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Abstract 40 
 41 
Layer 6 appears to perform a very important role in the function of macaque 42 

primary visual cortex, V1, but not enough is understood about the functional 43 

characteristics of neurons in the layer 6 population.  It is unclear to what extent the 44 

population is homogeneous with respect to their visual properties or if one can 45 

identify distinct sub-populations.  Here we performed a cluster analysis based on 46 

measurements of the responses of single neurons in layer 6 of primary visual cortex 47 

in male macaque monkeys (Macaca fascicularis) to achromatic grating stimuli that 48 

varied in orientation, direction of motion, spatial and temporal frequency, and 49 

contrast. The visual stimuli were presented in a stimulus window that was also 50 

varied in size. Using the responses to parametric variation in these stimulus 51 

variables we extracted a number of tuning response measures and used them in the 52 

cluster analysis.  Six main clusters emerged along with some smaller clusters. 53 

Additionally we asked whether parameter distributions from each of the clusters 54 

were statistically different. There were clear separations of parameters between 55 

some of the clusters, particularly for f1/f0 ratio, direction selectivity, and temporal 56 

frequency bandwidth but other dimensions also showed differences between 57 

clusters. Our data suggest that in layer 6 there are multiple parallel circuits that 58 

provide information about different aspects of the visual stimulus.    59 

 60 

61 
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Statement of Significance: 62 

 63 

The cortex is multilayered and is involved in many high level computations. In the 64 

current study we have asked whether there are subpopulations of neurons – 65 

clusters – in layer 6 of cortex with different functional tuning properties that 66 

provide information about different aspects of the visual image. We identified six 67 

major functional clusters within layer 6. These findings show that there is much 68 

more complexity to the circuits in cortex than previously demonstrated and open up 69 

a new avenue for experimental investigation within layers of other cortical areas 70 

and for the elaboration of models of circuit function that incorporate many parallel 71 

pathways with different functional roles.   72 

  73 
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Introduction 74 

 75 

The study was motivated by the growing realization that layer 6 has multiple 76 

functional roles in the visual function of macaque primary visual cortex, V1. Layer 6 77 

provides major output from V1 to extrastriate (Fries et al, 1985) and subcortical 78 

targets (Fitzpatrick et al, 1994) that have different functional characteristics. Layer 79 

6 also has multiple distinct intracortical recurrent pathways and provides long 80 

range connections within the infragranular layers of V1. Layer 6 feedback afferents 81 

(McGuire et al, 1984; Wiser & Callaway, 1996) provide a considerable fraction of the 82 

excitatory synapses in V1 layer 4C. Furthermore, such layer 6 feedback to layer 4C is 83 

provided by distinct subpopulations (Wiser and Callaway, 1996) and appears to be 84 

of considerable importance in the generation of the dynamical responses within 85 

layer 4C (Chariker et al, 2016; 2018).   86 

 87 

The goal of the current study was to examine layer 6 neuron responses along 88 

multiple stimulus dimensions to seek functional clusters of layer 6 neurons by 89 

means of hierarchical clustering analysis. As shown in Results, distinct functional 90 

clusters emerged in the analysis. After presenting the functional clusters, we discuss 91 

their possible functional roles and the relation of functional clusters to classes of 92 

layer 6 neurons with different anatomical circuit motifs (Wiser and Callaway, 1996; 93 

Briggs and Callaway, 2001). 94 

 95 

Although layer 6 in the primate has a number of distinct morphological neuronal 96 
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populations (Callaway, 1998; Briggs et al, 2016), there have been few 97 

comprehensive studies of the visual physiology of layer 6 neurons in primate. 98 

However, there are indications of functional subpopulations in the anatomical data. 99 

Most layer 6 excitatory neurons have intracortical axonal projections (Lund and 100 

Boothe, 1975; Fitzpatrick et al, 1985; Wiser and Callaway, 1996) and some of those 101 

intracortically projecting neurons have M- or P-pathway-specific axonal projections 102 

– targeting either layer 4c  or 4c  and 4a. There are other layer 6 sub-populations 103 

that project specifically to extrastriate areas including MT (Lund et al, 1975; Fries et 104 

al, 1985; Nhan and Callaway, 2012). Furthermore, the population of neurons that 105 

provide feedback to the LGN (Hendrickson et al, 1978) – about 15% of the neurons 106 

in layer 6 (Fitzpatrick et al, 1994) – could be divided into three distinct clusters 107 

based on their conduction latency, their maximum response rate, and whether they 108 

were simple or complex cells (Briggs and Usrey, 2007).  Other earlier findings also 109 

indicate the possibility of functional sub-groups within the layer 6 population: 1) 110 

layer 6 neurons are more likely to be direction-selective than the overall V1 111 

population (Livingstone and Hubel, 1984; Orban et al., 1986; Hawken et al, 1988), 2) 112 

they show weak extra-classical receptive field suppression (Gilbert, 1977; Schiller et 113 

al, 1976a; Sceniak et al, 2001; Henry et al, 2013), 3) there are distinct populations of 114 

layer 6 simple and complex cells (Schiller et al, 1976a; Ringach et al, 2002) and 4) 115 

there is a range of contrast sensitivity functions in the layer 6 population indicative 116 

of M and P cell pathway dominance (Hawken et al, 1996; Briggs & Usrey, 2009). 117 

 118 

In Results, we report that six main functional clusters emerged in the analysis of 119 
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functional properties of the layer 6 population. The cluster analysis employed seven 120 

tuning and response measures: 1) orientation bandwidth (obw), 2) direction 121 

selectivity (dI), 3) spatial frequency bandwidth (sfbw), 4) temporal frequency 122 

bandwidth (tfbw), 5) contrast threshold (cTh), 6) the contrast where the response 123 

reached 50% of the maximum (c50), and 7) modulation index (f1/f0 ratio). The 124 

results imply that V1 cortex has very distinct functional classes of neurons within 125 

layer 6, a result that indicates there are multiple parallel circuits within a single 126 

cortical hypercolumn, each of which provides information about different features 127 

of the visual stimulus. The relative depth of clusters within layer 6 showed that one 128 

cluster was located near the top of the layer while others were distributed 129 

throughout the layer.    130 

131 
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Methods: 132 

Preparation 133 

Adult male old-world monkeys (M. fascicularis) were used in acute experiments. The 134 

animal preparation and recording were performed as described in detail previously 135 

(Hawken et al. 1996; Ringach et al. 2002; Xing et al. 2005; Henry and Hawken, 2013).  136 

Anesthesia was initially induced using ketamine (5-20 mg/kg, i.m.) and was 137 

maintained with isofluorane (1-3%) during venous cannulation and intubation.  For 138 

the remainder of the surgery and recording, anesthesia maintained with sufentanil 139 

citrate (6-18 μg/kg/h, i.v.).  After surgery was completed, muscle paralysis was 140 

induced and maintained with vecuronium bromide (Norcuron, 0.1 mg/kg/h, i.v.) 141 

and anesthetic state was assessed by continuously monitoring the animals’ heart 142 

rate, EKG, blood pressure, expired CO2, and EEG.  143 

 144 

After the completion of each electrode penetration, 3–5 small electrolytic lesions (3 145 

A for 3 s) were made at separate locations along the electrode track. At the end of 146 

the experiments, the animals were deeply anesthetized with sodium pentobarbital 147 

(60 mg/kg, i.v.) and transcardially exsanguinated with heparinized lactated Ringer’s 148 

solution, followed by 4 L of chilled fresh 4% paraformaldehyde in 0.1 M phosphate 149 

buffer, pH 7.4. The electrolytic lesions were located in the fixed tissue and electrode 150 

tracks were reconstructed to assign the recorded neurons to cortical layers as 151 

described previously (Hawken et al., 1988). The borders of layer 6 were defined 152 

from combined Nissl and cytochrome oxidase reacted tissue sections. An example of 153 

the Nissl and CO boundaries can be seen in Garcia-Marin et al, (2013) (their Fig 3 E 154 
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and G). 155 

 156 

The data from the current study were obtained during the course of the basic 157 

characterization of neuronal receptive field properties that is standard for many 158 

experiments that we have conducted over the past years where neurons were 159 

recorded in all layers of cortex. Some of the data from the current data set have been 160 

published in prior studies, but none have included all of the stimulus dimensions for 161 

each neuron that is central to the current study.  In 49 animals, more than 700 162 

neurons were recorded in oblique penetrations. A full data set was obtained for 116 163 

neurons localized to layer 6. 164 

 165 

All experimental procedures were approved by the New York University Animal 166 

Welfare Committee and were conducted in compliance with guidelines in National 167 

Institutes of Health's Guide for the Care and Use of Laboratory Animals. 168 

 169 

Characterization of visual properties of V1 neurons 170 

We recorded extracellularly from single units in V1 using glass-coated tungsten 171 

microelectrodes. Action potentials were discriminated and recorded as described in 172 

Henry and Hawken (2013). Each single neuron was stimulated monocularly through 173 

the dominant eye (with the non-dominant eye occluded). The steady-state response 174 

to drifting gratings was determined to provide characterization of visual response 175 

properties. For all neurons included in this study measurements of orientation 176 

tuning, spatial and temporal frequency tuning, contrast response with achromatic 177 
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gratings, and area summation curves were obtained. Receptive fields were located 178 

at eccentricities between 1 and 6 deg.  Stimuli were presented using custom 179 

software on either a Sony Trinitron GDM-F520 CRT monitor (mean luminance 90-180 

100 cd/m2) or an Iiyama HM204DT-A CRT monitor (mean luminance 60 cd/m2).  181 

The monitors’ luminance was calibrated using a spectroradiometer (Photo Research 182 

PR-650) and linearized via a lookup table using custom software.  Stimuli were 183 

displayed at a screen resolution of 1024x768 pixels, a refresh rate of 100 Hz, and a 184 

viewing distance of 115 cm. 185 

 186 

For all tuning measurements the responses were recorded to drifting sinusoidal 187 

gratings. In the current study we used the f0 response for neurons with f1/f0 ratios 188 

< 1 and the f1 response for neurons with f1/f0 ratios > 1. All fitting was done using 189 

the Matlab function fmincon (Matlab) where the least-squared error was used to 190 

minimize the objective function.  191 

 192 

Orientation tuning and direction selectivity The responses of each neuron were 193 

recorded to different orientations between 0 – 360 deg., either in 20 or 15 deg steps. 194 

The stimuli were achromatic gratings at the preferred spatial frequency and 195 

temporal frequency, at a contrast of 64% or greater. All stimuli were presented in a 196 

circular window confined to the classical receptive field (CRF). The measure of 197 

orientation selectivity that we used in this study was the bandwidth, which is the 198 

width of the smoothed response tuning using the width at 1/sqrt(2) (Schiller et al, 199 

1976a; Ringach et al, 2002). Apart from the use of F0 responses for neurons with 200 
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F1/F0 ratios < 1 and the F1 response for neurons with F1/F0 ratios > 1, details are 201 

the same as those given in a previous study (Ringach et al, 2002). Direction 202 

selectivity (DI – direction index) was determined from the orientation tuning as the 203 

response to the preferred orientation and drift-direction minus the response to the 204 

preferred orientation and opposite drift-direction divided by the sum of these two 205 

responses.  206 

 207 

Spatial frequency tuning Each neuron was presented with a range of spatial 208 

frequencies, usually in ½ octave steps from below 1 c/deg to around 10 c/deg. For 209 

some neurons the upper limit was extended if the neurons had responses to higher 210 

spatial frequencies. For almost all neurons that were orientation selective we 211 

measured spatial frequency tuning at the preferred orientation and drift-direction 212 

as well as at the non-preferred drift direction (Figs. 1-3 B, G, L, Q, see pairs of filled 213 

and unfilled circles). Each set of tuning responses was fit with a difference of offset 214 

difference of Gaussians (d-DOG-s; Hawken and Parker, 1987; Parker and Hawken, 215 

1988) that provides a smooth fit to the data. We obtained the peak spatial frequency 216 

and the spatial frequency bandwidth (Tolhurst and Thompson, 1981; width/peak) 217 

from the fitted functions. For neurons where the response at low spatial frequency 218 

(0.1 c/deg) in the fitted function did not go below ½ the peak we called those cells 219 

low-pass (lp) in the figures but gave them bandwidth values of 6 in the cluster 220 

analysis (see Cluster Analysis Method).    221 

  222 
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Contrast response The response as a function of contrast was determined for 223 

contrasts ranging from 2% to 100% in half octave steps (Figs. 1-3 C, H, M, R). A 224 

blank condition (screen of mean grey luminance) of the same duration as the 225 

stimulus presentation was shown at the beginning of each sequence and interleaved 226 

between each contrast presentation. The contrasts were shown in ascending order 227 

to avoid adaptation and to minimize hysteresis (Bonds 1991). Each grating 228 

presentation lasted for a minimum of 4 temporal cycles, often more, and was at least 229 

one second in duration. Each dataset was fit with a modified Naka-Rushton function 230 

(Peirce, 2007) that captured the decrement in response (supersaturation) observed 231 

in the contrast response data of some V1 neurons. Two parameters from the fitted 232 

contrast response were obtained for each neuron: the contrast threshold, and the 233 

contrast (c50) at which the response reached 50% of the maximum rate. Note that 234 

the c50 was determined from the fitted curve, it was not the parameter in the 235 

modified Naka-Rushton – the so-called c50 parameter in the equation. The contrast 236 

threshold (cTh) was defined as the contrast where the fitted function just exceeded 237 

a threshold criterion, the measured spontaneous rate plus two standard deviations 238 

of the spontaneous rate. The threshold criterion is drawn as a horizontal dashed line 239 

in each example (Figs 1-3, C, H, M, R). The point where the criterion intersects the 240 

fitted function is the contrast threshold that was used in the current study. The 241 

vertical dashed line in each graph marks the threshold. The right-most short 242 

horizontal arrow in each plot is the maximum response of the fitted function. c50 is 243 

the point where response reached half the difference between the spontaneous rate 244 

and the maximum rate, and it is indicated by the short vertical arrow.  245 
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 246 

Temporal frequency tuning Each neuron was presented with a range of temporal 247 

frequencies, usually in 1 octave steps from 0.5 Hz to 32 Hz. Measurements were 248 

made for drifting gratings at the optimal orientation and in the preferred and non-249 

preferred direction shown by the pairs of symbols in Figs 1-3 ((Figs. 1-3 D, I, N, S; 250 

see pairs of filled and unfilled circles). Each set of responses was fit with a difference 251 

of exponentials function (Hawken et al, 1996), and from the fitted function to the 252 

preferred drift direction we obtained the temporal frequency at the maximum 253 

response amplitude, the peak TF. In addition we obtained the TF bandwidth from 254 

the preferred direction fitted function, defined as the width of the tuning function 255 

when the response was 50% of the maximum. Neurons where the response at low 256 

temporal frequency (0.1 Hz) in the fitted function did not go below ½ the peak were 257 

called low-pass (lp) in the figures but were given bandwidth values of 6 in the 258 

cluster analysis (see Cluster Analysis Methods).  259 

 260 

Area summation The response was measured as a function of stimulus area for a 261 

circular patch of grating of optimal spatial frequency, temporal frequency, 262 

orientation and direction of drift at a contrast of about 90% of the contrast that 263 

produced the maximum response (Fig. 1B). Initially the center of the CRF was 264 

estimated by moving an optimal drifting grating with a small aperture (usually 0.1 265 

to 0.2 degrees in radius) until the experimenter judged that the position of 266 

maximum discharge rate had been reached. The patches of grating were centered on 267 

the x-y coordinates of the CRF center. A range of sizes from 0.05 or 0.1 degree up to 268 
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4 or 5 degrees radius (for a small number of cells tested the maximum radius was > 269 

5 degrees (n = 4) or 2-3 degrees (n=9)) was shown in half octave steps. Stimuli were 270 

shown in pseudorandom order for each repeat of the sequence. The number of 271 

repeats was at least three. A blank stimulus of a mean grey screen of the same 272 

duration as the stimulus was shown between each repeat. The responses were fit 273 

with a difference of Gaussians model (Sceniak et al, 1999; 2001) and the best fitting 274 

functions are shown as the smooth blue curves in Figs. 1 – 3 ( E, J, O, T). A measure 275 

of area suppression (SI – suppression index) was obtained from the area tuning as 276 

described in Sceniak et al (2001). The optimal summation radius was determined as 277 

the peak of the fitted function. The maximum radius used for the fit was the largest 278 

radius tested.  279 

 280 

Peak and spontaneous firing rate The peak firing rate was obtained from each tuning 281 

curve. For example in the orientation domain the peak rate was the orientation and 282 

drift rate that evoked the maximum response. For neurons with f1/f0 < 1 (complex 283 

cells) the rate was calculated as the average rate across the full duration of the 284 

stimulus presentation (f0) while for neurons with f1/f0 >= 1 the rate was the 285 

amplitude of the first harmonic response (f1). The spontaneous rate for all neurons 286 

was the mean rate during the blank (mean grey screen) intervals that were the same 287 

duration as the stimulus intervals and that were interleaved with the stimulus 288 

presentation.    289 

 290 

Cluster analysis method  291 
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The set of tuning and response measures used were those that identify some of the 292 

principal emergent properties of cortical neurons – simple/complex, orientation 293 

and direction selectivity and enhanced selectivity for spatial and temporal 294 

frequency – along with contrast measures that can distinguish P and M cell 295 

pathways. 296 

Seven response measures and tuning parameters obtained from orientation tuning, 297 

spatial and temporal frequency tuning, and contrast-response measurements were 298 

used as the input parameters to the cluster analysis. The parameters used for 299 

clustering were f1/f0 ratio, orientation bandwidth, direction index, spatial 300 

frequency bandwidth, temporal frequency bandwidth, contrast threshold and c50 301 

contrast. Each value was converted to a z-score for the corresponding distribution. 302 

For the three bandwidth measures, if the neuron’s tuning was unoriented (in that 303 

the response did not drop below 50% of the maximum response) or low pass in 304 

spatial or temporal frequency we used values of 120 degrees (orientation 305 

bandwidth), and 6 octaves (spatial frequency and temporal frequency bandwidth) 306 

as the values for calculating the z-scores. These values are likely to be lower than 307 

the real bandwidths of effectively lowpass neurons and thus are conservative values. 308 

Nonetheless they allowed us to include the lowpass or unoriented tuning functions 309 

in the clustering determination. These values are shown as lowpass (lp) in the 310 

tuning distributions.  311 

 312 

The z-scores were input to the Matlab functions pdist and linkage. In linkage, the 313 

standard Euclidean distance metric and the unweighted average distance were used 314 
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in the linkage-clustering algorithm. The output of linkage was used to obtain the 315 

hierarchical clusters. With a large set of tuning and response measures, finding the 316 

unique optimal number of clusters is not guaranteed. The silhouette function 317 

(Matlab) was applied to the output of the linkage routine to estimate the number of 318 

clusters. The silhouette value is determined for each point to measure the distance 319 

of that point from its assigned cluster compared to points in other clusters.  The 320 

value ranges from – 1 to 1 where a value close to 1 means the assignment is 321 

appropriate. The accumulated sum of silhouette values increases if adding 322 

additional clusters provides improved clustering until adding more doesn't make 323 

much difference i.e. most of the additional points are ~0 and therefore the 324 

accumulated value plateaus - the first plateau can be used as an approximate guide 325 

as to the maximum number of clusters to specify in the functions pdist and linkage. 326 

In the layer 6 dataset the plateau was reached with 22 clusters. Six of the clusters 327 

contained the majority of the population (N = 85/116, 73%), and appeared to divide 328 

the population into distinct clusters.  329 

 330 

Experimental design and statistical analysis 331 
 332 

One hundred and sixteen neurons were analyzed for clustering. The results are 333 

shown in tables 1 – 9. The values for each parameter are given as mean ± 1SD in the 334 

text and tables. The n for each of the clusters is given in the text. The p values were 335 

all determined using a multiple comparison of the output of a one-way ANOVA using 336 

the Bonferroni method to provide the adjustment to compensate for multiple 337 

comparisons.  All values in each table shown as bold reached significance level < 338 
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0.05. Values above the diagonal in each table are 1 – log(p) indicating the full range 339 

of significance values. 340 
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Results 341 

 342 

We applied cluster analysis to a population of 116 neurons that we assigned to layer 343 

6. The methods of layer assignment were described previously (Hawken et al, 1988; 344 

Ringach et al, 2002). As described in Methods, in the cluster analysis we used seven 345 

tuning parameters: f1/f0 ratio, orientation bandwidth, directional index, spatial 346 

frequency bandwidth, temporal frequency bandwidth, contrast threshold, C50 347 

contrast. The clustering returned four clusters (C1 – C4) that each had ten percent 348 

or more of the neurons and together accounted for 59% of the population. Two 349 

smaller clusters (C5 and C6) had 8% and 7% of the neurons. It is particularly 350 

informative that there were other visual response properties, which were not used 351 

as data in the clustering analysis, but were distributed according to the clustering 352 

we obtained.  Those data will be presented after first examining the tuning curves of 353 

clustered neurons on the dimensions used for clustering. 354 

 355 

Single cell examples 356 

Tuning examples in clusters First, we show the distinctive tuning within each of 357 

the clusters by presenting examples of the tuning curves of neurons in the six major 358 

clusters in the dimensions of stimuli used in the clustering analysis and compare 359 

tuning curves between neurons in the major clusters. Also, we present a few 360 

examples of tuning curves of neurons from the smaller clusters. 361 

  362 
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The first main cluster (C1: n = 15/116, 13%) was comprised of highly responsive 363 

and highly sensitive, direction-selective complex cells (two examples in Figure 1A-E, 364 

and F-J). One distinguishing parameter in the cluster analysis was the f1/f0 ratio. 365 

The f1/f0 ratios of the two example neurons from the first main cluster were 0.17 366 

and 0.07, both in the lower quartile of ratios of complex cells. Another major 367 

distinguishing feature of the tuning of the first cluster was that all neurons were 368 

strongly direction-selective (Fig. 1A, F). Neurons in the first cluster often showed 369 

strong suppression (below the spontaneous baseline shown by the horizontal 370 

dotted line) in the non-preferred direction for a grating of the optimal orientation 371 

(e.g. Fig. 1F). Many of the neurons in C1 also had relatively low contrast thresholds 372 

and saturating contrast response functions (Fig. 1C, H). In the temporal frequency 373 

domain, most of the neurons in C1 were strongly band-pass in temporal frequency 374 

tuning as exemplified in the two example neurons (Fig. 1D, I). In the experiment 375 

where the radius of the stimulus window was changed, some neurons in C1 showed 376 

a modest attenuation of their response at the largest window sizes (Fig. 1E,J), 377 

although no parameter from this experiment was used in the cluster analysis.  378 

 379 

The neurons in the second major cluster (C2: n = 20/116, 17%) also had low f1/f0 380 

ratios (0.19, 0.24 for the two examples shown in the third and fourth rows of Fig 1). 381 

The neurons in C2 were orientation-selective but not direction-selective (Fig. 1K, P), 382 

unlike those in C1. There were some neurons in C2 that were low-pass in temporal 383 

frequency (Fig. 1N) and others that were band-pass (Fig. 1S). Neurons in C2 showed 384 

very little size tuning (Fig. 1O, T).  385 
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 386 

The neurons in the other four major clusters (C3 – C6) had f1/f0 ratios greater than 387 

1, and therefore were classified as simple cells (Skottun et al, 1991). Ratios for the 388 

example neurons in C3 (Fig. 2A-J), C4 (Fig. 2K-T), C5 (Fig. 3A-E) and C6 (Fig. 3F-J) 389 

were 1.5, 1.1, 1.6, 1.5, 1.4 and 1.8 respectively. The example simple cells in C3 (n = 390 

18/116, 16%) showed orientation selectivity and strong direction-selectivity (Fig. 391 

2A, F) that were characteristics of this cluster. The strong directional-selectivity was 392 

observed across all spatial (Fig. 2B, G) and temporal (Fig. 2D, I) frequencies tested 393 

for the two example neurons.  Another distinguishing tuning characteristic of the 394 

third cluster is shown by the band-pass temporal frequency tuning of the two 395 

example neurons (Fig. 2D, I); band-pass temporal frequency tuning was also a 396 

common feature of this cluster.  397 

 398 

The neurons in C4 (n = 15/116, 13%) were orientation-selective but not direction-399 

selective (Fig. 2K, P). The lack of direction-selectivity in C4 was evident in the spatial 400 

(Fig. 2L,Q) and temporal (Fig. 2N,S) frequency tuning of the example neurons. The 401 

tuning shape for both spatial (Fig. 2L, Q) and temporal (Fig. 2N, S) frequency along 402 

with the response amplitude was similar in both directions of movement at the 403 

preferred orientation. The temporal frequency tuning of the two example neurons 404 

from cluster 4 were low-pass. This was a common but not universal feature of C4.  405 

Most of the neurons in clusters 3 and 4 showed little attenuation in their response at 406 

large stimulus sizes as shown for the four example neurons (Fig. 2E, J, O, T). 407 

 408 
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One distinguishing feature of two additional clusters (C5, n = 9 and C6, n = 8) with 409 

f1/f0 ratios > 1 was their low sensitivity to contrast as can be seen in the non-410 

saturating contrast response functions from the two example neurons (Fig. 3C, H). 411 

Neurons in C5 and C6 were orientation-selective, and some were moderately 412 

direction-selective (Fig. 3A).  However, they were distinguished by their temporal 413 

frequency tuning: neurons in C5 were bandpass in temporal frequency (Fig. 3D) 414 

while those in C6 were lowpass in temporal frequency (Fig. 3I).  415 

 416 

The remaining clusters had few members (5 or fewer) and therefore it was not 417 

possible to verify their uniqueness with the relatively small population sample. Two 418 

features separated most members of these relatively small clusters from the six 419 

larger clusters. One was broad orientation tuning. Often neurons had a preferred 420 

orientation but also responded across all orientations with a response at the 421 

orthogonal-to-preferred orientation (Fig. 3K, P). The second distinguishing feature 422 

was that the broad orientation tuning was often accompanied by weak-bandpass or 423 

lowpass spatial frequency tuning (Fig. 3L, Q).  424 

   425 

Population analyses 426 

We studied how the seven parameters that were used in the clustering were 427 

distributed between the different major clusters. Following this we also studied how 428 

surround suppression, peak response rate and spontaneous rate varied between the 429 

clusters.    430 

 431 
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F1/F0 distribution – simple and complex cells The f1/f0 ratio was used as a 432 

clustering parameter. f1/f0 is the ratio of the first-harmonic (f1) modulation 433 

amplitude of the response to the elevation of response (f0). This is a straightforward 434 

method of distinguishing simple (f1/f0 ratio > 1) from complex cells (f1/f0 ratio < 1) 435 

(Campbell & Fiorentini 1973; Movshon et al, 1978; DeValois et al, 1982a,b; Hawken 436 

& Parker, 1987; Skottun et al, 1991). All the major clusters that were identified had 437 

neurons with either f1/f0 < 1 (clusters 1, 2) or f1/f0 > 1 (clusters 3, 4, 5, 6). The 438 

distribution of f1/f0 for the population of layer 6 neurons was bimodal with a very 439 

sharp null close to 1 (Fig. 4A).  440 

 441 

The f1/f0 ratio was relatively consistent when determined for the same neuron in 442 

different experiments (Fig. 4B).  Neurons with f1/f0 > 1 (classified as simple) in the 443 

orientation tuning experiment (Fig. 4B x-axis) remained so in the subsequent spatial 444 

frequency tuning experiment (Fig. 4B y-axis). Only one of the 85/116 neurons in the 445 

major clusters crossed the S/Cx division between experiments – it was classified as 446 

a complex cell but segregated with a simple cell cluster. It was a cell with f1/f0 = 0.8 447 

that was assigned to cluster 5 where all the other members had f1/f0 > 1. In the 448 

current data set, f1/f0 was obtained from the orientation tuning experiment. When 449 

we checked  f1/f0 for this cell in other experiments, f1/f0 was > 1 (1.71 for SF, 1.61 450 

for RVC, 1.65 for TF and 1.63 for area) so clearly it was on the border. Considering 451 

all experiments together, we classified it as a simple cell.   452 

 453 
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Direction index and orientation bandwidth distributions Clusters of cells in layer 454 

6 were distinguished by their direction selectivity and also orientation selectivity 455 

estimated from orientation tuning bandwidth. Direction selectivity was determined 456 

from the direction index (dI see Methods). A value of dI near zero means no 457 

preference for direction and dI near 1 means almost completely direction selective. 458 

Neurons that are suppressed in the non-preferred direction can have a dI > 1.  459 

 460 

The distribution of direction index, dI, in layer 6 was bimodal (Fig. 5B); 39% 461 

(41/104) of orientation selective neurons had a dI >= 0.8. There was a population of 462 

very direction-selective neurons in layer 6. Neurons in the orientation- and 463 

direction-selective complex cell cluster C1 (Fig. 5C, filled black diamonds) had an 464 

average dI of 1.05 ± 0.3 (mean ± 1sd) which is significantly different (p < 0.0001) 465 

from the dI of neurons in the non-direction selective complex cell cluster C2 (Fig. 5C, 466 

filled red circles) in which mean dI = 0.16 ± 0.14.  Although C1 and C2 differed in dI, 467 

they did not have different orientation bandwidth distributions (29.1 ± 11.4 deg. vs 468 

26.9 ± 12.4 deg. for C1 and C2 respectively, p = 1, n.s.). The dI distributions of the 469 

simple cell orientation and direction-selective cluster, C3 (Fig. 5D, black diamonds), 470 

and the non-direction-selective clusters, C4 (Fig. 5D red circles), C5 (Fig. 5F green 471 

squares) and C6 (Fig. 5F blue diamonds) were significantly different (p < 0.0001, 472 

Table 2). All four simple cell clusters had relatively narrow oBW’s (Fig. 5D, F) that 473 

were not significantly different between clusters (Table 1). 474 

 475 
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Most neurons we studied in layer 6 had a measurable orientation bandwidth 476 

although a small number (n = 12/116, 10%) were non-oriented (Fig. 5A). The 477 

distribution of orientation bandwidth for all orientation-selective neurons in layer 6 478 

had a median value of 20.5 deg. (Fig. 5A).  Although when comparing within the 479 

same f1/f0 clusters there were no significant differences in orientation bandwidth, 480 

there were significant differences between C1 and C3 – C5 and between C2 and C3. 481 

(see Table 1 for p values). 482 

  483 

In the population analyses we show data for the smaller clusters in the figures but 484 

do not compare their tuning with the larger clusters in the statistical comparisons 485 

(Tables 1-8). The smaller clusters are shown for completeness. We combined 3 486 

small clusters with f1/f0 < 1 and 2 < N < 9 as solid green symbols for visualization, 487 

and show 1 cluster with f1/f0 < 1, N = 4 as solid blue symbols (Fig. 5D). The 3 488 

clusters with f1/f0 > 1 and 2 < N < 9 are shown as cyan crosses, purple crosses and 489 

cyan triangles (Fig. 5G). Qualitatively, the cluster with f1/f0 < 1 had dI’s of around 2 490 

(Fig. 5E blue filled triangles), these were distinct from all the other neurons as they 491 

had relatively high maintained rates and showed a large suppression in the opposite 492 

to preferred direction. Other neurons with f1/f0 > 1 that were in the minor clusters 493 

were relatively untuned for orientation as in the example neurons in Fig 3K,P and 494 

accounted for some neurons in the smaller clusters (Fig. 5G). 495 

 496 

Spatial frequency tuning One of the characteristic features of many cortical 497 

receptive fields is that they have multiple subunits (Hubel and Wiesel, 1962; 1968) 498 
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that can result in relatively narrow spatial frequency tuning of neurons (Movshon et 499 

al, 1978; DeValois et al, 1982; Hawken and Parker, 1987). We measured the spatial 500 

frequency tuning at the preferred orientation, drift direction and temporal 501 

frequency for high contrast gratings (>= 64% contrast) and determined the 502 

bandwidth from the d-DOG-s function fitted to the response data (see Methods). All 503 

but two of the neurons in C1 were band-pass in spatial frequency (Fig. 6A, black 504 

diamonds); the population had mean bandwidth of 2.4 ± 1.2 octaves (mean ± 1SD) 505 

and was not significantly different (Table 3) from the bandwidth distribution of 506 

neurons in C2 (2.9 ± 1.3 octaves, mean ± 1SD) where two neurons were low-pass 507 

(Fig. 6A, red filled circles). All the neurons in the other four major clusters were 508 

band-pass in spatial frequency (Fig. 6B black unfilled diamonds – C3; red unfilled 509 

circles – C4; Fig. 6D green unfilled squares – C5 and blue triangles – C6). None of 510 

their spatial frequency bandwidth distributions were significantly different (Table 511 

3). The spatial frequency bandwidth distribution of C6 was significantly narrower 512 

than the distribution from both C1 and C2, while the distributions from C3, C4 and 513 

C5 were narrower than C2 (Table 3). Some of the neurons in the smaller clusters 514 

were low-pass (Fig. 6C, E) while others were bandpass (Fig. 6C blue diamonds, Fig. 515 

6E magenta crosses).  516 

 517 

Temporal frequency tuning Previous studies have shown that there is a range of 518 

temporal frequency tuning in V1.  However, there has not been a systematic analysis 519 

at the level of single cortical layers. In the examples from the different layer 6 520 

clusters, some neurons were strongly band-pass in TF (Fig. 1D, I; Fig. 2 D, I; Fig. 3D) 521 
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while other neurons were low-pass in TF (Fig. 1N; Fig. 2N, S; Fig. 3I). We used 522 

temporal frequency bandwidth to quantify the width of the tuning and the degree of 523 

attenuation at low temporal frequencies. The high and low frequency half-height 524 

points were determined for each neuron from the fit of a difference-of-exponentials 525 

to the data (see Methods). If a fit did not attenuate to half amplitude by a TF of 0.1, 526 

we assigned the low TF half-height point = 0.1, then used this point and the high 527 

frequency at half amplitude to determine bandwidth. A number of neurons with no 528 

or weak and shallow low-frequency attenuation would have a slightly narrower 529 

bandwidth than their true bandwidth using this assignment, but we used it to allow 530 

us to make quantitative comparisons of the different clusters. Neurons with 531 

bandwidths > 6 are shown as lowpass (lp) in Figure 7.  532 

 533 

Neurons in the main direction-selective complex cell cluster – C1 – were 534 

predominantly band-pass in TF (Fig. 7A, black filled diamonds) whereas the 535 

majority of the non-direction selective complex cell cluster – C2 – were mostly low-536 

pass in their TF tuning (Fig. 7A, red filled circles). The mean bandwidths of the two 537 

main complex cell clusters C1 and C2 were significantly different (3.6 ± 1.9 vs 5.4 ± 538 

1.6, p < 0.005, Table 4). There also was a clear separation in the TF bandwidths of 539 

the neurons in the two largest simple cell clusters C3 and C4 (Fig. 7B, black unfilled 540 

diamonds and red unfilled circles). Neurons in the direction-selective cluster – C3 – 541 

were all bandpass in TF while neurons in the non-direction selective cluster – C4 – 542 

were nearly all low-pass; the difference between these two clusters was significant 543 

(p < 0.0001, Table 4), as was the difference between C4 and C5 (p < 0.0001). 544 



 

 26 

However, temporal frequency bandwidth distributions of C4 and C6  were 545 

predominantly lowpass (Fig. 7B red circles and Fig. 7D blue triangles) and not 546 

significantly different (see Table 4). C5 and C6 had significantly different TF 547 

bandwidth distributions (Fig. 7D, Table 4).  548 

 549 

Contrast response distributions – threshold and c50 Each neuron’s response as a 550 

function of contrast for gratings of optimal orientation, direction, spatial and 551 

temporal frequency was fit with a modified Naka-Rushton function (Peirce, 2007; 552 

see Methods). Two measures of the response were obtained from the fitted 553 

functions and used as parameters in the clustering: 1) the contrast at which the 554 

response reached half its maximum (c50) and 2) the contrast threshold (cTh), defined 555 

as the contrast where the response exceeded twice the standard deviation of the 556 

baseline response. The contrast threshold parameter distributions from clusters C1-557 

C4 (Fig. 8A, B) were not significantly different from each other (Table 5) but were all 558 

significantly lower than the parameter distributions from C5 and C6 (Fig. 8D, Table 559 

5).  560 

 561 

A similar pattern was found for the c50. The neurons in C5 and C6 (Fig. 8D, green 562 

squares and blue diamonds) were relatively insensitive to contrast as seen in the 563 

example neurons (Fig. 3C, H). The mean values of the of c50’s parameter 564 

distributions for C5 and C6 (48.9 ± 8.2% and 52.2 ± 11.1% respectively) were not 565 

significantly different from each other (Table 6) but they were significantly higher 566 

than those of all the other main clusters (p < 0.0001, Table 6). There was relatively 567 
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little overlap in the thresholds and c50 of C5 and C6 with the other four principal 568 

clusters. Among the other four clusters only the c50 parameter distribution for C3 569 

was significantly higher than for C1 (Table 6). The smaller simple cell clusters had 570 

restricted ranges of c50 and cTh values (Fig. 8E) within the clusters but were within 571 

the range of values in the major clusters.     572 

 573 

Area tuning distributions Most neurons in our sample summed visually evoked 574 

signals as stimulus size increased until a maximal area (Fig’s 1-3, E, J, O, T) and then 575 

maintained a plateau, with a small amount of suppression at the largest areas for a 576 

few neurons. There was a relatively broad distribution of optimal radius within the 577 

most of the major clusters (Fig. 6 F-J), although C1 showed a narrower range, 578 

probably due to the small degree of surround suppression. Areal summation with 579 

weak or no surround suppression is characteristic of layer 6 neurons’ receptive 580 

fields (Gilbert 1977; Schiller et al, 1976a).  The only cluster that showed a consistent 581 

pattern of suppression, albeit relatively weak (mean SI = 0.38 ± 0.22; Table 9), at the 582 

largest diameters was C1. The suppression observed in C1 neurons was significantly 583 

greater than in all the other clusters (Table 9). In the area measurements, the 584 

maximum stimulus radius tested was 4 or 5 degrees for the majority of neurons. 585 

Therefore, if there were additional attenuation beyond this spatial extent caused by 586 

surround suppression, it would not have been measured. As a consequence, 587 

suppression may have been underestimated if it extended beyond a radius of 5 588 

degrees. 589 

  590 
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Response rate and spontaneous rate Seven functional tuning properties were 591 

extracted and z-transformed for the clustering but there were other tuning 592 

measures and functional response properties that were not used. A number of these 593 

are particularly notable because they tended to distribute according to cluster even 594 

though they were not included in the clustering analysis.  595 

 596 

Consider maximum spike rate. Across the six main clusters there were mean 597 

maximum rates ranging from 140 spikes/sec down to 18 spikes/sec. The two main 598 

clusters accounting for the complex cell population (f1/f0 < 1) had clearly different 599 

ranges of peak firing rates. In the direction-selective complex cell cluster (C1) the 600 

mean rate was 140 ± 43 spikes/sec (Fig. 9A) which was significantly different from 601 

the mean rate of 52 ± 19 spikes/sec (Fig. 9C) in cluster C2 (p < 0.0001, Table 7).  602 

 603 

The remaining four major clusters that were predominantly simple cells. The larger 604 

two of these clusters (C3 and C4) had mean maximum spike rates 37 ± 16 and 29 ± 605 

14 spikes/sec respectively which were not significantly different (p = 0.26,) while 606 

the two smaller clusters, C5 and C6, had mean peak rates of 19 ± 9 and 18 ± 7 607 

spikes/sec respectively (cf. Table 7).  608 

 609 

It is well established that spontaneous firing rate differs between simple and 610 

complex cell populations in the infragranular layers of macaque V1 (Schiller et al, 611 

1976a, b; Ringach et al, 2002). We determined that this was the case for the layer 6 612 

population (Fig. 10). The mean spontaneous rate for all neurons with f1/f0 ratios < 613 
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1 (complex cells) was 11.2 ± 8.2 spikes/sec whereas the mean rate for all neurons 614 

with f1/f0 ratios > 1 (simple cells) was 1.2 ± 3.7 spikes/sec. These distributions 615 

were significantly different (p < 0.0001). C1 had the highest spontaneous rate (14 ± 616 

7.3 spikes/sec). C1's spontaneous rate was not significantly different from the rate 617 

of C2 (9 ± 6.3 spikes/sec, Table 8). Of the overall population of neurons with f1/f0 618 

ratios > 1, the four major simple cell clusters (C3-C6) all had similar ranges of f1/f0 619 

and also had low mean spontaneous rates, all less than 1 spike/sec (Table 8) that 620 

did not differ between the clusters. 621 

 622 

Relative depth of clusters within layer 6  623 

We determined whether the position of the recorded neurons within each cluster 624 

were distributed evenly across the depth of layer 6 or if there was any localization 625 

within the layer. This analysis was done by ordering the neurons in each cluster 626 

according to their relative depth within layer 6, and then comparing the resulting 627 

profile with the profile of the total population. The neurons in C1 were all found in 628 

the upper half of the layer as can be seen by comparing the black diamonds (C1) to 629 

the small blue circles (total population) in Figure 11A. In contrast, the neurons in C2 630 

(Fig. 11A, red circles) were distributed through the depth of the layer. There did not 631 

appear to be any major aggregation of neurons in the other main clusters (C3 – C6) 632 

in the upper or lower regions of layer 6 (Fig. 11B).    633 

 634 

 635 

  636 
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Discussion  637 

 638 

Cluster analysis results 639 

Of the seven tuning features used for cluster analysis, three measures were 640 

particularly useful for distinguishing the six major functional clusters in layer 6: 641 

modulation ratio (f1/f0), directional selectivity, and temporal frequency tuning. 642 

 643 

The neurons in two of the six major clusters (C1 and C2) had f1/f0 ratios < 1 and 644 

would be classified as complex cells (Skottun et al, 1991). Neurons in the other four 645 

clusters (C3 – C6) had f1/f0 ratios > 1 and would be classified as simple cells.  646 

 647 

A second feature defining the clusters was direction-selectivity. There were two 648 

major clusters – C1 and C3 –  that had neurons that were strongly direction-649 

selective (Fig. 5A,B, filled and unfilled black diamonds).  650 

 651 

A third tuning measure, temporal frequency bandwidth, was also important in 652 

distinguishing C1 and C3 from the non-direction selective complex and simple cell 653 

clusters. C1 and C3 were bandpass in temporal frequency (Fig. 7A,B; Fig. 12, filled 654 

and unfilled black diamonds). Three of the remaining four major clusters (C2, C4 655 

and C6) were either complex or simple (Fig. 4B; Fig. 12) but they were non-656 

direction-selective (Fig. 5A,B; Fig. 12) and mostly low-pass in temporal frequency 657 

(Fig. 7A,B; Fig. 12).  658 

 659 
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Tuning and response measures not used in the cluster analysis 660 

Although we did not use firing rate as a parameter for clustering we showed in 661 

Results that visually-driven firing rate was much higher in C1 than in C2, and both 662 

clusters C1 and C2 had higher average firing rates than in the simple cell clusters 663 

C3-6. Similarly, spontaneous firing rate was significantly higher in C1 and C2 than in 664 

C3-6, and the separation between complex and simple cells within layer 6 (Fig. 10) 665 

was even more evident than the separation in the overall V1 population (Ringach et 666 

al, 2002).  Furthermore, the distribution of cells in depth was different for C1 from 667 

that of all the other clusters (Fig. 11). 668 

 669 

Properties and possible functions of neurons in different layer 6 clusters 670 

Cluster 1 The visually evoked mean rate was 140 spikes/sec for C1 neurons and they 671 

did not appear to adapt, much like the rates of PV inhibitory interneurons (Rudy and 672 

McBain, 2001). The non-adapting high spike rate of the PV inhibitory interneurons 673 

is attributed to the expression of the Kv3.1b potassium channel (Rudy and McBain, 674 

2001). In rodents the Kv3.1b channel is not expressed in excitatory neurons in 675 

cortex. However, it is expressed in some excitatory neurons in primate cortex 676 

(Constantinople et al, 2009; Kelly et al, 2018), and it is clearly expressed in the large 677 

Meynert cells located near the layer 5/6 border in monkey visual cortex (Ichinohe et 678 

al, 2004; Constantinople et al, 2009; Kelly et al, 2018). It is tempting to speculate 679 

that some of the high firing rate neurons in C1 are large pyramidal neurons that 680 

express Kv3.1b. All neurons in C1 were located in the top half of the layer, layer 6a 681 

(Fig. 11). Because Meynert cells are sparse, it is unlikely that all the neurons in C1 682 
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are Meynert cells. 683 

 684 

Neurons in C1 were very direction-selective (Fig. 5C; Fig. 12). It has been 685 

established that most Meynert cells project to extrastriate visual area MT (Fries et al, 686 

1985; Nhan and Callaway, 2012) which contains many direction-selective neurons 687 

(Zeki, 1974). Further, some of the tuning characteristics of the neurons in C1, such 688 

as strong directionality, low contrast threshold (Fig. 8A), and saturating contrast 689 

response functions (Fig. 1C, H), match those of the neurons described by Movshon 690 

and Newsome (1996) that were recorded in layer 6 of macaque V1 and that were 691 

activated antidromically by electrical stimulation of MT. The neurons in C1 showed 692 

some response-attenuation at large stimulus window diameters (Fig. 1E,J) 693 

indicative of eCRF suppression. Their eCRF suppression may be inherited from 694 

magnocellular LGN neurons because M-pathway retinal ganglion cells (presumptive 695 

parasol cells) show moderate eCRF suppression (Solomon et al, 2006). If some of 696 

the C1 population are also providing input to MT it is consistent with the findings 697 

that the functional characteristics of the input to MT neurons are derived mainly via 698 

V1, V2 and V3 through the M-pathway (Gegenfurtner et al, 1994). 699 

 700 

Cluster 2 Neurons in C2 were also complex cells (f1/f0 ratio < 1) but were not 701 

direction-selective (Fig. 1K, P). However, all C2 neurons were orientation- and 702 

spatial-frequency-selective (Fig. 1L,Q). The mean spike rate of the neurons in C2 was 703 

significantly lower than the mean rate in C1 (Table 7). As a cluster they had higher 704 

average cTh’s and c50’s than C1 (Fig. 8; Tables 5 and 6), but the differences were not 705 
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significant.  Sixty-five percent of the neurons in C2 were lowpass in temporal 706 

frequency (13/20, Fig. 1N) and the majority showed little eCRF suppression: the 707 

mean SI was 0.2, but there were two neurons that had SI > 0.7. In distinction to the 708 

neurons in C1, this group of neurons would provide signals about stationary or 709 

slowly moving borders.  710 

 711 

Cluster 3 All the neurons in C3 were simple cells (f1/f0 ratio > 1, mean = 1.5) that 712 

were direction-selective, orientation- and SF-selective and often strongly bandpass 713 

in TF (Fig. 2A-J). The average orientation bandwidth was 16 deg (Fig. 5D; Table 1), 714 

showing the narrowest average tuning of all the clusters. The neurons in C3 also had 715 

narrow TF bandwidths (mean 2.3 octaves, Table 4) but a range of optimal TF’s (Fig. 716 

7B). The combination of narrow tuning for TF but a range of optimal TF’s and a 717 

range of optimal SF’s (Fig. 6B) suggests that this population of simple cells may span 718 

a selective range of velocity preferences. This cluster of neurons would signal the 719 

sign and direction of movement of objects and edges over all but the lowest contrast 720 

range. 721 

 722 

Cluster 4 The neurons in C4 were distinguished from those of C3 by their lack of 723 

direction selectivity (Fig. 2K, L, N, P, Q, S; Fig. 5D) and their lowpass temporal 724 

frequency tuning (Fig. 7B; Table 4). The cluster had a similar range of contrast 725 

threshold and c50 to C3. The average peak firing rate of neurons in C4 was not 726 

significantly different from the rate in C3 (Table 7). The neurons in C4 were 727 

significantly more sensitive to contrast than those in C5 and C6 (Tables 5, 6). This 728 
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cluster of neurons, because they are simple cells and are lowpass in temporal 729 

frequency, are the only cluster that would signal the sign and location of oriented 730 

edges in an image across a range of sizes at low and intermediate contrasts in a 731 

stationary achromatic image.   732 

 733 

Clusters 5 and 6 Most neurons in C5 and C6 were characterized by relatively narrow 734 

orientation and spatial frequency bandwidth combined with low sensitivity to 735 

achromatic contrast. It has been a longstanding mystery how the visual system 736 

maintains a high level of contrast discrimination for achromatic stimuli over a wide 737 

range of base contrasts (Legge, 1981; Barlow et al  1987; Chirimuuta and Tolhurst, 738 

2005a, b). The parcellation of neurons into clusters with different dynamic ranges 739 

for different contrast ranges suggests a solution to this long-standing puzzle of 740 

contrast discrimination and identification (Chirimuuta and Tolhurst, 2005a, b). 741 

Clusters C5 and C6 were distinguished from each other by their temporal frequency 742 

selectivity. Almost all neurons in C5 were bandpass for TF (Fig. 7D, green squares) 743 

whereas those in C6 were lowpass for TF (Fig. 7D, blue triangles). Both clusters 744 

were distributed through the depth of layer 6 (Fig. 11B). 745 

 746 

Minor Clusters Some of the smaller clusters had neurons that were relatively 747 

untuned for orientation and lowpass in spatial frequency (Fig. 3K, L, P, Q; Fig, 5E, G; 748 

Fig. 6C, E). These are properties that have been attributed to inhibitory interneurons 749 

(Nowak et al, 2008) but anatomical identification along with functional 750 

characterization is necessary to show that these neurons are inhibitory. Validation 751 
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of these minor clusters would require an even larger sample of recorded layer 6 752 

neurons.  753 

 754 

Implications of clusters  755 

If the functional subpopulations described in the current study are related to the 756 

structurally defined subclasses in layer 6 (Wiser and Callaway, 1996; Hasse et al, 757 

2018) then there will be separate target regions for the axons of these neurons. The 758 

diversity of functional types may be related to the function of their target sites. 759 

Many layer 6 neurons project intracortically (Wiser and Callaway, 1996) and some 760 

have axons preferentially terminating in layer 4c  – the major M-pathway recipient 761 

sublayer in V1 – while others that preferentially arborize in layer 4c  and layer 4a – 762 

the principal P-pathway recipient zones of layer 4.  Although it is currently not 763 

known how these anatomical subclasses map onto our functionally defined clusters, 764 

if functional selectivity maps to anatomical classes, L6 neurons in different 765 

functional clusters could provide cluster-specific feedback.  Around 10 - 15% of 766 

layer 6 neurons provide feedback projections to the LGN (Fitzpatrick et al, 1994) 767 

and these have some functional attributes (Briggs and Usrey, 2009; Hasse and 768 

Briggs 2017) that align mainly with two of the clusters (C2 and C6) we have 769 

identified.  Another structurally defined group of neurons project to extrastriate 770 

visual area MT (Lund et al, 1975; Fries et al, 1985; Nhan and Callaway, 2012). 771 

Movshon and Newsome (1996) showed that some layer 6 neurons projecting to MT 772 

have functional properties similar to those of C1. Future studies combining 773 
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functional and anatomical characterization may reveal whether these functional 774 

clusters indeed correspond to particular anatomical classes. 775 

 776 

 777 

 778 

  779 
  780 
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Figure 1: The tuning functions of example neurons from the two main clusters that 980 

had f1/f0 ratios < 1. A-E show the tuning from a single neuron in C1 (f1/f0 = 0.17). 981 

F-J show the tuning for a second neuron in C1 (f1/f0 = 0.07). The neurons in C1 982 

were orientation and direction selective, had low contrast thresholds and were 983 

bandpass in temporal frequency. Also note the high response rate of these neurons 984 

which was a characteristic of this cluster. K-O show the tuning for a neuron in C2 985 

(f1/f0 = 0.19). P-T show the tuning for a second neuron in C2 (f1/f0 = 0.24). 986 

Neurons in this cluster were orientation selective but not direction selective, and 987 

were mainly low pass in temporal frequency (N) but some were bandpass (S). In 988 

A,F,K,P the response of each neuron was measured as a function of orientation to a 989 

drifting achromatic grating at the optimal spatial and temporal frequency and a high 990 

contrast through a window of the optimal size. The pair of small vertical arrows in 991 

each plot indicate the optimal orientation that was selected by fitting a von Mises 992 

function to the data, the small horizontal bars show the bandwidth – width at 993 

amplitude of 2 of the maximum. In B,G,L,Q the response of each neuron was 994 

measured as a function of spatial frequency at the preferred orientation and in both 995 

drift directions. The pairs of data in each plot denote the response at the preferred 996 

orientation for each drift direction (filled circles preferred drift direction, unfilled 997 

circles non-preferred drift direction)  and the smooth curves fitted to the data are a 998 

spatial receptive field model that is a difference of offset difference-of-Gaussians 999 

(see Methods). In C,H,M,R the response as a function of contrast was measured for 1000 

each neuron at the preferred orientation, drift direction, spatial and temporal 1001 

frequency in a patch of grating of the optimal diameter. The smooth curve through 1002 
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each data set is a modified Naka-Rushton function (see Methods). The horizontal 1003 

dotted line shows the response that is two standard deviations above the response 1004 

to a blank grey screen (spontaneous response) and the vertical dotted line gives the 1005 

value of contrast that was taken as the contrast threshold, the point where the 1006 

horizontal line intersected the fitted Naka-Rushton function. The error bars are +/- 1007 

1 SD. In D,I,N,S the response as a function of temporal frequency is shown for a 1008 

grating of the optimal orientation, spatial frequency and in both the preferred and 1009 

opposite to preferred direction of drift direction (filled circles preferred drift 1010 

direction, unfilled circles non-preferred drift direction). The two data sets were 1011 

fitted independently with a difference-of-exponentials function and the best fitting 1012 

functions are shown by the smooth curves. In E,J,O,T a grating of the optimal 1013 

orientation, drift direction, spatial and temporal frequency and at high contrast (>= 1014 

64%) was presented in a circular window of different radii. The response as a 1015 

function of radius of the window is shown and the data is fitted with a difference of 1016 

Gaussians function (see Methods).  1017 

1018 
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Figure 2: The tuning functions of example neurons from the two of the four main 1019 

clusters that had f1/f0 ratios > 1. A-E and F-J are the tuning of two example neurons 1020 

from C3 (f1/f0 1.5 and 1.1 respectively). Note that these neurons, characteristic of 1021 

the cluster, were strongly direction selective and bandpass in temporal frequency. 1022 

K-O and P-T are tuning functions of two example neurons from C4 (f1/f0 1.6 and 1.7 1023 

respectively), they were orientation but not direction selective with lowpass 1024 

temporal frequency tuning. The other details are as for Fig. 1. 1025 

 1026 

Figure 3: A-E, F-J show the tuning functions of example neurons from C5 and C6. 1027 

The neurons in these clusters were orientation and spatial frequency selective, but 1028 

one characteristic that separated them from the other two clusters was their 1029 

insensitivity to contrast. They are separated from each other by their temporal 1030 

frequency tuning, neurons in C5 were bandpass and those in C6 were lowpass. K-O 1031 

and P-Q show neurons from the smaller clusters where most of the neurons were 1032 

weakly selective for orientation and relatively lowpass in spatial frequency (f1/f0 1033 

1.3 and 1.5 respectively). The other details are as for Fig. 1. 1034 

 1035 

Figure 4: A. The distribution of f1/f0 ratio for all the neurons in the sample from 1036 

layer 6 (n = 116). The f1/f0 ratio was used as one of the response measures in the 1037 

clustering procedure. B: shows the f1/f0 ratio measured in the orientation tuning 1038 

experiment (x-axis) plotted against the f1/f0 ratio of the same cell measured from 1039 

the spatial frequency tuning experiment (y-axis). Symbols denote cluster 1040 

assignments. There were six main clusters that are shown as filled black diamonds 1041 
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(C1), filled red circles (C2), unfilled black squares (C3), unfilled red circles (C4), 1042 

unfilled green squares (C5) and unfilled blue triangles (C6). Three smaller clusters 1043 

with f1/f0 ratios > 1 are shown with by unfilled magenta triangles and cyan and 1044 

magenta crosses and a small cluster with f1/f0 < 1 is shown by the filled blue 1045 

triangles. There were four further clusters with f1/f0 < 1 and with fewer than 4 1046 

neurons that were combined and are shown as filled green squares.  The clusters 1047 

were clearly separated according to whether they are complex (f1/f0 < 1) or simple 1048 

(f1/f0 > 1).  1049 

 1050 

Figure 5: Orientation bandwidth (obw) and direction index (dI) were two tuning 1051 

parameters used in the clustering procedure. A: shows the distribution of obw for 1052 

the whole layer 6 sample. no – non-oriented. B:  The distribution of  dI for the whole 1053 

sample. C-G: shows the relationship between obw (x-axis) and dI (y-axis) for the 1054 

same clusters shown in Fig. 4. C: shows the obw/dI relationship for C1 (filled black 1055 

diamonds) and C2 (filled red circles). There is a clear separation by dI but not obw 1056 

in the two clusters. D: shows the relationship for C3 (unfilled black diamonds) and 1057 

C4 (unfilled red circles). There is a clear separation based on dI but not obw in the 1058 

two clusters. E: shows the obw/dI relationship between the remaining clusters 1059 

where the clusters also had f1/f0 < 1.. The neurons in the small cluster denoted by 1060 

the filled blue triangles are very direction selective and strongly suppressed in the 1061 

non-preferred direction. The filled green squares are the combination of three small 1062 

clusters.  F: shows the obw/dI relationship for C5 (green squares) and C6 (blue 1063 

triangles), both with neurons that have f1/f0 > 1. G. three small clusters (unfilled 1064 
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cyan triangles, magenta crosses and cyan crosses where all the clusters also had 1065 

f1/f0 < 1. 1066 

 1067 

Figure 6:  The relationship between optimal spatial frequency (osf, x-axis) and 1068 

spatial frequency bandwidth (sfbw, y-axis, A-E) and optimal radius (F:J) for the main 1069 

clusters. Cluster designation as in Fig. 5. lp – lowpass.   A: C1 and C2, there in a 1070 

inverse relationship between osf and sfbw for both groups. B: C3 and C4 show 1071 

overlapping relationships between osf and sfbw. C: The small very direction 1072 

selective cluster (filled blue triangles) have very similar osfs and sfbws whereas the 1073 

combined clusters have a number of neurons that are lowpass in spatial frequency 1074 

tuning. D:  C5 and C6 show narrow sfbws across a range of osfs. E:  Neurons in two 1075 

clusters are lowpass in spatial frequency, the other is bandpass (magenta crosses). 1076 

F-J: The optimal summation radius for C1 is restricted whereas there is a broad 1077 

span of optimal summation radius for other clusters. The smaller clusters detailed in 1078 

Fig. 5 Legend are shown in C, E, H and J. For 5/85 cells in the 6 main clusters we did 1079 

not obtain area summation measures. The n in each cluster C1-C6 shown in F-J was 1080 

15, 20, 18, 13, 7, 7 respectively. 1081 

 1082 

Figure 7: The relationship between optimal temporal frequency (otf, x-axis) and 1083 

temporal frequency bandwidth (tfbw, y-axis) for the main clusters. Cluster 1084 

designation as in Fig. 5. lp – lowpass. A: C1 and C2, the majority of neurons in C1 are 1085 

bandpass in temporal frequency and have otfs around 10 Hz. Many of the neurons in 1086 

cluster 2 are lp in temporal frequency. B: C3 and C4 show distinct separation based 1087 
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on tfbw. C: The majority of the neurons in the remaining clusters with f1/f0 ratio < 1 1088 

are lowpass in temporal frequency. D:  C5 and C6 are separated by their tuning for 1089 

TF (except 1 neuron in C5 that is lp). E: Three small clusters are distinguished by 1090 

their temporal frequency tuning. The smaller clusters detailed in Fig. 5 Legend are 1091 

shown in C and E. 1092 

 1093 

Figure 8: Two measures from the response as a function of contrast were used as 1094 

tuning parameters in the clustering procedure: contrast threshold (cTh) and the 1095 

contrast where the response reached half the maximum response (c50). Cluster 1096 

designation as in Fig. 5. A: C1 has neurons with relatively low cTh and c50 whereas 1097 

neurons in C2 are intermediate in their contrast sensitivity. B: C3 and C4 have 1098 

overlapping cThs and c50s but are somewhat less sensitive than C1. C: Neurons in 1099 

the direction selective cluster (blue triangles) are relatively insensitive to contrast. 1100 

D: Neurons in C5 and C6 have high cThs and c50, making the clusters stand out as 1101 

being contrast insensitive. E: One clusters is intermediate in contrast sensitivity 1102 

(magenta crosses), another insensitive (cyan triangles). The smaller clusters 1103 

detailed in Fig. 5 Legend are shown in C and E. 1104 

 1105 

Figure 9: Distribution of maximum firing rates (see Methods) to optimal stimuli in 1106 

each cluster. A, C, E, G: The distributions of peak firing rate of neurons in C1, C2, C6,  1107 

C7 respectively all that had f1/f0 ratios < 1. Many neurons in C1 have high 1108 

maximum firing rates. B, D, F, H: The distributions of peak firing rate of neurons in 1109 

C3, C4, C5, C6 respectively, all had f1/f0 ratios > 1.  1110 
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 1111 

Figure 10: Distribution of spontaneous firing rates (y-axis) as a function of f1/f0 1112 

ratio (x-axis) for all neurons shown as clusters in Fig. 4. Neurons with spontaneous 1113 

rate of 0.1 or less are shown as 0.1. There are two main groups, those with f1/f0 < 1 1114 

have spontaneous rates greater than 1 and those with f1/f0 > 1 have low 1115 

spontaneous rate. Clusters as in Fig 4. The smaller clusters detailed in Fig. 5 Legend 1116 

are shown with the same symbols used in Fig. 5. 1117 

 1118 

Figure 11:  The relative depth of each neuron is shown in serial order from top of 1119 

layer 6. Each cluster is shown by the same symbols as used in Fig. 4 and subsequent 1120 

figures. A: The relative depth for C1 (black diamonds) shows that the neurons are 1121 

found in the upper half of layer 6. Neurons in C2 (red circles) are distributed 1122 

through the full depth of layer 6. The serial order of the total sample of 116 neurons 1123 

is shown by the small blue circles. B: The four clusters with f1/f0 ratios > 1, C3 – C6 1124 

are distributed through the full depth of layer 6.  1125 

 1126 

Figure 12: Distribution of the six largest clusters is shown with respect to three 1127 

tuning parameters: temporal frequency bandwidth (x-axis), f1/f0 ratio (y-axis) and 1128 

direction index (z-axis). Each cluster is indicated by the symbols described in Fig. 4.     1129 

  1130 
  1131 
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 1132 
 C1 C2 C3 C4 C5 C6 

C1 
29.1 ± 11.4 

 1 7.0 4.9 5.1 3.5 

C2 
26.9 ± 12.4 

p = 1  5.6 3.5 3.9 1.3 

C3 
15.9 ± 5.3 

p < 0.003  p < 0.01  1 1 1 

C4 
17.5 ± 9.1 

p < 0.03 p = 0.08 p = 1  1 1 

C5 
15.4 ± 4.5 

p < 0.02 p  = 0.06 p = 1 p = 1  1 

C6 
18.9 ± 10.5 

p = 0.27 p = 0.76 p = 1 p = 1 p = 1  

 1133 
Table 1: Orientation Bandwidth: The values in the first column under the cluster number show the 1134 

mean ± 1SD for each cluster. The p values (below the diagonal) were all determined using a multiple 1135 

comparison of the output of a one-way ANOVA using the Bonferroni method to provide the 1136 

adjustment to compensate for multiple comparisons.  Values above the diagonal are 1 – log(p) 1137 

indicating the full range of significance values.  All values shown as bold reached significance level < 1138 

0.05. 1139 

 1140 
 1141 
 C1 C2 C3 C4 C5 C6 

C1 
1.05 ± 0.30 

 39.9 1 26.8 19.1 23.1 

C2 
0.16 ± 0.14 

p < 0.0001  33.7 2.2 2.8 1 

C3 
0.90 ± 0.13 

p = 0.99 p < 0.0001  20.1 13.2 17.4 

C4 
0.34 ± 0.31 

p < 0.0001 p = 0.31 p < 0.0001  1 1 

C5 
0.40 ± 0.24 

p < 0.0001 p = 0.17 p < 0.0001 p = 1  1 

C6 
0.28 ± 0.20 

p < 0.0001 p = 1 p < 0.0001 p = 1 p = 1  

 1142 
Table 2: Direction Index: The values in the first column under the cluster number show the mean ± 1143 

1SD for each cluster. The p values were all determined as in Table 1 1144 

  1145 



 

 54 

 1146 
 C1 C2 C3 C4 C5 C6 

C1 
2.36 ± 1.19 

 1 1 1 3.0 4.2 

C2 
2.93 ± 1.29 

p = 1  6.3 5.7 8.5 9.7 

C3 
1.80 ± 0.64 

p = 1 p < 0.005  1 1 1 

C4 
1.79 ± 0.78 

p = 1 p < 0.01 p = 1  1 1 

C5 
1.30 ± 0.34 

p = 0.13 p < 0.001 p = 1 p = 1  1 

C6 
1.10 ± 0.32 

p < 0.05 p < 0.0005 p = 1 p  = 1 p = 1  

 1147 
Table 3: Spatial Frequency Bandwidth: The values in the first column under the cluster number show 1148 

the mean ± 1SD for each cluster. The p values were all determined as in Table 1. 1149 

 1150 
 1151 
 1152 
 C1 C2 C3 C4 C5 C6 

C1 
3.62 ± 1.89 

 7.4 3.8 14.2 1.6 10.8 

C2 
5.42 ± 1.61 

p < 0.005  21.5 1.6 13.7 1.1 

C3 
2.28 ± 0.71 

p = 0.06  p < 0.0001  28.4 1 21.8 

C4 
6.38 ± 0.33 

p < 0.0001 p = 0.52 p < 0.0001  20.0 1 

C5 
2.46 ± 1.71 

p = 0.54 p < 0.0001 p = 1 p < 0.0001  16.4 

C6 
6.45 ± 0.13 

p < 0.001 p = 0.95 p < 0.0001 p = 1 p < 0.0001  

 1153 
Table 4: Temporal Frequency Bandwidth: The values in the first column under the cluster number 1154 

show the mean ± 1SD for each cluster. The p values were all determined as in Table 1. 1155 

 1156 
  1157 
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 1158 
 C1 C2 C3 C4 C5 C6 

C1 
4.3 ± 2.9 

 1 1 1 19.9 31.9 

C2 
7.1 ± 3.7 p = 1  1 1 15.0 27.5 

C3 
6.6 ± 4.2 

p = 1 p  = 1  1 15.7 28.0 

C4 
4.7 ± 2.4 p = 1 p = 1 p = 1  18.9 31.0 

C5 
18.2 ± 6.8 p < 0.0001 p < 0.0001 p < 0.0001 p < 0.0001  2.9 

C6 
24.2 ± 8.9 

p < 0.0001 p < 0.0001 p < 0.0001 p < 0.0001 p = 0.15  

 1159 
Table 5: Contrast Threshold: The values in the first column under the cluster number show the mean 1160 

± 1SD for each cluster. The p values were all determined as in Table 1. 1161 

 1162 
 1163 
 C1 C2 C3 C4 C5 C6 

C1 
8.5 ± 4.4 

 3.1 7.4 2.8 39.4 41.4 

C2 
16.2 ± 7.4 p = 0.13  1 1 31.8 34.2 

C3 
20.4 ± 10.8 

p < 0.005 p  = 1  1 25.5 28.2 

C4 
16.4 ± 7.5 p = 0.18 p = 1 p = 1  29.5 31.9 

C5 
48.9 ± 8.2 

p < 0.0001 p < 0.0001 p < 0.0001 p < 0.0001  1 

C6 
52.2 ± 11.1 p < 0.0001 p< 0.0001 p < 0.0001 p < 0.0001 p = 1  

 1164 
Table 6: C50 Contrast: The values in the first column under the cluster number show the mean ± 1SD 1165 

for each cluster. The p values were all determined as in Table 1. 1166 

  1167 
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 1168 
 C1 C2 C3 C4 C5 C6 

C1 
140 ± 43 

 12.3 13.2 12.3 10.5 9.9 

C2 
52 ± 19 p < 0.0001  3.7 5.7 7.8 8.5 

C3 
37 ± 16 

p < 0.0001 p = 1  2.5 4.8 5.6 

C4 
29 ± 14 p < 0.0001 p = 0.38 p = 1  3.1 3.0 

C5 
19 ± 9 p < 0.0001 p < 0.07 p = 1 p = 1  1.2 

C6 
18 ± 7 

p < 0.0001 p = 0.06 p = 1 p  = 0.14 p = 0.85  

 1169 
Table 7: Peak Firing Rate: The values in the first column under the cluster number show the mean ± 1170 

1SD for each cluster. The p values were all determined using Kruskal Wallis non-parametric test. 1171 

Other details as for table 1 1172 

 1173 
 1174 

 C1 C2 C3 C4 C5 C6 
C1 

14.0 ± 7.3 
 3.6 15.1 13.3 10.5 10.1 

C2 
9.0 ± 6.3 p  = 0.07  16.2 13.4 10.7 10.7 

C3 
0.10 ± 
0.20 

p < 0.0001 p < 0.0001  2.6 2.4 2.1 

C4 
0.51 ± 
1.53 

p < 0.0001 p < 0.0001 p = 0.20  1.1 1.2 

C5 
0.36 ± 
0.82 

p < 0.0001 p < 0.0001 p = 0.24 p = 0.88  1.2 

C6 
0.09 ± 
0.14 

p < 0.0001 p < 0.0001 p = 0.32 p  = 0.79 p = 0.85  

 1175 
Table 8: Spontaneous Firing Rate: The values in the first column under the cluster number show the 1176 

mean ± 1SD for each cluster. The p values were all determined using Kruskal Wallis non-parametric 1177 

test. Other details as for table 1 1178 

 1179 
 1180 
  1181 
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 1182 
 C1 C2 C3 C4 C5 C6 

C1 
0.38 ± 0.22 

 5.0 7.1 6.4 5.1 4.3 

C2 
0.14 ± 0.18 p < 0.025  1.3 1.2 1.0 1.1 

C3 
0.11 ± 0.24 

p < 0.025 p = 0.73  1.0 1.2 1.3 

C4 
0.12 ± 0.22 p < 0.005 p = 0.78 p = 0.96  1.2 1.2 

C5 
0.14 ± 0.16 p < 0.025 p = 0.99 p = 0.80 p = 0.83  1.1 

C6 
0.14 ± 0.25 

p < 0.05 p = 0.92 p = 0.77 p = 0.79 p = 0.95  

 1183 
Table 9: Area Suppression Index: The values in the first column under the cluster number show the 1184 

mean ± 1SD for each cluster. The p values were all determined using Student’s t-test. Other details as 1185 

for table 1. For 5/85 cells in the 6 main clusters we did not obtain area summation measures. The n 1186 

in each cluster C1-C6 was 15, 20, 18, 13, 7 and 7 respectively. 1187 

 1188 
 1189 
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