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EYXAPIZTIEZ
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INTRODUCTION

Oculomotor pathways

Intense research in systems neuroscience seeks to explain the neural basis of
behavior providing ultimately a link between the mental and the physic.
Inter-disciplinary approaches lead to the localization of function in brain areas
so that now we are endowed with over 32 cortical areas implicated in visual
processing (Felleman and Van Essen, 1991). Scientific toil aims to expose the
critical information analyzed and stored within each node of an intricate
network of connections, especially as one moves away from the centers of
sensory input and motor output. Perhaps the most stimulating line of work
investigates whether and how the discharge of single neurons or groups of
neurons relates to complex behaviors, attentions, intentions, perceptions and
decisions (Schall, 2004).

A fascinating system to address these questions is the oculomotor
system. Fascination partly stems from its seemingly simplicity: the eye moves
with only a few degrees of freedom by few muscles, it has a constant load and
eye movements can be accurately measured in the laboratory. Extensive
research indicates a constellation of brain regions responsible for eye

movements that spread over the brainstem, the cerebellum, the basal ganglia,



the thalamus and the cortex (Fuchs et al., 1985; Moschovakis et al., 1996; Ilg,
1997; Tehovnik et al., 2000; Krauzlis, 2005). Two types of eye movements
responsible for conjugate shifts of the line of sight have been described
(Dodge, 1903, in Rashbass, 1961). Fast or saccadic movements use spatial
information to redirect the line of sight to a peripheral target. Slow or smooth
pursuit movements use motion information to match eye velocity to target
velocity. Traditional views hold that different oculomotor circuits mediate
saccadic and pursuit function. The superior colliculus (SC) in the midbrain,
the frontal eye field (FEF) and the supplementary eye field (SEF) in the frontal
lobe, and the lateral intraparietal area (LIP) in the parietal lobe are of
particular importance for saccades (Robinson and Fuchs, 1969; Wurtz and
Goldberg, 1972; Schlag and Schlag-Rey, 1987; Andersen et al., 1990). In
contrast, the areas of the motion complex (MC) in the temporal lobe are of
particular importance when it comes to pursuit (Komatsu and Wurtz, 1988a).
Skepticism towards such a dichotomy was raised by more recent evidence
suggesting that the same networks and, in some cases, the same neurons are
activated during both pursuit and saccades (Krauzlis, 2004). For example, the
rostral portion of the SC encodes an error signal that could be used in
multiple movements (Krauzlis et al, 1997). Also, the involvement of the
saccade-related cortical areas FEF, SEF and LIP in smooth pursuit has been
broadly documented (Gottlieb et al., 1993; Heinen, 1995; Bremmer et al,,
1997a; Tanaka and Lisberger, 2002). On the other hand, evidence on the
involvement of the pursuit-related superior temporal MC in saccades is
mainly circumstantial (Newsome et al., 1985; Dursteler and Wurtz, 1988) and
largely questionable (Schiller and Lee, 1994). In this view, the strong
reciprocal connections between area LIP and the middle temporal area (MT)
are described as “puzzling” (Lewis and Van Essen, 2000b).

These observations triggered our interest in the current study. We aimed

to map cortical activity in monkeys making repetitive visually-guided and



memory-guided saccades. Oculomotor behavior in the presence or absence of
visual stimulation would reveal the distinct areas involved in sensory
processing and/or motor execution. To this end, we employed the quantitative
autoradiographic method of [“C]-deoxyglucose (2DG; Sokoloff et al., 1977)
that has provided a valuable tool in mapping neuronal pathways activated
under different behavioral paradigms (Savaki, 1999). The method allows for
the simultaneous measurement of local rates of cerebral glucose consumption,
coupling energy metabolism with functional activity. Applications in
primates include studies on the visuotopic organization and functional
response properties in several cortical areas (e.g. Tootell et al., 1982; Geesamen
et al., 1997; Gregoriou and Savaki, 2001; Vanduffel et al., 2002; Moschovakis et
al., 2004).

Our analysis focused on the posterior parietal and superior temporal
cortical areas (Fig. 1), both important nodes of the oculomotor network. These
regions occupy intermediate positions between the centers of visual input and
motor output. As we outline in the following sections, they possess the neural

machinery to receive and/or process signals related to oculomotor behavior.

Posterior Parietal Cortex

The posterior parietal cortex lies in the caudal part of the parietal lobe and is
composed of Brodmann’s cytoarchitectonic areas 5, medially, and 7, laterally
(Garey, 1999), divided by the intraparietal sulcus (IPs). Lesions in the posterior
parietal cortex have long been described to cause a variety of visuomotor
disorders. In the early 20* century, biparietal lesion in humans was reported to
cause inability to look to peripheral targets (“psychic paralysis of gaze”), optic
ataxia and simultagnosia, a syndrome that became known as Balint’s syndrome
(Hecaen and de Ajuriaguerra, 1954). More recently, functional studies in

humans investigated subregions within the posterior parietal cortex, implicated



Figure 1. Lateral view of the macaque brain. The intraparietal (IPs, pink) and superior temporal (STs,
yellow) sulci are unfolded, exposing the areas studied. As, arcuate sulcus; Cs, central sulcus; 10s, inferior
occipital sulcus; Ls, lateral sulcus; Lus, lunate sulcus; Ps, principal sulcus. FST, floor of the STs; MST,
area medial superior temporal;, M'T/V5, area middle temporal/ visual area 5; TEO, area TEO; TPO, area
temporal-parietal-occipital; V4t, area V4 transitional; 5IP, medial bank, 7IP, lateral bank of the IPs,
respectively.

in the visual guidance of movements (Anderson et al., 1994; Paus et al., 1995;
Muri et al., 1996; Connolly et al., 2000; DeSouza et al., 2000; Tobler et al., 2001;
Pierrot-Deseilligny et al., 2004).

One of the most studied areas in the macaque posterior parietal cortex is
LIP which is engaged in eye movement control (Andersen et al., 1990). As the
name implies, area LIP lies within the depths of the lateral bank of the IPs. Due
to differences in myelination patterns and connectivity, LIP was further
subdivided into a light myelinated dorsal part (LIPd) and a denser myelinated
ventral part (LIPv) (Blatt et al., 1990). The visuotopic organization has been
described in both anesthetized and awake monkeys (Blatt et al., 1990; Ben
Hamed et al., 2001). These studies report a crude topographic representation of
the contralateral visual field. In parallel with myelin demarcation, neurons
representing the central visual field are found to reside mainly in LIPd whereas
contralateral peripheral visual locations are represented in LIPv.

Area LIP has an extensively rich set of connections with visual and

oculomotor areas. It is connected to prestriate areas V2, V3, and V4 (Seltzer and



Pandya, 1986; Cavada and Goldman-Rakic, 1989a; Andersen et al., 1990; Blatt et
al., 1990; Baizer et al., 1991). Connections include the areas of the dorsal parieto-
occipital cortex V3A and V6/PO (Colby et al., 1988; Baizer et al., 1991; Galletti et
al., 2001). It is also reciprocally interconnected with areas VIP and 7a in the
parietal cortex (Seltzer and Pandya, 1986; Cavada and Goldman-Rakic, 1989b;
Blatt et al., 1990). Connections with temporal areas include the motion areas
MT, MST and FST, as well as the caudal and intermediate parts of TPO (TPOc
and TPOi) and area TEO (Andersen et al., 1990; Blatt et al., 1990; Boussaoud et
al., 1990; Distler et al., 1993; Webster et al., 1994; Bullier et al., 1996, Lewis and
Van Essen, 2000a). Projections from area LIP are directed to cortical and
subcortical oculomotor centers such as the frontal eye fields (FEF) and the
superior colliculus (SC) (Barbas and Mesulam, 1981; Asanuma et al., 1985;
Lynch et al., 1985; May and Andersen, 1986; Andersen et al., 1990; Schall et al.,
1995; Stanton et al., 1995; Bullier et al., 1996; Petrides and Pandya, 1999). Finally,
we should note that LIP projects to the parahippocampal area TF that
contributes to memory function (Suzuki and Amaral, 1994). The bulk of these
studies highlights a differential connectivity pattern for the LIP subdivisions
reviewed in Lewis and Van Essen (2000a). LIPd is strongly connected to areas
emphasizing the central visual field, i.e. V4, V4ta, TEO and to ventral frontal
eye fields, which control small-amplitude saccades. LIPv connections, on the
other hand, involve the peripheral representations of visuotopic areas (V2, V3,
V4, Vitp), motion areas MT and MST and the dorsal FEF implicated in large-
amplitude saccades.

Physiological evidence supporting a role in saccade execution was
provided by single-unit recordings in primates that described the visual and
saccade-related properties of posterior parietal cortex. Early recordings of
Mountcastle and colleagues (Mountcastle et al., 1975; Lynch et al., 1977)
revealed neurons that respond during visually-guided saccades, suggesting a

motor command function for this area. At about the same time, Robinson and



colleagues interpreted parietal function as sensory and attentional by recording
enhanced visual responses when a stimulus was made behaviorally significant
(Robinson et al., 1978; Bushnell et al., 1981). These initial observations would
fuel a long and interesting debate regarding the decoding of parietal signals.
However, the first investigations failed to distinguish LIP from the adjacent
gyral cortex. Later recordings targeting specifically area LIP confirmed and
expanded its visuo-oculomotor properties describing three cardinal features.
First, robust visual responses were recorded from the majority of LIP neurons
when a light stimulus excites their response field (Gnadt and Andersen, 1988;
Andersen et al., 1990; Barash et al., 1991a; Colby et al., 1996). Second, saccade-
related discharge was also present, usually occurring in the same neurons that
were visually responsive. A common observation was that sensory and motor
fields in each neuron were almost perfectly aligned (Barash et al., 1991b). More
significantly, in about half of the neurons this signal was an early component of
motor response, appearing well before saccade execution (Gnadt and Andersen,
1988). Oculomotor activation in the absence of a visual target is reported in only
one study (learned saccade task, Colby et al.,, 1996). Third, by introducing a
delay period between stimulus presentation and saccade execution many
neurons displayed sustained “memory” activity while the animal had to
withhold eye movements (Gnadt and Andersen, 1988). The above mentioned
characteristics led to ambiguous interpretations of the precise role of area LIP in
representing visual targets and preparing saccades [reviewed in Colby and
Goldberg (1999); Andersen and Buneo (2002)]. On the one hand, emphasis is
placed on the visual responses by proposing that area LIP contains a map of
selective spatial locations irrespective of any action toward them. Experimental
evidence in support is provided by the observation that visual response during
fixation is further enhanced with the attentional load of the task in a particular
location without overt eye movements (Colby et al., 1996). Further, LIP neurons

are particularly excited by the abrupt appearance of novel stimuli that are
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brought onto their receptive field by a saccade (Gottlieb et al., 1998). In
addition, responses are stronger when a saccade is made to a visual stimulus
than when a saccade is made in the same spatial location without a visual
stimulus (Kusunoki et al., 2000). In the same context, responses are stronger to
stimuli regardless of the direction of saccade (Gottlieb and Goldberg, 1999). It is
argued therefore that salient stimuli weigh more in LIP neurons response than
the execution of eye movements. On the other hand, experimental evidence
supports that the discharge of LIP is related to early plans for saccade eye
movements. Employing a variation of the double-saccade paradigm (Mays and
Sparks, 1980), which requires the execution of two sequential saccades to briefly
presented targets, it was shown that sustained activity was higher for saccades
into the neuron’s motor field. In contrast, many neurons had less memory
activity of the visual stimulus when saccades were directed away from the
motor field (Mazzoni et al., 1996a). Moreover, response patterns remained the
same for saccades to visual and to auditory targets (Bracewell et al.,, 1996;
Mazzoni et al., 1996b) although auditory stimulation alone does not activate LIP
neurons (Grunewald et al, 1999). When either saccades or reaches were
planned, activity in LIP was specific for the type of movement (Snyder et al,,
1997; 1998). A different study showed that signals sent to the SC by LIP carry
both visual and saccade-related information (Paré and Wurtz, 1997). In
addition, electrical microstimulation of area LIP neurons evokes saccades albeit
at high thresholds (Shibutani et al., 1984; Thier and Andersen, 1998). Moreover,
tasks with a cognitive dimension revealed that between sensory activation and
movement execution LIP participates in complex perceptual processes (Shadlen
and Newsome, 1996; Platt and Glimcher, 1997).

In summary, the visual, saccadic and memory signals carried by area LIP
neurons support its role in oculomotor behavior and spatial representation.

Modulation of neuronal discharge with increasingly difficult tasks suggests that
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LIP may be involved in the integration of sensory signals to guide motor

actions.

Temporal cortex

From the extensive research on the visual areas of the STs a somewhat
different picture has emerged. A great deal of attention targeted the motion
areas of the MC located in the caudal portion of the STs. This consists of area
MT/V5, situated in the posterior (lower) bank (Allman and Kaas, 1971; Zeki,
1974, Gattass and Gross, 1981; Van Essen et al., 1981), area MST in the anterior
(upper) bank and area FST in the fundus and floor (Maunsell and Van Essen,
1983a; Desimone and Ungerleider, 1986; Boussaoud et al., 1990). MT/V5 was
initially described in macaques on the grounds of the large projection it
receives from the central field representation of the striate cortex (Zeki,
1971a). This report was soon followed by the description of its physiological
properties (Zeki, 1974). MST and FST were originally referred to as a unified
area (MST) medially to MT, receiving projections from the latter (Maunsell
and Van Essen, 1983a). Studies on the myeloarchitecture and response
properties revealed that the MT-projection zone consisted of two areas: MST,
anterior, and FST, ventrally to MT (Desimone and Ungerleider, 1986). All
three areas display response characteristics related to oculomotor function.
Area MT contains a topographic representation of the contralateral visual
field with a large area devoted to foveal vision (Van Essen et al., 1981). The
defining characteristic of MT neurons is their selectivity for the direction of
stimulus motion, with 65% up to 90% of neurons being directionally selective
(Dubner and Zeki, 1971, Maunsell and Van Essen, 1983b; Albright, 1984;
Rodman and Albright, 1987; Erickson et al., 1989; Cheng et al., 1994). All
directions of motion are evenly distributed among the MT neuronal

population (Kruse et al., 2002). Average neuronal response to the preferred
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direction has been reported to be approximately 11 times higher than to the
null direction (Maunsell and Van Essen, 1983b). However, MT neurons
exhibit broad directional tuning, with mean bandwidth (width of directional
tuned curve at half-maximal height) of about 90° (Albright, 1984). Neurons
with similar directional tuning tend to be organized so that gradual changes
of preferred motion direction are represented along columns (Albright et al.,
1984). When tested with moving stimuli at different speeds, MT neurons
responded to a range from 0.5 to 512 deg/sec (Maunsell and Van Essen, 1983b;
Mikami et al., 1986; Lagae et al., 1993). Within this range, the most common
preferred speed was about 40 deg/sec (Rodman and Albright, 1987). In
contrast to the functional architecture for direction of motion, columnar
organization for speed does not exist in MT, even though speed tuned
neurons are clustered (Liu and Newsome, 2003). Area MT neurons encode
global motion and thus resolve the aperture problem arising from local
ambiguities of motion perception when two superimposed components move
orthogonal to each other (Movshon and Newsome, 1996). Moreover, MT
neurons integrate motion information in a roughly linear way. When multiple
directions of motion are presented within their receptive fields the typical
response is the scaled average of the individual component motion directions
(Recanzone et al., 1997; van Wezel and Britten, 2002). Enhanced responses
were elicited from MT neurons when their response field overlapped an
attended portion of visual space (Treue and Maunsell, 1996; 1999). Discharge
was further augmented when attention was directed to the one of a pair of
competing stimuli that moved in the preferred direction.

Neurons in areas MST and FST have larger receptive fields compared to
those reported for MT (Desimone and Ungerleider, 1986; Fiorani et al., 1989;
Raiguel et al., 1997). While the receptive fields of FST include the fovea, those
of MST are eccentric and usually do not include the central visual field

(Erickson et al., 1989). In three studies, the majority of MST cells and about
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one third to one half of FST cells were found to be directionally selective
(Desimone and Ungerleider, 1986; Tanaka et al., 1986; Erickson et al., 1989),
although in another study no directionally selective neurons were reported in
FST (Komatsu and Wurtz, 1988a). A further classification of the macaque MST
followed the observation that neurons in the anterior part had eccentrically
centered larger receptive fields, while in a more lateral location neurons
showed a mixture in sizes and eccentricities (Komatsu and Wurtz, 1988a). The
two subregions (MSTd and MST], respectively) also processed different types
of stimuli. In MSTd, neurons respond better to large patterns of moving
stimuli. MSTI is inhabited both by neurons responding to large pattern fields
and neurons preferring moving single spots of light (Komatsu and Wurtz,
1988b). The subpopulation of MSTd neurons responds to complex patterns of
motion such as expansion, contraction, rotation, and spiraling patterns (Saito
et al., 1986; Tanaka et al., 1986; Tanaka et al., 1993; Graziano et al.,, 1994),
which are generated during navigation in the environment. The response of
MST neurons to translational self-movement in the dark further suggests that
MST neurons combine visual and vestibular signals to discriminate between
self-movement and object-movement in the environment (Duffy, 1998). In
addition, evidence has been provided that MSTd contributes to visuospatial
orientation by encoding the preferred path of self-movement and the spatial
location of the animal (Froehler and Duffy, 2002). On the other hand, it has
been suggested that MSTI is involved in object motion and in controlling eye
movements (Eifuku and Wurtz, 1998). Interestingly, FST has also been
subdivided, albeit in the owl monkey, based on connectional data (Kaas and
Morel, 1993). The dorsal part (FSTd) alone has direct connections with MT
and MST, whereas the ventral part (FSTv) connects with the inferior temporal
cortex.

Identified connectivity patterns support the visual and directional

characteristics of MC neurons and further suggest a role in oculomotor
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behavior. Area MT receives visual input directly from V1 (predominantly
from layer IVB), from prestriate areas V2, V3 and V4 as well as from area V6
(Maunsell and Van Essen, 1983a; Weller and Kaas, 1983; Shipp and Zeki, 1985;
Shipp and Zeki, 1989a; Shipp and Zeki, 1989b; Movshon and Newsome, 1996;
Galletti et al., 2001). MST and FST are connected with VIP and V6, whereas
MST has weak connections with peripheral V1, and V2 (Boussaoud et al,,
1990; Lewis and Van Essen, 2000a; Galletti et al., 2001). FST shares also lateral
connections with V4 (Boussaoud et al., 1990). All three areas that comprise the
MC are interconnected and are also connected with LIPv (Lewis and Van
Essen, 2000a). The same areas have been reported to project to the oculomotor
FEF in the frontal cortex (Maioli et al., 1983; Barbas, 1988; Felleman and Van
Essen, 1991; Maioli et al., 1998). Specific projections of MST/FST to the large-
amplitude-saccade region of FEF (Schall et al., 1995) and to the pursuit-region
of FEF have also been described (Bullier et al., 1996). Both subdivisions of the
FST in the owl monkey also project to the FEF (Kaas and Morel, 1993). Among
the subcortical connections of the MC, key outputs are to the SC (Maunsell
and Van Essen, 1983a; Fries, 1984; Lui et al., 1995) and to the dorsolateral
pontine nuclei (DLPN, Boussaoud et al., 1992; Distler et al., 2002).

Single-unit studies have identified neuronal populations in MT, MST
and FST that respond during smooth tracking of a small target (Komatsu and
Wurtz, 1988a; 1988b; Erickson and Dow, 1989; Thier and Erickson, 1992). In
one study, pursuit-related neurons were found in the most anterior part of
MT that corresponds to the representation of foveal visual field (MTf,
Komatsu and Wurtz, 1988a). Engagement of MT neurons in saccade execution
has been provided only indirectly. Small chemical inactivation of MT/MST
produced a retinotopic error in adjusting saccade amplitude during pursuit
initiation in the visual field contralateral to the lesion (Dursteler and Wurtz,
1988; Newsome et al., 1985 ). When the lesion was restricted to subregions of

MST a directional error was observed related to pursuit maintenance. It was
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characterized by a deficit in matching eye speed to target speed when the
target was moving toward the lesioned side. Similar retinotopic deficits were
also reported in a previous study in which the lesion was restricted to the
central representation of MT (Dursteler et al., 1987). Microstimulation of MT
and MST with high currents modified ongoing pursuit movements, usually
yielding acceleration toward the stimulated site. (Komatsu and Wurtz, 1989).
Therefore, stimulation increased retinal error and produced catch-up saccades
but it had no effect when the eyes were fixating. In other experiments,
microstimulation also affected both saccades and pursuit by introducing a
velocity signal to the preferred direction of neurons (Groh et al., 1997; Born et
al., 2000).

The execution of pursuit eye movements requires the continuous
presence of a moving visual target. In contrast, saccades can be made without
any visual stimulation. This tight linkage of smooth pursuit with light
stimulation poses difficulties in distinguishing the visual from the motor
components of pursuit responses. By transiently removing the visual motion
stimulus during pursuit maintenance it was shown that MST neurons did not
change their response (Newsome et al., 1988; Thier and Erickson, 1992). Even
with brief target extinction, neurons could still maintain a tonic signal due to
visual memory. This problem was solved with the execution of pursuit in the
presence of an eccentric visual stimulus that fell outside the receptive field
(“imaginary” target). Tracking neurons that responded in this task were
recorded from MST. It is therefore suggested that extraretinal signals related
to movement are confound to MST. However, it was reported later that for all
cells in both MT and MST the response is primarily determined by the visual
stimulus (Ferrera and Lisberger, 1997).

The rest of the STs comprises of: i) area V4t, in the posterior bank. This is
a narrow cortical strip flanked between MT/V5 and V4 (Zeki, 1977; Maguire
and Baizer, 1984), ii) the dorsal part of area TEO (von Bonin and Bailey, 1947)
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that extends in the posterior bank (Distler et al., 1993), which may correspond
to the posterior inferotemporal area (PIT, Felleman and Van Essen, 1991) or
V4A (Zeki, 1996) in macaques, or to the FSTv of owl monkeys (Kaas and
Morel, 1993), iii) the architectonic area temporo-parieto-occipital (TPO)
(Cusick et al., 1995) in the upper bank, corresponding to the superior temporal
polysensory cortex (STP) (Desimone and Gross, 1979).

The proposal that the areas V4t and TEO/V4A are parts of the color-
coding V4-complex (Zeki, 1977; Zeki, 1996) as reflected in their similar
response properties only attests to the complexity of the characterization of a
cortical field as area. Perhaps the strongest pieces of evidence in treating these
as distinct areas lie in their different myelination patterns and in that they
contain different representations of the contralateral visual field (Desimone
and Ungerleider, 1986, Boussaoud et al, 1991). TEO and V4 neurons
modulated their firing in a fixation task (Watanabe and Iwai, 1991). In a
comprehensive study, neurons with small receptive fields were recorded from
V4t and TEO, which responded to the presentation of simple and complex
objects (Kobatake and Tanaka, 1994). Both these areas share connections with
V2 and V4 (Zeki, 1977, Boussaoud et al.,, 1991; Nakamura et al.,, 1993;
Felleman et al., 1997), LIPd (Webster et al., 1994; Lewis and Van Essen, 2000a),
the MC (Seltzer and Pandya, 1989b; Barone et al., 2000) and FEF (Webster et
al., 1994; Schall et al., 1995).

In area TPO, almost all neurons are visually responsive and over half
of them are modulated also by auditory and/or somatesthetic stimuli
(Desimone and Gross, 1979; Bruce et al., 1981). TPO has no visuotopic
organization, and visual and somesthetic receptive fields are very large
usually including both hemifields (Bruce et al.,, 1981). Many neurons are
sensitive to direction of motion and insensitive to stimulus size or shape,
responding equally to moving dots and human bodies (Oram and Perrett,

1996). After striate cortex lesions, TPO neurons do not abolish their visual
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properties, although directional selectivity is disrupted. Loss of visual
properties of TPO neurons requires the ipsilateral removal of SC in addition
to the striate cortex lesion (Bruce et al., 1986), same way as for MT (Rodman et
al., 1990). TPO is connected to FEF (Barbas and Mesulam, 1981; Seltzer and
Pandya, 1989a), specifically to pursuit FEF (Bullier et al.,, 1996), to SEF
(Luppino et al., 2001) and to posterior parietal cortex (Morel and Bullier, 1990;
Baizer et al., 1991). It receives projections from MST, FST (Boussaoud et al.,
1990) and the inferior temporal cortex (Morel and Bullier, 1990; Baizer et al.,
1991).

In summary, the caudal STs harbors multiple heterogeneous signals. The
MC carries visual motion information to guide smooth-pursuit and self-
motion, areas V4t and TEO analyze visual inputs for object identification and
area TPO integrates visual, auditory and somatosensory signals for eye-

movement execution and biological motion.
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Aim of the study

We attempted to explore the visual and oculomotor patterns of IPs and
STs cortical activation in rhesus monkeys performing simple repetitive saccades
to visual and memorized targets. By applying the quantitative autoradiographic
method of 2DG (Sokoloff et al., 1977) we investigated in detail the cortical areas
activated under the two behavioral paradigms. Previous attempts to
understand how neural space in the intraparietal cortex represents visual space
and movement metrics have been indirect, relying on single-cell records
obtained sequentially over several experimental sessions on different days and
in different animals. In contrast, the technique we employed allowed us to
obtain high-resolution two-dimensional activity maps throughout the
intraparietal and superior temporal cortex of monkeys engaged in
visuo/oculomotor tasks. Furthermore, alignment of functional data with
cytoarchitectonic maps enabled us to assign distinct roles in each of the areas

analyzed. In the present study, we addressed the following questions:

1) Whether saccades to visual targets activate area LIP in the intraparietal
cortex, while their impact on the superior temporal areas is less
pronounced, in accordance to the existing literature. To this end, we
trained two monkeys to make visually-guided horizontal and oblique
saccades of similar amplitudes, and we examined the patterns of
glucose uptake in the IPs and STs cortices.

2) Whether, in the absence of visual targets, saccades to memorized
locations affect LIP neurons but not ST cortical neurons. Accordingly,
we eliminated the visual inputs and trained two monkeys to make
memory-guided saccades of similar metrics as in the visually-guided
paradigm. Examination of the extent and magnitude of glucose

consumption revealed the cortical areas activated by execution of this
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3)

task and allowed for comparisons with the effects induced by saccades
to visual targets.

Whether active fixation of a central visual target modulates the
metabolic activity in cortical areas that represent the central visual
field. To this end, we trained one monkey in a simple fixation task and
we examined the effects of foveation and compared them with those

induced by visually-guided saccades.



METHODS

Animals

Experiments were performed on six adult female monkeys (Macaca mulatta)
weighing between 3 and 6kg. All animals were purpose-bred by authorized
suppliers (LaborAgra, Budapest, Hungary; Deutches Primatenzentum,
Goettingen, Germany). While food was fully available (Mucedola, Mi, Italy),
access to water was controlled and animals received necessary fluids during
daily experimental sessions. The weight and well-being of the animals were
carefully monitored and, if necessary, supplementary fruit and water were
provided. Monkeys had free access to water on weekends.

Housing, surgical and experimental procedures were approved by the
Greek Veterinary Authorities and the FO.R.T.H animal use committee and

conformed to European Council Directive 86/609/ECC.

Animal Preparation

Upon arrival, the animals were accommodated in their cages (Crist
Instrument Co, Hagerstown, MD, USA) and were allowed to get accustomed

to their new environment for three weeks before any operation. During this
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time, they were monitored for normal behavior and eating habits and were
presented with baby toys and music for stimulation.

Animals were prepared for behavioral training by stereotactically
cementing (Resivy, Vence, France) a metal bolt (Crist Instrument Co,
Hagerstown, MD, USA) onto mandibular plates (Synthes, Bettlach,
Switzerland), secured on the cranium with titanium screws (Synthes, Bettlach,
Switzerland) for head immobilization. Eye coils were sutured on the sclera
[modified from Judge et al. (1980)] to record the instantaneous position of the
eyes (Robinson, 1963). All surgical procedures were performed under
anesthesia (ketamine hydrochloride, Imalgene 1000, Merial, France, 20mg/kg,
im.) and aseptic conditions, with the aid of a stereo microscope. Systemic
antibiotics (Rocephin, Roche, Switzerland, 70 mg/kg/d im.; Tobrex, Alcon,
Switzerland) and analgesics (Apotel, Uni-Pharma, Hellas) were administered
pre- and post-operatively. The animals were allowed to recover from surgery

for at least 3 weeks before training began.

Experimental set-up

During training sessions and 2DG experiments, animals were seated in a
primate chair (Crist Instrument Co, Hagerstown, MD, USA) with their upper
and lower limbs restrained with Velcro® tapes. Limb restraint and head
immobilization ensured that the detected activations were due to
visual/oculomotor rather than skeletomotor behavior. Training was based on
operant conditioning techniques and successful completion of each trial was
rewarded with water, delivered by a tube placed close to the animal’s mouth.
Monkeys were trained for 3-10 months, until they performed ~90% accurately,
before proceeding with the 2DG experiment.

The behavioral apparatus was a 21-inch video monitor (Philips, the

Netherlands) placed 23 cm in front of the monkeys. Visual targets were red
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spots of 1.5° diameter. Monkeys executing visually-guided saccades were
required to hold eye position within an electronically defined circular
window of 2.5° diameter centered on the visual target. Monkeys executing
memorized saccades were required to hold eye position within a circular
window of 5° diameter around the memorized location. During the
memorized oculomotor tasks, auditory cues were presented through a
speaker attached on top of the monitor straight ahead of the monkey. All

experimental procedures took place in complete darkness.

Experimental control and data acquisition

Behavioral paradigms, data acquisition and reward were controlled by a PC
running the custom written software NPV (Dr. Paul Johnson). The NPV
feeded a) the behavioral monitor with the stimuli to be presented to the
animal, and b) a microprocessor interface (CED1401, Cambridge, UK) with
target position information (Fig. 2).

The instantaneous eye position was monitored using the search coil
method (Judge et al, 1980). Electrical current flowing through paired
horizontal and vertical coils (Remmel Labs, TX, USA) around the monkey’s
head created approximately homogeneous magnetic fields. These magnetic
fields induced in the implanted search coils the signal used to measure eye
position. Incoming analog eye position signals from the eye coil converged on
the CED interface. Eye position was sampled at a temporal rate of 500Hz.
From the CED interface, digital information about eye position was fed back
to the NPV software. Incoming behavioral information was stored and, in
case of accurate oculomotor behavior, reward was released, otherwise, trial
was aborted and a new trial begun. Eye-position information was also fed to a

second PC running the Spike2 software (Cambridge Electronics
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Design,Cambridge, UK). Incoming information about eye movements was

stored and analyzed off-line.

target
_presentation
Spike2 NPV
reward
A A A
target position digital eve target position
signal position signal signal
\/
> Monitor
CED
A
analog eve
position signal
Eve Position
Measuring Device
A
»>

analog eye position signal

Figure 2. Schematics of the experimental set-up. A target controlled by the NPV software
was presented to the monkey on a video monitor. Through the CED box, eye position from
the eye-position-measuring device was compared to target position and, in case of accurate
oculomotor behavior, reward was released. If oculomotor behavior was not accurate, the
trial was aborted. Furthermore, from the CED box, eye and target position signals were
sent to a second computer running the Spike2 software for off-line analysis.
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Behavioral tasks

Given the European Union restrictions about the use of primates as
experimental subjects, we used the minimum possible number of monkeys
that allows for solid conclusions about the mechanisms of function of the
primate oculomotor cortical system. We designed the experimental tasks in a
way that controlled behavioral parameters (e.g. fixation, visual stimulation,
saccades to memorized locations, saccades to visual targets) were gradually
added (Table 1). This way, all tasks were complementary to each other, and
the major metabolic findings in each monkey per task were verified by those
in the monkey of the following, more complex task. Task parameters were
chosen so as to ensure that the crucial variable, i.e., the total number of the
stimulus triggered saccades per minute, would obtain the same value in all
animals.

Visually-guided saccades. The monkey performing the visually-guided
horizontal saccade task (HI, Horizontal-light) had to maintain fixation of a
central visual target for 0.3-0.6s, then to execute a saccade within 0.7s to a
peripheral visual target located 30° to the right in the horizontal direction, and
to fixate it for 0.3-0.6s. Intertrial intervals ranged between 0.5 and 0.8s
(Fig.3B). The monkey performing the visually-guided oblique saccade task
(O, Oblique-light) was required to execute an up-left saccade of 20°
amplitude and 135° direction from the central starting position, within 0.6s,
and to maintain fixation on each target for 0.4-0.6s. Intertrial intervals were
between 0.3 and 0.5s (Fig. 3C).

Memory-guided saccades. The monkey performing the memory-guided
horizontal saccade task (Hd, Horizontal-dark) was required to fixate straight
ahead in total darkness following an auditory cue (90Hz) and hold its gaze for
0.4-0.7s, until a second auditory cue (180Hz) signaled that a memorized

saccade of 20° in the horizontal direction should be executed within 1s, and
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fixation should be maintained for 0.4-0.7s. Intertrial intervals ranged from
0.8-1.1s (Fig. 3D). Following an auditory cue of 90Hz, the monkey performing
the memory-guided oblique saccade task (Od, Oblique-dark) had to keep its
eyes straight ahead for 0.5-0.7s, until a second auditory cue of 180Hz
commanded an up-left saccade of 25° in amplitude and 135° in direction
within 1s. The monkey held its gaze to the memorized target position for 0.5-
0.7s. Intertrial intervals were 0.5-0.7s long (Fig. 3E). Each monkey executing
memory-guided saccades was initially trained to fixate a central visual target
during the presentation of the 90Hz auditory cue, and to saccade to a visual
target of specific amplitude (20-25°) and specific direction (either horizontal
or oblique) during the 180Hz auditory cue. Later on in their training, the
visual targets were removed, and the monkeys were rewarded for executing
saccades to the target positions they had learned to associate with the
respective sounds. Each monkey was required to execute saccades to a single
memorized position. Because they were in complete darkness, monkeys
executing memorized saccades were required to fixate the central and the
peripheral target both within a window of 5°, in contrast to the monkeys
executing visually-guided saccades, which were required to hold their gaze in

a window of 2.5°.

Task Behavioral components

Central fixation visual stimulation, fixational eye movements

. . visual stimulation, fixational eye movements,

Visually guided saccades .
large-amplitude saccades

fixational eye movements, large-amplitude

Memory-guided saccades .
saccades, auditory cues

Control in the dark auditory cues

Table 1. Task components.

26



A. Fixation

® T,
V,
H,
Tog S

B. Visually-guided horizontal saccades

Lr%% I S
| P .

D. Memory-guided horizontal saccades

S
s,— [ L

C. Visually-guided oblique saccades

T,

TD
v, [
e W

TJ
T— [ L

E. Memory-guided oblique saccades

.

.
v, [
e U

s
s,— [ L

Figure 3. Schematics of the behavioral tasks. (A) In the fixation task the monkey was rewarded
for fixating a visual target (To) straight ahead. Ve, He, vertical and horizontal eye position,
respectively. (B) The second monkey was rewarded for making visually-guided horizontal
saccades of 30° (from To to T1) to the right. (C) The third monkey was rewarded for making
visually-guided oblique saccades of 200 amplitude and 135° direction (from To to T1). (D) The
fourth monkey was rewarded for making memory-guided horizontal saccades of 20° amplitude to
the left, triggered by auditory cues (from So to S1). (E) The fifth monkey was rewarded for making
memory-guided oblique saccades of 25° amplitude and 135° direction, triggered by auditory cues

(from So to S1).
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Controls. The control monkey in the dark (Cd, Control in the dark) was
presented with auditory stimuli similar to the acoustic cues presented to the
monkeys executing memory-guided saccades. Reward was delivered
randomly in order to prevent association of the auditory stimuli with reward
expectancy. The monkey was alert during the whole 45min of the 2DG
experiment as demonstrated by the execution of spontaneous eye movements.
The fixation control (Cf, Control-fixation) monkey was trained to fixate a
central light spot located straight ahead for 4s per trial. Intertrial intervals

ranged between 0.2 and 0.3s (Fig. 3A).

[**C]-Deoxyglucose Procedure

Theoretical basis

The tight coupling of energy metabolism to neuronal activity stands at the
core of functional imaging techniques whereby local changes in brain activity
can be detected by monitoring the changes in blood flow, glucose utilization
or blood oxygenation. In 1977, Louis Sokoloff and co-workers developed a
method to measure the local rates of energy metabolism simultaneously in all
brain structures of conscious laboratory animals (Sokoloff et al., 1977). The
conceptual framework of the method is based on the biochemical properties
of 2-deoxyglucose, a structural analogue of glucose, enabling the mapping of
brain regions involved in specific neural and cognitive processes.

The brain is an organ whose energy demands are among the highest of
all body tissues. Thus, while it represents only 2% of the total body weight, it
accounts for 20% of the resting total body oxygen consumption. Glucose is
considered the almost exclusive blood-borne energy substrate utilized by the

adult brain to fuel its activity. Energy metabolism is directly reflected in
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oxygen consumption; however, the volatility of oxygen and its metabolic
products and the short half-life of its radiolabeled isotopes preclude
measurement of oxidative metabolism by the autoradiographic technique.
Radioactive glucose is not fully satisfactory either, because its labeled
products are lost too rapidly from cerebral tissues. The biochemical properties
of 2DG, the labeled analogue of glucose, make it particularly appealing to
trace glucose metabolism and to measure local cerebral glucose utilization by
the autoradiographic technique. 2DG competes with glucose for transport
across the blood-brain barrier and for hexokinase phosphorylation. Further
metabolism of 2DG-6-phospate (2DG-6-P) occurs only slowly, so that it
accumulates in the cerebral tissues. It is this particular feature that made 2DG
an attractive glucose tracer.

If, following the administration of 2DG, the interval of time is kept
short enough (less than 1 hour), the quantity of 2DG-6-P accumulated in any
cerebral tissue at any time is equal to the integral of the rate of 2DG
phosphorylation during that interval of time. This integral is related to the
amount of glucose that has been phosphorylated over the same interval,
depending on the time courses of the relative concentrations of 2DG and
glucose in the precursor pools, and the Michaelis-Menten kinetic constants for
hexokinase with respect to both 2DG and glucose. With cerebral glucose
consumption in a steady-state, the amount of glucose phosphorylated during
the interval of time equals the steady-state flux of glucose through the
hexokinase-catalyzed step times the duration of the interval, and the net rate
of flux of glucose through this step equals the rate of glucose utilization.

An operational equation that describes these relations has been
derived, provided that: a) glucose metabolism is in a steady-state throughout
the experimental period, ie. independent of plasma glucose, b) the

concentration of glucose and 2DG are homogeneous in the compartments,
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and c) 2DG concentrations are low compared to their glucose counterparts,
i.e. tracer kinetics apply.

The operational equation, which defines the rate of glucose
utilization/unit mass of tissue, i, (Ri), is presented in Appendix. This equation
is a general statement of the standard relationship by which rates of enzyme-
catalyzed reactions are determined from measurements made with
radioactive tracers. The numerator represents the amount of radioactive
product formed in any given interval of time; it is equal to Ci*, the combined
concentrations of 2DG and 2DG-6-P in the tissue at time, T, (measured by
quantitative autoradiography) minus a term that represents the free (non-
metabolized) 2DG still remaining in the tissue. The denominator represents
the integrated specific activity (the ratio of labeled to total molecules) in the
precursor pool as measured in plasma, corrected for the lag in the
equilibration of the tissue precursor pool with the plasma, times a factor that
corrects for kinetic differences between the labeled and natural compound

(isotope effect).

Experimental session

Experiments were performed on conscious behaving animals. The day of the
2DG experiment, each animal was subjected to femoral vein and artery
catheterization under anesthesia (ketamine hydrochloride, 20 mg/kg, im.).
The catheters, plugged at one end, were filled with dilute heparin solution
(100 U/ml) before insertion. Both catheters were 45 cm long, to minimize
extensive flushing of dead space during the sampling period. The animals
were allowed to recover from anesthesia for 4-5 hours before continuation of
the experiment.

A dose of 100 uCi/kg of 2DG (specific activity 55 mCi/ml, ARC, St.

Louis, MO, USA) was employed. Because the 2DG is supplied in ethanol
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solution, it was evaporated to dryness and then re-dissolved in 1ml of saline.
The experimental period was initiated with the infusion of a single pulse of
2DG through the venous catheter over a period of 30s. To monitor the plasma
and 2DG concentrations, arterial blood samples were collected in heparinized
tubes during predetermined time intervals: Os (start of infusion), 15 s, 30 s, 45
s, 1 min, 2 min, 3 min, 5 min, 7.5 min, 10 min, 15 min, 25 min, 35 min and 45
min. Care was taken to clear the dead space of the arterial catheter prior to the
collection of each sample. The samples were immediately centrifuged in a
high speed Beckman centrifuge and kept on ice for analysis. After the
collection of the last sample, the animal was killed by an i.v. infusion of
thiopental (10 mg/ml) followed by a saturated solution of KCI for cardiac

arrest.

Analysis of arterial plasma 2DG and glucose concentrations

The concentration of deoxyglucose was calculated by its *C content. Twenty
ul of plasma and 3 ml of scintillation liquid (Insta-Gel, Packard Co., Illinois,
USA) were introduced in a counting vial and assayed in a liquid scintillation
counter (Beckmann Coulerton Inc., Foullerton, CA, USA). The efficiency (E) of
the counting was estimated by internal standardization (calibrated [*C]-
toluene), then, the obtained counts (cpm) were transformed into
disintegrations per minute (dpm) according to the equation dpm=cpm/E.

The plasma glucose concentration was assayed in a dry glucose
analyzer (Spotchem, Menarini, Italy) to establish the required steady state for

plasma glucose levels.

Tissue processing

The brain was rapidly removed, frozen by immersion in isopentane at -50°C,

covered in embedding medium (M1, Lipshaw Manufacturing Co, Detroit, MI,
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USA) to prevent dryness and stored at —80°C. Twenty-pm-thick adjacent
horizontal sections were cut serially in a cryostat (Leica Microsystems,
Wetzlar, Germany) at —20°C. Sections were collected on coverslips and dried
on a hot plate at 60°C. Coverslips were glued to cardboard, and exposed to x-
ray film (EMC1, Kodak) for about 14 days together with a set of precalibrated
14C standards (Amersham plc, Little Chalfont, Buckinghamshire, UK). Films
were developed in a Kodak X-OMAT 1000 automatic processor. One section

in every 25 was saved on a slide and stained with thionine.

Analysis of autoradiographs

Quantitative densitometric analysis of autoradiographs was performed on a
computerized image-processing system (MCID, Imaging Research, Ontario,
Canada). Integrated arterial plasma specific activities for each monkey,
derived from the blood concentration curves, were used to convert tissue “C
concentrations to local cerebral glucose utilization (LCGU) values (Kennedy et

al., 1978).

Two-dimensional reconstructions

Local cerebral glucose utilization (LCGU) values (in pmol/100g/min) were
calculated from the original operational equation of the method (Sokoloff et
al., 1977) using the appropriate kinetic constants for the monkey (Kennedy et
al,, 1978). To cover the full extent of the IPs, a total of about 550 serial
horizontal sections of 20um thickness in each hemisphere were analyzed. The
full extent of the STs was analyzed in about 1700 serial horizontal sections.
The spatial distribution of metabolic activity within the rostrocaudal
and the dorsoventral extent of each hemisphere was reconstructed in two

dimensional (2D) maps (Dalezios et al., 1996; Savaki et al., 1997) (Fig. 4B, 5B).
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Figure 4. (A) Lateral view of the right hemisphere of a monkey brain illustrating the unfolded 1Ps and the
exposed medial (51P, light grey) and lateral (7IP, dark grey) banks. Also, schematic illustration of five
horizontal sections (1-5 from dorsal to ventral) at the levels indicated in the brain drawing. In all
sections, the reconstructed IPs is gray-shaded. In sections 2 and 5, points a and d correspond to the crown
of the medial bank of the IPs; points b and e to the intersection of the IPs with the parietoccipital (POs)
and the Ls sulci used for alignment of adjacent sections; points c and f to the crown of the lateral bank of
the 1IPs. (B) Schematic illustration of the 2D reconstructed IPs. Letters a—f correspond to the same
anatomical landmarks as in sections 2 and 5 in (A); 5IPa, 5IPm, 51Pp, anterior, middle, posterior third of
the medial bank of the IPs; 7IPa, 7IPm, 7IPp, anterior, middle, posterior third of the lateral bank of the
IPs; A, anterior; P, posterior; D, dorsal; other abbreviations, as in Fig. 1.

33



For each horizontal brain section, a data array was obtained by
sampling LCGU values in the rostrocaudal extent along a line parallel to the
surface of the cortex which included all cortical layers. For the intraparietal
cortex, the intersection of the IPs with the parietoccipital sulcus (POs) was
used for the alignment of adjacent data arrays. For the temporal cortex, the
anterior tip of the floor of STs was used as the point of alignment. Given that
the average of LCGU values was calculated in sets of five adjacent sections,
the plotting resolution in the illustrated 2D maps is 100 pm. Normalization of
LCGU values was based on the average unaffected gray matter value pooled
across all hemispheres of all monkeys. The statistical significance of
differences in LCGU values for the intraparietal and temporal regions in all
monkeys was determined by the Student’s unpaired t-test. Adopting a
conservative criterion, only differences exceeding 10% were considered for
statistical analysis given that homologous areas of the two hemispheres of a

normal resting monkey can differ by up to 7% (Savaki et al., 1993).

Geometrical normalization and activity plots

Due to the inter- and intra-hemispheric variability, and to allow for the direct
comparison of the sites of activation, the individual 2D maps (functional-2DG,
and anatomical-cytoarchitectonic) were further processed to match a reference
map [geometrical normalization according to Gregoriou and Savaki (2003)].
For the intraparietal cortex, in each horizontal section, the distances between
the intersection of the IPs with the POs and the two crowns (anterior and
posterior) of the IPs were averaged and used as landmarks to generate a
reference surface map. For the temporal cortex, the distances between (i) the
anterior crown (of the upper bank) of the STs and the anterior
cytoarchitectonic border of the MC, (ii) the latter and the anterior tip of the

floor of STs (point of alignment), (iii) the latter and the posterior
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Figure 5. (A) Lateral view of a monkey brain with the unfolded STs. Also, schematic illustration of
seven horizontal sections (1-7 from dorsal to ventral) at the levels indicated in the brain drawing. In
sections 2 and 4, points a and d correspond to the crown of the lower bank, respectively; points b and e
to the anterior tip of the fundus (used for alignment); points ¢ and f to the crown of the upper bank;
other abbreviations, as in Fig.4. (B) Schematic illustration of the 2D reconstructed STs. MC, motion
complex demarcated by white lines; letters a-f correspond to those in sections 2 and 4 in panel A; V,
ventral; other abbreviations, as in Fig.1, 4.
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cytoarchitectonic borders of the MC, and (iv) the latter and the posterior
crown (of the lower bank) of the STs were measured. The average of these
measures was computed to produce a reference STs-map of landmarks. The
2D functional and anatomical maps of each hemisphere were then
transformed using linear transformations of the plane in the Matlab software
(The MathWorks, Massachusetts, USA) with custom designed routines (Dr.

G.G. Gregoriou) to fit the reference surface landmark map.

Histology

One section every 500 pm was stained with thionine for the identification of
cytoarchitectonic borders. In the literature, identification of areal borders for
both LIP and the MC is based on the examination of myelin-stained material
and/or SMI-32 (monoclonal antibody to neurofilament protein)
immunocytochemistry. However, the thickness of our sections (20 um) and
the use of fresh-frozen, non-perfused tissue did not allow for the employment
of these techniques.

The cytoarchitectonic boundaries in the lateral bank of the IPs were
based on criteria established by Medalla and Barbas (2006). In agreement with
their descriptions, it is demonstrated that (i) area 7 covers only the outermost
part of the lateral bank, (ii) adjacent to area 7, the dorsal part of area LIP
(LIPd) is located superficially covering about a third of the bank, and (iii) the
ventral part of area LIP (LIPv) is bigger and lies deeper in the bank. The
cortex lying caudal to LIPv may correspond to LOP (lateral occipitoparietal
zone) of Lewis and Van Essen (Lewis and Van Essen, 2000b; Ben Hamed et al.,
2001).

The MC, which is identified in the caudal STs (Fig. 5B), extends from
about halfway in the lower bank along the floor and into the upper bank, and

partially corresponds to Seltzer and Pandya’s areas OAa and PGa (Seltzer and
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Pandya, 1978). It is characterized by the presence of a more prominent layer
IV, clearly distinct from the relatively poor layer V (Seltzer and Pandya, 1978;
Hof and Morrison, 1995). Ventrally in the sulcal floor, it borders area IPa
(Seltzer and Pandya, 1978) which is characterized by the presence of a
prominent VIth layer organized in small cell clusters. The identification of the
STs areas (V5/MT, MTf, MST, EST, TPOc, TPOi, TPOr, V4ta, V4tp, TEO) was
based on the cytoarchitectonic borders of the MC, surface landmarks, and
previously reported maps (Gattass and Gross, 1981; Desimone and
Ungerleider, 1986; Boussaoud et al., 1991; Cusick et al., 1995; Lewis and Van
Essen, 2000a).
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RESULTS

Oculomotor performance

Figure 6 presents a broad overview of the eye movements made by all six
monkeys in directions contralateral to the hemispheres studied. Because
approximately 85% of the radiolabeled glucose is taken up by cells during the
critical first 10 min of the experiment, this figure includes data from only this
period. It includes the saccades executed by the two control monkeys, the
control in the dark (Fig. 6A) and the fixation control (Fig.6B), the two monkeys
executing either horizontal rightward (Fig. 6C) or oblique up-left (Fig. 6D)
saccades to visual targets, and the two monkeys executing either horizontal
leftward (Fig. 6E) or oblique up left (Fig. 6F) saccades to memorized target
locations.

It should be noted that because areas LIP and MT are known to represent
the contralateral half of visual space (Dubner and Zeki, 1971; Maunsell and Van
Essen, 1983b; Blatt et al., 1990; Ben Hamed et al, 2001) only saccades
contraversive to the reconstructed cortical areas are reported. After the end of

each trial and during the intertrial interval, the animals made eye movements in
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several directions before returning to the central position in the beginning of
the new trial. These widely scattered eye movements had a small widespread
effect on the activity of the contralateral hemispheres and consequently they
might be expected to have an even smaller, if any, effect on the activity of the
hemisphere considered.

The first experimental monkey (HI) was being rewarded for making
repeated horizontal visually-guided saccades and the second one (Ol) for
making visually-guided saccades in an oblique direction 45° up left. The HI
monkey made 212 saccades from the central to the peripheral visual target
during the critical 10 first minutes of the 2DG experiment, within an
oculomotor space 10x10° centered on the peripheral target. This corresponds to
a density of 2.12 saccades/deg?. The mean saccade amplitude was 29.5+1°
(mean+SD). Small eye movements (<3°) mostly around the fixation window had
a density of 3.88 saccades/deg? and mean amplitude was 1.5+0.5°. Finally,
saccades executed by HI in other directions and amplitudes had a low average
density (0.02 saccades/deg?). The distribution of end points of the saccades and
the small amplitude eye movements around the fixation point executed by this
monkey during the critical 10 first minutes of the experiment are illustrated in
Fig. 6C. The Ol monkey made 182 saccades from the central to the peripheral
visual target (density: 1.82 saccades/deg?) during the critical 10 first minutes of
the experiment (within the same 10x10° window centered on the peripheral
target). The mean saccade amplitude was 20.6+1°. Small eye movements (<3°)

around the fixation point had a density of 3.4 saccades/deg? and mean

Figure 6. Three dimensional histograms of the number of saccades (Z-axis) versus horizontal (DH) and
vertical (DV) eye displacements of all saccades executed by the monkeys during the critical first ten minutes
of the 2DG experiment. (A) Control-in-the-dark monkey. (B) Monkey fixating a centrally located visual
target. (C, D) Histograms from monkeys executing visually guided saccades, 30° horizontal, and 20° up-left
oblique, respectively. (E, F) Histograms from monkeys executing memory-guided saccades, 20° horizontal,
and 25° up-left oblique, respectively.
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amplitude was 1.60.7°. Saccades of other amplitudes and directions had an
average density of 0.08 saccades/deg? (Fig. 6D). Since the end points of saccades
are more widely distributed in the absence of visual stimulation, to compare the
number of saccades executed by the animals in the visually-guided tasks with
that executed by the animals in the memory-guided tasks we kept the sampling
window at 10x10°. However, the Hl monkey made 191 saccades and the Ol
monkey made 138 saccades in a more confined oculomotor space of 5x5°.

To obtain maps of the cortical regions activated for memory-guided
saccades of amplitudes and directions similar to those of the visually-guided
saccades described above, one monkey (Hd) was being rewarded for making
repeated acoustically-triggered horizontal saccades to a memorized target
location 20° away from straight ahead, and another monkey (Od) for making
acoustically-triggered saccades to a memorized location 25° away from straight
ahead in an oblique direction 45° up-left. The Hd monkey made 210 saccades
within a window of 10x10° (density: 2.1 saccades/deg?) centered on the
peripheral memorized location during the critical 10 first minutes of the
experiment (mean saccade amplitude: 15.9£1.8%). The distribution of the end
points of saccades and small amplitude eye movements around the fixation
point made by Hd during the critical 10 first minutes of the experiment are
illustrated in Fig. 6E. Small eye movements (<3°), around the fixation window,
had a density of 0.24 saccades/deg? and a mean amplitude of 2.5+0.2°. Few
saccades were performed outside these regions, at an average density of 0.09
saccades/deg?. The Od monkey made 217 saccades from the central to the
peripheral memorized location during the critical 10 first minutes of the
experiment, within an oculomotor space of the same size (10x10°) also centered
on the peripheral memorized location (density: 2.17 saccades/deg?). The mean
saccade amplitude was 24.5+2.1°. Eye movements smaller than 3° had a density
of 0.64 saccades/deg? and a mean amplitude of 2.3+0.7°. Saccades performed

elsewhere had an average density of 0.03 saccades/deg? (Fig. 6F). Saccade
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amplitudes reported for the Hd and Od monkeys agree with the spatial
distortion during saccades to memorized locations: horizontal saccades are
usually hypometric while saccades with an upward component are usually
hypermetric (Gnadt et al., 1991). It should also be noted that in our analysis we
included fixational movements of all animals smaller than 3°, which are larger
than those usually reported. This was done to include the fixational movements
of the animals making saccades to memorized locations which are larger than
those of the animals in the visually-guided paradigms (Snodderly, 1987).

The control fixation monkey (Cf) fixated the visual target for 75% of the
time during the critical 10 first minutes of the 2DG experiment. Small eye
movements (<3°) near the fixation point had a density of 7.2 saccades/deg? and
mean amplitude of 1.2+0.7°. The average density of eye movements executed
outside the fixation window was 0.01 saccades/deg?. The distribution of end
points of eye movements made by the Cf monkey during the critical 10 first
minutes is illustrated in Fig. 6B. Finally, the control in the dark monkey (Cd)
made saccades that were almost evenly distributed throughout oculomotor
space, with an average density equal to 0.04 saccades/deg? in the central visual
field and 0.03 saccades/deg? in the peripheral field (Fig. 6A).

The characteristics of the saccades made under different conditions were
further studied. In the visually-guided tasks, saccades made by the HI monkey
had a mean duration of 48+7 ms. The mean duration of saccades executed by
the Ol monkey was 3945.7 ms. In the memory-guided task, the Hd monkey
made saccades with a mean duration of 65425 ms and the Od monkey of 52+9.7
ms. As expected for memory-guided saccades (Leigh and Zee, 1999), these were
slower than predicted from their amplitude (t-test, p<0.001). In the animal that
maintained fixation of a central target, fixational movements had a mean
duration of 33411 ms, implying mean velocities of approximately 36°/s. Figure 7
shows the main sequence relationships (saccade amplitude vs. saccade

duration) for one monkey executing visually-guided saccades (Fig. 7A) and for
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Figure 7. Scatterplots of mean duration (ordinate) versus radial size (abscissa) for all saccades
executed during the critical first ten minutes of the 2DG experiment by a monkey performing
visually-guided (A) and a monkey performing memory-guided (B) saccades.

one monkey executing memory-guided saccades (Fig. 7B). In Figure 7A, the
slope of the linear regression line that fits the data is 1.1 ms/’, equal to that
reported in the study of Fuchs for horizontal saccades (1967). For the monkey
executing oblique visually-guided saccades, the horizontal component of eye
movements was slower (t-test, p<0.0001) than expected from the duration-

amplitude relationships of horizontal saccades (Fuchs et al., 1985).

Intraparietal cortex

Regions activated for visually-guided saccades

The 2D maps of the intraparietal cortical regions activated for the execution of
visually-guided saccades are presented in Fig. 8. An extended region of the
intraparietal cortex was activated in both monkeys executing visually-guided
saccades (Fig. 8C, D). To provide a more refined description of the location of
the activated region, the IPs was divided into three parts (Fig. 4B), equidistant

at all antero-posterior levels. The anterior third in the lateral bank (7IPa)
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included most of the cytoarchitectonically defined area LIPd, the middle one
(7IPm) covered most of the cytoarchitectonically delineated area LIPv, and the
posterior one (7IPp) included the caudalmost segment of area 7IP (most
probably including LOP). Approximately the middle and anterior thirds of the
lateral bank were activated in these monkeys, covering most of areas LIPv and
LIPd (Fig. 8C, D). A different pattern of activation was found in the control
monkey that was rewarded for maintaining fixation of a visual target located
straight ahead (Cf). Cf demonstrated increased metabolic activity in the
fixation-related region of the intraparietal cortex (Gregoriou and Savaki, 2001),
which is located at the border of LIPd and LIPv and extends mainly in the

anterior part of the lateral bank of the IPs (Fig. 8B).

Regions activated for memory-guided saccades

The 2D maps of the intraparietal cortical regions activated for the execution of
memory-guided saccades are presented in Fig. 8. In contrast to the monkeys
executing visually-guided saccades, it is mainly LIPv in the middle third of the
lateral bank of the IPs that was activated in both monkeys executing memory-
guided saccades in the dark (Fig. 8E, F). The activation observed during the
execution of memory-guided saccades is unlikely to be due to differences in the
metrics of the saccades executed, since both the memory-guided and the
visually-guided saccades were large in amplitude and area LIP neurons are

broadly tuned for saccade amplitude (Barash et al., 1991b).

Comparison of regions activated for visually- and memory-guided saccades

To better compare the effects induced by memory-guided saccades in the dark

(without any visual stimulus) to those induced by visually-guided saccades,
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two average maps of metabolic activity were generated. The first one was
produced by averaging the two geometrically normalized quantitative
intraparietal 2D-metabolic maps in the contralateral hemispheres of the two
monkeys executing saccades to visual targets (saccades in the light, SI), and the
second one by averaging the corresponding maps of the two monkeys
performing saccades to memorized target locations (saccades in the darkness,
Sd). Comparison of these two average quantitative glucograms indicates that
the region activated for visually-guided saccades (Fig. 9A) extends more
rostrally and superficially (close to the crown) in the lateral bank of the IPs
whereas that activated for memory-guided saccades (Fig. 9B) is restricted to a
region more posterior and deep in the lateral bank (close to the fundus).

To better define quantitatively the anteroposterior location and extent of
the 7IP regions activated for visually- and memory-guided saccades, average
LCGU values (in umol/100g/min) and their 95% confidence intervals were
plotted every 100 um along the rostrocaudal extent of the lateral bank of the IPs
(area 7IP). The line graph obtained from the Cd control monkey (Fig. 9C, light
gray) is the average of the two lateral banks of the IPs in its two hemispheres
and indicates the baseline activity of area 7IP. By comparison to it, the peak
value of the line graph obtained from the two monkeys engaged in memory-

guided saccades (Sd) is higher by approximately 15%, and is located in the

Figure 8. Quantitative two-dimensional (2D) maps of metabolic activity in the IPs. (A) Average IPs map

from both hemispheres of the monkey executing visual fixation; abbreviations, as in Fig.4. (B) Map of the

IPs from the left hemisphere of the monkey executing visually-guided horizontal saccades to the right. (C)
IPs map of the right hemisphere of the monkey executing visually-guided oblique saccades to the left. (D)
Average map of the IPs from the left and right hemispheres of the control monkey in the dark. LIPd and
LIPv, dorsal and ventral part of the lateral intraparietal area, respectively; 7, area 7. (E) Map of the IPs from
the right hemisphere of the monkey executing leftward memory-guided horizontal saccades. (F) IPs map of
the right hemisphere of the monkey executing up-left memory-guided oblique saccades. In all
reconstructions, white lines indicate, from left to right, (i) the posterior border of LIPv, (ii) the boundary
between LIPv and LIPd, and (iii) the boundary between LIPd and area 7. Gray scale bar indicates LCGU

values.
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middle third of the lateral bank of the IPs (Fig. 9C, dark gray). Again by
comparison to Cd, the peak value of the line graph obtained from the two
monkeys engaged in visually-guided saccades (Sl) is similarly increased by
approximately 15% as far as the middle third of their area 7IP is concerned (Fig.
9C, intermediate gray). However, the peak value of this line graph is
considerably higher (by approximately 35%) and is located in the anterior third
of area 7IP in the lateral bank of IPs.

To illustrate the spatial distribution of the LCGU differences between
experimental and control monkeys, we subtracted the average metabolic maps
of different groups from each other. The IPs map obtained after averaging the
two hemispheres of monkey Cd was subtracted from the average SI map. The
resulting quantitative image (Fig. 10A) indicates that the intraparietal area
devoted to visually-guided saccades (i.e., to visuo-spatial and visuo-movement
processes) extends through the anterior and middle thirds of the lateral bank,
covering parts of both areas LIPd and LIPv. Visually-guided and memory-
guided saccades induced similar activations in LIPv of the middle third of the
IPs (by an average of 19% and 17%, respectively) as compared to the Cd
monkey (Table 2, 7IPm). On the other hand, the anterior part of the IPs,
including LIPd, (Table 2, 7IPa) was activated markedly (by an average of 35%
as compared to the Cd) for visually-guided saccades and much less for
memory-guided saccades (10% higher than the Cd). To elucidate the IPs region
responsible for visuo-spatial saccade-related processing, the average Sd map
was subtracted from the average Sl map. The resulting image (Fig. 10B)
indicates that this visuo-spatial, saccade-related region is confined to a portion
of the anterior third of the lateral bank of the IPs, it remains superficial within
the bank and covers mainly area LIPd.

Figure 11 shows the spatial relationship of 7IP regions activated for
distinct facets of oculomotor behavior. Firstly, the geometrically normalized IPs

metabolic maps of both hemispheres of the monkey executing visual fixation
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Figure 9. Comparison of IPs regions activated by visually- and memory-guided saccades. (A) Average
quantitative map of IPs metabolic activity from the two contralateral hemispheres of the animals
executing visually-guided saccades. (B) Average quantitative map of IPs activity from the two
contralateral hemispheres of the animals executing memory-guided saccades. Gray scale bar indicates
LCGU wvalues (umol/100g/min). (C) Plot of IPs activity along the caudorostral extent of the sulcus
(abscissa). Each line represents average glucose consumption (LCGU) values and 95% confidence
intervals/ 100u. Cd, average from the two hemispheres of the Control-dark monkey; Sd, average from the
monkeys executing horizontal and oblique memory-guided saccades; Sl, average from the monkeys
executing horizontal and oblique visually-guided saccades.
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Figure 10. Differential activations induced by visually- and memory-guided saccades. (A)
Subtraction of the average quantitative IPs map of the control monkey in the dark from that of the
two monkeys executing visually-guided saccades illustrates the entire intraparietal region related to
visuo-spatial and visuo-movement activity. (B) Subtraction of the average quantitative map of the
animals executing memory-guided saccades from that of the animals executing visually-guided
saccades illustrates the intraparietal region related to visuo-spatial processing during saccade
execution. Color scale indicates LCGU differences in pmol/100g/min.

were averaged, and all pixels in the lateral bank with LCGU values higher (by

10% or more) than those of the Cd were color coded green. The resulting map

(Fig. 11A) was superimposed on the average IPs map of the two monkeys
executing saccades to visual targets, which was generated with the same 10%
threshold and was color-coded red. The region of overlap (greentred=yellow)
indicates that about one third of the neural space of area 7IP devoted to
visually-guided saccades also participates in visual fixation (Fig. 11B). In a
similar manner, we explored the spatial relationship of the intraparietal regions
devoted to visually- and memory-guided saccades. The average metabolic IPs
map of the two monkeys executing saccades to visual targets (whose activated
regions were color coded red) were overlaid on the corresponding map of the
two monkeys executing saccades to memorized targets whose activated regions
were color coded blue. Clearly, the region of overlap (Fig. 11C,

bluetred=magenta) indicates that most of the 7IP area activated by saccades to
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Cd Sd Cf Sl

Area (n)
LCGU+SD LCGU+SD %Cd LCGU+SD %Cd LCGU+SD  %Cd %Sd

5IPp (81) 48+2 50+3 4 47+2 -2 50+4 4 0
5IPm (72) 49+2 51+2 4 50+2 2 5143 4 0
5IPa (50) 47+0 50+1 6 50+2 6 53+4 13 6
7IPp (79) 46+1 48+3 4 48+1 4 49+3 7 2
7IPm (62) 53+2 62+3 17 57+2 8 63+3 19 2
7IPa (40) 49+2 54+1 10 59+7 20 66£8 35 22

Table 2. Metabolic effects in the intraparietal cortical regions. Values represent the mean normalized
glucose utilization (LCGU) in pumol/100g/min (+ Standard Deviation). Cd, average of distinct IPs regions
in the two hemispheres of the control monkey in the dark. Sd, values from the monkeys executing memory-
guided saccades. Cf, average of the IPs regions in the two hemispheres of the fixating monkey. Sl, values
from the monkeys executing visually guided saccades. n, number of sets of five adjacent horizontal sections
used to obtain the mean LCGU values for each region in each hemisphere. %Cd, percent difference between
the experimental and the Cd, monkey, calculated as (experimental-Cd)/Cd*100. %S5d, percent difference
between the Sl and the Sd, monkey, calculated as (S1-Sd)/SA*100. Values in bold indicate statistically
significant differences by the Student’s unpaired t-test at the level of p<0.001. 5IPa, 5IPm, 5IPp, anterior,
middle, posterior part of the medial bank of the IPs, respectively. 7IPa, 7IPm, 71Pp, anterior, middle,
posterior part of the lateral bank of the IPs, respectively.

memorized target locations, in the absence of any visual stimulus, extends
through the caudalmost and deepest portion of the region activated for
saccades to visual targets, and is confined to area LIPv. In addition, there is
widespread activation related exclusively to the visually-guided saccades (Fig.
11C, red) within area LIPd, and a small region in the depth of the sulcus (close
to the fundus of the IPs) which is activated exclusively by memory-guided
saccades (Fig. 11C, blue). In view of the large extent of the fixation-related area
of 7IP (Fig. 11A, green), the fact that the region activated for visually-guided
saccades (Fig. 11C, red+magenta) is more widespread and significantly more
intense (Table 2) than that activated for memory-guided saccades (Fig. 11C,

bluet+magenta) must be partly due to the fact that monkeys executing visually-
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guided saccades devoted some of their time into fixating visual targets. It
should be noted that the fixation of visual targets implies not only exposure to
intense sensory stimulation but also more marked oculomotricity, as
demonstrated by numerous small eye movements executed around the fixation
target (our Fig. 4B, Martinez-Conde et al., 2004). Figure 11D summarizes the 7IP
regions activated for the distinct facets of oculomotor behavior. Besides those
shown in green, red, yellow, blue, and magenta according to the color coding
scheme described above, the region in white (=greent+red+blue) apparently
participates in all these behaviors (fixation, visual-saccades, and memory-

saccades).

Figure 11. Qualitative imaging of the functional parcellation of area 71P. (A) Averaged, geometrically normalized
IPs metabolic maps from both hemispheres of the monkey executing visual fixation. All pixels contained within
area 7IP with LCGU values higher than those of the control monkey in the dark (by 10% or more) are color coded
green. (B) Superimposition of fixation-related (from A) and visual-saccade-related pattern of activity in area 7IP.
The latter is color coded red, and was obtained from the two monkeys executing saccades to visual targets using the
same 10% threshold. The yellow color of the region of overlap results from the presence of both green (fixation-
related) and red (visual-saccade-related) color in the same pixels. (C) Superimposition of visual-saccade-related
(from B) and memory-saccade-related pattern of activity. The latter is color coded blue, and was obtained from the
two monkeys executing saccades to memorized target locations using the same 10% threshold. The magenta color
of the region of overlap results from the presence of both red (visual-saccade-related) and blue (memory-saccade-
related) color in the same pixels. (D) Functional parcellation of area 7IP resulting from the superimposition of
fixation-related (green), visual-saccade-related (rved) and memory-saccade-related (blue) patterns of activity. The
white color of the region of overlap results from the presence of green, red and blue color in the same pixels.
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Temporal cortex

Regions activated for visually-guided saccades

Figure 12 provides high resolution 2D functional maps of the STs
reconstructed from serial horizontal sections through the whole extent of the
sulcus. Functional (2DG) and anatomical (cytoarchitectonic) reconstructions
are superimposed. In agreement with previous descriptions, the MC we
identified histologically includes parts of the upper (anterior) and lower
(posterior) banks and the fundus of the caudal (dorsal) portion of the STs.
Areas MT/V5 in the posterior bank, MST in the anterior bank, and FST in the
fundus of the STs were activated in both monkeys executing visually-guided
saccades (Fig. 12B, C; Table 3, Sl) as compared to Cf (Fig. 12A). The areas in
both banks of the STs have been traditionally assigned as visual, due to
almost exclusive stimulation by photic stimuli and, in the case of MT/V5, due
to its direct connection with the striate cortex. Therefore, in our analysis, we
compared the metabolic effects between the animals executing visually-
guided saccades and the control animal that maintained fixation of a central
visual target. Visually-guided saccades activated MT/V5 including its

ventralmost posterior part, which corresponds to area MTf and represents

Figure 12. Quantitative 2D maps of metabolic activity in STs. (A). Average STs map from the two
hemispheres of the Cf monkey. (B) STs map from the monkey executing visually-guided horizontal
saccades. (C) STs map from the monkey executing visually-guided oblique saccades. (D) Average STs
map from the two hemispheres of the Cd monkey. (E) STs map from the monkey executing memory-
guided horizontal saccades. (F) STs map from the monkey executing memory-guided oblique
saccades. Gray-scale bar indicates LCGU values (1mol/100g/min); ¢, area temporal-parietal-occipital,
caudal; i, area temporal-parietal-occipital, intermediate; tp, V4 transitional, posterior; TPOr, area
temporal-parietal-occipital, rostral; V4ta, V4 transitional, anterior; other abbreviations, as in Fig.1, 4,
5.
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Cd Sd Cf Sl

Area (n)
LCGU+SD LCGU+SD %Cd LCGU+SD %Cd LCGU4SD %Cf %Sd

V5/MT (72) 54+3 68+4 26 57+2 6 67+4 18 -1
MTf (25) 53+3 6716 26 6115 15 74+3 21 10
MST (50) 50+3 60+4 20 54+4 8 6614 22 10
FST (40) 46+4 48+4 4 5645 22 64+8 14 33
TPOr (110) 45+3 47+4 4 47+3 4 50+2 6 6
TPOi (50) 42+6 43+4 2 45+4 7 53+7 18 23
TPOc (50) 42+6 4245 0 4543 7 4945 9 17
Vitp (145) 51+4 59+6 16 54+4 6 64+6 19 8
Vita (75) 48+3 54+6 13 59+4 23 6748 14 24
TEO (50) 50+3 5343 6 59+3 18 64+4 8 21

Table 3. Metabolic effects in the superior temporal cortical areas. %Cf, percent difference between
the experimental and the Cf, monkey, calculated as (experimental-Cf)/Cf*100; other abbreviations,
as in Fig. 1, 12 and Table 2.

central vision (Gattass and Gross, 1981). Moreover, visually-guided saccades
induced activation in area TPOi, anterior to the MST, in subareas V4tp and
V4ta posterior to MT/FST, and in the higher order visual area TEO (Fig. 12B,
C; Table 3). Visual fixation activated areas MTf, FST, V4ta and TEO (Table 3,
Cf, %Cd). Thus, some of the regions activated for visually-guided saccades
were also activated for fixation, as expected by the notion that the fixation of
visual targets engenders not only exposure to sensory stimulation but also a

considerable number of small eye movements (Martinez-Conde et al., 2004).
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Regions activated for memory-guided saccades

As in the Sl monkeys, areas V5/MT, MTf, MST, V4tp and V4ta were activated
in both monkeys executing memory-guided saccades (Fig. 12E, F; Table 3, Sd)
as compared with the Cd monkey (Fig. 12D). In contrast to the SI monkeys,
areas FST, TEO and TPOi were not significantly activated in the Sd monkeys
(Table 3). The observed activations in the STs of the monkeys executing
memory-guided saccades are unlikely to be due to differences in the metrics
or the directions of the saccades executed, because both the memory-guided
and the visually-guided saccades were large in amplitude and MT/V5
neurons have large receptive fields and broad directional tuning (Maunsell

and Van Essen, 1983b; Albright, 1984).

Comparison of regions activated for visually- and memory-guided saccades

To better compare the effects of visually- and memory-guided saccades, two
average quantitative maps of metabolic activity were obtained. The first one
was produced by averaging the STs maps of the two SI monkeys (Fig. 13A),
and the second by averaging the corresponding maps of the two Sd monkeys
(Fig. 13B). The region that remains activated when the latter is subtracted
from the former (Fig. 13C) extends to TPOc and TPOi in the rostral bank, to
FST in the floor and to TEO in the caudal bank.

To correct for differences due to oculomotor performance, we
normalized the activity patterns observed in different monkeys to that
observed in the monkey with the smallest number of executed saccades. To
this end, we divided the LCGU values in the metabolic map of each monkey
by the number of saccades it executed (to obtain an estimate of
LCGU/pixel/movement) and multiplied it by the number of saccades (182)

executed by the monkey with the poorest performance (Ol). Figure 13D
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Figure 13. (A) Average quantitative map of metabolic activity in the STs from the two animals
executing visually-guided saccades. (B) Average STs map from the monkeys executing memory-
guided saccades. Gray-scale bar indicates LCGU values. (C) Subtraction of map B from map A. (D)
Subtraction of weighted map B from weighted map A. Gray-scale bar indicates LCGU.



illustrates the quantitative map of metabolic activity obtained after
subtracting the average map obtained from the weighted STs maps of the two
monkeys executing memory-guided saccades from the average map obtained
from the weighted STs maps of the two monkeys executing visually-guided
saccades. Visual inspection of the activity patterns before (Fig. 13C) and after
normalization (Fig. 13D) shows that relatively small differences in oculomotor
performance (e.g., the number of saccades executed by our monkeys) did not
contribute appreciably to the STs activity patterns.

Figure 14 illustrates the spatial relationship of STs activations in the two
conditions. Firstly, the geometrically normalized STs activity maps of the two
SI monkeys were averaged, and all pixels with LCGU values higher (by 10%
or more) than those of the Cf were color-coded red. The resulting map (Fig.
14A) was superimposed on the average STs map of the two Sd monkeys,
again using the same 10% threshold but color-coded blue (Fig. 14B). The
region of overlap (red + blue = magenta) indicates that about one third of the
neural space devoted to visually-guided saccades (corresponding to areas
V5/MT, MST and V4t) also participates in memory-guided saccades in

complete darkness (Fig. 14C).
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Figure 14. (A) Averaged qualitative STs map from two Sl monkeys. Pixels with LCGU values higher
than those of the control by more than 10% are shown in red. (B) Averaged STs map from two Sd
monkeys. Pixels with LCGU values higher than the control by more than 10% are color-coded blue.
(C) Superimposition of A and B. The region of overlap (magenta) results from the presence of both
red and blue.



DI1SCUSSION

In the current study, we demonstrate the modulation of metabolic demands in
the intraparietal and superior temporal cortical areas of rhesus monkeys under
different behavioral paradigms. Employment of the quantitative
autoradiographic method of 2DG enable us to present for the first time high-
resolution quantitative functional images of the location and extent of activated
regions during i) fixation of a central visual target, ii) execution of saccades to
visual targets, and iii) execution of saccades to memorized target locations in
the dark. In addition, we provide the anatomical localization of metabolic
effects by aligning our activity maps with cytoarchitectonically defined cortical
areas. In the following sections, we discuss our findings in relation to the
existing literature implicating the intraparietal and superior temporal cortex in

oculomotor function.

Intraparietal cortex

Our study demonstrates the extended and differential activation of area LIP in
the lateral bank of the intraparietal cortex during eye movement tasks. We
provide evidence that the ventral subdivision of LIP (area LIPv) is activated for

both visually-guided and memory-guided saccades, whereas the dorsal one
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(area LIPd) is activated only for visually-guided saccades. This result suggests
that topographically distinct, though partially overlapping, neuronal
populations process visuo-spatial and memory-related oculomotor signals.

The present data indicate that the anteroposterior extent and the location
of the 7IP region activated for visually-guided saccades and fixation differ from
those of the traditionally defined area LIP. The latter has been variously
described as occupying the middle-posterior fourth [Fig. 1 in Gnadt and
Andersen (1988); Fig. 1 in Barash et al. (1991a)], the posterior two-thirds [Fig. 2
in Andersen et al. (1990)], the middle third [Fig. 2 in Colby (1998), Fig. 5 in
Tanné-Gariépy (2002)], and the middle two-fourths [Fig. 10 in Lewis and Van
Essen (2000b), Ben Hamed et al. (2001)] of the lateral bank of the IPs. In
contrast, our high-resolution quantitative maps show that the 7IP region
activated for visually-guided saccades extends more rostrally than previously
reported, in approximately the anterior and middle two thirds of the lateral
bank of the IPs. This activation lies within both subareas LIPv and LIPd, as
confirmed by histological analysis.

Consistent with previous reports (Barash et al., 1991b; Colby et al., 1996;
Ben Hamed et al., 2001), our metabolic findings indicate that area 7IP is
significantly activated during the execution of visually-guided saccades. The
fact that horizontal 30° and oblique 20° visually-guided saccades induced
roughly similar patterns of activation within 7IP may be due to the coarse
visual field topography of area LIP (Blatt et al., 1990; Ben Hamed et al., 2001)
and to the broad tuning of LIP neurons (Barash et al., 1991b).

Our quantitative functional results also demonstrate that a
considerable part of area 7IP, confined to area LIPv, is activated for both
visually-guided and memory-guided saccades. The demonstration that the
middle third of area 7IP is markedly activated for saccades executed to
memorized locations in the absence of visual stimulation is consistent with

the fact that LIP neurons discharge for delayed saccades to a recently
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extinguished target (Gnadt and Andersen, 1988; Colby et al., 1996) and for
saccades to memorized locations in the absence of visual stimuli (Colby et al.,
1996). The much weaker activation we observed in the anterior third of area
7IP during memory-guided saccades is compatible with the weak oculomotor
signals carried by relatively rostral 7IP neurons (Ben Hamed and Duhamel,
2002). The present report is the first to demonstrate that the extent of the
region activated for memory-guided saccades is smaller, and the intensity of
its activation weaker than that activated for visually-guided saccades of
similar direction and amplitude. The weaker activation accompanying
memory-guided saccades is consistent with the fact that, to discharge
maximally, LIP neurons require both the presence of visual stimuli and the
execution of saccades towards them (Colby and Duhamel, 1996; Paré and
Wurtz, 1997; Colby and Goldberg, 1999; Kusunoki et al., 2000). Unexpectedly,
the region activated for memory-guided saccades extends to the fundus of the
IPs into some of the traditional area VIP (Colby et al., 1993). Nevertheless, this
finding confirms a previous report indicating that the saccade related part of
the IPs extends beyond the traditional LIP, rostral and ventral to it, into area
VIP (Thier and Andersen, 1998).

In contrast to the region activated for memory-guided saccades, which
was located fairly deeply in the middle third of the lateral bank of the IPs and
was confined to LIPv, the region activated for saccades to visual targets
occupied both deeper and superficial territories of both its anterior and
middle thirds and extended through both the LIPv and the LIPd. The
activation in LIPd displayed the most pronounced effects we observed in the
lateral bank of the IPs. The level of activation in LIPv was the same in the
monkeys executing visually-guided saccades and monkeys performing
memory-guided saccades, in both cases displaying about 18% higher glucose
consumption than that of the Cd monkey. The activation induced by visually-

guided saccades and extending to LIPd was even higher (by about 35%) as
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compared to the Cd monkey. Apparently, LIPd requires visual stimulation in
addition to saccades to be maximally activated.

The functional parcellation of the lateral IPs we propose, is in
agreement with existing anatomical and neurophysiological evidence. Firstly,
the posterior part of the lateral bank of the IPs projects to the frontal eye field
(FEF) and contains a high proportion of neurons related to memory-guided
saccades (Blatt et al.,, 1990), whereas the more anterior part contains a
representation of the visual field (Ben Hamed et al., 2001). Also, LIPv close to
the fundus of IPs, is strongly connected with the core FEF and the superior
colliculi whereas LIPd, close to the crown, is not (Lynch et al., 1985; Blatt et al.,
1990; Schall et al., 1995). Moreover, LIPv receives projections mostly from the
action-related dorsal stream areas whereas LIPd from both the dorsal and
ventral (feature recognition) streams (Ungerleider and Desimone, 1986;
Andersen et al., 1990; Blatt et al., 1990; Boussaoud et al., 1990; Stanton et al.,
1995).

Such a functional parcellation of area LIP into subareas related to
memory- and visually- guided saccades could settle certain apparently
conflicting results regarding the response properties of its neurons and the
deficits resulting from its lesions. In one study, almost the entire neuronal
population of LIP were shown to respond to visual stimulation (Colby et al.,
1996). In contrast, only about half of the LIP neurons were shown to respond to
visual stimulation in two other studies [49% in Gnadt and Andersen (1988) and
63% in Barash et al. (1991a)]. Our findings can explain the discrepancy
mentioned above if the three studies focused on different subregions of area
LIP, namely if the neurons studied in the former study were located more
rostrally than the neurons studied in the latter two studies. Unfortunately, no
map of the recording sites was provided by Colby and her colleagues (Colby et
al,, 1996). However, in a later publication of this group (Colby, 1998) recording

sites are indeed reported to lie in more anterior locations than those of Gnadt
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and Andersen (1988) and Barash (1991a). Moreover, the recording sites in the
study by Gnadt and Andersen (1988) and Barash (1991a) are also more rostral
than their descriptions lead one to expect, and roughly correspond to the
middle third of our study, because (i) the location of their electrode tracks was
projected onto the parasagittal plane (a procedure which underestimates the
length of segments normal to the horizontal plane, such as the caudal part of
the IPs), whereas we unfolded the entire IPs, and (ii) our reconstructed 2D
maps extend more caudally, up to the intersection of the IPs with the
parietoccipital and the lunate sulci. Similarly conflicting are the results from
lesion studies. Visual perception deficits rather than saccade execution deficits
were reported following reversible chemical inactivation of area LIP in one
study (Wardak et al., 2002) whereas memory-guided saccades (but not visually-
guided ones) were compromised in another (Li et al., 1999). Again, our data
could help reconcile these conflicting results if the lesion was more severe in the
middle third and in the depth of the lateral bank of IPs in the latter study (thus
impairing the region we found activated for memory-guided saccades), and in
the rostral third and more superficially within the bank in the former study
(thus impairing a region more intensely activated for visually-guided saccades).

Finally, our data could help reconcile the long-standing debate between
two alternative hypotheses concerning the elemental functional role of area LIP
during saccadic movements. On the one hand, area LIP has been proposed to
participate in selective spatial attention and to embody a salience map of the
visible world (Goldberg et al., 1990; Colby and Duhamel, 1996; Gottlieb et al.,
1998; Gottlieb and Goldberg, 1999; Kusunoki et al., 2000). On the other hand, it
is considered to directly reflect saccade-related movement plans in a variety of
conditions (Gnadt and Andersen, 1988; Barash et al.,, 1991b; Mazzoni et al.,
1996a; Snyder et al., 1998). The present study favors both hypotheses by
suggesting the existence of two functional subregions in the lateral bank of the

IPs, each entrusted with a different role. A rostral subregion located
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superficially (close to the crown) within the anatomically defined area LIPd is
mainly dedicated to the visuo-spatial aspect of saccade activity. A caudal one
deeper in the bank (close to the fundus) within the anatomically defined area
LIPv is primarily associated with the motor component of oculomotor behavior.

Overall, our findings illustrate that the lateral bank of the IPs is a mosaic
of the following segregated, albeit partially overlapping, regions: (i) a centrally
placed fixation-related region at the border of LIPv and LIPd (Fig. 11A, green).
(ii). This is surrounded by a widespread region extending in both LIPv and
LIPd, which is activated for visually-guided saccades and possibly encodes
visuo-spatial and saccade-related parameters (Fig. 11B, red). (iii) A more caudal
region confined to LIPv, which is activated for memory-guided saccades and
possibly encodes the remembered locations of saccade targets and/or saccade
metrics. The area of overlap between regions ii & iii (Fig. 11C, magenta) lying in
LIPv may correspond to the representation of oculomotor space in area 7IP,
while the area of overlap between all three regions (fixation, visual- and
memory-saccade related) lying in the middle of the bank around the border of
LIPv and LIPd may correspond to the representation of the central part of
oculomotor space in area 7IP (Fig. 11D, white). To the subdivisions of area LIP
that present high metabolic demands for visually- and memory-guided
saccades in the current study, we should add the regions activated for visually-
guided forelimb reaching described in previous studies of our laboratory.
Besides occupying a large part of area 5IP in the medial bank of the IPs, the
region activated for visually-guided forelimb reaching also extended within
area 7IP in the lateral bank of the IPs (Gregoriou and Savaki, 2001; 2003).
Consistent with previous reports (Snyder et al.,, 1998; 2000; Oristaglio et al.,
2006), our present and previous data demonstrate that there is overlap, albeit
minimal, between the eye movement saccade-related and forelimb reach-
related regions of area 7IP. Common activation is largely confined to a portion

of the saccade-related region of the present study in the depth of the sulcus.
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This notion suggests that LIPv neurons discharge for movement-related signals,
irrespectively of the effector employed (eye vs. forelimb), while LIPd neurons
respond more strongly to visual stimuli serving as targets for the impending

movements in the contralateral extrapersonal space.

Temporal cortex

The current study demonstrates for the first time that the superior temporal
cortical areas that comprise the MC (MT/V5, MST and FST) display significant
metabolic effects during the execution of visually- and memory-guided
saccades. More specifically, our findings demonstrate that areas MT/V5 and
MST, traditionally thought to process visuo-motion signals for smooth-
pursuit eye movements, also carry extraretinal oculomotor signals.

In our study, the three areas that comprise the MC, MT/V5, MST and
FST, occupied an area of approximately 200 mm? and extended from the
posterior bank of the STs, through the floor of the sulcus to its anterior bank.
This cortical surface, as defined in our Nissl-stained sections, compares to 125
mm? in one study (Cusick et al., 1995) and to 175 mm? in another report
(Desimone and Ungerleider, 1986). It has also been reported that the areal size
of MT that contains a complete representation of the visual field ranges
between 76 mm? (Ungerleider and Desimone, 1986) and 83 mm? (Gattass and
Gross, 1981) for monkeys of about the same weight as ours. However, in a
recent study, the fMRI estimates of solely the central 11° in monkey MT were
100-150 mm? (Brewer et al., 2002).

In addition to directionally selective neurons displaying sensory (retinal)
discharges, both MT/V5 and MST contain neurons displaying extraretinal
signals associated to the maintenance of pursuit (Newsome et al., 1988;
Bremmer et al.,, 1997b; Ferrera and Lisberger, 1997; Squatrito and Maioli,

1997). Nonetheless, the visual and oculomotor components of MC neuronal
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discharge have always been assigned a role in smooth pursuit rather than
rapid eye movements. Our data demonstrate that the MC is activated for
saccades as well. This agrees with descriptions of neurons that respond to fast
moving stimuli (Baker et al., 1981; Tanaka et al., 1993; Duffy and Wurtz, 1997).
Our data are also in line with previous imaging studies that have consistently
shown activation of the superior temporal cortex for visually-guided
(Sweeney et al, 1996; Petit and Haxby, 1999; Koyama et al.,, 2004) and
memory-guided saccades (Anderson et al., 1994; Luna et al., 1998; Ozyurt et
al., 2006). However, it should be noted that we provided no visual stimulation
whatever during the execution of the memory-guided task, whereas previous
studies relied on retinal stimulation, albeit minimal, due to the presence of
visual targets extinguished before movement onset. In addition, our method
provides higher sampling resolution (20 micron sections) and histological
confirmation of the anatomical borders of the MC. Our study is in better
agreement with a more recent, well controlled fMRI study (Baker et al., 2005)
of monkeys executing visually-guided saccades, showing activation of the
superior temporal cortex, including areas MT, MST, FST, STP and V4. In this
study, the robust activation of the MT/MST/FST complex was considered
unexpected and was attributed to the visual motion induced on the retina by
saccades. Indeed, motion signals accompanying saccades are as effective in
eliciting responses from V1 neurons as the motion of objects in the visual field
(Wurtz, 1969). Consequently, part of the visually-guided saccade-related
activation of the MC we observed could be due to the shear of the visual scene
on the retina. Such a mechanism is doubtful for areas MT/V5 and MST,
though, since they contain neurons with oppositely directed motion signals
that could annul each other (Thiele et al., 2002). More importantly, such a
mechanism can not explain the herein documented activation of areas MT and
MST for memory-guided saccades in total darkness, which was equally robust

to that for visually-guided saccades, and could only reflect the presence of
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extraretinal saccade-related signals. To our knowledge, this is the first study
to implicate conclusively the pursuit-associated areas MT/V5 and MST in
saccadic behavior.

Our findings provide evidence that areas FST (the ventralmost portion of
the MC in the floor of STs) and TPOi (anterior to MST) are activated only for
saccades to visual targets and not for saccades to memorized locations.
Activation of FST in pursuit eye movements has only been reported in one
previous study (Erickson and Dow, 1989). Given that area FST in macaques
lies deeply in the floor of the STs, its access becomes difficult and
physiological data on its response properties are scant. It was shown that FST
neurons in the owl monkey connect to the part of MT which integrates motion
cues over wide areas of the visual field (Berezovskii and Born, 2000).
Accordingly, the saccadic information that FST neurons carry may be useful
for orientation in the environment.

The region anatomically defined as temporal-parietal-occipital (TPO)
(Padberg et al., 2003) largely corresponds to the superior temporal
polysensory area occupying the rest of the anterior bank of the STs (Cusick et
al, 1995). In our analysis, we adopted the three caudal-to-rostral
chemoarchitectonic subdivisions, TPOc, TPOi and TPOr, suggested before
(Cusick et al., 1995). Single-unit recordings revealed that almost all of TPO
neurons are visually responsive, preferring peripheral stimulation (Desimone
and Gross, 1979; Bruce et al., 1981). Compared to the parietal and MT/V5, area
TPO neurons are not visuotopically organized with large receptive fields that
usually encompass both hemifields (Bruce et al., 1981). A common property
shared by TPO and MT/V5 neurons is directional selectivity for moving visual
stimuli. In addition, TPO neurons respond to more complex forms of
movement, such as movement in depth and radial movement, features
reported also for MST (Bruce et al, 1981). Although the described

characteristics of area TPO imply involvement in oculomotor behavior, this
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has only been reported in abstract form (Colby and Miller, 1986). The
connectivity patterns of TPO with oculomotor centers of the frontal and the
posterior parietal cortex can provide the anatomical substrate of eye-
movement-related activity. Of interest is that the TPOi subdivision activated
by visually-guided saccades in our study is reciprocally connected to the eye-
movement-related areas of the prefrontal and the posterior parietal, same way
as areas V5/MT and MST (Seltzer and Pandya, 1989a; Seltzer et al., 1996).
Consistent with our findings, TPO has been implicated in the control of
visually-guided saccades, because its damage prolongs their latency
(Scalaidhe et al., 1995). In the same study, removal of TPO had no effect in the
execution of saccades to auditory targets, suggesting that the impairment was
not purely motor. Given that TPO neurons respond better to moving than
stationary stimuli (Bruce et al., 1981), we cannot exclude the possibility that
TPO activation relates to the visual motion induced in the retina by saccades.
On the other hand, the anterior/ventral part of STs (TPOr), which has been
associated with integration of animate form, motion and location (Jellema et
al., 2004), remained unaffected in our study.

Our data also demonstrate that both saccades to visual targets and to
memorized locations activated area V4t (V4 transitional), located posterior to
MT in the STs and corresponding to the homonymous area described before
(Desimone and Ungerleider, 1986). The anterior and posterior subdivisions of
area V4t (V4ta and V4tp, respectively) in our study are based on their relative
location on the STs maps according to the anatomical maps of Lewis and Van
Essen (Lewis and Van Essen, 2000b). Both subdivisions displayed enhanced
metabolic effects during visually- and memory-guided saccades, with the
only difference being that V4ta was also activated for fixation. In agreement
with our findings, V4 neurons have been reported to enhance their discharge
before saccades (Fischer and Boch, 1981a; Tolias et al., 2001). Moreover, V4

codes extra-retinal signals related to the direction of stimulus motion more
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reliably than MT (Ferrera et al., 1994). Finally, V4 neurons shift their receptive
fields towards the saccadic goal prior to eye movement initiation (Tolias et al.,

2001).

Fixational Effects

Our study indicates selective metabolic effects in the intraparietal and
superior temporal cortical areas that represent the foveal visual field, during
active fixation of a centrally located visual target. These effects were
significantly higher as compared to the basal condition; however, consistent
with a previous report (Corbetta et al., 1998), they were weaker than those
induced during visually-guided saccades.

In the intraparietal cortex, enhanced neuronal activity in area LIP
during visual fixation of a stationary target is in agreement with previous
studies (e.g. Andersen et al., 1990; Colby et al., 1995; Robinson et al., 1995; Ben
Hamed et al.,, 2001; Gregoriou and Savaki, 2001). In the current study, we
provide the anatomical localization of the observed activation as
circumscribing the border of LIPd and LIPv and extending rostrally into LIPd.
Our finding is consistent with the recording of fixation-related neurons at an
anterior location of the lateral intraparietal bank (Murata et al., 2000). The
relatively large extent of the intraparietal-fixation region conforms with the
reported overrepresentation of the central visual field (Ben Hamed et al., 2001;
Ben Hamed and Duhamel, 2002) and may be due to the enlargement of the
neural space allocated to central vision during fixation (Ben Hamed et al.,
2002). On the other hand, the middle part of 7IP that includes LIPv was only
marginally activated during the fixation task by 8% compared to the baseline
condition. This finding supports the suggestion that LIPv is engaged in the

execution of large-amplitude saccades.
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In the superior temporal cortex, fixation-related activity was observed
in the foveal region of MT/V5, in FST and in areas V4ta and TEO. Our results
are in agreement with reports demonstrating that these areas represent the
central visual field (Gattass and Gross, 1981; Desimone and Ungerleider, 1986;
Komatsu and Wurtz, 1988a; Boussaoud et al., 1991). Small saccades during
fixation have been shown to modulate the firing of MT neurons by injecting
visual motion signals (Bair and O'Keefe, 1998). In that study, as in ours, small
fixational eye movements had an average velocity of approximately 30%/sec, in
the range of sensitivities for MT neurons. The fixational effects we report
could be attributed to the recruitment of the low-pass cells described in MT
(Lagae et al., 1993), which have foveal receptive fields and show preference
for slow speeds. MT neurons with small foveal receptive fields and similar
preference for speed have also been described in another study (Rodman and
Albright, 1987). Area TEO of our study corresponds to the portion of TEO
around the posterior lip of the STs that contains a representation of the foveal
and parafoveal visual field (Boussaoud et al., 1991). This area connects
principally with the inferior temporal areas that constitute the pathway for
fine discrimination analysis (Boussaoud et al., 1991) and also projects to the
small-amplitude-saccade FEF and to LIPd (Baizer et al., 1991, Webster et al.,
1994). Compatible with the fixation-induced activation of V4ta and TEO in
our study are the reports that 41% of TEO and 34% of V4 neurons were
activated during a spot-fixation task (Watanabe and Iwai, 1991), and that focal
attention to a visual stimulus enhanced processing in V4 neurons (Moran and
Desimone, 1985).

Our finding that areas LIP and MT are activated during fixation and
saccades (in addition to smooth-pursuit) conforms with the report of Krauzlis
et al. (1997; 2000) that a population of fixation neurons in rostral SC discharge
both during smooth-pursuit and small-amplitude saccades. These neurons are

distinct from the saccade-related neurons recorded in caudal SC (Munoz and
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Wurtz, 1995). The activity of SC fixation neurons does not depend on the
presence of visual stimulation, as it is sustained even in the absence of visual
target (Munoz and Wurtz, 1993). Krauzlis et al. (1997; 2000) suggest that the
rostral SC provides a position-error signal that can be used by both saccades
and pursuit and which “might act to coordinate the two types of movements,
thereby avoiding the deleterious visual consequences that would follow if the two
systems operated completely independently”. Our results cannot indicate whether
the same neuron carries information about fixation and eye movements.
Conceivably, there exists a continuum of cortical motor maps, with fixation
(and possibly smooth-pursuit) in the foveal/parafoveal representations of the
visual field, and large-amplitude saccades in the peripheral ones. Segregation
of neural responses along a center-to-periphery organization allows faster and

more efficient oculomotor processing (Gattass et al., 2005).

Comparison between the intraparietal and superior temporal activations

The present findings indicate that all areas of the IPs and the STs
activated during memory-guided saccades are also active in the visually-
guided condition. Interestingly, both the foveal and extrafoveal parts of areas
with known central-peripheral topography (LIP, MT/V5, V4t) are activated
during visually-guided and memory-guided saccades. In the case of
extrafoveal MT/V5, glucose consumption was approximately the same under
the two behavioral paradigms (Table 3, Sd, Sl). In a similar way, LIPv and
V4tp representing peripheral vision displayed equally robust activations in
both the light and the dark conditions (LIPv: Table 2, Sd, SI; V4tp: Table 3, Sd,
Sl). Taken together, our results suggest that oculomotor behavior in the light
as well as in the dark exerts similar metabolic effects in areas with eccentric
representations of the visual field. In the subdivisions of MT, LIP and V4t that

represent the central visual field, i.e. MTf , LIPd and V4ta, activation was
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significantly higher in the monkeys executing visually-guided saccades as
compared to those executing memory-guided saccades (by 10%, 22% and
24%, respectively). Therefore, subregions representing the central visual field
require visual stimulation, in addition to eye movements, to be maximally
activated.

Surprisingly, the current results imply that, in the studied areas, the
relative load of motor vs. sensory activation (as expressed in activation during
memory-guided saccades and the difference in activation between visually-
and memory-guided saccades) has a rather systematic pattern. Originally,
Felleman and van Essen (1991) proposed a hierarchical scheme of cortical
organization based on the laminar patterns of connectivity among different
areas. Accordingly, MT and V4t occupy a lower level in the hierarchy
compared to LIP, MST and FST. Similarly, by quantitative comparison of the
proportion of supragranular projecting neurons in V1 and V4 afferents,
Barone et al (2000) suggested that area MT lies at a lower level compared to
LIP and FST which occupy progressively higher positions. Other studies
describe stronger attentional modulation of incoming sensory information in
later stages of cortical processing (Ferrera et al., 1994; Treue and Maunsell,
1999), a striking observation which has not yet been accounted for (Maunsell
and Cook, 2002).

Our functional results of the differential cortical activations during
simple saccade tasks largely comply with the anatomical schemata of
Felleman and van Essen (1991) and Barone et al (2000). In addition, we
propose that these need to expand to include the subdivisions of areas with
discrete representations for central and peripheral fields. As we have shown,
area MT and subareas LIPv and V4tp were equally activated in the visually-
and memory-guided-saccade tasks. The subareas MTf, LIPd, V4ta and area
MST display significant effects during the execution of memory-guided

saccades; they also carry a load of sensory activation. In the case of MTf and
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LIPd, the weaker enhancement of the former in the visually-guided task
compared to the memory-guided one may reflect its earlier engagement in
visuo-motor function. The same is already evident in the fixating condition
with MTf displaying weaker activation than LIPd (15% vs. 20%). Finally, area
EST singled out by displaying enhanced activation in the visually-guided and
the fixation task but not in the memory-guided condition. According to the
current data, MT, LIPv and V4tp should be placed in an earlier level of
cortical processing. MTf and MST should occupy a higher tier, followed by
LIPd and V4ta. The latest stage should be occupied by area FST. It is tempting
then to suggest that lower order areas assume an executional role while
higher order areas are involved in the transformation of their heavy load of
sensory inputs to more abstract representations of visual space (Freedman

and Assad, 2006).
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SUMMARY

We applied the quantitative autoradiographic method of [“C]-deoxyglucose
to study the location and extent of intraparietal and superior temporal cortical
activation in monkeys performing: i) fixation of a central visual target, ii)
visually-guided saccades, and iii) memory-guided saccades, of similar
amplitude and direction as in the visually-guided paradigms, in complete
darkness. By eliminating visual stimulation in the memory-guided task, we
dissociated the effects related to the sensory component from the effects
related to the motor component of saccadic behavior. This is the first study to
provide high-resolution two-dimensional functional and anatomical maps of
metabolic activity of the intraparietal and the superior temporal cortices that
allowed for direct comparisons between different experimental conditions.

In the intraparietal cortex, visually-guided saccades induced enhanced
metabolic activation in approximately the middle and anterior third of the
lateral bank of the IPs. The effect spread in both the ventral and dorsal
subdivisions of area LIP (LIPv and LIPd, respectively), as we confirmed with
histological examination. Our results demonstrate that the oculomotor-related
area LIP extends further rostrally than traditionally reported to include most of
the anterior part of the bank. Besides saccade execution, area LIPd requires
visual stimulation for maximal activation. The effect induced by memory-
guided saccades was equally robust as that induced in the visual-guided
paradigm, but was confined to the middle third of the lateral bank within LIPv.
Active fixation of a visual target induced significant metabolic activation in the
border of LIPd/LIPv and extended in the anterior part of the lateral bank within
area LIPd, covering approximately one-third of the neuronal space allocated to
visually-guided saccades. We propose that the lateral intraparietal cortex
represents visual and motor space in functionally segregated subregions. A

rostral subregion located superficially (close to the crown) within the
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cytoarchitectonically-defined area LIPd is mainly dedicated to the visuo-spatial
aspect of oculomotor behavior. A caudal one deeper in the bank (close to the
fundus) within the cytoarchitectonically-defined area LIPv is predominantly
associated with the motor component of saccadic activity.

In the superior temporal cortex, oculomotor behavior activated a
constellation of brain areas, providing evidence for their involvement in
saccadic eye movements. All areas that comprise the motion-complex
network traditionally implicated in the analysis of visual motion and in
smooth-pursuit execution i.e., MT/V5, in the lower bank of the STs, MST, in
the upper bank of the STs, and FST, in the floor of the STs, were significantly
activated during visually-guided saccades. Areas MT/V5 and MST were also
activated during memory-guided saccades. Interestingly, we observed
enhanced metabolic activation in the rest of the regions of the caudal STs,
which are not usually implicated in oculomotor/fixational behavior. Both the
posterior and the anterior subdivisions of area V4t in the lower bank were
activated during the execution of visually- and memory-guided saccades,
whereas the intermediate part of polysensory area TPO (TPOi) in the upper
bank displayed significant activation in the visually-guided saccade task.
Fixation-related metabolic increases were observed in the areas with central
field representations, i.e. the foveal part of MT (MTf), ventrally, in the anterior
part of V4t (V4ta), in FST and in area TEO. Our findings demonstrate that
areas MT/V5, MST and V4t receive and/or process extra-retinal saccade-

related information.
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ITEPIAHWH

Me v moootkyy avtogadoyoadikr) uéBodo g [MC]-deo&uyAuvkdling
xapToyoadnOnke 1 petaPoAucry doACTNOOTNTA OTNV EVOOPOEYUATIKN KAl AV®
KQOTAPIKT] avAaka TONKwV 1oL ekTeAovoav i) eotiorn PAEUUATOS O KEVTOLKO
OTITIKO OTOXO, ii) CaKKAdUCES KIVIOELS TTOOG OTITLKOVS OTOXOUG Kal iii) oakkadikég
KLVIOELS TIROC AXTIOUVT|UOVEVILEVOUS OTOXOVS OTO OKOTADL, (WOTE VO DX WOLOTEL 1)
KWNTIKT antd v aoOntikn (0mTKr)) ouviotwoa e ovpmeoipooas. H tomkn
KATAVAA@OT) YAVKOLNG KATA KOG TV VTIO EETAOT) TEQLOXWV VTIOAOYLOTNKE O€
avTOQAdOYQAPIKES  ElKOVEG 0QWLOVTIWV  CEQAKWV  TOHwV, Me T Pordewa
OLOTNUHATOG avAAvong ewovac. H katavour) g petafoAkng doaotnootntag
ka0'0An v MEooOomoOr KAl QAXIXIOKOWALXKT] €KTAOT] TwV LTO aVAALOT
TLEQLOX WV avATAQAOTONKE 08 dodATTATOVS XAQTEG LYNATG dAKQLOLUOTNTAC.
Ou xdotec 0Awv TV NUIOPAIRIWY eVOLYQAUUIOTNKAY WOTE VA OUVUTECOVV LLE
TIEOTLTIO XAQTT), ETMUTEETIOVTAG TNV AUEDT] OVYKQLOT) HETABOALKWV dedOUEVWVY TTOV
mEoNABav amo dladPoEETIKOVG £yKePAAOLG.

Evtog tng evdofpeypatiknc avAakac, ota NUodaipelx avtinAgvoa amnd
TIC  ekTeAoVpeveg  Kvnoewg,  evepyomoumOnkav — OlaPOQETIKES,  HEQLKWS
ETUKAAVTITOUEVES VTTIOTIEQLOXEG KATA TNV €KTEAEOT] CAKKADIKWV KIVIOEWV TIQOG
OTITIKOUG KAl TQOC  ATOUVNUOVEVHEVOLS  OTOXOUG. ALENUEVT  peTafoALKT)
d0aOoTNEOTNTA TtaRATNENONKE O €KTEVEG TUNHA TNG TMAAYAG OxONG katd TV
EKTEAEOT] COKKODIKWV KIWVNOEWV TQOG OMTIKOUG otoxovs. H evegyomoinon
K&AvTTe TO pecaio kal mEOCO0 TEITO TG AvAAKAC TOL AVTIOTOLXOUV OTNV
KOWAlaKn Kol gaxlator TA&YLor evOoBeYIATIKY) LTTOTEQLOXT), OMwS eTtReBalwoe 1)
LOTOAOYIKT] tagatnEnoT. I'ia tnv péylotn evepyomoinon tov mMEOcHov TUNHATOS
mMe avAakag anatteitar omtikog €0ebiouos. Katd v extéAeon oakkadikwv
KWWIOEWV TIOOG ATOMVI|UOVEVHEVOUS OTOXOVG, ATIOLCIX OTTIKOV €0e01o0u0D, 1)
HETAPOALKT] dQAOTNOLOTNTA TEQLOQIOTNKE OTO HeETaio TEITO TG avAakag oTnv
KkoAlakn mAGyw evdofoeypatikn vrtomeglox). Katd tv eotiaon BAéppatog oe
KEVTOLKO OTITIKO OTOXO, T METABOALKT) dQACTNOLOTNTA EKTELVOTAV XTIO TO OQLO

HETAED NG KOWAKNG KAL TNG Qaxxlog MAAYLAG evOOPOEYUATIKIG VTTOTTEQLOXNS
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péxoL To EooOo TUNHA TNG avAaKAG KAl KateAduPave meginov To éva teito Tov
VEVQWVIKOV  XWQEOL  Tov  evepyomomOnke Katd TV  ekTéAeon OTTIKA
kaOodnyovpevwy  oakkadikwv  kwvrjoewv. Ilgotelvovpe ovvenmwe OtL 1)
opOaApokivnTikn meQloxr) otV TAdYx 0xOn S evOoPEEYUATIKIIG aVvAXKAS
extelvetal amd 1o peoalo péxol to mEoobio Toito g avAakac. H oaxiaia
TAQYLt €VOOPQEYUATIKI] VTIOTEQLOXT] €VEQYOTOLE(TAL KLOIWwS AOYw Tapovoiag
OTTIKOV  €QeOOUOY, &V 1 KoK TA&YLX €VOOPQEYUATIKY] VTIOTIEQLOXT)
EVEQYOTIOLE(TAL KVRIWG AOYW TWV EKTEAOVIEVWV OAKKADIKWY KIVI|OEWV.

Evtog e omiobiag dvw kpotadikrc avAakag, ota nuodaigex
avtimAevoar  amd TG  EKTEAOVHEVEG  KIVNOELS, TXQATNENONKE  ONUAVTIKY)
evepyomoinomn dapoowv PpAouxwv megoxwv. Kata mv ektéAeon oaxkadikwv
KIVTOEWV TIEOG OTITLKOUG OTOXOUG €VEQYOTIOOT KAV OL TTEQLOXEC HEDT] KQOTADLKT,
otV omtioBx 0x01, éow dvw kEotadikr), otV MEOCOWKx 6XON, KaL N TTEQLOXT] OTO
d&medo TG avAaKAS, MOV OLVOAIKA AamoTeAOVV TO OLOTNUA  AVAALOTG
KIWVOUHEVWY  OMTIKWV  €0e0lopdtwv. Avénuévn petafolkn  doaotnolotnta
niagatnENONke eniong oto mEOcO0 Kat omicOo TUNHA TNG HETAPATIKNG OTTTIKT|G
megoxns 4, oty omioBix OxOn NG avAakag, Kol OTO EVOLRHECO TUNUA TNG
TLEQLOXTG KQOTAPIKN-POEYUATIKT-OTITIKY), OTNV TEOCOIx OxONn g avAakag. Kata
TV €KTEAEOT] OAKKADIKWV KIVIOEWV  TIQOG  ATIOUVI|UOVEVEVOUS  OTOXOUG
eveQyomouOnkav oL TeQLoXEg HEOT) KQOTaPIKT), £0w Avw KOOoTadPLKn, Kabwe Kat
0 MEO0OL0 Kat OToO0 TUNHA TNG MHeTAPatikTc OTTIkiG Tepoxns 4. Katd v
eotlaon PAEpUATOG O& OTMTIKO OTOXO ONuelwONke avinuévn peTafoAur)
dAOTNOOTNTA OTIC TEQLOXEC TOL OXEeTICOVTIAL HE TNV AVILMQOOWTEVOT TOU
KEVTOLKOU OTITKOU TtedlOV, OUYKEKQIUEVA OTO TUTUA KEVTIQIKNG AXVTLTIQOOWTTEVOT|G
G HEONG KQOTAPIKIG TEQLOXTG, OTNV TEQLOXN TOL dATédOL TG AVAAKAS, OTO
mEOCO0 TUNHA TNG MHETAPBATIKNG OTTIKNG TEQOXNG 4 KAl OTnv  TeQloxn
KQOTAPIKT-LVIAKT]. LUUTEQAOUATIKA, OTNV AV®W KQOTAPIKY) AVAXKX, Ol TTEQLOXEC
péon KeotadKy), €0w AVw KEOTAPIKY, KAl 1 UETAPATIKY) OTTIKY) TeQloxXY| 4
EVEQYOTIOLOVVTAL KATA TNV EKTEAETT) OAKKADIKWV KIVTEWV, aveEAQTNTA &XTIO TNV

miaQovoia OTTIKOL eeBiopaTog.
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APPENDIX

Total “C in tissue “C in precursor remaining in tissue
at time, T at time, T

T t
Ci(T) — ke (K5I f cpe(k’ﬁl&f) dt
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B
Integrated precursor specific activity in tissue

Operational equation of the radioactive deoxyglucose method. Ci*, total “C
concentration in a single homogenous tissue of the brain; Cp¥, Cp, concentrations of
[“]deoxyglucose and glucose in the arterial plasma, respectively; Ce*, Ce, their
respective concentrations in the tissue pools that serve as substrates for hexokinase;
Cm*, concentration of [*]deoxyglucose-6-phosphate in the tissue; ki¥*, ka*, k3*, rate
constants for carrier-mediated transport of [“]deoxyglucose from plasma to tissue,
for carrier-mediated transport back from tissue to plasma, and for phosphorylation
by hexokinase, respectively; ki, k2, k3, equivalent rate constants for glucose; T, time of
termination of the experimental period; A, ratio of the distribution space
of deoxyglucose in the tissue to that of glucose; ¢, the fraction of glucose that,
once phosphorylated, continues down the glucolytic pathway; km®, Vm®¥, km, Vm,
Michaelis-Menten kinetic constants of hexokinase for deoxyglucose and glucose,
respectively.
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The Labyrinth
W.H. Auden

Anthropos apteros for days

Walked whistling round and round the Maze,
Relying happily upon

His temperment for getting on.

The hundredth time he sighted, though,
A bush he left an hour ago,

He halted where four alleys crossed,
And recognised that he was lost.

"Where am I? Metaphysics say
No question can be asked unless
It has an answer, so I can
Assume this maze has got a plan.

If theologians are correct,

A Plan implies an Architect:

A God-built maze would be, I'm sure,
The Universe in miniature.

Are data from the world of Sense,
In that case, valid evidence?
What in the universe I know

Can give directions how to go?

All Mathematics would suggest
A steady straight line as the best,
But left and right alternately

Is consonant with History.

Aesthetics, though, believes all Art
Intends to gratify the Heart:
Rejecting disciplines like these,
Must I, then, go which way I please?
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Such reasoning is only true

If we accept the classic view,
Which we have no right to assert,
According to the Introvert.

His absolute pre-supposition

Is - Man creates his own condition:
This maze was not divinely built,
But is secreted by my guilt.

The centre that I cannot find

Is known to my Unconscious Mind;
I have no reason to despair
Because I am already there.

My problem is how not to will;

They move most quickly who stand still;
I'm only lost until I see

I'm lost because I want to be.

If this should fail, perhaps I should,
As certain educators would,
Content myself with the conclusion;
In theory there is no solution.

All statements about what I feel,
Like I-am-lost, are quite unreal:

My knowledge ends where it began;
A hedge is taller than a man."

Anthropos apteros, perplexed

To know which turning to take next,
Looked up and wished he were the bird
To whom such doubts must seem absurd.



	Theoretical basis  
	Experimental session 
	Analysis of arterial plasma 2DG and glucose concentrations 
	Tissue processing 
	Analysis of autoradiographs 
	Regions activated for visually-guided saccades 
	Regions activated for memory-guided saccades 
	Comparison of regions activated for visually- and memory-guided saccades 
	Regions activated for visually-guided saccades 
	Regions activated for memory-guided saccades 
	 
	Comparison of regions activated for visually- and memory-guided saccades  

