PEER REVIEW FILE

Reviewers' Comments:

Reviewer #1 (Remarks to the Author):

note: comments also attached as formatted word doc for easier reading.

### Laminar differences in decision-related neural activity in dorsal premotor cortex
#### Summary

The authors trained 2 monkeys to perform a visual discrimination reach task. Despite using a
static stimuli, the monkeys behavior was well fit by a drift-diffusion model (DDM). Recordings
from PMd revealed diverse neuronal populations, with some being more highly correlated with
reaction time and others less correlated. The authors claim that the units that were positively
correlated with reaction time and also choice and stimulus difficulty. But the units that were
negatively correlated with RT did not show “decision-variable"” like characteristics. Using a
laminar probe the authors claim that superficial layer contain more of the "increasing” neurons
(more correlated with RT.)

###t# General Comments

The laminar organization of cortical function/computation is of great interest to neuroscientists.
This paper is one of the first to describe laminar distinctions in a perceptually difficult reach task,
which (in theory) permits the separation of perceptual, decision, and action related signals.

There are a few problems that prevent me from recommending the paper for publication in
Nature Comm. in its current form.

1) The behavior of the two monkeys is quite different, but all the analyses lump the neurons
together, calling into question the generality of the results. The authors need to show that the
main results and claims hold up independently in both animals.

2) The logic of the paper is convoluted. | feel that it could be substantially improved with new
analyses and writing. | detail the issues below, but the main problem is with the overuse of the
"index" (correlation between pre-movement firing rate and reaction time).



3) Of the 3 "concrete goals™ the authors describe in the discussion, only the third one (laminar
distribution of decision encoding) merits enough interest for publication in Nature Comm.
However, the authors did not perform any analyses of the simultaneously recorded units that
would provide stronger evidence that the decision-related activity in superficial (and also the
deepest) layers of cortex drive the more movement related neurons.

#### Major Issues

The index used for quantifying a neuron's position along a visuo-motor continuum is
unconvincing. It turns out that for the "decreased” population, choice signals emerge later, but it
did not have to turn out that way, thus the index is not itself the property of interest. Rather than
report the laminar distribution of the "index" why not directly report the laminar distribution of a
perceptual, decision and motor signals, since it seems that that is what the authors are more
interested in reporting anyway. The last sentence of the results: "At the population level, choice
selectivity appeared earlier in the superficial compared to the deep units"™.

I would recommend to divide the neurons by depth and then use a decoding analysis to reveal the
perceptual/decision/motor information content as a function of time at different depths. The
authors rely heavily on firing rate differences (using regression / ttests) but something more
sophisticated (see for example papers from Paganand Rust on decoding information in IT)
would improve the manuscript.

A major reference for the "visuo-motor continuum™ type analysis is DiCarlos and Maunsell 2005
"Using Neuronal Latency to Determine Sensory—Motor Processing Pathways in Reaction Time
Tasks". That paper provides a more robust technique for doing neural-behavior latency analysis
(rather than just comparing spike-rates with RT). Another technique for neural-behavior latency
analysis is described in Erlich, Bialek & Brody (2011) which is applicable to neurons with more
complex dynamics.

Given that the behavior of the two monkeys is quite different, it is important to show that your
main results (that "increased” neurons have earlier decision information and are more superficial)
replicated independently in both animals. Figure 3e, 4b, Extended Data 3.

**Use of parametric statistics.** | don't think this would change the main results of the paper,
but I would encourage the authors to use non-parametric statistic (like permutation tests) rather
than rely on t-tests which have assumptions about the underlying distribution of the data.
Especially since the authors do not check (or at least did not report) whether those assumptions
were met. For example, simultaneously recorded neurons do not satisfy the independence
assumption. Neurons generally have autocorrelations which violate the assumption of
independent samples for regression. Firing rates may or may not satisfy the assumption that the
data came from a normal distribution.



#### Some detailed comments

Line 15 - "... are not well understood"

: This phrasing has unfortunately become a universal technique for general motivation of any
paper. | wish the authors could be a bit more specific in the abstract as to the hypothesis that they
are testing. Your paper is about the laminar organization. So something like "we have previously
described the response properties of neurons in PMd using techniques that did not allow us to
identify the laminar location... "

Lines 19 - 25

: On line 19 "firing rates of PMd neurons are organized ...." but at line 24 "units at the center". Is
it a continuum of units or of firing rates? If it a continuum of units then you should write (on 19):
"Units in PMd can be organized along a continuum by their responses in our reach task."” (or
something to that effect.)

Line 19 "Consistent with a model, which"
: Remove comma after model

Figure 2: "Check"

- I would encourage the authors to just write "cue" rather than “check™ in Figure 2. "Check" is
not a standard short form for "checkerboard", but 'Cue’ is pretty easy to interpret (especially if
you use that term in fig 1 and the rest of the text... e.g. the "checkerboard cue™.)

Figure 3e: Regression
: The regression should be done on the actual data, not the binned and averaged data. Why did
the authors do that? This figure needs to be made for each animal separately.

Line 88-90: "..the DDM framework applies even when sensory evidence is 90 available all at
once"

: This is not news. You cite two (relatively recent) papers. But much of the early psychophysics
work related to the DDM is based on static visual discrimination. What is unique about your
design?

Figure 4B
: Why use a line to fit this when it clearly looks non-monotonic? A quadratic fit (or two lines)
seems more appropriate.



Reviewer #2 (Remarks to the Author):

Chandrasekaran et al. present an analysis of multi-unit recordings from laminar probes in
premotor cortex during a perceptual decision making task. They found that some units whose
activity positively correlated with reaction times, activity bears signatures of a decision variable
as predicted by a drift-diffusion-type model. Depth measurements from the laminar probes
revealed that decision-related units were preferentially distributed in the superficial layers,
whereas units in the deeper layers reflected more motor-preparatory responses.

I find this to be an interesting and compelling study that provides a novel advance to our
understanding of the cortical circuit dynamics during decision making. The analyses are
thorough and well-designed, and the figures and text and carefully and clearly presented. The
laminar dependence of decision vs. motor signals in primate premotor cortex is of particular
novelty and importance, as they suggest a circuit-level transformation in the flow of information
across layers during decision making. | have only two comments/concerns, which should be
readily addressable, described below.

Comments:

1. Relationship between visuomotor index and choice selectivity: What is the relationship across
units between the visuomotor index and choice selectivity? Fig. 3C speaks to this question at the
group level, averaging within decreased, perimovement, and increased divisions, but not at how
these may be correlated or clustered at the unit level. This could be shown with a scatter plot
showing, for each unit, the visuomotor index and some measure of choice selectivity (e.g. for
each unit, the immediate pre-movement difference in firing rates or slopes between choices,
averaged across coherences, and maybe normalized by baseline/overall firing rate). This analysis
could address the important question of whether this sample can be described a unimodal
distribution showing a range of choice selectivity, or whether there is clustering with some units
showing very little or very high choice selectivity. For instance, the example units at channel 11
in Fig. 4A show very little choice selectivity at the time before movement. In that sense they
resemble the “fixation” neurons recorded in the frontal eye field (by Jeff Schall and others),
which show omni-directional decreases preceding movement. So is there a subgroup of units that
show a strong choice signal, beyond the expected continuum of a unimodal distribution?

2. Potential limitations of multi-unit analysis: A key limitation of the current work is that the
analyses are done on only multi-unit data, without any validation that the main conclusions
would hold if analyses were applied to only isolated single-neuron recordings. Indeed, with this
limitation it is not even clear how one should interpret the selectivity and visuomotor indices of
these units, when multiple neurons are combined to produce an analyzed unit. The Discussion
section should note this limitation and describe what aspects of the conclusions may be sensitive



to the multi-unit vs. single-neuron distinction or which specific aspects would benefit from
analysis of single neurons.

3. DDM parameters: It would be of definite interest to some readers to have the DDM fit
parameter values provided in a supplementary table.

Reviewer #3 (Remarks to the Author):

This manuscript describes a study examining neural activity in dorsal premotor cortex (PMd)
during a perceptual discrimination task. Monkeys were trained to determine which of two colors
was predominant in a mixed color cue and indicate their choice by reaching to a target of the
corresponding color. Recordings were made in caudal PMd using multisite linear probes.

There were three aims: 1) To characterize the variety of firing patterns in PMd during this task,
relating them to putative decision variables; 2) to test whether these firing patterns, and monkey
behavior, conformed to the predictions of the drift diffusion model (DDM); 3) to examine
whether there are specific trends in the distribution of different firing patterns in different cortical
lamina. Three corresponding main results are reported: 1) PMd cells can be characterized as
lying along a continuum that is indexed by their trial-to-trial relationship to reaction time. At one
end there are “increasing cells” whose movement-aligned activity is larger when reaction times
are longer, and which are most clearly related to the difficulty of the decision. Atthe other end
are “decreasing cells” whose activity is larger for shorter reaction times, and which do not reflect
the choice until just before movement onset. In-between there are “perimovement cells” that do
not correlate with RT and simply indicate movement direction about 150ms prior to onset. 2)
The activity of increasing cells, and the monkeys’ behavior, is consistent with the DDM. 3)
There is a clear trend in the laminar distributions of the cell types, with increasing cells more
common in superficial layers, while decreasing and perimovement cells are more common at
deeper layers.

I will comment on each of these aims and findings in turn, but 1 will begin with aims 1 and 3, as
they are related, before turning to aim 2.

Many previous studies have reported similar kinds of trends in PMd neural firing patterns,
especially by Coallier etal. 2015 and Song & McPeek 2010 (both cited), but also earlier studies
by Evarts, Tanji, Wise, Kalaska, Caminiti and others. These authors have described similar types
of “stimulus-related” or “motor-related” cells, using a variety of indices and methods for
quantifying response patterns. Similar trends have also often been reported in other regions,
notably including FEF (e.g. Thompson et al. 1996 cited; as well as many other studies by Schall
and colleagues, see in particular Sato & Schall 2003). The authors acknowledge all of this, but
then it’s unclear why they state that a “detailed description of the temporal patterns” is lacking
(p. 2), and unclear how their analyses provide a description that is more detailed than what was
already shown previously.



Having said that, | do recognize that the present paper quantifies the specific relationship with
decision-related variables, which has not been done before. However, the index that is used is
perhaps not ideal to tease that apart from other stimulus-locking or burst vs. tonic properties. The
index is straightforward and reasonable, but it could potentially confound important phenomena.
In particular, the FR is averaged across a lengthy period of time during which cells exhibit
temporal changes, some increasing over the course of the trial and some decreasing. The
classification of a cell as having a positive index could be caused by several different scenarios:
1) it could reach a similar level of activity but for a longer time prior to movement onset in long
RT trials (perhaps simply because it is “stimulus locked” and “tonic”; 2) it could exhibit a burst
that always lasts the same amount of time but is stronger in long RT trials; 3) it could build up as
a function of elapsed time independently of difficulty. All of the examples shown illustrate
scenario 1, but were other scenarios observed? If so, how often? A negative index could likewise
be produced by different scenarios, and it is very conceivable that stronger bursts are associated
with shorter RTs (and/or higher velocities). The index might therefore inappropriately partition
cells that are in fact closely functionally related, or group together cells that are very different. It
seems to me that one needs to be more careful in characterizing these trends (aim 1), possibly
through the use of multiple indices that measure different aspects of cell responses (e.g. duration
of burst, amplitude of burst, time-locking with stimulus or movement onset, etc.). The analyses
used by Sato & Schall and Song & McPeek, examining the relationship between RT and neural
discrimination time, could be particularly insightful here, but only as one among several ways of
quantifying response patterns.

Assuming that the trends in response patterns are well-characterized, mapping them to different
cortical layers (aim 3) is novel and very interesting. In fact, | consider this to be the most
significant advance presented in this paper. The result in Figure 4b is compelling, and it would
be very good to show that for individual recording sessions, perhaps even as a 3-D map that
examines how robust these trends are along a rostro-caudal or medial-lateral axes. Does the
prevalence of superficial increasing cells decrease as you move caudally? Do they appear at
different depths? It would also be desirable to have more detailed reconstructions so as to be able
to judge what specific cortical layers correspond to the different depths. The online methods
describe the careful placement of the probe to maximize consistency across sessions, but this
cannot do anything about the different angles at which the probes intersect the curving cortical
surface. A histological reconstruction would be best, but if the animals are still being used in
experiments then perhaps a careful 3D reconstruction based on MRI data would suffice. |
emphasize this because the laminar trends described here would be even more valuable if they
could be more precisely related to specific cortical layers.

Regarding aim 2, the paper is rather underwhelming. The authors contrast their findings with a
study (Thura & Cisek 2014), in which it was claimed that PMd activity is not compatible with
the DDM but instead quickly tracks sensory information and combines it with a growing urgency
signal. Why is that explanation not compatible with the present data? The central assumption of
the DDM is that build-up of neural activity is caused by an integrator with a long time constant,



and Thura & Cisek argued that their data suggests the PMd time constant is short. Here, the
authors argue that their data is compatible with the DDM (i.e. an integrator with a long time
constant). But they can’t actually test that proposal because it is not possible to distinguish
between a long and short time constant with a task, like the present one, in which the stimulus
information is static. All of the data shown here, and all of the fits, could be done with a variety
of settings of time constants and urgency signals. The authors propose that perhaps the brain
adjust time constants in a task-dependent way, using long ones when the stimulus is static. This
is plausible, but it has also been claimed that time constants are short even for the classic
random-dot motion task (Carland et al. 2016). Regardless, no case can be made either for or
against the DDM using data, like that presented here, which does not actually testthe DDM.
Consequently, | would recommend that the authors just remove the DDM from the manuscript,
including the discussion as well as the model fits. It merely distracts from the main contribution,
which (at least in my mind) is the characterization of differences in activity patterns at different
cortical layers. Furthermore, given the ambiguous status of the DDM as an explanation for this
kind of experiment, 1 would recommend not basing any of the analyses on fits to that model.
This specifically pertains to estimates of decision times, which are derived from parametric fits
that assume the DDM as the correct model, even though it is not tested. In fact, the non-decision
times of 326 and 360ms for the two monkeys, respectively, are quite long. If that is the sum of
sensory plus motor delays, then it would be hard to explain how the monkeys could perform a
simple reaction time task with an RT that is less than 300ms, which presumably they often do.
Specific comments:

Line 168: It is reported that the neural data comes from 546 units in monkey T and 450 in
monkey O, and that this includes both single units and multi-units. Why include the multi-units?
One critical prerequisite to addressing aims 1 and 3 is to characterize the diversity of firing
patterns of real neurons, and so averaging across neurons is exactly the wrong thing to do. It only
raises the concern that many important phenomena were missed.

Line 176: It is interesting that stimuli with higher coherence were associated with earlier
divergence of FRs, but the statistics that test this should be reported (In fact, the strength of this
correlation would make a very interesting index for characterizing response patterns, as noted
above). Similarly, statistical tests should be reported for all of the other claims made as well.
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Responses to Reviewers — Chandrasekaran et al. - NCOMMS-16-15643A

Response to reviewers for “Laminar differences in decision-related
neural activity in dorsal premotor cortex”

We thank all three reviewers for the positive evaluation of the novelty of the results presented here.
We are also grateful to all the reviewers for the insightful comments and the suggestions that we
believe have greatly improved the manuscript. In this revised manuscript, we have made every
attempt to address these comments and clarify the novelty as well as strength of the results
presented in the manuscript. Please find below the comments from the reviewers in black and our
response to the reviewers in red. The text/analysis changes we have made in the manuscript to
respond to the reviewer comments are provided in blue in this document (as well as in the
manuscript). Before addressing each comment, we provide a brief preamble to list the major

additions or clarifications we have made in the manuscript.

In our original manuscript, we relied heavily on the index as the primary way to separate
neuronal firing rates because we believe that it is simple and readily understood. We did not include
in the original manuscript other analyses we had performed because of the worry that it may be
unwieldy or overwhelming for the reader. However, we agree with the reviewers that adding
additional depth to these analyses improves the impact, readability, and relevance of this manuscript.
We have attempted to perform the appropriate analyses and include them in the manuscript in the
appropriate location. The new analyses included in this revised manuscript are described below here
first and also when appropriate for the questions separately for each reviewer.

1. Performed a neural discrimination time analysis on szgle nenrons for a range of RT's and
show that discrimination time correlates with the visuomotor index and other metrics of
interest (Extended Data Fig. 4d-f). Choice selectivity in both monkeys emerges first for
the increased neurons and later for the decreased and perimovement neurons (Extended
Data Fig. 4d-f). Choice selectivity as measured by this single-neuron analysis emerges
eatlier for the superficial compared to the deeper layers of PMd (Fig. 4d, Extended Data
Fig. 11d).

2. Added a decoding analysis to demonstrate that information about choice is available
earlier in superficial compared to the deeper layers of PMd. This analysis was performed
by separating out electrodes according to superficial (electrodes 1-8) and deep (9-16) and
decoding choice using a linear classifier (Fig. 4e, Extended Data Fig. 12b).

3. Performed analyses that estimate “Normalized Neural Latency (A)” and “Covatiation

with RT (B)” from DiCatlo and Maunsell (2005). We correlated these metrics to the
visuomotor index used in this manuscript and show that it provides very similar results
(Extended Data Fig. 5).
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Performed the correlation analyses to relate neural responses to RT from Exlich, Bialek
and Brody, 2011. We show that these new correlations are consistent with the
visuomotor index we used (Extended Data Fig. 0).

Applied Principal Component Analysis (PCA) to examine if our separation into these
broad unit classes is justified and to show that “increased” units have stronger
projections on a principal component that strongly covaries with choice compared to the
decreased and perimovement neurons. We then used the PCA analysis to quantify the
variance explained by our index. We found that Principal Component 1 (PC1) and the
index were highly correlated and PC1 explained ~50% of the variance. Thus the index,
by proxy explains nearly 50% of the variance in the FRs (Extended Data Fig. 8).

Included a clustering analysis on the trial averaged firing rates for the population of PMd
neurons as performed by Meister et al. (2013). We show that even with this unsupervised
clustering analysis that the trends are largely consistent with our previous findings using
the visuomotor index and support the broad distinction into decreased, increased and
perimovement neurons (Extended Data Fig. 9).

Reduced the emphasis on the DDM given the previous literature on using the DDM for
static stimuli and also the recent unresolved debate on whether an urgency gating model
(UGM) or a DDM better fits discrimination behavior (Hawkins et al., 2015b; Hawkins et
al., 2015a). We also included the fits of a UGM and DDM to the behavioral data for
comparison and completeness (Extended Data Fig. 2).

Provided evidence that almost all of the main effects replicate in both monkeys
(Extended Data Figs. 1, 2, 3, 4, 11, and 12). The only analysis that failed to reach
significance in monkey O was the delay in discrimination time for the deeper compared
to the superficial layers estimated using the classifiers. The list below shows the analyses
that we include for each monkey separately.

1. Extended Data Fig. 1 shows the fit of the DDM to the behavior of the
two monkeys separately. Table 1 shows the goodness of fit statistics for
the 4 candidate DDM models we considered for each monkey separately.

ii. Extended Data Fig. 2 shows the fit of a DDM and the UGM to the
behavior of the two monkeys separately.

iii. Both monkeys show a visuomotor continuum for PMd unit responses
(Extended Data. Fig. 3a)

iv. Main effects of coherence (Extended Data Fig. 3c-¢) and RT (Extended
Data Fig. 4a-f) are also present in both monkeys.

v. At the population level, increased units also signal choice earlier than the
decreased and perimovement units (Extended Data Fig. 4a-c). Similarly
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on a neuron-by-neuron basis, the increased units signal choice earlier
than both the decreased and perimovement units (Extended Data Fig.
4d-f).

vi. Regression analysis shows main effects of choice, RT, and coherence in
both monkeys (Extended Data Fig. 10c, d and Extended Data Fig. 10e,

f).

vii. Both monkeys show a decrease in the visuomotor index as a function of
cortical depth (Extended Data Fig. 11c¢).

viil. Superficial layers in both monkeys signal choice earlier than the deeper
layers (Extended Data Fig. 11d). The laminar trends are stronger in
monkey T than in monkey O.

ix. The only analysis which was not significant in monkey O was the delay in
discrimination time for the deeper layers vs. the superficial layers as
estimated by the classifier.

9. Added nonparametric statistical analyses (comparison of medians, and permutation tests)
to address concerns about normality and correlations between units. Results did not
change when using these nonparametric methods.

10. Included details on the number of single and multiunits reported in the manuscript. Also
included a caveat in the discussion section on how multiunits could modestly change
some of the analyses and conclusions presented in the manuscript.

Having provided this preamble, we now address each comment in turn by pointing out the analyses
or figures or replicating text written in the manuscript in response to the question.

Specific Reviewers' comments:

1. Reviewer #1 (Remarks to the Author):

The authors trained 2 monkeys to perform a visual discrimination reach task. Despite using a static
stimuli, the monkeys behavior was well fit by a drift-diffusion model (DDM). Recordings from PMd
revealed diverse neuronal populations, with some being more highly correlated with reaction time
and others less correlated. The authors claim that the units that were positively correlated with
reaction time and also choice and stimulus difficulty. But the units that were negatively correlated
with RT did not show "decision-variable" like characteristics. Using a laminar probe the authors
claim that superficial layer contain more of the "increasing" neurons (more correlated with RT.)

#HHHH# General Comments
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1.1.  The laminar organization of cortical function/computation is of great interest to
neuroscientists. This paper is one of the first to describe laminar distinctions in a
perceptually difficult reach task, which (in theory) permits the separation of perceptual,
decision, and action related signals. There are a few problems that prevent me from
recommending the paper for publication in Nature Comm. in its current form.

We thank the reviewer for the positive evaluation of the novelty of the results presented here. We
have attempted to perform appropriate analyses and rewritten parts of the manuscript to address the
issues raised by you. Please find below our point-by-point response to your comments.

1.2.  The behavior of the two monkeys is quite different, but all the analyses lump the
neurons together, calling into question the generality of the results. The authors need to
show that the main results and claims hold up independently in both animals.

We thank the reviewer for this comment. We carefully described in the original manuscript that
there are differences between the monkeys’ behavior primarily at the level of the RT. Without the
RT curve and the DDM, and in the revised manuscript the UGM, the thresholds, and psychometric
curves appear similar and in a fixed discrimination task the behavior of the monkeys might be
considered near equivalent.

Nevertheless, we concur with the reviewer that the differences justify the need to show that the
neurophysiological effects are largely similar in both animals and we have done so where appropriate
by plotting data separately for each animal (Extended Data Figs. 1, 2, 3, 4, 11, and 12).

a. Bxtended Data Fig. 1 shows the fit of the DDM to the behavior of the two monkeys
separately. Table 1 shows the goodness of fit statistics for the 4 candidate DDM
models we considered for each monkey separately.

b. Extended Data Fig. 2 shows the fit of a DDM and the UGM to the behavior of the
two monkeys separately.

c. Both monkeys show a visuomotor continuum for PMd unit responses (Extended
Data. Fig. 3a)

d. Main effects of coherence (Extended Data Fig. 3c-¢) and RT (Extended Data Fig.
4a-f) are also present in both monkeys.

e. At the population level, increased units also signal choice earlier than the decreased
and perimovement units (Extended Data Fig. 4a-c). Similarly on a neuron-by-neuron
basis, the increased units signal choice eatlier than both the decreased and
perimovement units (Extended Data Fig. 4d-f).

f.  Regression analysis shows main effects of choice, RT, and coherence in both
monkeys (Extended Data Fig. 10c, d and Extended Data Fig. 10e, f).



141
142

143
144
145

146
147
148

149
150
151

152
153
154

155
156
157
158
159

160
161
162
163
164
165

166
167
168
169
170
171
172
173

174
175
176

Responses to Reviewers — Chandrasekaran et al. - NCOMMS-16-15643A

g. Both monkeys show a decrease in the visuomotor index as a function of cortical
depth (Extended Data Fig. 11c).

h. Superficial layers in both monkeys signal choice earlier than the deeper layers
(Extended Data Fig. 11d). The laminar trends are stronger in monkey T than in
monkey O.

1. The only analysis which was not significant in monkey O was the delay in
discrimination time for the deeper layers vs. the superficial layers as estimated by the
classifier.

1.3.  The logic of the paper is convoluted. I feel that it could be substantially improved
with new analyses and writing. I detail the issues below, but the main problem is with the
overuse of the "index'" (correlation between pre-movement firing rate and reaction time).

We apologize to the reviewer for the lack of clarity. As suggested by the reviewer, we have now
added several new analyses to extend the main conclusions of this paper that relied on the index. We
have also attempted to clarify and streamline the text throughout.

1.4.  Of the 3 "concrete goals' the authors describe in the discussion, only the third one
(laminar distribution of decision encoding) merits enough interest for publication in Nature
Comm. However, the authors did not perform any analyses of the simultaneously recorded
units that would provide stronger evidence that the decision-related activity in superficial
(and also the deepest) layers of cortex drive the more movement related neurons.

We appreciate that the reviewer concurs with us on the importance of the laminar differences in
PMd during a decision-making task. Regarding the other two points, we respectfully feel that the
systematic characterization of the relationship between different types of response patterns in PMd
and the decision-formation process is quite important and was largely lacking in the literature. For
instance, as reviewer 2 points out, the decreased neurons are a novel finding for PMd and have only
been previously described in the FEF and the superior colliculus.

Similarly, Coallier et al. (2015), the study with the most similar design as ours, documented decision-
related responses in ~60 PMd neurons (many hundreds of neurons fewer that in the present
manuscript) but did not describe the response diversity that we attempt to show. They also did not
show that different units have different choice selectivity profiles and they provided one pooled estimate
of the time of choice selectivity. These types of analyses are a major component of the manuscript,
and our conclusions do not rest entirely on the laminar differences discussed here. The laminar
differences are the final analyses we perform to investigate the complexity observed in the FRs of
PMd neurons during the decision-making task.

Another important feature of this revised manuscript is that we also have now modeled the behavior
of the monkeys using the DDM and an urgency-gating model. We show how both models explain
some features of the data, but neither model is perfect (Extended Data Fig. 2). The DDM
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overestimates the highest RT quantiles (70 and 90" percentile). The UGM predicts a shape for the
quantile probability plots that is inconsistent with the data.

We have also added a decoding analysis to show that information about choice emerges eatlier in the
superficial compared to the deeper layers of PMd (Fig. 4e, Extended Data Fig. 12b). Choice
information emerges ~16 ms eatrlier in the superficial compared to the deeper layers of the dorsal
premotor cortex.

H#HHH# Major Issues

1.5.  The index used for quantifying a neuron's position along a visuo-motor continuum is
unconvincing. It turns out that for the "decreased' population, choice signals emerge later,
but it did not have to turn out that way. Thus the index is not itself the property of interest.
Rather than report the laminar distribution of the "index' why not directly report the
laminar distribution of a perceptual, decision and motor signals, since it seems that that is
what the authors are more interested in reporting anyway. The last sentence of the results:
""At the population level, choice selectivity appeared earlier in the superficial compared to
the deep units."

I would recommend to divide the neurons by depth and then use a decoding analysis to
reveal the perceptual/decision/motor information content as a function of time at different
depths. The authors rely heavily on firing rate differences (using regression / ttests), but
something more sophisticated (see for example papers from Pagan and Rust on decoding
information in I'T) would improve the manuscript.

We thank the reviewer for pointing this out, we appreciate it, and we agree. We have now shown
that on a single neuron basis the timing of signals emerges eatlier in the superficial compared to the
deeper layers of PMd (Fig. 4d, Extended Data Fig. 11d for each monkey). There is a positive
correlation between the timing of significant choice selectivity and cortical depth in both monkeys
and in the pooled data (Fig. 4d).

We have also added a decoding analysis to show that information about choice emerges eatlier in the
superficial compared to the deeper layers of PMd (Fig. 4e, Extended Data Fig. 12b). Choice
information emerges ~16 ms eatrlier in the superficial compared to the deeper layers of the dorsal

premotor cortex.

As regards the perceived unconvincing nature of the index, we have now incorporated an analysis
where we show that there is a near-perfect relationship between our correlation-derived visuomotor
index and the first principal component of an unbiased PCA analysis. The first PC explains ~ 50%
of the variance in the neural data set, substantially bolstering confidence in our correlation-derived
index (Extended Data Fig. 8e).

1.6. A major reference for the "visuo-motor continuum" type analysis is DiCarlos and
Maunsell 2005 "Using Neuronal Latency to Determine Sensory—Motor Processing Pathways
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in Reaction Time Tasks." That paper provides a more robust technique for doing neural-
behavior latency analysis (rather than just comparing spike-rates with RT). Another
technique for neural-behavior latency analysis is described in Erlich, Bialek & Brody (2011)
which is applicable to neurons with more complex dynamics.

We thank the reviewer for drawing our attention to both of these analysis techniques. We were
obtaining reasonable results with simple regressions between firing rates and RT and thus did not
pursue more sophisticated techniques for estimating this relationship. We have now added the
analysis performed in DiCarlo and Maunsell as an extended data figure (Extended Data Fig. 5).

We have now also used the technique from Erlich, Bialek and Brody (2011) in the manuscript (with
minor modifications) and reassuringly found very similar results. Neurons with positive visuomotor
index values are the most correlated with the metric provided in Erlich et al. (2011) (Extended Data
Fig. 6). Because the technique from Erlich et al. (2011) does not distinguish between increases and
decreases in FR, we have now made a minotr modification to the correlation coefficient and show
that this more sophisticated analysis again suggests a very organized relationship between RT and
responses of PMd neurons. Both the method from Erlich et al. (2011) and DiCarlo and Maunsell
(2005) largely lead to similar conclusions and their metrics are well correlated with the simple index

we propose here.

We also pursued yet another method for characterizing a visuomotor continuum originally
developed in (Sato and Schall, 2003) and recently used in (Song and McPeek, 2010). This data is
shown in Extended Data Fig 7. The conclusions from this alternative analysis are again consistent
with the results using the simple visuomotor index.

1.7.  Given that the behavior of the two monkeys is quite different, it is important to show
that your main results (that "increased" neurons have earlier decision information and are
more superficial) replicated independently in both animals. Figure 3e, 4b, Extended Data 3.

Please see the list a-i provided in answer to question 1.2 and also in the preamble to the responses

(point 8).

1.8.  **Use of parametric statistics.** I don't think this would change the main results of
the paper, but I would encourage the authors to use non-parametric statistic (like
permutation tests) rather than rely on t-tests which have assumptions about the underlying
distribution of the data. Especially since the authors do not check (or at least did not report)
whether those assumptions were met. For example, simultaneously recorded neurons do not
satisfy the independence assumption. Neurons generally have autocorrelations which
violate the assumption of independent samples for regression. Firing rates may or may not
satisfy the assumption that the data came from a normal distribution.
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Thank you for this suggestion. Where applicable we have now included nonparametric statistics that
measure whether the medians are significantly different from one another to assuage the concern
that the means of these distributions may not be meaningful because of the non-Gaussian nature of
these distributions. As the reviewer has surmised, adopting tests that compare between the medians
did not change the main results of the manuscript. We have also included nonparametric statistics
using permutation tests where necessary. Again using these methods did not change the results
presented in the manuscript.

H#HHHH Some detailed comments

1.9. Line 15 - "... are not well understood."

: This phrasing has unfortunately become a universal technique for general motivation of
any paper. I wish the authors could be a bit more specific in the abstract as to the
hypothesis that they are testing. Your paper is about the laminar organization. So something
like "we have previously described the response properties of neurons in PMd using
techniques that did not allow us to identify the laminar location... "

Many studies in the oculomotor system have delineated the role of different brain regions in
perceptual decision-making. We feel that the mechanisms are not well understood for the
somatomotor system. That’s why we included this opening sentence. However, we fully agree that
these types of sentences have become standard opening or motivating statement for many papers
and we apologize if the opening sentence of this manuscript is trite. We have therefore edited the
first two sentences to better set up the rationale for our study.

Lesion and physiological experiments in monkeys and examination of stroke patients
suggest a role for the dorsal premotor cortex (PMd) in somatomotor decisions. However,
we currently lack a description of the temporal patterns of decision-related firing rates (FRs)
in PMd. We also do not understand the laminar organization of these decision-related
responses.

1.10. Lines 19 - 25

: On line 19 "firing rates of PMd neurons are organized ...." but at line 24 "units at the
center." Is it a continuum of units or of firing rates? If it a continuum of units then you
should write (on 19): "Units in PMd can be organized along a continuum by their responses
in our reach task." (or something to that effect.)

We thank the reviewer for this suggestion and have rewritten the sentence in the abstract
“We show that PMd neurons can be organized along a bidirectional visuomotor continuum

according to their responses during the reach decision task.”.

1.11. Line 19 "Consistent with a model, which."
: Remove comma after model
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286  We thank the reviewer for this suggestion. We have rewritten the sentence.

287  Together, the results are consistent with a laminar model in which decision-related signals
288  are received and processed in the upper layers of PMd, subsequently informing action
289  selection and execution processes centered in the lower layers.

290  112. Figure 2: "Check."
291  :Iwould encourage the authors to just write ""cue" rather than "check" in Figure 2.
292 "Check" is not a standard short form for "checkerboard", but 'Cue' is pretty easy to

293  interpret (especially if you use that term in fig 1 and the rest of the text... e.g. the
294 "checkerboard cue'.)

295  We thank the reviewer for the suggestion and have amended the text as well as the methods to be
296 clearer. We have replaced the word check in the figures with the word “cue” and refer to it as
297  “checkerboard cue” in the text.

298

299  1.13. Figure 3e: Regression
300  :The regression should be done on the actual data, not the binned and averaged data. Why
301  did the authors do that? This figure needs to be made for each animal separately.

302  We chose to perform the regression on latencies estimated from the average population data

303  because we were concerned that single neuron estimates of this regression might be noisy. However,
304  the analysis was just as robust when we performed the analysis using the individual neurons and

305  found very similar results (Extended Data Fig. 4d-f, Extended Data Fig. 7, Fig. 4d, Extended Data
306  Fig. 11d). We thank the reviewer for the suggestion and agree that this is statistically a more robust
307  measure of the latency differences in PMd. We now include these neuron-by-neuron estimates as
308  figures separately for each monkey (Extended Data Fig. 4e-f) and also pooled across both monkeys
309  (Extended Data Fig. 4d). We also include a correlation between the discrimination time measured on
310  asingle neuron basis over all RT's and our simple visuomotor index (Extended Data Fig. 4d-f).

311 As advised by the reviewer, we also included analyses from DiCarlo and Maunsell (2005) as
312 well as the analysis from Erlich et al. (2011). As suggested by reviewer 3, we also included an analysis
313  based on the slopes as devised by Sato and Schall (2003) and Song and McPeek (2010). Conclusions
314  from all of these different analyses were consistent with one another.

315 1.14. Line 88-90: "..the DDM framework applies even when sensory evidence is 90

316  available all at once"

317  :This is not news. You cite two (relatively recent) papers. But much of the early

318  psychophysics work related to the DDM is based on static visual discrimination. What is
319  unique about your design?

320  We thank the reviewer for this question. We agree that the DDM has been applied in settings even
321  when the sensory evidence is available all at once. Thus our design is not unique. We perhaps
322 inadvertently overreached in the original paper. However, recent studies, especially from Cisek,
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Thura, and collaborators, have now challenged this claim (Cisek et al., 2009; Thura et al., 2012).
Thura et al. (2012) claimed that the UGM and DDM make identical behavioral predictions for these
types of stimuli. However, a recent set of studies showed that the UGM and the DDM only make
identical predictions for mean RTs. The two models make different predictions about the
distribution of RTs for correct and error trials (Hawkins et al., 2015b; Hawkins et al., 2015a; Boehm
et al., 2016; Thura and Cisek, 2016). We have now attempted to use both of these models to identify
if one of them describes the data better than the other. The DDM predicts the shape of the quantile
probability plots better but overestimates the RTs for the highest quantiles (Extended Data Fig. 2a,
left panel). In contrast, the UGM predicts a different shape but predicts faster RTs for the highest
quantiles (Extended Data Fig. 2b, right panel). Depending on the relative balance, either the DDM
or the UGM describes the data better.

Nevertheless, we agree with both Reviewer 1 and Reviewer 3 that the DDM vs. UGM is not the
main focus of this manuscript. The more novel results in the manuscript are the temporal
heterogeneity of decision-related responses and the demonstration of a laminar structure in PMd.
We have rewritten this introductory paragraph and deemphasized the DDM in the results and
provided an explicit discussion on the DDM vs. the UGM.

We have adopted the strategy of keeping the modeling results but minimizing their emphasis in the
manuscript that the DDM is the only model that can fit this data. All of these decision-making
models predict very similar FR profiles for trial-averaged data with the stimuli used by us.

1.15. Figure 4B
: Why use a line to fit this when it clearly looks non-monotonic? A quadratic fit (or two lines)
seems more appropriate.

We thank the reviewer for this suggestion to use quadratic and higher order fits to describe the
dependence of visuomotor index on cortical depth (Fig. 4c, Extended Data Fig. 11c). We have made
this appropriate change in the methods and also amended the manuscript to incorporate these new
statistics. The pooled data were better explained by using a cubic function than a quadratic or linear
function.

10
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2. Reviewer #2 (Remarks to the Author):

Chandrasekaran et al. present an analysis of multi-unit recordings from laminar probes in
premotor cortex during a perceptual decision making task. They found that some units whose
activity positively correlated with reaction times, activity bears signatures of a decision variable as
predicted by a drift-diffusion-type model. Depth measurements from the laminar probes
revealed that decision-related units were preferentially distributed in the superficial layers,
whereas units in the deeper layers reflected more motor-preparatory responses.

I find this to be an interesting and compelling study that provides a novel advance to our
understanding of the cortical circuit dynamics during decision making. The analyses are
thorough and well-designed, and the figures and text and carefully and clearly presented. The
laminar dependence of decision vs. motor signals in primate premotor cortex is of particular
novelty and importance, as they suggest a circuit-level transformation in the flow of information
across layers during decision making. I have only two comments/concerns, which should be
readily addressable, described below.

We thank the reviewer for the kind words and positive evaluation of the novelty of the results

presented here.

Comments:

2.1.  Relationship between visuomotor index and choice selectivity: What is the
relationship across units between the visuomotor index and choice selectivity? Fig. 3C
speaks to this question at the group level, averaging within decreased, perimovement, and
increased divisions, but not at how these may be correlated or clustered at the unit level.
This could be shown with a scatter plot showing, for each unit, the visuomotor index and
some measure of choice selectivity (e.g. for each unit, the immediate pre-movement
difference in firing rates or slopes between choices, averaged across coherences, and maybe
normalized by baseline /overall firing rate). This analysis could address the important
question of whether this sample can be described a unimodal distribution showing a range
of choice selectivity, or whether there is clustering with some units showing very little or
very high choice selectivity. For instance, the example units at channel 11 in Fig. 4A show
very little choice

selectivity at the time before movement.

We also agree that this is an interesting question. We have now attempted to answer this question
using the following analysis.

11
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We have added an extended data figure (Extended Data Fig. 4h) that plots the correlation between
the index and the choice probability (measured using an ROC analysis on the smoothed firing rates)
at each time point. There is a reliable positive correlation between the visuomotor index we defined
and choice probability. The correlation plot shows that as the visuomotor index becomes more
positive (that is towards a more increased neuron) the choice selectivity also increases. We also show
three scatter plots for each of the three different time points shown in the left panel. The data are
more consistent with a continuum and less consistent with clusters of neurons with stronger vs.
weaker choice selectivity.

2.2.  In that sense, they resemble the “fixation” neurons recorded in the frontal eye field
(by Jeff Schall and others), which show omni-directional decreases preceding movement. So
is there a subgroup of units that show a strong choice signal, beyond the expected
continuum of a unimodal distribution?

We thank the reviewer for alerting us to the fixation neurons reported by Jeff Schall and others. We
have added this as a sub section in the discussion portion of the manuscript:

The decreased neurons had tonic levels of FRs that began to reduce after the checkerboard cue
onset and showed minimal choice selectivity. FRs of these neurons were similar for left and for right
reaches and only diverged as a function of choice just before movement onset. These FR
characteristics share some characteristics with fixation neurons documented in the frontal eye
tields(Izawa et al., 2009; Schall, 2009) and the superior colliculus. Fixation neurons, like the
decreased neurons described here, reduce their activity before the initiation of a saccade(Hanes et al.,
1998). They also form a small proportion of neurons described in FEF an observation consistent
with the result that decreased neurons were the least common of the broad categories (~15% of the
neural population). Finally, fixation neurons are thought to be colocalized with movement related
neurons in layer 5 of the FEF — a result consistent with our report here of finding these decreased
and perimovement neurons largely in the deeper electrodes of the U-probes and thus the deeper

layers of PMd (Schall, 2009).

2.3.  Potential limitations of multi-unit analysis: A key limitation of the current work is
that the analyses are done on only multi-unit data, without any validation that the main
conclusions would hold if analyses were applied to only isolated single-neuron recordings.
Indeed, with this limitation, it is not even clear how one should interpret the selectivity and
visuomotor indices of these units when multiple neurons are combined to produce an
analyzed unit. The Discussion section should note this limitation and describe what aspects
of the conclusions may be sensitive to the multi-unit vs. single-neuron distinction or which
specific aspects would benefit from analysis of single neurons.

We apologize for the lack of clarity in the results and methods section about the number of single
neurons and multiunits reported in our population. We have now added this text to the methods
section. ~80% of the units reported here are single neurons. The remainder are multiunits (~20%).
We have also added a caveat in the discussion section about what additional insights may be gained
from even better isolation of single neurons.

12
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Methods Section

We report here the activity of 996 units recorded in PMd of two monkeys while they performed the
task (546 units in T, 450 units in O; single neurons and multi-units which responded during any
epoch in the task). The majority of the wzifs in the database were well-isolated single neurons, and as
per convention, we term them single neurons. Some of these single neurons were collected using
high impedance (i.e., small electrode contact area, > 6 MCQ) sharp FHC electrodes. When using these
electrodes, every attempt was made to isolate and track single neurons and to stably record from
them.

We also had excellent success recording from isolated single neurons from the U-probes.
The U-probes are low impedance electrodes (~100 k€2) with a small contact area and were thus
excellent for isolation of single units. We used a conservative threshold to maximize the number of
clearly defined waveforms and minimize contamination from spurious non-neuronal events. Online,
we used the hoops provided by the software client for our Cerebus system (BlackRock
MicroSystems) to delineate single neurons after the electrodes had been placed in the cortex for at
least half an hour to 45 minutes. Every time a spike was detected by the threshold method, a 1.6 ms
snippet was stored and used for subsequent evaluation of the clusters as well as adjustments needed
for spike sorting. Recordings from some electrodes in the U-probes consisted of mixtures of 2 or
more neurons well separated from the noise and from one another. In a majority of these cases, the
waveforms were clearly separated, and these were labeled as single units. We verified these
separations visually by viewing the waveforms in a principal component space using custom code
written in MATLAB and adjusted the clusters that were isolated online using the MatClust
MATLAB based clustering tool that allows the drawing of polygons to label clusters(O'Connor et
al., 2013) or the Plexon Offline Sorter. Finally, we had two other types of recordings that we labeled
as multiunits. The first category consisted of the multi neuron mixtures that were not separable
using a principal components method. The second rarer class consisted of recordings with
waveforms only weakly separated from the noise. Both of these types of units were classed as
multiunits. We included all of these different units in our analysis here.

To reduce the subjectivity in our assessments we used the number of ISI violations (after
clustering and sorting) to distinguish between single and multiunits. We labeled a unit as a single
neuron if the percentage of ISI violations (refractory period of <= 2ms) was less than 1.5% and a
unit with ISI violations exceeding 1.5% as a multiunit. Using this criterion, 801 of the 996 PMd units
reported here are identified as single neurons (384 from O, 417 from T, mean ISI violation = 0.43%,
~ 0.13 additional spikes per trial). Similarly, 195 out of 996 are classified as multiunits (129 from T,
66 from O, mean ISI violation=3.36%, ~1.4 additional spikes per trial).

Discussion Section

The majority of the electrophysiological data reported in this manuscript were single neurons
(~80%) recorded in PMd during the decision-making task. However, we also included a substantial
fraction of multiunits in the data (~20%). The multiunits certainly provided us with additional power
for the analyses presented here, but it may have also lead to spurious misclassification of units in the
continuum. First, in the worst case, there is the possibility of combining the FRs of an increased
neuron with a decreased neuron and a perfect cancelling in the decision-formation period could
result in a spurious perimovement unit. Fortunately, as our laminar recordings show, the increased,

13
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decreased and perimovement like FRs appear to be roughly segregated as a function of cortical
depth, so this type of spurious mixing will be minimized due to this topographic organization.
Second, because a multiunit contains additional spikes, there is a slightly greater chance that a
decreased neuron will be misclassified as a perimovement or an increased unit and this will increase
the preponderance of increased units in our database. Third, there is also the possibility that some
finer grained temporal patterns are smeared because of combining multiple neurons into a unit.
Finally, inclusion of the multiunits could have resulted in smoother visuomotor continuum than
what is actually present in PMd. Future studies that use a laminar electrode with a tetrode
configuration that will improve isolation or the next generation of silicon electrodes that provide
high-density recordings in combination with automated sorting methods may further illuminate the
microcircuit in PMd and other structures involved in perceptual decision-making(Berenyi et al.,
2014; Rossant et al., 2016). These techniques may allow us to derive so-called “electroanatomical”
maps of brain regions(Berenyi et al., 2014).

2.4. DDM parameters: It would be of definite interest to some readers to have the DDM
fit parameter values provided in a supplementary table.

We have added the DDM goodness of fit metrics (Table 1) as well as the parameters of the fit
obtained from the fast-dm implementation (Tables 2, 3). In the revised manuscript, we have also fit
the urgency-gating model to the data and show that the UGM predicts a shape for the quantile
probability plot that is inconsistent with the behavior of the monkeys but can successfully capture
the highest quantiles of the RT distributions. Neither model is sufficient to completely describe the
behavioral data.

14
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3. Reviewer #3

This manuscript describes a study examining neural activity in dorsal premotor cortex (PMd) during
a perceptual discrimination task. Monkeys were trained to determine which of two colors was
predominant in a mixed color cue and indicate their choice by reaching to a target of the
corresponding color. Recordings were made in caudal PMd using multisite linear probes.

There were three aims: 1) To characterize the variety of firing patterns in PMd during this task,
relating them to putative decision variables; 2) to test whether these firing patterns, and monkey
behavior, conformed to the predictions of the drift diffusion model (DDM); 3) to examine whether
there are specific trends in the distribution of different firing patterns in different cortical lamina.
Three corresponding main results are reported: 1) PMd cells can be characterized as lying along a
continuum that is indexed by their trial-to-trial relationship to reaction time. At one end there are
“increasing cells” whose movement-aligned activity is larger when reaction times are longer, and
which are most clearly related to the difficulty of the decision. At the other end are “decreasing
cells” whose activity is larger for shorter reaction times, and which do not reflect the choice until
just before movement onset. In-between there are “perimovement cells” that do not

correlate with RT and simply indicate movement direction about 150ms prior to onset. 2) The
activity of increasing cells, and the monkeys’ behavior, is consistent with the DDM. 3) There is a
clear trend in the laminar distributions of the cell types, with increasing cells more common in
superficial layers, while decreasing and perimovement cells are more common at deeper layers.

I will comment on each of these aims and findings in turn, but I will begin with aims 1 and 3, as they
are related, before turning to aim 2.

3.1.  Many previous studies have reported similar kinds of trends in PMd neural firing
patterns, especially by Coallier et al. 2015 and Song & McPeek 2010 (both cited), but also
earlier studies by Evarts, Tanji, Wise, Kalaska, Caminiti and others. These authors have
described similar types of “stimulus-related” or “motor-related” cells, using a variety of
indices and methods for quantifying response patterns. Similar trends have also often been
reported in other regions, notably including FEF (e.g. Thompson et al. 1996 cited; as well as
many other studies by Schall and colleagues, see in particular Sato & Schall 2003). The
authors acknowledge all of this, but then it’s unclear why they state that a “detailed
description of the temporal patterns” is lacking (p. 2), and unclear how their analyses
provide a description that is more detailed than what was already shown previously. Having
said that, I do recognize that the present paper quantifies the specific relationship with
decision-related variables, which has not been done before.

We apologize for our lapse in including papers from classical motor studies. We have now included
the following appropriate citations to Tanji, Caminiti, Evarts, Kalaska, Wise and others in the

introduction.

15
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20. Crammond, D.J. & Kalaska, J.F. Modulation of preparatory neuronal activity in
dorsal premotor cortex due to stimulus-response compatibility. | Nexrophysiol 71,
1281-1284 (1994).

21. Crammond, D.J. & Kalaska, J.FF. Prior information in motor and premotor cortex:
activity during the delay period and effect on pre-movement activity. | Neurophysiol
84, 986-1005 (2000).

22. Kurata, K. & Wise, S.P. Premotor cortex of rhesus monkeys: set-related activity
during two conditional motor tasks. Exp Brain Res 69, 327-343 (1988).
23. di Pellegrino, G. & Wise, S.P. Visuospatial versus visuomotor activity in the

premotor and prefrontal cortex of a primate. | Neurosci 13, 1227-1243 (1993).

24, Johnson, P.B., Ferraina, S., Bianchi, L.. & Caminiti, R. Cortical networks for visual
reaching: physiological and anatomical organization of frontal and parietal lobe arm
regions. Cereb Cortex 6, 102-119 (1996).

25. Ferraina, S., ¢z al. Visual control of hand-reaching movement: activity in parietal area
7m. Eur | Neurosci 9, 1090-1095 (1997).

206. Weinrich, M. & Wise, S.P. The premotor cortex of the monkey. | Newurosci 2, 1329-
1345 (1982).

27. Tanji, J. & Evarts, E.V. Anticipatory activity of motor cortex neurons in relation to
direction of an intended movement. | Neurogphysio/ 39, 1062-1068 (1976).
28. Mushiake, H., Inase, M. & Tanji, J. Neuronal activity in the primate premotor,

supplementary, and precentral motor cortex during visually guided and internally
determined sequential movements. | Newurophysiol 66, 705-718 (1991).

As the reviewer has recognized by our citations of some of the most relevant papers, we were well
aware of the many different studies that had previously demonstrated stimulus related and
movement related units in PMd and the frontal eye fields. Indeed, we built upon these ideas that a
visuomotor continuum can describe the FR patterns and used it as the simplest way to tease apart
the different types of units involved in the decision-formation process. We agree that we were
remiss in NOT citing these key references. We have now included them in the revised
manuscript.

However as the reviewer has recognized, first there is a gap in our understanding of the types of
responses in PMd during a difficult reach decision-making task and whether some of them are better
described by a decision-variable. Second, to our knowledge decreased neurons have not been
reported in PMd. As reviewer 2 points out, the decreased neurons are a novel finding for PMd and
have only been previously described in the FEF and the superior colliculus.

To illustrate, Coallier, Michelet, and Kalaska 2015, the most recent study with quite a similar
design as ours, documented decision-related responses in ~60 PMd neurons (hundreds of neurons
less than reported in the present manuscript) but did not describe the response diversity that we
attempt to show. They also did not show that different units had different choice selectivity profiles
and provided one pooled estimate of the time of choice selectivity (For instance, Table 3A of
Coallier et al. (2015)). We attempted to provide many different analyses that help us dissociate
between the different firing rate patterns.
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Similarly, Song and McPeek (2010) described neurons in the visual and motor ends of the
continuum but did not describe any of the decreased neurons. Their task also involved a visual
search. Not only did we replicate their findings in this study, we also show that a similar visuomotor
continuum is present in PMd during a difficult decision-making task with an arm reach as the
behavioral report.

3.2. However, the index that is used is perhaps not ideal to tease that apart from other
stimulus-locking or burst vs. tonic properties. The index is straightforward and reasonable,
but it could potentially confound important phenomena. In particular, the FR is averaged
across a lengthy period of time during which cells exhibit temporal changes, some
increasing over the course of the trial and some decreasing. The classification of a cell as
having a positive index could be caused by several different scenarios: 1) it could reach a
similar level of activity but for a longer time prior to movement onset in long RT trials
(perhaps simply because it is “stimulus locked” and “tonic”; 2) it could exhibit a burst that
always lasts the same amount of time but is stronger in long RT trials; 3) it could build up
as a function of elapsed time independently of difficulty. All of the examples shown
illustrate scenario 1, but were other scenarios observed? If so, how often? A negative index
could likewise be produced by different scenarios, and it is very conceivable that stronger
bursts are associated with shorter RTs (and/or higher velocities). The index might therefore
inappropriately partition cells that are in fact closely functionally related, or group together
cells that are very different. It seems to me that one needs to be more careful in
characterizing these trends (aim 1), possibly through the use of multiple indices that
measure different aspects of cell responses (e.g. duration of burst, amplitude of burst, time-
locking with stimulus or movement onset, etc.). The analyses used by Sato & Schall and
Song & McPeek, examining the relationship between RT and neural discrimination time,
could be particularly insightful here, but only as one among several ways of quantifying
response patterns.

We thank the reviewer for raising this important concern. We have now attempted to use several
other analyses with varying degrees of supervision to describe these response patterns. We are
pleased to note that all of these alternative methods still provide very similar results to our main
conclusions using the straightforward and reasonable visuomotor index that we derived here.

e We have now implemented the analyses originally developed by Sato and Schall (2003) and
further refined by Song and McPeek (2010) in this revised manuscript. This data is shown in
Extended Data Fig 7. The conclusions from this alternative analysis are also consistent with
the results using the simple visuomotor index.

e We have included the correlation analysis from Erlich et al. (2011) that attempts to maximize
the correlation between the mean PSTH and individual PSTHs to understand the
relationship between RT and PSTHs of the neurons (Extended Data Fig. 6). This
sophisticated correlation is very well related to the visuomotor index we proposed here.
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e We have included an analysis from DiCarlo and Maunsell (2005) to identify the position of
these neurons along a visuomotor continuum (Extended Data Fig. 5).

e Itis entirely plausible that there are many different patterns that we have completely missed.
However, if this is the case, then the number of principal components should increase with
the number of distinct patterns. The variance in the FRs is well explained by the top 5
components (Extended Data Fig. 8).

e As regards the unconvincing nature of the index, we have now incorporated an analysis
where we show that there is an almost near perfect correlation between the correlation-
derived visuomotor index and the first principal component that explains ~ 50% of the
variance (Extended Data Fig. 8).

e Another analysis we performed was based on an analysis by Meister et al. (2013) that used
clustering to separate out neural signals in LIP during perceptual decisions. We find that
most of our data is well described by ~5 clusters. When we increase the number of clusters
we further fractionate the neural populations, but the gain in explanatory power is modest
(Extended Data Fig. 9).

3.3.  Assuming that the trends in response patterns are well-characterized, mapping them
to different cortical layers (aim 3) is novel and very interesting. In fact, I consider this to be

the most significant advance presented in this paper. The result in Figure 4b is compelling,
and it would be very good to show that for individual recording sessions.

As requested by the reviewer, we have now added single-session examples of this index in Fig. 4b
and Extended Data Fig. 10b.

3.4. Perhaps even as a 3-D map that examines how robust these trends are along a rostro-
caudal or medial-lateral axes. Does the prevalence of superficial increasing cells decrease as
you move caudally?

Successfully making U-probe recordings meant that we needed to constantly monitor the Dura to
see if there was any dimpling or resistance. The use of a grid system would drastically reduce the
visibility in the chamber and compromise the quality/safety of the recordings. As a consequence, we
have very little access to the precise locations of the recordings.

However, we did perform a modest number of U-probe recordings in a more caudal location in our
chamber (putative M1). For these sessions, we did not observe the same trends that we observed in
dorsal premotor cortex (Extended Data Fig. 12a). The visuomotor index was neatly flat as a

function of cortical depth and if anything showed the opposite trend to what was observed in PMd.

18



641
642
643
644
645
646
647
648
649
650

651
652
653
654
655

656
657
658
659
660
661
662

663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678

Responses to Reviewers — Chandrasekaran et al. - NCOMMS-16-15643A

3.5. Do they appear at different depths? It would also be desirable to have more detailed
reconstructions so as to be able to judge what specific cortical layers correspond to the
different depths. The online methods describe the careful placement of the probe to
maximize consistency across sessions, but this cannot do anything about the different
angles at which the probes intersect the curving cortical surface. A histological
reconstruction would

be best, but if the animals are still being used in experiments then perhaps a careful 3D
reconstruction based on MRI data would suffice. I emphasize this because the laminar
trends described here would be even more valuable if they could be more precisely related to
specific cortical layers.

Unfortunately, we do not have access to histology or MRIs of the recordings. Both animals are
actively participating in other decision-making and motor control experiments in the laboratory (See
SEFN abstract by Wang et al. (2016)). The lack of MRIs was the reason why we attempted to
maximize consistency across sessions using physiological markers as much as possible.

Experimentally, this was much more successful and easier in Monkey T than in Monkey O.

Layers: We agree that it would be very helpful if we could identify from our physiological
recordings, the exact layer the responses are recorded from. However, we currently have no reliable
way to identify different cortical layers. In the primary visual cortex and areas such as V4, flashes
reliably elicit a visual response that can be used to map out different cortical layers via a current
source density method (Nandy et al., 2016). A corresponding method for the premotor cortex is
currently lacking because visual flashes do not elicit robust responses unless tied to an action. So this
type of analysis is unfortunately beyond the scope of this manuscript and study.

3.6. Regarding aim 2, the paper is rather underwhelming. The authors contrast their
findings with a study (Thura & Cisek 2014), in which it was claimed that PMd activity is not
compatible with the DDM but instead quickly tracks sensory information and combines it
with a growing urgency signal. Why is that explanation not compatible with the present
data? The central assumption of the DDM is that build-up of neural activity is caused by an
integrator with a long time constant, and Thura & Cisek argued that their data suggests the
PMd time constant is short. Here, the authors argue that their data is compatible with the
DDM (i.e. an integrator with a long time constant). But they can’t actually test that proposal
because it is not possible to distinguish between a long and short time constant with a task,
like the present one, in which the stimulus information is static. All of the data shown here,
and all of the fits, could be done with a variety of settings of time constants and

urgency signals. The authors propose that perhaps the brain adjust time constants in a task-
dependent way, using long ones when the stimulus is static. This is plausible, but it has also
been claimed that time constants are short even for the classic random-dot motion task
(Carland et al. 2016). Regardless, no case can be made either for or against the DDM using
data, like that presented here, which does not actually test the DDM.
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We are very receptive to this concern, and we thank the reviewer for pointing out this lack of rigor
in the manuscript. We were remiss in loosely claiming that the DDM provides a better fit to the data
without testing the alternative Urgency Gating Model (UGM). As the reviewer correctly identifies,
many candidate models with different assumptions can potentially explain discrimination behavior,
and this is an active, fascinating debate that is currently occurring between Cisek and Colleagues and
Ratcliff and colleagues (Hawkins et al., 2015a; Boehm et al., 2016; Thura and Cisek, 2010).

In particular, the predictions for the mean RTs are the same for the DDM and the UGM. However,
as Hawkins et al. point out, the DDM and the UGM make different predictions when examining
quantile plots of RT and probability of correct responses (Hawkins et al., 2015a). In particular, this
study identified that the UGM predicts that the error trials would have longer RT's than correct trials
especially for the easiest conditions (Extended Data Fig. 2a).

We, therefore, examined the quantile probability plots for the two different monkeys (Extended
Data Fig. 2b). Visually, the data were more consistent with a DDM than an UGM with a 100 ms
time constant. We went one step further and used the same toolbox developed by Hawkins et al. to
fit the data (Code available from Guy Hawkins on request, Extended Data Fig. 2c). We tested the
UGM developed in Thura et al. (2012) and an evidence accumulation model (or DDM) developed
by Stone et al. (Stone, 1960). Consistent with the observation from the quantile plots we found that
the DDM fits the data slightly better than the UGM for the fast RTs. In contrast, the UGM fits the
slowest RTs better (Extended Data Figs. 2¢, d). We nevertheless agree with the reviewer that neither
the DDM nor the UGM can completely describe the data. We have removed the overemphasis on
the DDM from the introduction and wrote the discussion to be broader and incorporate the two
different viewpoints espoused by the Ratcliff and colleagues approach and also Cisek and others’
UGM approach. We have also amended the various portions of the text to better reflect this
distinction and wrote an explicit discussion, which now expands on this relevant debate and show
how our increased neurons could be explained by both of these mechanisms.

We did not want to remove the whole section on DDMs because Reviewer 2 suggested that these
parameters are of interest. This is also a very relevant and interesting topic for interpreting the
myriad reports of decision-related firing rates in many brain regions which usually are thought to be
described by the DDM. Another reason is that detailed modeling of behavior from decision-making
experiments in different species appears to support different mechanisms (Boehm et al., 2016). Our
hope is that these new analyses and discussions suffice to ameliorate the concern of the reviewer
that we were not precise enough in our results and discussion section about the different models
that can explain the data.

3.7.  Consequently, I would recommend that the authors just remove the DDM from the
manuscript, including the discussion as well as the model fits. It merely distracts from the
main contribution, which (at least in my mind) is the characterization of differences in
activity patterns at different cortical layers. Furthermore, given the ambiguous status of the
DDM as an explanation for this kind of experiment, I would recommend not basing any of
the analyses on fits to that model.
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We thank you for this comment. We have taken an approach where we have fit both models to the
behavioral data and then shown that neither model provides a complete account of the behavior of
the monkeys. Fortunately, none of the analyses of the neural responses presented here depend on
whether the DDM or the UGM is the right model. As we understand it, when trial averaging, both
models predict very similar FR profiles. We have elected to retain the DDM (and UGM) discussion,
for the reasons described directly above.

3.8.  This specifically pertains to estimates of decision times, which are derived from
parametric fits that assume the DDM as the correct model, even though it is not tested. In
fact, the non-decision times of 326 and 360ms for the two monkeys, respectively, are quite
long. If that is the sum of sensory plus motor delays, then it would be hard to explain how
the monkeys could perform a simple reaction time task with an RT that is less than 300ms,
which presumably they often do.

We note that the best DDM fits (measured by the chi square estimate in Table 1) were obtained
when a variability parameter was also included for the non-decision time. This variability parameter
is the range of the uniform distribution centered on the mean non-decision time. This variability
range was ~140 ms for monkey T and ~120 ms for monkey O. So non-decision times could be in
principle as low as ~256 ms for monkey T and ~290 ms for monkey O.

Thus our estimates of decision-times are likely a lower bound. Even if our estimates of non-decision
times are higher than expected, it only bolsters confidence that the monkeys are monitoring the
stimulus more to make their decisions. It might mean that our “200 ms” decision time for the
monkeys is actually a lower limit on what the monkeys are using to form their decisions.

Regarding absolute magnitudes for non-decision times, we do not feel that these numbers are hugely
inconsistent with other reports of non-decision times. Thura and Cisek (2014) estimated non-
decision times using the RTs from a simple delayed reach task that is similar to the simple RT task
which the reviewer has suggested. These numbers for RTs and thus by proxy non-decision times
for the two monkeys reported in Thura and Cisek were as follows (mean * SD: 291+40 ms, 335193
ms). These numbers were not too far from the mean non-decision times we report here. Similarly,
Coallier, Michelet and Kalaska (Coallier et al., 2015) provided mean RT estimates of 290.7£54.5 ms
and 274%51.2 ms for their monkeys in a single-target task. Finally estimates from other monkeys in
our lab performing delayed reach tasks (monkeys K and N reported in (Ames et al., 2014)) suggest
mean RTs of ~310 ms, 245 ms, and 260 ms. Thura and Cisek (2014) in their discussion also suggest
that non-decision times may be 35-50 ms larger in tasks that involve volitional commitment (as in
our RT discrimination task) compared to simple delayed reach tasks. Together, even though our
estimates seem slightly on the higher side, they are roughly in the same regions for monkeys
performing a very simple delayed reach task which in principle should only involve minimal sensory
and motor delays.
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Specific comments:

3.9. Line 168: It is reported that the neural data comes from 546 units in monkey T and
450 in monkey O and that this includes both single units and multi-units. Why include the
multi-units? One critical prerequisite to addressing aims 1 and 3 is to characterize the
diversity of firing patterns of real neurons, and so averaging across neurons is exactly the
wrong thing to do. It only raises the concern that many important phenomena were missed.

We included the multi units because we were circumspect about excluding any recorded data and we
wanted as much power as we could for understanding how cortical depth influences decision-related
activity. We have now provided a more detailed account of the types of units that were included in
the database in the methods section. As suggested by reviewer 2 we have placed a caveat at an
appropriate location in the discussion section. We note that the multiunits were only 20% of the
units recorded in our full dataset and thus unlikely to dominate the results presented here. 80% of

the units are true single neuron recordings as determined by the usual electrophysiology standards in
the field.

The text included in the revised manuscript can be found in the answer to question 3 posed by
reviewer 2 (2.3).

3.10. Line 176: It is interesting that stimuli with higher coherence were associated with
earlier divergence of FRs, but the statistics that test this should be reported (In fact, the
strength of this correlation would make a very interesting index for characterizing response
patterns, as noted above). Similarly, statistical tests should be reported for all of the other
claims made as well.

We apologize for this lack of clarity in the manuscript. We meant to say faster rae of divergence
which is to say that choice information increases faster for easier compared to harder coherences as
in Figs. 3b-c. We report the correlation between the slope of the FR dependence on coherence and
the visuomotor index in this revised manuscript. (positive correlation between the visuomotor index

and the dependence of slopes on color coherence, spearman’s r=0.25, p=6.35¢-16)
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Reviewers' Comments:

Reviewer #1 (Remarks to the Author):
# NCOMMS-16-15643A
### Summary

The manuscript is improved. There are still a few places where the text needs clarification, but I
overall | recommend it for publication.

### Things to address

line 347 & 390 (see details below)

### Specific Comments

line 1461: Missing a word. “with™?

> We gently restrained the arm the monkey was not using ...

Figure 1C: Generally, the negative coherence (more green) should be to the left of the more
positive coherence.

line 159: "than, the™ remove comma
line 291: "Both left, and right" remove comma

line 303: The perimovement group is not defined in the same way as the other groups, since it is
by definition the "leftovers™ | wonder if the authors could “clean-up™ that group? | recognize
that this could be a bit complicated, but the techniques in Rouder etal (2009) could be of use.
This may help to distinguide the decreased and the perimovement groups.

line 337: Not sure how you are estimating p in your permutation test but with a 2-tailed testand
10000 repeats your p should not be less then 1/5000. MY guess is that your data is completely
outside of the shuffled distrubution, so you put p~0, but it should just be 2/(# of shuffles).

line 347: Is that really true? Does this sentence even make sense? The RT is a property of the
trial (the specific trajectory that was taken), so how canyou say "choice ... signal should emerge



on average ... regardless of RT". I think you mean this for a given level of difficulty. That's
important to say. But i still think this sentence is problematic. The DDM and UGM are
behavioral models. They don't make strong predictions about how neural circuits instantiate the
models. In order for this sentence to be meaningful a lot of unstated assumptions should be stated
(such as the correlation between neurons and how the DV is read out.) Maybe easier to remove?

line 390: I think the models predict crossing a threshold, which is not the same as convergence
(the neurons could converge to 0 FR. Would that support the models?). Even if convergence was
sufficient, is absence of correlation evidence for convergence? In Murakami et al (2014) they do
a lot of analyses to argue for arise to threshold mechanism.
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Reviewer #2 (Remarks to the Author):

In their resubmission, the authors have performed extensive and thorough additional analyses,
which address all major concerns raised in the initial review. This has greatly clarified and
strengthened the manuscript. I now find this manuscript suitable for publication.

Reviewer #3 (Remarks to the Author):

In my opinion, the authors have significantly improved the manuscript. In particular, all three
reviewers requested additional analyses and made a variety of suggestions, and the authors have
heroically implemented all of these. Furthermore, these additional analyses generally support the
initial conclusions that used the simple visuomotor index. While some of these are not terribly
strong (e.g. Extended Figs 5 and 7), some are very compelling (e.g. Extended Fig 6f and 8e), and
all are very worthwhile. Thus, my initial concerns about the suitability of the visuomotor index
are well-addressed, and the new analyses make this a stronger paper. However, as a consequence
the manuscript is now very large. By my estimate, the main text is more than twice over the word
limit of Nature Communications. | would recommend that the details of most of the new
analyses be relegated into the online methods and supplemental materials, and only mentioned in
the main text as generally confirming the conclusions gained by the visuomotor index. Don’t get



me wrong — | like these new analyses and think they should remain (all the details canbe in
online methods and extended figures). 1 just think the reader should be allowed to move on more
quickly to the main finding, the laminar trends.

A more serious flaw with the paper is the issue of DDM versus UGM. | understand the authors
wanted to leave this in because they use modeling to estimate non-decision times. But what does
it actually add? First of all, this issue is completely orthogonal to the real message of the
manuscript, which quantifies the differences in cell types in different layers in PMd. That
quantification is accomplished with the visuomotor index and all of the methods requested by the
reviewers, none of which require a DDM or UGM or any other additional assumptions.

But second of all, the results of the model fits are incredibly inconclusive! The DDM works
better for the early part of the RT distribution in error trials; the UGM better for the late part of
RT distributions. The DDM is better for monkey T; the UGM is better for monkey O. So what
are we to conclude? That animals sometimes use the DDM and make early errors, but as time
passes they switch to a UGM? That different animals use different mechanisms? 1’m sure the
authors do not intend to make such proposals. In my opinion, the only thing that this model
fitting exercise demonstrates is its own futility. There is no value in doing model fits to data from
experiments that do not discriminate the models. Let’s be honest here — these models are very
simplified cartoons and surely nobody would expect them to capture the richness of the true
(recurrent, non-linear) dynamics of the real brain. Thus, each of them captures a lot of the data
but suffers “at the edges”. Comparing how much each suffers at each edge is pointless, in my
opinion. All it does is add noise to an already noisy debate. A better approach is to use “strong
inference” (Platt JR 1964 Science) — i.e., to design experiments that force the models to make
different predictions. This has been done, and the authors cite some of the relevant papers.

Thus, I again strongly recommend that the discussion of DDM vs UGM is removed from the
manuscript, at least from the main body. It would be useful to include the modeling analyses in
the supplemental data, but only as an instructive demonstration of the futility of doing such
model fits on this kind of data. I’m sorry but there is nothing else you can conclude from these.
In the main text, the authors should remove all statements and conclusions based on these utterly
inconclusive results.

A final concern | had was with the use of “multiunits”. The authors now report that single, well-
isolated units made up 80% of their data, and multiunits only 20%. That’s great. But then what is
the point of including the multiunits? They only raise concerns (Lines 743-761) and | doubt that
with all of the single units (N=881, which is excellent) you really need the additional power.
Why not just include the nice clean data that you worked so hard to obtain? Do any of your
results change or lose significance when you remove the 20% multiunits?



Specific comments:

Line 192-206: If you do choose to keep the model fitting in the supplemental, then you should
give both models the same flexibility. For example, to produce early decisions, the urgency
signal in the UGM needs to have both a slope and intercept parameter, otherwise it always starts
at zero (Line 1259). Also, I’'m confused why you say that the models have the same number of
parameters (Line 1262). Shouldn’t the UGM have at least one or two more? What are they?

Line 250: 1 was surprised that you did not find onset-related activity. Could it be because the
target locations were always the same, so that onset was not informative? Nevertheless, the
previous study cited (Song & McPeek 2010) did show activity related to cue onset, so the
statement is incorrect (unless 1 misunderstood what you meant).

Line 314: The phrase “the accumulation of choice information” should be replaced with a more
model-agnostic phrase such as “the build-up of neural activity in favor of a choice”.

Line 339: Remove the phrase “are most consistent with the predictions of the DDM”.
Line 392: XJ Wang’s papers could be cited here as well.

Line 552: It is interesting that the average visuomotor index of the first cluster is negative. But
what is the range? Do all or most cells in this cluster have negative indices? The same question
applies to the other clusters. It would be useful to show the distributions of indices for each
cluster (just in the supplemental figure).

Line 796: Indeed, in the tokens task all sensory evidence remains visible. But is that not also the
case in the present task, in which the color checkerboard is always visible? Is that also not the
case in the random-dot motion discrimination task, in which the motion (the thing the subject is
deciding about) is always present in the stimulus? Perhaps I don’t understand the distinction that
is being made here, in which case, please explain.

Line 1755: You say “estimated” twice.
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Responses to reviewers for NCOMMS-16-15643B: “Laminar
differences in decision-related neural activity in dorsal

premotor cortex”

We thank all three reviewers for the positive evaluation of the novelty of the results
presented here. We are also grateful to all the reviewers for the new comments and the
suggestions on the revised manuscript. In this re-revision, we have made every attempt to
address these comments and clarify the novelty as well as strength of the results presented in
the manuscript. Please find below the comments from the reviewers in black and our
response to the reviewers in blue. The text/analysis changes we have made in the

manuscript to respond to the reviewer comments are provided in orange in this document
(as well as in the manuscript).

Reviewers' comments:
Reviewer #1 (Remarks to the Author):
# NCOMMS-16-15643A

H#### Summary

The manuscript is improved. There are still a few places where the text needs clarification,
but I overall I recommend it for publication.

Thank you for the kind evaluation. The manuscript is much improved after your suggestions
for rewriting and analysis. We believe that we have now addressed the new comments
provided by you.

### Things to address

line 347 & 390 (see details below)

Please find our responses to these issues below.

H#H## Specific Comments

1. line 1461: Missing a word. ""with"

> We gently restrained the arm the monkey was not using ...

Thank you for identifying this typographical error. We have now corrected this sentence and
it now reads

We gently restrained the arm the monkey was not using with a plastic tube and cloth sling
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2. Figure 1C: Generally, the negative coherence (more green) should be to the left of
the more positive coherence.

We thank the reviewer for this suggestion and have now changed Figure 1C.

3. line 159: "than, the'" remove comma,
line 291: "Both left, and right" remove comma

We have now fixed these punctuation errors in the revised manuscript.

4. line 303: The perimovement group is not defined in the same way as the other
groups, since it is by definition the "leftovers'. I wonder if the authors could
"clean-up' that group? I recognize that this could be a bit complicated, but the
techniques in Rouder et al (2009) could be of use. This may help to distinguish
the decreased and the perimovement groups.

As the reviewer has recognized, this is a difficult problem. As per the suggestion of the
reviewer, we examined the Bayes Factors provided by the Rouder toolbox and found that
our index and method of separation into these neural populations was quite robust (Supp.
Fig. 3b). The Bayes Factors for the perimovement groups were significantly different from
the Bayes Factors for the increased and decreased units (Supp. Fig. 3b). We found minimal
overlap between the perimovement and decreased groups in terms of Bayes Factors ruling
out significant contamination of the perimovement group by the decreased units and vice
versa. We have now included the following text in the methods section.

The perimovement units were defined as the ones with insignificant indices. We were
concerned that some of the decreased units, which had smaller values of the index, could be
mistakenly classified as perimovement units and vice versa. To address this concern, we used
the Bayes Factor method which provides the ratio of the likelihood of two competing
hypotheses or models” and is typically interpreted as evidence for one model over the other.
In our case the ratio is between classifying a unit as decreased (or increased, H,) vs.
perimovement (H,) . A large value of Bayes Factor suggests that model H, is more likely
than the model H,, and in our case would provide strong support that the unit is correctly
classified as increased or decreased. In contrast, a low Bayes Factor would suggest strong
evidence for H, and support the classification of the unit as perimovement in nature. We
examined the Bayes Factors computed for the different broad unit categories and found that
the Bayes Factors for the units classified as perimovement based on the visuomotor index
were very low suggesting that they were correctly classified (Supp. Fig. 3b). The Bayes
Factors computed for perimovement units also had very little overlap with Bayes Factors for
both the decreased and increased units (Supp. Fig. 3b) ® . This suggests that there was
minimal contamination of the perimovement group by the decreased units and vice versa.

5. line 337: Not sure how you are estimating p in your permutation test but with a 2-
tailed test and 10000 repeats your p should not be less then 1/5000. MY guess is
that your data is completely outside of the shuffled distrubution, so you put p~0,
but it should just be 2/(# of shuffles).
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Thank you for pointing this out. The data indeed were outside the shuffled distribution, and
we have used the formula of 2/(# of shuffles) for the permutation statistics.

6. line 347: Is that really true? Does this sentence even make sense? The RT is a
property of the trial (the specific trajectory that was taken), so how can you say
"choice ... signal should emerge on average ... regardless of RT". I think you
mean this for a given level of difficulty. That's important to say. But i still think
this sentence is problematic. The DDM and UGM are behavioral models. They
don't make strong predictions about how neural circuits instantiate the models.
In order for this sentence to be meaningful a lot of unstated assumptions should
be stated (such as the correlation between neurons and how the DV is read out.)
Maybe easier to remove?

We thank the reviewer for alerting us to the conceptual complexities of this section in the
manuscript. Having considered it, we concur with the reviewer that this is unnecessary
preamble that has several assumptions about readout mechanisms built into it. We are only
making statements about the discrimination time of populations of neurons and individual
neurons. The readout mechanism is unknown. The paragraph now reads as follows.

We next examined the latency of the population level choice selectivity signal for each of the
broad unit categories. This latency which is termed discrimination time was defined as the first
time at which the choice selective signal significantly departed from the FR in the hold
period before the onset of the checkerboard cue as estimated using a paired t-test that
corrected for multiple comparisons'. Error bars on discrimination time were obtained
through bootstrapping. Population level choice selectivity in increased units appeared ~100-
150 ms after checkerboard cue onset, and this discrimination time increased only modestly
with RT (Mean slope of regression (M)£ SE: 0.2+0.06 ms/1 ms of RT, Figs. 3d-e, Extended
Data Fig. 4a-c). Furthermore, choice selectivity was observed earlier for the increased
compared to decreased and perimovement units. (Bootstrapped time estimates do not
overlap). In contrast to the weak relationship between discrimination time and RT for the
increased units, decreased and perimovement units exhibited a more pronounced increase in
discrimination time with RT (decreased: M* SE = 0.53+0.15 ms/1 ms of RT,
Perimovement: 0.410.11 ms/1 ms of RT, Figs. 3e, Extended Data Fig. 4a-c). Again these
trends were observed separately in each monkey (Extended Data Figs. 4b, c).

7. line 390: I think the models predict crossing a threshold, which is not the same as
convergence (the neurons could converge to 0 FR. Would that support the
models?). Even if convergence was sufficient, is absence of correlation evidence
for convergence? In Murakami et al (2014) they do a lot of analyses to argue for a
rise to threshold mechanism.

Convergence to 0 FR

We thank the reviewer for this comment. This comment is actually very closely related to the
previous comment regarding readouts for decision-related activity. In principle, if the
readout mechanism involves inhibition of neurons in a downstream structure by PMd
neurons, then if firing rates in PMd go down to zero, it would allow the FR of the
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downstream neuron to reach its threshold. In this case, our statements about convergence of
the firing rates would still be reasonable.

Rise to Threshold Hypothesis

However, it is unclear if the analyses performed in Murakami et al. (a reference
already cited in the manuscript) are relevant for the PMd data reported here. A threshold is
usually defined as a one dimensional mechanism for individual neurons, and it is unclear if in
PMd, a rise to threshold mechanism is operating, even in simple tasks that do not require
decision-making™ . We believe it would be somewhat convoluted to argue for a rise-to-
threshold mechanism in PMd for decision-making but not in simple delayed-reach tasks. We
also emphasize that in this figure we are plotting the choice selective signal which is the
difference in firing rates and thus cannot rule out the presence or absence of a threshold per
se which in principle would operate at the level of firing rates. Finally, all three neuronal
types seem to show very similar properties. Whether the neurons actually rise to a threshold
does not materially change the conclusions we make here in this paper about laminar
differences in firing rate profiles in PMd during perceptual decisions.

The revised section from the paper is provided below.

Magnitude of choice selective signal does not depend on coherence at the
time of movement initiation

We next examined how FRs at the time of movement initiation depended on coherence and
RT. At the time of movement onset, regardless of broad unit category, the magnitude of the
average choice selective signal in the -100 ms to movement epoch was only weakly
modulated by color coherence/RT (For instance in the PMTHs shown in Figs. 2d-f; M+ SE,
sign-test to compare median slopes for the average FR in -100 ms to move as a function of
color coherence and the slopes for a shuffled curve, increased: 0.30%0.24 spks/s*/100%
color coherence, p < 0.1; decreased: 0.49£0.33 Ska/SZ/lo()O/o color coherence, p < .16;
perimovement: 0.54£0.25 spks/s*/100% color coherence, p < 0.09; Figs. 3g, h, Supp. Fig.
4j). These results were again observed in both monkeys (Supp. Fig. 4j, sign test, Monkey T:
Increased, p < .07, Decreased: p < .14, Perimove: 0.59; Monkey O: Increased, p < 0.51,
Decreased: p < 0.67, Perimove: p < 0.37).

This observation that the magnitude of the choice selective signal at the time of
movement onset only changes weakly with color coherence or RT is consistent with
proposals of a commitment state in the network prior to the initiation of the choice'>> ™™
", In some contexts, additional analysis has been used to argue for a threshold implemented
by single neurons™ ", perhaps mimicking the thresholds used in behavioral models. Our
analysis showing a lack of correlation between the magnitude of the choice selective signal
(which is the difference in FRs for different reach directions) and coherence cannot be
considered as evidence for the rise-to-threshold mechanism in PMd for decisions. Previous
studies suggest that a rise-to-threshold mechanism provides a poor explanation of FRs of
PMd neurons even in simple delayed-reach tasks that do not involve perceptual decisions™

5



186
187
188
189



190
191
192
193
194
195
196
197
198
199
200
201

Reviewer #2 (Remarks to the Author):

In their resubmission, the authors have performed extensive and thorough additional
analyses, which address all major concerns raised in the initial review. This has greatly
clarified and strengthened the manuscript. I now find this manuscript suitable for
publication.

We thank reviewer 2 for the kind words and feedback on the revised manuscript and are
delighted that the manuscript has been recommended for publication.



202
203
204
205
206
207
208
209
210
211
212

213
214

215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248

Reviewer #3 (Remarks to the Author):

We thank you for all the suggestions that have greatly improved the paper. As a preamble,
here are the concrete steps we have taken based on your advice from the comments shown
below.

e Moved the entire modeling section to Supplementary Note 1 and Supp. Figs 1-2.

e Included an explicit UGM with both an intercept and slope term. This seems to
provide the best description of the behavior of the monkeys albeit with one extra
parameter.

e The many different analyses which we performed are now in Supp. Notes. 2-4 and in
Supp. Figs. 3-12.

e The main results for just the single neurons are now shown in Supp. Fig. 13 and
described in Supp. Note 5.

e We have now clarified the statements made in the paper about the Tokens task, the
lack of responses to target onset and included box plots of the distributions of
indices.

All of these manipulations have made the paper significantly shorter by removing nearly
5500 words from the main text. We hope this assuages any remaining concerns about the
manuscript. Please find below our point by point response to your comments.

1. In my opinion, the authors have significantly improved the manuscript. In
particular, all three reviewers requested additional analyses and made a
variety of suggestions, and the authors have heroically implemented all of
these. Furthermore, these additional analyses generally support the initial
conclusions that used the simple visuomotor index. While some of these are
not terribly strong (e.g. Extended Figs 5 and 7), some are very compelling
(e.g. Extended Fig 6f and 8e), and all are very worthwhile. Thus, my initial
concerns about the suitability of the visuomotor index are well-addressed, and
the new analyses make this a stronger paper.

We thank you for the positive evaluation of our effort to make the analyses and conclusions
watertight. Suggestions from all three reviewers were excellent, and we made every effort to
address them and where possible perform the analysis.

2. However, as a consequence the manuscript is now very large. By my estimate,
the main text is more than twice over the word limit of Nature
Communications. I would recommend that the details of most of the new
analyses be relegated into the online methods and supplemental materials,
and only mentioned in the main text as generally confirming the conclusions
gained by the visuomotor index. Don’t get me wrong — I like these new
analyses and think they should remain (all the details can be in online
methods and extended figures). I just think the reader should be allowed to
move on more quickly to the main finding, the laminar trends.
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Thank you for this suggestion. We have now moved the entire section on the DDM vs.
UGM to the supplementary methods. We have also moved sections that use alternative
analyses to examine these FRs to the supplementary materials. Please find the text we wrote
in the manuscript below.

We also further investigated the behavior of the monkeys by fitting the RT
distributions and accuracy using the drift-diffusion (DDM) and urgency gating models
(UGM) that have been developed to explain behavior in two alternative forced choice tasks™
7363738 (Supp. Note 1 and Supp. Figs. 1,2). We performed this model-fitting analysis to
identify if these candidate computational frameworks could help us interpret decision-related
responses in PMd, and if the behavior was better explained by the DDM, estimate decision
times for the monkeys. In comparison to the well-studied random dots discrimination task™
*| quantitative modeling of how monkeys perform discrimination of static stimuli such as
the checkerboard used here®° is lacking5 >% We found that, while both the UGM and the
DDM provided very reasonable fits, neither model was completely sufficient to describe the
RT and accuracy of the monkeys performing discrimination of static checkerboard stimuli
used here (Supp. Figs 1 and 2). The UGM with an intercept and slope term provided the
best fit of all three models considered here". Our results here further highlight the increasing
realization that differentiating between these models of decision-making behavior using
purely statistical techniques is currently very difficult™>*>" - __ explicit stimulus
manipulations are necessary. Additional elaboration of these models is likely needed to better
describe the behavior of these monkeys in this static checkerboard discrimination task®.

Choice selectivity is distributed in a continuum in this PMd neural population and is
not well described as clusters of high and low choice selectivity (Supp. Note 2, Supp. Fig.
4h). One concern is that the visuomotor index we use to partition and understand our large
dataset of neurons is too simplistic and collapses over many key features of the data. To
ensure that increased, decreased and perimovement units were not a spurious artifact
specific to the index that we developed here, we also tested if our results were consistent
when applying other methods for describing a visuomotor continuum'>*’ as well as as a
novel technique reported by Erlich and collaborators® for estimating a correlation between
RT and neural responses (Supp. Note 3, Supp. Figs 5-9). These results were also not
explained as a simple effect of differences in the kinematics of the eventual arm movement
(e.g. speed) or eye position (Supp. Note 4, Supp Fig. 10). Finally, the conclusions did not
change even when we only analyzed the single neuron responses (Supp. Note 5, Supp. Fig.

13).

3. A more serious flaw with the paper is the issue of DDM versus UGM. I
understand the authors wanted to leave this in because they use modeling to
estimate non-decision times. But what does it actually add? First of all, this issue
is completely orthogonal to the real message of the manuscript, which quantifies
the differences in cell types in different layers in PMd. That quantification is
accomplished with the visuomotor index and all of the methods requested by the
reviewers, none of which require a DDM or UGM or any other additional
assumptions.
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But second of all, the results of the model fits are incredibly inconclusive! The
DDM works better for the early part of the RT distribution in error trials; the
UGM better for the late part of RT distributions. The DDM is better for monkey
T; the UGM is better for monkey O. So what are we to conclude? That animals
sometimes use the DDM and make early errors, but as time passes they switch to
a UGM? That different animals use different mechanisms? I’m sure the authors
do not intend to make such proposals. In my opinion, the only thing that this
model fitting exercise demonstrates is its own futility. There is no value in doing
model fits to data from experiments that do not discriminate the models. Let’s be
honest here — these models are very simplified cartoons and surely nobody would
expect them to capture the richness of the true (recurrent, non-linear) dynamics
of the real brain. Thus, each of them captures a lot of the data but suffers “at the
edges”. Comparing how much each suffers at each edge is pointless, in my
opinion. All it does is add noise to an already noisy debate. A better approach is
to use “strong inference” (Platt JR 1964 Science) —i.e., to design experiments that
force the models to make different predictions. This has been done, and the
authors cite some of the relevant papers.

Thus, I again strongly recommend that the discussion of DDM vs UGM is
removed from the manuscript, at least from the main body. It would be useful to
include the modeling analyses in the supplemental data, but only as an
instructive demonstration of the futility of doing such model fits on this kind of
data. I’m sorry but there is nothing else you can conclude from these. In the main
text, the authors should remove all statements and conclusions based on these
utterly inconclusive results.

We thank the reviewer for this recommendation and have now moved this entire section in
the results to the Supplementary Materials. We left all the analyses in the main text for the
previous revision because the reviewer found our earlier manuscript which only used the
DDM to be inadequate. The feedback provided by you helped us even more critically
evaluate our behavioral data: We are now using the lens provided by the UGM and
appreciate even further the role urgency has in the behavior of the monkeys performing
these types of tasks. We have now taken on board your suggestion and placed all of these
results in a supplementary note (Supp. Note 1). We only refer to them briefly in the main
text. The revised text is available in the answer to question 2 posed by you.

4. A final concern I had was with the use of “multiunits”. The authors now
report that single, well-isolated units made up 80% of their data, and
multiunits only 20%. That’s great. But then what is the point of including the
multiunits? They only raise concerns (Lines 743-761) and I doubt that with all
of the single units (N=881, which is excellent) you really need the additional
power. Why not just include the nice clean data that you worked so hard to
obtain? Do any of your results change or lose significance when you remove
the 20% multiunits?

We are circumspect about excluding neural responses. As we said in the manuscript, we were
concerned that we did not have enough power to investigate laminar differences. However,
none of our results changed when only using the single units.
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We now note in the results and the methods section that none of the conclusions
change when excluding the multiunits from key analyses and have now created a new
supplementary note (Supp. Note 5) and a Supplementary Figure (Supp. Fig. 13) that details
several key results (dependence on coherence, discrimination time vs. RT, discrimination
time for the three broad neuronal categories, scatter plot of discrimination time vs. index,
laminar distribution of the visuomotor index, and discrimination time as a function of
cortical depth) for just the single units.

Methods statement:

All main claims made in the paper were unchanged when only restricting the analysis
to single neurons (Supp. Fig. 13 and Supp. Note 5).

Supplementary Note 5: Conclusions do not change when restricting
analyses to just isolated single neurons

We also confirmed that our results were not influenced by the inclusion of the multi-units in
the database. We examined these effects in four different key analyses that we report in the
main results. We focused on the results describing the dependence of slopes on coherence,
discrimination time, laminar distribution of the index and discrimination time as a function
of cortical depth. None of the conclusions change when only considering the isolated single
units (Supp. Fig. 13a-f).

First, the dependence on coherence was stronger for the increased compared to the
decreased and perimovement neurons (Supp. Fig. 13a, Increased: 45.29 (3.59), Decreased:
25.38 (3.33), Perimovement: 19.09 (1.99), Increased vs. Decreased: Wilcoxon ranksum p =
5.62e-03, increased vs. perimovement: Wilcoxon ranksum p= 2.69e-07, decreased vs.
perimovement: Wilcoxon ranksum p = 0.2, correlation between visuomotor index and slope:
spearman’s r = 0.33, p < 4.77¢-22). Second, increased neurons in PMd signaled the choice
earlier than the decreased and perimovement neurons (Supp. Figs. 13b-d, Correlation
between visuomotor index and discrimination time for all RTs from 300 ms to 1s:
Spearman’s 1=0.30, p < 3.47e-25; Increased vs. Decreased: ranksum p=1.23e-10, increased
vs. perimove: p < 8.91e-12). Third, the visuomotor index again showed the same
dependence as a function of cortical depth for both single neurons and multi-units (Supp.
Fig. 13e, goodness of fit for single neurons: R* = 0.88, p < 2e-3, 1000 shuffles). Finally, the
discrimination time also increases as a function of cortical depth (Supp. Fig. 13f, r=0.69, p <
0.0042). Together, the results for single neurons are largely consistent with the results
reported including both single neurons and multiunits in PMd.
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Specific comments

5. Line 192-206: If you do choose to keep the model fitting in the supplemental,
then you should give both models the same flexibility. For example, to
produce early decisions, the urgency signal in the UGM needs to have both a
slope and intercept parameter, otherwise it always starts at zero (Line 1259).
Also, I’'m confused why you say that the models have the same number of
parameters (Line 1262). Shouldn’t the UGM have at least one or two more?
What are they?

We thank the reviewer for the suggestion. We have now implemented the new model
incorporating an intercept term for the urgency signal. This was an excellent suggestion as it
indeed improved the model and now the urgency gating model provides the most consistent
explanation for both monkeys. However, the urgency gating model now has additional
parameters compared to the DDM. We did not want to further go into the intricacies of
model comparison and have just made a statement that the UGM provides the best
description of the behavior of the monkeys.

We have now clarified in a table about the number of parameters for the two models.
What we meant to say is that an equivalent number of parameters are estimated from the
two models (UGM without an intercept and the DDM), and thus they could be compared
without penalization of one model or the other (Table 4). However, in the revised
manuscript the addition of an intercept term for the UGM provides it with one additional
parameter and the fit is improved and now consistent across both monkeys.

6. Line 250: I was surprised that you did not find onset-related activity. Could it
be because the target locations were always the same, so that onset was not
informative? Nevertheless, the previous study cited (Song & McPeek 2010)
did show activity related to cue onset, so the statement is incorrect (unless I
misunderstood what you meant).

From our reading of the Fig. 2B of Song and McPeek 2010 paper and the corresponding text
in page 2127 of the published paper, they make the following statements. The bolding is our
emphasis.

“Figure 2 shows the activity of representative a cell in both tasks. Activity is aligned on the
presentation of the search array, and reach onset is indicated in each trial by a thick tick
mark. In the neuron on the left, activity shows a transient increase after search array onset
when the target was in the PD. In the single-target task (Fig. 2.4), the cell shows a prominent
burst of activity in the first 100 ms after the onset of a target in its PD. However, in search
(Fig. 2B), this initial visual activity is substantially reduced, despite the fact that the position
and visual properties of the target in the PD were identical in the two tasks.

Similar results are seen in the mean population activity across our sample of neurons in the
single-target (Fig. 2C) and search tasks (Fig. 2D). This reduction in the initial burst of
activity occurs despite the fact that monkeys are free to respond immediately in the
search task, whereas they must wait to respond in the single-target delay task. A
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similar reduction in the initial visual response for search tasks has been found for the
oculomotor system (Basso and Wurtz 1998; McPeck and Keller 2002; Schall et al. 1995).”

The way we interpret this result from Song and McPeek 2010 is that in one-target tasks you
can see robust delay period and modulation to target onset but not in two target tasks at least
in this type of task context and our recordings. We have two hypotheses about the lack of
neural responses to target onset in our task.

First, we suspect that the weak responses to target onset in our case might be
because our recordings were performed in more Caudal regions of PMd and not Rostral
PMd. As Figure 6B from Cisek and Kalaska 2005** shows, target related responses in Caudal
PMd were far more modest (~3 spikes/s) than the responses in rostral PMd (~7 spikes/s).
Moreover, the potential response cells*** are the ones which respond to the target onset and
are found most commonly in the rostral part of PMd (Fig. 5. Of *) Most of our recordings
were done in the caudal locations in PMd (Stereotaxic coordinates +16, +15). In over a
hundred sessions of recordings from caudal PMd, we have not seen activity in response to
target onset.

Second, there are legitimate task differences between ref. ** and the task we use here.
In the 2-Target task used by *, the monkey is very sure that an unambiguous color cue that
allows it to select the correct target with near 100% success rates will be available to it. This
might encourage the monkey to co-activate both populations of neurons in response to
target onset or behaviorally co-plan to potential reach targets. In contrast, in our task in
nearly (5/7) cases the animal is not sure he will receive an unambiguous color cue. This may
discourage the co-activation of neural populations and co-planning of movements. Of
course, all of this is just conjecture on our part.

We now qualify this statement by adding the suggestion from the reviewer and have
rewritten this paragraph.

Caudal PMd units did not typically modulate their FRs to target onset in this task
(data not shown). Modest changes in firing rates in response to target onset might be either a
result of the targets always being shown at predictable spatial locations. Other studies have
suggested that suppressive effects on FRs may occur when there is movement uncertainty

due to the presence of multiple targets'>®’

7. Line 314: The phrase “the accumulation of choice information” should be
replaced with a more model-agnostic phrase such as “the build-up of neural
activity in favor of a choice”.

We thank you for this comment. We have now replaced it with the suggested text.

8. Line 339: Remove the phrase “are most consistent with the predictions of the
DDM”.

We have removed this line from the manuscript.

9. Line 392: XJ Wang’s papers could be cited here as well.
12
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We have included citations to papers from X] Wang’s papers in the relevant location of the
manuscript. We have also clarified the interpretation of these results because activity in PMd
is unlikely to be explained simply by a rise-to-threshold mechanism.

10. Line 552: It is interesting that the average visuomotor index of the first cluster
is negative. But what is the range? Do all or most cells in this cluster have
negative indices? The same question applies to the other clusters. It would be
useful to show the distributions of indices for each cluster (just in the
supplemental figure).

Fig. 3a and Supp. Figs. 3a, b show the distribution of the index for each of the monkeys
already. By definition, all cells in the decreased cluster have negative perimovement indices
because we tested whether the index is significantly different from zero. We have also
incorporated on the basis of suggestions from reviewer 1, a distribution of the Bayes Factors
for the three broad categories. Our method of separation was able to broadly separate out
these neural populations.

11. Line 796: Indeed, in the tokens task all sensory evidence remains visible. But
is that not also the case in the present task, in which the color checkerboard is
always visible? Is that also not the case in the random-dot motion
discrimination task, in which the motion (the thing the subject is deciding
about) is always present in the stimulus? Perhaps I don’t understand the
distinction that is being made here, in which case, please explain.

We note that the three tasks have different features.

e Random dot motion, only momentary evidence is available at each frame. The
integrated sensory evidence (if computed) is only available in the brain of the
monkey. Similarly, in the clicks task devised in 7, the integrated evidence is
available only in the brain of the rats or the humans, the momentary evidence is
provided by each click.

e Tor the checkerboard discrimination task used here, the momentary evidence is
the same as the overall evidence at every time point.

e For the tokens task, overall evidence in favor of the choices are available at each
point in time in the form of spatially separated sets of tokens, momentary
evidence then is available at each time point.

We have clarified these sentences to read:

One purported limitation of the “tokens” task design is that the stimulus by itself provides
the integral of the sensory evidence™. This is in comparison to the random-dots stimuli
where only the momentary evidence is available and not the integral of the sensory evidence.
However, recent efforts in humans have addressed this issue by using a variant of the
random dot motion discrimination task and suggesting that the UGM might apply in other

. 14
stimulus contexts as well ™.
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12. Line 1755: You say “estimated” twice.

We thank you for alerting us to this typographical error. This is fixed in the revised

manuscript.
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Reviewers’ Comments:

Reviewer #1 (Remarks to the Author):

| commend the authors on their excellent revisions.
I recommend the paper for publication.

Reviewer #3 (Remarks to the Author):

The revised manuscript responds very well to all of my comments. The comparison of the full
data set to the data restricted to single units (Supp. Fig. 13) is very persuasive, and lays to rest
my concerns that inclusion of multi-unit data might have been problematic. The DDM-vs-UGM
discussion is now mostly in the supplemental materials, so it does not distract from the main
message of the paper. The authors also provide a nice response to my question regarding the data
of Song & McPeek. Overall, I think this is an excellent paper and support its publication in its
present form.



REVIEWER COMMENTS
Reviewer #1 (Remarks to the Author):

I commend the authors on their excellent revisions.
I recommend the paper for publication.

Reviewer #3 (Remarks to the Author):

The revised manuscript responds very well to all of my comments. The comparison of the full data
set to the data restricted to single units (Supp. Fig. 13) is very persuasive, and lays to rest my
concerns that inclusion of multi-unit data might have been problematic. The DDM-vs-UGM
discussion is now mostly in the supplemental materials, so it does not distract from the main
message of the paper. The authors also provide a nice response to my question regarding the data of
Song & McPeek. Overall, I think this is an excellent paper and support its publication in its present
form.

We thank both reviewers for the kind comments and are delighted that the paper is suitable for
publication in its present form.
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