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Functional imaging of the intraparietal cortex during saccades to visual and memorized targets S. Bakola,a G.G. Gregoriou,a,1 A.K. Moschovakis,a,b and H.E. Savakia,b,* a
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Received 8 July 2005; revised 30 January 2006; accepted 17 February 2006 Available online 19 April 2006 The representation of perceived space and intended actions in the primate parietal cortex has been the subject of considerable debate. To address this issue, we used the quantitative 14C-deoxyglucose method to obtain maps of the activity pattern in the intraparietal cortex of rhesus monkeys executing saccades to visual and memorized targets. The principal effect induced by memory-guided saccades was found more caudally in the deepest part of the middle third of the lateral bank (within area LIPv) whereas that induced by visually guided saccades extended more rostrally and superficially in the anterior third of the bank (within area LIPd). The memory-saccade-related and the visualsaccade-related regions of activation overlapped only within area LIPv. Besides saccade execution, maximal activity in area LIPd required a visual stimulus. The region activated by visual fixation was located at the border of LIPv and LIPd, extending mainly within area LIPd, and occupying about one third of the neural space of the region activated for visual-saccades. We suggest that the lateral intraparietal cortex represents visual and motor space in segregated, albeit partially overlapping, regions. D 2006 Elsevier Inc. All rights reserved.



Introduction In their every day life, humans and other primates rely on sensory data (from sight, sound or touch) to register the presence of salient objects and to program appropriate eye movements towards them. Several cortical and subcortical regions have been implicated in the control of rapid eye movements (saccades) (Moschovakis et al., 1996), including the lateral intraparietal area (LIP), buried within the lateral bank of the intraparietal sulcus (IPs) (Andersen et al., 1990). An intact LIP is crucial for efficient redirection of the
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line of sight, as its lesion causes ocular apraxia (Balint, 1909). However, the precise role of area LIP in representing visual targets and preparing saccades to them is less clear (reviewed in Andersen and Buneo, 2002; Colby and Goldberg, 1999). On the one hand, it has been proposed that area LIP participates in selective spatial attention and builds a salience map of the visible world (Colby and Duhamel, 1996; Goldberg et al., 1990; Gottlieb and Goldberg, 1999; Gottlieb et al., 1998; Kusunoki et al., 2000). On the other hand, it is thought to directly represent motor plans needed for saccade execution (Barash et al., 1991b; Gnadt and Andersen, 1988; Mazzoni et al., 1996; Snyder et al., 1998). The discharge pattern of LIP neurons is consistent with either scenario. Several LIP neurons have been shown to carry saccade-related signals (Barash et al., 1991a; Duhamel et al., 1992; Gnadt and Bracewell, 1991) while the discharge of others is modulated by selective spatial attention (Colby et al., 1996; Gottlieb et al., 1998; Mountcastle et al., 1981; Robinson et al., 1995). Moreover, signals sent by area LIP to the superior colliculi carry both visual and saccade-related information (Pare´ and Wurtz, 1997). The anatomical connections of area LIP are also consistent with both hypotheses, since it is known to be linked with cortical areas processing visual information such as the dorsal and ventral visual streams (Andersen et al., 1990; Blatt et al., 1990; Boussaoud et al., 1990; Stanton et al., 1995; Ungerleider and Desimone, 1986) as well as with saccade centers such as the superior colliculi and the frontal eye fields (Andersen et al., 1985; Barbas and Mesulam, 1981; Blatt et al., 1990; Lynch et al., 1985; Petrides and Pandya, 1999; Schall et al., 1995; Stanton et al., 1995). To examine if the activation of area LIP is preferentially related to the execution of actions or to sensory information processing, we used the [14C]-deoxyglucose (14C-DG) quantitative autoradiographic method (Kennedy et al., 1978; Savaki et al., 1993; Sokoloff et al., 1977) to obtain maps of the intraparietal regions activated by visually guided saccades, and to compare them to those induced by saccades of similar amplitudes and directions to memorized target locations in the dark. 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
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sessions on different days and in different animals. In contrast, the technique we employed allowed us to obtain high-resolution activity maps throughout the intraparietal cortex of rhesus monkeys engaged in visuo/oculomotor tasks. Our data demonstrate that visual space and eye movements are separately represented in partially overlapping regions of the lateral intraparietal cortex.



Methods Six head-fixed adult female monkeys (Macaca mulatta) weighing between 3 and 5 kg were used in accordance with an experimental protocol approved by the Greek Veterinary authorities and the FO.R.T.H. animal use committee, and complying with European Council Directive 86/609/EEC. Surgical procedures in sterile conditions and under general anesthesia were performed for implanting a head-holding metal bolt and a scleral search coil as previously described (Moschovakis et al., 2001). Systemic antibiotics and analgesics were administered before and after the surgery, and the animals were allowed to recover for at least 3 weeks before training started. Eye position was sampled at a rate of 500 Hz using the Spike2 software (Cambridge Electronics Design, Cambridge, Massachusetts). On the day of the 14C-DG experiment, monkeys performed the tasks they had mastered for 45 min, and successful completion of each trial was rewarded with water. Behavioral tasks The behavioral apparatus was a video monitor placed 23 cm in front of the monkeys. Visual targets were red spots with a subtending angle of 1.5-. Monkeys executing visually guided saccades were required to hold eye position within a circular window of 2.5- diameter. Monkeys executing memorized saccades were required to hold eye position within a circular window of 5- diameter. All experimental procedures took place in complete darkness. Monkeys had their arms restrained on a primate chair (Christ Instrument Co.) for the duration of the 14CDG experiment. Task parameters were chosen so as to ensure that the crucial variable, i.e., the total number of the stimulustriggered saccades per minute, would obtain the same value in all animals. The control monkey in the dark (Cd, Control-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 the reward expectancy. The monkey was alert during the whole 45 min of the 14C-DG 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 4 s per trial. Intertrial intervals ranged between 0.2 and 0.3 s. The monkey performing the visually guided horizontal saccade task (Hl, Horizontal-light) had to maintain fixation of a central visual target for 0.3 – 0.6 s, then to execute a saccade within 0.7 s to a peripheral visual target located 30- to the right in the horizontal direction, and to fixate it for 0.3 – 0.6 s. Intertrial intervals ranged between 0.5 and 0.8 s. The monkey performing the visually guided oblique saccade task (Ol, Oblique-light) was required to execute an up-left saccade of 20- amplitude and 135direction from the central starting position, within 0.6 s, and to



maintain fixation on each target for 0.4 – 0.6 s. Intertrial intervals were between 0.3 and 0.5 s. 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 (90 Hz) and hold its gaze for 0.4 – 0.7 s, until a second auditory cue (180 Hz) signaled that a memorized saccade of 20- in the horizontal direction should be executed within 1 s, and fixation should be maintained for 0.4 – 0.7 s. Intertrial intervals ranged from 0.8 – 1.1 s. Following an auditory cue of 90 Hz, the monkey performing the memory-guided oblique saccade task (Od, Oblique-dark) had to keep its eyes straight ahead for 0.5 – 0.7 s, until a second auditory cue of 180 Hz commanded an up-left saccade of 25- in amplitude and 135in direction within 1 s. The monkey held its gaze to the memorized target position for 0.5 – 0.7 s. Intertrial intervals were 0.5 – 0.7 s long. Auditory cues originated from a central speaker, placed in front of the monkey on top of the monitor. Each monkey executing memory-guided saccades was originally trained to fixate a central visual target during the presentation of the 90 Hz auditory cue, and to saccade to a visual target of specific amplitude (20 – 25 deg) and specific direction (either horizontal or oblique) during the 180 Hz auditory cue. Later on in its training, the visual targets were extinguished, and the monkey was rewarded for executing saccades to the target positions she 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 both the central and the peripheral target 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-. Two-dimensional reconstructions and statistics The 14C-DG experiments, brain sectioning, and quantitative autoradiography were performed as previously described (Gregoriou and Savaki, 2001). Local cerebral glucose utilization (LCGU) values (in Amol/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). A total of about 550 serial horizontal sections of 20 Am thickness in each hemisphere were analyzed covering the full extent of the intraparietal sulcus (IPs). One section every 500 Am was stained with thionin for identification of cytoarchitectonic areas within the affected lateral bank of the IPs, according to the criteria of Medalla and Barbas (2006). Two-dimensional (2D) reconstructions of the spatial distribution of metabolic activity within the rostrocaudal and the dorsoventral extent of each hemisphere were generated as previously described (Dalezios et al., 1996; Savaki et al., 1997). Briefly, for each horizontal brain section, a data array was obtained by sampling LCGU values (pixel by pixel, at a resolution of 45 Am/pixel) in the rostrocaudal extent of the IPs along a line parallel to the surface of the cortex which included all cortical layers. The intersection of the IPs with the parietoccipital sulcus (POs) was used for the alignment of adjacent data arrays. 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 Am. Thus, each 2D-reconstruction consists of 110 lines or sets of sections (550 sections divided by 5 sections/set) and each line represents the average of 5 adjacent
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serial sections. 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 regions in all monkeys was determined by the Student’s unpaired t test. Adopting a conservative criterion, only differences exceeding 7% 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 intrahemispheric variability, and to allow for the direct comparison of the sites of activation, the individual 2D maps (functional-14C-DG, and anatomical-cytoarchitectonic) were further processed to match a reference map (geometrical normalization according to Gregoriou and Savaki (2003) and Gregoriou et al. (2005). 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. The 2D functional and anatomical maps of each hemisphere were then transformed using linear transformations of the plane with custom designed routines in the Matlab software for numeric computations (The Mathworks, Inc.) to fit the reference surface landmark map. To plot graphically the spatial distribution of metabolic activity in the lateral bank of the IPs (area 7IP) in control and experimental monkeys, we first measured (every 100 Am) the local cerebral glucose utilization values (LCGU, in Amol/100 g/min) along lines parallel to the fundus of the IPs. The length of all these lines was then normalized to the average length of the 7IP (25 mm). The resulting arrays of LCGU values (which can be thought as vectors in a 250-D space) were then summed, and each value in the array of the resulting vector sum was divided by the total number of arrays to obtain line graphs which were plotted along with their 95% confidence intervals.



Results We provide a broad overview of all eye movements that were executed by all 6 of our rhesus monkeys in directions opposite to the hemispheres we studied (Fig. 1). 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 oculomotor behavior of the two control monkeys, the control in the dark (Fig. 1A) and the fixation control (Fig. 1B), the two monkeys executing either horizontal rightward (Fig. 1C) or oblique up left (Fig. 1D) saccades to visual targets, and the two monkeys executing either horizontal leftward (Fig. 1E) or oblique up left (Fig. 1F) saccades to memorized target locations. We also provide high-resolution, two-dimensional (2D) functional maps of glucose utilization in the cortex of the medial (area 5IP) and lateral (area 7IP) banks of the IPs, which were reconstructed from serial horizontal monkey brain sections (Fig. 2) through the whole length of the IPs, as described before (Dalezios et al., 1996; Savaki et al., 1997). Finally, we provide cytoarchitectonic boundaries in the affected lateral bank of the IPs, delineated from sections stained for Nissl, and based on criteria established by Medalla and Barbas (2006). In agreement with their descriptions, we demonstrate that (i) area 7 covers only the outermost part of the
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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 (Fig. 2). The cortex lying caudal to LIPv may correspond to LOP (lateral occipitoparietal zone) of Lewis and Van Essen (2000). We reconstructed these borders in 2D-anatomical maps, in a similar way to that used for the 2D-functional maps, so that functional and anatomical reconstructions could be superimposed (Figs. 3C – H). Images corresponding to left hemispheres are shown after reflection, so that rostral is always shown on the right and caudal on the left side of all illustrated brain sections and cortical 2D reconstructions. Regions activated for visually guided saccades To obtain maps of the intraparietal cortical regions activated for the execution of visually guided saccades, the first experimental monkey (Hl) was rewarded for performing repeated horizontal saccades to a visual target 30- away from the fixation point, and the second one (Ol) for performing saccades to a visual target 20away from the fixation point in an oblique direction 45- up. The Hl monkey executed a total of 191 saccades from the central to the peripheral visual target during the critical 10 first minutes of the 14 C-DG experiment, within an oculomotor space 5  5- centered on the peripheral target. This corresponds to a density of 7.64 saccades/degree2. In addition, the same animal executed small eye movements (
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Fig. 1. Three-dimensional histograms of the number of saccades (z axis) vs. horizontal (DH) and vertical (DV) eye displacements of all saccades executed by the monkeys during the critical first 10 minutes of the 14C-DG 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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middle one (IPm) covering most of the cytoarchitectonically delineated area LIPv, and the posterior one (IPp) including the caudalmost portion of area 7IP (most probably including LOP). Approximately, the middle and anterior thirds of the lateral bank
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were activated in these monkeys, covering parts of both areas LIPv and LIPd (Figs. 3E – F). A different pattern of activation was found in the control monkey which was rewarded for maintaining fixation of a visual target located straight ahead (Cf, Controlfixation). This monkey fixated the visual target for 75% of the time during the critical 10 first minutes of the 14C-DG experiment. During the same period in time, small movements (


Fig. 2. Quantitative color coded 14C-DG glucograms obtained from horizontal brain sections at the level of the intaparietal sulcus (IPs). (A) Lateral view of the right hemisphere of a monkey brain showing the dorsoventral location of the horizontal section through the IPs (illustrated below). The rectangle shows the region enlarged in the following glucograms (B – D). (B) Glucogram from the control monkey in the dark. Cytoarchitectonic borders between LIPd, LIPv, and area 7 are marked in the lateral bank of the IPs. Ls, lunate sulcus; STs, superior temporal sulcus. (C) Glucogram from the brain of a monkey executing horizontal visually guided saccades. (D) Glucogram from the brain of a monkey executing horizontal memory-guided saccades in the dark.
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Fig. 3. Quantitative two-dimensional (2D) maps of metabolic activity in the IPs. (A) Lateral view of the right hemisphere of a monkey brain illustrating the unfolded IPs so that the medial (5IP) and the lateral (7IP) banks are exposed. 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 lunate (Ls) sulci used for alignment of adjacent sections; points c and f to the crown of the lateral bank of the IPs; Cs, central sulcus. Other abbreviations as in Fig. 2. (B) Schematic illustration of the 2D reconstructed IPs. Letters a – f correspond to the same anatomical landmarks as in panel A; 5IPa, 5IPm, 5IPp, 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. (C) Average map of the IPs from the left and right hemispheres of the control monkey in the dark. C, caudal; D, dorsal; LIPd and LIPv, dorsal and ventral part of the lateral intraparietal area, respectively; R, rostral. (D) Average IPs map from both hemispheres of the monkey executing visual fixation. (E) Map of the IPs from the left hemisphere of the monkey executing visually guided horizontal saccades to the right. (F) IPs map of the right hemisphere of the monkey executing visually guided oblique saccades to the left. (G) Map of the IPs from the right hemisphere of the monkey executing leftward memory-guided horizontal saccades. (H) IPs map of the right hemisphere of the monkey executing up-left memory-guided oblique saccades. In all reconstructions (C through H), 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 (Amol/100g/min).



first minutes of the experiment, within an oculomotor space of similar size (10  10-) also centered on the peripheral memorized location (density: 2.17 saccades/degree2). Eye movements smaller than 3- had a density of 0.64 per degree2, and saccades performed elsewhere had an average density of 0.03 per degree2 (Fig. 1F).



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 (Figs. 3G – H). Fig. 4 compares the main sequence relationship of visually guided saccades executed by one
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Fig. 4. Scatterplots of radial mean velocity (ordinate) vs. radial size (abscissa) for all saccades executed during the critical first 10 min of the experiment by a monkey performing visually guided (A) and a monkey performing memory-guided (B) saccades.



monkey (Fig. 4A) to that of the memory-guided saccades executed by another monkey (Fig. 4B) during the critical first 10 min of the experiment. As shown here, some of the memory-guided saccades were slower than expected from their amplitude (Fig. 4B). Otherwise, the saccades executed both in the light and in the dark by all our overtrained monkeys followed the same main sequence relationships. This indicates that any differences observed in the activation of their IPs are not due to differences in the kinematics of the saccades they executed. To obtain the baseline metabolic activity of the IPs (Fig. 3C), a second control monkey was rewarded for remaining alert in the dark while listening to auditory stimuli similar to the acoustic cues delivered to the monkeys executing memory-guided saccades in the dark (Cd, Control-dark). This animal’s saccades were almost evenly distributed throughout its oculomotor space, with an average density equal to 0.04 per degree2 in the central visual field and 0.03/degree2 in the peripheral field (Fig. 1A). 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, we generated two average maps of metabolic activity. 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, and the second one by averaging the corresponding maps of the two monkeys performing saccades to memorized target locations. Comparison of these two average quantitative glucograms indicates that the region activated for visually guided saccades (Fig. 5A) extends more rostrally and superficially (close to the crown) in the lateral bank of the IPs whereas that activated for memory-guided saccades (Fig. 5B) is restricted to a region more posterior and deep in the lateral bank (close to the fundus). The differences in saccade metrics within each group (visually or memory-guided) were much bigger than the difference between the 2 groups. Thus, differences in saccade metrics cannot account for the shift of activity to relatively more posterior-ventral positions in our memory-saccade monkeys. The geometrical normalization of the IPs cannot account for this
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difference either. Because the IPs of the memory-saccade monkeys were shorter than that of the visual-saccade monkeys (23 vs. 27 mm on the average), normalization would push the memorysaccade-related regions rostrally (given the caudal origin of our anteroposterior axis). In fact, the opposite was true, in that the memory-saccade-related region extended further caudally than the visual-saccade-related region. To better define quantitatively the anteroposterior location and extent of the 7IP regions activated for visually and memory-guided saccades, we plotted the local cerebral glucose utilization values (LCGU, in Amol/100g/min) every 100 Am along the rostrocaudal extent of the lateral bank of the IPs (area 7IP) with 95% confidence intervals (Fig. 5C). The line graph obtained from the Cd control monkey (Fig. 5C, 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 (Hd + Od) is higher by approximately 15%, and is located in the middle third of the lateral bank of the IPs (Fig. 5C, dark gray). Again by comparison to Cd, the peak value of the line graph obtained from the two monkeys engaged in visually guided saccades (Hl + Ol) is similarly increased by approximately 15% as far as the middle third of their area 7IP is concerned (Fig. 5C, 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 map obtained after averaging the IPs maps of monkeys Hl and Ol which executed visually guided saccades. The resulting quantitative image (Fig. 6A) 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 1, 7IPm). On the other hand, the anterior part of the IPs including LIPd (Table 1, 7IPa) was activated
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Fig. 5. 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 values (Amol/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 per 100 Am. Cd, average from the two hemispheres of the Control-dark monkey; Hd + Od, average from the monkeys executing horizontal and oblique memory-guided saccades; Hl + Ol, average from the monkeys executing horizontal and oblique visually guided saccades.



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, we subtracted the average Hd + Od map from the average Hl + Ol map. The resulting image (Fig. 6B) 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. Fig. 7 illustrates 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 were averaged, and all pixels in area 7IP with LCGU values higher (by 10% or more) than those of the Cd were color coded green. The resulting map (Fig. 7A) 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 (green + red = yellow) indicates that about one third of the neural space of area 7IP devoted to visually guided saccades also participates in visual fixation (Fig. 7B). In a similar manner, we explored the spatial relationship of the intraparietal regions devoted to visually and memory-guided saccades. To this end, the average metabolic IPs map of the two monkeys executing saccades to visual targets (whose activated



regions were color coded red) were placed on top of 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. 7C, blue + red = violet) indicates that most of the 7IP area activated by saccades to 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 a widespread activation related exclusively to the visually guided saccades (Fig. 7C, 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. 7C, blue). In view of the large extent of the fixationrelated area of 7IP (Fig. 7A, green), the fact that the region activated for visually guided saccades (Fig. 7C, red + violet) is more widespread and significantly more intense (Table 1) than that activated for memory-guided saccades (Fig. 7C, blue + violet) must be partly due to the fact that monkeys executing visually 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 more intense sensory stimulation but also more marked oculomotricity, as demonstrated by numerous small eye movements executed around the fixation target (Fig. 1B). Fig. 7D summarizes the 7IP regions activated for the distinct facets of oculomotor behavior we explored. Besides those shown in green,
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Discussion The present report is the first to provide high-resolution quantitative functional images of the location and extent of lateral intraparietal cortical regions engaged in saccades to visual targets and saccades to memorized target locations in the dark. Also, this is the first study to assign functional roles to the cytoarchitectonically defined areas LIPd and LIPv. We demonstrate that area LIPv is activated for both visually guided and memory-guided saccades whereas LIPd is activated only for visually guided saccades. We provide evidence that topographically distinct though partially overlapping neuronal populations process visuo-spatial and memory-related oculomotor signals. Our data indicate that the rostrocaudal 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), and the middle twofourths (Fig. 8 in Ben Hamed et al., 2001, Fig. 11 in Lewis and Van Essen, 2000) of the lateral bank of the IPs. In contrast, our highresolution quantitative images demonstrate that the 7IP region activated for visually guided saccades extends more rostrally than previously reported, occupying approximately the anterior and middle two thirds of the lateral bank of the IPs, occupying both LIPv and LIPd. Finally, our data can help reconcile the long standing debate between two alternative hypotheses concerning the principal role of area LIP. On the one hand, area LIP has been thought to participate in selective spatial attention and to embody a salience map of the visible world (Colby and Duhamel, 1996; Goldberg et al., 1990; Gottlieb and Goldberg, 1999; Gottlieb et al., 1998; Kusunoki et al., 2000) and on the other, to directly represent saccade-related movement plans (Barash et al., 1991b; Gnadt and Andersen, 1988; Mazzoni et al., 1996; Snyder et al., 1998). Both hypotheses are supported by our data which indicate the existence of two segregated regions in the lateral bank of the IPs, each entrusted with a different role. A rostral one located superficially (close to the crown) within area LIPd is mainly associated with visuo-spatial processing, and a caudal one deeper in the bank (close to the fundus) within area LIPv is primarily associated with motor control.



Fig. 6. 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 Amol/100g/min.



red, yellow, blue, and violet according to the color coding scheme described above, the region in white (=green + red + blue) apparently participates in all these behaviors (fixation, visualsaccades, and memory-saccades).



Table 1 Metabolic effects in the intraparietal cortical regions Area (n)



Cd LCGU T SD



5IPp (81) 5IPm (72) 5IPa (50) 7IPp (79) 7IPm (62) 7IPa (40)



48 49 47 46 53 49



T T T T T T



2 2 0 1 2 2



Hd LCGU T SD 50 51 49 48 62 55



T T T T T T



3 2 1 3 2 1



Od %Cd



LCGU T SD



4 4 4 4 17 12



50 50 50 48 62 53



T T T T T T



2 2 1 2 3 1



Cf %Cd



LCGU T SD



4 2 6 4 17 8



47 50 50 48 57 59



T T T T T T



2 2 2 1 2 7



Hl %Cd



LCGU T SD



2 2 6 4 8 20



50 52 54 49 62 68



T T T T T T



3 4 3 2 3 9



Ol %Cf



%Cd



LCGU T SD



6 4 8 2 9 15



4 6 15 7 17 39



49 50 52 49 64 64



T T T T T T



4 2 4 3 3 6



%Cf



%Cd



4 0 4 2 12 8



2 2 11 7 21 31



Values represent the mean normalized glucose utilization (LCGU) in Amol/100g/min (T SD). Cd, average of distinct IPs regions in the two hemispheres of the control monkey in the dark. Hd, Od, values from the monkeys executing horizontal and oblique memory-guided saccades, respectively. Cf, average of the IPs regions in the two hemispheres of the fixating monkey. Hl, Ol, values from the monkeys executing horizontal and oblique visually guided saccades, respectively. n, number of sets of five adjacent horizontal sections used to obtain the mean LCGU values for each region in each hemisphere. %Cd, %Cf, percent difference between the experimental and the Cd, Cf monkeys, calculated as (experimental Cd) / Cd * 100 and (experimental Cf) / Cf * 100, respectively. 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, 7IPp, anterior, middle, posterior part of the lateral bank of the IPs, respectively.
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Consistent with previous reports (Barash et al., 1991b; Colby et al., 1996; Gnadt and Andersen, 1988), our quantitative results demonstrate that area 7IP is significantly activated in association with both visual fixation and visually guided saccades. The region activated for the fixation of visual targets is smaller than that activated for visually guided saccades, is located at the border of LIPv and LIPd, and extends mainly rostrally through LIPd. Such an anterior location of the intraparietal fixation-related area is consistent with previous electrophysiological descriptions (Murata et al., 2000). Also, the herein documented relatively large size of the intraparietal-fixation region is consistent with the reported



overrepresentation of the central visual field (Ben Hamed and Duhamel, 2002; Ben Hamed et al., 2001) and may be due to the enlargement of the neural space allocated to central vision during fixation (Ben Hamed et al., 2002). Finally, 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 (Ben Hamed et al., 2001; Blatt et al., 1990) 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 stimuli is consistent with the fact that LIP neurons discharge for delayed saccades to a recently extinguished target (Colby et al., 1996; Gnadt and Andersen, 1988) 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 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 of the entire region activated for visually guided saccades of similar direction and amplitude. The fainter 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; Colby and Goldberg, 1999; Kusunoki et al., 2000; Pare´ and Wurtz, 1997). 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 which 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



Fig. 7. Qualitative imaging of the functional parcellation of area 7IP. (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 (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 memorysaccade-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 violet 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(green), visual-saccade- (red) 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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extended through both the LIPv and the LIPd. The activation in LIPd displayed the most dramatic effects we observed in this study. The level of activation in LIPv was the same in the monkeys executing visually guided saccades and the monkeys performing memory-guided saccades, in both cases displaying about 17% higher glucose consumption than that of the Cd monkey. The activation induced by visually guided saccades which extended to LIPd was even higher (by about 35%) as compared to the Cd monkey. Apparently, LIPd requires visual stimulation in addition to saccades to be maximally activated. To recapitulate, our data demonstrate that the saccade-related region of area 7IP can be divided into three portions: (a) one activated for all saccades, both visually and memory-guided, occupying the middle third of the lateral bank close to the fundus, and lying within LIPv, (b) one which is activated mainly for visually guided saccades and/or visual stimuli and extends further rostrally and closer to the crown, and which lies within both LIPv and LIPd, (c) a much smaller one extending further caudally and deeply (closer to the fundus) preferentially activated for memoryguided saccades and/or memorized spatial target representations, and lying within LIPv and probably area VIP. Such a functional parcellation of the lateral IPs is consistent with known anatomy and neurophysiology. 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 a 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 (Blatt et al., 1990; Lynch et al., 1985; Schall et al., 1995). Moreover, LIPv receives projections mostly from dorsal stream areas whereas LIPd from both the dorsal and ventral streams (Andersen et al., 1990; Blatt et al., 1990; Boussaoud et al., 1990; Stanton et al., 1995; Ungerleider and Desimone, 1986). Such a functional parcellation of area LIP into subregions related to memory and visually guided saccades can help reconcile certain apparently conflicting results regarding the response properties of its neurons and the deficits resulting from its lesions. For example, almost all LIP neurons were shown to respond to visual stimuli in one study (Colby et al., 1996). In contrast, only about half of the LIP neurons were shown to respond to visual stimuli in another two studies (49% in Gnadt and Andersen, 1988 and 63% in Barash et al., 1991a). Our data could help explain this discrepancy if the three studies focused on different subregions of area LIP, namely if the neurons studied in the former one were located more rostrally than the neurons studied in the latter two. Unfortunately, no map of the recording sites was provided by Colby et al. (1996). However, in a later publication of this group (Colby, 1998), recording sites are indeed reported to occupy more anterior locations than those of Gnadt (Gnadt and Andersen, 1988) and Barash (Barash et al., 1991a). Moreover, the recording sites of Gnadt (Gnadt and Andersen, 1988) and Barash (Barash et al., 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
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deficits rather than saccade execution deficits were reported following reversible 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 can 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). All in all, 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. 7A, 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 visuospatial and saccade-related parameters (Fig. 7B, red). (iii) A more caudal region confined to LIPv, which is activated for memoryguided saccades and possibly encodes the remembered locations of saccade targets and/or saccade metrics. The area of overlap between regions ii and iii (Fig. 7C, violet) lying in LIPv may correspond to the representation of oculomotor space in area 7IP, while the area of overlap between all three regions (fixation, visualand 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. 7D, white). To the regions of area 7IP that we found activated for visually and memory-guided saccades in the present study, one should add the regions activated for visually guided arm-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 arm-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), our present and previous data demonstrate that there is minimal overlap between the saccade-related and arm-reach-related regions of area 7IP, and this is largely confined to a portion of the saccaderelated region of the present study in the depth of the sulcus. This supports the notion that LIP neurons process effector-specific signals, responding more strongly to visual stimuli serving as targets for eye movements than to visual stimuli targeted by arm movements.



Acknowledgments We thank Vassilis Raos for valuable assistance and constructive comments, and Helen Barbas for advice and help regarding histology. Work supported by the EU (FP5 grant QLRT-200100746) and the General Secretariat of Research and Technology, Hellas (grant number 01ED111). The financial support of IATRIKO KRITIS is also gratefully acknowledged.



References Andersen, R.A., Buneo, C.A., 2002. Intentional maps in posterior parietal cortex. Annu. Rev. Neorosci. 25, 189 – 220. Andersen, R.A., Asanuma, C., Cowan, W.M., 1985. Callosal and prefrontal associational projecting cell populations in area 7a of the



1648



S. Bakola et al. / NeuroImage 31 (2006) 1637 – 1649



macaque monkey: a study using retrogradely transported fluorescent dyes. J. Comp. Neurol. 232, 443 – 455. Andersen, R.A., Asanuma, C., Essick, G., Siegel, R.M., 1990. Corticocortical connections of anatomically and physiologically defined subdivisions within the inferior parietal lobule. J. Comp. Neurol. 296, 65 – 113. Balint, R., 1909. Seelenhamung des FSchauens_, optische Ataxie, raumlische Storung des Aufmersamkeit. Monatsschr. Psychiatr. Neurol. 25, 51 – 81. Barash, S., Bracewell, R.M., Fogassi, L., Gnadt, J.W., Andersen, R.A., 1991a. Saccade-related activity in the lateral intraparietal area: I. Temporal properties; comparison with area 7a. J. Neurophysiol. 66, 1095 – 1108. Barash, S., Bracewell, R.M., Fogassi, L., Gnadt, J.W., Andersen, R.A., 1991b. Saccade-related activity in the lateral intraparietal area: II. Spatial properties. J. Neurophysiol. 66, 1109 – 1124. Barbas, H., Mesulam, M.M., 1981. Organization of afferent input to subdivisions of area 8 in the rhesus monkey. J. Comp. Neurol. 200, 407 – 431. Ben Hamed, S., Duhamel, J.-R., 2002. Ocular fixation and visual activity in the monkey lateral intraparietal area. Exp. Brain Res. 142, 512 – 528. Ben Hamed, S., Duhamel, J.-R., Bremmer, F., 2001. Representation of the visual field in the lateral intraparietal area of macaque monkeys: a quantitative receptive field analysis. Exp. Brain Res. 140, 127 – 144. Ben Hamed, S., Duhamel, J.-R., Bremmer, F., 2002. Visual receptive field modulation in the lateral intraparietal area during attentive fixation and free gaze. Cereb. Cortex 12, 234 – 245. Blatt, G.J., Andersen, R.A., Stoner, G.R., 1990. Visual receptive field organization and cortico-cortical connections of the lateral intraparietal area (area LIP) in the macaque. J. Comp. Neurol. 299, 421 – 445. Boussaoud, D., Ungerleider, L.G., Desimone, R., 1990. Pathways for motion analysis: cortical connections of the medial superior temporal and fundus of the superior temporal visual areas in the macaque. J. Comp. Neurol. 296, 462 – 495. Colby, C.L., 1998. Action-oriented spatial reference frames in cortex. Neuron 20, 15 – 24. Colby, C.L., Duhamel, J.R., 1996. Spatial representations for action in parietal cortex. Cogn. Brain Res. 5, 105 – 115. Colby, C.L., Goldberg, M.E., 1999. Space and attention in parietal cortex. Annu. Rev. Neurosci. 22, 319 – 349. Colby, C.L., Duhamel, J.-R., Goldberg, M.E., 1993. Ventral intraparietal area of the Macaque: anatomic location and visual response properties. J. Neurophysiol. 69, 902 – 914. Colby, C.L., Duhamel, J., Goldberg, M.E., 1996. Visual, presaccadic, and cognitive activation of single neurons in monkey lateral intraparietal area. J. Neurophysiol. 76, 2841 – 2852. Dalezios, Y., Raos, V.C., Savaki, H.E., 1996. Metabolic activity pattern in the motor and somatosensory cortex of monkeys performing a visually guided reaching task with one forelimb. Neuroscience 72, 325 – 333. Duhamel, J.-R., Colby, C.L., Goldberg, M.E., 1992. The updating of the representation of visual space in parietal cortex by intended eye movements. Science 255, 90 – 92. Gnadt, J.W., Andersen, R.A., 1988. Memory related motor planning activity in posterior parietal cortex of macaque. Exp. Brain Res. 70, 216 – 220. Gnadt, J.W., Bracewell, R.M., 1991. Sensorimotor transformation during eye movements to remembered targets. Vision Res. 31, 693 – 715. Goldberg, M.E., Colby, C.L., Duhamel, J.-R., 1990. Representation of visuomotor space in the parietal lobe of the monkey. Cold Spring Harbor Symposia on Quantitative Biology. Cold Spring Harbor Laboratory Press, pp. 729 – 739. Gottlieb, J., Goldberg, M.E., 1999. Activity of neurons in the lateral intraparietal area of the monkey during an antisaccade task. Nat. Neurosci. 2, 906 – 912. Gottlieb, J.P., Kusunoki, M., Goldberg, M.E., 1998. The representation of visual salience in monkey parietal cortex. Nature 391, 481 – 484. Gregoriou, G.G., Savaki, H.E., 2001. The intraparietal cortex: subregions



involved in fixation, saccades, and in the visual and somatosensory guidance of reaching. J. Cereb. Blood Flow Metab. 21, 671 – 682. Gregoriou, G.G., Savaki, H.E., 2003. When vision guides movement: a functional imaging study of the monkey brain. NeuroImage 19, 959 – 967. Gregoriou, G.G., Luppino, G., Matelli, M., Savaki, H.E., 2005. Frontal cortical areas of the monkey brain engaged in reaching behavior: a 14Cdeoxyglucose imaging study. NeuroImage 27, 442 – 464. Kennedy, C., Sakurada, O., Shinohara, M., Jehle, J., Sokoloff, L., 1978. Local cerebral glucose utilization in the normal conscious macaque monkey. Ann. Neurol. 4, 293 – 301. Kusunoki, M., Gottlieb, J., Goldberg, M.E., 2000. The lateral intraparietal area as a salience map: the representation of abrupt onset, stimulus motion, and task relevance. Vision, 1459 – 1468. Lewis, J.W., Van Essen, D.C., 2000. Mapping of architectonic subdivisions in the macaque monkey, with emphasis on parieto-occipital cortex. J. Comp. Neurol. 428, 79 – 111. Li, C.-S.R., Mazzoni, P., Andersen, R.A., 1999. Effect of reversible inactivation of macaque lateral intraparietal area on visual and memory saccades. J. Neurophysiol. 81, 1827 – 1838. Lynch, J.C., Graybiel, A.M., Lobeck, L.J., 1985. The differential projection of two cytoarchitectonic subregions of the inferior parietal lobule of macaque upon the deep layers of the superior colliculus. J. Comp. Neurol. 235, 241 – 254. Mazzoni, P., Bracewell, R.M., Barash, S., Andersen, R.A., 1996. Motor intention activity in the Macaque’s lateral intraparietal area I. Dissociation of motor plan from sensory memory. J. Neurophysiol. 76, 1439 – 1456. Medalla, M., Barbas, H., 2006. Diversity of laminar connections linking periarcuate and lateral intraparietal areas depends on cortical structure. Eur. J. Neurosci. 23, 161 – 179. Moschovakis, A.K., Scudder, C.A., Highstein, S.M., 1996. The microscopic anatomy and physiology of the mammalian saccadic system. Prog. Neurobiol. 50, 133 – 524. Moschovakis, A.K., Gregoriou, G.G., Savaki, H.E., 2001. Functional imaging of the primate superior colliculus during saccades to visual targets. Nat. Neurosci. 4, 1026 – 1031. Mountcastle, V.B., Andersen, R.A., Motter, B.C., 1981. The influence of attentive fixation upon the excitability of the light-sensitive neurons of the posterior parietal cortex. J. Neurosci. 1, 1218 – 1235. Murata, A., Gallese, V., Luppino, G., Kaseda, M., Sakata, H., 2000. Selectivity for the shape, size, and orientation of objects for grasping in neurons of monkey parietal area AIP. J. Neurophysiol. 83, 2580 – 2601. Mushiake, H., Fujii, N., Tanji, J., 1999. Microstimulation of the lateral wall of the intraparietal sulcus compared with the frontal eye field during oculomotor tasks. J. Neurophysiol. 81, 1443 – 1448. Pare´, M., Wurtz, R.H., 1997. Monkey posterior parietal cortex neurons antidromically activated from superior colliculus. j. Neurophysiol. 78, 3493 – 3497. Petrides, M., Pandya, D.N., 1999. Dorsolateral prefrontal cortex: comparative cytoarchitectonic analysis in the human and the macaque brain and corticocortical connection patterns. Eur. J. Neurosci. 11, 1011 – 1036. Robinson, D.L., Bowman, E., Kertzman, C., 1995. Covert orienting of attention in macaques: II. Contributions of parietal cortex. J. Neurophysiol. 74, 698 – 712. Savaki, H.E., Kennedy, C., Sokoloff, L., Mishkin, M., 1993. Visually guided reaching with the forelimb contralateral to a ‘‘blind’’ hemisphere: a metabolic mapping study in monkeys. J. Neurosci. 13, 2772 – 2789. Savaki, H.E., Raos, V.C., Dalezios, Y., 1997. Spatial cortical patterns of metabolic activity in monkeys performing a visually guided reaching task with one forelimb. Neuroscience 76, 1007 – 1034. Schall, J.D., Morel, A., King, D.J., Bullier, J., 1995. Topography of visual cortex connections with frontal eye field in macaque: convergence and segregation of processing streams. J. Neurosci. 15, 4464 – 4487. Snyder, L.H., Batista, A.P., Andersen, R.A., 1998. Change in motor plan,



S. Bakola et al. / NeuroImage 31 (2006) 1637 – 1649 without a change in the spatial locus of attention, modulates activity in posterior parietal cortex. J. Neurophysiol. 79, 2814 – 2819. Snyder, L.H., Batista, A.P., Andersen, R.A., 2000. Saccade-related activity in the parietal reach region. J. Neurophysiol. 83, 1099 – 1102. Sokoloff, L., Reivich, M., Kennedy, C., Des Rosiers, M.H., Patlak, C.S., Pettigrew, K.S., Sakurada, O., Shinohara, M., 1977. The [14C]deoxyglucose method for the measurement of local cerebral glucose utilization: Theory, procedure, and normal values in the conscious and anesthetized albino rat. J. Neurochem. 28, 879 – 916. Stanton, G.B., Bruce, C.J., Goldberg, M.E., 1995. Topography of projections



1649



to posterior cortical areas from the macaque frontal eye fields. J. Comp. Neurol. 353, 291 – 305. Thier, P., Andersen, A., 1998. Electrical microstimulation distinguishes distinct saccade-related areas in the posterior parietal cortex. J. Neurophysiol. 80, 1713 – 1735. Ungerleider, L.G., Desimone, R., 1986. Cortical projections of visual area MT in the maqaque. J. Comp. Neurol. 248, 190 – 222. Wardak, C., Etienne, O., Duhamel, J.-R., 2002. Saccadic target selection deficits after lateral intraparietal area inactivation in monkeys. J. Neurosci. 22, 9877 – 9884.



























[image: Functional magnetic resonance imaging (fMRI) during a ...]
Functional magnetic resonance imaging (fMRI) during a ...












[image: The Intraparietal Cortex: Subregions Involved in ... - Semantic Scholar]
The Intraparietal Cortex: Subregions Involved in ... - Semantic Scholar












[image: Functional Magnetic Resonance Imaging Investigation of Overlapping ...]
Functional Magnetic Resonance Imaging Investigation of Overlapping ...












[image: Activation of right parietal cortex during memory retrieval]
Activation of right parietal cortex during memory retrieval












[image: Age related changes in the activation of the intraparietal sulcus during ...]
Age related changes in the activation of the intraparietal sulcus during ...












[image: Cross-modal activation of visual cortex during depth ...]
Cross-modal activation of visual cortex during depth ...












[image: Neural Activity in the Primate Prefrontal Cortex during ...]
Neural Activity in the Primate Prefrontal Cortex during ...












[image: Imaging the Awake Visual Cortex with a Genetically ...]
Imaging the Awake Visual Cortex with a Genetically ...












[image: Functional Magnetic Resonance Imaging Investigation ...]
Functional Magnetic Resonance Imaging Investigation ...












[image: Functional imaging of cerebrovascular activities in ...]
Functional imaging of cerebrovascular activities in ...












[image: The functional role of the ventral premotor cortex in a ...]
The functional role of the ventral premotor cortex in a ...












[image: Functional MRI reveals declined prefrontal cortex ...]
Functional MRI reveals declined prefrontal cortex ...












[image: Parametric effects of numerical distance on the intraparietal sulcus ...]
Parametric effects of numerical distance on the intraparietal sulcus ...












[image: Functional connectivity during real vs imagined ...]
Functional connectivity during real vs imagined ...












[image: When vision guides movement: a functional imaging ...]
When vision guides movement: a functional imaging ...












[image: Functional connectivity during a social emotion task in ...]
Functional connectivity during a social emotion task in ...












[image: Parametric effects of numerical distance on the intraparietal sulcus ...]
Parametric effects of numerical distance on the intraparietal sulcus ...












[image: Effects of Decision Variables and Intraparietal ... - Semantic Scholar]
Effects of Decision Variables and Intraparietal ... - Semantic Scholar












[image: Effects of Decision Variables and Intraparietal ... - Semantic Scholar]
Effects of Decision Variables and Intraparietal ... - Semantic Scholar












[image: Developmental specialization in the right intraparietal sulcus for the ...]
Developmental specialization in the right intraparietal sulcus for the ...












[image: Reducing the impact of interference during programming]
Reducing the impact of interference during programming












[image: The role of the left intraparietal sulcus in the relationship between ...]
The role of the left intraparietal sulcus in the relationship between ...












[image: The role of the left intraparietal sulcus in the relationship between ...]
The role of the left intraparietal sulcus in the relationship between ...















Functional imaging of the intraparietal cortex during ...






graphic method (Kennedy et al., 1978; Savaki et al., 1993;. Sokoloff et al., 1977) to obtain maps of the intraparietal regions ... was sampled at a rate of 500 Hz using the Spike2 software. (Cambridge Electronics Design, Cambridge, Massachusetts). On the day of the 14C-DG experiment, monkeys performed the tasks. 






 Download PDF 



















 773KB Sizes
 1 Downloads
 189 Views








 Report























Recommend Documents







[image: alt]





Functional magnetic resonance imaging (fMRI) during a ... 

E-mail address: [email protected] (N. Smyrnis). ..... presented for each subject on a glass brain and superimposed on a T1 Template ..... New York: Thieme.














[image: alt]





The Intraparietal Cortex: Subregions Involved in ... - Semantic Scholar 

the Spike2 software (Cambridge Electronics Design; Cam- bridge, U.K.). Saccades and reaching movements were made to a video (touch-sensitive) screen ...... Boussaoud D, Ungerleider LG, Desimone R (1990) Pathways for mo- tion analysis: cortical connec














[image: alt]





Functional Magnetic Resonance Imaging Investigation of Overlapping ... 

Jan 3, 2007 - In contrast, multi-voxel analyses of variations in selectivity patterns .... Preprocessing and statistical analysis of MRI data were performed using ...














[image: alt]





Activation of right parietal cortex during memory retrieval 

Beth Israel Deaconess Medical Center and Harvard Medical School, Cambridge, Massachusetts. AND. ARTHUR P. .... bres and harmonies; 110 music clips were cropped from a record- ..... Twelve microtonal etudes for electronic music media ...














[image: alt]





Age related changes in the activation of the intraparietal sulcus during ... 

Page 1 of 9. Age-related Changes in the Activation of the. Intraparietal Sulcus during Nonsymbolic Magnitude. Processing: An Event-related Functional Magnetic. Resonance Imaging Study. Daniel Ansari and Bibek Dhital. Abstract. & Numerical magnitude p














[image: alt]





Cross-modal activation of visual cortex during depth ... 

ventral (BA 37) visual pathways during depth perception via sensory substitution is quite .... Recovery from early blindness: a case study. Exp. Psychol. Monogr.














[image: alt]





Neural Activity in the Primate Prefrontal Cortex during ... 

percent correct performance (calculated using a moving window of versed. Note that ..... Deadwyler, S.A., Bunn, T., and Hampson, R.E. (1996). Hippocampal.














[image: alt]





Imaging the Awake Visual Cortex with a Genetically ... 

Cre recombinase under the Emx1 promoter (catalog #005628, The Jack- son Laboratory); ..... or motor protocol with a defined start time, not for endogenously.














[image: alt]





Functional Magnetic Resonance Imaging Investigation ... 

Jan 3, 2007 - taken as evidence for a â€œmirror neuronâ€� system in the human brain (Iacoboni .... repetition time, 2000 ms; 20 off-axial slices; voxel dimensions, 3 3 mm;. 4 mm slice ..... was significant variation in the degree to which selectivity














[image: alt]





Functional imaging of cerebrovascular activities in ... 

MOE Key Laboratory of Laser Life Science and Institute of Laser Life Science, South China Normal. University, Guangzhou 510631, China. Quan Zhou. Medical Imaging Center, First Affiliated Hospital of Jinan University, Guangzhou 510630, China ..... Vij














[image: alt]





The functional role of the ventral premotor cortex in a ... 

Feb 17, 2011 - were discarded from successive analysis to avoid the initial transitional effects. The subjects ... An ad hoc script was developed using the Presentation software application ... In the synchronization phase, SE and CT data of ... were














[image: alt]





Functional MRI reveals declined prefrontal cortex ... 

b Department of Radiology, Maastricht University Hospital, Maastricht, The Netherlands c Department of Neurology, Maastricht University Hospital, Maastricht, ...














[image: alt]





Parametric effects of numerical distance on the intraparietal sulcus ... 

Dec 15, 2005 - Parametric effects of numerical distance on the intrapa ... during passive viewing of rapid numerosity changes.pdf. Parametric effects of ...














[image: alt]





Functional connectivity during real vs imagined ... 

changed colour to green (Fig. 1a). ... the red light and green light were illuminated, and the time ... Spectral analyses: Power spectra were calculated for each.














[image: alt]





When vision guides movement: a functional imaging ... 

Goal-directed reaching requires a precise neural representation of the arm position and the target location. Parietal ... arm, and (2) sensory-motor memories of an internal repre- ..... reproducible the imaging data are when based on hundreds.














[image: alt]





Functional connectivity during a social emotion task in ... 

Sep 29, 2008 - addition there were two 28-s visual fixation blocks per session, ... (2008), fMRI data were analysed by .... Data are presented as means Â± SD.














[image: alt]





Parametric effects of numerical distance on the intraparietal sulcus ... 

Dec 15, 2005 - reported that reaction time is inversely related to the distance. between numbers when adults perform relative magnitude. comparisons. This so-called â€œnumerical distance effectâ€� has. since been studied in young children, infants, a














[image: alt]





Effects of Decision Variables and Intraparietal ... - Semantic Scholar 

Oct 3, 2012 - V.W., and M.F.S.R. analyzed data; I.C.G., A.C.N., and M.F.S.R. wrote the paper. This work was .... EEG recording, preprocessing, and spectral analysis. ...... Oostenveld R, Fries P, Maris E, Schoffelen JM (2011) Fieldtrip: open source s














[image: alt]





Effects of Decision Variables and Intraparietal ... - Semantic Scholar 

Oct 3, 2012 - tice trials during which TMS was delivered on 50% of trials, and then 360 .... All topographies depict a birds-eye view of the scalp, with anterior ...














[image: alt]





Developmental specialization in the right intraparietal sulcus for the ... 

Page 3 of 3. Symbolic task. In the symbolic task, two Arabic numer- als 1â€“9, measuring 200 pixels in height, were presented. side by side. Participants chose which side of the screen. contained the larger number. A total of 36 stimulus pairs. were 














[image: alt]





Reducing the impact of interference during programming 

Nov 4, 2011 - PCT/US2008/074621, ?led Aug. 28, 2008. (Continued). Primary Examiner * Connie Yoha. (74) Attorney, Agent, or Firm *Vierra Magen Marcus ...














[image: alt]





The role of the left intraparietal sulcus in the relationship between ... 

The role of the left intraparietal sulcus in the relatio ... umber processing and childrens arithmetic competence.pdf. The role of the left intraparietal sulcus in the ...














[image: alt]





The role of the left intraparietal sulcus in the relationship between ... 

Page 1 of 10. Developmental Cognitive Neuroscience 2 (2012) 448â€“457. Contents lists available at SciVerse ScienceDirect. Developmental Cognitive Neuroscience. jou rnal h om epage: http://www.elsevier.com/locate/dcn. The role of the left intrapariet


























×
Report Functional imaging of the intraparietal cortex during ...





Your name




Email




Reason
-Select Reason-
Pornographic
Defamatory
Illegal/Unlawful
Spam
Other Terms Of Service Violation
File a copyright complaint





Description















Close
Save changes















×
Sign In






Email




Password







 Remember Password 
Forgot Password?




Sign In



















Information

	About Us
	Privacy Policy
	Terms and Service
	Copyright
	Contact Us





Follow us

	

 Facebook


	

 Twitter


	

 Google Plus







Newsletter























Copyright © 2024 P.PDFKUL.COM. All rights reserved.
















