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ABSTRACT
The superior colliculus (SC) plays a key role in controlling the timing and endpoints of
saccadic eye movements. Although the activity of collicular neurons in awake animals
and anatomical connection with other CNS structures have been intensively studied, information processing in the local circuits of the superior colliculus is only poorly
understood.
During the last decade, however, whole-cell patch clamp recording techniques have
been introduced in slice preparation in combination with intracellular staining technique
as a powerful tool for studying the intrinsic circuitry and biophysical properties of
neurons in the local circuits of the SC. Ongoing in vitro studies are giving us definitive
descriptions on the operation of the local circuits, which could never be obtained by
conventional techniques.
In this chapter, we summarize the current status of in vitro approaches to the SC
functions and speculate about how research that combines the in vitro and in vivo
preparations will facilitate further understanding of the oculomotor control.

INTRODUCTION
Some neuroscientists interested in the neural control of movement study rhythmical behaviors, such as locomotion, respiration, or mastication. Others
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examine more episodic behaviors, such as reaching movements of the arm or
orienting movements of the eyes and head. Because the neural circuits involved
in rhythmical behavior often continue to generate cyclical patterns of activity in
isolated preparations (dish, slice, or slab), detailed descriptions of the biophysical and pharmacological properties of neurons and circuits are possible. These
descriptions extend to studies of the effects of manipulating different subtypes
of ion channels and transmitters or second-messenger systems on the behavior
of the circuit (Grillner 2003). Some model systems have identified cells (the
same cell can be found in different members of the species), and the anatomical
connections of local networks of cells are completely described. The mechanisms by which neuromodulators alter the properties of a “hard-wired” circuit
have been the focus of much work on the stomatogastric ganglion (Katz and
Harris-Warrick 1999; Marder and Thirumalai 2002). Analytical models of circuit and cell behavior can be combined with experiments by using the dynamic
clamp technique (Marder and Abbott 1995).
The level of analysis possible in model systems employed to study rhythmical behavior is extremely difficult to obtain in model systems used to study episodic movements. It is hard to study episodic behavior in slice because, unlike
the cyclical activity underlying rhythmical behavior, an electrophysiological
signature of motor command signals is missing. In fact, command signals may
not occur when premotor neurons are separated from sensory inputs or, if they
do occur, they may not be recognized because there is no movement to observe.
Consequently, the goals of studies of episodic movements have been quite different, and the focus has been on molar, rather than molecular, issues. These include, for example, quantifying the relationship between neural and muscular
activity as well as the direction, amplitude, and speed of movements, and understanding the neural basis of the variability in simple reaction time tasks. The effects of local perturbations of the spatial and temporal pattern of network activity on the latency, accuracy, speed, and trajectory of a movement inform us about
how neurons with coarsely tuned movement fields can produce precise movements. Other studies focus on the transformations of sensory signals required to
interface with motor command signals generated by neurons organized in motor
maps, and understanding the manner in which the format of motor commands
constrains the types of sensory processing that must occur. Considerable progress has been made in understanding the neural mechanisms underlying various
types of motor plasticity. Studies of motor preparation examine neural activity
that occurs well in advance of the executed movement. Increasingly, episodic
behaviors are used to investigate cognitive factors (e.g., decision making,
spatial attention, motor memory, motor intention, and movement cancellation)
that influence motor control.
For those studying episodic movements, the route to detailed descriptions of
the microcircuits involved and the biophysical and biochemical properties of the
neurons in the circuits is usually indirect. For example, the network involved in
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Figure 2.1 Widely distributed networks involved in the control of saccadic eye movements in the brain. BS: brainstem; CB: cerebellum; Cd: caudate nucleus; dSC: deep layer
of the superior colliculus; FEF: frontal eye field; LGN: lateral geniculate nucleus; LIP:
lateral intraparietal sulcus; MNs: motor neurons; PPTN: pedunculopontine tegmental
nucleus; SC: superior colliculus; sSC: superficial layers of the superior colliculus; SEF:
supplementary eye field; SNr: substantia nigra pars reticulata; V1: primary visual cortex;
+ at the arrowhead in (b) indicates glutamatergic excitatory connection; – indicates
GABAergic inhibitory connection; ACh indicates cholinergic transmission.

controlling saccadic eye movements is distributed over many brain regions, including several lobes in the cerebral cortex, cerebellum, thalamus, basal ganglia, and widespread regions of brainstem (Figure 2.1). Progress is being made
by removing brain regions containing critical components of the distributed network and studying, in vitro, the biophysical properties of morphological classes
of neurons and the interactions between cells residing in different parts of local
microcircuits. Hypotheses about the design principles of local microcircuits
must be tested by putting the local circuit back into the in vivo system (not literally, of course) and testing the effects of microinjections of pharmacological
agents or by using transgenic or knock-out animals. In contrast to rhythmical
motor systems, in which the temporal pattern of a local microcircuit can be monitored while performing manipulations that have effects at cellular and molecular levels, cellular and molecular levels of explanation of episodic movements
must be obtained by combining information from in vivo and in vitro experimental preparations. In this chapter, we present examples of this indirect approach.
The in vitro data were acquired from experiments using slice preparations to
study the intrinsic circuitry and biophysical properties of neurons in the superior
colliculus (SC), a brain area critically involved in the initiation and execution of
saccadic eye movements.
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OVERVIEW OF THE ROLE OF THE SUPERIOR
COLLICULUS IN THE CONTROL OF SACCADES
Here we provide a brief overview of the role of the SC in the initiation and control of saccadic eye movements (for recent reviews, see Isa 2002; Sparks 2002,
2004; Keller 2004). The SC, a laminated structure forming part of the roof of the
midbrain, plays a critical role in triggering and organizing saccadic eye movements. The superficial layers are sensory in function. Cells have visual receptive
fields and inputs arrive directly from the retina as well as from visual cortex. In
contrast, the intermediate and deep layers have both sensory and motor functions. These layers receive visual, auditory, and somatosensory inputs from
many cortical and subcortical regions (for references, see Sparks and HartwichYoung 1989) and contain neurons generating commands for movements of the
eyes, head, and (in some animals) the external ears. When recording in these
deeper layers, various types of cells are encountered. Some display only sensory
responses, others only motor-related activity; both sensory- and motor-related
activity are present in the activity of a third general class of cells (see discussion
below and Figure 2.6c–e). Many neurons in the deeper layers generate a
high-frequency burst of spike activity that is tightly coupled to saccade onset;
the burst begins 18–20 ms before saccade onset. Each neuron with a presaccadic
burst has a movement field; that is, the cell discharges before a range of saccades
that have particular directions and amplitudes. The burst of collicular cells is not
related to moving the eye to a particular position in the orbit but to changes in eye
position, which have a certain direction and a certain amplitude.
Saccade-related burst neurons are arranged topographically within the SC,
and this organization forms the basis of the motor map revealed by microstimulation studies. In head-restrained animals, microstimulation in the deeper layers
of the primate SC produces contralateral saccadic movements of both eyes with
a latency of approximately 20–30 ms. Movements with upward directions are
represented medially, and movements with downward directions are represented laterally. Stimulation of rostral regions produces small amplitude movements; larger movements occur with caudal stimulation. The site of stimulation
within the colliculus determines the largest movement that can be produced;
however, for any stimulation site, movement amplitude depends on the duration
of the stimulation train. As train duration increases, movement amplitude increases monotonically until it reaches the site-specific limit. The peak velocity
of an evoked movement is influenced by the frequency of stimulation: higher
frequencies produce movements with higher velocities. In summary, these findings suggest that the site of collicular activity is the major determinant of
saccade direction and amplitude but collicular activity must be sustained until
the desired displacement is accomplished. The level of activity influences the
speed of the movement.
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At one level of analysis, the task of programming a particular saccade involves activating the appropriate region of the collicular map. Once output neurons in this region are driven into high-frequency burst mode, an accurate movement of the desired direction and amplitude will occur. The kinematic rules
uncovered by motor psychophysics, such as the relationship between movement
duration and amplitude, will be implemented downstream. The collicular command for accurate saccades is produced by neurons with broadly tuned receptive
fields and coarsely tuned movement fields. The intrinsic and extrinsic anatomical connections are such that even crude, nonphysiological activation, such as
electrical stimulation, is sculpted into a spatial and temporal pattern of activity
that evokes movements indistinguishable from those produced by normal physiological inputs. How the pattern of intrinsic connections and the biophysical
properties of collicular neurons may be involved in the initiation of saccades,
and how accurate movements are produced by neurons with broadly tuned
movement fields are discussed below.

CYTOARCHITECTURE OF LOCAL CIRCUITS
IN THE SUPERIOR COLLICULUS
An early study by Langer and Lund (1974), using Golgi staining, revealed the
cytoarchitecture of local circuits in the SC. According to this study, the local circuit in the superficial layers is composed of five neuron types: narrow-field vertical cells, wide-field vertical cells, piriform or stellate cells, horizontal cells,
and marginal cells (Figure 2.2). Among these, wide-field vertical cells are major
projection neurons connected to deeper layers of the SC (Mooney et al. 1988a)
and lateral posterior nucleus of pulvinar (Lane et al. 1993). In addition, narrow-field vertical and marginal cells are also projection neurons targeted to the
parabigeminal nucleus. Later immunohistochemical studies suggested that horizontal, stellate, and piriform cells are GABAergic based on the morphology of
soma and proximal dendrites (Mize 1992). More recently, Endo et al. (2003a)
showed that horizontal cells are GABAergic neurons by intracellular staining
technique using biocytin in GAD67-GFP (green fluorescent protein) knock-in
mice, in which GABAergic neurons are labeled with fluorescence of GFP.
The morphological characteristics of neurons in the intermediate layer are
more heterogeneous. From the somatodendritic morphology, they are classified
into multipolar-, pyramidal-, fusiform-, horizontal-, round-shaped, and widefield vertical cells (Norita 1980; Ma et al. 1990). Their classification, however,
appears to be less distinct than those in the superficial layer. The electrophysiological properties of SC neurons are also very heterogeneous. Based on the firing pattern to the depolarizing current step, they are classified into regular-spiking, late-spiking, burst-spiking, fast-spiking, and rapid adaptation types (Saito
and Isa 1999). Among these, the regular-spiking type constitutes the majority of
the neurons both in the superficial (50%; Endo and Isa, unpublished) and
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Figure 2.2 Morphological properties of neurons in the mammalian superior colliculus
(SC). (a) Schematic drawing of lamina structure of SC. (b) Five major subclasses of neurons in the superficial layer (marginal cell, narrow-field vertical cells, stellate/piriform
cells, horizontal cells, and wide-field vertical cells) and five major subclasses of neurons
in the intermediate layer (multipolar cells, horizontal cells, pyramidal-shaped cells,
fusiform cells, and wide-field vertical cells) are illustrated. Soma and dendrites are
painted in black and axons in gray. SGS: stratum griseum superficiale; SO: stratum
opticum; SGI: stratum griseum intermediale; SGP: stratum griseum profundum; PAG:
periaqueductal gray. Modified from Isa and Saito (2001), with permission.

intermediate layer (50%; Saito and Isa 1999). In general, no clear correlation
was observed between the electrophysiological properties and somatodendritic
morphology of neurons, except expression of hyperpolarization-activated current (Ih) in wide-field vertical cells. Wide-field vertical cells project dendritic
arbors into a horizontally wide area of the superficial layer. These neurons exclusively express Ih of large amplitude and fast time course (Lo et al. 1998; Saito
and Isa 1999). A recent study by Endo et al. (2003b) showed that these cells express HCN1 channel molecules mainly in dendrites and that these Ih channels
on the dendrites induce inward current continuously at the resting membrane
potential and play a role in maintaining the membrane potential of distal dendrites always at the depolarized level. Further, Isa et al. (1998b) obtained evidence to suggest that dendritic action potentials are induced in the wide-field
vertical cells. All together, the HCN channels on the dendrites of wide-field
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vertical cells are supposed to contribute to lowering the threshold of generating
dendritic action potentials in these neurons (Endo et al. 2003b).
The morphological and electrophysiological properties of deeper-layer neurons projecting to the contralateral paramedian pontine reticular formation
(PPRF) were studied by whole-cell recordings from cells, which were retrogradely labeled by dextran conjugated Texas Red injected into the PPRF a few
days before the experiments (Sooksawate et al. 2005). Among the 112 identified
projection neurons in the SGI, regular-, burst-, late-, fast-spiking, and rapid inactivation type comprised of 73, 12, 11, 0, and 4%, respectively. Among the 76
projection neurons that were successfully stained with biocytin, multipolar,
fusiform, pyramidal, horizontal, and round-shaped cells comprised 66, 13, 8,
11, and 3%, respectively. Thus, multipolar-shaped and regular-spiking neurons
comprised the largest population of SGI neurons projecting to the contralateral
PPRF.

INTERLAMINAR CONNECTION IN THE
SUPERIOR COLLICULUS
In 1972, Robinson measured the vectors of saccades evoked by electrical stimulation of the SC and provided the first detailed description of the topographical
map of saccade vectors in the deeper layers of the SC (Robinson 1972). In the
same year, Schiller and Stryker (1972) demonstrated that the motor map was in
register with the map of visual space represented in the superficial layers. Following these demonstrations, it was supposed that the superficial and deeper
layers of the SC are organized in a columnar fashion by interlaminar connections that link them (Sprague 1975). However, the existence of such a connection and its functional implication has been a matter of long-lasting debate in the
field. Evidence against the existence of interlaminar connections was presented
by Edwards (1980) on the basis of anatomical studies. In addition, Mays and
Sparks (1980) showed that during certain saccades, such as a saccade to the locus of a target that disappeared during the course of a preceding saccade (“double step saccade paradigm”), the bursting discharges of deeper-layer neurons
need not be preceded by activation of overlying superficial layer neurons. They
argued that the discharge of overlying visual cells is neither necessary nor sufficient to activate most intermediate layer neurons with saccade-related bursts.
An exception to this general conclusion is the visually triggered movement cells
(VTMs), first described by Mohler and Wurtz (1976). VTMs both have a visual
receptive field and produce a saccade-related discharge when saccades are made
to a visual target. These cells are silent during similar spontaneous saccades in
the dark or light. VTMs do not require that a visual stimulus be present at the initiation of a saccade; it is only necessary that the target has recently appeared in
an area of the visual field that corresponds to the movement field of the cell
(Mays and Sparks 1980). VTMs have the properties expected if the visual
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response of cells in intermediate layers were based on a superficial layer input.
They discharge if, and only if, there has been a visual target in the region of the
visual field to which a saccade is directed.
On the other hand, Maeda et al. (1979) showed that short latency excitatory
postsynaptic potentials (EPSPs) can be induced in deeper-layer neurons following electrical stimulation of the optic nerve in anesthetized cats. In the late
1980s, the existence of an interlaminar connection was first demonstrated anatomically by Moschovakis and his colleagues in squirrel monkeys (Karabelas
and Moschovakis 1985; Moschovakis et al. 1988) and by Rhoades and his colleagues in the hamster (Mooney et al. 1988b); it was later confirmed in additional species by Behan and Appell (1992), Lee and Hall (1995) and Hilbig and
Schierwagen (1994). Further, in the late 1990s, the properties of the interlaminar
connection was investigated in detail by using electrophysiological techniques
in combination with intracellular staining techniques in slice preparations of the
SC (Lee et al. 1997; Isa et al. 1998b). In this section, we summarize the observations obtained in slice studies and discuss the behavioral studies performed in
nonhuman primates.
Figure 2.3d is a pictorial summary of the design of our experiments in slices
obtained from rats 17–22 days of age. Stimulating electrodes were placed in the
SGS and in the optic tract (OT) near the lateral border of the optic layer (SO)
where the OT comprises a bundle of fibers. The responses of SGS, SO, and SGI
neurons evoked by stimulation at these sites were recorded through patch pipettes. Single electrical pulses delivered through the OT electrode induced short
latency monosynaptic EPSPs in both narrow-field vertical cells of the SGS,
which project its axon extensively to the SO (Figure 2.3a) and in wide-field vertical cells of the SO, which projects to the SGI (Figure 2.3b). The EPSPs were
moderately enhanced by application of GABAA receptor antagonist bicuculline
(Figure 2.3a4 and b4) and were completely suppressed by application of the glutamate receptor antagonists CNQX and APV (Figure 2.3a6 and b6). These findings demonstrate that both SGS and SO neurons receive glutamatergic monosynaptic excitation from the OT. To judge from their longer latency and
fluctuating onset latencies, the EPSPs evoked in SGI neurons following stimulation of the OT (Figure 2.3c2 and c3) were di- or oligosynaptic. These responses
were markedly enhanced by application of GABAA receptor antagonists, such
as bicuculline (Figure 2.3c4) or SR95531; the bursting spike discharges evoked
in the SGI cells were superimposed on large clusters of EPSPs, which could last
longer than 1 s, even when single brief electrical pulses were delivered through
the OT electrode. The long-lasting depolarization and bursting spike discharges
were evoked in an all-or-nothing fashion at threshold stimulus intensities (Figure 2.3c5). Stimulation of the SGS induced monosynaptic EPSPs in SGI neurons, which were again amplified into bursting spike discharges superimposed
on the long-lasting depolarization following application of bicuculline (Figure
2.3e1–4). These results confirm the existence of an excitatory pathway from the
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OT to SGI neurons, presumably mediated by SGS or SO neurons, as previously
demonstrated by Lee et al. (1997) using whole-cell recording in SC slices from
the tree shrew. They also argued that release from GABAA receptor-mediated
inhibition is needed for SGI neurons to exhibit vigorous bursting responses to
uncaging of glutamate by UV light (Pettit et al. 1999).
These observations obtained in slice preparations were confirmed in in vivo
experiments. The bursting responses evoked in SGI neurons by OT stimulation
were observed following the blockade of GABAA receptor-mediated synaptic
transmission in anesthetized rats (Katsuta and Isa 2003) and more recently in anesthetized monkeys (Nikitin, Kato, and Isa, unpublished).
Thus, the existence of the interlaminar connection has been demonstrated,
and the signal transmission through the pathway is enhanced by disinhibition
from GABAA receptor-mediated inhibition. The obvious question is thus: What
use does the interlaminar connection fulfill? One hypothesis states that the
interlaminar connection is utilized for execution of express saccades with extremely short reaction times (ranging from 80–120 ms). In earlier studies by
Hikosaka and Wurtz (1985a), the effect of injection of bicuculline into the SC on
visually guided saccades in monkeys was investigated. Their observation of significant reductions in saccadic reaction times, and especially increase in frequency of express saccades, was confirmed by Sparks et al. (1990). In more recent studies, Isa and colleagues tested the effect of other neurotransmitters that
modulate the signal transmission through the interlaminar connection.
In in vitro experiments, neurotransmitters were explored that might modulate
the threshold above which SGI neurons emit bursts in response to synaptic
drive. Acetylcholine (ACh) is a good candidate for modulating the threshold of
SGI cells, as it is employed by pathways to the SGI from the parabrachial region
of the midbrain (the pedunculopontine and laterodorsal tegmental nuclei). In rat
slice experiments, Isa et al. (1998a) found that application of ACh primarily activates a4b2 type nicotinic ACh receptors (nAChRs) and M3 type muscarinic
receptors of SGI neurons and causes their depolarization (Sooksawate and Isa,
in preparation). Isa et al. further observed that depolarization caused by nAChR
activation lowered the threshold for eliciting bursting response to excitatory
synaptic inputs, such as those from the OT (Figure 2.4) and SGS (not illustrated). Based on the observations of the effect of nAChR activation on SGI neurons, Isa and colleagues microinjected nicotine locally into the SGI of monkeys
while they were engaged in a visually guided saccade task (Aizawa et al. 1999;
Watanabe et al. 2005). As shown in Figure 2.5, nicotine induced a stepwise reduction in saccade reaction time (SRT), from that of regular saccades (150–160
ms) to that of express saccades (about 100 ms). Interestingly, the SRTs exhibited
a clear bimodal distribution after the onset of nicotine injection and even during
recovery from it. As shown in Figure 2.5, few saccades of intermediate SRTs
were elicited. Increase in the dose of nicotine caused no further reduction in
SRTs. These results suggest that express saccades may be produced by the local
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Figure 2.3 Effect of the optic tract (OT) and SGS stimulation on SGS, SO, and SGI
neurons studied in the slice preparation of the rat SC. (d) Experimental arrangement: Bipolar stimulating electrode was placed either in the most dorsal portion of the SO to stimulate the bundle of optic fibers or in the SGS. In the former, a cut was added to the slice to
eliminate the possibility of current spread outside the OT to activate the SGI neurons. (a)
Recording from a narrow-field vertical cell in the SGS: (a1) Morphology of the neuron
stained with intracellular injection of biocytin. Soma and dendrites are painted in black;
axonal branches in gray. (a2) and (a3) The effect of the OT stimulation in the control solution with different time sweep. (a4) During application of 10 mmol Bic. (a5) During application if Bic plus 50 mmol AP5. (a6) Additional application of 10 mmol CNQX. (b)
Recording from a wide-field vertical cell in the SO. The same arrangement as (a).

increases in the excitability of SGI neurons. They also suggest that the nicotine-induced movements rely on the existence of a short transmission time
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Figure 2.3 (continued) (c1) Morphology of the neuron stained with intracellular injection of biocytin. (c2) and (c3) The effect of the OT stimulation in the control solution with
different time sweep. (c4) During application of 10 mmol Bic. The stimulus strength was
suprathreshold (50 mA). (c5) At the threshold current intensity (17 mA), the bursting response occurred in an all-or-none manner. (e) Effects of stimulation of the SGS onto a
SGI neuron in the control solution (e1), after application of bicuculline (10 mmol) (e2)
and application of 50 mmol APV, which largely abolished the long-lasting depolarization
(e3) and additional application of 10 mm CNQX completely abolished the EPSPs (e4).
From Isa et al. (1998) and Isa (2002), with permission.

pathway, probably within the SC, for their execution. The interlaminar projection of the superficial to the deeper tectal layers provides such a pathway when
the signal flow through it is enabled, so that visual signals that reach the SGS can
be transformed into the bursts of action potentials that comprise motor
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Figure 2.4 Cholinergic effect on SGI neurons. (a) Immunohistochemical staining
against choline acetyltransferase. Afferent fibers terminating in the SGI are densely
stained. (b) Depolarization induced by application of 30 mmol nicotine. (c) Effect of nicotine application (30 mmol) to EPSPs induced by stimulation of SGS: (1) control responses; (2) during nicotine application; (3) after nicotine washout. (d) Time course of
effect of nicotine application.

commands. This hypothesis is supported by observation of neuronal activities in
the superficial and deeper-layer neurons of the SC during express regular saccades (Figure 2.6).
Figure 2.6a illustrates the discharge of a superficial layer (SGS) neuron and
an intermediate layer (SGI) neuron for “regular saccades” (SRTs > 150 ms) in
the no-gap condition. Figure 2.6b illustrates the discharge of the same neurons
for express saccades (in a gap task with period equal to 170 ms). As shown here,
the discharge of the SGS neuron was virtually the same for regular and express
saccades. In both cases, it exhibited phasic visual responses, with latencies ranging between 40 and 50 ms. Thus, the execution of express saccades cannot be
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Figure 2.5 Effects of nicotine injection (10 mmol/l, 2 ml) into the monkey SC on
saccade reaction time (SRT) during gap (170 ms) visually guided saccade paradigms.
Amplitude of saccades was 7° in horizontal and 7° in vertical directions. A horizontal bar
in (a) indicates period of nicotine injection (10 min). (a) SRTs are plotted against time.
Open circles represent trials before injection; asterisks indicate trials during and after
nicotine injection. (b) Distribution of saccadic reaction times before (lower) and after injection of nicotine. From Aizawa et al. (1999), with permission.

ascribed to the modification of the discharge of SGS neurons. On the other hand,
the SGI neuron did not exhibit the same pattern of activation for regular and express saccades. For regular saccades, the SGI neuron exhibited a weak discharge
with a latency of 40–50 ms, that is, similar to that of the visual responses of SGS
neurons. This weak, phasic, “visual response” did not appear to be strong
enough, by itself, to trigger the saccade burst generator circuits downstream of
the SC. Then, 50–80 ms later, the SGI neuron exhibited a strong burst of spikes
(“premotor burst”), which appeared to trigger saccades. In contrast, for express
saccades, a gradual increase of discharge was observed during the gap period
(arrow in Figure 2.6b). The buildup was followed by a strong unimodal burst of
spikes with latency equal to that of “visual responses” that occur prior to regular
saccades.
The activity of cells in the intermediate layers displaying visual, visuomotor,
and motor bursts are shown during regular saccades and during trials with gap
intervals of 150 and 300 ms (Figure 2.6c–e). The trials are ranked according to
reaction time. The latency of the visual response of visual and visuomotor cells
is unrelated to reaction time (Figure 2.6f, g) whereas the motor burst of
visuomotor and motor cells is highly correlated with reaction time over the full
range of saccadic latencies. For saccades in the express range, the visual and motor bursts of visuomotor cells merge and the onset or offset of either the visual or
the motor burst cannot be defined. Collectively, these data suggest that the signal
transmission through the interlaminar connection modifies the excitability of
presaccadic burst neurons in the SGI and induces an early burst in the case of express saccades. However, the direct evidence to show that the signal is actually
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Figure 2.6 Activity of an sSC neuron and a dSC neuron during regular saccades in the
no-gap paradigm (a), and express saccades in the gap paradigm (gap period lasting for
170 ms) (b) in the monkey. Spike density functions of exemplary neurons are shown. FP:
presentation of fixation point; ST: presentation of saccade target; Eye eye position.
(a)–(b) from Isa (2003) with permission. (c)-(e): Raster display of the activity of a visual
(c), visuomotor (d), and motor (e) cell during regular saccade trials and 150 and 300 ms
gap trials. Each tick mark represents the occurrence of an action potential and each row of
tick marks represents the activity observed during a single trial. The broad, gray tick
marks in panel (c) represent saccade onset and offset. The visual cell displayed a second
period of activation associated with the target image motion on the retina during the
saccade. During gap trials, the fixation stimulus was extinguished 150 or 300 ms before
the target appeared. The trials are aligned on target onset (the vertical line), and each set
of trials is arranged in descending order of saccadic reaction time. Delayed saccade trials,
step trials, 150 ms gap trials, and 300 ms gap trials were randomly interleaved during data
collection. (f) Visual burst latency as a function of saccade latency for the visual cell illustrated in (c). (g) Visual (gray) and motor (black) burst latency as a function of saccade
latency for the visuomotor cell illustrated in (d). Data points for express saccades with
the shortest latencies are not illustrated because the onset of the visual and motor bursts
could not be defined. (h) Motor burst latency as a function of saccade latency for the cell
illustrated in (e). Saccade onset was defined using a velocity criterion (40°/s). Burst onset
was defined as the first of four consecutive instantaneous frequency values greater than
300 spikes/s. (c)–(h) from Sparks et al. (2000), with permission.
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transmitted from the superficial layer to deeper layer is still lacking, and the
neuronal mechanisms of express saccades are still unclear.

NEURONAL MECHANISM FOR GENERATION OF
PRESACCADIC BURST
When and where to make saccades has been intensively studied as a model system for studying the neural implementation of decision-making processes by the
brain. Most models assume that where (the direction and amplitude of the movement) to make saccades is determined by the location of the neuronal population
engaged in the saccade execution on the topographical map in the SC. On the
other hand, the reaction time interval between the onset of visual stimulation and
saccade onset is quite variable, ranging between 100 and 500 ms. To explain this
variation, many models have been proposed and, among them, the accumulator
model has been evaluated in terms of neural implementation.
In the accumulator model, the initiation of saccadic eye movement is determined by the timing of when the gradual rise of the decision signal exceeds a
certain threshold level for saccade generation. Neural activities of several
saccade-related structures in the brain were investigated based on this model in
nonhuman primates. Among these, those in the deeper layer of the SC well represent a typical pattern that fits the model. Under the condition where the subject
can anticipate the forthcoming target location, the gradual increase in activity
can be observed in the deeper-layer neurons (“prelude activity”), and the sudden
change of activity to a burst is supposed to trigger the initiation of saccades. The
high-frequency burst of collicular neurons is tightly coupled to saccade onset
(leading the movement by 18–20 ms; see Figure 2.6h). Moreover, the occurrence, or lack thereof, of the high-frequency burst can be used to predict perfectly the behavior of a monkey performing a behavioral task in which the probability of saccade initiation is manipulated by varying target duration (Sparks
1978). The hypothesis (Sparks 1978; see also Keller 1979) that, in normal animals, the motor burst of collicular neurons serves as a signal, which triggers
saccade onset, must now be extended to express saccades (Sparks et al. 2000).
The prelude activity of the deeper-layer neurons predicts the vector of forthcoming saccade (Glimcher and Sparks 1992), and the higher the activity, the shorter
the saccadic reaction times (Dorris et al. 1997; Sparks et al. 2000). This suggests
that the initiation of the presaccadic burst is determined by the timing when the
prelude activity exceeds “the threshold.” The question therefore arises as to
whether the threshold effect is implemented by mechanisms intrinsic to the local
circuit of the SC or whether it merely reflects events occurring outside the SC. In
vitro slice preparation of the SC that is separated from other brain structures can
be a powerful tool for addressing this issue, since this preparation allows a description of the properties of the intrinsic circuit of the SC. The bursting
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responses of neurons may arise from several alternative mechanisms, either at
intrinsic membrane properties of individual neurons or by the structure of the
circuit. As the first step to explore this issue, it was essential to know the intrinsic
membrane properties of individual identified tectofugal cells. It was found that
most of the crossed tectoreticular SGI cells identified by retrograde labeling
with a fluorescent tracer exhibited regular spiking properties and a quasi-linear
f–I relationship (Sooksawate et al. 2005). Also, only a small population of
tectofugal neurons exhibited burst spiking or plateau potentials. On the other
hand, as shown in Figure 2.4d, the bursts emitted by SGI neurons, in response to
stimulation of the SGS in the presence of bicuculline, were suppressed by application of 50 ìmol APV, and thus the bursts depended on activation of NMDAtype glutamate receptors. It is well known that NMDA receptors have a
J-shaped current–voltage relationship. Due to Mg2+-block, the NMDA-type
glutamate receptors admit inward currents only when the cell is sufficiently depolarized. Once the membrane potential exceeds the value necessary for activation of the NMDA receptor, a regenerative process ensues, which further enhances their depolarization. Such nonlinear activation of NMDA receptors can
account for the all-or-nothing character of the bursts emitted by SGI neurons.
Presaccadic neurons of the primate SC are known to have recurrent collaterals, which ramify in the neighborhood of the parent somata (Moschovakis
et al. 1988). To further investigate whether a local circuit including such neurons
could support their long-lasting depolarization and bursting activity, Saito and
Isa (2003) obtained simultaneous, dual, whole-cell records from pairs of adjacent SGI neurons. Figure 2.7 illustrates an example obtained from a pair of neurons horizontally separated by less than 100 ìm. The existence of direct connections between the two cells was evaluated by measuring the responses of one of
the cells to current injected into the other in order to induce its single or repetitive firing. In this manner, we established that the two neurons (Figure 2.7a, b)
were not directly connected with each other. This result applied to most of the
cases we examined (over 95%). When we applied 10 ìmol bicuculline (or
SR95531) to block GABAA receptors and reduced the extracellular concentration of Mg2+ from 1.0–0.1 mmol/l to enhance the NMDA receptor-mediated responses, the SGI neurons exhibited bursting spike activity superimposed on repetitive, spontaneous, depolarizing potentials. Interestingly, the spontaneous
depolarization and the bursting spike activity occurred almost simultaneously in
both neurons. Since the spiking discharges of two adjacent presaccadic burst
neurons are synchronous, synchronization of SC neuron discharges could underlie the generation of their presaccadic bursts in vivo. It was further found that
activation of NMDA-type glutamate receptors is essential for such synchronous
depolarization to occur since it was completely abolished by APV. A small piece
of the intermediate layer (0.3 mm thick and measuring about 0.5 mm by 1 mm in
the dorsoventral and mediolateral directions, respectively) was adequate to support the synchronous depolarization and bursting of pairs of neurons.
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Figure 2.7 Simultaneous recordings from a pair of SGI neurons. (a) Photomicrograph
of the pair of recorded SGI neurons (injected with biocytin intracellularly). (b) Recordings of current responses from one cell in voltage-clamp mode (VC) after induction of a
single (b1) or several (b2) action potential(s) in the other cell by current injection in current-clamp mode (CC). (c) Spontaneous membrane potentials in control solution (c1), in
the presence of 10 mmol Bic and low (0.1 mmol/l) Mg2+ (c2). (c3) shows faster-sweep records of segments underlined in (c2); (c4) shows faster-sweep records of segment underlined in (c3). From Saito and Isa (2003), with permission.

NEURONAL MECHANISM OF POPULATION CODING
The movement field of an individual burst neuron in the deeper layer is broad
and coarsely tuned. The activity of a single neuron is ambiguous with respect to
coding the vector of the executed saccade because similar bursts are generated
for movements having quite different directions and amplitudes (Sparks and
Mays 1980). Since each cell discharges before a wide range of movements, a
large population of cells is active before each movement. Precise control of
saccade direction and amplitude is assumed to be attained by averaging the activities of a large population of deeper-layer neurons distributed across a wide
area of the SC map (Lee et al. 1988). An example of data consistent with the vector averaging hypothesis is presented in Figure 2.8. Simultaneous visually induced activity of neurons in one part of the motor map and electrical stimulation-evoked activity of neurons in another part of the motor map produce
saccades with amplitudes and directions that can be described as a vector average output. Current models of the saccadic system (Keller 2004) that can account for various behavioral phenomena (e.g., vector averaging) use intracollicular connections and recurrent feedback from output cells to shape the
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Electrical
stimulus

500 Hz

Fixation
point
200 Hz

Visual
stimulus

Figure 2.8 Effects of simultaneous activation of two regions of the SC. After the monkey maintained fixation of a centrally located visual fixation stimulus (+) for a variable
period of time (200–800 ms), an eccentric target (large box) was flashed for 50 ms 9° to
the right and 7° downward. The endpoints of saccades to this dim, briefly flashed target
(squares) were variable in amplitude and direction. The endpoints of saccades evoked on
trials in which microstimulation trains were delivered in the absence of an eccentric visual target are shown as triangles. The stimulation-evoked movements were also variable
for these near-threshold stimulation trains (6 microamps current, pulse duration 0.5 ms).
Randomly, on 30–50% of the trials, a train of microstimulation pulses was delivered after
a variable delay (2–175 ms) following the offset of the visual target. The stimulation train
continued until an eye movement occurred. Endpoint of saccades occurring on trials with
both visual and electrical stimulation with 200 Hz trains are represented as gray circles.
Robust averaging effects were observed. With combined visual and electrical stimulation, saccades were directed to points intermediate between the visual and stimulation-evoked movements. On trials in which the frequency of the stimulation train was
500 Hz (black circles), the endpoints of saccades were further displaced from the endpoints of visual saccades and closer to the endpoints of electrical saccades. Saccades with
endpoints at almost any location on the line connecting the cluster of points observed on
visual trials and the cluster on stimulation trials can be obtained by varying the number of
pulses and the frequency of stimulation.

spatiotemporal pattern of the population of collicular cells active before and
during a saccade. For example, recurrent excitatory feedback from tectoreticular burst neurons is used to help generate a large region of active neurons
surrounding the locus of the visual input to the motor layer. Other models implement strong winner-take-all behavior in a distributed neural map by the strength
and extent of the lateral inhibitory connections (see Keller 2004). Only recently
have methods become available for actually assessing the extent to which widespread excitatory and inhibitory connections exist between different regions of
the collicular map. Results of experiments assessing intrinsic excitatory
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connections in the collicular network are described below. Moschovakis et al.
(1998) studied the morphology of burst neurons in the deeper layer in squirrel
monkeys by intracellular staining with horseradish peroxidase and showed that
tectal long-lead burst neurons (TLLBs) in the deeper layer issue a large number
of axon collaterals in the deeper layer and suggested the existence of tight local
excitatory connections in the deeper layer. A more recent study by Hall and colleagues showed local stimulation of SGI neurons, by uncaging of caged glutamate compound, induced excitation of neurons in horizontally distant neurons
(Helms et al. 2004). Further, a recent study by Saito and Isa (2004) studied the
lateral excitatory connection in the SGI by making dual whole-cell recordings
from pairs of SGI neurons. As shown above, when whole-cell recordings were
performed from two adjacent SGI neurons and we added bicuculline and reduced extracellular Mg2+ concentration to 0.1 mmol/l, the two cells exhibit
spontaneous depolarization and bursts of firings synchronously. Such spontaneous synchronization could be observed when Qx-314 was applied to the intracellular solution to block spike generation. Because the amplitudes of depolarization were not always identical between a pair of neurons, the phase plots were
made from plots of amplitudes normalized to the maximum amplitude of depolarization of each neuron (Figure 2.9b1). The “percent of synchronous depolarization (PSD)” was defined as the sum of the number of plots with the values of
normalized amplitude of both neurons greater than 0.5 (plots in area II of Figure
2.9b2) divided by the sum of the number of plots in areas I, II, and III (Figure 2.9
b2). In addition, the correlation coefficient of the plots was measured. The PSD
and coefficient of the correlation shown in Figure 2.9 b1 was calculated to be
69.8 and 0.91, respectively, which indicated a high degree of correlation. Then,
to investigate the intensity of lateral excitatory interaction, we measured the
PSD and correlation coefficient of cell pairs with various horizontal distances in
the SGI. As shown (Figure 2.9g, h) the degree of synchronization was reduced
as the distance increased and reached virtually zero when the distance of the recorded pairs was 1 mm. We made a similar analysis on pairs of wide-field vertical cells in the SO and pairs of SGS neurons (non-wide-field vertical cells).
Wide-field vertical cells in the SO exhibited virtually similar degree of synchronization in relation to the distance. In contrast to these subclasses of neurons,
pairs of SGS neurons rarely showed synchronization and even, if they exhibited
synchronicity, it is observed only when the distance of the pairs was less than
100 ìm. These results indicate that the lateral excitatory connection is intense
and widespread in the SGI and among wide-field vertical cells in the SO,
whereas SGS neurons have lateral excitatory connection only among a cell population in the close proximity. In other words, the SGS neurons compose horizontally narrow columnar-like structures, which may correspond to visual receptive fields, whereas wide-field vertical cells in the SO and SGI neurons do
not compose distinct columnar structure.
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SUMMARY
As illustrated, slice preparation has become an important complement to behavioral and electrophysiological studies in alert animals. A few of the advantages
of the method and some of the new findings that have emerged from slice preparations were highlighted here. Descriptions of the cytoarchitecture of brain areas involved in ocular motility and of the intrinsic circuitry of these areas are
more readily acquired using slice preparations and are more definitive than descriptions produced using more conventional techniques. Indeed, studies in
slice resolved the long-standing uncertainty about direct communication between superficial and deep layers of SC. This uncertainty existed because of the
possibility of labeling or stimulating fibers of passage rather than neurons.
Intracellular recordings can be used to classify neurons and electrophysiological cell types can be correlated with morphological categories. For example,
Ih is an electrophysiological signature of wide-field vertical cells in SC. The
synchronicity of the activity in different neurons, the mechanisms responsible
for the synchronicity, and the spatial extent of synchronous activity can be more
easily determined in vitro than in in vivo. The transmitters and receptors used for
communication between layers or subregions can be identified. An excitatory
pathway from the OT to SGI neurons is now well established, and signal transmission over this route is enhanced by disinhibition from GABAA receptor-mediated inhibition. The threshold for the bursting response of SGI neurons to excitatory synaptic inputs can be lowered by depolarization produced by nicotinic
ACh receptors. Such findings have implications for observations made in alert
animals performing eye movement tasks. For example, extracellular records of
the activity of saccade-related burst neurons in monkey often show a distinct
pattern. The prelude of activity that precedes the high-frequency burst usually
maintains a stable frequency of 100 Hz or less for a brief period, and there is a
sudden transition to a high-frequency (800–1000 Hz), short-duration burst.
Based on data from slice, the transition to the all-or-nothing high-frequency
burst may depend on activation of NMDA-type glutamate receptors. However,
the behavioral effects of blocking NMDA-type receptors in the output layers are
unknown.

LIMITATIONS OF CURRENT METHODS FOR
STUDYING EPISODIC MOVEMENTS
In many of the model systems used to study rhythmical movements, the behavior to be explained (locomotion, respiration, mastication) is generated by the
same organism being studied in the slice or dish. Studies of the stomatogastric
ganglion seek explanations for behavior observed in crustaceans. For the
oculomotor system, cellular and molecular data usually come from slices of the
mouse or rat brain, whereas data concerning the movements to be explained
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usually were collected from nonhuman primates. This discrepancy will be eliminated as we acquire more information about the properties of eye movements
generated by rodents (van Alphen et al. 2001; Sakatani and Isa 2004). The link
between behavior and the properties of cells and circuits will be more direct if
both types of data are obtained from the same animal. However, in the case of
eye movements, the strategy of selecting the experimental preparation that permits the use of the most powerful analytical tools available yields different
choices: The mouse will be selected for studies of cellular and molecular mechanisms, the monkey for behavioral studies (rodents are nocturnal and do not have
a fovea; thus, the level of cognitive control over eye movements may be very different in rodents and monkeys). Cellular and molecular mechanisms of neuronal
and circuit behaviors will develop quickly in mouse studies, but experiments designed to test the generality of these findings and putative mechanisms in
animals with other visual demands on the oculomotor system will be highly
valued.
An additional limitation of current isolated preparations is the inability to
study the interactions of visual, auditory, and somatosenory stimuli. Because
sensory input is not preserved, cellular and molecular mechanisms involved in
converting sensory signals organized in different coordinate frames into the
same reference frame, so that they can share a common motor circuitry, cannot
be examined. Mechanisms involved in the dynamic mapping of auditory receptive fields (Jay and Sparks 1987) are also unlikely to emerge from data obtained
in slice.

THE NEED FOR ADDITIONAL ISOLATED PREPARATIONS
The location of the active cells in the collicular map is the major determinant of
the direction and amplitude of a saccade. The high-frequency burst generated by
collicular output neurons has all the characteristics of the signal needed to trigger a saccade. However, the format of the motor command signals observed
downstream are very different. Important transformations of collicular signals
must occur. In contrast to the predominantly place-coded signal found in SC, the
command for a movement in downstream structures is coded temporally. Excitatory burst neurons (EBNs) in the pons generate activity that controls the horizontal component of a saccade. In the midbrain, EBNs produce activity responsible for vertical and torsional components of saccades. The temporal features of
a saccade (duration and speed) are determined by temporal characteristics of the
activity of EBNs. Saccade duration is tightly coupled to burst duration, and burst
rate is highly correlated with saccade velocity. Motor neurons also generate a
temporally modulated command signal. The initial burst of activity (the pulse) is
followed by a sustained tonic level of activity (the step). Amplitude and speed of
a saccade are determined by the size and duration of the pulse.
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How are the predominantly place-coded command signals observed in SC
translated into the temporally coded signals carried by downstream premotor
and motor neurons? This question is called the spatial-to-temporal transform
problem (STTP). With respect to the neural control of saccades, STTP is one of
the most important problems remaining to be solved.
Some of the processing required for the STTP may occur within the SC. The
burst of activity of neurons in caudal regions of SC, which precedes large gaze
shifts accomplished by a combination of eye and head movements, has a much
lower peak frequency than the high-frequency bursts of rostral cells associated
with movements of smaller amplitudes (Freedman and Sparks 1997). A change
in the properties of the saccade-related burst has been observed in other studies
examining an even smaller range of saccade amplitudes (Anderson et al. 1998).
In vitro experiments can be used to determine whether the structure of the intrinsic collicular circuitry and/or the biophysical properties of the output neurons is
homogeneous or varies in a manner that could partially account for aspects of
the STTP.
Still, the differential weighting of anatomical projections from different parts
of the collicular map to the pontine and midbrain regions containing the EBNs
must be a critical aspect of the STTP (Grantyn et al. 2002; Moschovakis et al.
1998). Isolated preparations containing the SC and the pontine EBNs or the SC
and the midbrain EBNs would allow other aspects of the STTP to be studied directly. Outputs from many regions of the collicular map converge on each EBN
(each pontine EBN discharges before movements having a full range of horizontal amplitudes). Thus, in the isolated preparation, intracellular recordings
could be used to examine the efficacy of synaptic inputs arriving from different
regions of the collicular map.
The activity of collicular neurons receives extensive inhibitory input from
the substantia nigra (SN). Saccades occur when local inhibition is removed by
local inactivation of neurons in the SN (Hikosaka and Wurtz 1985b). Isolated
preparations containing the SN and SC would allow more detailed descriptions
of cellular mechanisms and signal distribution, such that interactions between
extrinsic and intrinsic sources of inhibition could be examined.

CONCLUSIONS
The modern era of oculomotor research began with the advent of the chronic
microelectrode recording technique in the late 1960s. The ability to correlate the
activity of a single neuron with the parameters of an ongoing movement fueled a
period of rapid progress. Currently, we are in a new era in which the powerful
tools of genetics and molecular biology are being used to seek more mechanistic
explanations for the orderly relationships between cell activity and behavior.
Although it is difficult to study episodic movements in slice or dish, important advances in our understanding of the structure and function of the brain
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areas involved in the generation of episodic movements are occurring at a rapid
rate. In this chapter, we highlighted some of the new knowledge that has been
gained from studies of tectal slices. The number of studies of the oculomotor
system using isolated preparations and/or genetic manipulations is also increasing rapidly. A variety of methods are being used, and studies similar to those described for the SC are being performed in other regions of the oculomotor system. For example, the photolysis of “caged” glutamate is being used in SC slices
to study intrinsic connections (Helms et al. 2004). Neurons in the vestibular nucleus that are the postsynaptic targets of floccular Purkinje cells expressing a
fluorescent protein were found to possess unique physiological properties
(Sekirnjak et al. 2003). In vivo intracellular recordings from neurons in an
oculomotor neural integrator of the goldfish (e.g., Aksay et al. 2001) are providing valuable new information and insights into how persistent firing rates that
reflect the sum of previous excitatory and inhibitory inputs can be implemented.
High-density oligonucleotide microarray studies have been used to determine
genomic changes in the mouse oculomotor system in response to light deprivation from birth (McMullen et al. 2004). The future yield of experiments using
these and other techniques will be high. The cellular and molecular information
derived from these studies will spawn experiments that test putative mechanisms in behaving animals, some of which have been altered genetically.
Some of the factors that are likely to impede progress can be identified. Currently, cell and molecular data are obtained from one species and behavioral data
from a different species. Fortunately, when viewed from an oculomotor perspective, evolution does not seems to be discontinuous, and the basic function
and structural layout of areas like the SC as well as the pontine and medullary
circuits containing the oculomotor neural integrators seem to be similar. Designing appropriate experiments to bridge the molecular and molar experiments is an
important task.
The tissue being studied in slice is part of a large distributed network. Network inputs and outputs are removed in the isolated preparation, although for
some purposes, this is an advantage. New isolated preparations that permit interactions between different components of the distributed network need to be developed. The potential payoff from such preparations is high.
Noticeably missing from this list are studies using voltage-sensitive dyes or
other imaging methods to monitor the simultaneous activity of populations of
neurons (cf. Seidemann et al. 2002). Many of the structures involved in the control of eye movements are buried deep in the brain or in the cortical sulci; thus,
imaging studies are currently difficult or impossible.
Perhaps the most serious limitation of currently available methods is the inability to study the cellular and molecular mechanisms involved in some of the
computations necessary to translate sensory signals into commands for action.
Neither chronic preparations nor isolated preparations permit intracellular recordings of the interactions of visual, auditory, and somatosensory stimulation.
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Stable intracellular recordings are difficult in behaving animals, and the input
pathways are not preserved in most isolated preparations. The interaction of
sensory signals and corollary discharge copies of motor commands, essential for
some known computations, cannot currently be studied in isolated preparations.
It will be interesting to see how the inventive neuroscience research community
copes with these problems.
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