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Abstract

The frontal eyefield (FEF) isacritical region for the deployment of overt and covert spatial
attention. While investigationsin the macague continue to provide insight into the neural
underpinnings of the FEF, due to its location within a sulcus the macaque FEF is virtually
inaccessible to e ectrophysiological techniques such as high-density and laminar recordings.
With alargely lissencephalic cortex, the common marmoset (Callithrix jacchus) isapromising
alternative primate model for studying FEF microcircuitry. Putative homologies have been
established with the macaque FEF on the basis of cytoarchitecture and connectivity, however
physiological investigation in awake, behaving marmosets is necessary to physiologically locate
thisarea. Here we addressed this gap using intracortical microstimulation in abroad range of
frontal cortical areasin marmosets. We implanted marmosets with 96-channel Utah arrays and
applied microstimulation trains while they freely viewed video clips. We evoked short-latency
fixed vector saccades at low currents (<50 pA) in areas 45, 8aV, 8C and 6DR. We observed a
topography of saccade direction and amplitude consistent with findings in macaques and
humans; we observed small saccades in ventrolateral FEF and large saccades combined with
contralateral neck and shoulder movements encoded in dorsomedial FEF. Our data provide
compelling evidence supporting homology between marmoset and macague FEF and suggest the
marmoset is auseful primate model for investigating FEF microcircuitry and its contributions to
oculomotor and cognitive functions.

Keywords

common marmoset; frontal cortex; frontal eye fields; saccade; microstimulation
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Significance Statement

The frontal eyefield (FEF) isacritical cortical region for overt and covert spatial attention. The
microcircuitry of this area remains poorly understood, as in the macaque, the most commonly
used model, it is embedded within a sulcus and is inaccessible to modern electrophysiol ogical
and optical imaging techniques. The common marmoset is a promising alternative primate
model duetoitslissencephalic cortex and potential for genetic manipulation. However,
evidence for homologous cortical areas in this model remains limited and unclear. Here we
applied microstimulation in frontal cortical areas in marmosets to physiologically identify the
FEF. Our results provide compelling evidence for afrontal eyefield in the marmoset, and

suggest that the marmoset is a useful model for FEF microcircuitry.


https://doi.org/10.1101/715359

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

bioRxiv preprint doi: https://doi.org/10.1101/715359; this version posted July 26, 2019. The copyright holder for this preprint (which was not

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

MICROSTIMULATION OF MARMOSET FRONTAL CORTEX 5

I ntroduction

Described originally by Ferrier (1875) as a cortical areain macague monkeys where
electrical stimulation elicited contralateral eye and head movements, the frontal eye fields (FEF)
in macagues and humans are now increasingly regarded as not only a motor area for saccades
and head movements, but also as a critical region for the deployment of overt and covert spatial
attention (Awh et al., 2006). Over the past 40 years, most of our knowledge regarding the neural
processes in the FEF has come from experiments in awake behaving macague monkeys. In these
Old-World primates, FEF is defined as an area within the rostral bank and fundus of the arcuate
sulcus from which electrical microstimulation evokes saccades at low currents (<50 HA) (Bruce
et a., 1985). Stimulation, recording, and pharmacological manipulation studies in trained
macagque monkeys have and continue to provide critical insightsinto the neural processesin FEF
that underlie saccade control and visual attention. However, the local FEF microcircuitry remains
poorly understood as, due to its location within a sulcus, macaque FEF is virtually inaccessible to
intralaminar recordings and manipulations.

The New-World common marmoset (Callithrix jacchus) is a promising alternative
primate model for studying FEF microcircuitry. These small primates have alargely
lissencephalic cortex and can be trained to perform saccadic eye movement tasks head-restrained
(Mitchell et al., 2014; Johnston et al., 2018, 2019). A first step towards such experimentsisthe
physiological identification of the FEF in marmosets. Existing evidence for the location of this
areain this species, however, remains limited and unclear. An early marmoset study by Mott
and colleagues (1910) reported that both eye and combined eye and head movements could be
evoked by electrical stimulation at several frontal cortical sites. Subsequently, Blum and

colleagues (1982) confirmed and extended these earlier results. They observed movements
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80 includingipsilateral and contralateral saccades, eye movementsin all directions, and slow

81  drifting movements. It seems that these eye movements were evoked in areas 6DC, 6DR, 8aD,

82  and 46 with no clear topography of direction or amplitude. Interpretation of these earlier studies

83 isdifficult, however, as the anesthetized preparations used most likely influenced the properties

84  of the eye movements evoked (Robinson and Fuchs, 1969).

85 More recently, anatomical evidence has suggested that marmoset FEF lies within areas

86 45and8aV (Reser et al., 2013). Both areas have widespread connections with extrastriate visual

87 areas, and areas labelled FEF and FV by Collins et a (2005), which may correspond to areas 45

88 and 8aV, contain clusters of neurons projecting to the SC, an area critical for the initiation of

89 saccadic and orienting movements. Area 8aV in marmosets also contains large layer V pyramidal

90 neurons, acytoarchitectonic characteristic of macaque FEF (Stanton et al., 1989). Consistent

91 withthisnotion, fMRI studiesin marmosets have reported BOLD activation in areas 45 and 8aV

92 inresponseto visual stimuli (Hung et al., 2015), though a resting-state fMRI functional

93  connectivity study found the strongest SC connectivity in area 8aD, at the border of area 6DR

94  (Ghahremani et a., 2017). The authors proposed that this region either corresponded to the

95 marmoset FEF or that it may encode large amplitude saccades, while area 8aV may encode small

96 amplitude saccades.

97 Here, we set out to physiologically identify the marmoset FEF using the classical

98  approach of intracortical eectrical microstimulation (ICMS). We applied microstimulation trains

99 viachronically implanted 96-channel electrode arrays placed to target a broad range of frontal
100 cortical areasin three awake marmosets. Our findings revealed a topography of contralateral
101  saccade amplitude in marmoset frontal cortex similar to that observed in macagques (Bruce et al.,

102  1985; Schall, 1997) and humans (Foerster, 1926), with small saccades being encoded in area 45
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103 and lateral parts of area8aV, and larger saccades combined with contralateral neck and shoulder

104  movements encoded in the medial posterior portion of area8aV, area 8C, and area 6DR.

105 Methods
106  Subjects
107 We obtained data from 3 adult common marmosets (Callithrix jacchus; M1 male, 17

108 months; M2 female 20 months, M3 male 23 months). All experimental procedures conducted
109 werein accordance with the Canadian Council of Animal Care policy on the care and use of

110 laboratory animals and a protocol approved by the Animal Care Committee of the University of
111  Western Ontario Council on Animal Care. The animals were under the close supervision of

112  university veterinarians.

113 Prior to the commencement of microstimulation experiments, each animal was

114  acclimated to restraint in a custom primate chair (Johnston et a., 2018). Animals then

115 underwent an aseptic surgical procedure under general anesthesiain which 96 channel Utah

116  arrays (4mm x 4mm; 1mm electrode length; 400um pitch; iridium oxide tips) were implanted in
117  left frontal cortex. During this surgery, amicrodrill was used to initially open 4mm burr holesin
118 the skull and were enlarged as necessary using arongeur. Arrays were manually inserted; wires
119  and connectors were fixed to the skull using dental adhesive (Bisco All-Bond, Bisco Dental

120  Products, Richmond, BC, Canada). Once implanted, the array site was covered with silicone
121  adhesiveto seal the burr hole (Kwik Sil, World Precision Instruments, Sarasota, FLA, USA). A
122  screw-hole was drilled into the skull on the opposite side to the location of the implanted array to
123  placethe ground screw. The ground wire of the array was then tightly wound around the base of

124 the screw to ensure good electrical connection. A combination recording chamber/head holder
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125 (Johnston et al., 2018) was placed around the array and connectors and fixed in place using

126  further layers of dental adhesive. Finally, aremovable protective cap was placed on the chamber.
127 Localizing thearray

128 To precisdly determine array locations, high-resolution T2-weighted structural magnetic
129  resonance images (MRI; obtained pre-surgery) were co-registered with computerized

130 tomography (CT) scans (obtained post-surgery). The MRI images provided each marmoset’s
131  brain geometry with reference to the location of the skull, while the CT images allowed for

132  localization of the skull and the array boundaries. By co-registering the skulls across the two
133  modalities, the precise array-to-brain location was determined for each animal.

134 Pre-surgical MRIs were acquired using an 9.4 T 31 cm horizontal bore magnet

135 (Varian/Agilent, Yarnton, UK) and Bruker BioSpec Avance Il console with the software

136  package Paravision-6 (Bruker BioSpin Corp, Billerica, MA) and a custom-built high

137  performance 15-cm-diameter gradient coil with 400-mT/m maximum gradient strength (XMR,
138 London, CAN; Peterson et al., 2018). A geometrically optimized 8-channel phased array receive
139  coil was designed in-house, for SNR improvement and to allow for acceleration of the echo

140  planar imaging of marmoset cohorts (Gilbert et al., 2019). Preamplifiers were located behind the
141 animal and the receive coil was placed inside a quadrature birdcage coil (12-cm inner diameter)
142  used for transmission. Prior to each imaging session, anesthesia was induced with ketamine

143  hydrochloride at 20 mg/kg. During scanning, marmosets were anesthetized with isoflurane and
144  maintained at alevel of 2% throughout the scan by means of inhalation. Oxygen flow rate was
145  kept between 1.75 and 2.25 |/min throughout the scan. Respiration, SpO2, and heart rate were
146  continuously monitored and were observed to be within the normal range throughout the scans.

147  Body temperature was also measured and recorded throughout, maintained using warm water
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148 circulating blankets, thermal insulation, and warmed air. All animals were head-fixed in

149  stereotactic position using a custom-built MRI bed with ear bars, eye bars, and a palate bar

150  housed within the anesthesia mask (Gilbert et al., 2019). All imaging was performed at the
151  Centrefor Functional and Metabolic Mapping at the University of Western Ontario. T2-weighted
152  structural scanswere acquired for each animal with the following parameters. TR = 5500 ms, TE
153 =53 ms, field of view = 51.2 x 51.2 mm, matrix size = 384 x 384, voxel size=0.133 x 0.133 x
154 0.5 mm, slices = 42, bandwidth = 50 kHz, GRAPPA acceleration factor: 2.

155 CT scans were obtained on amicro-CT scanner (eXplore Locus Ultra, GR Healthcare
156 Biosciences, London, ON) after array implantation. Prior to the scan, marmosets were

157  anesthetized with 15mg/kg Ketamine mixed with 0.025mg/kg Medetomidine. X-ray tube

158  potential of 120 kV and tube current of 20 mA were used for the scan, with the data acquired at
159  0.5°angular increment over 360°, resulting in 1000 views. The resulting CT images were then
160 reconstructed into 3D with isotropic voxel size of 0.154 mm. Heart rate and SpO2 were

161 monitored throughout the session. At the end of the scan, the injectable anesthetic was reversed
162 with an IM injection of 0.025mg/kg Ceptor.

163 Theraw MRI and CT images were converted to Nif Tl format using dcm2niix (Li et al.,
164 2016) and the MRIs were reoriented from the sphinx position using FSL software (Smith et al.,
165 2004). Then, using FSL (FSLeyes nudge function), each animal’s CT image was manually

166  aligned to their MRI image based on the skull location —this allowed for co-localization of the
167 array and brain surface. The array position from the CT image was determined by a hyper-

168 intensity concomitant with the metallic contacts contained within the array; this hyper-intensity
169  stood out against the lower intensities of the skull and surrounding tissues. A region of interest

170  (ROI) was manually drawn within the array location for each animal to be displayed on the NIH


https://doi.org/10.1101/715359

bioRxiv preprint doi: https://doi.org/10.1101/715359; this version posted July 26, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

MICROSTIMULATION OF MARMOSET FRONTAL CORTEX 10

171  marmoset brain atlas surface (Liu et a., 2018) for ease of viewing. The NIH marmoset brain
172  atlasisan ultra-high resolution ex vivo MRI image dataset that contains the locations of

173  cytoarchitectonic boundaries (Liu et a., 2018). As such, to determine the array location with
174  reference to the cytoarchitectonic boundaries, we non-linearly registered the NIH template brain
175 toeach marmoset’s T2-weighted image using Advanced Normalization Tools (ANTSs; Avants et
176  al., 2011) software. The resultant transformation matrices were then applied to the

177  cytoarchitectonic boundary image included with the NIH template brain atlas. The olfactory bulb
178  was manually removed from the marmoset T2-weighted image of each animal prior to

179 registration, asit was not included in the template image. As aresult of the transformations, the
180 template brain surface, the cytoarchitectonic boundaries, and the array location (ROl described
181 above) could be rendered on each animals’ individual native-space brain surface.

182 Data collection

183 Following recovery, we verified that electrode contacts were within the cortex by

184  monitoring extracellular neural activity using the Open Ephys acquisition board

185  (http://www.open-ephys.org) and digital headstages (Intan Technologies, Los Angeles, CA,

186 USA). Upon observing single or multiunit activity at multiple sitesin the array, we commenced
187  microstimulation experiments.

188 Animals were head restrained in a custom primate chair (Johnston et al., 2018) mounted
189 on atablein asound attenuating chamber (Crist Instruments Co., Hagerstown, MD, USA). A
190  spout was placed at the monkey’ s mouth to deliver a viscous preferred reward of acacia gum.
191 Thiswasddivered viainfuson pump (Model NE-510, New Era Pump Systems, Inc.,

192 Farmingdale, New York, USA). In each session, eye position was calibrated by rewarding 300

193 to 600ms fixations on a marmoset face presented at one of five locations on the display monitor
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194  using the CORTEX real-time operating system (NIMH, Bethesda, MD, USA). Faces were
195 presented at the display centre, at 6 degrees to the right and left of centre, and at 6 degrees
196 directly above and below centre. All stimuli were presented on a CRT monitor (ViewSonic
197  Optiquest Q115, 76 Hz non-interlaced, 1600 x 1280 resolution).

198 Monkeys freely viewed short repeating video clipsto sustain their aertness while we
199  applied manually triggered microstimulation trains. Monkeys were intermittently rewarded at
200 random timeintervals to maintain their interest. Microstimulation trains were delivered using
201  thelntan RHS2000 Stimulation/Recording Controller system and digital stimulation/recording
202  headstages (Intan Technologies, Los Angeles, CA, USA). Stimulation trains consisted of 0.2-
203  0.3msbiphasic current pulses delivered at 300 Hz for a duration of 100-400ms, at current

204  amplitudes varying between 5 and 300 pA. At sites where skeletomotor or saccadic responses
205 wereevoked, we carried out a current series to determine thresholds. The threshold was defined
206  asthe minimum current at which a given response was evoked on 50% of stimulation trials.
207  Skeletomotor responses were observed manually by researchers. Eye position was digitally
208 recorded at 1 kHz viavideo tracking of the left pupil (EyeLink 1000, SR Research, Ottawa, ON,
209 Canada).

210 Dataanalysis

211 Analysis was performed with custom python code. Eye velocity (visual deg/s) was
212  obtained by smoothing and numerical differentiation. Saccades were defined as horizontal or
213  vertical eye velocity exceeding 30 deg/s. Blinks were defined astheradial eye velocity

214  exceeding 1500 deg/s.

215 As we did not require marmosets to fixate during stimulation, saccades following

216  stimulation could be spontaneous. A bootstrap analysis was used to quantitatively determine if
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217  saccades were more probable following stimulation than at any other time during asession. Ina
218 singlesession, 60-80 trains were ddlivered at a single site holding stimulation parameters

219  constant over a 2-minute period. Stimulation onset times were shuffled (time points were

220  randomly sampled without replacement with millisecond resolution over the duration of the

221  session) and the probability of a saccade occurring in a 200ms window following the selected
222  timepoints was computed. This was repeated 1000 times for each session to obtain a distribution
223  of probabilities of saccade occurrence. The percentile rank of the probability of stimulation

224  evoking a saccade with respect to this distribution was computed; the 95th percentile marked the
225 5% significance criterion indicating a session where stimulation significantly increased the

226  probability of saccade occurrence.

227  Results

228 Evoked skeletomotor and oculomotor responses

229 Array locations were confirmed using CT scans obtained after the surgery, which were
230 co-registered with MR scans obtained before the surgery (see Fig. 1a). Microstimulation was
231  conducted at 288 sites across 3 marmosets. We observed a range of skeletomotor and

232  oculomotor responses across the frontal cortex (Fig. 1b, c).

233 At the most posterior sites, we observed primarily single joint movements with a gross
234  medio-lateral topography. We observed hindlimb movements (leg, foot, toes) most medially,
235 followed by forelimb (arm, hand, finger) and facial movements (eyelid, ear, nose, jaw) most
236 laterally - an organization characteristic of primary motor cortex (area4) (Burish et al., 2008;

237  Wakabayashi et al., 2018). Anterior to this, we observed overlapping representation of forelimb,
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238 facial, shoulder, and neck musculature with no obvious organization, similar to that observed in
239  the marmoset premotor cortex (area 6) (Burish et al., 2008; c.f. Wakabayashi et al., 2018).

240 We dlicited saccades at 61 sites across 3 marmosets (see Fig. 1¢). At 6 siteson the border
241  of area6DC and 6M, we observed goal directed saccades characteristic of the supplementary eye
242  fields (SEF), albeit at long latencies (70-110ms) and high currents (200 pA) (see Fig. 3a). At 3
243  sitesin area 46D and the anterior portion of area 8aD, we elicited saccades with no clear pattern
244  at long latencies (75-90ms) and high currents (300 pA) (see Fig. 3b). Saccades evoked from

245  these sites were mostly directed to the hemifield contralateral to the stimulated site, though some
246  saccades directed to the ipsilateral hemifield were observed.

247 We elicited fixed vector saccades at 52 sites across areas 6DR, 8C, 8aV and 45. Mean
248  saccade vectors are plotted in Fig. 1c. Representative saccade traces are plotted in Fig. 2. In

249  areas 6DR, 8C and the medial portion of 8aV, we observed larger saccades often coupled with
250  shoulder, neck, and ear movements with the most common response being a shoulder rotation
251  that resembled orienting towards contralateral side. In area 45 and the lateral portion of area 8aV,
252  we observed smaller saccades with no visible skeletomotor responses. Smooth eye movements
253 could bedicited at 5 sitesin areas 6DR and 8C.

254  Saccadethresnoldsand latencies

255 At sites where we observed fixed vector saccades, we conducted current series to

256  determine thresholds and characterize any current-related changes in saccade metrics. Current
257  seriesfrom five representative sites are shown in Fig. 4a-e. Thresholds were defined asthe

258  minimum current at which saccades could be evoked 50% of the time (see Fig. 4g). Thresholds

259  ranged from 12-300 pA. Saccades were evoked at low thresholds (<50 pA) at 35 of the 52 sites
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260 from which we were able to evoke fixed vector saccades (see Fig. 1d). Saccade metrics were
261 computed at the minimum current at which saccades could be evoked 75% of the time.

262 Each site had a stereotypical saccade latency, though we found no systematic variation in
263  saccade latency with respect to site coordinates nor any other saccade metrics. Saccade latencies
264  ranged from 25-85ms, with the magjority falling in the range between 40-60ms (see Fig. 4h).

265  Saccade latencies were generally longer and more variable near the current threshold for agiven
266 site. When using high currents well above threshold (200-300 pA), uniformly short saccade
267  latencies were observed (15-45ms).

268 Topography of evoked saccades

269 Evoked saccades were directed contralateral to the stimulated hemisphere and mostly
270  fixed vector (see Fig 1c, Fig 2, Fig 4a-€), exhibiting relatively consistent directions and

271  amplitudes independent of theinitial eye position. Although we did not systematically vary

272 initia eye positions, the fact that marmosets were allowed to freely direct their gaze across video
273  clipson the display monitor during experimental sessions ensured awide range of initial eye
274  positions at the time of microstimulation onset. Most initial eye positions fell within a 13 degree
275 range similar to observations el sewhere in marmosets (Mitchell et al., 2014) and other New

276  World monkeys (Heiney and Blazquez, 2011). 90% of initial eye positionsfell within the

277  following ranges for each marmoset: Marmoset 1: -13.6 to 12.4 abscissa, -10.7 to 11.4 ordinate;
278 Marmoset 2: -12.7 to 15.7 abscissa, -11.7 to 9.6 ordinate; Marmoset 3: -12.9 to 12.7 abscissa, -
279 18.5t014.3 ordinate. Amplitude decreased progressively from medial (large saccades; >20

280  visual degrees) to lateral (small saccades; <2 visual degrees) sites. Direction varied

281  systematically from upper visual field at posterior medial sitesto lower visual field at anterior

282 |aterd sites.
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283  Staircase saccades

284 At a subset of sites from which saccades were evoked, we additionally observed

285  staircases of multiple saccades. To investigate this further, we applied stimulation trains of

286 increasing duration at these sites and found that the number of saccades increased as a function
287  of train duration at the majority of these sites (12/15). A representative siteisdepicted in Fig. 5.
288  Staircases consisted of 2-5 consecutive saccades with consistent amplitudes and directions, in
289  many cases ultimately driving the eye to the extent of its oculomotor range. At agiven site,
290 consecutive saccades occurred at fixed intervals. The intersaccadic interval ranged from 70-120
291 msacross Stes and we observed no systematic variation in intersaccadic interval with respect to
292  dite coordinates nor any other saccade metrics.

293  Smooth eye movements

294 Posterior to where we evoked saccades, in areas 6DR and 8C (see Fig. 1c), we were able
295 to dicit smooth eye movements. These eye movements often followed a saccade and continued
296  until stimulation ended at which point, they stopped abruptly (see Fig. 6afor a representative
297  dite). Whilethe direction of these movements was consistent at a site, the velocity increased as a
298 function of stimulation current intensity, consistent with what is observed in the smooth pursuit
299  region of the FEF in macaques (see Fig. 6b for acurrent series at arepresentative site) (Gottlieb
300 etal., 1993).

301 Effectsof initial gaze position

302 While evoked saccades were mostly fixed vector, an effect of initial gaze position was
303 observed at some sites. At those sites, saccades tended to be of greater amplitudeif the gaze

304 position at the time of stimulus onset was within the hemifield ipsilateral to the stimulated
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305 hemisphere. Further, the probability of evoking a saccade was lower if theinitial eye position
306  waswithin the hemifield contralateral to the stimulated hemisphere.

307 We quantified the magnitude of the effect of initial eye position at each site by computing
308 thelinear regression of the differencein final eye position as afunction of the initial eye position
309 separatey for horizontal (Ky) and vertical (K,) components of evoked saccades at these sites

310 (Russo and Bruce, 1993). Correlation coefficients of O would be expected for sites at which the
311  saccade vector did not change with varying initial eye positions (i.e. strictly fixed-vector

312  saccades), whereas coefficients of -1 would be expected for sites at which evoked saccades

313 terminated at the same eye position irrespective of initial eye position (i.e. goal-directed

314 saccades). Anexample of thisisshown for representative sites from FEF (see Fig. 6a, b) and
315 SEF (seeFig. 6c).

316 Sitesin FEF were mostly fixed vector, however, as observed by Russo and Bruce (1993),
317 theeffect of initial eye position increases in magnitude with the mean amplitude of saccades

318 evoked at that site (see Fig. 6d). This corresponds with the eye position terminating at the edge
319 of theorbit for very large saccades. In contrast, in SEF sites, mostly convergent saccades were
320 observed with correlation coefficients close to -1 and saccades converging on locations well

321  within the oculomotor range of the animal.

322 Discussion

323 The common marmoset is a promising model for investigating the microcircuitry of the
324  FEF (Mitchell and Leopold, 2015). The location of the FEF in marmosets, however, remains
325 controversial. To address this, we systematically applied intracortical microstimulation (ICMS)

326  to marmoset frontal cortex through chronically implanted electrode arrays to investigate the
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327  oculomotor and skeletomotor responses evoked in thisregion (see Fig. 7 for a schematic

328 summary). We observed patterns of skeletomotor responses consistent with previous ICMS

329 investigations of marmoset motor and premotor cortex (Burish et al., 2008; Wakabayashi et al.,
330 2018). Anterior to these motor areas, we observed a suite of oculomotor responses across

331 frontal cortex which we propose correspond to three cortical eyefields. ICMSin area45 andin
332 thelateral part of area 8aD evoked small contraversive saccades at very low currents, cons stent
333  with the properties of the ventrolateral FEF (VFEF) in macaques (Bruce et al. 1985). In areas
334 6DR, 6DC, 8C, and medial 8aV, ICMS evoked larger saccades that were often associated with
335  shoulder, neck and ear movements. Thisis consistent with ICM S experiments in dorsomedial
336 macague FEF (dFEF) (Eldley et al., 2007; Cornelil et al., 2010). We also observed goal-oriented
337  saccades characteristic of the supplementary eye field (SEF) at dorsomedial sites. In prefrontal
338 areas46 and anterior 8aD, ICM S dlicited saccades with no consistent organization of direction or
339 amplitude. These findings are consstent with the organization of FEF and SEF in macaques
340 (Robinson and Fuchs, 1969; Bruce et al., 1985; Schlag and Schlag-Rey, 1987; Gottlieb et al.,
341  1993; Russo and Bruce, 1993; Knight and Fuchs, 2007).

342 A characteristic feature of the FEF observed in macaque ICM S experimentsis the ability
343  toevoke short latency fixed vector saccades at low currents. While the threshold to evoke

344  saccades can be ashigh as2 mA in frontal cortex (Robinson and Fuchs, 1969), FEF is defined in
345  macague asthe restricted region in which thresholds are below 50 pA (Bruce et al., 1985). Here,
346  we observed alarge number of siteswith thresholds below 50 A, with alower bound of 12 pA,
347  similar to the 10 pA observed in macague (Bruce et a., 1985). Thisis despite the limitations of
348 fixed-length chronic electrode arrays which did not allow us optimally target layer V output

349 neuronsand in contrast to previous reports of higher thresholds in marmoset motor cortex
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350 compared to macagues (Burish et al., 2008). However, saccade latencies were slightly longer
351 than those observed in macaques. We found arange of 25-85ms as compared to 20-60ms

352  observed by Bruce and colleagues (1985) at near threshold currents, and 15-45ms as compared to
353  15-25ms by Robinson and Fuchs (1969) at higher currents. It has been proposed that longer

354 latency saccades are evoked through an indirect route (e.g., superior colliculus), whereas shorter
355 latency saccades are evoked by recruiting neurons that project directly to the brain stem (Bruce
356 etad., 1985). Investigations employing single unit recordings in the marmoset FEF and studies
357 investigating the connectivity of marmoset FEF and brain stem oculomotor nuclel should provide
358 insght into these differences.

359 In macagque FEF, saccades evoked by ICMS are fixed-vector with little variability in

360 amplitude and direction (Robinson and Fuchs, 1969; Bruce et al., 1985). While saccades evoked
361 herewere predominantly fixed vector, some effects of initial gaze position were observed in

362  which saccades were larger when the initial gaze position was in the hemifield ipsilateral to the
363 siteof stimulation. Similar observations have been made in macague FEF (Robinson and Fuchs,
364 1969; Russo and Bruce, 1993) in which the magnitude of this effect is greater for larger

365 saccades. However, this effect is greater here than previously observed with macaques. This may
366 bearesult of the eye being driven to the edge of the oculomotor range. In marmosets, thisis
367 limited to approximately 12 degrees as compared to 30 degrees in the macaque (Tomlinson and
368 Bahra, 1986; Heiney and Blazquez, 2011; Mitchell et al., 2014). Head-restraint also prevents
369 marmosets from using head movements to shift gaze, which they depend on to a greater extent
370 than larger primates (Mitchell et al., 2014). Investigationsin head unrestrained marmosets

371  would clarify these differences.

372 Previous studies of macaque FEF have reveal ed a topographic representation of saccade
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373 amplitude and direction. Bruce and colleagues (1985) demonstrated a medio-lateral gradient in
374  which large saccades were evoked medially and small saccades laterally. We observed asimilar
375 organization of saccade amplitude in marmosets, with small saccades being dlicited in areas 45
376 and lateral area8aV (VFEF) and larger saccades being evoked in areas 6DR, 6C, 8C, and medial
377  8aV (dFEF). Bruce and colleagues (1985) observed systematic changes in saccade direction with
378 small advances along the depth of the arcuate sulcus in macaques, though they often encountered
379  disruptions and reversals of direction. We observed arostro-caudal organization of saccade
380 direction in marmosets in which direction gradually changed from lower to upper visual field,
381 though there were occasional direction reversals. Assuming that frontal cortex in marmoset is
382  roughly aflattened version of that in macague, the rostro-caudal axis would correspond roughly
383 totraversing the depth of the arcuate sulcus from lip to fundusin macaques. We additionally
384  observed a more continuous medio-lateral organization of saccade direction, such that the upper
385 visual field was represented medially. This organization would be difficult to observe in the
386 macagque FEF due to its more complex morphology.

387 At more posterior-medial sites where larger saccades are represented (dFEF), we

388  observed skeletomotor responses resembling an orienting response while we only observed

389  oculomotor responses at the more anterior-lateral sites. Thisisin line with what Knight and

390 Fuchs (2007) found in awake head-unrestrained macaques. Indeed, Foerster (1926) already

391 reported two saccade-related fields in humans: (1) FEF where epileptic seizures evoked

392 contralateral saccades and (2) amore posterior field that he termed frontal adversive field

393 (frontales Adversivsfeld) where seizures were associated with contralateral saccades and head
394  movements.

395 At posterior medial sites, at the border of area 6D and 6M, we observed goal-directed
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396  saccades characteristic of SEF (Schlag and Schlag-Rey, 1987). Contrary to observations at more
397 anterior lateral sites, convergence of saccades could not be explained by physical limitation of
398 theorhit. We observed saccades converging at locations well within the animal’ s oculomotor
399 range and, albeit infrequently, saccades directed to the hemifield ipsilateral to the stimulated

400 hemisphere. Thesefindings are similar to observations in the macaque by Schlag and Schlag-
401 Rey (1987). However, we observed that saccade latencies were much longer at these sites (70-
402  110ms) than those observed by Schlag and Schlag-Rey (1987) (40-60ms). Further, they

403  observed low current thresholds, at many sites less than 20 pA, whereas we observed few

404  saccadesat currents as high as 200 pA. Taken together, these findings suggest the observed

405  responses may be evoked dueto current spread to dorsomedial regions not covered by our arrays.
406  We propose that area 6M may contain the putative marmoset SEF. Further investigation

407  employing ICMS and single unit el ectrophysiology in marmoset dorsomedial frontal cortex is
408  required to fully investigate this putative homology.

409 We were also able to dicit saccades at rostral sitesin area 46 and in anterior area 8aD.
410 At these sites, saccades were evoked at high currents and long latencies, and did not exhibit any
411  clear organization of direction or amplitude. As with our observations in other areas of marmoset
412  frontal cortex, thisfinding is consonant with previous work in macague (Robinson and Fuchs,
413  1969). Further investigation in the frontal pole of the marmoset brain is required to characterize
414  thisregion.

415 Altogether, our data demonstrate a similar functional organization of the FEF in

416  marmosets and macaques and provide a combined physiological characterization and anatomical
417  localization that opens avenues for future exploration of FEF microcircuitry in marmosets.

418 Electrophysiological studiesin marmosets have the potential to complement ongoing work in the
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419 macague model and human participants by advancing our understanding of laminar processes
420  and their contributions to the oculomotor and cognitive functions of this area.

421
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503 Figurecaptions

504
505 Fig 1. Evoked motor responses. (A) Array locations in each marmoset reconstructed using MR

506 and CT images (see Localizing the array). (B) Pattern of evoked skeletomotor responses in each

507 marmoset. (C) Pattern of evoked oculomotor responses in each marmoset. At sites where fixed
508 vector saccades were observed, mean saccade vector is plotted. Mean saccade vectors were

509 computed at the minimum current where saccades are evoked at least 75% of the time. Inset

510 showssmall saccade vectors at 2x scale for Marmoset 3. (D) Thresholds for saccades at sites
511 where saccades were evoked at currents <= 300uA.

512

513 Fig 2. Saccades evoked in FEF sites. Representative traces for fixed vector saccadesin (A)
514 Marmoset 2 (A), Marmoset 1 (B) and Marmoset 3 (C, D).

515

516 Fig 3. Saccades evoked in non-FEF sites. Representative traces for goal-directed saccades from
517 dorsomedial sitesin Marmoset 1 (A) and saccades from rostral sitesin Marmoset 2 (B). Open
518 circlesindicate eye position at saccade onset.

519

520 Fig4. Current seriesat representative saccade sites. Current series at a representative small
521 (A-C) and large (D-E) saccade sites. Grey barsindicate stimulation train duration. Location of
522  array sitesfor seriesin (A-E) show in (F). (G) Effect of current on proportion of saccades

523 evoked at all FEF sitesin Marmoset 3. (H) Effect of current on saccade latency at low threshold
524 (<50 pA) sitesin Marmoset 3.

525
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526 Fig5. Current seriesat a representative site with stair case saccades. Arrows indicate median
527  saccade onset latency. Grey bars indicate stimulation train duration.

528

529 Fig 6. Evoked smooth eye movements. (A) Smooth eye movement site at 200 pA from

530 Marmoset 1. (B) Current series from a smooth eye movement sitein Marmoset 3. Grey bars
531 indicate stimulation train duration.

532

533 Fig 7. Effect of initial eye position. Saccade traces (above) and effect of initial position on
534 deta(below) for representative sites from vFEF (A), dFEF (B) and SEF (C). Open circles

535 indicate eye position at saccade onset. (C) Across al sites, the relationship between K, and Ky,
536  values (correlation coefficients from effect of initial eye position analysis) and amplitude. More
537 negative valuesindicate agreater effect of initial eye position.

538

539 Fig 8. Schematic representation of cortical eyefieldsin marmoset frontal cortex.
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