Editorial Note: This manuscript has been previously reviewed at another journal that is not operating a
transparent peer review scheme. This document only contains reviewer comments and rebuttal letters for
versions considered at Nature Communications .

Reviewers' Comments:

Reviewer #1:

Remarks to the Author:

The authors have responded appropriately to all my comments. In particular, adding the details of the
models have clarified some of the issues that I had.

One minor comment is that the stochastic synaptic model resembles one studied previously:
https://www.sciencedirect.com/science/article/pii/S0925231204000578#BIB9

Reviewer #2:

Remarks to the Author:

I regret that the authors have chosen to argue against my comments rather than address them more
directly. The manuscript presents an impressive amount of work, yet in the present format the results
are mostly descriptive. A direct comparison between the analyses of simulations of the large scale
model, and identical analyses in simplified, classical E-I networks would have been extremely
valuable, and certainly appropriate for Nature Comm. The authors argue that this comparison is done
in a different study, but I would have been glad to see it here.

However an important concern that has emerged in response to the comments of Reviewer 1 is that
the spiking statistics in the large scale model are actually very far from Poisson, and seem very
regular (it would have been nice to have more information about the statistics beyond Fano factors).
This really puts into question what kind of dynamical regime the simulations are exhibiting, and how
that relates to the cortex. The authors first argue that the activity in the cortex is not actually Poisson,
which is certainly true, but the obtained Fano factors seem very small in comparison to any cortical
data recorded in vivo at rest (cf e.g. Churchland et al 2010 for an overview that includes V1). The
authors then argue that Poisson variability is not generated by recurrent connectivity but by external
inputs. Now that is a strong and certainly controversial statement that would be a major result if it
could be strongly substantiated (the authors show a bit of evidence for it in Fig S14, but there they
show only a transient increase of Fano Factors, quite different from Churchland et al 2010). In any
case, the authors seem to admit that as they do not have variable external inputs, in the main
simulations their network is not in a regime that resembles the cortex, and this calls into question the
relevance of the reported observations.



Response to the reviewers’ comments:

We would like to thank the reviewers for their reading of the revised manuscript, and for their
constructive feedback. We revised the manuscript to address their new comments, as
described point-by-point below.

In response to Reviewer 2’s comments we performed a new set of simulations that resulted in
a new Supplementary Fig. 15 (we renamed old Supplementary Fig. 15 to 16), and we also

updated the Discussion in accordance with the new results.

All changes in the text are highlighted in blue in the manuscript.

Reviewer 1:

“The authors have responded appropriately to all my comments. In particular, adding the
details of the models have clarified some of the issues that I had”.

We would like to thank the reviewer once again for their previous insightful comments,
which have greatly improved our manuscript.

“One minor comment is that the stochastic synaptic model resembles one studied previously:
https://www.sciencedirect.com/science/article/pii/S092523 1204000578 .

The model of synaptic stochasticity studied by de la Rocha et al.! is similar to our model,
both are stochastic versions of the Tsodyks-Markram model?>. We updated the Methods
section to more explicitly highlight the origin of our model*# to aid comparison with other
studies (lines 713-714).

Reviewer 2:

“I regret that the authors have chosen to argue against my comments rather than address
them more directly. The manuscript presents an impressive amount of work, yet in the present
format the results are mostly descriptive.”

We thank the reviewer for acknowledging the amount of work that went into the study.

We would like to point out that in addition to the descriptive aspects of the present study,

we went to great lengths to disentangle and explain the effects we observed: We observed a
high intrinsic variability in terms of the divergence of spontaneous activity trajectories and
explained that it is driven by synaptic noise that is amplified by underlying chaotic network
dynamics. We further provide a quantitative prediction that synaptic noise dominates over
other local cellular noise sources in shaping intrinsic variability. We observed that neurons in



the circuit responded reliably amid the noise and chaos, and we explained how this response
is enabled by the recurrent circuitry, at the right El-balance.

“A direct comparison between the analyses of simulations of the large scale model, and
identical analyses in simplified, classical E-I networks would have been extremely valuable,
and certainly appropriate for Nature Comm. The authors argue that this comparison is done
in a different study, but I would have been glad to see it here.”

We fully agree with the reviewer that a direct comparison will be very valuable, however, it
is beyond the scope of this study. There are many candidate simplified E-I network models to
choose from, with diverse, even contradictory dynamical properties. To move forward in this
direction, as the reviewer states, we are currently working on a systematic approach to derive
a simplified model from the detailed model and understand the impact of different
simplifying assumptions as part of a different study for which a preprint is already available®.

“However an important concern that has emerged in response to the comments of Reviewer 1
is that the spiking statistics in the large scale model are actually very far from Poisson, and
seem very regular (it would have been nice to have more information about the statistics
beyond Fano factors). This really puts into question what kind of dynamical regime the
simulations are exhibiting, and how that relates to the cortex. The authors first argue that the
activity in the cortex is not actually Poisson, which is certainly true, but the obtained Fano
factors seem very small in comparison to any cortical data recorded in vivo at rest (cf e.g.
Churchland et al 2010 for an overview that includes V1). The authors then argue that
Poisson variability is not generated by recurrent connectivity but by external inputs. Now
that is a strong and certainly controversial statement that would be a major result if it could
be strongly substantiated (the authors show a bit of evidence for it in Fig S14, but there they
show only a transient increase of Fano Factors, quite different from Churchland et al 2010).
In any case, the authors seem to admit that as they do not have variable external inputs, in
the main simulations their network is not in a regime that resembles the cortex, and this calls
into question the relevance of the reported observations”.

We have previously shown that our circuit model can reproduce a range of studies on
neocortical spontaneous and evoked dynamics in vivo®, such as cell-type specific responses
to whisker flicks’, the sequential structure of spontaneous activity®, or population coupling’,
all without additional sources of external activity.

We are in agreement with the reviewer that our claim that Poisson-like variability is
generated by external inputs would be stronger if we could show that our model can
reproduce findings similar to Churchland et al.!® when receiving variable external inputs, and
we thank the reviewer for the suggestion. Following this suggestion, we designed a new
simulation experiment in which a subset of thalamic fibers drive the circuit with variable
external activity (different across trials), reflecting varying inputs from different brain regions
(in fact, around 80% of presynaptic inputs are estimated to be from white matter projections
from other cortical areas'!). These simulations revealed Poisson-like Fano factors, similar to



values for rat somatosensory cortex in vivo'? (new Supplementary Fig. 15a3,b1-2,¢2, t <0
ms). Next, we fed reliable input to another subset of thalamic fibers, reflecting reliable,
stimulus-specific inputs (repeated across trials). We observed that neurons in the circuit
responded more reliably after stimulus onset, and that the Fano factors decreased (new
Supplementary Fig. 15a3,b1-2,¢2, t > 0 ms), qualitatively reproducing Churchland et al.'°.
These new simulations show that our model is indeed compatible with the observed Poisson-
like spike count variability in vivo, and the quenching of that variability at stimulus onset.
We describe these new results and their implications for the mechanisms of quenching of
variability in the discussion (lines 560-582).

Interestingly, we further observed that even when the circuit responds in a Poisson-like
manner, as shown in Supplementary Fig. 15a3,b1-2,c2 (t < 0 ms), repeating one specific
input out of the set of variable inputs led once again to very low Fano factors
(Supplementary Fig. 15a2,c1). What we show is thus that the difference between the two
cases, Poisson-like variability or not, is that in one case the input is controlled and known,
and in the other it is not. It is our knowledge and control of the input itself which dictates the
variability.

These new findings, triggered by the reviewer’s observations, are consistent with the growing
experimental evidence suggesting that a large amount of observed cortical variability can be
explained by hidden variables such as inputs from other brain areas'®. For example, there are
many reports of travelling waves across cortical regions'4, and a// of cortex is strongly
modulated by movement-related activity'>. Taken together, this suggests that neuronal
variability is often overestimated'®, and that intrinsic variability due to local circuitry is not
Poisson-like at all, as we conclude in the present study. The discussion has been updated to
provide a more detailed treatment of these points (lines 560-582).
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Reviewers' Comments:

Reviewer #2:

Remarks to the Author:

I thank the authors for addressing in their reply the issue of low Fano Factors in their model. From the
reply, I believe we agree on the following; (i) cortical activity in vivo typically displays high Fano
factors; (ii) whether this high variability is generated by recurrent connectivity (as posited by the
mechanism of excitation-inhibition balance) or by external inputs is still debated; (iii) in the model
used in the manuscript, high variability can be generated only using strongly variable external inputs.

Reading the whole manuscript again, I have found it difficult to reconcile the text of the manuscript
with the text of the reply. Specifically:

- the results section starts by stating “we simulated in vivo-like spontaneous neuronal activity”.
Although external noise is used (component (d) of the sources of noise in Fig 1 b), the Fano factors
are extremely low (Fig 1f). As discussed in my previous review, and apparently agreed upon in their
reply by the authors, this is very different from what is generally accepted as “in vivo-like activity”.
For me, this calls into question all the statements about “in vivo-like activity” and variability.

- the abstract states: “we quantified this intrinsic variability using a biophysical model of rat
neocortical microcircuitry with biologically realistic noise sources. We found that stochastic
neurotransmitter release is a critical component of this variability”. From my previous review and the
authors’ reply, my understanding is that instead external inputs are a the key component of the
variability, as without them variability is very low (not mentioned in the abstract). So neurotransmitter
release seems to account only for weak variability that exists in absence of strong noisy inputs.

- the abstract then says “weak thalamocortical stimuli can transiently overcome the chaos, and induce
reliable spike times with millisecond precision”. This is absolutely not surprising if the variability is
very low to start with.

- the key issues seems to be the way the authors quantify variability. This is done using measures of
the divergence between membrane potential traces on different trials, starting from the same initial
conditions. The authors argue that two membrane potential traces diverge very rapidly, within 10-
20ms, which they interpret as a sign of high variability. They also argue that this does not necessarily
imply high spiking variability. However I do not see how these two statements are compatible: a
stochastic process that loses memory faster than the inter-spike interval would necessarily lead to
Poisson spiking. I see several possible explanations for this contradiction: (i) the membrane potential
traces never really become decorrelated, as they reach a finite steady-state correlation, in contrast to
a chaotic process; (ii) the apparent decorrelation is an artefact of averaging over all cells (while Fano
factors are computed for each cell).

This is not an exhaustive set of comments, I just wanted to outline to most outstanding
contradictions. Altogether I cannot support this manuscript for publication.



Response to Reviewer 2’s comments:

We would once more like to thank the reviewer for their reading of the revised manuscript,
and for their constructive feedback. We revised the abstract and main text of the manuscript
to address their new comments, as described point-by-point below.

As before, all changes in the text are highlighted in blue in the manuscript.

(1) “I thank the authors for addressing in their reply the issue of low Fano Factors in their
model. From the reply, I believe we agree on the following; (i) cortical activity in vivo
typically displays high Fano factors, (ii) whether this high variability is generated by
recurrent connectivity (as posited by the mechanism of excitation-inhibition balance) or by
external inputs is still debated; (iii) in the model used in the manuscript, high variability can

’

be generated only using strongly variable external inputs.’

We thank the reviewer for summarizing these three points. (i) We agree that cortical activity
often displays high Fano factors. However, as we pointed out before, this is a typical but not
universal property, as there are several studies showing low sub-Poisson Fano factors!~, and
there is also evidence that the regularity of firing patterns drastically differs across cortical
regions®. For example, neurons in the primary visual cortex of cat can have Fano Factors very
similar to our model (see Figure 4C by Kara et al.?). (ii) We agree that it is still debated how
high Fano factors arise. However, there are several recent studies strongly suggesting that
they are due to external inputs (i.e. from other brain areas)*>. Stringer et al. analyzed ~10000
neurons across the whole brain and conclude that most spike-count variability that was
previously described as “noise” is in fact encoding the behavioral state’ (at least in the
mouse). (iii) We agree that high variability in terms of Fano factors of spike counts does not
arise internally in our model, but requires variable external inputs. This result is in line with
the recent observations by Stringer et al.>.

(2) “Reading the whole manuscript again, I have found it difficult to reconcile the text of the
manuscript with the text of the reply. Specifically:

- the results section starts by stating “we simulated in vivo-like spontaneous neuronal
activity”. Although external noise is used (component (d) of the sources of noise in Fig 1 b),
the Fano factors are extremely low (Fig 1f). As discussed in my previous review, and
apparently agreed upon in their reply by the authors, this is very different from what is
generally accepted as “in vivo-like activity”. For me, this calls into question all the
statements about “in vivo-like activity” and variability.”

The “external” noise source is initially kept at a negligible level (Figs. 1-3, 5-8). By
increasing this noise source to account for missing internal noise sources, we predict that
synaptic noise is a dominant noise source over, for example, missing ion-channel noise (Fig.
4). The noise sources during what we call “in vivo-like” spontaneous activity are thus purely



internal. We updated the text in the results section to make it clearer that all noise is internal
(lines 106-108).

We used the term “in vivo-like” to be consistent with the original publication describing the
NMC-model®, and to highlight that it is the state of activity at which the NMC-model can
reproduce many properties of in vivo activity®. However, as the reviewer pointed out, we can
of course only predict properties that emerge from within a microcircuit; high spike-count
variability, which we predict to arise from input from outside a local microcircuit in vivo,
does thus not emerge in our model. We would like to thank the reviewer for pointing this out,
and we consequently removed all twelve mentions of the term “in vivo-like” to avoid
confusion.

(3) - the abstract states: “‘we quantified this intrinsic variability using a biophysical model of
rat neocortical microcircuitry with biologically realistic noise sources. We found that
stochastic neurotransmitter release is a critical component of this variability”. From my
previous review and the authors’ reply, my understanding is that instead external inputs are
a the key component of the variability, as without them variability is very low (not mentioned
in the abstract). So neurotransmitter release seems to account only for weak variability that

’

exists in absence of strong noisy inputs.’

We refer to variability both in terms of the divergence of activity (both membrane potentials
and spike trajectories), and in terms of spike-count variability. Stochastic neurotransmitter
release accounts for strong internally generated variability in terms of chaotic divergence of
activity trajectories from identical initial conditions. Internally generated variability in terms
of spike-counts is lower, and we do not claim otherwise anywhere in the manuscript. We
updated the abstract (lines 12-14) and discussion (lines 515-516) to clarify that activity is
highly variable in terms of the divergence of trajectories. We further rewrote the last
paragraph of the results section (lines 158-167) and added a paragraph to the discussion (lines
529-539) to highlight this surprising dichotomy.

(4) “- the abstract then says “weak thalamocortical stimuli can transiently overcome the
chaos, and induce reliable spike times with millisecond precision”. This is absolutely not
surprising if the variability is very low to start with.”

When focusing exclusively on spike counts, internally generated variability indeed appears to
be low, but it is in fact highly variable in terms of the rapid divergence of activity
trajectories. We observed rapidly diverging spontaneous activity dynamics, with population
trajectories that diverge from the same completely identical initial conditions (see for
example Fig. 2a). Yet, in response to transient thalamic inputs (notably only to a subset of
neurons at the borders of L23/L.4 and L5/L6), activity can propagate through the circuit with
remarkable reliability and precision (see for example Fig. 6d). To the best of our knowledge,
this is the first report that shows how a cortical network model that is both highly chaotic and
stochastic, with biologically-constrained noise sources, can respond with reliable spike-
timing (even for neurons that are not directly innervated by the external thalamic inputs).



(5) “- the key issues seems to be the way the authors quantify variability. This is done using
measures of the divergence between membrane potential traces on different trials, starting
from the same initial conditions. The authors argue that two membrane potential traces
diverge very rapidly, within 10-20ms, which they interpret as a sign of high variability. They
also argue that this does not necessarily imply high spiking variability. However I do not see
how these two statements are compatible: a stochastic process that loses memory faster than
the inter-spike interval would necessarily lead to Poisson spiking. I see several possible
explanations for this contradiction: (i) the membrane potential traces never really become
decorrelated, as they reach a finite steady-state correlation, in contrast to a chaotic
process;”

As the reviewer summarizes, we quantified variability both by the divergence of activity
trajectories (both membrane potentials and spike timing), and by spike-count variability. We
agree that the dichotomy of rapid divergence and low spike-count variability is surprising and
contrary to expectations from more classic simplifying network models. We now highlight
this dichotomy in the results (lines 158-167) and discussion (lines 529-539).

Ultimately, we are confident that the dichotomy is not artificial, but can be adequately
explained by the biological detail of the model in ways that have been previously
characterized in the literature:

One of the main reasons for the different dynamics between the NMC-model and more
classic network models is neural adaptation, including both spike-frequency adaptation and
synaptic adaptation. The NMC-model has highly adapting neuron models and dynamic
synapse models with diverse synaptic types. Spike-frequency adaptation decreases spike-
count variability’', and synaptic adaptation can further regularize population activity''. We
updated the results section (lines 164-167) and discussion (lines 535-537) to point this out
explicitly.

Previous theoretical and computational work has shown that cortical neurons cannot be
perfectly decorrelated when biological details of cortical circuits such as distance-dependent
connectivity, distinct excitatory and inhibitory synaptic timescales, and heterogeneous
connectivity (all part of the NMC-model) are taken into account!'>"'>. Yet, activity in the
microcircuit is clearly chaotic, in the sense that any small perturbation will lead to diverging
trajectories, even when all noise sources are turned off (see Fig. 3).

“(ii) the apparent decorrelation is an artefact of averaging over all cells (while Fano factors
are computed for each cell).”

Both divergence and Fano factors are computed for each cell (see Supplementary Fig. 1),
and the population firing rate diverges rapidly as well (see Fig. 2a, Supplementary Fig. 4).



“This is not an exhaustive set of comments, I just wanted to outline to most outstanding
contradictions. Altogether I cannot support this manuscript for publication.”

We thank the reviewer for reading our manuscript once again, and raising their perceived
contradictions. We revised the text accordingly to clarify our findings and conclusions.
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