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ABSTRACT 20 

Common trends observed in many visual and oculomotor-related cortical areas include 21 

retinotopically organized receptive and movement fields exhibiting a Gaussian shape and 22 

increasing size with eccentricity. These trends are demonstrated in the frontal eye fields (FEF), 23 

many visual areas, and the superior colliculus (SC), but have not been thoroughly characterized 24 

in prearcuate area 8Ar of the prefrontal cortex. This is important since area 8Ar, located anterior 25 

to the FEF, is more cytoarchitectonically similar to prefrontal areas than premotor areas. Here we 26 

recorded the responses of 166 neurons in area 8Ar of two male macaques while the animals 27 

made visually guided saccades to a peripheral sine-wave grating stimulus positioned at one of 40 28 

possible locations (8 angles along 5 eccentricities). To characterize the neurons’ receptive and 29 

movement fields, we fit a bivariate Gaussian model to the baseline-subtracted average firing rate 30 

during stimulus presentation (early and late visual epoch) and prior to saccade onset (presaccadic 31 

epoch). 121/166 neurons showed spatially selective visual and presaccadic responses. Of the 32 

visually selective neurons, 76% preferred the contralateral visual hemifield, whereas 24% 33 

preferred the ipsilateral hemifield. The angular width of visual and movement-related fields 34 

scaled positively with increasing eccentricity. Moreover, responses of neurons with visual 35 

receptive fields were modulated by target contrast exhibiting sigmoid tuning curves that 36 

resemble those of visual neurons in upstream areas such as MT and V4. Finally, we found that 37 

neurons with receptive fields at similar spatial locations were clustered within the area; however, 38 

this organization did not appear retinotopic.  39 

Keywords: prefrontal cortex, receptive fields, target selection, clustering, saccades 40 

NEW & NOTEWORTHY 41 
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We recorded the responses of neurons in lateral prefrontal area 8Ar of macaques during a 42 

visually guided saccade task using multielectrode arrays. Neurons have Gaussian-shaped visual 43 

and movement fields in both visual hemifields with a bias towards the contralateral hemifield. 44 

Visual neurons show contrast response functions with sigmoid shapes. Visual neurons tend to 45 

cluster at similar locations within the cortical surface, however this organization does not appear 46 

retinotopic. 47 

INTRODUCTION 48 

Several studies have suggested that the lateral prefrontal cortex (LPFC) plays a role in 49 

cognitive control of visually guided oculomotor behavior (Barone and Joseph 1989), encoding 50 

rules for goal-directed behavior (Wise et al. 1996; Miller 1999; Wallis et al. 2001), adaptive 51 

response strategies (Genovesio et al. 2005), attention (Everling et al. 2002; Rossi et al. 2007; 52 

Lennert and Martinez-Trujillo 2011; Lennert and Martinez-Trujillo 2013; Tremblay et al. 2015), 53 

working memory (Miller 1999; Mendoza-Halliday et al. 2014), decision-making (Kiani et al. 54 

2014; Seo et al. 2007) and the ability to suppress automatic behavioral responses (Wegener et al. 55 

2008). 56 

In particular, area 8Ar—the region of the LPFC between the arcuate sulcus and the 57 

posterior tip of the principal sulcus (Preuss and Goldman-Rakic 1991; Petrides and Pandya 58 

1999), just anterior to the Frontal Eye Fields (FEF) (Stanton et al. 1989) —is a cortical area that 59 

likely plays a role in visuomotor integration within the saccade generation network on the basis 60 

of its connectivity and response properties. Namely, area 8Ar shares connections with parietal 61 

areas responsible for visuospatial processing including areas LIP and 7 (Barbas and Mesulam 62 

1981; Andersen et al. 1990; Petrides and Pandya 1999; Schall et al. 1995b), and is heavily 63 
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interconnected with the neighboring areas in the LPFC such as area 9/46, and with the FEF 64 

(Stanton et al. 1993; Yeterian et al. 2012).    65 

Topography—the orderly projection of sensory receptors onto the cortex—is an 66 

organizing principle preserved throughout much of the saccade generation network. For instance, 67 

rough retinotopic maps are described in visual areas V4 (Gattass et al. 1988) and MT (Van Essen 68 

et al. 1981; Ungerleider and Desimone 1986; Maunsell and Van Essen 1983), and frontal areas 69 

such as FEF (Bruce et al. 1985; Stanton et al. 1989). Areas of the parietal cortex such as LIP 70 

(Blatt et al. 1990, Ben Hamed et al. 2001; Arcaro et al. 2011) are also thought to have 71 

topographic organization; however, this issue has not been settled. In addition to retinotopy of 72 

visually selective neurons, microstimulation of the FEF in macaques has revealed a topographic 73 

organization of saccade amplitude, but not direction (Bruce et al. 1985; Stanton et al. 1989). 74 

When stimulated, the dorsomedial portion (in the superior limb of the AS) of FEF produces 75 

large-amplitude (15-20o) saccades, and the ventrolateral portion (in the inferior limb of the AS) 76 

elicits small-amplitude saccades (Bruce et al. 1985). However, it is less clear to what extent the 77 

more anterior and superficially located area 8Ar contains a topographic representation of visual 78 

and oculomotor space. 79 

Neurons in visual and oculomotor areas respond preferentially to stimuli shown at certain 80 

locations in visual space or prior to saccades toward such locations. This spatially selective firing 81 

delineates receptive fields (RFs), the location at which a visual stimulus evokes a firing rate 82 

above baseline, and movement fields (MFs), the saccade target location eliciting firing rates 83 

above baseline. The baseline is defined as the firing rate when the animal is not engaged in a 84 

specific task and visual targets are not present. Suzuki and Azuma (1983) report isocontour lines 85 

of RF size and eccentricity within area 8Ar. They found that RF size and eccentricity increase as 86 
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one moves medially from the inferior arcuate sulcus towards the posterior tip of the principal 87 

sulcus. They also observed that RF size, but not eccentricity, increases as one move anteriorly 88 

from the knee of the arcuate sulcus towards the principal sulcus (Suzuki and Azuma 1983). 89 

However, these analyses have not been replicated, and to our knowledge, no study to date has 90 

examined the response properties of RFs and MFs in area 8Ar in detail.  91 

 Here, we recorded neural responses from the left area 8Ar of two macaques while the 92 

subjects performed a visually guided saccade task using a multielectrode array (MEA). We 93 

systematically characterized the RF and MF properties of 8Ar neurons in terms of their spatial 94 

extent across eccentricity and contrast sensitivity, and investigated the relationship between 95 

cortical location and spatial representation. We found that 76% of the recorded neurons preferred 96 

the contralateral visual hemifield, whereas 24% preferred the ipsilateral hemifield. Moreover, 97 

neurons with RFs and MFs at similar spatial positions were clustered within the same region of 98 

the cortical surface.  99 

METHODS   100 

Subjects and ethics statement 101 

All procedures were carried out pursuant to the Canadian Council for Animal Care 102 

guidelines and pre-approved by the McGill University Animal Care Committee. Recordings 103 

were made from the dorsolateral prefrontal area 8Ar (Petrides and Pandya 1999) of two adult 104 

male cynomolgus macaques (Macaca fascicularis), henceforth referred to as monkeys JL and F. 105 

Animals were pair-housed in large enclosures; interaction with facility personnel, treats, and toys 106 

were provided daily to enrich the environment. On experimental days fluid intake was restricted, 107 

and a juice reward was earned by the animals upon successful completion of the task. Water 108 
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intake was supplemented to guarantee animals received a minimum of 35 ml/kg/day, even if 109 

animals failed to obtain this amount during the experiment. Fresh fruits and vegetables were also 110 

provided daily. Animals were monitored for signs of distress or illness. Criteria used to define 111 

distress or illness included changes in body weight, grooming habits, and water intake, and these 112 

were recorded daily. Other physiological markers of well-being—such as blood cell count, 113 

hemoglobin, hematocrit, and kidney function—were examined quarterly. At any indication of 114 

discomfort or illness resulted in cessation of the experiment until treatment and recovery were 115 

completed, as determined by an animal welfare veterinarian.  116 

Head-post and microelectrode array (MEA) implantation 117 

Before the experiments, 3 head-posts were implanted on each animal; one positioned on 118 

the midline posterior to the supra-orbital ridge and two placed superior to the external occipital 119 

protuberance on the petrosal bones. The head-posts allowed for fixation of the animal’s head 120 

during experimentation.  121 

A 96 channel microelectrode array (MEA; 4mm by 4mm; Blackrock Microsystems LLC, 122 

Utah, USA) (Maynard et al. 1997; Normann et al. 1999) was implanted in the left dorsolateral 123 

prefrontal area 8Ar of each monkey—in the prearcuate gyrus between the posterior end of the 124 

principal sulcus and the knee of the arcuate sulcus (Fig. 1A), as detailed in Leavitt et al. 2013. 125 

Briefly, a craniotomy was made using a high-powered drill (Anspach, FL, USA) to reveal the 126 

principal and arcuate sulci. The dura was opened and the MEA inserted with an array gun 127 

(Blackrock Microsystems LLC, Utah, USA) to a depth of approximately 1-1.5 mm from the 128 

cortical surface. We performed a duraplasty using synthetic dura (Durepair, Medtronic, Inc. 129 

Minneapolis, MN, USA), and replaced and secured the bone flap with fixation plates and screws 130 

(Synthes, Inc. PA, USA). All surgical procedures were carried out under general anesthesia 131 
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administered via an endotracheal tube. Animals were fully recovered from surgery within one 132 

week.  133 

Data collection 134 

During the experimental session, eye-positions were tracked with an infrared eye-tracker 135 

at a sampling frequency of 500 Hz (EyeLink 1000, SR Research, Ontario, Canada) (Khayat et al. 136 

2010). The neuronal signal was amplified via a headstage (ICS-96) for a reduced-noise signal, 137 

band-pass filtered (0.3 Hz/1-pole, 7.5 kHz/3-pole, analog) and digitized (16 bit, 1 microV per bit, 138 

sample rate of 30 kHz) using a neuronal signal processor (Cerebus, Blackrock Microsystems, 139 

Utah, USA). Spike waveforms were acquired by setting a threshold of -4 to -4.5 x the noise 140 

amplitude of the digitized, high-pass filtered raw signal. 141 

For single unit analysis, individual neurons were isolated based on waveform properties 142 

such as peak-to-peak amplitude in principle component space using OfflineSorter (Plexon, 143 

USA). The MEA electrodes were evenly spaced along intervals of 0.4 mm and arranged into 144 

three blocks of 32 simultaneously-recorded electrodes. Each session was comprised of data 145 

collected from one of the three blocks (A, B, C) (Leavitt et al. 2013).  146 

Task 147 

A custom computer program recorded the behavioral data (eye signals and lever presses) 148 

and presented the visual stimuli. The screen was positioned 100 cm from the animals’ eyes. A 149 

trial was initiated when the monkey held gaze position within a 2 degree window of a central 150 

fixation point (0.08 degrees2) and pressed a lever to indicate willingness to start the trial. After 151 

fixating for 650 ms, a sine wave grating (2.5 cycles per degree, 1 degree visual angle in diameter, 152 

oriented at 90 degrees to the horizontal, luminance contrast of 3%, 5%, 10%, 20%, or 35%) 153 
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appeared at one of 40 randomly selected locations, arranged along eight polar angles in steps of 154 

45o and five eccentricities spaced in increments of 3 degrees visual angle (dva) (Fig. 1B). The 155 

monkey maintained central fixation for 650 ms of stimulus presentation, after which the central 156 

fixation point was extinguished, cueing the monkey to saccade to the peripheral stimulus. If the 157 

monkey initiated the saccade within 125-600 ms of the response cue, and the saccade endpoint 158 

landed within a radius of 1.25 dva of the stimulus, a juice reward was given. Fixation breaks, 159 

premature lever releases, or failing to land on the saccade target resulted in a failed trial, which 160 

was aborted without reward.  161 

Data analysis 162 

All data analysis was conducted with Matlab software (Mathworks, Natick, USA). Spike 163 

waveforms were stored as discreet spike event times (the nearest millisecond following threshold 164 

crossing).  For single cell analysis, we recorded from a total of 166 neurons (60 in JL; 106 in F) 165 

across three sessions for each subject. In each session, we recorded from a block of 32 channels 166 

designated as blocks A, B, and C which together comprise an entire array. For monkey JL, we 167 

isolated neurons from blocks A, B, and C, and in monkey F we isolated neurons from two 168 

sessions in block B, and one from block C. Any isolated neurons with a maximum firing rate of 169 

less than 1 spike per second (Sp/s) were excluded from analysis. For topographical analysis, we 170 

used the thresholded signal on the electrodes from blocks A, B, and C for both animals in order 171 

to maximize the number of electrodes included in analysis. 172 

For single-cell RF and MF analysis, to ensure sufficient trial numbers, we pooled across 173 

trials with the highest contrast levels (10%, 20%, and 35% contrast) and measured the average 174 

visual and movement activity of area 8Ar neurons during the early visual (duration 250 ms; 100 175 

ms after stimulus onset), late visual (duration 250 ms; 350 ms after stimulus onset), presaccadic 176 
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(duration 100 miliseconds; immediately prior to saccade onset) epochs, and the baseline firing 177 

rate (duration 250 ms; 250 ms after trial initiation) (Fig. 3B). We divided the visual epoch into 178 

early visual and late visual periods to account for temporal dynamics of the visual response. The 179 

peristimulus time histogram (PSTH) was computed across an average of 18 trials (SD = 7) in 50 180 

milliseconds bins. 181 

Saccade precision and kinematics  182 

We recorded the monkeys’ eye position and calculated the duration of the saccade: the 183 

time from which the eye (gaze) velocity exceeded the threshold of 25 degrees/sec to when it 184 

returned to that threshold. Peak velocity was considered to be the maximal velocity during a 185 

saccade. Saccade endpoint location was determined as the eye position when eye movement 186 

velocity returned to the saccadic velocity threshold. In order to quantify saccade precision we 187 

measured the area covered by clusters of saccade endpoints around a target; only saccade 188 

endpoint from hit trials were included in analysis.  An ellipse was fit to the cluster of saccade 189 

endpoints to a given target, using the least squares method, and its area was computed as a 190 

measurement of saccade endpoint spread (Fig. 2C). 191 

Receptive and movement fields 192 

To determine whether RF and MF width scales with eccentricity, we plotted the tuning 193 

curve at each eccentricity for the RFs (visual epochs) and MFs (presaccadic epoch). To obtain 194 

the tuning curve at each eccentricity, we fit a Gaussian function (equation 1) to the activity as a 195 

function of the angle f(x) using the nonlinear least squares method: 196 

( ) = + ∗ ∗     (1) 197 
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where  is the baseline or intercept, b is the height or amplitude of the peak, σ is the standard 198 

deviation, and μ is the mean. To minimize error in the Gaussian model fits and to account for the 199 

circular nature of the data, tuning curves were centered on the peak or maximal response. The 200 

tuning width for a given eccentricity was determined from the standard deviation of the 201 

corresponding Gaussian function. The RF and MF width at each eccentricity (r, in dva) was 202 

considered to be the arc length (s, given in dva) subtended by the angular width of tuning (θ, in 203 

degrees) (equation 2).   204 = ∗       (2) 205 

To assess the spatial extent and location of the RFs (comprising early and late visual 206 

epochs) and MFs (presaccadic epoch), a 2-dimensional Gaussian function was fit to the baseline-207 

subtracted average activity at the 40 locations, and values between stimulus locations were 208 

interpolated (linear interpolation):  209 

( , ) = + ∗ ∗  ∗ ∗( )∗∗  (3) 210 

where f(x, y) is the response at location (x, y), a is the intercept, b is the amplitude, ρ is the 211 

correlation between x and y, and μx, μy, σx, σy are the mean and variance/width along the 212 

Gaussian in the x and y axis, respectively. The peak of the Gaussian indicates the preferred 213 

location of a given neuron. Neurons were considered tuned for a given epoch if activity at one 214 

location was significantly modulated (Kruskal-Wallis test, P < 0.05) with a goodness of fit (R2) 215 

greater than 0.75 for the Gaussian model (as per Hair et al. 2012). Some units exhibited activity 216 

at one or more locations that was vigorously suppressed below baseline. We categorized any unit 217 
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with suppression of at least 50% the magnitude of the peak activation of that cell as a 218 

‘suppressed cell.’ We only considered selective neurons (n = 121) in our single cell RF and MF 219 

analysis. 220 

Contrast response functions 221 

 Visual neurons in the macaque LGN as well as areas V1 and MT have demonstrated a 222 

saturating relationship between the neural response and increasing stimulus contrast (Albrecht 223 

and Hamilton 1982; Sclar et al. 1990). However, it is still unclear how contrast is encoded in 224 

LPFC area 8Ar. We examined the response of 7 visual (tuned in early visual epoch; Kruskal-225 

Wallis test, P < 0.05), 61 visuomovement (tuned in early visual and presaccadic epoch; Kruskal-226 

Wallis test, P < 0.05), and 7 movement (tuned in presaccadic epoch; Kruskal-Wallis test, P < 227 

0.05) neurons in response to stimuli of 3%, 5%, 10%, 20%, and 35% contrast 228 

(Contrast=ΔL/Lmin, where ΔL is the maximum minus the minimum luminance) (Michelson 229 

1927). We included in the analysis only cells for which there were at least three trials presented 230 

at each contrast level and exhibiting a maximum firing rate across all contrast of at least 5 spikes 231 

per second. We first subtracted the baseline firing rate to determine how contrast modulates 232 

activity relative to baseline. We then fit a sigmoid function to the contrast response:  233 

= ∗ +              (4) 234 

where  refers to the difference in firing rate between response at saturation, and response 235 

at lowest contrast level ( ).  represents the contrast at which the activity is at half saturation, 236 

and  is the slope of the sigmoid function (Martinez-Trujillo and Treue 2002). We included only 237 

cells with a goodness of fit (R2) greater than 0.7 (Hair et al. 2012). 238 
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Response latencies 239 

 Previous studies have observed that the distribution of interspike intervals (ISIs) in a 240 

spike train can be modelled by the Poisson distribution (Hanes et al. 1995). Poisson spike train 241 

analysis can therefore determine periods of significant neuronal activation by comparing 242 

the observed number of spikes within a given interval to the number that would be predicted if 243 

the spikes followed a Poisson distribution (the null hypothesis). 244 

  Using this analysis method, we computed a surprise index (SI), which acts as a metric of 245 

the improbability that a burst of neural activity occurs by chance. The SI is computed thus: 246 = − log              (5) 247 

where  is the probability of a Poisson-distributed (random) spike train. The Poisson formula is 248 

as follows: 249 

 250 

                               = ∑ ( ) / !                                (6) 251 

where P is the probability that a spike train with a mean firing rate (r) will contain n or more 252 

spikes in the time interval (T) (Hanes et al. 1995). 253 

Clustering 254 

 We assessed whether the preferred location (in Cartesian coordinates) of the neurons on a 255 

given electrode displayed non-random spatial organization on the cortex. The preferred location 256 

on a given channel was defined by the location of the peak of the bivariate Gaussian fit to the 257 

baseline-subtracted thresholded activity on an electrode. We examined the coefficient of 258 
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determination (R2) as a metric of goodness of fit. Only electrodes with an acceptable goodness of 259 

fit (R2 > 0.5) were considered for clustering analysis.  260 

 To determine whether similar preferred locations were anatomically clustered, we 261 

utilized Moran’s I, a measure of spatial autocorrelation (Zuur et al. 2007; Moran 1950). Moran’s 262 

I is defined as  263 

= ∑ ∑ ∑ ∑ ( )∑ ( )          (7) 264 

where N is the number of spatial units as indexed by i and j; X is the variable of interest;  is the 265 

mean of X; and ωij is an element of a matrix of spatial weights. Moran’s I ranges from -1 to +1, 266 

with negative values indicating that channels with similar values are maximally mutually 267 

separated and positive values indicative that similar values occupy neighboring electrodes. A 268 

value of 0 indicates a random spatial relationship of values on the array.  269 

RESULTS 270 

We recorded the activity of 166 neurons in the left area 8Ar of two macaque monkeys. 271 

The animals correctly learned and performed the task. The performance was higher than 95% in 272 

all sessions (3 sessions per subject). 273 

Saccade kinematics and precision 274 

Saccades made by the animals follow stereotypical kinematics rules. Namely, the duration and 275 

peak (maximal) velocity of saccades scale as a function of saccade amplitude, thus following the 276 

main sequence (Bahill et al. 1975).  Figure 2 shows the data from monkeys JL and F. We plotted 277 

the saccade duration (Fig. 2A) and saccade peak velocity (Fig. 2B) as a function of eccentricity; 278 
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both animals displayed very similar saccade kinematics. Both the mean saccade duration (Fig. 279 

2A) and peak velocity (Fig. 2B) displayed a monotonic positive scaling with eccentricity. The 280 

saccade endpoint spread, a measure of saccadic precision, was determined at various 281 

eccentricities from the area of ellipses fit to saccade landing positions clusters around the target 282 

center position. The area of saccade endpoint clusters monotonically increased as a function of 283 

eccentricity (Fig. 2C), in agreement with previous studies (Kowler and Blaser 1995).   284 

Visual and movement response properties 285 

We isolated the responses of 166 neurons (60 in monkey F, and 106 in monkey JL) 286 

during the different periods of the task.  Figure 3A shows the peristimulus time histograms 287 

(PSTHs, 50 ms time bins) of an example neuron’s (FS2C12U2) activity corresponding to the 40 288 

stimulus locations. In line with previous studies, we observed different visual response profiles 289 

among single cells (Fig. 3C-F) (Suzuki and Azuma 1983; Mikami et al. 1982): phasic activation, 290 

tonic activation, phasic-tonic activation, and tonic suppression. We divided the visual period—291 

during which the monkey fixated while a peripheral stimulus appeared—into ‘early visual’ and 292 

‘late visual’ epochs to account for the temporal dynamics of the visual response, and to ensure 293 

that the visual time window was similar to that for the presaccadic epoch (colors in Fig. 3B 294 

delineate epochs).  295 

 Due to its extensive connections with visual and oculomotor areas within the saccade 296 

generation circuit, area 8Ar likely plays a role in visuomotor integration and preparation of 297 

saccades. One of our goals was to determine whether the neurons’ receptive fields (RFs) and 298 

movement fields (MFs) exhibit a Gaussian shape and scale with eccentricity, a trend observed in 299 

other visual (Schall 1995) and oculomotor areas (Sparks et al. 1976).  We plotted tuning 300 

curves—the mean activity across polar angle—for each eccentricity (Fig. 4A). We then 301 
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determined the angular width of tuning from twice the standard deviation of a univariate 302 

Gaussian to the peak-centered tuning curve at each eccentricity (Fig. 4A, inset). Figure 4B shows 303 

that RF and MF width scale positively as a function of eccentricity (Kruskal-Wallis test, P < 304 

0.05).  305 

 It has been reported that RFs in area 8Ar tend to be large—ranging from 10 x 10 to 60 x 306 

60 degrees visual angle (dva) (Mikami et al. 1982)—and show a bias for the contralateral visual 307 

hemifield (Suzuki and Azuma 1983). Figure 5A shows the RFs measured during the early and 308 

late epochs of visual stimulation and the MF of two example neurons. The spatial extent of both 309 

fields was very similar. We estimated the RF and MF centers from the Cartesian coordinates of 310 

the peak of the bivariate Gaussian fit to the activity. We followed the same procedure for all 166 311 

of the recorded neurons. We excluded 45 (27%) of the 166 single units that failed to demonstrate 312 

significant response modulation compared to baseline in any of the epochs (Fig. 5B). Of the 313 

neurons that were tuned (n = 121, Kruskal-Wallis test, P < 0.05), 68 (56%) were visuomovement 314 

cells (tuned in either early visual or late visual and presaccadic epochs); 39 (32%) were visual 315 

cells (tuned in either early or late visual epoch); and 14 (12%) were movement cells (tuned in the 316 

presaccadic epoch only) (Fig. 5B). Of the cells that were visually selective (including visual and 317 

visuomovement cells, n=107), 81 (76%) preferred the contralateral visual hemifield; that is, the 318 

peak of the Gaussian defining the RF center was contralateral to the recording site. By contrast, 319 

only 26 (24%) of the units preferred the ipsilateral hemifield (Fig. 5C). This bilateral 320 

representation with a contralateral bias agrees with previous studies reporting 42% ipsilateral and 321 

58% contralateral preference in the LPFC (Lennert and Martinez-Trujillo 2013). Movement 322 

neurons also displayed a preference for the contralateral hemifield, with 10/13 (77%) of 323 
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movement fields in the contralateral hemifield compared to 3/13 (23%) in the ipsilateral 324 

hemifield (Fig. 5D), and one which lay on the meridian. 325 

 Suppression below baseline 326 

 Whereas most cells exhibited only elevated response in their RF and MF, a subset (n = 327 

15) of visually selective cells had zones of suppression relative to baseline as well as zones of 328 

activation above baseline within their RF (Fig. 5A, second row). We considered a cell to be 329 

suppressed if the magnitude of suppression was at least 50% of the peak activation of that cell. 330 

We characterized cells exhibiting only activation as non-suppressed. The characterization of 331 

suppressed cells is such that cells with a low baseline firing rate may not be considered 332 

suppressed, as the magnitude of suppression is inevitably limited by the baseline activity. For our 333 

purposes, a neuron’s “preference” was considered the location of peak activation above baseline, 334 

for both suppressed and non-suppressed neurons. For suppressed cells, the zone of suppression 335 

was invariably in the anti-preferred location of the cell. Our conservative criteria may under 336 

estimate the proportion of suppressed cells; it was intended to avoid false positives. 337 

There was a strong bias for representing the contralateral visual hemifield among non-338 

suppressed cells (Fig. 5C). However, a significantly higher proportion (z-score, P < 0.05) of 339 

suppressed cells preferred the ipsilateral hemifield (9/15; 60%) compared to the proportion of 340 

non-suppressed cells preferring the ipsilateral hemifield (17/92; 18%) (Fig. 5C). Conversely, 341 

only 6/15 (40%) of suppressed cells compared to 75/92 (82%) of non-suppressed preferred the 342 

contralateral hemifield. Therefore, suppressed cells tended to have a stronger preference for the 343 

ipsilateral hemifield compared to non-suppressed cells.  344 

Receptive field-movement field overlap 345 
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We examined whether the RF and the MF of the visuomovement neurons overlap. To this 346 

end, we determined the center of the RF (early visual epoch) and MF (presaccadic epoch) and 347 

computed the Euclidean distances between them for 17 cells in monkey JL and 30 cells in 348 

monkey F. We found that for most cells, the RF and MF centers were located within 4 dva of 349 

each other (Fig. 6A). However, in some neurons, particularly in monkey F, the field shifted by 350 

more than 10 dva from the early visual to the presaccadic epoch. This suggests that in some 351 

recorded neurons a complex transformation from visual signals into motor commands make take 352 

place. 353 

We also compared the size of the receptive and movement fields. We calculated the 354 

elliptical area of the bivariate Gaussian model from the standard deviation along the minor and 355 

major axes. There was a significant positive correlation between RF and MF size for the 356 

visuomovement neurons of both JL and F (Pearson’s correlation, P < 0.05) (Fig. 6B). There was 357 

a tendency, particularly in monkey F, for the movement fields to be slightly larger. We examined 358 

whether difference in size was correlated with the magnitude of the field shift and found a poor 359 

correlation between the two variables, with a weak correlation in monkey F (Pearson’s 360 

correlation, P < 0.05), and a non-significant correlation in monkey JL (Fig. 6C). Our relatively 361 

small sample size makes interpretation of these results difficult. Therefore, this question needs to 362 

be addressed with a larger sample size in future studies. 363 

Contrast response functions 364 

 Whereas the relationship between contrast level and visual response has been thoroughly 365 

described in early visual areas, fewer studies have elucidated how contrast is encoded in higher 366 

cortical areas, and to our knowledge none have addressed this question in area 8Ar. We 367 

examined the contrast response function in representative visual, visuomovement, and movement 368 
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cells (Fig. 7A). As anticipated, visual and visuomovement (but not movement) cells exhibited a 369 

sigmoidal relationship between neural response and contrast level in the early visual epoch with 370 

no modulation of response as a function of contrast during the presaccadic epoch. We 371 

determined that 19 of 67 (28.4%) visually selective cells in monkey F and 14 of 40 (35.0%) in JL 372 

were modulated by contrast (R2 > 0.7) in the early visual epoch (Table 1). From these best fit 373 

models of sigmoid function, we determined the distribution of parameters for the contrast 374 

response functions of visually selective cells in area 8Ar (Fig. 7B). Cells demonstrated a median 375 

Rmax of 18.0 for monkey F, 20.8 for JL; exponent (n) of 2.9 for F and 3.1 for JL; semisaturation 376 

constant (C50) of 5.6 for F and 3.9 for JL; and a minimum-contrast response (M) of  -1.4 for F 377 

and -1.8 for JL (Table 1). The parameter distributions were the same between individuals, save 378 

for the C50, which was lower in monkey JL (Table 1; Wilcoxon rank sum, P < 0.05). This may 379 

reflect individual differences in contrast sensitivity between the two animals. We also examined 380 

response latency of contrast-modulated cells (n=33) using Poisson spike train analysis (as 381 

detailed in Hanes et al. 1995; Legéndy and Salcman 1985), and plotted these latencies as a 382 

function of contrast (Fig. 8). We found that the response latency decreases monotonically as a 383 

function of contrast. 384 

Topographic organization of location preference 385 

 A hallmark study into the systematic anatomical organization of RF size and eccentricity 386 

in the LPFC revealed isocontour lines of these neuronal RF features in the region between the 387 

arcuate sulcus and the posterior tip of the principal sulcus (Suzuki and Azuma 1983). Although 388 

the systematic organization of unidimensional variables (eccentricity or angle) has been queried, 389 

anatomical clustering according to the two-dimensional preferred location has not been 390 

described.  391 
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The preferred location of an electrode on the array was mapped onto its cortical position 392 

according to a two-dimensional spatial color map (Fig. 9C). Space was discretized into five 393 

eccentricities and four quadrants. Moran’s I (spatial autocorrelation) was computed over every 394 

unique distance between elements on the array, considering first only the nearest neighbors, and 395 

increasing the spatial scale until the entire array was considered. Comparisons of location 396 

selectivity on a single electrode with itself (distances of zero) were excluded. Chance values 397 

were obtained via permutation test. We randomly shuffled each electrode’s spatial preference 398 

label (excluding the non-tuned electrodes) 1000 times, taking the 95 percentile range of chance 399 

values (Fig. 9B, grey shaded region) for comparison with our experimental Moran’s I values. 400 

The analysis of Moran’s I revealed clusters of similar location preference on the cortex up to a 401 

spatial scale of 4 mm for monkey JL and 1.5 mm for monkey F (Fig. 9B).  402 

We also analyzed the degree of clustering of neurons according to their preferred angle 403 

and eccentricity. We mapped the preferred angle (discretized into quadrants) and the preferred 404 

eccentricities onto the arrays according to the respective spatial colormaps (Fig. 10C) and 405 

applied Moran’s I analysis to determine the degree of clustering according to these spatial 406 

dimensions. Monkey F did not show any clustering according to angle or eccentricity (Fig. 10B). 407 

For monkey JL, however, we found that neurons with similar angular preference were clustered 408 

between 1 and 4 mm for the early visual epoch, and up to 4 mm for the late visual and 409 

presaccadic task epochs (Fig. 10B). Taken together, the topographical analysis suggests that 410 

neurons with RFs and MFs in similar locations were clustered on the cortical surface.  411 

DISCUSSION  412 

We showed that area 8Ar of the LPFC contains spatial representations of both visual hemifields 413 

although biased towards the contralateral visual hemifield. These representations comprise 414 
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populations of neurons with visual, movement, and visuomovement activity. Neurons within the 415 

area have Gaussian-shaped RFs and MFs that scale with eccentricity. The responses of visual 416 

and visuomovement neurons are modulated by stimulus contrast. We also observed that neurons 417 

with RFs in the ipsilateral hemifield tend to exhibit activity suppressed below baseline when a 418 

stimulus is presented in locations opposite to their excitatory RFs. Finally, although area 8Ar 419 

receives a multitude of inputs (Yeterian et al. 2012) from retinotopically-organized cortical 420 

areas—including the area MT, and V4 (Felleman and Van Essen 1991)— our results do not 421 

support the notion that area 8Ar is retinotopic. However, we found clusters of neurons with 422 

similar RF locations in both animals during the early period of the visual response.  423 

Response properties of neurons in area 8Ar  424 

Several response profiles have been reported in area 8Ar neuronal populations, including 425 

phasic activation, tonic activation, phasic-tonic activation, and tonic suppression (Mikami et al. 426 

1982; Suzuki and Azuma 1983). Phasic activation is characterized by a brief surge of discharge 427 

shortly (approximately 100 ms) after the appearance of the visual stimulus, after which activity 428 

returns to baseline within 750 ms (Mikami et al. 1982). Cells exhibiting tonic activation, 429 

however, increase their firing rate and maintain it until the stimulus is removed. Phasic-tonic 430 

activation is characterized by a transient surge in firing rate followed by steady discharge lasting 431 

the duration of the visual stimulus. Tonic suppression below baseline is apparent in some cells 432 

with high baseline firing rate during fixation, and maintains suppression as long as the visual 433 

stimulus is presented. In the present study, we observed examples of each of these response 434 

profiles (Fig. 3C-F). 435 

It is known that the spatial resolution of vision becomes increasingly coarse moving from 436 

the fovea towards the periphery (Spillmann et al. 1987; Schall 1995). One proxy for the decrease 437 



21 
 

in visual acuity towards the periphery is the relationship between RF size and eccentricity, as 438 

these two factors have been found to vary systematically and inversely as a function of distance 439 

from the fovea across many visual areas (Hubel and Wiesel 1974; but see Dow et al. 1981). This 440 

trend results from the high foveal receptor density in the retina, and a gradient drop-off towards 441 

the margins. Moreover, because fewer neurons are devoted to representing the visual peripheral, 442 

eccentric RFs are larger. Indeed, a positive relationship between the RF size and eccentricity has 443 

been demonstrated in area V1 (Van Essen et al. 1984). Cortical magnification is greater in V1 444 

compared to area 8Ar (present study); this is reflected in the fact that the small, parafoveal RFs 445 

in V1—which range from 0.25-0.75 degrees in diameter (Hubel and Wiesel 1968)—are much 446 

smaller than the width of RFs near the fovea in area 8Ar (ranging from approximately 2 - 7 447 

degrees) (present study, Fig. 4B).  448 

We observed large RFs whose width scales with eccentricity (Fig. 4). In contrast to the 449 

smaller, Gaussian RFs in early visual areas, RFs of area 8Ar neurons tend to be elongated and 450 

extend across multiple eccentricities. It is possible that RF shapes in this area are more complex 451 

than reported here; with our mapping stimulus, it is difficult to estimate the exact shape of these 452 

RFs (e.g., deviation from a Gaussian shape or the existence of multiple excitatory and inhibitory 453 

fields). In interpreting Gaussian fits one must take into account the sampling resolution of the 454 

current method. The Gaussian model estimated the peripheral boundaries with less certainty than 455 

at more foveal locations, because the probe resolution decreases in the periphery. This occurs as 456 

a trade-off between sampling resolution and the parameters tested, such as location and contrast 457 

level. Sampling resolution in the periphery was reduced in order to ensure enough trials for each 458 

condition (40 locations with 5 contrast levels). This sampling method guarantees sufficient trials 459 
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for the analysis of neuronal responses but has the disadvantage of a non-homogenous sampling 460 

of eccentricities. 461 

One issue that makes it difficult to fully characterize the RF profiles of these neurons is 462 

that RFs in this area can change dynamically under different conditions. For example, RFs in 463 

extrastriate, parietal and prefrontal areas such as MT (Womelsdorf et al. 2008), V4 (Tolias et al. 464 

2001), LIP (Ben Hamed et al. 2001) and the LPFC (Lennert and Martinez-Trujillo 2013) have 465 

been shown to change depending on task type. In the current study, we have used a limited set of 466 

stimuli and a relatively simple task, thus, our results in terms of RF and MF profiles may change 467 

under different task conditions.  468 

We categorized neurons according to their visual, movement, and visuomovement 469 

activity. Visual cells are considered those with significant activity in response to visual stimuli, 470 

but not preceding a saccade; movement cells discharge immediately preceding a saccade, and 471 

visuomovement cells discharge in response to visual stimuli as well as immediately preceding a 472 

saccade, according to the criteria established by Bruce and Goldberg (1985). We focused on 473 

presaccadic activity, as opposed to postsaccadic activity, as we were interested in the signal 474 

preceding saccade execution, which may contribute to saccade planning. We found that, of the 475 

166 isolated neurons, 45 (27%) did not respond to the stimulus or in preparation for a saccade. 476 

Of the cells exhibiting significant modulation (n=121), we found 68 (56%) visuomovement 477 

neurons, 39 (32%) visual neurons, and 14 (12%) movement neurons (Fig. 5B). These results are 478 

in agreement with those of Takeda and Funahashi (2002) who recorded from single neurons 479 

within the periprincipal region of the LPFC, rostral to area 8Ar, during an oculomotor delayed-480 

response task. They found that 86% of neurons encoded visual stimulus location (visual cells), 481 

and 13% encoded the saccade location (movement cells). Although the exact proportion of cells 482 
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with visual, movement, or visuomovement tuning is difficult to determine with single cell 483 

recordings, due to sampling bias, these studies strongly suggest that visuomovement cells are the 484 

most frequently encountered type, followed by visual and movement cells. 485 

Hemifield representation bias  486 

A bias for representation of the contralateral hemifield in saccade-related and visual 487 

activity is common amongst many visual and oculomotor areas. For example, presaccadic 488 

neurons within the FEF overwhelmingly prefer saccades towards the contralateral hemifield 489 

(Bruce and Goldberg 1985). Indeed, there has been reported a bias for contraversive saccades 490 

among saccade-related neurons in LIP (Patel et al. 2010), the SEF (Schlag and Schlag-Rey 491 

1987), in the SC (Sparks and Mays 1980), and in the periprincipalis region of the LPFC 492 

(Funahashi et al. 1991).  493 

In the present study, we found that 81 (76%) of visually selective cells (n = 107) 494 

preferred the contralateral hemifield, compared to 26 (24%) ipsilaterally-preferring cells (Fig. 495 

5C). Lennert and Martinez-Trujillo (2013) sampled populations of neurons in area 8Ar and in the 496 

anteriorly-adjacent area 9/46 and observed a proportion of 58% neurons preferring contralateral 497 

and 42% preferring ipsilateral visual targets, indicating that as one moves rostrally within the 498 

LPFC, the representation of the visual field may become less biased towards the contralateral 499 

hemifield.  500 

Visual information from the ipsilateral hemifield necessarily crosses the midline via the 501 

corpus callosum at some point along the visual processing stream. There is callosal input onto 502 

the LPFC from the homotopic area of the opposite hemifield (Goldman-Rakic and Schwartz 503 

1982) as well as sensory and association areas (Barbas et al. 2005). Recent work by Lennert and 504 

Martinez-Trujillo (2013) has indicated that ipsilateral and contralateral neurons may play a 505 
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different role in target selection. The response profiles of the neurons in the same task differ 506 

depending on the relevance of the stimulus in the RF. These authors proposed that contralateral 507 

neurons seem to be more engaged in target selection, while ipsilateral neurons seem to be more 508 

engaged in sustaining attention on a target once it has been selected. However, to fully clarify 509 

this issue, one must extend the results of these studies to a variety of tasks and RF mapping 510 

methods that go beyond the scope of the present study. 511 

Contrast response functions 512 

It has been suggested that higher order cortical areas represent more complex stimulus 513 

features (Maunsell and Newsome 1987); it is unclear to what extent these areas allocate 514 

resources to encode simpler stimulus features, e.g. contrast. In comparison to neurons in early 515 

visual areas, the neurons in higher order areas tend to have a lower semi-saturation constant 516 

(C50), and thus higher contrast sensitivity. For instance, macaque LGN and V1 neurons have 517 

demonstrated a median C50 of 0.11-0.5 and 0.33, respectively (Sclar et al. 1990). By contrast, MT 518 

neurons display a strikingly lower median C50 value of 0.07 (7% contrast normalized to 1.0) 519 

(Sclar et al. 1990). Similarly, area 8Ar neurons exhibit a low median C50 of 4-6% contrast 520 

(present study, Table 1). Although comparisons between studies is difficult due to different 521 

methods of measuring luminance contrast and different display features, our results suggest that 522 

neurons in area 8Ar have sigmoid contrast response functions and contrast sensitivity similar to 523 

neurons in early visual areas.  524 

The distribution of latencies as a function of contrast in our sample, also follow a well-525 

described trend (Albrecht et al. 2002) for latencies to be shorter at higher contrast values (Fig. 8). 526 

Our results suggest that visually selective neurons in 8Ar inherit their contrast sensitivity from 527 

visual neurons. 528 
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Topographical organization 529 

An outstanding question is whether RFs of neurons in area 8Ar of the lateral prefrontal 530 

cortex show a defined topography (e.g., retinotopy). Previous studies have suggested anatomical 531 

clustering of neurons with similar response properties (Suzuki and Azuma 1983; Kiani et al. 532 

2015) in the PFC. Indeed, Kiani and colleagues (2015) recorded from microelectrode arrays 533 

implanted on the prearcuate convexity in a very similar location to our implantation site.  They 534 

sampled a number of locations in the visual field and observed RF and MF profiles 535 

(Supplemental Fig. S9) similar to those found in the current study (Fig. 5A), and conducted a 536 

comparison of RF similarity which mirrors our analysis of RF and MF overlap (Fig. 6).   537 

However, differences in recording techniques may render a comparison between previous 538 

studies and the current study difficult. In the case of Suzuki and Azuma (1983), the location of 539 

penetrations with single electrodes are difficult to analyze since the brain may change in volume 540 

during the experiments due to repeated injuries of blood vessels in the region, edema, and dural 541 

thickening. In our case, the use of chronically-implanted multielectrode arrays and intraoperatory 542 

pictures allows for a fixed reference system where the topography of RFs and MFs can be 543 

analyzed relative to the position of the neurons on the cortical surface and to fixed landmarks 544 

that are visible after dura mater opening (e.g., the arcuate sulcus). Nonetheless, recording with 545 

multielectrode arrays may also have some limitations; namely, arrays sample neurons from a 546 

fixed cortical layer parallel to the array plane, neurons could be sampled twice in different days, 547 

and there is a fixed area of 4 x 4 mm where samples are taken from. 548 

Our results quantitatively demonstrate that groups of neurons with RFs in similar 549 

locations were anatomically clustered (Fig 9B), with a slight trend for the upper contralateral 550 

visual field to be represented in the ventrolateral portion of the array, and the lower contralateral 551 
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visual field to be represented in the dorsomedial part of the array (Fig 9C). Indeed, these results 552 

agree with those of Savaki et al. (2014) who utilized [14C] deoxyglucose quantitative 553 

autoradiography to examine activity in the prefrontal cortex of macaques during saccades. 554 

Similar to the present investigation, they found a dorsal to ventral gradient within area 8Ar 555 

representing the contralateral lower to upper visuo-oculomotor space. Taken together, these 556 

findings indicate a topographic arrangement of visuo-oculomotor space within area 8Ar.   557 

In the present study, area 8Ar RFs were typically large and eccentric (Fig. 5A). This is in 558 

concordance with previous reports of neurons in the region between the principal sulcus and the 559 

arcuate sulcus (the middle arcuate area) having large, somewhat eccentric RFs (Suzuki and 560 

Azuma 1983). Suzuki and Azuma (1983) recorded from the prearcuate cortex spanning from the 561 

inferior to the superior limb of the arcuate sulcus, and reported a trend for smaller foveal and 562 

parafoveal RFs in the inferior portion of the prearcuate cortex, in the approximate location of 563 

area 45 (Petrides and Pandya 1999). There is a topographic organization of increasing RF size 564 

moving from the inferior towards the middle arcuate area (Suzuki and Azuma 1983). Thus the 565 

population of neurons spanning the prearcuate cortex—bounded dorsally by area 8B and 566 

ventrally by area 45—likely contains a complete map of eccentricities, and the present study 567 

samples from the portion of the map representing an intermediate range of eccentricities 568 

(~15dva). 569 

  Although we examined clustering according to eccentricity (Fig. 10B), we did not observe 570 

the isocontour lines of RF eccentricity reported by Suzuki and Azuma (1983). This  could be 571 

attributed to the fact that our clustering algorithm was less sensitive to the geometry of a line, or 572 

the fact that the current study mapped eccentricity out to 15 dva, whereas Suzuki and Azuma 573 

(1983) mapped a much larger range of eccentricities (out to 60 dva). Furthermore, Suzuki and 574 
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Azuma (1983) used Macaca mulatta whereas the present study uses Macaca fascicularis, 575 

therefore the different results may be ascribed to species differences.  576 

Although, similar to the FEF, area 8A contains the visual and motor spatial representation 577 

of a visual and saccadic target, this area may show functional differences compared to its 578 

caudally-adjacent neighbor (the FEF). For instance, we find clustering of neurons representing 579 

the vector angle of saccades (Fig. 10B), whereas in the FEF, there is topographic organization of 580 

the saccadic amplitude but not angle (Bruce et al 1985; Stanton et al 1989). Nevertheless, this 581 

finding was only clearly present in one animal, thus this issue needs to be examined in more 582 

detail using a larger sample size (number of animals) and homogenous mapping procedures 583 

across areas. 584 

The difference in spatial representation (foveal vs peripheral representation) recapitulates the 585 

cytoarchitectonically-defined prefrontal areas, although functional borders appear to be gradual. 586 

Area 45 receives projections from the inferotemporal cortex area TEO (Webster et al. 1994) 587 

representing central vision, whereas medial area 8Ar receives input from the posterior parietal 588 

cortex (Yeterian et al. 2012), representing peripheral vision (Motter and Mountcastle 1981; 589 

Schall 1995). This trend of central to peripheral, ventrolateral to dorsomedial RF eccentricity in 590 

the prearcuate gyrus corresponds to the trend of small-amplitude saccades in ventrolateral 591 

portion of the FEF, and large-amplitude saccades in the dorsomedial FEF (Bruce et al. 1985).  592 

One interesting finding in our study is that the two neuronal populations of the animals show 593 

different tendencies to cluster, at least in respect to the degree of clustering. Clusters of neurons 594 

preferring similar location in the visual field seem to be larger and better-defined in monkey JL 595 

compared to monkey F (Fig. 9). This difference may be the result of individual variability 596 

between animals, e.g., patterns that are intrinsic to each individual according to the interplay 597 
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between genetically determined connectivity and the effect of environmental stimulation. 598 

Alternatively, this variability may be a feature of the prefrontal cortex that is not found in visual 599 

areas, and may reflect the sole effect of environmental variables on the wiring of the LPFC. 600 

Since previous studies have reported that when animals are trained in a motion direction task, 601 

neurons in area 8Ar are selective for motion direction (Mendoza-Halliday et al. 2014), we tend to 602 

support the latter hypothesis (selectivity shaped by learning experience). It is impossible to 603 

answer this question with our data; however, the fact that we found such differences in 604 

topographical organization between animals opens new questions and hypotheses regarding the 605 

role of the PFC in individual variability in cognitive skills. 606 

Cells suppressed by visual stimulus at the antipreferred direction  607 

Some visually selective cells in the FEF have been reported to show suppression when a 608 

saccade was prepared towards a visual target presented outside the RF (Burman and Segraves 609 

1994), particularly when the target was presented in the hemifield contralateral to that cell’s RF 610 

(Schall et al. 1995a). Within the LPFC, there have been reports of cells with activity suppressed 611 

below baseline in a restricted portion of the visual field (Mikami et al. 1982). We also 612 

characterized a subset of cells with a zone of brisk suppression in the location opposite the zone 613 

of activation (Fig. 5A), and there was a bias for these suppressed cells to have RF and MF peak 614 

activation in the ipsilateral hemifield (Fig. 5C). 615 

Recent studies suggest that, during target selection, populations of prefrontal neurons 616 

compete or cooperate for preferential processing of a visual stimulus. To this point, during target 617 

selection, pairs of FEF neurons with overlapping RFs coordinate by firing in synchrony when a 618 

target is placed within the overlapping portion of the RFs. By contrast, neurons with non-619 

overlapping RFs compete, firing out of synchrony when the target appears in the RF of one 620 
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neuron but not the other (Cohen et al. 2010). In the present study, suppressed cells tended to have 621 

zones of activation in the ipsilateral hemifield (Fig. 5C). Some proportion of neurons with 622 

contralateral RFs likely suppresses activity of ipsilaterally-preferring cells via inhibitory 623 

interneurons. These inhibitory circuits may mediate biased competition (Desimone and Duncan 624 

1995) between hemispheres.   625 

Differences and similarities between area 8Ar and FEF 626 

There are a few functional differences in the properties of neurons in area 8Ar reported 627 

here and those of neurons in the FEF reported by other studies. It should be noted that many of 628 

the studies of the FEF include recordings spanning both the prearcuate gyrus and the rostral bank 629 

of the arcuate sulcus, making it difficult to differentiate the response properties between FEF and 630 

8Ar. Visually responsive cells in the FEF are usually not feature-selective, although it has been 631 

reported that with training, some cells can gain feature selectivity (Bichot et al. 1996). By 632 

contrast, neurons in area 8Ar demonstrate feature selectivity in sustained activity during a 633 

delayed match-to-sample task (Mendoza-Halliday et al. 2014). Finally, the sensory neurons in 634 

the FEF tend to strongly prefer the contralateral visual hemifield (Schall 1991), whereas visually 635 

selective neurons in area 8Ar display a greater degree of bilateral representation, with a bias 636 

towards the contralateral hemifield (Fig. 5C). There appears to be no sharp delineation in 637 

response properties in FEF and area 8Ar, but rather a gradient of function moving rostrally. 638 

Considered together, these data suggest that area 8Ar and the FEF may play functionally 639 

distinct roles in executive processes involved in the generation of saccades, with the FEF more 640 

directly linked to saccade execution. However, the function and connectivity of these two areas 641 

are intimately linked; thus they likely work in coordination to select a target for saccades. For 642 

example, injection with retrograde tracer horseradish peroxidase reveals afferent projections to 643 



30 
 

the SC originating in both the FEF (within the anterior bank of the arcuate sulcus) and area 8Ar 644 

(on the prearcuate gyrus) (Fries 1984). One possibility is that area 8Ar is more involved in 645 

integrating different types of signals including sensory, reward value, attention, working memory 646 

and others, while the FEF is more involved in generating the final gaze command to direct the 647 

eyes in space towards objects of interest. The precise mechanism of this process will be 648 

addressed by future studies. 649 

CONCLUSIONS 650 

Area 8Ar displays visual and saccade-related activity and shares connections with a 651 

multitude of visual and oculomotor areas. We found that area 8Ar contains populations of visual, 652 

movement, and visuomovement neurons with RFs and MFs representing both visual hemifields, 653 

and that some of the visually selective neurons were modulated by increasing contrast levels. 654 

Therefore, we conclude that area 8Ar likely plays a role in visuomotor integration in preparation 655 

for saccades. Future studies are necessary to elucidate the mechanism whereby area 8Ar 656 

integrates visual information to influence saccade target selection. Although the topographic 657 

organization of the LPFC (particularly retinotopy) remains uncertain, we have demonstrated that 658 

neurons with similar RF and MF locations are anatomically clustered within an area of 4x4 mm 659 

of 8Ar, particularly with respect to RF location during the early periods of visual stimulation.  660 
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FIGURE CAPTIONS 848 

FIG. 1. Recording site and visually guided saccade task. A: Recording site. A microelecrode 849 

array (MEA) was implanted in the left area 8Ar of each monkey, posterior to the posterior end of 850 

the principal sulcus (PS), and anterior to the arcuate sulcus (AS). Schematic shows 851 

cytoarchitectonic delineations of area 8Ar and neighboring prefrontal areas identified by Preuss 852 

and Goldman-Rakic 1991 and Yeterian et al. 2012. Photographs show recording site for 853 

monkeys JL (top) and F (bottom) relative to the sulci labeled in the schematic. Orientation 854 

legend: C, caudal; D, dorsal; R, rostral; V, ventral. B: Timeline of visually guided saccade task. 855 

After 650 ms of fixation, a peripheral sine wave grating appears at one of 40 locations arranged 856 

along eight polar angles (45 degree intervals) and five eccentricities (3 dva intervals); white 857 

dotted circles indicate possible stimulus locations. Monkey maintains central fixation for 650 ms, 858 

and at 1300 ms monkey is cued to saccade to the stimulus upon extinguishing the central fixation 859 

point. Monkey receives juice reward upon successfully shifting gaze to target. 860 

FIG. 2. Saccade kinematics and saccade precision for subjects JL (left) and F (right). Only 861 

saccade endpoints from hit trials are included. A: Saccade duration as a function of eccentricity. 862 

Duration was calculated from the eye velocity trace as the time from when the velocity first 863 

exceeded the threshold (25 deg/s) to when it returned to threshold. B: Saccade peak velocity as a 864 

function of eccentricity. C: Saccade endpoint spread as a function of eccentricity. The spread of 865 

the saccade endpoint clusters is derived from the area of the ellipse fit to the cluster of endpoints 866 

at each target location. 867 

FIG. 3. Task epochs and example single unit activity (neuron FS2C12U2). A: Peristimulus time 868 

histograms (PSTHs) represent the single unit responses over the time course of an entire trial at 869 
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the 40 different locations. B: Task epochs superimposed on a PSTH of activity at a single 870 

location, highlighted in A. C-F: Visual response profiles of representative neurons. PSTHs were 871 

plotted at the location of the RF center. Shown here are the response profiles of neurons 872 

exhibiting C: tonic activation, D: phasic-tonic activation, E: phasic activation, and F: tonic 873 

suppression. Bin width is 50 ms. Visual activity (after stimulus onset, before saccade cue) is 874 

shown in black. Abscissa: time in milliseconds. Ordinate: response rate in spikes per second. 875 

FIG. 4. Width of tuning across eccentricities.  A: Single neuron FS2C12U2 tuning curves for 876 

each eccentricity plotted for the different task epochs: the early visual (left), late visual (middle), 877 

and presaccadic (right). Inset: A univariate Gaussian fit to the tuning curve for each eccentricity. 878 

The angular width of tuning is determined from the standard deviation (σ) of the Gaussian model 879 

at each eccentricity. B: Population receptive and movement field width as a function of 880 

eccentricity. Fill colors correspond to the eccentricities depicted in A. 881 

FIG. 5. Receptive and movement fields. A: Receptive fields (RF; early and late visual epochs) 882 

and movement fields (MF; presaccadic epoch) for example non-suppressed neuron (top row) and 883 

suppressed neuron (bottom row). A two-dimensional Gaussian is fit to the mean baseline-884 

subtracted activity at the 40 locations; values between stimulus locations are interpolated. Firing 885 

rate relative to baseline represented by colorbar. B: Population visuomotor tuning. Horizontal 886 

bars show the proportion of visual (V), visuomovement (VM), and movement (M) neurons. 887 

Tuned neurons refer to the proportion of neurons with significant task-related activity (ANOVA, 888 

P < 0.05). Grey section represents the proportion of neurons without selectivity during any of the 889 

task epochs. C: Percentage of neurons with preferred locations in the contralateral (blue) 890 

compared to the ipsilateral (red) visual hemifield among all visually selective—visual and 891 
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visuomovement—neurons (left), non-suppressed neurons (middle), and suppressed neurons 892 

(right). D: Percentage of movement neurons preferring the ipsilateral (red) and contralateral 893 

(blue) hemifield.  894 

FIG. 6. Receptive and movement field overlap. A: Distribution of field shifts from receptive field 895 

(RF) to movement field (MF). The magnitude of the field shift was given by the Euclidean 896 

distance (in dva) between the center of the RF and MF of each visuomovement neuron in 897 

monkeys JL (left) and F (right). B: Correlation between RF and MF size. Size was determined as 898 

the area of the elliptical perimeter of the two dimensional Gaussian. Pearson’s correlation (r) 899 

reported in lower right corner. Significant (P < 0.05) correlations denoted with an asterisk. C: 900 

Correlation between field size difference and field shift. The difference in size (MFarea-RFarea) is 901 

plotted against the magnitude of the field shift.  902 

FIG. 7. Contrast response functions. A: Mean response relative to baseline depicted for example 903 

visual (left), visuomovement (middle), and movement (right) neurons during the early visual 904 

(black trace) and presaccadic (grey trace) epochs at the location of peak activity. The dotted lines 905 

connect mean firing rate for each contrast level and solid lines represent the best fit function 906 

(either a sigmoid function if R2 > 0.7 or a line through the mean activity); error bars depict SEM 907 

across all trials presented at that contrast level. Inset tables display the parameter values for the 908 

sigmoid function fit to the data, as well as the goodness of fit (R2). B: Parameter values for 909 

contrast response functions of visually selective cells. The cumulative distributions of parameters 910 

(Rmax, n, C50, M) for monkeys F and JL are represented by grey bars and black bars, respectively. 911 

The optimized parameters were determined by the sigmoid model fits (R2 >0.7).  912 
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FIG. 8. Visual response latency as a function of contrast levels. Box plots represent the visual 913 

response latencies of all contrast-modulated neurons (n=33) from both subjects as a function of 914 

contrast level. The visual response latency relative to stimulus onset was calculated using 915 

Poisson spike train analysis applied to all trials at each contrast levels. 916 

FIG. 9. Anatomical clustering of preferred location across task epochs. A: Schematic illustrating 917 

position of array implants in monkeys JL (left) and F (right) relative to the principal (PS) and 918 

arcuate (AS) sulci. For C, arrays shown in A are rotated clockwise until parallel to the horizontal. 919 

B: Magnitude of clustering of preferred location. Solid grey line depicts the spatial 920 

autocorrelation (Moran’s I; metric of clustering) calculated over increasing spatial scales. Grey 921 

shaded area represents 95% range of chance values. Positive values indicate clustering of similar 922 

values; zero indicates random spatial organization; negative values indicate spatial segregation of 923 

similar values. Grey dotted line indicate the extent of significant clustering. C: Preferred 924 

locations mapped onto array. Preferred location—defined as the location of the peak of the 925 

Gaussian model fit to the thresholded activity on an electrode (R2  > 0.5) —was mapped onto the 926 

array according to a two-dimensional spatial colormap (see inset). Grey channels are non-tuned; 927 

black channels are ground electrodes.  928 

FIG. 10. Anatomical clustering as a function of angle and eccentricity. A: Schematic illustrating 929 

position of array implants. B: Magnitude of clustering (Moran’s I) as a function of angle (red) 930 

and eccentricity (blue). Dotted lines of each colors indicate the extent of significant clustering for 931 

each spatial dimension. C: Preferred angle (top row) and eccentricity (bottom row) mapped onto 932 

array according to their respective colormaps. Grey channels are non-tuned; black channels are 933 

ground electrodes. 934 
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Table 1.  Median parameter values of contrast response functions fit to activity of contrast-935 

modulated neurons. Asterisks indicates significantly different values between monkeys JL and F 936 

for a given parameter (Wilcoxon rank sum, P < 0.05). 937 

 938 

 939 



650 Time(ms) 0 1300 1500 
B

A

eye position

D

V
C

Monkey JL

Monkey F
4mm

R

8B9
46 9/46 8Ar

8A
c

45

Recording site 
Arcuate sulcus
Principal sulcus

MEA



B

D
ur

at
io

n 
(m

s)

A

Pe
ak

 v
el

oc
ity

 (d
va

/s
)

0

20

40

60

0

400

800

1200

C

0

1

2

3

Eccentricity (dva)

En
dp

oi
nt

 s
pr

ea
d 

(d
va

2 )

3 6 9 12 153 6 9 12 15

Monkey FMonkey JL



A

B

90° 

180° 

0° 

270° 

Stimulus
Onset

Cue 
Saccade

Saccade
Onset

500 ms

20
 s

p/
s

Early visual
Late visual
Presaccadic

Baseline

Stimulus
Onset

Cue
Saccade

C

D

E

F

20
 s

p/
s

500 ms

20
 s

p/
s

20
 s

p/
s

20
 s

p/
s



μ

A

B

0 180 360 0 180 360
Angle (deg)

0 180 360

40

0Fi
rin

g 
ra

te
 (S

p/
s)

3
6
9
15
12

Ec
ce

nt
ric

ity
 (d

va
)

20

40

Fi
el

d 
w

id
th

 (d
va

)

Eccentricity (dva)

0
3 6 9 12 15 3 6 9 12 15 3 6 9 12 15

Early Visual Late Visual Presaccadic



A
0

90

180

270

C

B

n=107 n=92 n=15

100

50

0

n=13

0

30

-30

Fi
rin

g 
ra

te
 (S

p/
s)

D 100

50

0

Early Visual Late Visual Presaccadic

166 total population

121 tuned
45 non-tuned

39 V 68 VM 14 M

Non
Suppressed

SuppressedAll

Pe
rc

en
ta

ge

Contra
Ipsi

All

MovementVisually selective



0 10 20 30 40
0

10

20

30

40

M
F 

si
ze

 (d
va

2 )

r=0.46*

RF size (dva2)
0 4 8 120

4

8

12

r=0.74*

Field shift (dva)

Fr
eq

ue
nc

y

Field shift (dva)

Si
ze

 d
iff

er
en

ce
 (d

va
2 )

4 8 12

-4

0

4

A

B

C

-20

0

20

r=0.41*r=0.24
8 16

Monkey FMonkey JL

0 4 8 12 16
0

5

10

15

0 4 8 12 16

Mean
Med

2.41
1.54

Mean
Med

3.67
2.15



n
0 4 8

C50

0 4 8
M

-10 0 10 20
Rmax

0 20 40 600

5

10

15

)s/pS( esnopse
R

Early visual epoch
Presaccadic epoch

% Contrast
403020100 403020100 403020100

M
Rmax
n
C50

R2

-1.29
20.81
4.51
4.06
0.84

M
Rmax
n
C50

R2

1.26
14.51
2.77
3.72
0.95

Visual Visuomovement Movement

A

B

10 30

Fr
eq

ue
nc

y

F
JL

20

10

0

30

40



3 5 10 20 350

100

200

300

% Contrast

La
te

nc
y 

(m
s)



Early visual Late visual Presaccadic

0 2 4 2 40 0 2 4

Early visual Late visual Presaccadic

0

-0.2

0.2

0 2 44 0 2 0 2 4
Spatial scale (mm) Spatial scale (mm)

B

C

M
or

an
’s

 I
Pr

ef
er

re
d

lo
ca

tio
n

PS

AS

Monkey JL

PS

AS

Monkey FA

D

V
CR



Early visual Late visual Presaccadic

PS

AS

0 2 4 0 2 4 0 2 4

Monkey JL

Early visual Late visual Presaccadic

PS

AS

0

0.2

-0.2 0 2 4 0 2 4 0 2 4

Monkey F

Spatial scale (mm) Spatial scale (mm)

Angle

A

B

C

Eccentricity

M
or

an
’s

 I
Pr

ef
er

re
d

an
gl

e
Pr

ef
er

re
d

ec
ce

nt
ric

ity

D

V
CR



*

Subject Rmax n C50 M

F

JL

(units)

19

14

18.0

20.8

2.9

3.1

5.7

3.9

-1.4

-1.8


	Article File
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9
	Figure 10
	Table 1

