of the same axon. Targets
include the horizontal and vertical burst generators of eye saccades, reticulospinal
neurons in the reticular formation and neurons in the cervical spinal cord for the
simultaneous control of head movements and the cerebellum (via nucleus
reticularis tegmentis pontis, NRTP), which exerts a modulatory control over
saccades and possibly head movements.

Fig.2. Schematic block diagram of areas of the brain believed to be involved in the generation
of saccades and gaze shifts. Excitatory connections shown by solid arrows, inhibitory
connections by open arrows. (7a posterior parietal cortex, FEF frontal eye fields, LIP lateral
intraparietal cortex, SEF supplementary eye fields). Modified plot of data reported by Scudder
et al. (2002).

In the following sections of the introduction we will describe in more detail
the presently available knowledge about the SC, the frontal cortical areas (FEF, SEF
and others), and the eye and head premotor regions and introduce several
unresolved issues addressed by our experiments.
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4. Superior Colliculus (SC).

A. Stimulation of SC
Electrical stimulation of the intermediate and deeper layers of SC of
monkeys and cats with their heads restrained produces conjugate, contralateral
saccades with amplitudes and directions that depend on the site of collicular
stimulation, so that rostral/caudal sites produce small/large horizontal saccades
and medial/lateral sites produce upward/downward saccades, respectively
(Robinson 1972; McIlwain 1990). This motor map is in anatomical register with the
sensory map found in the overlying superficial layers that contain visually
responsive neurons that encode stimulus location in retinal coordinates (Schiller
and Stryker 1972). Another factor that affects the size and the direction of
electrically evoked saccades in head‐restrained cats and monkeys is the position of
the eyes at the time of stimulation (Guitton et al. 1980; McIlwain 1986; Segraves
and Goldberg 1992; Pare et al. 1994; Freedman et al. 1996; Grantyn et al. 1996;
Moschovakis et al. 1998a). A manifestation of the position sensitivity of saccades is
the fact that the amplitude of the saccade decreases as the eyes occupy an initial
position closer to the limits of their excursion in the orbit. The position sensitivity
of saccades does not remain constant throughout the rostrocaudal extent of SC.
Stimulation of the rostral SC elicits saccades that are almost unaffected by the
initial position of the eyes. In contrast to the ‘’position sensitive’’ saccades these
electrically evoked saccades were described as ‘’fixed-vector’’, as a constant
displacement of the eyes is elicited upon SC stimulation.
When the head is unrestrained, electrical stimulation of the intermediate
and deeper SC layers produces combinations of eye and head movements in the
cat (Guitton et al. 1980; Pare et al. 1994) and the monkey (Cowie and Robinson
1994; Freedman et al. 1996). In primates, the relative amplitudes of the eye and
head components and the velocity‐amplitude relationships of these stimulation‐
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induced movements are similar to the relationships observed during gaze shifts to
visual targets (Freedman et al. 1996). In addition, during electrical stimulation at a
single SC site, with fixed stimulation parameters, evoked gaze shifts had similar
amplitudes and directions (Freedman et al. 1996). These ‘‘fixed‐vector’’ gaze shifts
could be composed of many different combinations of eye and head movements
depending on the position of the eyes in the orbits at stimulation onset, just as
relative eye and head contributions depend on eye position during visually
evoked gaze shifts. Thus the coordination of the eyes and head during gaze shifts
evoked by electrical stimulation of the SC is remarkably similar to the coordination
observed during visually guided gaze shifts. Similar findings where reported in
cats when the head was unrestrained. Stimulation of sites that evoked “position
sensitive” saccades in the head‐fixed condition, elicited combined eye‐head
movements of constant amplitude and direction when the head was free to move
(Roucoux et al. 1980; Pare et al. 1994). Movements produced when the head is
restrained are reduced in amplitude by the amount that the head would have
contributed if free to move.
In summary data from SC stimulation studies in monkeys suggest that
signals of the position of the eyes separately influence eye and head commands so
that the eyes and head contributions to the gaze shift are inversely related. In cats
however, where eye and head movements are more tightly coupled, a systematic
study of the effect of eye position on eye and head premotor networks has not
been accomplished yet. Furthermore, the influence of eye position on eye and head
movements must occur downstream of SC because the site of collicular activation
is constant. The site and the mechanism of decomposition of the gaze command
are not known yet and and their elucidation is one of the objectives of this thesis.
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B. Physiology and Anatomy of SC neurons.
As mentioned before, most of the recording studies of SC neurons of
monkeys and cats have been performed under the head‐fixed condition, and thus
their firing properties were initially correlated with the saccadic component of
gaze shifts. The most prominent type of primate SC neurons are the Tectal Long
Lead Burst neurons (TLLBs) that form the main output of the SC to the eye, and
presumably, head premotor neurons. TLLBs, known also as ‘’SRBNs’’ (Saccade‐
Related Burst Neurons) discharge a burst of spikes that leads saccades of particular
amplitude and direction by about 20ms (Sparks 1978) and are characterized by low
levels of spontaneous activity. The collection of endpoints of all vectors of the
saccades that evoke a motor response in a given TLLB define its ‘’movement
field’’. TLLBs are topographically arranged in the rostrocaudal and mediolateral
extent of SC: TLLBs that prefer small saccades are located in the rostral SC, while
cells that prefer larger saccades are found more caudally. Also, TLLBs that
discharge before upward/downward saccades are located medially/laterally,
respectively (Sparks and Mays 1980; Moschovakis et al. 1988b). The movement
fields of TLLBs in a specific SC location are consistent with the size and direction
of electrically evoked saccades from the same location (Schiller and Stryker 1972).
Another major class of SC neurons are the build‐up neurons (in short BUNs),
whose activity increases about 80 to 100 ms before saccade onset, reaches its peak
value 10 to 20 ms before saccades and then declines. The morphology of the TLLBs
is well documented. They are assigned in the T class of SC efferent neurons, which
can be distinguished by their small to medium sized soma, the moderate
complexity of the dendritic tree and the presence of commissural axon collaterals.
Their ascending axonal branches project to the mesencephalic reticular formation
of the midbrain (Moschovakis et al. 1988a), to the regions that house the burst
generator for vertical saccadic eye movements and gaze shifts. TLLBs emit
collaterals to the cMRF in addition to those arising from the Av branch Their
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descending branches cross in the dorsal tegmental decussation en route to the
pons (Moschovakis et al. 1988a), where the burst generator for horizontal eye and
head movements lies. The morphology and connections of BUNs remain
unknown.
In contrast to the monkey, the major SC output neuron in the cat seems to
be the large, multipolar X cell, whose axons constitute the tectoreticular and
tectospinal tracts (Grantyn et al. 1982; Moschovakis and Karabelas 1985; Olivier et
al. 1993). X neurons have big somata and several stout dendrites, which bifurcate
extensively up to 1 mm from the cell body. Like primate T cells, their axons cross
the midline with Meynert’s decussation to join the predorsal bundle. Before
crossing the midline, they all emit a long branch, coursing longitudinally to form
the ventral ascending bundle (Av). The targets of Av are the homologous to the
monkey midbrain regions that house the vertical generator of eye and head
movements.
The physiology of feline X neurons was studied at the same time with their
pattern of projections (Olivier et al. 1993) and it was verified that their discharge
pattern was typical of the physiologically identified tecto‐reticulo‐spinal neuron
(TRSN). The majority of TRSNs were characterized as visuomotor as they
discharge more strongly when the cat makes purposive shifts in gaze toward a
food reward (Grantyn and Berthoz 1985; Munoz and Guitton 1991; Munoz et al.
1991). In addition to their activation by moving visual stimuli, TRSNs fire intensely
for contraversive eye movements and phasic activation of neck muscles (Grantyn
and Berthoz 1985) and display axonal branching consistent with eye‐head synergy
(Grantyn and Grantyn 1982). The intensity of TRSN discharges is better correlated
to peak gaze velocity than to either eye or head peak velocities (Munoz et al. 1991).
The latter authors concluded that TRSNs transmit a gaze motor error signal,
without specifying the contributions of the eyes and the head to gaze
displacement. Antidromic indentification and labeling experiments have verified
that axons of all visuomotor TRSNs pass through the rhombencephalon in the
16

contralateral predorsal bundle and many reach the spinal cord (Grantyn et al.
1987).

5. Eye and head premotor neurons
As with the other components of the neuronal substrate of rapid eye and
head movements, the premotor neurons for saccades where studied first in
monkeys and cats, while their head was restrained. The saccadic burst generators
are composed of long‐lead (LLB) and medium‐lead (MLB) burst neurons. LLBs
and MLBs that reside in the paramedian pontine reticular formation (PPRF)
encode the horizontal component of saccades (Cohen and Henn 1972; Kaneko et al.
1981; Strassman et al. 1986a). Horizontal MLBs exhibit a burst of spikes in an ‘’on‐
direction’’ but are silent during steady gaze. The bursts of MLBs in PPRF begin
slightly before (~10 ms) the onset of ipsiversive saccades and end slightly before
the end of the saccade (Fuchs et al. 1985). Another population of MLBs and LLBs
with the same temporal firing properties is located in the mesencephalon and
controls the vertical component of saccades. These neurons lie in the rostral
interstitial nucleus of the medial longitudinal fasciculus (riMLF) and in the
interstitial nucleus of Cajal (Moschovakis et al. 1991a; Moschovakis et al. 1991b).
For all MLBs a strong correlation has been shown to exist between a) the duration
of the burst and saccade duration, and b) the number of spikes in the burst and the
size of the horizontal (vertical) component of the saccade (Fuchs et al. 1985). In
contrast to MLBs, LLBs begin discharging well before saccade onset and in some
this early firing is followed by a burst during the saccade. They were divided into
two groups: one is composed of neurons that increase their discharge for all
saccades in a certain direction (directional LLBs; Hepp and Henn (1983)) and the
other of neurons that behave like the SC projection neurons, preferring saccades of
restricted sizes and directions (vectorial LLBs). LLBs show a more widespread
distribution in the brainstem than MLBs. In addition to the LLBs found in close
proximity with the MLBs in PPRF and riMLF, there are several groups of neurons
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with similar firing properties found in regions such as the nucleus reticularis
tegmentis pontis (NRTP, Scudder et al (1996b)), mesencencephalic reticular
formation (Cohen et al. 1985; Waitzman et al. 1996), cerebellum (Noda and
Fujikado 1987; Noda et al. 1988) and others (for refs see Moschovakis et al. (1996)).
The pontine reticular formation houses also another class of neurons that are
pivotal for the generation of saccades. These are the omnidirectional pause
neurons (OPNs), which exhibit a high rate discharge when the eyes are still and
cease firing during saccades in all directions. The pause starts before the burst of
MLBs and ends prior the end of the saccade. OPNs exert tonic inhibitory influence
on all MLBs (Fuchs et al. 1985; Moschovakis et al. 1996). As a result, for a saccade
to be executed the OPNs must be inhibited.
For the execution of gaze shifts SC must also send input to the premotor
neurons for head movements. This signal can be conveyed to the cervical spinal
cord either directly through the tectospinal tract, and/or indirectly by the
reticulospinal pathways that originate in the reticular formation of the midbrain,
pons and medulla (Huerta and Harting 1982b; Robinson et al. 1994; Scudder et al.
1996b) In monkeys reticulospinal neurons have been shown to lie among the MLBs
of the horizontal burst generator in the PPRF (Robinson et al. 1994). In cats some of
them have been reported to receive direct input from SC and to exhibit phasic
discharges that are tightly coupled to neck EMG activity and head movements
during active gaze shifts (Peterson and Fukushima 1982; Grantyn and Berthoz
1987; Grantyn et al. 1987; Grantyn et al. 1992). The firing properties of these ‘’eye‐
neck’’ neurons are quite similar to the bursts of the saccadic LLBs (Kaneko et al.
1981). In addition, several studies on the inhibitory MLBs raised more doubt on the
strict separation of premotor neurons into eye, head and gaze‐related groups.
Cullen et al. (1993) have shown that the bursts of this class of MLBs displayed a
strong correlation with saccade parameters when the head was restrained, which
disappeared when the head was free. The same group has also found that these
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neurons issue fewer spikes during large head‐free gaze shifts than during head‐
fixed saccades of the same size (Cullen and Guitton 1997).
As mentioned above the vector of the gaze displacement is determined by
the locus of collicular activity. Gaze shifts of different vectors are represented in a
topographic map across the collicular surface, with large gaze shifts represented
caudally and small rostrally. Therefore, the main input to the burst generator is
encoded in a place code. On the other hand, the premotor centers for eye and head
movements use a rate code to specify movement parameters. The duration and
firing rate of their burst encodes gaze shift properties. As a result, the SC activity
en route to its targets undergoes a spatial‐to‐temporal transformation. The study of
the spatiotemporal transformation was another objective of this thesis.

6. Frontal cortical areas involved in the control of gaze

There is a multitude of areas in the frontal cortex where the activity of
neurons is related to shifts in the line of sight. In monkeys, the most prominent of
these are the frontal eye fields (FEF) located in the anterior bank of the arcuate
sulcus. Electrical stimulation of this area evoked contraversive saccades in head
restrained monkeys (Robinson and Fuchs 1969; Bruce et al. 1985). The FEF might
also play a role in gaze shifts, since stimulation of this region in head free monkeys
evoked both eye and head movements (Tu and Keating 2000). In cats stimulation
of the frontal oculomotor area elicited eye movements and neck muscle activity
(Schlag and Schlag‐Rey 1970; Guitton and Mandl 1978). The FEF influence
saccades through their projections to the SC, the basal ganglia and several other
oculomotor areas of the brainstem, including PPRF, riMLF and the area of OPN
neurons (Leichnetz and Goldberg 1988). The strength and the functional
significance of these projections are still unresolved. The discharge of the FEF
neurons is similar to that of the TLLBs, as each neuron fires for a collection of
saccade vectors which comprise its movement field (Bruce and Goldberg 1985).
19

Regarding the role of the FEF in eye movements the current view is that they are
implicated in both the selection of targets and in the initiation of saccades/gaze
shifts towards them (Schall et al. 2002). Saccadic eye movements have also been
evoked upon electrical stimulation of a another area located in the dorsomedial
frontal cortex, the supplementary eye fields (SEF, Schlag and Shlag‐Rey (1987))
The SEF share a number of common characteristics with the FEF, such as
topographic organization, projections to the SC and reticular formation, and
neurons with similar discharge properties (Schlag and Schlag‐Rey 1987; Shook et
al. 1990). In addition to these two regions, saccade related activity has been
recorded in the dorsolateral prefrontal and cingulate cortex (Funahashi et al. 1991;
Petit et al. 1993). The mapping of the extent and the relative strength of projections
of saccade related regions in the frontal cortex was another major objective of this
thesis.

20

Specific Objectives

1. Gaze decomposition study

Desired gaze displacement commands are presumably decomposed
downstream from the SC into separate commands to eye and head movers. Much
is already known about the mechanisms responsible for the requisite
transformations of signals between the SC and the extraocular motoneurons
(Moschovakis et al. 1996) but considerably less about those between the SC and
neck motoneurons. Of particular importance for the present report is the
mechanism that transforms the SC command in such a way that the head
contributes progressively more to gaze shifts as the initial position of the eyes
shifts in the direction of the desired movement. Several models of gaze shifts (e.g.,
(Phillips et al. 1995; Stahl 1999) posit that the excitability of the head related
premotor circuits is directly modulated by an eye position signal such that their
responses increase together with the eccentricity of the eyes in the direction of the
movement. If such a scheme were implemented in the brain, neck muscle
responses to electrical stimulation of the SC should increase together with
deviations of initial eye position in the pulling direction of the muscle. The
influence of eye position should then resemble its well‐documented effect on the
tonic levels of EMG activity (Vidal et al. 1982; Lestienne et al. 1984; Andre‐Deshays
et al. 1988). As regards phasic EMG responses to SC stimulation, a relationship
consistent with the prediction above was recently confirmed for some of the neck
muscles of the monkey (Corneil et al. 2002a). In cats, the influence of eye position
on phasic EMG responses has been illustrated for a few selected examples (Guitton
et al. 1980; Roucoux and Crommelinck 1988) but no systematic quantitative study
is available. Here, we describe the results of such a study that was also motivated
by the fact that eye‐head coordination in cats differs from that in monkeys.
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The muscles we chose to study were the ipsilateral and contralateral
Obliquus Capitis Cranialis (OCC), Longissimus Capitis (LC), and Biventer Cervicis
(BC) muscles. In the unrestrained cat, the first two pairs of muscles (LC and OCC)
discharge transiently for large (>90 deg) ipsiversive head turns in the horizontal
plane (Richmond et al. 1992) and their activation is generally stronger when the
neck is oriented horizontally (Thomson et al. 1996). BC is an antigravity muscle; it
is tonically active when the unrestrained cat assumes a resting posture with the
cervical column erect and the long axis of the skull is in straight‐ahead position
(Richmond et al. 1992). Its activity increases when the neck of the unrestrained cat
extends at suboccipital joints to direct gaze upward (Keshner et al. 1992; Richmond
et al. 1992). Instead of analyzing EMG responses coupled to saccades (Corneil et al.
2002a), we employed short stimulus trains, which did not evoke eye movements,
thus excluding effects due to activation of the saccade generator.
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2. Brainstem premotor neurons polysynaptically connected to eye muscles

The abducens nucleus is the final common pathway of the neural network
that controls the horizontal eye movements. It hosts the extraocular motorneurons
that innervate the lateral rectus muscle and the interneurons that project to the
medial rectus motorneurons of the contralateral oculomotor complex (Evinger
1988). The brainstem regions that project monosynaptically to the abducens
nucleus in monkeys have been studied extensively with the use of conventional
tracers such as horseradish peroxidase (HRP) or wheat germ agglutinin‐
horseradish peroxidase complex (Langer et al. 1986; Belknap and McCrea 1988;
Robinson et al. 1994). In the above studies, the ventrolateral (VLVN) and medial
vestibular nuclei (MVN), the nucleus prepositus hypoglossi (NPH), the PPRF and
the dorsomedial medullary reticular formation (medRF) were consistently
reported to provide heavy input to the abducens nucleus. All these regions are
known from physiological studies to produce the pulse‐slide‐step discharge of
abducens motoneurons during horizontal eye movements (Strassman et al. 1986a;
Strassman et al. 1986b; McCrea et al. 1987; Fukushima et al. 1992). PPRF and
medRF are well known to be the location of MLBs, the discharge of which is both a
necessary and a sufficient condition for the occurrence of saccades. Considerable
numbers of retrogradely labeled cells were also reported in regions such as the
central mesencephalic reticular formation (cMRF), nucleus reticularis tegmentis
pontis (NRTP), cerebellar vermis and deep cerebellar nuclei. All these regions are
known to contain LLBs, in addition the LLBs that lie in PPRF. Quite unexpectedly
labeling, though of weak intensity, included regions such as the riMLF, the
interstitial nucleus of Cajal and the group‐y of the vestibular nuclei, which had
been implicated in vertical conjugate eye movements (Büttner et al. 1977; Chubb
and Fuchs 1982; Fukushima et al. 1992). It was suggested that technical limitations
accounted for this unexpected labeling (Langer et al. 1986), but the issue of
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whether there is a cross‐talk between the horizontal and vertical burst generators
remains open. In addition, there are several other regions, such as the
pedunculopontine and the pregeniculate nuclei, where eye movement related
activity has been recorded (Livingston and Fedder 2003) , but the strength of their
connections with the eye movement network has not been estimated yet. In order
to clarify these issues and offer a more detailed and comprehensive description of
regions that project weakly or polysynaptically to the abducens nucleus we
employed the use of a retrograde transneuronal tracer, the rabies virus (Ugolini
1995; Tang et al. 1999). Rabies virus propagates exclusively by means of
transneuronal transfer across any number of synapses, and the number of
synapses is time‐dependent (each synaptic step occurring at approximately 12‐
hour intervals). The virus was injected into the left lateral rectus muscle of
monkeys.
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3. Spatiotemporal Transformation

One hypothesis that was put forward initially to explain the spatiotemporal
transformation held that the stronger activation of the MLBs during large
saccades/gaze shifts is the result of receiving a larger synaptic input in terms of the
number terminals of SC efferent fibers (Keller 1980; Scudder 1988; Moschovakis
and Highstein 1994). Indeed Moschovakis et al. (1998b) have shown that the
density of presynaptic boutons of SC efferents was higher for SC efferents
originating in the caudal SC. An alternative hypothesis held that caudal SC,
encoding larger saccades/gaze shifts, projects with a larger number of cells to the
burst generator than the rostral SC. This hypothesis was based on early anatomical
data showing that, after injections of retrograde tracers in the MLB’s region labeled
neurons in the caudal SC outnumbered those in the rostral SC (Edwards and
Henkel 1978). However, several efforts to replicate these observations (Kawamura
and Hashikawa 1978; Stanton and Greene 1981; Olivier et al. 1991) have not been
successful.
The contradictory results of these studies were most probably due to the
uptake of conventional retrograde tracers by fibers of passage. Moreover, the
presence of rostrocaudal density gradients has been explored only in the feline SC.
To test whether they exist in monkeys and to ensure that our test would avoid
tracer uptake by fibers of passage, we took advantage of the specificity of the
retrograde transneuronal transport of rabies virus (Ugolini 1995; Tang et al. 1999).
We evaluated the distribution of superior colliculus neurons visualized after
retrograde transneuronal transport of rabies virus injected into the lateral rectus
muscle of rhesus monkeys to test whether the density of projection neurons might
play a role in the spatiotemporal transformation. If this were the case, the number
of horizontal eye movement‐related SC neurons should increase with their
distance from the rostral pole of the SC.
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4. Frontal Cortical Areas connected to eye muscles

At least two saccade‐related areas are located in the frontal lobes, namely
the frontal eye field (FEF, Robinson and Fuchs (1969)) and the supplementary eye
field (SEF, Schlag and Sclag‐Rey (1987)). The location and extent of both areas has
been a matter of debate. For example, using electrical stimulation, sometimes of
high intensity (e.g., 2 mA), saccades ranging in amplitude from 1 to 70o were
evoked from a large periarcuate area, which includes the anterior bank of the
arcuate sulcus (AS) and the prearcuate convexity (Robinson and Fuchs 1969). A
smaller region, occupying only a portion of the rostral bank of the AS and evoking
smaller movements (1–30o in amplitude), was defined with stimuli of much lower
(50μA) current intensity (Bruce et al. 1985; Russo and Bruce 1993). The
dorsomedial frontal cortex (DMFC), which houses the SEF, encompasses areas 9,
8B, and 6 (from rostral to caudal); the latter was further subdivided into areas F2
and F3 caudally and areas F6 and F7 rostrally (Matelli et al. 1991). Based on
electrically evoked eye movements, the SEF has been claimed to occupy a small
region (10–15 mm2) in the rostral half of area F7 (Russo and Bruce 1993), a bigger
region (40 mm2) in the caudal half of area F7, and the rostralmost area F2 (Schlag
and Schlag‐Rey 1987) or an even bigger region (70mm2) extending through the
whole anteroposterior length of areas F7, F6, and the rostral two thirds of areas F2
and F3 (Tehovnik and Lee 1993). The aims of the present study were to define
better the location and extent of the primate FEF and SEF, to explore whether
additional frontal lobe areas are involved in visually guided saccades, and to
establish their connections to extraocular motoneurons. To this end, we used the
highly specific retrograde transneuronal transfer of rabies virus (Ugolini 1995;
Tang et al. 1999; Graf et al. 2002; Morcuende et al. 2002) to reveal the distribution
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METHODS
1. Gaze decomposition study

Subjects and surgery
Data were obtained from 3 adult cats weigthing 3‐4 kg, surgically
prepared for electrical recording and stimulation under pentobarbital anesthesia
(40 mg/kg i.p., supplemented by 5 mg/kg/hour, i.v.) and sterile conditions as
described elsewhere (Olivier et al. 1995; Grantyn et al. 1996). Briefly, stainless steel
bolts were cemented on the frontal and temporal bones for painless head fixation,
and a search coil consisting of three loops of Teflon insulated stainless steel wire
was sutured to the sclera of one eye. Intramuscular bipolar EMG electrodes were
placed in the neck muscles Longissimus capitis, Obliquous capitis cranialis, and
Biventer cervicis, bilaterally. We used the implantation technique introduced by
Vidal et al. (1982). An appropriate length of teflon‐insulated 7‐strand wire (o.d. 230
μm, Medwire, Mount Vernon, NY, USA) is threaded through an injection cannula
(o.d. 0.5 mm), insulation is removed over 2 mm and uninsulated single strands are
bent back over the cannula tip. The assembly is then inserted in the muscle,
parallel to its long axis. The second pole is placed in a similar way about 5 mm
caudally to the first one. All individual wires are bundled together and led to the
lower neck region to form a large 180° loop which redirects the bundle rostrally,
towards the head. The cranial portion of the loop is sutured to the platysma and
distal ends of the wires are passed subcutaneously to the skull where they are
soldered to connectors. The technique minimizes the mechanical stress on the
implanted wire hooks during everyday movements of the animal and allows for
chronic recording without apparent change of EMG patterns. Ultimately, we made
a postmortem examination to verify that none of the uninsulated wire tips pierced
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the muscle fascia and to assure ourselves of their correct intramuscular location
and the absence of cross talk with neighboring muscles.
After craniotomy, a plastic chamber (~1 cm diameter) was cemented onto
the bone at stereotactic coordinates appropriate for the lowering of vertically
oriented electrodes into the SC. Before capping, the chamber was filled with a gel
containing dexamethasone and antibiotic (neomycine). The animals appeared alert
and fully active within a day of the surgery. To protect them from microbial
infections, they were given weekly i.m. injections of Extencilline (600,000 units).
Protocols were consistent with European Union directive 86/609 and were
approved by an institutional ethics committee.

Behavioral paradigms
Experiments started 9 – 11 days after the surgery to allow for a complete
stabilization of the implants. Body movements were restrained with a cloth bag
and the head was fixed to the stereotaxic frame by means of the implanted bolts.
The antero‐posterior head axis was oriented parallel to the sterotaxic Z‐axis and
passed through the center of a featurless translucent screen placed at 65 cm from
cat’s eyes. The head fixation and body restraint equipment were such that the
cervical column was pitched upward by 25 – 30 deg. We used noises and spots of
light to keep the animals alert and to draw their attention and line of sight in as
many different directions as possible so that evoked saccades and EMG responses
would start from initial eye positions spanning a large part of their oculomotor
range. Cats did not receive any reward for gaze shifts towards these transient
visual and auditory stimuli. Although they did not serve as targets for attentive
fixation, they were efficient enough to keep the animals alert and to induce active
gaze shifting behavior. Periods of reduced alertness were reliably identified by
instability of eye position and the presence of slow pendular eye movements. EMG
responses elicited during such periods were excluded from analysis.
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Stimulation of the Superior Colliculus
We used varnish insulated tungsten microelectrodes (FHC Bowdoinham,
ME, USA) with insulation removed from the tip for a length of 50 – 80 μm. Trains
of cathodal pulses (0.3 ‐ 0.5 ms pulse duration) with a repetition rate of 500 Hz
(interpulse interval: 2ms) were applied at 4 s intervals. Electrode locations giving
the lowest thresholds for saccades (range: 6‐30 μA) were found with trains of 15
pulses (train duration: 28 ms). After this, electrodes were left in place and the
number of pulses was reduced to four (train duration: 6 ms). The intensity of
stimulation was expressed in multiples of saccadic thresholds (T) measured with
longer trains and, when applying four‐pulse trains, it was varied systematically in
the range of 1x to 7xT, setting the upper current limit to 85 μA. Determining the
thresholds of EMG responses was not attempted for a simple reason that it is
impossible to do it on‐line because of the tonic background activity. Short trains,
even at highest intensities, either did not induce saccades at all or did so in a small
fraction of trials only. Facial and ear movements were absent and visible twitches
of neck muscles were difficult to detect. In contrast, 15‐pulse trains at 2–4xT
occasionally produced not only saccades but also movements of vibrissae, ears,
contractions of other facial muscles and clearly visible neck twitches. The
composition, the thresholds and the strength of such secondary responses varied
between SC sites, and in a few sites they were absent even at the highest intensities
used (4xT).
Data collection and analysis
Instantaneous horizontal and vertical eye positions were recorded using
the search coil method. The system was linear to 20o eccentricity; its resolution was
0.1o and the noise level 0.3o peak to peak. We separately calibrated the gain of the
system for each animal, by rotating the field coils around the vertical and
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horizontal axes by ±5o. The peak‐to‐peak output voltage was obtained by
averaging at least 30 cycles of rotation while the eyes were stationary.
Instantaneous eye position was digitized (at a rate of 500 Hz) with the help of a
microcomputer running the Spike2 software (Cambridge Electronic Design,
Cambridge, UK). The animal’s straight ahead horizontal (vertical) eye position was
determined by averaging samples of instantaneous horizontal (vertical) eye
positions (about 10,000 samples) obtained during a 20 s epoch during which the
animal was tracking an object moved vertically in the mid sagittal plane (or
horizontally on a horizontal plane passing through the center of its eyes) by a
computer‐controlled mechanical device. EMG signals were amplified (bandwidth
10 Hz to 3 kHz) and digitized at 2.5 kHz with the help of Spike2. They were
analyzed off‐line with the same piece of software together with the eye position
signals.
The method we used to measure evoked EMG responses is schematically
illustrated in Fig. 3. EMG records always started 50msec before stimulation onset
(Bd). To analyze the EMG responses we first rectified them after removing the DC
component. The magnitude of transient EMG responses was measured by an
approximation of the integral of the EMG (cumulative sum: Cusum), a method
that allows determination of response onset and end with relative precision, and
takes into account both the amplitude and the duration of evoked muscle activity
(Ellaway 1978; Brinkworth and Turker 2003). As shown in Fig. 3b, we marked the
stimulation onset (cursor 0), the start of the EMG response (Cusum1, cursor 1),
which was taken as a measure of the baseline EMG activity, and its end (Cusum2,
cursor 2) by visual inspection of the Cusum trace. A quantitative estimate of
evoked EMG responses (ΔEMG) was obtained from the difference Cusum1 –
Cusum2 (=ΔCusum), corrected by subtraction of the contribution of the tonic
muscle activity (see Results). The onset of the EMG response was easily
distinguishable as an upward deflection of the Cusum trace and was used to
compute the latency (L) of the EMG response. The EMG response usually
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consisted of two or three peaks of activity (Fig. 3a) lasting between 8 and 22 ms
(mean ± SD: 16 ± 3.5 ms). The end of the response was marked by a reduction of
the slope of the Cusum trace to pre‐stimulus levels.

Fig.3. (a) Rectified electromyographic activity of the right Obliquus capitis cranialis muscle
(OCC) in response to stimulation of the left superior colliculus. (b) Cumulative sum of
instantaneous EMG levels (Cusum) evaluated as described in the Methods. Stimulation
parameters: pulse rate 500 Hz, train duration 6 ms, intensity 40 mA. Vertical dashed lines
indicate the onsets of the stimulation (0) and of the EMG response (1), and the offset of the
EMG response (2). Angle f is a measure of the rate of increase of the Cusum due to baseline
activity. Q equals the contribution of baseline activity to DCusum. DEMG is our estimate of
the magnitude of the EMG response due to stimulation of the SC.

Location of stimulation sites
We used stereotaxis to advance the microelectrodes vertically towards the
SC. The surface of the SC, first estimated from the stereotaxic coordinates, was
determined by monitoring multiunit responses to moving visual stimuli. As
described above, we recorded the EMG responses to the electrical stimulation of
the sites that evoked saccades in response to low current intensities. We
reconstructed the precise site locations from post mortem material. To this end,
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during the last experiment, two electrolytic lesions (−50 μA x 15 s) were placed in
each side of the midbrain, one at the last site stimulated and another 3 mm
rostrally. We used the stereotaxic coordinates of these marks as reference to
determine the locations of all other sites along the mediolateral and
anteroposterior axes of the brainstem. To terminate the experiment, the animals
were deeply anesthetized with pentobarbital (60 mg/kg, i.p.), heparinized (5000
units, i.v.) and perfused transcardially with 1 liter of phosphate buffered saline
(pH=7.4) followed by 2 liters (over 2 hours) of 4% paraformaldehyde dissolved in
the same buffer solution. During the extraction of tissue blocks for histology the
heads were fixed in the same stereotaxic apparatus as that used during
experiments. After an extensive craniotomy and removal of the hemispheres we
inserted two vertical needles through the thalamus to guide the orientation of the
base of the tissue block, and hence the plane of sections, parallel to the orientation
of the electrode tracks. An additional needle was inserted horizontally. It was
removed before cutting the midbrain in 75 μm coronal serial sections, and the trace
of its canal was used to align the sections with respect to the Z‐axis. Sections were
counterstained with cresyl violet and redrawn using Camera lucida at 10x to
reconstruct the outlines of the SC as projected on the horizontal plane and at 40x to
identify the borders of collicular layers.

2. Anatomical studies

Subjects and surgery
Experiments were carried out in female Macaca fascicularis (LR2) and Macaca
mulatta (LR4, LR6) monkeys, which were purpose‐bred by authorized suppliers.
Animal care and experimental procedures complied with French government
regulations and European Union standards concerning biosafety and the use of
live animals in research, as well as with the Principles of Laboratory Animal
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Care (NIH publication no. 86‐23, revised 1985). All surgical procedures were
performed aseptically under general anesthesia with acepromazine (0.5 mg/kg
i.m.) and ketamine (30 mg/kg i.m), preceded by premedication with Valium and
atropine. Supplementary doses of the anesthetics were administered during
surgery as required. The lateral rectus (LR) muscle of the left eye was exposed for
the injections without deflating the eye, by retracting the eyelids with blunt
retractors, making an incision on the skin and conjunctiva, and removing a small
part of the orbital bone. To stabilize the LR muscle during the injections, the
muscle belly was surrounded by a loop of silk thread. Surgery and injections were
done with a microscope to minimize tissue damage and prevent leakage. As an
additional precaution, the exposed muscle was surrounded with Gelfoam strips to
adsorb potential spillage. The virus solution (110‐120 μl) was pressure‐injected by
means of a Hamilton syringe into the belly of the LR muscle, centered on its global
layer. The virus tracer used in this study was the challenge virus standard fixed
strain 11 of rabies virus (Ugolini 1995; Tang et al. 1999). Concentrated virus (titer
7.8 נ1010 plaque‐forming units/ml) was prepared by pelleting the supernatant of 72‐
hour‐infected BHK21 cells through a cushion of 25% glycerol (Prehaud et al. 1988).
The virus stock was kept frozen at ‐800C until use. After the injection, the muscle
was swabbed, the Gelfoam strips were removed, and the conjunctiva and skin
were sutured by using sterile surgical silk. Postoperative care involved local
application of neomycin/hydrocortisone ophthalmic cream, daily administration of
antibiotics (Clamoxyl retard, 15 mg/kg daily i.m.) and analgesics (Aspegic, 60
mg/kg i.m. twice a day), and monitoring the behavior of the animal several times a
day.

Histochemistry
To study the kinetics of retrograde transneuronal transfer of the virus tracer,
the animals were killed for histologic examination at 2.5 days (experiment LR6)

35

postinoculation (p.i.), 3 days p.i. (LR2), and 3.5 days p.i. (LR4). No labeled cells
were found in the SC or frontal cortex after 2.5 days, when transneuronal transfer
involved exclusively second‐order neurons connected monosynaptically with
abducens motoneurons ( monosynaptic time point ; Graf et al., (2000). Material
suitable for the evaluation of retrograde transneuronal labeling of frontal cortical
and collicular projection neurons was obtained in the experiments LR2 and LR4,
i.e., at longer time points consistent with the transfer of virus through additional
synapses (Ugolini et al. 2000). None of the animals showed behavioral changes or
pathologic symptoms at these times, which correspond to the incubation period of
rabies (Ugolini 1995; Tang et al. 1999). At the chosen time points, monkeys were
administered a lethal dose of pentobarbital (30 mg/kg i.v.) after induction of
general anesthesia as described above. They were perfused transcardially with 2
liters of phosphate buffered saline (PBS, pH 7.4), followed by 3.5 liters of 4%
paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.4) and 4 liters of 10%
sucrose in 0.1 M PB (pH 7.4). Brains were cut stereotaxically in two blocks (at 13
mm anterior to the interaural line). The two blocks and all extraocular muscles of
the left eye were removed for histologic processing. The two blocks were
transferred to 15% sucrose for 4 days at 40C for cryoprotection and embedded in
10% gelatine and 15% sucrose in PB, followed by fixation of the gelatine for 2
hours in a mixture of 4% paraformaldehyde and 15% sucrose. Subsequently, the
brains were cut on a freezing microtome in 50‐μm sections, which were collected
free‐floating

in

eight

parallel

series.

In

four

alternative

series,

rabies

immunolabeling was detected by using a peroxidase‐antiperoxidase (PAP)
protocol. One of the series was used for dual color immunofluorescent detection of
rabies and choline acetyltransferase (CAT). For immunoperoxidase (PAP) staining,
sections were incubated free‐floating at room temperature in 0.4% Triton X‐100 for
30 minutes, followed by 10% donkey serum for 1 hour, then overnight at 4?C with
mouse monoclonal antibodies (dilution 1:1,000) directed against the rabies P
protein

(Laboratoire

de

Génétique

des

Virus,

Gif‐sur‐Yvette,

France).
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Subsequently, the sections were incubated at room temperature for 2 hours in
donkey

anti‐mouse

immunoglobulin

G

(IgG;

Jackson

ImmunoResearch

Laboratories, West Grove, PA), diluted 1:200, followed by 2 hours in mouse PAP
complex (Dako, Trappes, France) diluted 1:200. All antibodies were diluted in PBS
containing 3% donkey normal serum and 2% bovine serum albumin. After several
washes with PBS between each step, peroxidase activity was revealed by 30
minutes incubation in a metal‐enhanced diaminobenzidine (DAB) substrate kit
(Pierce, Rockford, IL). Specificity of the staining was checked by incubating
positive controls (sections from brains having shown rabies immunolabeling in
previous reactions) and negative controls (sections from noninfected rat brains and
spinal cords) together with each series. After the reaction, sections were mounted
on gelatine‐coated slides, air‐dried, counterstained with 0.1‐0.5% cresyl violet
(Sigma‐Aldrich, France), and cover‐slipped with Entellan (Merck, Whitehouse
Station, NJ). To verify the injection site in the LR muscle and to rule out
contamination of other eye muscles, all extraocular muscles of the left eye were
dissected, cryoprotected, embedded in gelatin, and cut in 50‐ m frozen sections.
These were collected in four parallel series and processed for detection of rabies
virus as described above. To confirm the absence of virus uptake by motoneurons
other than those of the abducens nucleus, we treated one series of sections through
the trochlear, oculomotor, abducens, and facial nuclei with a dual‐color
immunofluorescence protocol for simultaneous detection of rabies and CAT, used
here as a motoneuron‐specific marker (see Tang et al., (1999)). Briefly, floating
sections were incubated successively in 0.4% Triton X‐100 in PBS (30 minutes), 10%
normal donkey serum in PBS (1 hour), a mixture of mouse monoclonal antibodies
(1:100) against the rabies P protein (Lab. Génétique des Virus, CNRS, Gif‐sur‐
Yvette) and goat anti‐CAT IgG (1:100; Chemicon AB144P, Chemicon, Temecula,
CA) (20 hours at 4?C), and a mixture of fluorescein isothiocyanate‐conjugated
donkey anti‐mouse IgG (1:100; Jackson ImmunoResearch Laboratories) and Cy3‐
conjugated donkey anti‐goat IgG (1:100; Jackson ImmunoResearch Laboratories) (2
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hours at room temperature). All antibodies were diluted in PBS containing 3%
donkey normal serum and 2% bovine serum albumin. After several washes in PBS,
the sections were mounted on gelatin‐coated slides, dried, cover‐slipped with
Vectashield (Vector), and examined with a Leitz epifluorescence microscope. In all
double‐immunofluorescence protocols, specificity of the labeling was checked by
omitting the primary or secondary antibody and by using negative and positive
controls. By using these methods, we were able to rule out involvement of any
muscles other than the injected lateral rectus in all three experiments.
It should be noted that results obtained with rabies virus are entirely
specific and highly reproducible because its retrograde transneuronal transfer is
strictly time dependent, whereas degeneration of infected neurons and local
spread (to glial cells, neighboring neurons, or fibers of passage) do not occur
(Ugolini 1995; Tang et al. 1999; Graf et al. 2002; Morcuende et al. 2002).
Remarkably, spread of rabies virus does not occur even within the injected muscle
itself (Ugolini et al. 2001). This specificity was confirmed by the results of the
control experiments we performed, which rule out the involvement of any muscles
other than the injected LR in all experiments described in the present study. In
particular, the only infected motoneurons (positive for rabies and CAT, a
motoneuron marker) were the LR motoneurons in the abducens nucleus, whereas
neither facial motoneurons nor motoneurons of the oculomotor and trochlear
nuclei were infected. Our data confirm the absence of local spread of rabies virus
to neighboring neurons, as demonstrated by the lack of involvement of abducens
internuclear neurons, which are CAT negative and use aspartate and glutamate as
a neurotransmitter (Nguyen and Spencer 1999), and are intermingled with the
infected (and CAT‐positive) LR motoneurons (Langer et al. 1986). Similarly, the
absence of spread to passing fibers is confirmed by the fact that facial motoneurons
were not labeled despite the fact that their axons cross the infected abducens
nucleus.
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Data collection and analysis
Every second section (100‐μm spacing) was available for the serial
reconstruction of the SC and for sampling labeled neurons. By using computer‐
assisted microscopy (Neurolucida, MicroBrightField, Inc., Colchester, VT), all cells
containing rabies immunoperoxidase reaction product were plotted in the coronal
plane together with the outlines of the SC, the periaqueductal gray, and the
aqueduct. The borders of collicular layers were first identified with the use of
brightfield and darkfield microscopy. Different subdivisions of the primate SC
have been suggested in preceding studies (reviewed by Ma et al., (1991)). Here, we
adopted the subdivisions proposed by Kanaseki and Sprague (1974) in the cat. The
ventral border of the intermediate layers was delimited by the transversely
oriented fibers that characterize the stratum griseum profundum (SGP). In the
caudal two thirds of the SC, the upper border of the stratum griseum intermediale
(SGI) was delimited by the appearance of the longitudinal bundles of the stratum
opticum (SO) and in the lateral rostral third by the posterior pretectal nucleus. Our
definition of intermediate layers corresponds, therefore, both to the gray and the
white intermediate layers of Kanaseki and Sprague (1974) or alternatively, to the
upper and lower SGI of May and Porter (1992). The rostral limit of the SC was
arbitrarily set at the caudal edge of the posterior commissure. Rostrally, the medial
border of the SGI was set at the limit of the fiber‐rich region of the SC commissure,
which was also taken as the medial border of the SC outline. Because the border
between the intermediate gray (SGI) and white (SAI) layers cannot be exactly
determined in all sections stained with cresyl violet, labeled cells found in them
were pooled together for quantitative analysis. In the description of cell locations,
we use the term intermediate layers to refer to both SGI and SAI (abbreviated to
SGAI). Computerized cell maps in the coronal plane were put in register with the
borders of the SC and its layers. This composite three‐dimensional image of the SC
was rotated by 90 degrees about the X‐axis to obtain a horizontal projection (X‐Z
plane) of labeled cells and of the markers indicating the medial and lateral limits of
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the SC and its SGAI. Horizontal distributions were then used to calculate cell
density gradients along selected axes in collicular space (see results section for
further details).
One of every eight sections (400 μm spacing) was available for sampling of
labeled neurons in the frontal cortex. Using Neurolucida, all rabies immunolabeled
neurons were plotted in the coronal plane together with the cortex surface, the
transition between layer VI and white matter, the corpus callosum, and the
ventricles. To unfold the cortical gray matter of the frontal lobes, we used the
method of Hubel and Wiesel (1972). Briefly, the cortical surface was piece‐wise
linearized with straight‐line segments drawn tangentially and interrupted at
points of high curvature (i.e., near the sulcal fundus and crown). Labeled neurons
were projected onto the nearest line segment. Linear transformations of the plane
(rotation and translation) were then used to bring line segments, along with
associated neurons into a standard orientation, contiguous with neighboring
segments. Except for the genu of the rostral bank of the AS, straightened
representations were positioned parallel to each other and 400 μm apart (i.e., the
distance between sections) and were aligned on surface landmarks characteristic of
the unfolded region. In three to five sections adjacent to the genu, where the
anterior bank of the AS (left) is almost parallel to the plane of section, cells were
drawn as projections onto the plane of section. This enabled us to flatten the cortex
without introducing a cut close to the genu, which would have artificially
separated adjoining areas of dense labeling.
Every fourth section (200 μm spacing) was available for the serial
reconstruction of the brainstem and for sampling of labeled neurons. The number
of labeled neurons in each region referred in the text was counted in 25% of the
sections through the region. Using Neurolucida, all labeled neurons were plotted
in the coronal plane together the outlines of the brainstem, the brainstem nuclei,
the periaqueductal gray, the aqueduct, the third and fourth ventricles and the
major fiber tracts (e.g. brachium conjuctivum). Digital coronal plots of sampled
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sections were put in register according to a reference point placed at the bottom of
the aqueduct, the third or the fourth ventricle, depending on the rostrocaudal
level. The composite three dimensional plot of the brainstem was rotated by 90
degrees about the X‐axis to obtain a horizontal projection (X‐Z plane) of the
labelled cells and the outlines of the nuclei. In order to obtain more detailed
reconstructions of several regions of interest, composite frontal plots were
prepared by superposisition of the digital frontal plots of serial sections spaced
100μm apart.
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RESULTS

1. Study of Gaze Decomposition.

We recorded neck electromyographic (EMG) responses to the electrical
stimulation of 21 sites in the left and right superior colliculus (SC) of 3 cats while
their eyes occupied different positions of fixation. The stimuli we applied were
trains of pulses that lasted for 6 ms at a frequency of 500 Hz. Because we can not
exclude the possibility that the saccadic burst generator (BG) influences neural
circuits controlling head movements and since the activity of the BG itself may be
modulated by eye position we decided to study neck EMG responses to SC stimuli
that did not give rise to saccades. This is technically possible, as shown by the fact
that prolonged stimulation of the feline SC with pulses of low intensity produces
early head movements in advance of ensuing gaze shifts (Pelisson et al. 2001).
Also, it has been shown that short duration (<20ms) or low‐current stimulation of
the SC in head‐fixed primates evokes neck EMG responses without accompanying
gaze shifts (Corneil et al. 2002a). In the head free condition, the same authors
reported that SC stimulation of low‐current and long duration evoked both neck
EMG responses and head movements which sometimes preceded and sometimes
were unaccompanied by gaze shifts (Corneil et al. 2002b). In our experiments, we
observed that trains lasting for only 6 ms usually did not evoke eye movements.
This gave us the opportunity to study the effect of eye position on the EMG
responses of neck muscles while the eyes remained roughly stationary in the orbit.
To further ensure that this would be the case, and to avoid any confounding effects
due to the engagement of the saccadic burst generator, we excluded from analysis
the few trials in which saccades were evoked in response to stimulation. Because
only contralateral neck muscles were activated in response to collicular stimulation
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and the EMG of ipsilateral muscles was supressed, our quantitative analysis of
EMG responses is limited to contralateral muscles.
Activation of the Longissimus Capitis (LC) and Obliquus Capitis Cranialis
(OCC) muscles is associated with head rotations in the horizontal plane when
cervical column is oriented horizontally (Wickland et al. 1991; Thomson et al.
1996). When the orientation of the cervical column is allowed to vary, these two
muscles are active for head movements containing larger ipsiversive components,
but their directional tuning is very broad (Roucoux et al. 1989). Figure 4 shows
examples of the EMG responses of the right OCC and LC muscles evoked by short
pulse trains (see Methods) at an intensity equal to 4xT (40 μA), applied to a site in
the intermediate layers of the left SC.

Fig.4. Examples of EMG responses of the right (b) Longissimus Capitis (r-LC) and (c)
Obliquus Capitis Cranialis (r-OCC) neck muscles to the electrical stimulation (a, stim) of a
single site in the left SC with identical stimulus parameters (40 mA, 4xT), while (d) horizontal
eye position (H) shifted to progressively more rightward initial positions (arranged left to right)
and (e) vertical eye position (V) varied considerably.
These individual trials demonstrate that the evoked phasic EMG
responses of both muscles increased as the eyes occupied more rightward
positions ranging between 0° and 23o to the right of straight‐ahead (Fig.4 b, c and
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e). Responses were virtually absent when the eyes deviated by 5° to the left (Fig.
4b, c, leftmost frame) or more.
As described by others, e.g., (Vidal et al. 1982; Roucoux and Crommelinck
1988), tonic activity of several neck muscles, including the presently studied LC,
OCC and BC, is modulated both by horizontal and by vertical eye position in head
fixed cats. The same has been documented also in monkeys (Lestienne et al. 1984)
and in humans (Andre‐Deshays et al. 1988). In previous studies, insofar as it was
specified (Roucoux and Crommelinck 1988), tonic EMG levels were expressed as
mean values calculated over fairly long (>250 ms) periods of stable fixation. Our
method consisted in measuring Cusum1 in each successive stimulation trial to
obtain an indication of aggregate EMG activity during 50 ms prior to stimulus
onset and while the eyes remained stationary (Fig. 3). This provided us with a
quasi‐random sample of pairs of values (EMG activity and eye position) measured
over relatively short time intervals.
Nevertheless, our results are in general agreement with previous reports.
Figures 5a, b, show representative scatterplots of Cusum1 values for the LC and
OCC muscles against horizontal eye position (H1). The illustrated examples
represent pooled data from one experiment. As shown here, tonic EMG activity
increases with eye eccentricity in the ipsilateral direction, a relationship confirmed
by the highly significant coefficients (p <0.0001) of the regression lines. The two
muscles display a similar modulation, and, in both cases, the estimated eye
position thresholds needed to observe a clearly stronger tonic activity are equal to
3 – 5 deg in the muscle’s preferred direction. The dispersion of Cusum1 values is
considerable in both cases. It should be noted that very small EMG values are seen
till 10 – 15 deg of ipsilateral eye eccentricity and that the highest EMG activity is
found at more eccentric ipsilateral positions. Because the pattern of activity of the
LC and OCC muscles was remarkably similar in all experimental sessions we shall
present quantitative data for LC only.

45

Fig.5. Examples of eye position sensitivity
of the tonic activity of the LC, OCC and BC
muscles. Scatter plots of Cusum1 (ordinate)
of the right LC (a), right OCC (b) versus
initial horizontal eye position (H1, abscissa)
and of the right BC (c) versus initial vertical
eye position. Cusum1 values attained during
the 50 ms prestimulus time and reflecting
the background EMG levels (see Fig.3) are
sampled from all records of evoked EMG
responses in one experiment on the same
animal. Solid lines are the linear regression
lines and obey the equations displayed.

We examined 5 LC muscles by applying the linear regression analysis to
the pooled data of individual experiments. The slopes of the regression lines were
highly significant (p <0.0001) in all experiments, with squared regression
coefficients ranging between 0.14 and 0.50 (mean ± SD: 0.26 ± 0.11). As estimated
from X‐intercepts of the regression lines, horizontal eye position thresholds for
recruitment of three LC (and OCC) muscles were distributed between about 5 deg
contralaterally and 5 deg ipsilaterally. The thresholds of two other muscles were

shifted in the contralateral hemifield by 13 and 20 deg. We found that parameters
of the regressions were not identical for the same muscle in different experiments.
For example, when tested in two different experiments in one cat, the LC muscle
showed r2 values of 0.22 and 0.37. Considering the strong dispersion of Cusum1
values, such differences do not appear to reflect a meaningful change in the
effectiveness of the eye position input to the LC motoneuron pool.
We analyzed in a similar way the relationship between the tonic activity
of the BC muscle and the vertical position of the eyes (V1). As shown in the typical
plot illustrated in Fig. 5c, its activity tended to increase with V1 (i.e., as the eyes
deviated upward). It can be noted that the overall level of Cusum1 values is lower,
compared to LC and OCC, and the dispersion of data points is greater. Whereas it
is clear that the muscle becomes active at about –5 deg (eye position threshold),
extremely small values of Cusum1 are encountered up to 13 – 15 deg in the
muscle’s on‐direction (upward) and higher values (e.g., > 6 mVxms) are evenly
distributed through the whole range of upward eye positions. The squared
correlation coefficient is correspondingly small (0.1). Except for one muscle, the
slopes of regression lines were significant (p < 0.0001) but, in comparison with LC
and OCC, the r2 values were smaller (range 0.07 – 0.28; mean ± SD: 0.18 ± 0.09).
Subjectively estimated recruitment thresholds were usually in the lower hemifield
(0 ‐ ‐10 deg). Because of small r2 values and shallow slopes we could not use X‐
intercepts for estimation of recruitment thresholds. For the same reason we did not
feel that a comparison of the pattern of activation of the BC muscle in different
experiments is warranted.
Our regression analysis of the tonic EMG of the LC and OCC muscles in
relation to the vertical component of eye position (not illustrated) did not give
consistent results. Only 3/5 LC and 2/5 OCC muscles tended to display low levels
of activity at far upward V1 (>15 deg) and higher levels at smaller upward and at
downward eye positions. Although the slopes of regression lines were statistically
significant (p <0.02), they were extremely shallow and the associated r2 values did
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not exceed 0.03 (range 0.01 – 0.03). Three out of five BC muscles displayed
significant correlation (p <0.0001) with horizontal eye position (H1), with the
highest activity levels attained close to the primary position and in the ipsilateral
hemifield. The slopes of regression lines were as shallow as those of LC and OCC
muscles against V1, but the fraction of variance accounted for by H1 was higher (r2:
0.045; 0.2; 0.2).
Because the eye position‐related modulation of tonic neck muscle activity
could similarly influence the value of Cusum2 and thus our quantitative estimate
of the magnitude of phasic EMG responses (ΔCusum), the latter was corrected by
subtracting the quantity Q=D x CuSum1/Bd, where Bd is the interval between
record onset and the onset of the EMG response (Fig. 3). Assuming that the
baseline muscle activity, which is proportional to H1 and V1, continues through the
muscle’s evoked responses of duration equal to D (in ms), Q provides an estimate
of the contribution of the baseline muscle activity to the value of ΔCusum.
Subtracting Q from ΔCusum we obtained an estimate of the magnitude of the
evoked muscle response (ΔEMG) uncontaminated by the eye position dependent
tonic activity of the muscle.
Figure 6b illustrates line graphs of the ΔEMG values measured from
responses of the left (circles) and the right (squares) LC muscles to stimulation of
the deep layers of the right and the intermediate layers of the left SC, respectively.
Each data point is the mean ΔEMG obtained from all responses evoked while the
eyes were within successive 5 deg bins of horizontal eye position (number of trials
per bin: 5‐30). As can be seen, mean ΔEMG increased monotonically as the
eccentricity of the eyes increased horizontally in the pulling direction of the two
muscles, to the right for the right LC muscle and to the left for the left LC muscle.
The relationship shown in Fig. 6b resembles that published by Corneil et al.
(2002a) to describe the influence of eye position on the EMG responses of the
primate Obliquus Capitis Inferior and Splenius Capitis muscles. To assess the
robustness of the relationship obtained by ΔEMG averaging we took in
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consideration every individual response obtained from a particular SC site.
Figures 6a, c illustrate scatter plots of the same data as those shown in Fig. 6b.

Fig.6. Scatter plots of ΔEMG (ordinate) of the left (a) and right (c) LC versus H1 (abscissa) in
response to 4 pulse, 500 Hz stimulation of the right (a) and left (c) SC, respectively.
Stimulation parameters were 60 mA (3xT) in (a) and 40 mA (4xT) in (c). (b) Line plot of the
average ΔEMG (ordinate) of the left (dots) and right (squares) LC versus initial horizontal eye
position (H1, abscissa). Each point is the average ΔEMG value computed from all responses
contained in (a) and (c) in which the eye occupied an initial horizontal position within 2.5 deg
of the H1 coordinate of the point. (d, f) Scatter plots of ΔEMG (ordinate) of the left (d) and
right (f) LC versus vertical eye position (V1, abscissa) in response to 4 pulse, 500 Hz
stimulation of the same sites of the right (d) and left (f) SC, respectively. (e) Line plot of the
average ΔEMG (ordinate) of the left (dots) and right (squares) LC versus V1. Each point is the
average ΔEMG value computed from all responses contained in (d) and (f) in which the eye
occupied an initial vertical position within 2.5 deg of the V1 coordinate of the point. Each
point in (a), (c), (d) and (f) is from a single stimulation trial. The solid lines are the linear
regression lines and obey the equations displayed (p < 0.05).
The solid lines are the linear regression lines through the data, and in both
cases they indicate a significant correlation between the two variables (p<0.05).Yet
the scatter is considerable and in fact the variance of the dependent variable
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(ΔEMG) that can be accounted for by the independent variable (horizontal position
of the eyes at the time of stimulation) does not surpass 34 % for the left muscle and
33 % for the right.
To test one of the possible sources of the remaining amount of variance we
plotted individual responses of the two LC muscles against the initial vertical eye
position (V1, Fig. 6d, f). In the example shown, EMG responses increased
significantly (p<0.05) as the eyes deviated downwards, but the reliability of this
modulation was small. Consistent with this, when responses were again averaged
within 5 deg bins (number of trials per bin: 3‐19) of initial vertical eye position
(Fig. 6e), the resulting curves were less steep than those of ΔEMG vs H1 (Fig. 6b).
Therefore, the vertical eye position sensitivity of LC, though present, accounts for
little (<15%) of the remaining variance of its transient EMG responses.
We analyzed in the same manner the LC responses evoked from 21 SC
sites by 6 ms pulse trains in the intensity range 2 – 7 x T. For a site to be included in
the analysis, a large enough number of EMG responses (n > 25) had to be evoked
while the eyes occupied different initial positions. For this reason only 18 sites that
were distributed along 11 electrode tracks were accepted. A statistically significant
(p < 0.05) correlation between ΔEMG and initial horizontal eye position was
observed for responses evoked from 12 sites distributed along 9 tracks. The
goodness of fit (r2) of the linear regressions ranged between 0.15 and 0.5 (mean ±
SD: 0.29±0.11). To inquire if the reliability of the relationships between ΔEMG and
H1 depends on the location of the stimulation site in the SC, we plotted the values
of r2 obtained at each of the stimulation sites after reconstruction of their locations
in coronal sections as well as in a projection on the horizontal plane. Figure 7
provides an overview of the topographical distribution of r2 values (as gray circles
whose diameter is proportional to r2) characterizing the relationships of LC ΔEMG
with H1. Only one of the sites located along a track (the one with the highest r2
value) are displayed on the horizontal plot of Fig. 7a which shows that EMG
responses appropriate for the analysis were obtained from sites in the caudal half
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of the SC. Two sites were in the ventral part of the optic layer (Fig. 7b), all others in
the deeper layers. Site location proved a rather poor indicator of the relationship
between LC ΔEMG and H1. Sites evoking reliably modulated responses were
found in close proximity to ‘negative’ sites (i.e., sites evoking LC ΔEMG responses
not significantly correlated with H1), as shown by the empty circles in Fig. 7.

Fig.7. Location of stimulation sites in the superior colliculi evoking EMG responses of the LC
muscle significantly (p<0.05) modulated by initial eye position (gray circles) and of ‘negative’
sites (p>0.05, open circles). (a) Projection of electrode tracks onto the normalized outline of
the SC with superposition of the retinotopic map (McIlwain, 1983). Track coordinates
correspond to the centers of circles. (b) Laminar locations of individual sites (centers of
circles) represented on standard coronal sections at 2.5 and 1.5 mm from the caudal pole of
the SC, as indicated on upper left of each drawing. The size of gray circles is proportional to
the squared correlation coefficient of the LC ΔEMG vs H1 relationship (scale in the inset) and
reflects the robustness of modulation. Note that symbols assigned to the tracks in (a)
correspond to the greater of the two r2 values obtained at different depths in the same track.
Gray circles containing black dots correspond to tracks and sites rendering LC ΔEMG
significantly correlated with vertical (downward) initial eye position.
The same is true of the laminar location of the SC sites we tested.
Modulation was absent or poorly reliable for LC responses evoked from the optic
layer (Fig. 7b), and all sites in the deep gray were ‘positive’. In the intermediate
layer, however, sites evoking responses that were reliably modulated were found
next to sites evoking responses that were not modulated.For the majority of sites,
the relationship between LC ΔEMG and V1 was not statistically significant.
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Responses evoked from only 4 sites, denoted by small black circles in Fig. 7a, b,
increased in proportion to the downward V1 (p <0.05, r2: 0.10 – 0.15). All such sites
were located in the lateral SC corresponding to the lower quadrant of the
visuotopic map. Saccades evoked from these sites in response to longer stimulus
trains (30 ms) had an oblique‐downward direction.
The transient EMG responses of the OCC muscle were analyzed in the
same manner. The OCC ΔEMG evoked in 10 out of 18 sites (7/11 electrode tracks)
was positively correlated with H1 in a statistically significant manner (p < 0.05). In
these cases the r2 values of the linear regressions ranged between 0.10 and 0.46
(mean ± SD: 0.31±0.14). The topographical distribution of r2 values is shown in Fig.
8.

Fig.8. Location of stimulation sites in the superior colliculi rendering EMG responses of the
OCC muscle significantly (p<0.05) modulated by initial eye position (gray circles) and of
‘negative’ sites (p>0.05, open circles). See Legend of Fig.7 for explanation of anatomical
drawings and symbols. In this Figure, the size of gray circles is proportional to the squared
correlation coefficient of the OCC ΔEMG vs H1 relationship (scale in the inset) and reflects
the robustness of modulation. Gray circles containing black dots correspond to tracks and
sites rendering OCC ΔEMG significantly correlated with vertical (downward) initial eye
position.
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In comparison to LC responses (Fig. 7), sites characterized as ‘positive’ or
‘negative’ for the OCC muscle were usually (14/18) the same as those for the LC
(compare Figs. 8b and 7b). Three SC sites evoked responses that were modulated
by H1 in the case of the LC muscle but not in the case of the OCC muscle; in
another case the reverse was true. The stimulation of some SC sites could thus
induce H1 ‐dependent ΔEMG modulation in only one of the two muscles that act in
concert during voluntary head movements in horizontal plane. Regarding the
vertical sensitivity of OCC EMG responses, significant positive correlation with V1
was observed in response to stimulation of only 4 sites. Three of these sites
produced V1 ‐modulated LC responses as well. OCC ΔEMG increased with
downward deviations of the eyes, showing thus the same directional preference as
the LC muscle. Changes of vertical eye position accounted for only 10 – 13% of the
variance of OCC responses, similarly to LC (10 – 15%).
Besides the magnitude of EMG responses, we examined if their latency
also depended on initial eye position. As shown in the histogram of Fig. 9a, the
latency of individual, phasic EMG responses of the LC muscle to electrical
stimulation of all SC sites with 6 ms trains ranged between 3.4 and 20.2 ms (mean
± SD: 7.9 ± 1.3 ms). Latency values in this range were found for current intensities
ranging between 40 and 60 μA, and were shorter when higher current intensity
was used. Figure 9b plots the latencies of the responses of the right LC following
stimulation of a site in the intermediate layers of the left SC (intensity: 60 μA, 3xT).
Response latencies decreased as the eyes deviated towards rightward initial
positions.

53

Fig.9. (a) Histogram of the latencies of LC EMG evoked in response to stimulation of all SC
sites with 6-ms trains (intensity range 40 – 60 µA (N=1053). (b, c) Scatter plots of the ΔEMG
latencies (ordinate) recorded from the right LC muscle versus (b) initial horizontal eye position
(H1, abscissa) and (c) initial vertical eye position (V1, abscissa) in response to stimulation of the
left SC (stimulus parameters: pulse rate 500 Hz, train duration 6 ms, current intensity 60 µA
(3xT)). Each point in (b) and (c) is from a single stimulation trial. The solid line in (b) is the
linear regression line and obeys the equations displayed (p<0.05). In (c) the linear regression
line was omitted, since ΔEMG latencies showed a uniform distribution along the abscissa and
the squared regression coefficient did not exceed 0.01.
The linear regression fit through the data reveals a significant (p<0.05)
negative correlation between the two variables. This correlation was significant in
all electrode tracks and in 16 of the 18 sites we tested. In these sites, changes of H1
accounted for 11 – 41 % of the variance (r2) of the latency. The same results were
obtained from the OCC muscle, which was usually activated simultaneously with
the LC (not illustrated). The latency of LC (and OCC) responses was not correlated
with the V1 (Fig. 9c) in any of the SC sites we tested.
The Biventer cervicis (BC) muscle is a neck extensor acting against the
gravity and participating in upward movements of the head (Wickland et al. 1991;
Keshner et al. 1992; Richmond et al. 1992). In the present study, we limited the
analysis of BC ΔEMG responses evoked by SC stimulation to contralateral muscles
because, despite its upward pulling direction, activity of the ipsilateral BC was
always suppressed. When analyzed in the manner used for the LC and OCC
muscles, it was the initial vertical and not the initial horizontal position of the eyes
that influenced BC responses more reliably. However, the responses of the BC
muscle were less consistent than those of LC and OCC. For the quantitative
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analysis we obtained sufficient data from only 15 sites along 9 electrode
penetrations. Examples of the ΔEMG values measured from responses of the left
BC muscle to stimulation of the deep layers of the right SC is shown in Fig. 10.
Each data point is the mean ΔEMG obtained from all responses evoked while the
eyes were within successive 5 deg bins of vertical (Fig. 10b, number of trials per
bin: 3‐25) and horizontal (Fig. 10d, number of trials per bin: 10‐26) eye position,
respectively. As shown here, the averaged BC ΔEMG increased monotonically as
the eye deviated to progressively more eccentric upward positions.

Fig.10. Scatter plots of single trial ΔEMG values of the left BC muscle vs initial vertical (a) and
horizontal (c) eye positions (V1 and H1, respectively). Stimulation of the right SC (stimulus
parameters: pulse rate 500 Hz, train duration 6 ms, current intensity 50 µA (5xT). The solid
line in (a) is the linear regression line and obeys the equation displayed (p < 0.05). In (c) the
linear regression line was omitted, since ΔEMG magnitude showed a uniform distribution
along the abscissa and the squared regression coefficient did not exceed 0.01. (b, d) Line plots
of the average BC ΔEMG (ordinate) computed from all individual responses of (a), (c) using
V1 or H1 bins of 2.5 deg width.
Figure 10a is a scatter plot of the individual data points used to calculate
the mean values of the graph in Fig. 10b. The linear regression line through the
data indicates a significant correlation between ΔEMG and V1 (p<0.05). Here again
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the scatter is considerable and the variability of the dependent variable (ΔEMG)
accounted for by V1 does not surpass 30 %. No obvious trend could be detected
when the average ΔEMG values of BC responses evoked from the same SC site
were plotted against successive 5 deg bins of H1 (Fig. 10d). The same is true for the
scatter plot of individual data points (Fig. 10c).
In all, statistically significant (p < 0.05) positive correlations of of the BC
ΔEMG with V1 were observed for responses evoked from only 3 (r2: 0.3, 0.32 and
0.42) of the 15 SC sites we tested. The location of these three sites in relation to the
retinotopic map of SC is shown in Fig. 11a (gray circles) together with the location
of ‘negative’ sites (open circles), i.e, sites evoking BC ΔEMG responses not
significantly dependent on V1.

Fig.11. Location of stimulation sites in the superior colliculi rendering ΔEMG responses of the
BC muscle significantly (p<0.05) modulated by initial eye position (gray circles) and of
‘negative’ sites (p>0.05, open circles). See Legend of Fig.7 for explanation of anatomical
drawings and symbols. In this Figure, the size of gray circles is proportional to the squared
correlation coefficient of the BC ΔEMG vs V1 relationship (scale in the inset). EMG responses
significantly modulated by horizontal but not vertical eye position were obtained from the site
denoted by an asterisk.
As shown in Fig. 11b, such ‘negative’ sites were located in both the medial
and the lateral halves of the SC, corresponding, respectively, to saccades with
upward and downward components when tested with 30 ms trains. In one of the

56

SC sites (marked with an asterisk in Figs. 11a, b), ΔEMG was positively correlated
(p < 0.05; r2 = 0.4) with H1 but not with V1.The latencies of BC responses (mean ±
SD: 10.2 ±2.9 ms, range 4.7‐28.8 ms) were longer (two‐tailed t‐test, p < 0.0001) and
more variable than those of the LC and OCC muscles. Linear regressions of the
latency of BC response versus V1 did not reveal any sites in which the two
variables were anticorrelated significantly.
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2. Brainstem eye movement network

In order to distinguish the regions providing monosynaptic,
disynaptic and polysynaptic input to the abducens nucleus, we allowed the virus
transfer to occur for 3 different time periods, namely 2.5, 3 and 3.5 days post
inoculation (p.i.).Two and a half days (experiment LR6) after the left lateral rectus
was injected with rabies virus, numerous labeled cells were found in the
contralateral

nucleus

prepositus

hypoglossi

(PH)

and

nucleus

paragigantocellularis dorsalis (PGD), the medial and ventrolateral vestibular
nuclei (MVN, VLVN) bilaterally, the ipsilateral paramedian pontine reticular
formation (PPRF), the contralateral medial rectus subdivision of the oculomotor
complex and the supraoculomotor area (SOA) bilaterally. Labeling in the above
structures was a result of the presence of a large number of heavily labeled cells
densely packed in the ipsilateral abducens nucleus. At 3 days (p.i.) (experiment
LR2) labeling in the above structures intensified and became roughly symmetrical
due to the unexpected appearance of a considerable number of labeled cells in the
contralateral abducens nucleus. Additional cell clouds were found in areas ranging
from the mesodiencephalic region (rostrally) to the fastigial nucleus (FN)
(caudally). In the mesencephalon, substantial labeling included the rostral
interstitial nucleus of the MLF (riMLF), the interstitial nucleus of Cajal (NIC), the
nucleus of posterior commissure (NPC) and the central mesencephalic reticular
formation (cMRF). At pontine levels, the nucleus reticularis tegmentis pontis, the
Kolliker‐Fuse nucleus (KF) and the nucleus raphe interpositus (RIP) contained
numerous labeled cells. At medullary levels, the fastigial nucleus was also labeled.
All these regions were labeled bilaterally, with a varying degree of ipsilateral
predominance. Smaller numbers of labeled cells appeared in the interpeduncular
nucleus (IP), the periaqueductal gray (PAG), the pretectal olivary nucleus (PON)
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and the nucleus of the optic tract (NOT), the pedunculopontine tegmental nucleus
(PPN) and the parabrachial nucleus.
At 3.5 days after the injection of rabies virus (experiment LR4), the number
of labeled cells increased in all the regions that have been first labeled at 3 days.
Figure 12 provides a horizontal overview of the distribution and density of
labeling in these regions.

LR4
a
III
NIC

IV

b
FN

5 mm
cMRF
OPN, MTN
NPC
NRTP, peri-INC MRF
LTN

INC, interpositus
PPN
dentate
riMLF, M-group
NOT, PON, DTN

Parabrachial
K-F
fastigi
PGN

Fig.12. Two-dimensional distribution of transynaptically labeled neurons (dorsal view) in (a)
mesencephalon and pons up to the level of the OPN region and (b) deep cerebellar nuclei, at
3.5 days p.i. after the injection of rabies virus in the left lateral rectus muscle. Each dot
represents one cell. III, oculomotor nucleus; IV, trochlear nucleus; FN, Fastigial nucleus.
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In the following section we provide a detailed description of the regions that have
been labeled substantially at disynaptic (3 days p.i.) or oligosynaptic (3.5 days p.i.)
time intervals, giving emphasis on the differences in labeling between these two
time points.
MESENCEPHALON

Rostral interstitial nucleus of MLF (riMLF)
At 3 days p.i. riMLF was substantially labeled bilaterally, with an ipsilateral
predominance (ipsi: 170, contra: 140 cells in 25% of sections through the nucleus).
In caudal sections, labeled cells were distributed in two clusters, a medial and a
lateral one, separated by the fasciculus retroflexus. The medial cluster had more
neurons and these were packed more densely. At 3.5 days p.i. labeling increased
further in all parts of the nucleus and expanded laterally to the Forel fields H (Fig.
12a, light green, ipsi: 242, contra: 199). Labeled neurons were small, medium and
large multipolar or fusiform (Fig. 13c) In addition, labeled cells were found
bilaterally more medially and dorsally, close to the posterior thalamosubthalamic
paramedian artery, in the same location where M‐group was reported by Horn
and colleagues (2000). The M‐group corresponding region extended for 1.6mm
rostrocaudally and appeared in frontal sections as an “arch” of 10‐15 small round
labeled neurons intermingled with labeled neuropil strarting from dorsal and
medial to riMLF and extending ventrally and medially close to midline (Fig. 13a,b,
Fig. 12a, light green midline, ipsi: 42, contra: 40).
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Fig.13. (a) Low power photomicrograph of a midbrain section through caudal riMLF levels,
showing the distribution of transynaptically labeled neurons in left (arrow) and right
(arrowhead) M-group region, close the posterior thalamosubthalamic artery (asterisk) at 3.5
days p.i.( b-f) High power photomicrographs of transsynaptically labeled neurons at 3.5 days
p.i in (b) M-group, (c) riMLF, (d) INC, (e) NPC and (f) cMRF. Scale bar =1mm in a and 50μm
in b-f
Interstitial nucleus of Cajal (NIC)
At 3 days p.i. NIC was heavily labeled bilaterally throughout its whole
rostrocaudal extent (ipsi: 201, contra: 197). The distribution and morphology of the
labeled cells on the two sides of the brainstem did not differ. At 3.5 days p.i. the
number of labeled cells increased further (Fig 12a, green, ipsi: 302, contra: 305).
Labeled cells, scattered in a dense neuropil network, displayed a variety of shapes
and sizes with a prevalence of medium and large sized multipolar neurons (Fig.
13d). In addition, substantial numbers of labeled cells were found bilaterally in the
mesencephalic reticular formation just lateral to NIC, a region termed peri‐NIC
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MRF by Waitzman et al. (2000). This cluster is described in detail in the cMRF
section.

Nucleus of Posterior Commissure (NPC)
Three days p.i. the nucleus of posterior commissure was lightly labeled
bilaterally (ipsi: 24, contra: 16). Labeled neurons were scattered among the fibers of
posterior commissure (PC) dorsolateral to the periaqueductal gray, in the
magnocellular subdivision of the nucleus. Most of the labeled cells were medium
sized multipolar. At 3.5 days p.i., both the number and the extent of labeled
neurons increased substantially (Fig. 12a, pink, ipsi: 226, contra: 292). Rostrally,
numerous labeled NPC cells were found bilaterally dorsal to NIC, surrounding the
vertical arched portion of PC. At middle levels of the nucleus, numerous marked
cells were found intermingled among PC fibers, in the magnocellular subdivision
of the nucleus and fewer more laterally, in the principal subdivision. With the
exception of few large multipolar neurons in NPCm, the majority of labeled cells
in both subdivisions were small and medium sized multipolar with round and
ovoid perikarya (Fig. 13e). Ventrally and medially to PC, within PAG, a few small
labeled cells were found in the subcommissural subdivision. At caudal levels,
labeling in the NPC was continuous with that of the pretectal olivary nucleus.

Central mesencephalic reticular formation (cMRF)
Central mesencephalic reticular formation (cMRF) was sparsely labeled
bilaterally 2.5 days p.i. After 12h of additional virus incubation a modest
concentration of stained cells was found lateral to the oculomotor nucleus,
bilaterally (ipsi: 126, contra: 107). It occupied an area that was 1.5mm wide and
extended rostrocaudally for 1.6mm, from the level of the magnocellular division of
the red nucleus (RNm) up to the caudal part of the oculomotor nucleus. Its
dorsoventral extent was 2mm. The majority of labeled neurons were located at
posterior commissure levels. Few labeled neurons were found dorsal and lateral to
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the RNm. Labeled cells were traversed by the dorsoventrally oriented fibers of the
central tegmental tract of the midbrain. At 3.5 days p.i. the cluster of labeled cells
expanded both rostrally, in the region dorsal and lateral to RNm, and caudally,
dorsal and lateral to SCP (Fig. 12a, blue, ipsi: 405, contra: 351). Its rostrocaudal and
mediolateral extent were 3.2mm and 2.5mm, respectively. At caudal levels, labeled
cells were more widely distributed than rostrally. There were no apparent
differences in the morphology of labeled cells in comparison to the cMRF cluster at
3 days p.i. They were usually medium and large sized multipolar (Fig. 13f). In the
more rostral sections there were numerous stained (Fig. 12a, yellow, ipsi: 156,
contra: 107) cells dorsal and medial to cMRF, bilaterally, in the region lateral to
NIC termed peri‐NIC MRF by Waitzman et al. (2000). This cluster extended more
rostrally than cMRF, for about 1.2mm rostrocaudally, and up to 1mm lateral to the
NIC. Labeled neurons were medium and large sized multipolar.

Pregeniculate nucleus (PGN)
For the analysis of pregeniculate nucleus (PGN) we adopted the
terminology and description of Livingston and Mustari (2000). PGN was not
labeled at 3 days p.i. At 3.5 days p.i. a cluster of small and medium sized densely
packed labeled cells appeared bilateraly in the rostral pregeniculate nucleus (Fig.
12a, deep violet, ipsi:53, contra: 62). It was located ventrally, immediately above
the capsule of the lateral geniculate nucleus (LGN, Fig. 14a). Its rostrocaudal and
mediolateral extent were 1.5mm and 0.6mm, respectively. Both its location and
extent closely matched those of the retinorecipient sublayer as reported by
Livingston and Mustari ((2000); compare also our Fig. 14a with their Figs. 1a, 3a,b).
In addition, labeled neurons were typical cells of the retinorecipient sublayer i.e.
small round and medium sized elongated (Fig. 14b). Few large multipolar labeled
neurons were found outside the retinorecipient sublayer, in the superior sublayer
and in the medial division of pregeniculate nucleus.
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Fig.14. (a) Low power photomicrograph of
transynaptically labeled neurons in the
retinorecipient sublayer of the pregeniculate
nucleus at 3.5 days p.i. Solid line indicates
the dorsal border of the lateral geniculate
nucleus. (b) High power photomicrograph
of of transynaptically labeled neurons in the
retinorecipient sublayer of the pregeniculate
nucleus shown in a. LGN: Lateral geniculate
nucleus. Scale bar=1mm in a and 50μm in
b.

PRETECTUM AND ACCESSORY OPTIC NUCLEI
Nucleus of the Optic Tract (NOT)
Three days after the injection of rabies virus few labeled neurons were
found in the caudal part of the nucleus of the optic tract (NOT), bilaterally. At 3.5
days p.i. it has been moderately labeled, bilaterally (Fig. 12a, blue violet, ipsi: 52,
contra 46). At caudal NOT levels labeled cells were distributed in the dorsomedial
part of a narrow plate arranged obliquely, medial to the brachium of superior
colliculus (BSC, Fig. 15a). More rostrally they were scattered among the fibers of
BSC, dorsal and medial to the pretectal olivary nucleus. At the rostral pole of NOT,
few labeled cells were found just lateral to the medial habenular nucleus. Labeled
neurons were medium sized multipolar and fusiform spindle‐shaped (Fig. 15b).

Pretectal olivary nucleus (PON)
Pretectal olivary nucleus was lightly labeled bilaterally at 3 days p.i.. After
12h of additional virus incubation it was heavily labeled (Fig 12a, blue violet, ipsi:
112, contra 97). Labeled neurons, buried in a dense labeled neuropil network, were
distributed throughout the whole rostrocaudal and mediolateral extent of the
nucleus, but they were more numerous at caudal PON levels. Most of them were
small and medium sized multipolar or fusiform (Fig. 15c).

Accessory Optic Nuclei (AON)
At 3 days p.i., the dorsal subdivision of the medial terminal nucleus (MTNd)
was lightly labeled. A few labeled cells, intermingled with labeled neuropil, were
found bilaterally, lateral to the magnocellular division of the red nucleus, in a
region traversed vertically by the fibers of the central tegmental tract of the
midbrain. At 3.5 days p.i. the number of labeled cells in MTNd increased
significantly (Fig. 12a, red, ipsi: 42, contra: 39). The cluster of labeled cells extended
rostrocaudally for 2mm. At caudal levels, labeled neurons were distributed
bilaterally lateral to the red nucleus, in close proximity with the labeled neurons of
the cMRF. More rostrally they extended more dorsally, occupying a region dorsal
and medial to the substantia nigra pars compacta. The majority of labeled cells
were medium sized multipolar (Fig. 15d). At 3.5 days p.i., the lateral terminal
nucleus (LTN) has been moderately labeled bilaterally, throughout its rostrocaudal
extent (Fig. 12a, bluegreen, ipsi: 44, contra: 33). Labeled cells were medium sized
multipolar or fusiform (Fig. 15e). At the same incubation time few labeled cells
were found bilaterally in the dorsal terminal nucleus (DTN), at caudal NOT levels.
DTN cells were small and medium sized multipolar (Fig. 15f).
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Fig.15. (a) Low power
power photomicrograph of
transynaptically labeled
neurons in NOT and
PON, at 3.5 days p.i.(b-f)
High power
photomicrographs of
transynaptically labeled
neurons in (b) NOT, (c)
PON, (d) MTN, (e) LTN,
(f) DTN, at 3.5 days p.i..
Scale bar=1mm in a and
50μm in b-f.

PONS

Nucleus reticularis tegmentis pontis (NRTP)
Two and a half days after the injection of rabies virus, few labeled cells
appeared in the ipsilateral NRTP, dorsally and medially. At 3 days p.i. it was
lightly labeled on both sides along its dorsomedial margin, at trochlear nucleus
levels. Labeling also extended dorsally and laterally to the adjacent nucleus
reticularis pontis oralis (NRPO), forming a single cluster spanning both nuclei. The
rostrocaudal extent of the cluster was 1.2 mm approximately. At 3.5 days p.i. (Fig.
12a, yellow, ipsi: 62, contra: 55), except for the locations mentioned above,
numerous labeled neurons were found in the dorsal cell column (dcc), the
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paramedian circular region dorsal and lateral to nucleus raphe interpositus
(Scudder et al. 1996b). The caudal end of the cluster overlapped with the caudal
extreme of dcc (Fig. 16c). Labeled neurons in NRTP were medium and large sized
multipolar (Fig. 16e).

Fig.16.(a-c) Low power photomicrographs of transynaptically labeled neurons in (a) the
Kolliker-Fuse nucleus (asterisk) at 3 days p.i.,(b) the paralemniscal zone at 3.5 days p.i., and (c)
the caudal NRTP (arrowhead) and OPN region at 3.5 days p.i.. (d-f) High power
photomicrographs of transynaptically labeled neurons in (d) the Kolliker-Fuse nucleus, (e)
NRTP and (f) OPN region at 3.5 days p.i. Scale bar=1mm in a,b,c and 50μm in d-f.
Parabigeminal (PBG), Pedunculopontine (PPN) and Laterodorsal tegmental (LDT) nuclei
In the parabigeminal nucleus (PBG) few labeled cells were distributed
bilateraly at trochlear nucleus levels at 3.5 days p.i.. More rostrally, sparse labeling
was

found

among

the

fibers

of

the

adjacent

lateral

lemniscus.

The

pedunculopontine nucleus (PPN) was sparsely labeled at 3 days p.i., while at 3.5
days p.i. it was moderately labeled (Fig. 12a, light blue, ipsi: 133, contra 122). The
more rostral labeled neurons that can be attributed to PPN appeared at the level of
the decussation of the SCP, dorsal and lateral to it. Moving caudally, the number of
labeled cells in that area increased in parallel with the increase in the density of
darkly counterstained large cells, a cytoarchitectonic characteristic of the PPN, pars
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compacta. At this level, labeled neurons also made their appearance medial to the
first cluster, both dorsal and ventral to the SCP. At trochlear nucleus levels labeled
cells were distributed among three groups (Fig. 17a). The first one was located
dorsal and lateral to SCP, where densely aggregated labeled cells and neuropil
were intermingled with darkly counterstained large cells in the PPN, pars
compacta. The second group consisted of a smaller number of labeled cells,
occupying a small area dorsal to the medial half of SCP, traversed by the fibers of
the central tegmental tract. The third group included all the labeled neurons
located ventral to SCP. The two later groups were located in the PPN, pars
dissipata. In addition to the above groups there were a few labeled neurons
scattered among the SCP fibers. Caudal to the trochlear nucleus labeling in the
PPN, pars compacta, was markedly reduced. This was the case also for the area
dorsal and medial to the SCP. Ventral to SCP, labeled neurons became more
numerous and shifted medially towards the MLF. Further caudally, they were
found lateral to the dorsal tegmental nucleus of Gudden (DTG) and ventral to the
most medial part of SCP, in the peripeduncular area of Satoh and Fibiger ((1985);
compare our Fig. 17b with their Fig.16a). In addition, few labeled cells of the group
spread into the laterodorsal tegmental nucleus (LDT), dorsolateral to the DTG.
Caudal to PPN, numerous labeled neurons (Fig. 12a, grey, ipsi; 33, contra: 34) were
found dorsolateral to the dorsal tegmental nucleus, intermingled with the large
hyperchromic counterstained cells of the laterodorsal tegmental nucleus. The
majority of labeled somata were medium and large sized. Although their shape
ranged from oval and round to multipolar and fusiform, neurons of multipolar
shape predominated. There were no apparent differences in size and morphology
of labeled cells among the subregions of PPN or between PPN and LDT (Fig. 17
c,d,e).
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Fig.17. (a) Low power photomicrograph showing the distribution of transynaptically labeled
neurons at 3.5 days p.i. in the PPN pars compacta (C) and in the dorsal (A) and ventral (B)
subdivisions of the PPN, pars dissipata. (b) Low power photomicrograph showing the
distribution of transynaptically labeled neurons at 3.5 days p.i. in the peripeduncular region
(asterisk).(c-e) High power photomicrographs of transynaptically labeled neurons at 3.5 days
p.i. in (d) the PPN pars compacta, (c) pars dissipata and in (e) the peripeduncular region. Scale
bar is 800μm for a and b, and 50μm for c-e.
Kolliker‐Fuse (KF), Peritrigeminal and Paralemniscal Groups
At levels anterior to the exit of the trochlear nerve, ventral to the
ventrolateral tip of the superior cerebellar penduncle and dorsal to the principal
and motor nuclei of the trigeminal nerve, a cluster of labeled neurons appeared
bilaterally at 3 days p.i. (ipsi :77, contra: 72, Fig. 16a). Further rostrally it expanded
ventrally, occupying the zone lateral and ventral to the motor nucleus of the
trigeminal nerve. Its rostrocaudal extent was 1mm approximately. The majority of
labeled cells were small and medium sized round or elongated (Fig. 16d). At 3.5
days p.i. the number of labeled cells increased (Fig. 12a, orange, ipsi: 281, contra:
255), as numerous labeled neurons and neuropil were found more rostrally,
dispersed among the fibers of the lateral lemniscus (Fig. 16b).
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Nucleus raphe interpositus (RIP)
A cluster of labeled neurons was found at the medial pontine tegmentum,
on and near the midline (3 days p.i. #cells: 171, 3.5 days p.i. #cells: 260, Fig. 12a,
red). It extended rostrocaudally for 2mm, from the level of trapezoid body to the
rostral pole of the abducens nucleus. It was bounded ventrally by the nucleus
raphe magnus and dorsally by the nucleus raphe pontis. Both the rostrocaudal and
dorsoventral extent of the cluster were identical with those of the nucleus raphe
interpositus (Büttner‐Ennever et al. 1988). Labeled cells were arranged in two
columns, on both sides of the midline. Each column was one or two cell wide.
Labeled neurons were medium and large sized, multipolar or fusiform (Fig. 16f),
with their dendrites oriented horizontally and extending up to 0.5mm from the
midline.

DEEP CEREBELLAR NUCLEI

Fastigial nucleus (FN)
The first labeled cells in the fastigial nucleus were found at 3 days p.i.
Labeling occurred bilaterallly, with an ipsilateral dominance (ipsi: 41, contra: 14).
The majority of labeled neurons were located in the caudal part of the nucleus,
close to its medial border. Fewer labeled cells were found more rostrally and
laterally, in the central third of the nucleus. After a longer incubation time (3.5
days p.i.), the number of labeled cells in the nucleus increased and became roughly
equal on both sides (Fig. 12b, ocean blue, ipsi: 110, contra: 142). In the rostral half, a
few labeled neurons were observed ventrally and laterally. In the caudal half,
numerous labeled neurons were distributed into two separate clusters, a medial
and a lateral one, with a cell free region between them (Fig.18a). The distance
between the centers of the two clusters was approximately 1mm. The medial

71

cluster, in progressively caudal sections, shifted from a ventral to a dorsal location.
The lateral one was located at the ventrolateral corner of the nucleus. Its
rostrocaudal extent was 1mm, and it coexisted with the rostral and ventral half of
the medial cluster. Both clusters were comprised of multipolar cells of various
shapes and sizes (Fig.18 e, f).

Posterior interposed nucleus (PIN)
At 3 days p.i. the posterior interposed nucleus was not labeled, whereas at
3.5 days p.i. there were few labeled cells in the rostral part of the nucleus,
bilaterally (Fig. 12b, green, ipsi: 11, contra: 19). At rostral levels they appeared
ventrally, immediately above the fourth ventricle, and laterally, close to the ventral
wing of the dentate nucleus. More caudally, they shifted dorsally, still occupying
the region next to the wing of the dentate nucleus. The majority of them were
medium and large sized multipolar neurons (Fig. 18b,c).

Dentate nucleus (DN)
The dentate nucleus displayed transneuronal labeling only after longer
incubation time (3.5 days p.i.). In the caudal pole of the nucleus numerous labeled
neurons were found bilaterally at its lateral half, covering its whole dorsoventral
extent, except for the dorsal and ventral extremes (Fig. 12b, magenta, ipsi: 37,
contra: 48). Labeled neurons displayed various shapes and sizes, ranging from
round and ovoid small and medium sized to medium sized and large polygonal
and ellipsoidal (Fig. 18d). Although several fusiform neurons were labeled,
multipolar neurons with round perikarya predominated. Except for the caudal
pole, few labeled neurons were also found in the ventral wing of dentate adjacent
to the ventrolateral posterior interpositus nucleus (Fig. 12b).
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Fig.18. (a) Low power photomicrograph of
fastigial nucleus (solid line), showing the
distribution of transynaptically labeled
neurons in the fastigial oculomotor region,
ventromedially, (FOR, arrowhead) and the
sphericall area, ventrolaterally (arrow) at 3.5
days p.i.. (b-f) High power
photomicrographs of transynaptically
labeled neurons at 3.5 days p.i. in (b, c) the
posterior interposed, (d) dentate and (e, f)
fastigial nuclei. Scale bar is 1mm in a and
50μm in b-f
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3. Spatiotemporal transformation

Two and a half days of survival were not enough to allow cell labeling in
the SC, as indicated by our negative results in experiment LR6. In the two positive
cases, labeling was substantially stronger in the 3.5 days time point (LR4)
compared with the 3 days time point (LR2). The total number of labeled neurons
and their layer by layer distribution is summarized in Table 1. In both cases,
labeling was bilateral. The total number of cells found in the ipsilateral SC of LR2
exceeded that in the contralateral side by a factor of 1.45, but this difference
disappeared after an additional 12 hours (LR4).

Table 1. Number of Neurons and Their Distribution1

SGS

SO

SGI & SAI

SGP & SAP

Total

LR2

3 (1.0)

24 (8.0)

248 (82.7)

25 (8.3)

300

LR4

64 (2.0)

123 (3.8)

2722 (84.1)

326 (10.1)

3235

5.1

11.0

13.0

10.8

Contralateral SC

LR4/LR2
Ipsilateral SC
LR2

1 (0.2)

26 (6.0)

381 (87.6)

27 (6.2)

435

LR4

86 (2.6)

190 (5.8)

2637 (80.9)

348 (10.7)

3261

7.3

6.9

12.9

7.5

LR4/LR2

Numbers in parentheses indicate percentage. LR4/LR2, ratio of cell counts in LR4
(3.5 days survival) over counts in LR2 (3 days survival). The ratio was not
calculated for SGS ( ) because of the negligible number of cells in LR2.
Abbreviations as in Fig.19.
1
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In all cases, the vast majority of labeled neurons were located in the
intermediate layers (SGAI) as shown in a camera lucida drawing of a
representative section through the contralateral SC of LR4 (Fig. 19). For example,
the number of neurons found in the SGAI amounted to 82.7% of the total number
of cells found in the contralateral SC in LR2 and 84.1% in LR4 (Table 1).
Ipsilaterally, there was a similar predominance of SGAI labeling, but the relative
number of intermediate layer cells was smaller in LR4 (80.9% vs. 87.6% in LR2)
mainly due to the stronger participation of its deeper layers.

Fig.19. Camera lucida drawing of labeled profiles in one representative section through the
right superior colliculus (SC), 3.5 days after virus injection in left lateral rectus muscle (LR4).
Dashed lines indicate borders of SC layers defined according to Kanaseki and Sprague (1974).
For evaluation of density gradients, cells in the gray and white intermediate layers (SGAI) were
pooled together. Aq, aqueduct of Sylvius; PAG, periaqueductal gray; SAI, stratum album
intermediale; SGI, stratum griseum intermediale; SGP, stratum griseum profundum; SGS,
stratum griseum superficiale; SO, stratum opticum. Scale bar = 0.5 mm.
Labeled cells were also found in the superficial layers of both sides and at
both time points (Table 1). The percentage of neurons found in the optic layer (SO)
was roughly similar in the two cases, but the absolute number of cells was clearly
very small in LR2. Labeling in the superficial gray layer (SGS) was negligible in
LR2 and weak but significant in LR4. This finding was the most conspicuous
change in the laminar distribution of cells recovered at a longer time point.
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Morphologic details of intermediate layer neurons recovered in the caudal half of
the SC of LR4 are shown at high magnification in Figure 20. Some of the dendrites
of intensely stained cells could be followed for up to 200‐300 μm in the plane of the
section. Such conspicuous dendritic labeling was only rarely observed at the
shorter time point (LR2). To examine whether a longer postinoculation delay leads
to labeling of cell types that were absent in LR2, we studied the size of recovered
somata in some detail. To this end, we randomly selected well‐stained cells with a
clearly visible nucleolus and displayed them on a video monitor at a final
magnification of Χ2500. The contours of their somata were traced on the screen
and their cross‐sectional areas (Sa) were measured with computer assisted
planimetry (Neuroexplorer, MicroBrightField, Inc.).

Fig. 20. Photomicrographs
of
randomly
selected
transynaptically
labeled
cells in the caudal half of
the intermediate superior
colliculus layers. a,d-f:
Contralateral.
b,c:
Ipsilateral. Scale bar = 50
microns in a (applies to af).

The distribution of sizes found 3 days after virus injection (LR2) is illustrated in
Figure 21A. It represents a sample of neurons collected in the intermediate layers
of the caudal SC, 0.9‐2.2 mm from its caudal pole.
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Fig.21. Size of labeled neurons, expressed as somatic cross-sectional area (Sa) in the plane of
nucleolus. (a) Distributions of sizes in the intermediate layers, 3 days after virus injection in
lateral rectus muscle (LR2). Cells were sampled in the caudal half of the superior colliculus
(SC). (b) Distributions of sizes in the intermediate layers of the LR4 (3.5 days p.i.) after pooling
together samples from the ipsilateral and contralateral SC. Filled circles, cells from the caudal
half of the SC; open circles, cells from the rostral third of the SC. (c) Distributions of sizes in
the superficial gray and optic layers after pooling together samples from the ipsilateral and
contralateral SC. Superposition of size distributions of the whole samples of cells found in the
intermediate of LR2 (filled circles), intermediate layers of LR4 (open circles), and superficial
layers of LR4 (squares). Hatched areas on the abscissa correspond to the range of T (a,b,d) and
L (c) neuron sizes in the squirrel monkey (from Moschovakis et al. 1988a)

The range of sizes found in the ipsilateral (105‐1,073 μm2) and contralateral
(107‐1,145 μm2) SC were similar. The majority (77% in the ipsilateral and 82% in
the contralateral SC) belonged to the size range occupied by the T‐neurons of the
squirrel monkey (163‐616 μm2; Moschovakis et al. (1988a)). At a longer survival
time (LR4), size distributions observed in the caudal SGAI were virtually identical
in the two colliculi and are shown together as a single curve in Figure 21B (filled
circles). The range of sizes (104‐817 μm2) and the fraction of cells in the T neuron
range (81%) were similar to those in LR2. However, in contrast to the ill‐defined
maxima in the 250‐500 μm2 range characterizing the distribution of sizes found in
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LR2 (Fig. 21A), the somata that we most frequently encountered in LR4 measured
150‐250 μm2. This finding suggests that smaller SGAI neurons were added to the
labeled population during the additional 12 hours of transfer time.
The exaggerated contingent of small cells present in LR4 suggests that, in
addition to projection cells, our material contains local circuit SC neurons. This
suggestion would be weak if it rested on cell size alone. However, it is
corroborated by the labeling of superficial gray layer cells in LR4 (Table 1). The
presence of labeled cells in the SGS also addresses the long debated existence of
connections between the superficial and the deeper tectal layers. If true, one would
expect to encounter labeled neurons in the SGS after a long enough survival time.
Our data demonstrate that 3.5 days suffice (Table 1, LR4) but 3 days are not
enough (Table 1, LR2) to visualize SGS cells establishing connections with deeper
layer cells (interlayer neurons). Morphologic details of such cells are shown at high
magnification in Figure 22. They are clearly smaller when compared with cells
found in the deeper tectal layers (Fig. 20). Their cross‐sectional area ranged from
112‐339 μm2; the median of the distribution was equal to 162 μm2, and few of them
were larger than 250 μm2 (Fig. 21C, open circles). Besides interlayer neurons, the
stratum opticum (SO) could contain projection cells as suggested by the small
number of labeled cells that were observed already at a shorter time point (Table 1,
LR2). As shown in Figure 21C (filled circles), the cross‐sectional area of SO cells
ranged from 89 to 561 μm2. The size distributions of SGS and SO cells did not
differ as to the location of their maxima (150‐200 μm2), but the SO definitely
contained more cells of larger size (250‐400 μm2). To facilitate comparisons, Figure
21D shows the distribution of all superficial layer cells appearing at a longer time
point (LR4) together with the distribution of all intermediate layer cells from both
LR2 and LR4. To judge from the range of Sa, the additional cell contingent in the
SGAI of LR4 corresponds well to that of the SGS and SO contingents. The fraction
of cells smaller than the size (163 μm2) of the largest local interneuron measured
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in a Golgi study of the rhesus monkey SC (Ma et al. 1990) increased from 3.6% in
the SGAI LR2 to 12.2% in the SGAI of LR4 and reached 39.8% in the superficial
layers of LR4 (Fig. 21D) Overall, our data lead us to conclude that the contingent of
cells appearing after longer survival time at all locations (SGS, SO, SGAI) is
composed of smaller neurons and may include interneurons.

Fig.22.Photomicrographs
of randomly selected transsynaptically labeled cells of
the superficial gray layer of
the superior colliculus
a,b,d: Contralateral. c,e:
Ipsilateral. Scale bar = 50
microns in d (applies to ae).

We studied the anteroposterior and mediolateral distributions of labeled
cells in the intermediate layers (SGAI), because they contain the majority of tectal
saccade‐related cells (Sparks 1986). Cells of the optic layer, which also contains
saccade‐related neurons (Moschovakis et al. 1988b), were not included because, at
more rostral levels, this layer is gradually replaced by the brachium of the SC and
the nucleus of the optic tract, its anterior pole falling short of the rostral pole of the
SGAI. Because the number of cells in SO was relatively small (Table 1) and its
rostral border uncertain, we preferred to limit the two‐dimensional analysis to
SGAI alone. The distribution of its neurons can be qualitatively appreciated from
plots of their location in the horizontal plane (Fig. 23).
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Fig. 23. Two-dimensional distribution of labeled neurons (dorsal view). Neurons were sampled
in the intermediate layers of the superior colliculus (SC). Each dot represents one neuron.
Thick solid line, borders of the SC; thin solid line, borders of the intermediate layers; LR2, 3
days after virus injection in lateral rectus muscle; LR4, 3.5 days after virus injection in lateral
rectus muscle. Scale bars = 2 mm.
Clearly, the distributions are nonuniform whether the total number of
labeled cells was large or small. For example, all four colliculi include an area of
higher cell concentration in the caudolateral quadrant of the SGAI (thin outline in
Fig. 23) and very weak labeling along its rostromedial edge. We found only a few
cells in the rostral third of the SGAI in LR2, whereas in the caudolateral quadrant,
their concentration was comparable to that in LR4. Cell counts in sequential frontal
sections are shown in Fig.24. The histograms (two sections per bin) correspond to
the distribution along the sagittal axis (z) and include cells in all mediolateral
positions (x axis). In all colliculi, the largest number of neurons was found between
approximately 2.5 and 3.5 mm behind their rostral pole. Beyond this point, they
decreased rapidly toward the caudal pole of the SC, which is marked by arrows in
Fig.24..
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Fig.24. Anteroposterior distribution of labeled cells. Number of cells in successive 200 micron
bins orthogonal to the sagittal (z) axis. Counts include cells of the intermediate layers only.
Rostral pole of the superior colliculus (SC) is at the origin of the abscissa. Arrows mark the
caudal poles of each SC. Note different scaling of cell counts in the histograms of LR2 and
LR4. LR2, 3 days after virus injection in lateral rectus muscle; LR4, 3.5 days after virus
injection in lateral rectus muscle.

Rostrally, they also decreased until approximately 1‐1.5 mm behind the
rostral SC pole, but beyond this point, there was a difference between LR2 and
LR4. The number of cells was very low and nearly constant in LR2, whereas we
observed a relative increment in this region of LR4 To examine whether the cells
observed near the rostral pole differ from more caudally located ones, we
compared the distributions of cell sizes in these two cell populations of LR4.
Rostrally located cells were sampled 0.5‐1.0 mm posterior to the rostral border of
the SC. The distribution of their size (Fig. 21B, open circles) is shown for the whole
sample collected in the ipsi‐ and contralateral sides, as is the distribution sampled
in the caudal SC (filled circles). The range (81‐762 μm2) and the size (150‐250 μm2)
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of the most frequently encountered rostral cells were similar to those of caudal
cells. However, we noticed a small shift toward smaller Sa values. Cells larger than
500 μm2 were less frequent, and the proportion of cells smaller than 163 μm2 (
interneuron range) was higher (19.8% vs. 12.2%) in the rostral sample. Despite
these differences, examination of cell profiles at high magnification did not reveal
any other cytologic features that would permit us to distinguish the rostrally
located from the caudally located cells. Figure 25 provides an overview of
representative neurons located in the intermediate layers near the rostral border of
the SC.

Fig.25.
Photomicrographs
of
transynaptically labeled cells of the
intermediate superior colliculus (SC) layers
randomly selected near the rostral pole. a,b:
Ipsilateral. c,d: Contralateral. Scale bar = 50
microns in a (applies to a-d).

The anteroposterior distributions of Fig.24 are made in a coordinate system
(x,z) defined by the plane of sections. It cannot be matched directly to Robinsonʹs
(1972) motor map of the SC, which is constructed in a different coordinate system
(u,v). The frame of reference of this system is rotated with respect to (x,z) so that
one of its axes (u) coincides with the representation of the horizontal meridian
(HM), whereas the second axis (v) is orthogonal to it (Fig.26A). To express the
location of labeled cells in the (u,v) coordinate system, we first estimated the
representation of the horizontal meridian in each one of the four colliculi. To this
end, we performed a principal component analysis of the medial and lateral
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extremes of the SGI throughout its rostrocaudal extent (two data points per
section). The first principal component through these data provides a reasonable
approximation of the anatomic representation of HM (inclined by α degrees with
respect to the sagital plane, clockwise positive). For example, in the contralateral
(right) SC of LR4 (Fig. 26) α is equal to 41 degrees. Angles found in this manner
correspond quite well to the values estimated from electrical stimulation
experiments (35 degrees; Robinson (1972) or measured directly from functional
images of HM (31 degrees; Moschovakis et al. (2001) in the monkey. The point of
intersection between HM and the rostral border of the SGAI was considered to
represent the fovea and was used as the origin of both the (u,v) and the (x,z)
coordinate systems. We found the (u,v) coordinates of each neuron from,
u= r cos φ

(1)

v= r sin φ

(2)

where φ is the polar angle of each neuronʹs location (relative to HM) and r its
distance from the foveal representation. We found the angle φ from the difference
between the polar angle (θ) of each neuronʹs location in the (x,z) coordinate system
and the angle ( ) between HM and the sagittal (z) axis:
φ=θ‐α

(3)

where,
θ=tan ‐1(x/z)

(4)

(positive x values indicate medial sites in both the left and the right SC and
positive z values indicate sites caudal to the foveal representation). Finally, the
distance (r) of each neuron from the foveal representation is given by:
r=√(x2 +z2)

(5)
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Fig.26. Coordinate system and grids used to calculate cell density gradients. A. Grid used to
obtain the distribution of cell densities along the u axis in the vicinity (-0.5 mm< v < 0.5 mm)
of the horizontal meridian (HM). Stippled lines indicate isoamplitude and isodirection curves
of the superior colliculus (SC) motor map {Robinson, 1972 #645} adjusted so as to obtain
exact superposition of the representations of the horizontal meridian and the fovea. B. Grid
used to obtain the distribution of cell densities within a stripe approximately oriented along the
isoamplitude curves of the SC motor map. The position of the stripe we selected (2.5 mm < r
< 3.5 mm) approximately corresponds to saccade sizes ranging between almost 20 degrees and
40 degrees. Distribution of labeled neurons (dots) is from the contralateral SC of experiment
LR4 (3.5 days after virus injection in lateral rectus muscle; see Fig. 23). Scale bar = 2 mm
applies to A,B.
Because we injected a muscle with horizontal pulling direction, our primary
task was to examine the relationship between the density gradients of labeled
neurons to the size of horizontal saccades. Accordingly, we counted cells within
0.5 mm of the representation of HM (Fig.26A). Because the standard SC motor map
is applicable to colliculi measuring 5 mm along HM (Fig. 4B in Robinson (1972))
and because the colliculi of our two monkeys differed in size, we chose bins (along
u) such that there would be the same number of them (20) in all colliculi. Each one
of the bins represents 5% of the total length of the SC, which amounts to 240 μm in
LR2 and 275 μm in LR4. Cell counts along a 1‐mm strip centered on the
representation of HM are shown in Fig.27. With the exception of the contralateral
SC of LR2 where cell numbers are very low and require further treatment to reach
definite conclusions (see Disussion), the strongest concentration of neurons was
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found near the representation of 30 degrees horizontal saccades. Beyond this point,
cell densities decreased toward the representation of larger saccade amplitudes.
Rostrally, they also decreased until the representation of 5 degrees saccades. At the
longer time point (LR4), this trend was interrupted by the appearance of a cell‐rich
area near the rostral pole where maximal densities reached almost as high a value
as those at more caudal sites. The presence of such an additional, second hump
was not evident in the distribution obtained at a shorter time point (LR2).

Fig.27. Distribution of labeled cells along the horizontal meridian. Ordinates: number of
intermediate layer (SGAI) cells in successive 240-micron bins (LR2, 3 days after virus injection
in lateral rectus muscle) or 275-micron bins (LR4, 3.5 days after virus injection in lateral rectus
muscle) along a 1-mm-wide stripe centered on horizontal meridian (HM; see Fig.8). Bin width
was chosen so that it represents 5% of the total length of HM (upper abscissae). The lower
abscissae indicate horizontal saccade size along the representation of HM in Robinson's
{Robinson, 1972 #645} map of the SC.
Therefore, it is reasonable to assume that most of the cells in the rostral
accumulation differ in their connections from cells recovered more caudally than
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approximately 25% of HM length. If they were excluded, the distribution of cell
densities (Fig.27) would increase monotonically from the foveal representation
toward bigger horizontal saccades, until the representation of 30‐40 degrees.
To test whether the concentration of cells in different parts of the SC is also
related to vector decomposition, we evaluated density gradients along
isoamplitude curves by using the (r, φ) polar coordinate system defined above.
Figure 26B illustrates the grid used for such counts. The width of the stripe was set
to 1 mm and was centered on r = 3 mm (roughly corresponding to the
isoamplitude curve of 27 degrees saccades). This choice enabled us to count cells
around the peak of the anteroposterior distributions illustrated in Fig.27. This
stripe was divided in bins of 0.25 mm along the isoamplitude curve (at r = 3.0 mm)
corresponding to increments of φ equal to 4.77 deg. Theoretical considerations
predict that cell densities required to fully account for vector decomposition
should decrease with distance from HM as a cosine function of saccade angle (see
Discussion). Experimentally observed distributions of cell numbers in successive
bins are illustrated in Fig.28 as histograms centered on HM (bin 0). Irrespective of
the survival time and the side of the brain, they were all asymmetrical. Across the
representation of the upper visual quadrant (Fig.28, positive bin numbers),
densities systematically declined and no more cells were found beyond
approximately the 50‐degree isodirection line of the motor map. In contrast, and as
expected from the two‐dimensional cell plots (Figs. 23, 26), the number of neurons
increased with distance from HM across the representation of the lower visual
quadrant (negative bin numbers). Locations of distribution maxima were similar in
the two colliculi of LR4 and in the contralateral SC of LR2, corresponding to
saccade directions equal to approximately 25 degrees downward. Only a small
shift to smaller angles was observed in the ipsilateral SC of LR2. Further away
from HM, cell numbers decreased again, until cells disappeared completely near
the caudolateral edge of the SC. No cells were found beyond the ‐60‐65 degrees
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isodirection lines of the motor map. We obtained qualitatively similar results with
stripes centered on the isoamplitude curves of 6 degrees and 15 degrees saccades.

Fig.28. Distribution of labeled cells along an isoamplitude line (see Fig.26). Histograms
represent the number of intermediate layer cells (Ni) in successive 4.77 degrees bins along a 1mm-wide stripe centered on the 27 degrees isoamplitude curve (r = 3 mm). The lower
abscissae indicate saccade direction in Robinson's {, 1972 #645} map of the SC. Solid lines
(and filled circles) follow the expression N0*cos(0.59*r*φ) and indicate the number of cells in
each bin that would fully account for vector decomposition. Dashed lines connect data points
(open circles) corrected for the dorsoventral thickness (Ni/Ti) of the gray and white
intermediate layers (SGAI) and normalized (NT0/Ti) to the dorsoventral thickness of bin zero
(T0). LR2, 3 days after virus injection in lateral rectus muscle; LR4, 3.5 days after virus
injection in lateral rectus muscle
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4. Frontal Cortical Areas connected to eye muscles
Arcuate Sulcus
At 2.5 d postinjection (LR6), no labeling was found in the frontal lobes,
whereas it was confined to subcortical regions monosynaptically connected to the
lateral rectus (LR) motoneurons (Graf et al. 2000; Ugolini et al. 2001). Consistent
with the transfer of virus through additional synapses (Ugolini et al. 2000),
periarcuate labelling first appeared at the 3.0 d (disynaptic) time point (Figs. 29, 30,
LR2) and became more extensive after 3.5 d (Fig.29, LR4), when transport involved
one more synapse.

Fig.29.
Location
of
transneuronally
labeled
neurons in the frontal lobes
of two rhesus monkeys at 3
d (left, LR2) and 3.5 d
(right, LR4) after injection
of rabies virus into the left
lateral rectus muscle. Each
dot represents one labeled
neuron. A-H, Frontal
sections are arranged from
rostral (A) to caudal (H).
arsp, Spur of the arcuate
sulcus; Cd, caudate; iar,
inferior ramus of the
arcuate
sulcus;
if,
intraparietal fissure; ins,
insula;
OPRo,
orbital
proisocortex; sar, superior
ramus of the arcuate sulcus;
spcd, superior precentral
dimple
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In both cases, labeling was bilateral (Fig.29D–H), involving 704 neurons
contralaterally and 693 ipsilaterally (counted in one of every eight sections through
the periarcuate cortex of LR4). The bilateral transneuronal labeling of frontal lobe
oculomotor‐related areas was due to their bilateral projections to subcortical areas
(Schnyder et al. 1985; Huerta et al. 1986; Stanton et al. 1988; Shook et al. 1990).
In order to define better the borders and the extent of the oculomotor
related region of the arcuate cortex the location of labeled cells was plotted on
high‐resolution unfolded maps of the arcuate sulcus (AS). As shown in Fig.30, the
map of AS was divided in two by its fundus and comprised of: (1) a plot of the
anterior bank of the AS (Fig.30, left), and (2) a plot of the posterior bank of the AS
and its spur (Fig.30, right). Because cytoarchitectonic areas of the anterior bank of
the AS (8A and 45) extend into the exposed prearcuate convexity (Walker 1940), its
straightened representation was included in the reconstructions (Fig.30, left) and
aligned on the crown of the principal sylcus (PS). The unfolded reconstructions of
the posterior bank of the AS included about half of the periarcuate cells found in
each side of the brain [304 on the right (R) and 365 on the left (L)] (Fig.30, right).
Cells were found in the posterior bank of the superior and inferior limbs (aligned
on the crown) as well as the floor of the AS and the banks of its spur (aligned on
the fundus of the spur). The majority were found in both the medial and lateral
banks of the spur (R=134; L=109) and in the floor of the AS underlying the genu
(R=118; L=169). The remaining cells were distributed in the posterior banks of the
superior (R=27; L=49) and the inferior (R=28; L=38) ramus of the AS (Fig.30, right).
A few transneuronally labeled neurons were seen scattered on the exposed
convexity behind the inferior limb of the AS and below its spur (Fig.30,
arrowhead). In the anterior bank of the AS (Fig.30, anterior bank), a total of 400 (R)
and 328 (L) labeled cells were found in the inferior ramus (R=148; L=125), in the
superior ramus (R=86; L=118), and in the exposed prearcuate convexity (R=166;
L=85). Most of the latter cells were behind the caudal tip of the principal sulcus;
only a few were found medial (R=5; L =19) and lateral (R=12; L=8) to it.
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Fig.30. Distribution of transneuronally labeled neurons in the unfolded arcuate sulcus of two
rhesus monkeys at 3 d (LR2, circles) and 3.5 d (LR4, dots) after injection of rabies virus into
the left lateral rectus muscle (see Fig.29 for corresponding cross sections). Each thin solid line
was produced from the piecewise linearization of a single section outline. Each marker
represents one neuron. Solid and gray lines indicate the crown and the fundus, respectively, of
the illustrated sulci. Horizontal and vertical orientation arrows apply to the exposed prearcuate
convexity and the banks of the arcuate sulcus, respectively (C, caudal; R, rostral). The
horizontal gray and vertical dotted lines indicate the fundus of the spur of the arcuate sulcus
and the anteroposterior level that corresponds to its rostral tip, respectively. Gray areas
indicate regions metabolically activated for saccades in a 2-deoxyglucose study performed in
our lab (adapted from Moschovakis et al. 2004).
The length of the region in the anterior and posterior bank of the AS
densely occupied with labeled cells was equal to ~10 mm and extended from the
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fundus to the crown. This region was not centered on the genu of the AS; 40% or
less occupied the superior ramus, and the remaining extended through the inferior
ramus. It continued dorsally and rostrally into the exposed prearcuate convexity
and ventrocaudally into the underlying floor and both banks of the arcuate spur
immediately behind it. More ventral parts of the inferior ramus also contained
labelled neurons widely distributed from the fundus to the crown almost reaching
its tip. More rostral and medial portions of the superior ramus contained
additional labeled cells; Figure 30 shows a dense cloud, 4 mm long, near the
fundus on the left. In the prearcuate convexity, labeled neurons were found in
infragranular layer V.
Morphological details of such cells found in experiment LR4 are shown in
Fig.31F. As shown here, the apical dendrite of one intensely stained pyramidal
neuron could be followed for a considerable distance in the plane of the section.

Fig.31. A-K,
Photomicrographic details
of typical transneuronally
labeled neurons found in
the ipsilateral spur of the
arcuate sulcus (A), floor of
the arcuate sulcus (B),
posterior bank of the
arcuate sulcus (C),
ipsilateral (D) and
contralateral dorsomedial
frontal cortex (E),
contralateral exposed
prearcuate convexity close
to the crown of the
principal sulcus (F),
ipsilateral (G) and
contralateral (H, I) ventral
bank of the cingulate
sulcus, as well as the
ipsilateral medial (J) and the
contralateral lateral (K)
bank of the principal sulcus
near its crown. Scale bar:
(in B) A-K, 40 µm.
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Such conspicuous dendritic labeling was only rarely observed at the shorter
time point (LR2).The apical dendrites of intensely labeled neurons found in the
posterior bank of the AS (Fig.31C) and its spur (Fig. 31A) could be followed only
for relatively short distances, because these areas were cut almost tangentially to
the surface of the cortex. Nevertheless, many of the cells found in these areas were
also pyramidal neurons of layer V, sometimes clustered with nearby smaller
nonpyramidal neurons (Fig. 31B).
Principal Sulcus
Transneuronally labeled cells were also found in the PS of one monkey
(LR4), bilaterally. Their location is illustrated in Fig.32, in unfolded maps of the
medial (upper) and lateral (lower) banks of the PS (occupied by area 46, Walker
(1940) aligned on its fundus. Retrogradely labeled neurons were scattered
throughout the PS with the exception of the rostral half of its lateral bank. Figure
31 illustrates typical examples of transneuronally labeled cells found near the
crown of the medial (Fig. 31J) or lateral (Fig. 31K) banks of the ipsilateral and
contralateral PS, respectively. As shown here, rabies immunolabeled neurons were
pyramidal cells belonging to layer V. Their apical dendrites could be followed for
considerable distances.

Fig.32. Plot of the distribution of
transneuronally labeled neurons in the
unfolded principal sulcus. The horizontal
dotted line indicates the anteroposterior
level that corresponds to the rostral tip of
the superior ramus of the arcuate sulcus.
Other symbols and abbreviations as in
Fig.30.
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Dorsomedial Frontal Cortex (DMFC)
Activation of the DMFC for saccades is consistent with the fact that it houses
the SEF (Schlag and Schlag‐Rey 1987; Schall 1991; Bon and Lucchetti 1992; Russo
and Bruce 1993; Tehovnik and Lee 1993). The location and extent of the region
occupied by neurons labeled transneuronally after injections of rabies virus in the
LR muscle (Fig.29B‐G) could help us better define its borders, which, as outlined in
the introductory paragraphs, has been a matter of considerable debate. To this end,
part of the DMFC bounded by the crown of the cingulate sulcus (CgS) medially, its
rostral tip rostrally, the PS, AS, and superior precentral dimple laterally, and the
primary motor cortex caudally was unfolded and the location of the
transneuronally labeled neurons of monkey LR4 was plotted on it (Fig.33). A fairly
compact cluster of cells was found to straddle the ridge of both hemispheres but
was better demarcated on the contralateral side (Fig.33, shaded region). It
contained a relatively high concentration of cells (two cells per square millimeter
on the right and three cells per square millimeter on the left) when compared with
the average cell density in other DMFC regions of similar surface area (0.25 cells
per square millimeter). It occupied an area of 20 mm2 extending from 2 mm
behind the rostral tip of the AS to 3 mm in front of its genu and from 2.5 mm
lateral to the ridge to 1.5 mm medial to it. It should be noted that cells found in
the DMFC were seen not only in area F7 (Luppino et al. 1991) but also in area F6. A
few scattered neurons were found in the premotor cortex on the exposed convexity
behind the genu of the AS within F2, bilaterally (Fig.33). Others were found in the
mesial surface of the brain, also bilaterally, as far ventrally as the CgS and as far
rostrally as its rostral tip (Fig.33). Finally, a few scattered neurons were found in
front of the rostral tip of the superior ramus of the AS (Fig.29B), throughout areas

8B and 9, and sometimes as far laterally as the crown of the medial bank of the PS
(Fig.33).

Fig.33. Distribution of
transneuronally labeled
neurons on a plot of the
unfolded dorsomedial
frontal cortex aligned on
the ridge of the brain
(horizontal gray line). Solid
lines indicate the crown of
the sulci illustrated. The
vertical dotted line
indicates the
anteroposterior level that
corresponds to the genu of
the arcuate sulcus. ASsr,
Superior ramus of the
arcuate sulcus; spd,
superior precentral dimple.
Other symbols and
abbreviations as in Fig.30.

Dorsolateral Prefrontal and Orbitofrontal Cortex
Circumscribed regions within the orbitofrontal part of area 12 (Walker 1940;
Romanski et al. 1997) posterior and lateral to the lateral orbital sulcus (LOS), were
were found to contain transneuronally labeled neurons after rabies virus injections
in the LR muscle (Fig.29, LR4). Their distribution is documented in our plot of the
unfolded orbitofrontal cortex (ObFC) (Fig.34). Besides orbitofrontal area 12,
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recovered neurons also occupied its continuation through the orbital margin of the
frontal lobe and the exposed convexity ventral to the PS (Figs.29C,D, 34). The same
plot also includes area 14 on the gyrus rectus (Walker 1940; Romanski et al. 1997)
as well as its continuation on the mesial surface of the brain ventral to the rostral
sulcus (RS). Neither the mesial (between the anterior tip of the brain and the RS)
nor the orbital (between the anterior tip of the brain and the MOS) portions of
prefrontal cortical areas 10 and 14 were seen to contain transneuronally labeled
neurons either (Fig.34).

Fig.34. Distribution of transneuronally
labeled neurons on a plot of the unfolded
ObFC. Thick solid lines indicate the borders
of the ObFC (i.e., the lateral edge of the
ventral surface of the brain) and the bottom
of its mesial surface (straight horizontal; also
used for section alignment). Thin solid and
gray lines indicate the crown and the
fundus, respectively, of the MOS and LOS,
the crown of the ventral bank of the RS,
and the crown of the lateral bank of the PS.
The vertical dotted line indicates the
anteroposterior level that corresponds to
the rostral tip of the inferior ramus of the
arcuate sulcus. OPro, Orbital proisocortex.
Other symbols and abbreviations as in
Fig.30.

Limbic‐paralimbic cortex)
To better examine the distribution of transneuronally labeled cells in the
limbic‐paralimbic cortex (Fig.29), we prepared unfolded reconstructions of their
distribution (Fig.35), which comprise part of the mesial surface bounded by the
crown of the dorsal bank of the CgS dorsally, its rostral tip rostrally, the crown of
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the ventral bank of the RS, the ventral tip of the mesial surface of the brain and the
dorsal border of the corpus callosum ventrally, and its caudal tip caudally. The
reconstruction includes part of area 6 and areas 24 and 23. The border between
areas 24 and 6 runs along the dorsal bank of the CgS close to its dorsal lip (Matelli
et al. 1991). The border between areas 24 and 23 can span several millimeters of
transitional cortex (Bates and Goldman‐Rakic 1993). Traditionally, it has been
placed at the anteroposterior level of the caudal tip of the spur of the AS (Ghosh
and Gattera 1995), a tradition we followed in Fig.35. This is probably conservative
because the area 24d extends 2‐3 mm further caudally (Matelli et al. 1991). Our plot
of the mesial surface of the hemispheres ventral to the CgS also includes part of
area 25, ventral to the corpus callosum (Walker 1940) and area 32, between the CgS
and the RS (Yeterian and Pandya 1988; Romanski et al. 1997).

Fig.35. Distribution of transneuronally labeled neurons on a plot of the unfolded CgS. Thin
solid and gray lines indicate the crown and the fundus, respectively, of the RS and of the CgS
(its fundus is indicated by the straight horizontal line that was used for the alignment of
adjacent sections). The thick solid lines indicate the dorsal edge of the corpus callosum (CC)
and the ventral edge of the mesial surface of the brain. The rostral and caudal vertical dotted
lines indicate anteroposterior levels corresponding to the rostral tip of the superior ramus and
the caudal tip of the spur of the arcuate sulcus, respectively. Other symbols and abbreviations
as in Fig.30.
A considerable number of transneuronally labeled neurons were found in
both the dorsal and the ventral banks of the rostral CgS bilaterally). The caudal
CgS was mostly devoid of labeled cells (Fig.35). Figure 31 illustrates typical
examples of neurons found in the ipsilateral (Fig.31G) and contralateral (Fig.31I)
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area 24. Most recovered neurons were pyramidal cells of layer V; however, more
superficial faintly labeled neurons (Fig.31H) were sometimes observed. The caudal
CgS was not oligosynaptically connected to extraocular muscles. The mesial
prefrontal cortical areas 25 and 32 behind the RS were also seen to contain a
considerable number of labeled cells after rabies virus injections in the LR muscle
(Fig.35).
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DISCUSSION
One of the major functions of the central nervous system is the generation of
movement in response to sensory stimulation. The visual guidance of gaze shifts
represents one form of sensory‐to‐motor transformation that has contributed
significantly to our understanding of motor control and sensorimotor processing at
large. In the following sections we will discuss our findings along three parallel
lines. First we will present our data in relation to earlier anatomical studies that
describe projections from the brainstem and cortical regions to the eye
motorneurons. We will also consider the neuronal signals in those brainstem and
cortical areas and examine the anatomical and functional relationship between the
eye and head movement regions. Second, we will discuss the problem of the
spatiotemporal tranformation in SC. Finally, we will consider the issue of
decomposition of the gaze command into eye and head components and propose a
basic motif for gaze shifts.

1 Networks responsible for gaze shifts

1A. Brainstem areas connected to eye muscles
The neural circuitry controlling eye movements is now understood at a
level that is sufficient to link the specific roles of a number of saccade‐related
cortical and subcortical areas. In this section, we review the main subcortical areas
for eye movements, concentrating mostly on the distribution of the premotor
neurons that are connected with more than two synapses with an extraocular
muscle with an horizontal pulling direction, in juxtaposition with the distribution
of the disynaptic and monosynaptic premotor neurons.
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MESENCEPHALON
Rostral interstitial nucleus of MLF (riMLF)
The early appearance of labeled cells in riMLF, though surprising, is in
agreement with previous anatomical studies, where a light projection from riMLF
to the abducens nucleus has been demonstrated with the use of retrograde tracers
(Langer et al. 1986; Belknap and McCrea 1988; Robinson et al. 1994). The riMLF is
known to contain premotor neurons for vertical and torsional saccades that project
to the oculomotor and trochlear nuclei (Büttner‐Ennever and Büttner 1988;
Moschovakis et al. 1991a; Moschovakis et al. 1991b). It is possible that some of
these neurons send also collaterals to the abducens nucleus or elsewhere.
Moschovakis et al. (1991a) , after injecting HRP intraaxonally into vertical medium
lead burst (vMLBs) neurons, reported collaterals of the main axon that descended
caudal to the trochlear nucleus. In addition, the majority of vMLBs they recorded
displayed bursts for oblique saccades, having a small horizontal component.
Alternatively, there may be other neuronal types in riMLF that do so. In our study
riMLF labeled neurons displayed a variety of shapes and sizes, in agreement with
the study of Belknap and McRea (1988). Whatever the case might be, the early
riMLF labeling is added to a growing body of evidence suggesting the existence of
substantial connections between the areas controlling the horizontal and vertical
eye movements (see Conclusion). The additional labeling observed at 3.5 days p.i.
reflects the riMLF input to several regions that were labeled at 3 days p.i.. In
monkeys the riMLF has been shown to project to NPH (Leichnetz et al. 1987). In
cat studies employing retrograde tracers, both the PPRF and the vestibular nuclei
were shown to receive input from the riMLF (Spence and Saint‐Cyr 1988; Isa and
Sasaki 1992). Furthermore, a significant number of neurons in the cat Forel fields H
(FFH) were reported to project both to the oculomotor nucleus and the PPRF (Isa
and Sasaki 1992). Neurons that discharge during vertical head movements have
been recorded in FFH (Isa and Naito 1994). In our study labeling expanded at 3.5
days p.i. at FFH. It seems likely that there are connections exist also in primates,
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where there are no studies of riMLF efferents using modern anterograde tracing
techniques. The large numbers of retrogradely labeled neurons observed in our
case in comparison to previous studies can be attributed both to the sensitivity of
the rabies virus technique and the multiple targets of riMLF efferent fibers.
In addition, we found significant labeling in the region located dorsally and
medially to the caudal riMLF, close to the posterior thalamosubthalamic
paramedian artery. To our knowledge, there are only two reports of such an area
(Horn et al. 2000; Chen 2002). Horn et al. (2000), after injections of retrograde
transynaptic tracers into levator palpebrae, superior rectus or inferior oblique
muscle of macaque monkeys, observed a cluster of marked cells in the same
location, which they termed M‐group (compare our Fig. 13a with their Figs. 1a,c).
M‐group cells were small with round shape, like the labeled cells in our study. It is
accepted generally that M‐group function is the coordination of lid and eye
movements.

Interstitial nucleus of Cajal (NIC)
We counted few labeled neurons in NIC bilaterally at 2.5 days p.i., arguing,
like the riMLF early labeling, for a weak direct input of NIC to the abducens
motorneurons. This finding is in line with a recent study, where labeling in NIC
was observed after injections of rabies virus into the medial rectus eye muscle of
guinea pigs (Graf et al. 2002). A bilateral NIC input to abducens nucleus has also
been reported in the same anatomical studies that reported the corresponding
riMLF projection (Langer et al. 1986; Belknap and McCrea 1988; Robinson et al.
1994). In addition, injections of anterograde tracers into the NIC of squirrel
monkeys produced labeled terminals in the medial part of the abducens nucleus
(Kokkoroyannis et al. 1996).
The substantial bilateral labeling of NIC found at 3‐3.5 days p.i. was even
more unexpected, since NIC is well established as the site of the neural integrator
for vertical and torsional eye movements (Fukushima et al. 1992). Neurons that
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display burst‐tonic, irregular tonic and burst discharge pattern for vertical eye
movements were found in NIC (Fukushima et al. 1990). In cats however, a
subpopulation of vertical burst‐tonic NIC neurons was shown by antidromic
activation to project to PPRF, superior vestibular nucleus and the ventral part of
the medial and lateral vestibular nuclei (Fukushima et al. 1990; Chimoto et al.
1999). The former region is known to contain numerous abducens‐projecting
vestibular neurons (McCrea et al. 1987). In primates, neurons were found lateral to
the NIC that exhibited bursts long before vertical saccades and conveyed efferents
both to the OPN region in the RIP and PGD (Scudder et al. 1996a).
In our study PH/MVN and PGD were densely labeled contralaterally to the
injection, while PPRF was heavily labeled ipsilaterally at 2.5 days p.i.. As a result,
PH/MVN and PGD could account for the labeling observed at 3 days p.i. in the
contralateral NIC and PPRF for that in its ipsilateral counterpart. The intensity of
labeling suggests that the majority of our NIC labeled cells are not a rare class in
the nucleus. We assume that most of them are vertical burst‐tonic neurons with
descending

projections

to

the

pontomedullary

reticular

formation.

This

assumption is in agreement with the results of a study reporting two separated
populations, roughly equal in size, of NIC vertical burst‐tonic neurons, one with
descending projections to the ipsilateral vestibular complex and medial pons and
the other with neurons that projected to the contralateral NIC (Chimoto et al.
1999).

Nucleus of Posterior Commissure (NPC)
At 3 days p.i. light labeling appeared in the magnocellular subdivision of
the nucleus of posterior commissure (NPCm). This result is consistent with early
anterograde degeneration studies that reported NPCm to be more directly
implicated in eye movements (Bucher and Bürgi 1952; Carpenter and Peter 1970).
NPCm has been shown also to project to the contralateral NIC in cats (Berman
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1977), although in monkeys the projection to NIC has been reported to originate
from the ipsilateral NPC (Benevento et al. 1977).
The functional role of NPC, due to its location among the fibers of posterior
commissure is far from being elucidated. Lesions in monkeys involving the NPC
produced upward gaze paralysis and eyelid retraction (Carpenter and Peter 1970).
Moschovakis and collegues (1991a) achieved intraxonal records of NPC neurons
that displayed bursts for upward saccades and projected through PC to the
contralateral NPC, NIC and riMLF, sparing the oculomotor complex. Instead, it
has been suggested that NPC provides input to the supraoculomotor area (SOA).
Büttner‐Ennever et al. (1996b), after injecting WGA‐HRP in the oculomotor
complex including SOA, found numerous retrogradely labeled cells in both the
principal and the magnocellular division of the NPC. In line with the above study,
intracellular injections in NPC neurons resulted in anterograde labeling in SOA
(Grantyn et al. 1982).
The light NPC labeling observed at 3 days p.i. must be a result of its
projections to brainstem regions that were labelled substantially at 2.5 d. These
include the SOA, the PPRF, and the vestibular nuclei. The substantial labeling of
the nucleus at 3.5 days p.i. must be credited mainly to the dense labeling occured
in NIC, riMLF and SC at 3 days p.i.. Labeling expanded rostrally and ventrally to
the region dorsal to NIC. Kokkoroyannis et al. (1996), after inections of biocytin in
NIC, found retrogradely labeled cells in the same location. Labeled neurons in our
case had similar morphology with the intracellularly recorded NPC neurons
(Moschovakis et al. 1991a). More caudally, labeled neurons in NPCm increased
noticeably and significant numbers of labeled cells appeared in NPCp. At least
part of this additional labeling must be the effect of the substantial labeling in the
intermediate layers of SC at 3 days p.i. (Huerta and Harting 1982a).

103

Central mesencephalic reticular formation (cMRF)
The central mesencephalic reticular formation (cMRF) was originally
defined physiologically as a restricted area (2mm ML, 1.5DV, 3mm RC) in the
mesencephalic reticular formation from which horizontal contraversive saccades
could be evoked at long latencies (Cohen et al. 1985). It was located lateral to the
oculomotor nucleus and, at more rostral levels, dorsolateral to the red nucleus.
Moschovakis and coleagues (1988b), injected intracellularly cMRF neurons that
displayed bursts long before horizontal saccades and gave axon terminals in the
intermediate layers of superior colliculus. Accordingly, tracer injections in the
superior colliculus of monkeys resulted in retrogradely labeled cells found
bilaterally in a corresponding region, extending 2.7mm rostrocaudally, 2.7mm
mediolateraly and 2mm dorsoventrally (Chen and May 2000). In comparison to the
cMRF described by Cohen et al. (1985) the anatomically defined region extended
less rostrally, with the majority of reticulotectal cells located at posterior
commisure levels. In our study we found two different distributions of labeled
cells in cMRF depending on the duration of viral transfer. At 3 days p.i. most of the
labeled cells were located at posterior commissure levels but it seems improbable
that they were labeled through the superior colliculus, since that nucleus was not
stained at 2.5 days p.i. It is more likely that these cells were labeled through their
projection to the pontine or medullary reticular formation. A projection from
cMRF to RIP is well established (Langer and Kaneko 1990). It has been reported to
originate from the reticular formation dorsolateral to the superior cerebellar
penduncle and ventrolateral to PAG, at caudal levels of the oculomotor nucleus.
Confirming this finding, the same region was labeled in our study at 3.5 days p.i.,
as the OPN region was labeled substantially at 3 days p.i.. Therefore cMRF
labeling at 3 days p.i. must be attributed to other targets of cMRF efferents. One
region that could serve as the source of such labeling is the PH. This nucleus,
which has been reported to receive bilateral moderate input from the cMRF
(Belknap and McCrea 1988), was significantly labeled at 2.5 days p.i. In that study,
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the group of cells that projected to the PH was located ventrolateral to the medial
longitudinal fasciculus and extended rostrally from the level of trochlear nucleus
up to the caudal pole of the red nucleus. Although it overlapped our cMRF cluster
observed at 3 days p.i., it extended more caudally and ventrally. However, we
conclude that PH could account at least for a part of cMRF labeling at 3 days p.i..
Moreover we cannot exclude the possibility that cMRF labeled neurons at 3 days
p.i. send their terminals to the IBN area in the medullary reticular formation, as it
has been demonstrated for the MRF cells adjacent to NIC (Scudder et al. 1996a).
Our present data demonstrate the existence of different subpopulations of
neurons in cMRF. In contrast to the current view, we found a subpopulation of
cMRF neurons that have descending projections to regions other than the OPN
region, probably the PH or IBN area. These neurons are located at the same
rostrocaudal levels with those that have been reported to project to the superior
colliculus. In addition, they display a similar morphological heterogeneity. After
longer incubation time (3.5 days p.i.) cMRF neurons that project to the OPN region
appeared more caudally. We presume that there are at least three types of cMRF
neurons, arguing for multiple functional roles of this area.
Labeling in peri‐NIC MRF occurred at 3.5 days p.i. was not unexpected
since neurons that displayed long lead bursts for vertical eye movements and
projected to the nucleus raphe interpositus and the medullary reticular formation,
including the IBN area, were reported in that region (Scudder et al. 1996a). In our
study both these areas were labeled at 3 days p.i.. The reported neurons were
similar morphologically to our labeled cells. The above data are consistent with an
earlier anatomical study demonstrating the peri‐NIC MRF projection to the OPN
area (Langer and Kaneko 1990) and subsequent physiological studies that
demonstrated the existence of vertical LLBs in peri‐NIC MRF (Kaneko and
Fukushima 1998; Waitzman et al. 2000).

105

Pregeniculate nucleus (PGN)
For the first time we provide strong anatomical evidence that the
retinorecipient sublayer is the part of the pregeniculate nucleus (PGN) that is more
directly connected to the oculomotor network. This finding contrasts a hypothesis
put forward in cats that the retinorecipient part of LGNv, the homologous to PGN
region of cats, has a visuosensory role, while the non‐retinorecipient medial
subdivision is more closely associated with ocular motor areas (Livingston and
Mustari 2000).
The PGN of primates is composed of four subnuclei, namely the
retinorecipient sublayer and the non‐retinorecipient dorsal lamina, superior
sublayer and medial division (Livingston and Mustari 2000). The existence of
saccade related neurons in PGN of monkeys that displayed a burst or pause in
firing after the execution of a saccadic movement has been reported (Buttner and
Fuchs 1973). The majority of these neurons were located in the posterior PGN,
presumably in the retinorecipient sublayer of the nucleus. A recent study showed
a variety of PGN neurons that were sensitive to saccadic and smooth pursuit eye
movements, eye position, visual motion and illumination of a large field visual
stimulus (Livingston and Fedder 2003). Although the latter class of neurons were
located in the retinorecipient sublayer of PGN, the location of the other types was
difficult to ascertain. PGN is considered to convey visual input from cortex and
retina to the brainstem motor systems (Livingston and Fedder 2003).
Regarding its brainstem targets, PGN is connected with the nucleus of the
optic tract and superior colliculus (Büttner‐Ennever et al. 1996a; Livingston and
Mustari 2000). After injections of WGA‐HRP in the NOT, including the superficial
and intermediate layers of SC, retrogradely labeled neurons were found in the
medial division and in the superior and retinorecipient sublayers of PGN
(Livingston and Mustari 2000). Except for the NOT/SC region, a strong projection
from the medial division of PGN to the ipsilateral PH was demonstrated (Belknap
and McCrea 1988). In the same study injections of WGA‐HRP in the abducens
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nucleus did not produce any retrograde labeling in PGN. In our study
transynaptic labeling was concentrated almost exclusively in the retinorecipient
sublayer. Regarding its sources of labeling in our case, NOT and the superficial
layers of SC (SGS and SO) are not likely to contribute to PGN labeling, since they
were sparsely labeled at 3 days p.i.. It is possible that PGN provides visual
information directly to the intermediate layers of SC (SGI), which was labeled
substantially at 3 days p.i.. Given the sparseness of labeling in the medial division
and the superior sublayer, we conclude that PGN subregions may project
differentially to the NOT/SC.

PRETECTUM AND ACCESSORY OPTIC NUCLEI

Nucleus of the Optic Tract (NOT)
NOT has been implicated in the optokinetic nystagmus (OKN) and smooth
pursuit eye movements, as neurons responsive to the motion of large visual
stimuli and to ocular pursuit were found in the region (Mustari and Fuchs 1990).
In adition, subsequent studies demonstrated the existence of neurons that exhibit a
pause in firing immediately after saccades and others that responded to rapid
movements of the visual field, including saccades, thereby suggesting that NOT is
not a functionally homogeneous area (Mustari et al. 1997).
In order to realize its functional role in OKN, a strong projection from NOT
to the PH/MVN has been assumed (Büttner‐Ennever et al. 1996a), but anatomical
studies showed that the NOT input to PH/MVN is of rather moderate density
(Kato et al. 1995; Büttner‐Ennever et al. 1996a). Our study confirmed these
findings, since the substantial labeling of PH/MVN at 2.5 d p.i. was resulted in
light NOT labeling at 3 days p.i..Labeling of moderate intensity appeared in NOT
bilaterally at 3.5 days p.i.. The majority of labeled neurons were concentrated in its
caudal and dorsomedial part. This part of the nucleus has been shown to project to
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the oculomotor complex, especially in the rostral supraoculomotor area (Büttner‐
Ennever et al. 1996b). In our study we observed substantial labeling in the rostral
supraoculomotor area bilaterally at 3 days p.i.. In adittion, our labeled NOT cells
were small and medium spindle shaped (Fig. 15b), like those reported by Büttner‐
Ennever et al. (1996b). Our results indicate that the NOT can influence brainstem
preoculomotor pathways both through the PH/MVN and the supraoculomotor
area. Our data add up to a growing body of evidence suggesting the involvement
of NOT and PON (see below) in the control of vergence eye movements (Büttner‐
Ennever et al. 1996b)

Pretectal olivary nucleus (PON)
Dense labeling appeared bilaterally in the pretectal olivary nucleus (PON)
at 3.5 days p.i., whereas at 3 days p.i. the nucleus was lightly labeled. PON has
been reported to provide prominent input to the lateral visceral column of the
Edinger‐Westphal complex of monkeys (Büttner‐Ennever et al. 1996b), thus
subserving its essential role in the pupilary light reflex. Consistent with that role,
neurons that modulate their firing with changes in light intensity were recorded in
PON (Pong and Fucjhs 2000). Except for its well established function, PON, in
conjunction with NOT, has been implicated in the control of vergence eye
movements, as it has been shown to project bilaterally and more strongly than
NOT to the rostral supraoculomotor area (Büttner‐Ennever et al. 1996b).
Furthermore, vergence neurons were recorded in the vicinity of PON (Mays et al.
1986).
Our findings exhibit a striking resemblance to those of Büttner‐Ennever et
al. (1996b). Both the distribution and the relative intensity of labeling in PON and
NOT, are remarkably similar. In our study, however, despite the fact that the
supraoculomotor area and medial rectus subdivision of the oculomotor complex
had been already labeled at 2.5 days p.i., PON and NOT labeling at 3 days p.i. was
weak. This discrepancy can be explained by the fact that labeling in the
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supraoculomotor area at 2.5 days p.i. was concentrated at caudal levels of the
oculomotor nucleus, whereas at 3 days p.i. it expanded rostrally, in the region that
Büttner‐Ennever et al. (1996b) reported to receive PON and NOT input. Labeling
observed at 2.5days p.i. in the medial rectus subdivision of the oculomotor
complex can account for the weak labeling found in PON and NOT at 3 days p.i..

Accessory Optic Nuclei (AON)
Of the accessory optic nuclei, only MTNd displayed light labeling at 3 days
p.i.. At 3.5 days p.i. MTNd and LTN exhibited moderate transneuronal labeling,
while DTN was lightly labeled. It is striking that MTNd and LTN, both associated
with vertical movement of the visual surround were labeled more densely than
DTN, which contains neurons that display direction and speed selectivity in the
horizontal plane (Simpson et al. 1988).
LTN labeling at 3.5 days p.i. was not unexpected, since LTN of marmoset
monkeys, among its various targets, has been reported to provide moderate to
heavy input to the riMLF, NIC and SVN ipsilaterally, and to NPC bilaterally
(Blanks et al. 1995), regions that were labeled at 3 days p.i. . Consistent with these
connections, almost half of the LTN neurons recorded were shown to have some
eye movement related activity (Mustari and Fuchs 1989). MTNd has been reported
to project to the NIC, supraoculomotor PAG, NRPO and the SVN in rabbit and rat
(Giolli et al. 1984). Lesions of LTN in cats that removed simultaneously the afferent
input to MTNd affected both the horizontal vestibuloocular reflex (VOR) and the
horizontal optokinetic nystagmus (Clement and Magnin 1984). DTN is closely
linked to NOT, both anatomically and functionally (Büttner‐Ennever et al. 1996a).
As a result, it was not surprising that labeling at both nuclei appeared at the same
time (3.5 days p.i.).
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PONS

Nucleus Reticularis Tegmentis Pontis (NRTP)
Labeled cells in NRTP were found dorsomedially at its caudal part. It
should be noted that the rostral NRTP, which has been shown to have a pivotal
role in smooth pursuit eye movements (Suzuki et al. 1999) was not labeled.
Dorsomedial NRTP was labeled after injections of HRP in abducens nucleus
(Langer et al. 1986) and nucleus raphe interpositus (Langer and Kaneko 1990). In
both studies, as in ours, a continuity of labeling to the adjacent nucleus reticularis
pontis oralis (NRPO) was found, but there was disagreement about the extent of
labeled neurons in NRTP. Saccade‐related neurons were recorded in a longitudinal
column extending 3mm along the dorsomedial surface of NRTP, thus displaying
partial overlap with the labeled cluster (Crandall and Keller 1985). More recently,
saccadic long lead burst neurons (LLBs) that project to the flocculus were found in
the dorsomedial NRTP and the dorsal cell column (Scudder et al. 1996b). NRTP is
considered as a precerebellar nucleus with no projections to pontine brainstem
nuclei (Gerrits and Voogd 1986). It has been reported to provide input to the
oculomotor vermis (Yamada and Noda 1987), flocculus (Langer et al. 1985) and
deep cerebellar nuclei (Noda et al. 1990). The above projections arise from various
parts of NRTP, including its dorsomedial one. In our study, the sparse labeling
observed at 3 days p.i. must be attributed to a direct NRTP input to the
contralateral PPRF. The additional labeling observed at 3.5 days p.i. in the dorsal
cell column must be a result of labeling of flocculus, fastigial nucleus and OPN
region occured at 3 days p.i.

Parabigeminal (PBG), Pedunculopontine (PPN) and Laterodorsal Tegmental (LDT)
Nuclei
Our data add up to a growing body of evidence suggesting that the
cholinergic neurons of PPN and LDT exert an important influence on the
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oculomotor system.The parabigeminal (PBG), pedunculopontine (PPN) and
laterodorsal tegmental (LDT) nuclei are considered as the principal sources of
cholinergic innervation in the brainstem (Mesulam et al. 1984). In a recent study
neurons that modulated their activity during visually guided saccadic eye
movements were found in PPN (Kobayashi et al. 2002). Not surprisingly, several
oculomotor related regions have been reported to receive input from PPN and
LDT. One of them is superior colliculus, especially its intermediate layers, which
have been shown to receive fibers originating from both PPN and LDT in several
nonprimate species (Satoh and Fibiger 1986; Hall et al. 1989). Both PPN and LDT
project also to central gray, oral and caudal pontine reticular nuclei, vestibular
nuclei (Woolf and Butcher 1989), nucleus prepositus hypoglossi and deep
cerebellar nuclei (Edley and Graybiel 1983; Satoh and Fibiger 1986; Woolf and
Butcher 1989). PPN alone provides input to nucleus reticularis tegmentis pontis
(Edley and Graybiel 1983), whereas LDT innervates pretectum, medial terminal
nucleus, nucleus of posterior commisure and supraoculomotor area (Satoh and
Fibiger 1986). All the above nuclei have also been labeled in our study and
therefore must be considered as potential sources of labeling.
Several lines of evidence argue for the superior colliculus being the main
source of PPN and LDT labeling in our study. The PPN and LDT projection to SC
is reported to originate from cholinergic neurons. The distribution of ChAT
immunoreactive neurons in the mesopontine tegmentum that has been described
in several primates (Mesulam et al. 1984; Satoh and Fibiger 1985; Lavoie and
Parent 1994) is quite similar to our distribution of labeled cells. Like Lavoie and
Parent (1994), we also observed three clusters of labeled cells well delineated,
especially at trochlear nucleus levels, in the same locations (compare our Fig. 17a
with theirs Fig.9 a,b). In addition, we found many labeled cells in the ChAT rich
peripeduncular area of Satoh and Fibiger (1985) and its caudal extension i.e. the
LDT/subcoeruleus area. These regions were also labeled after injections of WGA‐
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HRP were made in the superior colliculus (Hall et al. 1989), thus providing further
support to our view.
Labeling in the parabigeminal nucleus was much weaker. This nucleus has
been reported to provide cholinergic input to the superficial layers of superior
colliculus (Hall et al. 1989). As we show in the study of the spatiotemporal
tranformation labeling in the superficial layers of superior colliculus was much
weaker (about two classes of magnitude) than that of the intermediate layers.

Kolliker‐Fuse (KF) and Paralemniscal Groups
The cluster of labeled cells we found ventral to the superior cerebellar
penduncle corresponded in part to the location of the Kolliker‐Fuse (KF) nucleus,
but extended more rostrally and ventrally. In monkeys, neurons that responded to
whole‐body rotation have been recorded in the KF, but they were located caudal to
our cluster (Balaban et al. 2002). In cats KF has been reported to project to the
spinal gray matter, including the motorneurons that innervate the neck and axial
muscles and to the orbicularis oculi motorneurons in the facial nucleus (Holstege
and Kuypers 1982; Holstege et al. 1986). The latter finding has been confirmed in
rats, in a recent study employing the rabies virus as a tracer (Morcuende et al.
2002).
As we have already mentioned our cluster extended rostrally and ventrally
to the KF, in the region dorsal, lateral and ventral to the motor nucleus of the
trigeminal nerve. This region has been reported to project to both the accessory
abducens and facial nuclei in order to control the blink reflex (Holstege et al. 1986).
Interactions between the oculomotor and blink pathways have been demonstrated
in physiological and anatomical studies (Goossens and van Opstal 2000;
Morcuende et al. 2002). Goossens and van Opstal (2000) showed that blinking
interacts with the saccade premotor system already at the level of the SC. Our
results confirm these findings and, in addition provide for the first time evidence
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in the monkey that the peritrigeminal and paralemniscal, regions are connected to
the oculomotor network.

Nucleus raphe interpositus (RIP)
Nucleus raphe interpositus is a cytoarchitectonically distinct nucleus where
the omnipause neurons (OPNs) are located (Büttner‐Ennever et al. 1988). These
neurons provide strong input to both PPRF and nucleus paragigantocellularis
dorsalis (PGD), i.e. the location of excitatory and inhibitory burst neurons,
respectively. In our study, the distribution of transneuronally labeled cells
delimited precisely the region of nucleus raphe interpositus. In addition, their
morphology was identical with that of the OPNs. The absence of labeled neurons
at 2.5 days p.i. confirmed the disynaptic route by which OPNs can influence the
abducens motorneurons.

DEEP CEREBELLAR NUCLEI

Fastigial nucleus (FN)
In the caudal fastigial nucleus, a cluster of retrogradely labeled neurons was
found bilaterally in the caudal half of the nucleus that was centered 1.2mm from
midline. Its rostrocaudal and mediolateral extent were approximately 2mm and
0.8mm, respectively. It also extended rostrocaudally from ventral to dorsal
locations. These anatomical data are comparable to those of the ellipsoidal region
that Yamada and Noda (1987) reported to display heavy terminal labeling after
injections of WGA‐HRP in the oculomotor vermis (see their Fig. 6). They named
that region fastigial oculomotor region (FOR). It has been shown that the vast
majority of neurons that exhibited saccade related bursts where located within the
anatomical confines of FOR (Ohtsuka and Noda 1991). FOR is known to have well
established strong projections to premotor eye movement regions such as PPRF,
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PGD, riMLF, RIP and NRTP (Gonzalo‐Ruiz et al. 1988; Noda et al. 1990). These
projections account also for the FOR labeling in our case.
In addition to the FOR, we found labeled cells in another region located
ventrally and laterally in the periphery of the nucleus. To our knowledge, the only
report of a similar area in the caudal fastigial nucleus has been made also by
Yamada and Noda (1987). In addition to the region of terminal labeling, they
found retrogradely labeled cells in a spherical region at the lateral margin of the
caudal fastigial nucleus. Both the rostrocaudal extent and anatomical location of
the two areas are almost identical (compare our Fig. 18a with their Fig. 6).
Regarding the sources of labeling for this region we consider the vestibular nuclei
to be valid candidates, since neurons with vestibular sensitivity have been
recorded in the rostral fastigial nucleus (Büttner and Fuchs 1991; Siebold et al.
1999). The fact that all the vestibular nuclei have been densely labeled at 3 days p.i.
could explain the appearance of substantial numbers of labeled neurons outside
the FOR.

Posterior Interposed Nucleus (PIN)
Labeled cells in the posterior interpositus were found in the same region,
where previous studies have demonstrated the existence of neurons that fire
during saccadic and vergence eye movements (Zhang and Gamlin 1998; Robinson
2000). The posterior interposed nucleus and the adjacent posterior wing of the
dentate have been reported to project heavily to the contralateral intermediate gray
of superior colliculus (May et al. 1990) and moderately to the supraoculomotor
area and interstitial nucleus of Cajal, mainly contralaterally (May et al. 1992). The
above regions have been labeled at 3 days p.i. and therefore could account for
posterior interpositus labeling appeared at 3.5 days p.i..
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Dentate nucleus (DN)
Early anatomical and physiological studies in monkeys implicated the
caudal dentate in eye movements (Carpenter and Strominger 1964; Ron and
Robinson 1973; Chan‐Palay 1977). In these studies, saccadic neurons with short
latencies were found in the caudolateral dentate (Ron and Robinson 1973),
whereas injections of radiolabeled aminoacids in the caudal pole of dentate
produced bilateral labeling, stronger contralaterally, in PPRF, NRTP, NIC and
perioculomotor PAG (Chan‐Palay 1977). More recent anatomical studies
demonstrated that the ventral posterior dentate projected to the contralateral
intermediate gray layers of the superior colliculus (Gonzalo‐Ruiz et al. 1988; May
et al. 1990), the oculomotor regions of contralateral NRTP (Gonzalo‐Ruiz et al.
1988) and the contralateral perioculomotor area, including the NIC (May et al.
1992). From all these regions NIC is the most possible source of the transneuronal
labeling we found in the caudal dentate. NIC was densely labeled at 3 days p.i..
Although PPRF and perioculomotor area displayed denser labeling than NIC at
the same incubation time, we do not consider them as possible sources as NIC,
because they have been substantially labeled at 2.5 days p.i. If the caudal dentate
sent a direct projection to them it would have been labeled at 3 days p.i., which
was not the case.

1B. Frontal cortical areas connected to eye muscles

Our study demonstrated that areas of the frontal cortex including the
anterior and posterior banks of the AS, prearcuate convexity, dorsomedial frontal,
caudal principal and periprincipal, anterior cingulate, and parts of the orbitofrontal
cortex are oligosynaptically connected to abducens motoneurons. Since the vast
majority of labeled neurons were located in layer V, they must have been labeled
through their axonal projections to the brainstem. In the following sections, we
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compare our major findings with the existing evidence implicating several areas of
the frontal cortex in oculomotor control.
Arcuate sulcus
The anterior bank of arcuate sulcus (AS) has been established as the locus of
the FEF, as low intensity stimulation of that area elicits saccades (Bruce et al. 1985).
Neurons in the FEF modulate their activity specifically before and during saccades
(Bruce and Goldberg 1985). In our study, the area with the highest density of
labeled cells agreed remarkably well with the location and extent of the
electrophysiologically defined low‐threshold FEF (Bruce et al. 1985). However,
clusters of labelled cells were also found in the prearcuate convexity, the posterior
bank and the spur of AS as well. As shown in Fig.30 (shaded area) labeling closely
matched the area in and around the AS that was metabolically active during
visually guided saccades (Moschovakis et al. 2004). Our data add up to a growing
body of evidence suggesting that oculomotor related activity is spread in several
loci in and around the AS. Neurons that modulate their activity during vergence,
divergence, and ocular accommodation have been recorded in the prearcuate
convexity (Gamlin and Yoon 2000), whereas in the the posterior bank of the AS
neurons that respond to smooth pursuit eye movements were found (Bruce et al.
1985; MacAvoy et al. 1991). In addition, a region near the arcuate spur has been
reported to contain cells discharging in relation to saccades, eye position, and
smooth pursuit (Fukushima et al. 2002; Tanaka and Lisberger 2002). Regarding the
sources of labeling in AS, several brainstem nuclei are known to receive direct
projections from the cortex around the arcuate sulcus. For example, the anterior
bank of the AS projects to the MRF, SGI, NPH, SOA, NRTP, PPRF, NIC, and RIP
(Schnyder et al. 1985; Huerta et al. 1986; Stanton et al. 1988; Shook et al. 1990).
Based on previous descriptions regarding the relative strength of these projections
and the time course of labeling in cortical and subcortical structures in our
experiments, the more likely sources of the labeling in the anterior bank of the AS
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are the SOA, PPRF, NRTP, and MRF at 3 d postinoculation (LR2) and the SGI at 3.5
d postinoculation (LR4). Similarly, the PPRF (in LR2) and the SGI (in LR4) are the
most likely sources of labeling in the posterior bank of the AS (Leichnetz et al.
1981; Fries 1984; Schnyder et al. 1985).
Dorsomedial frontal cortex
The presence of labeled cells in a considerable part of the superior frontal
gyrus was not unexpected since this cortical area houses the SEF. SEF shares a lot
of projections to the brainstem with FEF (Shook et al. 1990). The location and size
of SEF have been defined in several microstimulation studies with a various
degree of disagreement (see introduction). These discrepancies can be partly
attributed to the different stimulation parameters. In our study, the majority of
labelled cells were found in a rectangular stripe, measuring ~20mm2, that
corresponded well to the region that Schall et al (1993) reported to be connected
with FEF. Fujii et al. (1995) described a region of similar location and extent that
contained saccade related neurons. In addition, the above authors found saccade
related activity in a much larger area that included parts of the supplementary
motor area (SMA), the pre‐SMA, and areas of the exposed surface lateral, caudal,
and rostral to the SEF (Fujii et al. 1995) Consistent with this, we found additional
transneuronally labeled neurons in areas 6, 8B, 9, and corresponding mesial
cortical regions. Regarding the sources of labeling in DMFC, the most likely ones
are the RIP, NRTP, SOA, and SGI. Labeling in areas 8B and 9 is consistent with
their projections to the SC (Fries 1984).
Principal and Cingulate sulci and Orbitofrontal cortex
Our data show that the caudal part of the principal sulcus is implicated in
eye movements. Saccade related activity in the caudal PS has been reported in
several studies (Boch and Goldberg 1989; Funahashi et al. 1991). In addition to
saccade neurons, caudal periprincipal cortex is the site of neurons responsive to
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vergence stimuli (Gamlin and Yoon 2000). Regarding its role, there is accumulating
evidence suggesting that both the principal sulcus and the dorsolateral prefrontal
cortex play a major role in spatial working memory (Funahashi et al. 1993)
Our results demonstrate for the first time that a large portion of the rostral
cingulate cortex of monkeys, including Broadman areas 24, 32, and 25, is
connected with the oculomotor network. Our study is in line with several human
studies implicating the anterior cingulated cortex in oculomotor control. Human
patients with lesions in that area show impaired performance in the antisaccade
task and in memory guided saccades (Gaymard et al. 1998). In agreement with
this, areas 24 and 32 are activated during saccades toward or away from visual
targets and toward memorized targets (Anderson et al. 1994; Doricchi et al. 1997).
In blood flow studies the part of the cingulate cortex under the SEF was shown to
be activated during execution of prelearned sequences or self‐motivated saccades
(Petit et al. 1996). All these data suggest the involvement of the anterior cingulate
cortex in the motivation and preparation of intentional saccades (Gaymard et al.
1998).In orbitofrontal cortex, neurons connected to abducens motoneurons
occupied a portion of the lateral ObFC, which includes area 12. This region has
been reported to contain cells that increase their discharge when monkeys gaze at a
spot of light (Suzuki and Azuma 1977). Finally, regarding the sources of labeling,
the PPRF, SOA, and SGI are the most likely sources of labeling in the PS (Leichnetz
et al. 1981; Fries 1984; Schnyder et al. 1985), whereas labeling of the rostral CgS and
area 12 of the ObFC is consistent with projections to the SC (Leichnetz et al. 1981;
Fries 1984)
1C. Head movement related areas

The natural gaze shifts are accomplished through the coordinated action of
the eye and neck muscles. Coordinated activity requires either that the immediate
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premotor machinery for neck and eyes shares common elements, and/or that the
neck and eye motor systems have access to the movemenet strategies of the other.
In monkeys, a group of neurons retrogradely labeled after tracer injections to the
cervical spinal cord was located among eye premotor neurons in PPRF (Robinson
et al. 1994). In the same study numerous spinal projecting neurons were found
ventral and caudal to the abducens, in and around the nucleus reticularis
gigantocellularis (NRG). This region has been established as the burst generator
for head movements. Electrical stimulation of NRG evoked ipsilateral head
movements in the horizontal plane, without gaze shifts (Cowie and Robinson
1994)(Quessy and Freedman 2004) and it has been shown to receive monosynaptic
input from SC (Cowie et al. 1994). Similar results were obtained in cats, where a
large number of RSNs in caudal PPRF and NRG were monosynaptically excited
from SC (Iwamoto et al. 1990). Intraaxonal staining of single feline RSNs with HRP
revealed a class of RSNs in caudal PPRF that send axon collaterals to the abducens
nucleus and NPH (Grantyn et al. 1987). The existence of RSNs with such a pattern
of projections has not been demonstrated in monkeys, although the RSNs that
Robinson et al. (1994) found in caudal PPRF are suitable candidates.
A second area important for head movements lies in the mesencephalic
reticular formation (MRF), extending from lateral to riMLF into the MRF
ventrolateral to INC (Robinson et al. 1994)(Cowie et al. 1994). Neurons in this area
were retrogradely labeled after tracer injections in the cervical spinal cord
(Robinson et al. 1994) and NRG (Cowie et al. 1994). This area is presumably
involved in the control of head movements in the vertical plane for several
reasons. First, it lies next to riMLF and INC that are the two major premotor areas
for vertical eye movements. Second, in the cat Field H of Forel (FFH) neurons that
fired for upward or downward head movements and receiving monosynaptic
excitation from the SC have ben reported (Isa and Naito 1994)(Isa and Sasaki 1992).
Third, the INC and the adjacent MRF have been implicated in the control of head
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and neck posture (Fukushima 1987) and eye‐head coordination (Farshadmanesh et
al. 2007).
Finally, there is a lot of controversy regarding the cortical control of gaze
shifts and head movements, especially on the involvement of FEF. Neurons in FEF
have been reported to discharge for head movements in a specific direction (Bizzi
and Schiller 1970). However, electrical stimulation studies in head unrestrained
monkeys have reached contradictory results. In two of them, FEF stimulation
evoked gaze shifts with eye movements alone, with occasionally head movements
occurring after the end of the shift (Chen 2006)(Sparks et al. 2001). In the third
study eye‐head coordinated movements were evoked, but the head contribution
was of small amplitude and it began half way through the gaze shift (Tu and
Keating 2000). In the more recent sudy, stimulation of the dorsomedial FEF evoked
large gaze shifts with substantial head contribution (Knight and Fuchs 2007).
Although the differences in the above studies can be attributed to several
behavioural and stimulation parameters, it seems likely that FEF is required for the
proper coordination of commands during gaze shifts. In comparison to FEF, SEF
stimulation consisitently evoked eye‐head shifts (Martinez‐Trujillo et al.
2003)(Sparks et al. 2001).
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2. Spatiotemporal Tranformation

Both burst and buildup neurons in SC discharge maximally for certain
vectors and therefore are said to have movement fields. Saccades of different
vectors are represented in a topographic map across the collicular surface, with
large saccades represented caudally and small ones rostrally. Therefore the main
input in the MLBs of the burst generator is represented as a place code. However,
the MLBs use a rate code, encoding saccade properties in the firing rate and the
duration of their burst. Thus saccade‐related activity passing from the SC to its
targets undergoes a spatial‐to‐temporal transformation.
The longer and more intense burst of MLBs during larger saccades could be
the result of the fact that large‐saccade SC sites project more strongly to MLBs than
small‐saccade SC areas. This weighted input could be the result of receiving a
larger synaptic input in terms of the number terminals of SC efferent fibers.
Experimental support for this mechanism has been obtained in a cat study
(Moschovakis et al. 1998b). These authors have stimulated several SC sites and
measured the horizontal and vertical component of the evoked saccades. Then
they injected biocytin, an anterograde tracer, at each stimulated site and counted
the number of boutons in the PPRF for each injection. Regression analysis
demonstrated a significant positive correlation between the number of boutons
and the amplitude of the horizontal component of evoked saccades.
Alternatively, weighted input could be based upon a rostrocaudal gradient
in the number of SC neurons that project to the MLBs. Such a gradient in the
number of SC neurons projecting to the abducens nucleus was described in the
study of Edwards and Henkel (1978) but it was not confirmed by subsequent
studies in the cat and it has never been evaluated in primates.
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Our data are consistent with the above study as the number of labeled SGI
neurons located inside a 1mm stripe along the horizontal meridian increased from
rostral to caudal locations. However, we further wished to examine if the
rostrocaudal gradient we observed suffices quantitatively to implement the
spatiotemporal transformation. To this end, we asked whether the concentration of
labeled cells in SC space (u) that we counted could account for the relationship
between the horizontal amplitude of saccades (R) and location in SC space (u) that
has been estimated in a previous study (Ottes et al. 1986). These authors used the
data from Robinsonʹs (1972) SC stimulation experiments to evaluate this
relationship as

R = 2.7(e‐0.71u‐1)

(1)

In our case we assumed that the saccade vector is a function of the total
number of active SC neurons and, hence, of the active zone size, the density of
neurons inside it and their firing rate. If the number of cells (cπd2/4) in an area of
excitation of diameter (d) centered on u is responsible for the execution of saccades
of amplitude R and each cell contributes the same saccade related drive ξ, then

R =ξcπ d2/4

(2)

To compare the two relationships, and because ξ was unknown, we plotted for
each one the ratio Du/D1 where Du and D1 are the drives exerted by all cells within
zones of excitation centered around points located u and 1 mm, respectively,
behind the foveal representation.
Figure 36 (solid line) plots the ratio Du/D1 vs. u obtained from Eq. 1. It also
plots the ratio Du/D1 obtained from the cell gradients in the four colliculi of two
monkeys (Fig. 27) by using Equation 2. If these gradients sufficed to implement the
spatiotemporal transformation, curves obtained from them should coincide with
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the solid curve. This was the case in the two colliculi ipsilateral to the injected
lateral rectus up to approximately 2.2 mm behind the rostral pole of the SC (a point
which corresponds to 15 degrees saccades). In contrast, the curves obtained from
the two contralateral colliculi, which provide the main excitatory input to the
abducens nucleus for the execution of saccades, are both shallower than the curve
obtained from Equation 1. Accordingly, the gradients of cell density we observed
may contribute to the spatiotemporal transformation but cannot fully account for it
in the absence of an additional mechanism.

Fig.36. Plot of the ratio Du/D1 (ordinate) vs. u (abscissa) obtained from the distribution of
cell densities in each of the four colliculi (specified by symbols in inset) of two monkeys by
using equation 2.Solid line is the expected ratio obtained from equation 1 (see text). The lower
abscissa indicates horizontal saccade size along the representation of the horizontal meridian in
Robinson’s (1972) map of the SC.
Alternative mechanisms could be based on: 1) the size of the active
population in SC, and 2) the number of spikes in each individual SC cell. The first
mechanism is unlikely to be implemented, since there is compeling evidence that
the area of SC that is active for a saccade is constant, regardless of saccade size
(Munoz and Wurtz 1995)(Anderson et al. 1998). The second mechanism assumes
that cells encoding bigger saccades emit more spikes than cells encoding smaller
saccades. Against such a mechanism, there is evidence that neither the number of
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spikes nor the duration of the bursts is related to the optimal size of saccades for
any given SC burst neuron (Kase et al. 1986; Sparks and Mays 1990).
Another issue, related to the spatiotemporal transformation, is the problem
of extracting in SC separate commands for the horizontal and vertical burst
generators. To study the so called vector decomposition mechanism, the
distribution of cell densities along an isoamplitude line was examined. SC sites
along an isoamplitude line encode saccades of the same amplitude (R) and
different direction (Φ). Since cells in SC were labeled after injections of a tracer in
an extraocular muscle with horizontal pulling direction, we assume that they
contribute to horizontal saccade components. If the concentration of labeled cells
determines the amplitude of the horizontal component, we expect that, along any
isoamplitude curve (R = const.), the former should be proportional to cosΦ.
In Figure 28 we tested our working hypothesis along an isoamplitude line
lying at 3mm behind the fovea representation (r=3), coding for a saccadic
amplitude equal to 27 degrees according to Robinsonʹs (1972) map. Solid lines plot
the number of cells at each bin of direction Φ, assuming that it is equal to N0*cosΦ,
where N0 is the number of cells found in bin 0, which was centered on the HM. As
a result, solid lines indicate how the number of cells should change with distance
from HM to fully account for vector decomposition. As shown in Fig.28, in bins
representing movements with a big downward component, observed values were
not very different from the expected ones in three of the four colliculi we
examined. However, for downward directions closer to HM this was not the case
as we counted numerous cells in the caudolateral quadrant of the SC. The
decrement of cell density gradients was faster than expected. In the bins
representing the upward quadrant cells decreased more sharply than expected. An
explanation for the discrepancies between the expected and the observed numbers
of cells could be the fact that dorsoventral thickness of the SGAI layers is not the
same in the mediolateral dimension. As shown in Fig.19, it increases with distance
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from the medial edge of the SC, until it reaches a maximal value in the lateral SC
and then decreases rapidly toward the lateral edge of the SC. To correct for the
effect of layer thickness, the number of cells in each bin of Fig.28 was divided by
the mean thickness of the SGAI layers in that bin (measured from the vertical
stereotaxic coordinates of the upper and lower borders of the SGAI layers) and
normalized to the ratio found in bin 0 (Fig.28, open circles). The normalized, depth
corrected densities of cells in the ipsilateral SC of LR2 and in both colliculi of LR4
were quite close to the expected values for a significant range of saccade
directions. They were almost symmetrical about the HM with an earlier onset of
rapid decrement in the upward quadrant of the SC. This asymmetry is suggestive
of stronger labeling in the caudolateral portion of the SC possibly due to the
presence of a separate cell class in the lateral but not in the medial half of the SC. In
this regard, tectospinal neurons are excellent candidates insofar as their location is
clearly biased toward the caudolateral quadrant in many mammalian species,
including primates (Nudo and Masterton 1988; Nudo et al. 1993). In addition, we
observed that cell numbers decreased faster than expected in SC regions
representing large oblique saccades. As a result, vector decomposition must be
augmented through another mechanism. One such mechanism, supported by
anatomical data, relies on the assumption that each collicular burst neuron projects
to both the vertical and horizontal burst generators. In fact, it has been reported
that the axon of each tectal LLB neuron bifurcates into two major branches
(Moschovakis et al. 1988b), one of them uncrossed and ascending (ventral
ascending fibers, Av) and the other crossed and descending (predorsal bundle
fibers, PDB). In the monkey, autoradiographic studies have shown that targets of
Av fibers include the riMLF (Harting et al. 1980), whereas those of PDB fibers
include the PPRF (Huerta and Harting 1984; Cowie and Holstege 1992). It may be
the case that both mechanisms work in parallel to accomplish vector
decomposition.
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3. Gaze decomposition into eye and head components

In our study the amplitude of the phasic EMG responses of two feline
muscles with predominantly horizontal pulling directions, the obliquus capitis
cranialis (OCC) and the longissimus capitis (LC), to electrical stimulation of the SC
increased as the horizontal eye position prior to stimulation shifted towards their
pulling direction. However, this correlation was not consistently observed in all SC
sites tested. In addition, in the sites that displayed it, its strength varied accounting
for 10‐50% of the variance of the evoked ΔEMG. The response latencies of the two
muscles decreased with progressive ipsilateral deviation of the eyes and this
modulation was stonger and more consisitent. In a few cases the responses of both
LC and OCC muscles increased together with downward initial eye position. The
biventer cervicis, a muscle with primarily upward pulling direction, was less
influenced by eye position, as 3/15 SC sites rendered ΔEMG positively correlated
with upward vertical eye position.
Relation to previous studies
Previous studies of the electromyographic responses of feline neck muscles
to collicular stimulation concluded that they depended on the rostrocaudal
position of the stimulating electrode (Guitton et al. 1980; Roucoux and
Crommelinck 1988). Roucoux and Crommelinck (1988), after stimulating the
anterior part of SC reported weak phasic responses in OCC and splenius muscles,
but not in BC. In agreement with our study, the peak amplitude of the EMG
response increased with the ipsilateral deviation of the initial horizontal eye
position (Roucoux and Crommelinck 1988). Guitton and colleagues (1980),
reported phasic EMG responses at latencies of 5 – 10 ms, similar to our results.
However, the magnitude of these responses evoked from the posterior third of SC
was not modulated by eye position (Guitton et al. 1980). The above authors
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hypothsized that an eye position signal does not need to influence efferent
pathways emanating from the caudal SC because desired gaze displacement is
already encoded in a craniocentric reference frame and that this also applies to the
gaze displacements executed mainly by head movements when the head is free
(see also (Paré et al. 1994). Our results do not corroborate this hypothesis.
Corneil et al. (2002a) recorded the EMG responses of several neck muscles
after stimulation of SC in head restrained monkeys. Their aim was to test whether
muscle responses depend on the location of the stimulating electrode, the
parameters of the stimulation and the eye position. Despite using different
stimulation parameters and method of analysis of phasic EMG responses the
above authors reached to similar results to ours. Responses obtained from
Obliquus capitis inferior (OCI) and Splenius (SP) muscles, both of which
participate in lateral head turns in monkeys (Lestienne et al. 1984; Corneil et al.
2001), displayed varying degrees of eye position sensitivity, ranging from none to
fairly strong. In line with our study, the presence and the strength of the eye
position modulation of EMG responses were not determined by the rostrocaudal
location of the stimulated site. A second point of convergence between the two
studies concerns the variability of individual EMG responses. Though not
emphasized by Corneil and colleagues, as they used averaged EMG responses for
their analysis, it is obvious from their raw data that individual responses evoked
from one site with the same stimulation parameters while the eyes occupied a
similar position could differ by several orders of magnitude.
Mechanisms underlying the eye position sensitivity of SC evoked neck EMG responses
The SC output signal is transmitted to neck motorneurons mainly through
reticulospinal neurons (RSNs) in pons and medulla. Studies of RSNs in head‐fixed
cats reported that they displayed a burst that was temporaly related to both
saccadic eye movements and bursts of neck EMG activity (Grantyn and Berthoz
1987; Grantyn et al. 1992). Because some of these RSNs emitted collaterals to the
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ipsilateral abducens nucleus, they seem appropriate to contribute to both eye and
head movements during gaze shifts, and the authors named them ‘eye‐neck’ RSNs.
In the same studies, eye‐neck RSNs were classified into phasic (P) and phasic‐
sustained (P‐S) types, depending on the occurrence of a sustained discharge
during fixation of the target in the periphery. Subsequent studies in head‐free cats
confirmed the existence of both types of cells during visually guided eye‐head
gaze shifts (Isa and Naito 1995). In head‐fixed cats, both the frequency of PS‐RSNs
bursts and the duration of their sustained firing have been reported to increase
when initial eye position progressively shifted in the ipsilateral direction (Grantyn
and Berthoz 1987; Grantyn et al. 1992). Their firing pattern and also the fact that
the majority of eye‐neck RSNs were found to receive monosynaptic input from the
contralateral SC (Kitama et al. 1995) makes them capable for accounting for the
phasic and tonic eye‐position dependent modulation of the EMG responses of neck
muscles. The routes by which eye position signals reach RSNs have not been
studied extensively. Neurons in NPH and INC have been long known to discharge
in relation to horizontal and vertical eye position, respectively (reviewed in
Moschovakis (1997)). NPH neurons that distribute terminals in the pontine and
medullary reticular formation have been reported both in the cat (McCrea and
Baker 1985) and the monkey (May et al. 1990), but it is not known whether they are
connected with RSNs. Similarly, neurons in INC that project to FFH and the
pontomedullary reticular formation (Kokkoroyannis et al. 1996) could transmit
vertical eye position signals to RSNs.

Implications for eye head coordination
Eye‐head coordination has been studied extensively in several species in
order to understand the relationships that describe its metrics and kinematics
(Bizzi et al. 1971; Gresty 1974; Collewijn 1977; Barnes 1979; Zangemeister and Stark
1982; Guitton et al. 1984; Tomlinson and Bahra 1986; Phillips et al. 1995).
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Concerning the metrics, gaze shifts of small amplitude mainly consist of an eye
saccade. As the gaze amplitude increases, the eye saccade amplitude increases till
saturation and the head contribution becomes more prominent. This eye‐head
coordination pattern varies quantitatively between species as a result of the
different oculomotor range, but its qualitative features remain constant. One of the
modulating factors of eye‐head coordination is the position of the eyes in the orbit
at the initiation of gaze shifts. A deviation of the eye contralateral or ipsilateral to
the direction of the impending gaze shift will result to a decreased or an increased,
respectively, head contribution.
Commands for the execution of gaze shifts principally arise from the SC,
which encodes gaze (the sum of eye re head and head re body) displacement
(Freedman et al. 1996; Freedman and Sparks 1997a). Elecrtical stimulation of the
SC evokes gaze shifts that are indistinguishable from natural gaze shifts and the
relative contributions of eyes and head depend on the eye position at stimulation
onset (Freedman et al. 1996). The gaze displacement command is presumably
decomposed in structures downwards from SC into motor commands for the eye
and head controllers. It is postulated that the separate commands to the eyes and
the head must undergo a modification by eye position information. More
specifically, when the eyes are in an eccentric position in the direction of the
ensuing gaze shift, the excitability of the head controller should increase and as
result the head movement amplitude in response to the same SC command should
be bigger(Phillips et al. 1995; Stahl 1999). Our data are consistent with such a
scheme in that the electromyographic (EMG) responses of neck muscles to
electrical stimulation of the SC were often seen to increase together with deviations
of initial eye position in the pulling direction of the muscle studied. However, this
relationship is not robust as it usually accounted for no more than 10‐50% of the
variance of the evoked EMG responses of the three neck muscles we studied while
we could find no evidence for it in about 50% of the sites we tested.
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4. General conclusions

When an object appears in the visual field, animals orient their eyes, head
and body towards it in a well coordinated manner. The neural mechanisms that
specify object location for gaze shift and then convert this into desired patterns of
coordinated eye and head movements are complex. These mechanisms include the
representation of target location in parietal (LIP) and frontal oculomotor (FEF, SEF)
areas, the formation of the gaze motor command in SC, the decomposition of SC
command into brainstem motor commands that drive the eyes and the head, and
finally, the brainstem signal transformations that convert these signals into eye and
head movements.
It is generally accepted that simple coding mechanisms are used to
represent gaze at the cortical level. Many cells in LIP, FEF and SEF not only
respond to the presentation of a target, but they also discharge when a saccade is
executed towards it. Both the location of the target and the saccadic vector towards
it are coded by the location of the active cells (Andersen and Gnadt 1989; Schall
2002). Our study demonstrates that several frontal oculomotor areas are
oligosynaptically connected to an extraocular muscle. The relative strength of their
projections to the brainstem oculomotor network was reflected in the number of
the retrogradely labeled cells. FEF and SEF contained the vast majority of labelled
neurons. Regarding FEF, we adressed the controversy of the results of electrical
stimulation studies and showed that a large area around the arcuate sulcus is
occupied by oculomotor‐related neurons. Our anatomical data were strengthened
by the functional imaging data of the [14C]‐2‐deoxyglucose study performed in our
lab (Moschovakis et al. 2004).
The same neural code, i.e. place code, is used by the superior colliculus to
issue the gaze motor command. However, complexity arises in the two following
mechanisms: a) in the one that decomposes the SC command into separate
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commands for the eyes and the head and b) in the one that transforms the place
coded SC signal into a rate code used by the premotor neurons to control the
movement of the eyes and head.
Regarding the first issue we tested whether eye position influences the
excitability of the head premotor circuits in a way that the output of the latter
increases with eye eccentricity. Our data support such a mechanism. There are two
views on how accurate gaze shifts are executed. One view suggests that eye and
head controllers are tightly coupled and under direct feedback control. The
combined eye and head displacements are substracted from the desired gaze
displacement signal to yield a gaze motor error signal (Galiana and Guitton 1992;
Goossens and van Opstal 1997). The second view holds that the eye and head
components of gaze shifts are controlled independently (Freedman 2001). The
accuracy of gaze shifts is accomplished either through VOR (Phillips et al. 1995), or
by accurate decomposition of the gaze displacement signal outside the feedback
loop (Freedman 2001). Both models have been shown to account for a variety of
behavioral data but their validity can not be conclusively tested till the, yet
unknown, site of the decomposition is found.
Regarding the spatiotemporal transformation, we evaluated the adequacy
of one purely anatomic mechanism namely the correlation between the amplitude
of the horizontal component of saccades represented on the collicular map and the
local densities of projection neurons located near the representation of HM. Our
quantitative treatment of the gradients we observed demonstrates that they
contribute little to the spatiotemporal transformation and thus cannot fully
account for it in the absence of an additional mechanism. An alternative
mechanism, the saccade‐size‐ and SC‐locus‐related variation of the numbers of
terminals deployed by SC efferents within regions housing the saccade generators
is an eminently plausible one, in particular as it has been documented in the cat
(Moschovakis et al. 1998b).
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The brainstem circuitry that controls the movements of the eyes has been
studied extensively. With the use of the rabies virus we obtained a more
comprehensive view of the brainstem oculomotor network. The substantial
labeling found in the regions related to vertical eye movements (riMLF, NIC, NPC)
demonstrated an extensive cross‐talk between the horizontal and vertical
preoculomotor areas that has been underestimated by the earlier anatomical
studies employing conventional tracers (Langer et al. 1986; Belknap and McCrea
1988; Robinson et al. 1994). This cross‐talk has been suggested to be necessary for
the spatial coordination of the orthogonal components of 2‐D eye movements
(Ezure and Graf 1984; Graf et al. 1993). Our data also provide a better demarcation
of the extent of cMRF. Another important finding of our study is the description of
clusters of labeled neurons in PGN, NOT, PON, and accessory optic nuclei.
Despite the fact that all these areas have well established visual and oculomotor
responses, our study demonstrated the differential connections of their subregions
with the oculomotor machinery. Labeling in the M‐group, Kolliker‐Fuse nucleus
and the paralemniscal region provided an account of the strength of the
interactions between the oculomotor and blink pathways. In addition, the
substantial labeling observed in PPN and LDT demonstrated, in a quantitative
manner, the influence of the brainstem cholinergic system to the oculomotor
network.
Much remains to be learned about the contribution of the mesencephalic,
pontine and medullary neurons to the control of eye movements and gaze shifts.
Interpretations of electrophysiological recordings of neurons in these areas are
difficult due to their involvement in more than one oculomotor subsystem
(saccadic, pursuit, vergence, vestibular). However, knowledge of the neural
substrate of gaze shifts can be quite fruitful in understanding motor control.
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SUMMARY

We used transneuronal retrograde transport and electrical simulation to
study the anatomy of the oculomotor system and the physiology of eye‐head
coordination, respectively. To obtain a more comprehensive view of the
oculomotor system, we injected rabies virus in the lateral rectus (LR) extraocular
muscle of primates. We took advantage of the fact that the transfer of rabies virus
through synapses is time dependent to distinguish the brain regions providing
monosynaptic, disynaptic and polysynaptic input to the extraocular motorneurons
of the abducens nucleus (Abd). We were particularly interested in the distribution
of oculomotor related neurons in the frontal cortex and the elucidation of gradients
of SC neurons that might serve as a substrate of the spatiotemporal transformation.
In our physiological study, the feline SC was electrically stimulated and the
electromyographic (EMG) activity of several neck muscles was monitored to test
the influence of the eye position on the decomposition of the gaze command
issued by SC into the eye and head movement components.
In the frontal cortex, numerous labeled neurons were found in the arcuate
sulcus (AS), occupying both of its banks, the spur, the prearcuate convexity and a
small part of the postarcuate cortex. All in all, this area was found to be much
bigger than the low threshold frontal eye fields (FEF). In addition, clusters of
labelled cells were found in the dorsomedial frontal cortex, occupying an area that
corresponded well to the supplementary eye fields (SEF). Additional clusters were
found in the principal sulcus and in parts of the cigulate and orbitofrontal cortices.
These data show that a network of higher level neuronal structures work in
tandem to control eye movements. In the brainstem, numerous regions were
oligosynaptically connected with the Abd. Besides areas implicated in horizontal
and vertical eye movements, substantial labeling was observed in the cholinergic
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system of the brainstem, in pretectal and accessory optic nuclei, in parabrachial
and paralemniscal areas, and in the deep cerebellar nuclei. In the SC, we estimated
the density of labeled cells along the horizontal meridian (representing purely
horizontal saccades) and found it to increase from rostal to caudal locations. This
rostrocaudal gradient could only partially serve as the substrate of the
spatiotemporal transformation, as it was not as steep as the one we deduced from
both experimental data and modeling arguments. It may be the case that several
mechanisms work in parallel to implement this transformation. In the gaze
decomposition study the amplitude of the electrically evoked phasic EMG
responses of neck muscles was often found to increase when the eyes deviated in
their pulling direction. This increase in amplitude was always accompanied by a
decrease in response latency. However, the effect of eye position was not
consistent since eye position accounted for 10‐50% of the variance of EMG
amplitude and in several SC sites there was no correlation between the two
variables.
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