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Reviewer comments: 

Reviewer #1 

(Remarks to the Author) 
This is a very interesting manuscript combining widefield and 2-photon imaging calcium imaging as well as pupillometry and
facial movement analysis to provide novel insights into the neural representation of omitted sounds. The most significant
aspect of the work is the demonstration of the localisation of omission responses to a particular region of the temporal cortex,
which will be extremely valuable to those intending to dissect the circuitry underlying these omission responses. 

The authors produced a solid piece of work which will certainly have an impact beyond the field auditory neuroscience. The
methodology is sound and the conclusion are well supported by the evidence. 

I only have some (very) minor comments. 

Figure S4: put orientation bars on photos 

L.59: processings > processing 

Figure 1H: panel label missing 

Figure 1I: incorrectly labelled as 1H 

Figure S2E: I don't think I understand panel S2E and I'm wondering whether it adds much/anything to what's already shown
in S2D. 

Figure 2B: The ORR demarcated in 2B looks much larger than what was identified as ORR in S2D and would seem to
encompass parts of A1. Or am I misinterpreting something here? I guess, to some extent, this may be explainable by
differences in scale perhaps? Are all data in Figure 2 from a single animal? 

L.155: more steep > steeper 

L.1008: delete 'across' 

L.372: an > a 

L.393: times > timed 

L.402: typically > typical 

L.501: receptive properties > receptive field properties 

L.524: suggest > suggests 



L.669: used image > used to image 

L.778: delete 'but' 

L.785: It is somewhat unclear how the authors dealt with the neuropil contamination. Was the neuropil signal subtracted in
full (F-Fneu) or was the neuropil signal scaled before subtraction (i.e. F-0.7*Fneu) as suggested by Chen et al., 2013
(GCaMP6) and Zhang et al., 2023 (GCaMP8). The sentence starting with "was empirically selected..." is missing at least one
word at its beginning and it is not clear at all what the authors are trying to say here. 

L.788: "then for further": a word seems to be missing here. 

L.893: 'region' missing after 'responsive' 

L.974: centrum > centre? 

L.1020: I think I worked out what is displayed here (Fig 3A) but I'm not absolutely certain. This panel legend, like many
others, provides the authors' interpretation of the displayed data rather than a detailed and neutral description that would
allow the reader to arrive at their own interpretation. What are the axes in the top panels (there are no scale bars)? What is
the green vertical line? 

Figure 5J: I don't understand what is displayed here. 

(Remarks on code availability) 

Reviewer #2 

(Remarks to the Author) 
This manuscript investigates neural responses to omitted auditory stimuli using widefield and two-photon calcium imaging in
mice, identifying spatially localized omission responses and proposing their relevance to predictive processing. The data
are extensive and the approach is ambitious, combining neural recordings with behavioral measures (motion energy and
pupil size) and a series of control manipulations. However, several technical and interpretive concerns—particularly
surrounding the ΔF/F signal processing—raise questions about the robustness of some core findings. The intention here is
to highlight areas where clarification or re-analysis could meaningfully strengthen the conclusions. 

Calcium Signal Processing and Temporal Resolution in the Interpretation of Omission Responses 
The ΔF/F traces shown throughout the manuscript (e.g., Figures 1G, 2C,5B,6B and 7B) exhibit several features that raise
questions about signal processing and the suitability of calcium imaging for certain timing-sensitive claims: 
Post-stimulus suppression: A consistent dip in ΔF/F below baseline following evoked peaks appears in both widefield and
two-photon recordings. The suppression size is remarkably larger than the evoked activity. This pattern is uncommon, even
with faster indicators like jGCaMP8m, and could result from baseline inflation or decay overlap across high-frequency stimuli
(e.g., 5 Hz). 
Pre-stimulus rise: The sound-evoked activity (ΔF/F) begins to increase prior to stimulus onset in several examples. This
observation requires further clarification and investigation. The manuscript should address: 1. Is there a potential timing
misalignment between stimulus delivery and the recording system that could account for this apparent pre-stimulus activity?
2. Have the authors ruled out technical factors such as hardware synchronization issues or processing delays in data
acquisition? 3. Could this observation reflect a physiological anticipatory response related to the experimental design, such
as stimulus entrainment or expectation effects? 4. What steps were taken to ensure proper baseline normalization,
particularly with respect to potential contamination from preceding stimuli? 
Baseline strategy: ΔF/F was calculated using the median fluorescence over an 8-second window. While this approach
reduces trial-by-trial noise and global drift, it also incorporates activity from multiple preceding stimuli, especially at high
presentation rates. This could inflate baseline values and potentially produce apparent “responses” during omissions that
reflect returns to true baseline rather than stimulus expectation violations. 
These signal dynamics directly affect the interpretation of the timing, magnitude, and spatial localization of omission
responses—the central focus of the manuscript. From a conceptual standpoint, the interpretation of these responses as
“prediction errors” assumes that the neural signals are temporally precise and reflect a violation of an internal model.
However, without behaviorally relevant prediction, and in the absence of a task or outcome, it is difficult to rule out alternative
mechanisms such as entrainment-related rebound or passive stimulus filtering, which could produce similar dynamics in the
absence of cognitive prediction. 
In this context, I also wonder whether the choice of imaging methods over electrophysiology introduced tradeoffs that affect
some of the conclusions. The widefield and two-photon approaches clearly offer valuable spatial insights, particularly in
identifying omission response localization in ORR (likely TeA). However, for capturing precise, rapid dynamics such as SOA
dependence, ramping, and double-omission responses at 200 ms intervals, the temporal limitations of calcium imaging may
pose a challenge. Even with GCaMP8m, the intrinsic integration and decay properties limit the ability to resolve sub-200 ms
timing features, especially without deconvolution. 
I raise this not to question the value of imaging, but to ask whether the authors might consider: 
Showing representative raw fluorescence traces and/or overlaying ΔF/F with the baseline F₀ to clarify the impact of
preprocessing, 



Exploring ΔF/F computed on a trial-by-trial basis, or including deconvolved activity estimates, to better match the temporal
structure of the experimental design, and possibly discussing (or incorporating) complementary electrophysiological
recordings, even in a limited fashion, to validate key timing-based inferences (e.g., omission latency, SOA scaling, ramping
structure). 

Omission vs. Offset Controls 
In Figure 5, the authors attempt to distinguish omission responses from offset responses by comparing activity in a 200 ms
SOA sequence (with omissions) to that following sequence termination in a 400 ms SOA stream. However, these conditions
differ not only in the presence or absence of a final tone, but also in their temporal context—specifically, the rate of preceding
stimulation, the level of neural adaptation, and the strength of temporal entrainment. These differences could confound any
conclusions drawn from the comparison. For instance, fast rhythmic input (as in the 200 ms condition) can induce phase-
locked neural activity that gives rise to so-called “echo responses” (https://doi.org/10.1038/s41598-017-18465-w ; ) —
rebound-like transients that occur at expected times even after stimulus cessation, potentially reflecting rhythmic resonance
rather than prediction error (https://doi.org/10.1523/JNEUROSCI.1642-19.2019). 
Additionally, the interstimulus response shown in the 400 ms SOA condition (Fig. 5B), which the authors use as an offset
control, appears to persist well into the time window where an omission response would occur in the 200 ms condition. This
temporal overlap suggests that what is interpreted as an omission response may in fact ride on ongoing offset-related
activity, particularly since the omission window occurs just 200 ms after the prior stimulus. This possibility deserves further
attention, as it directly bears on the specificity of the omission response as a prediction error signal. 
More broadly, this raises a conceptual concern: how do we differentiate between a predictive signal that reflects expectation
violation, versus a biological rhythm echo or offset-like signal that appears due to entrainment or rebound following regular
input? 
The double-omission control helps to address some of these concerns, but its interpretation may be complicated by the
same ΔF/F signal dynamics noted earlier — especially the strong post-stimulus suppression and potentially inflated
baselines that arise in high-frequency stimulus contexts. These dynamics may produce rebound-like features that resemble
offset or echo responses, further challenging the distinction between prediction-driven and passive neural activity. Clarifying
how baseline and decay dynamics were handled in these controls, and providing raw or minimally processed traces where
feasible, would greatly aid in interpreting the origins of these signals. 

Jittered SOA Condition and Prediction 
The jitter control in Figure 6 is conceptually valuable and well-designed in intent, but I found it difficult to interpret the
presence of any omission response under this condition. 
The jittered sequence uses a pseudorandom set of SOAs (100–300 ms), eliminating consistent temporal regularity. From a
predictive coding perspective, one might not expect strong omission responses in the absence of a stable rhythm to
generate precise temporal predictions. 
The authors do report reduced ORs under jitter (Fig. 6B), but not abolished. The presence of even reduced omission
responses in this context raises a question: are these signals truly reflecting a top-down temporal prediction error, or do they
reflect bottom-up adaptation or rebound dynamics that are less sensitive to fine-grained regularity? Without a behavioral
marker of prediction or evidence of hierarchical feedback, it is difficult to conclude that these signals represent cognitive
prediction violations rather than statistical learning or passive entrainment.Additionally, the same ΔF/F signal dynamics
described above (e.g., suppression, baselining issues) may behave differently under regular vs. jittered timing, potentially
exaggerating this apparent drop. 
If the omission response reflects a rebound or offset-like phenomenon, this could confound the intended interpretation of the
jitter control as evidence for prediction-specific processing. 

Statistical Framework 
A few statistical issues are worth revisiting: 
MANOVA (Fig. 2H) assumes multivariate normality and independence, which is difficult to justify in calcium imaging. Non-
parametric alternatives may be more robust here. 
The data are hierarchically structured (neurons within animals), yet most tests treat each neuron as independent. Animal-
level averaging or mixed-effects models would more accurately reflect the design and reduce pseudo-replication. 

Behavioral Measures (Figure 4) 
The inclusion of facial motion and pupil responses is an important strength, but I would encourage a more cautious
interpretation: 
Facial motion increases after omissions but is time-locked to the next sound, not the omission itself. This makes it difficult to
argue that the movement reflects prediction error rather than rebound excitation or adaptation. There is also no reported
correlation between motion energy and neural responses. 
Pupil dilation peaks ~500 ms after the omitted stimulus—well after the neural omission response. This is compatible with a
general arousal response, possibly LC-NE-mediated, but not direct evidence for predictive monitoring. Moreover, the dilation
overlaps with responses to subsequent stimuli, further complicating interpretation. These signals may be better framed as
nonspecific arousal correlates rather than behavioral readouts of predictive timing, particularly given the lack of task
engagement. 

(Remarks on code availability) 

Reviewer #3 



(Remarks to the Author) 
This manuscript by Peters, Cai et al. describes results of experiments designed to investigate the neural representation of
sound omissions (unexpected absences from an otherwise statistically predictable sound sequence) in the auditory cortex of
awake mice. Neural responses to unexpected omissions are of great interest to sensory neuroscientists because they
arguably represent the purest form of evidence for statistical learning and/or sensory prediction; there is no stimulus present
during an unexpected omission and yet the omission evokes neural activity. Omission responses have been widely
demonstrated in humans using EEG and also, in a few studies, in animals including rats and mice. However, the neural
mechanisms underlying omission responses and their localisation within the brain have remained largely open questions.
The answers to these open questions have profound implications for prominent theories about "predictive coding" in the
brain, with potential to help resolve debates about the extent to which neural responses in different cortical and subcortical
regions represent stimulus features, sensory predictions, prediction errors, or something else. 

Here, experiments were conducted in awake passively listening mice, while neural activity across primary and secondary
fields of auditory cortex was monitored using widefield imaging and, at the single-neuron level in more targeted fields of
view, using two-photon imaging with an fast calcium indicator, jGCaMP8m. . Facial movements were measured during the
experiments, providing a spontaneous behavioural measure of arousal. Multiple stimulus paradigms were used to rule out
alternative explanations for the results and to test predictions of prominent theories about neural representation, such as that
omission responses signal sensory predictions or prediction errors. 

The manuscript makes at least three major contributions to systems neuroscience: 

(A) Results clearly demonstrate the existence of a secondary region of the auditory cortex in mice (pTeA) in which neurons
with strong omission responses are clustered. There are multiple well-designed controls that effectively rule out alternative
explanations, and some of these controls are quite novel and innovative in their own right (e.g. the second-omission control,
which could also be useful for investigating omission reponses in human EEG studies). 

(B) Intriguingly, the temporal characteristics of the omission responses observed in the mouse brain are inconsistent with
some theories of predictive coding. In particular, the observed responses ramp up monotonically following the unexpected
omission rather than following the expected timecourse of the omitted stimulus, implying that the responses represent
something more like an *integrated* prediction or prediction error signal. This result provides an important new constraint for
theories of sensory representation in the auditory cortex, and for analysis of "mismatch responses" and other deviant
responses in all sensory modalities. 

(C) Finally, the manuscript serves as an excellent early illustration of the power of fast two-photon imaging techniques to
address questions about neural representation on ~10ms timescales. The authors used a relatively new and very fast
calcium indicator (jGCaMP8m) and rigorously minimised the use of deconvolution and filtering, and thereby provide a very
robust demonstration that calcium imaging can be used effectively to explore questions about temporal representation of
sound signals that would previously have been robustly accessible only using electrophysiological techniques. 

The manuscript is also very well-written. The authors should be particularly commended on the thoughtfulness of their
Discussion section, which carefully lays out the evidence against possible alternative explanations for the key observations,
and explores a wide range of implications of the results for systems, cognitive and computational neuroscience. 

MAJOR COMMENTS: 

1. Data on the on the laminar distribution of omission responses vs standard responses is less convincingly presented than
the other results. In particular, Figure 3 is not fully explained. What do the coloured vertical strips in the top lineplots of Figure
3A represent? What are the axes of the matrix plots in Figure 3A? More critically, why is the "omission response" line in the
Figure 3C not normalised to 100% at 100um, given that the x-axis label says "Response rel. OR at 100um"? While the other
figures in the manuscript were generally very convincing and largely self-explanatory, Figure 3 is not convincing in its
present form. 

2. Several controls provide compelling evidence demonstrating that activity in the ORR is related to omissions rather than
offset responses (e.g., comparison between omissions at 200ms SOA and expected sounds at 400ms SOA, and
observations regarding the double-omission response). However, the claim that the ORR can be clearly distinguished
topographically from regions with offset responses could be better supported. Please provide more information about exactly
how offset response magnitude in Supplementary Figure 3 is defined. Peak delF/F over what time interval after offset?
Robust identification of offset responses is not as easy as for onset responses because an excitatory offset burst can be
difficult to distinguish from a slow decay in sustained activity. There's a lot of overlap in the onset and offset response maps
in Supplementary Figure 3; this is potentially unsurprising as a lot of auditory cortex neurons have responses to both
transients. However, another possibility is that the offset response measure is slightly confounded here with the onset
response measure, because a cell with high sustained response that decays slowly following sound offset might show up as
having both a large onset response AND a large offset response, even in the absence of a "true" offset response burst. What
would maps of the difference in delF/F between the offset period and onset (or onset+sustained) period look like? More
generally, how do the authors know that their offset response measure is capturing "true" offset responses rather than slow
decays of sustained activity? 

3. Also regarding maps in Supplementary Figure 3 (and elsewhere): There seems to be a very prominent outlining of blood



vessels in the response latency, response modulation, onset response, offset response and omission response heat maps.
Why might this be? 

4. The dependence of omission responses on SOA was non-monotonic with SOA (Figure 5O). Also, the dependence of
omission responses on the number of previous presntations of regular stimuli was slightly non-monotonic (increasing to 40-
70 trials then slightly decreasing). Both of these observations would seem to suggest that entrainment/oscillation
phenomena might be a more accurate and parsimonious explanation for the observed omission responses than integrated
prediction or prediction error. Granted, these explanations are not possible to disentangle cleanly, but the non-
monotonicities provide an intriguing avenue for further investigation. Do measures of entrainment in the responses to non-
omitted stimuli show the same profile as a function of SOA or number of previous stimuli as the omission responses do? If
so, this might be good evidence for the entrainment hypothesis --- or at least, good evidence for circuit-level constraints on
the more cognitive predictive-coding interpretations, which would not predict non-monotonicity with SOA or number of
previous stimuli. 

MINOR COMMENTS: 

Abstract: "Animals were aware of omissions..." Aware is something of a loaded word and should be avoided. It is possible
that the arousal responses measured in spontaneous behaviour are entirely subcortical and only minimally relevant to
"awareness". 

Abstract: I think the abstract could be slightly improved to highlight the significance of this paper more clearly. In particular,
one of the greatest strengths of this paper is the careful comparison of different stimulus paradigms (varying SOAs, jitter,
number of omissions etc) to rule out offset responses or other possible explanations for the observed omission responses.
This is summarised mainly in the sentence about omission responses being "temporally distinct" from offset responses,
which doesn't really do the authors' efforts here full justice. 

Figure 4, panel O: This plot is described in the legend as showing a "low-pass dependence" of OR on SOA, but in fact it is
bandpass with peak at 200ms. Why might this be? More explanation or at least speculation here would be helpful. The
200ms SOA almost seems a bit of a "sweet spot". In fact for SOAs above 300ms it seems that the omission response is
plateauing. Could this reflect an interaction with brain oscillations, or (perhaps equivalently) with short-term synaptic
plasticity timescales? 

Figure 6: It's very intriguing that the effect of sequence jitter on the omission responses was so minimal once the impact of
sequence jitter on baseline activity was taken into account. This observation seems itself worth a bit more attention in the
Discussion. 

Line 57: "tone height" -> tone frequency 

Line 59: "predictive processings" -> predictive processing 

Line 74: "Calcium" should be lowercase 

Discussion: Generally the discussion is excellent (especially the subsections on alternative explanations for omission
responses and implications for predictive coding). However, the first subsection on relation to previous studies could be
improved; it doesn't flow very well across some seemingly disjointed paragraphs. For example the paragraph about whether
omissions are regularly or randomly selected (lines 402-405) feels a bit disconnected from everything else, and it's not really
made clear what random or regular selection of omissions means. 

The Discussion would also benefit from a bit more information about how the areas known to connect to ORR might
contribute to generation of the monotonically ramping omission responses (and/or changes in baseline activity with jittering
of regularity, which was also a very intriguing observation in itself). 

(Remarks on code availability) 

Version 1: 

Reviewer comments: 

Reviewer #1 

(Remarks to the Author) 
The authors have fully addressed all my comments. 

(Remarks on code availability) 

Reviewer #2 



(Remarks to the Author) 
The authors have made substantial efforts addressing my concerns by providing more analyses and clarifications. The
spatial findings—TeA localization, layer-specific distribution, and hierarchical organization—are robust and represent
valuable contributions to understanding predictive processing. However, claims about temporal precision throughout the
manuscript exceed what the methods can establish. The authors themselves acknowledge: "While it cannot be concluded
with certainty..." (response line 190-191) and note "baseline level is hard to determine during continuous stimulation"
(response line 216). Given 2-photon imaging at 30 Hz (33ms resolution) and jGCaMP8m decay of ~40ms, they observe
temporal structure at this scale but cannot prove neural computation precision versus measurement ceiling. 

I would suggest the following text changes: 

Line 15-16 (Abstract): Change "Neuronal responses to the omission of expected sounds were precisely timed" to "Neuronal
responses to the omission of expected sounds were time-locked to expected stimulus onset" 

Lines 82-83, 130, 252 (Results): Replace all instances of "precisely timed" with "time-locked to expected onset" 

Lines 408-414 (Discussion): After "temporally precise (10s of ms) mechanism," add: "While jGCaMP8m provides improved
temporal resolution, the precise timing of predictive computations at the millisecond scale remains to be confirmed with
electrophysiology" 

Line 475 (Discussion on offset responses): Change "effectively ruled out" to "substantially reduced the likelihood" (authors
acknowledge: "While not impossible, we consider this rather implausible" - response line 484) 

Lines 127-128, 157-158 (OR magnitude): Add caveat that magnitude estimates depend on baseline choice during
continuous stimulation 

Lines 89-92 (Abstract, behavioral): Change "reflected in behavioral responses" to "correlated with behavioral changes" 

Lines 583-587 (Discussion, limitations): Add that active paradigms are needed to distinguish prediction monitoring from
arousal responses (authors state: "only an experiment involving active behavior can provide more clarity" - response line
846) 

With these revisions, I recommend publication. 

(Remarks on code availability) 

Reviewer #3 

(Remarks to the Author) 
The authors have done a very thorough job of addressing my comments and I have no further suggestions for revision.
Thank you for the detailed explanations and additional analysis. 

Regarding the authors' query about whether their new Figure S9 addressing questions about entrainment should be added
as a main figure --- I think it's probably best as a supplementary figure given the level of detail, but it is a very nice addition
nonetheless. 

(Remarks on code availability) 
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1 

Response to the reviewers' comments for the manuscript NCOMMS-25-15638-T 1 

"The representation of omitted sounds in the mouse auditory cortex" 2 

 3 

We would like to thank the reviewers for their thoughtful and constructive comments, which we 4 

address in detail below, including several new figures. Changes to the manuscript are highlighted 5 

in blue font. 6 

 7 

Reviewer #1 (Remarks to the Author): 8 

 9 

This is a very interesting manuscript combining widefield and 2-photon imaging calcium 10 

imaging as well as pupillometry and facial movement analysis to provide novel insights 11 

into the neural representation of omitted sounds. The most significant aspect of the work 12 

is the demonstration of the localisation of omission responses to a particular region of the 13 

temporal cortex, which will be extremely valuable to those intending to dissect the circuitry 14 

underlying these omission responses. 15 

 16 

R: We would like to thank the reviewer for this highly encouraging assessment of our work. We 17 

fully agree with the implications this holds for the future analysis of the circuitry, which we are 18 

planning to tackle in the near future. 19 

 20 

The authors produced a solid piece of work which will certainly have an impact beyond 21 

the field auditory neuroscience. The methodology is sound and the conclusion are well 22 

supported by the evidence. 23 

 24 

I only have some (very) minor comments. 25 

R: Thanks for providing such detailed comments, which helped us to iron out these remaining 26 

typos/errors!  27 

 28 

Figure S4: put orientation bars on photos 29 

R: Thanks, added and figure updated. 30 

 31 

L.59: processings > processing 32 

R: Thanks, changed! 33 

 34 

Figure 1H: panel label missing 35 

Figure 1I: incorrectly labelled as 1H 36 

R: Thanks for mentioning this potential confusion. We in fact had intended it to be layouted like 37 

this, i.e. with the two panels receiving a single letter, as the description of the area and the time-38 

course are dependent on each other, and neither sequence with separate letters could be 39 

unambiguous (i.e. in one first shows the time traces, the areas are not yet defined, and if one first 40 

shows the areas, then it is not clear at which time the activity is shown). But we noticed that this 41 

was incorrect in the results text, which we have now corrected to match the figure and its caption. 42 

 43 



2 

Figure S2E: I don't think I understand panel S2E and I'm wondering whether it adds 44 

much/anything to what's already shown in S2D. 45 

 46 

R: Yes, we agree, this was not sufficiently clear yet. The data in S2E is an example from a single-47 

animal, while S2D shows the shift of the PureTone ORR center, with respect to the NB ORR 48 

center, across animals. We have added more information to the caption and changed the Panel 49 

title of S2D to clarify this.  50 

 51 

Figure 2B: The ORR demarcated in 2B looks much larger than what was identified as ORR 52 

in S2D and would seem to encompass parts of A1. Or am I misinterpreting something here? 53 

I guess, to some extent, this may be explainable by differences in scale perhaps? Are all 54 

data in Figure 2 from a single animal?  55 

R: Thanks for noticing this! We have gone through the code and noticed that the threshold for 56 

demarcating the Omission response area was accidentally set to a value that was lower than in 57 

all other plots and given in the methods. We have corrected this mistake and updated the figure, 58 

which now shows that the 2p ROI is encompassing a substantial part of the ORR.  59 

Panels F, G, H, and I in Figure 2 present data pooled from individual cells across multiple (5) 60 

animals. While this was mentioned in the figure caption, we have further clarified it there, and also 61 

clarified it in the associated Results sections. 62 

 63 

L.155: more steep > steeper 64 

R: Thanks, changed! 65 

 66 

L.1008: delete 'across' 67 

R: Thanks, done! 68 

 69 

L.372: an > a 70 

R: Thanks, done! 71 

 72 

L.393: times > timed 73 

R: Thanks, changed! 74 

 75 

L.402: typically > typical 76 

R: Thanks, changed! 77 

 78 

L.501: receptive properties > receptive field properties 79 

R: Thanks, added! 80 

 81 

L.524: suggest > suggests 82 

R: Thanks, changed! 83 

 84 

L.669: used image > used to image 85 

R: Thanks, changed! 86 

 87 
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L.778: delete 'but' 88 

R: Thanks, removed! 89 

 90 

L.785: It is somewhat unclear how the authors dealt with the neuropil contamination. Was 91 

the neuropil signal subtracted in full (F-Fneu) or was the neuropil signal scaled before 92 

subtraction (i.e. F-0.7*Fneu) as suggested by Chen et al., 2013 (GCaMP6) and Zhang et al., 93 

2023 (GCaMP8). The sentence starting with "was empirically selected..." is missing at least 94 

one word at its beginning and it is not clear at all what the authors are trying to say here. 95 

R: Thanks for pointing this out. We indeed followed the typical approach in the community to 96 

subtract a scaled version of the neuropil signal. However, we found that the correlation between 97 

the neuropil signal and the cells was typically rather small (~0.2), and we set the scaling factor to 98 

a value <0.7, namely in the range from 0.3-0.5. This choice has been clarified in the methods 99 

section and the formula has been more explicitly described. Using a value of 0.7 led to qualitatively 100 

similar results. 101 

 102 

L.788: "then for further": a word seems to be missing here. 103 

R: Thanks, 'collected' added! 104 

 105 

L.893: 'region' missing after 'responsive' 106 

R: Thanks, added! 107 

 108 

L.974: centrum > centre? 109 

R: Thanks, corrected! 110 

 111 

L.1020: I think I worked out what is displayed here (Fig 3A) but I'm not absolutely certain. 112 

This panel legend, like many others, provides the authors' interpretation of the displayed 113 

data rather than a detailed and neutral description that would allow the reader to arrive at 114 

their own interpretation. What are the axes in the top panels (there are no scale bars)? 115 

What is the green vertical line? 116 

R: Thanks for pointing this out, there were indeed differences in the visual style between this 117 

figure and the others, which we have now resolved. In particular we have added scale bars for 118 

time and dF/F, use the same style for the omission and added a label for the stimuli/omission 119 

(vertical bars). Also, the green bars, which are time-indicators for stimulus or omission, have now 120 

been changed to match the color scheme for those two cases, and visually connected to the 121 

panels that are displayed below. These changes have been clarified in the text and in the figure 122 

caption. Regarding the level of interpretation in the captions, we have carefully revisited all figure 123 

captions, removing formulations that were suggestive of an interpretation, rather than a 124 

description. However, for clarity of presentation we still refer to the elevated activity in the omission 125 

period as Omission responses. 126 

 127 

Figure 5J: I don't understand what is displayed here. 128 

R: We agree that this analysis was not sufficiently explained in the manuscript. We have now 129 

adapted the corresponding sections in the Methods ("Spatial clustering of neural responses to 130 

double omission") and the Results to clarify it. We would also like to take the opportunity to clarify 131 



4 

it here directly for the reviewers: The motivation to perform the cluster analysis was to highlight 132 

regions which show a heightened response to the second omission in sequence. Since the double 133 

omissions could only be integrated less frequently than the single omissions (as otherwise, the 134 

animal could have expected them), the corresponding regions were less robustly defined than the 135 

omission region. The clustering was performed on one-dimensional response trace profiles from 136 

double omission, and the resulting cluster labels were projected back onto the craniotomy for 137 

spatial visualization.  138 

  139 



5 

Reviewer #2 (Remarks to the Author): 140 

 141 

This manuscript investigates neural responses to omitted auditory stimuli using widefield 142 

and two-photon calcium imaging in mice, identifying spatially localized omission 143 

responses and proposing their relevance to predictive processing. The data are extensive 144 

and the approach is ambitious, combining neural recordings with behavioral measures 145 

(motion energy and pupil size) and a series of control manipulations. However, several 146 

technical and interpretive concerns—particularly surrounding the ΔF/F signal 147 

processing—raise questions about the robustness of some core findings. The intention 148 

here is to highlight areas where clarification or re-analysis could meaningfully strengthen 149 

the conclusions. 150 

R: We thank the reviewer for taking a constructive approach to the review process, in particular 151 

in the context of recent methods, which bring new possibilities (much improved SNR and temporal 152 

resolution), but we also agree that their introduction to a field requires particular caution, which 153 

we provide below in the form of additional analyses to address the reviewers' specific concerns. 154 

As there is partial overlap with questions raised by R3 (on the relation to entrainment) and within 155 

the suggestions of this reviewer, we partially point to other sections of this letter. Generally, we 156 

would like to emphasize here that we mainly provide data that can critically inform candidate 157 

theories of predictive processing, and carefully discuss in how far they are compatible with the 158 

different frameworks, for example 'Predictive Coding'. Instances where descriptions could have 159 

been suggestive, we have carefully adapted to be more neutral, while maintaining an accurate 160 

description of our findings.  161 

 162 

Calcium Signal Processing and Temporal Resolution in the Interpretation of Omission 163 

Responses 164 

The ΔF/F traces shown throughout the manuscript (e.g., Figures 1G, 2C,5B,6B and 7B) 165 

exhibit several features that raise questions about signal processing and the suitability of 166 

calcium imaging for certain timing-sensitive claims: 167 

Post-stimulus suppression: A consistent dip in ΔF/F below baseline following evoked 168 

peaks appears in both widefield and two-photon recordings. The suppression size is 169 

remarkably larger than the evoked activity. This pattern is uncommon, even with faster 170 

indicators like jGCaMP8m, and could result from baseline inflation or decay overlap across 171 

high-frequency stimuli (e.g., 5 Hz). 172 

R: We noticed this pattern as well and have spent considerable time investigating it as to our 173 

knowledge there is no published data for our technique (GCaMP8m in ACX), the results of which 174 

we will gladly share with the reviewer. Our first question was, whether the negative slope after the 175 

stimulus-related activity peak is only an artifact of the indicator. At the beginning of the trial (see 176 

figure R1 below, grand average across all animals), the strong negative downslope appears to 177 

only develop over multiple presentations of the same stimulus, associated with a speedup of the 178 

excitatory peak as well. This observation, in combination with the indicator’s dynamics (~2.5 ms 179 

rise time and 50% decay time ~40 ms see Extended Data Table 6, (Zhang et al. 2023)) causes 180 

us to conclude that indicator dynamics do not explain the observed dip. This leaves physiological 181 

explanations.  182 
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The first possibility would be forward suppression, i.e. short-term synaptic depression at 183 

thalamocortical and intracortical synapses produces suppressed firing that last on the order of 184 

tens to hundreds of milliseconds; when stimuli repeat at ~5 Hz, recovery is incomplete and 185 

suppression accumulates across the train, producing a below-baseline period after offsets (Wehr 186 

& Zador 2005; Chung et al. 2002; Ulanovsky et al. 2004). However, in our data we see that the 187 

post-stimulus dip is very comparable between the 200SOA and 400SOA conditions, while the OR 188 

is nearly extinguished for 400SOA (Fig. 5B & O, Fig. S10).  189 

While it cannot be concluded with certainty, to us this suggests a contribution of rapid 190 

inhibition, which builds up with the sequence, effectively leading to stimulus entrainment (see R3, 191 

Main Point 4 for a detailed discussion of entrainment). We have discussed these response shapes 192 

on the Slack channel with multiple researchers, among them Loren Looger (Janelia), whose group 193 

developed jGCaMP8m. The conclusion from this conversation was that the observed time-scales 194 

are consistent with neural activity, see Zhang et al. 2023, Fig. 4d (excitatory neurons in VI) with a 195 

50% decay time of ~70ms, and members of this forum agreed that inhibitory inputs could further 196 

shorten the observed dynamics. The hypothesis of inhibitory input would also be consistent with 197 

the relative activation times of excitatory and inhibitory cells in the auditory cortex, with excitation 198 

preceding inhibition (see Fig. 3F from Feigin et al. 2021, reproduced below in Fig. R2 for the next 199 

point). 200 

 Indeed, multiple single-stimulus electrophysiology studies show that an isolated tone or 201 

brief sound can produce a transient suppression of spontaneous firing below baseline after the 202 

initial evoked response (Willmore & King, 2022) — durations typically range from tens to a few 203 

hundred milliseconds depending on brain level (subcortical/cortical) and cell type (Voytenko & 204 

Galazyuk, 2010; O’Connell et al., 2011; Sadagopan et al., 2023). Therefore, we conclude that the 205 

indicators' fast dynamics resolve a real physiological phenomenon, most likely experience-206 

dependent inhibitory sharpening. 207 

Regarding the suggestion of baseline inflation: We have investigated this and there 208 

appears to be an adaptation of the overall brightness over time, which starts already from the 209 

beginning of the trial (see Figure R1), even before acoustic stimulation begins (for more details 210 

on this see the Figure R3 in this letter, which details baseline adaptation in silent and stimulus 211 

driven trials). We think that this baseline reduction is in fact likely indicator-related, and mainly 212 

does not originate from an adaptation in neural activity, as it also occurs in silence and persists 213 

after the termination of the stimulus (although it appeared to recover between recording sessions), 214 

and has been observed before (see Fig. R1b below). This motivated our choice of using a 215 

dynamic baseline. However, we agree that the exact level of this baseline is hard to determine 216 

during continuous stimulation as is the case in an oddball paradigm (see Figure R3 for more 217 

details on baseline choices below). Therefore the absolute size of the negative part of the 218 

response after the stimulus might indeed be increased by the choice of the dynamic baseline, 219 

however, it would be important to note that the polarity can still likely be correct (see Fig. R1c 220 

below, which shows neuronal response profiles from the mouse auditory cortex recorded using 221 

electrodes, adapted from (Jamali et al., 2024)). 222 

Regarding the reviewer's suggestion of decay overlap: We are confident that this 223 

possibility can be ruled out, since an overlap would have to extend over periods exceeding a 224 

single SOA, i.e. >200ms. On the one hand, the jGCaMP8m response kernel is already quite 225 

decayed at this point (see Zhang et al. 2023, Fig. 4d), and the response components that we 226 
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observe in between the last response and the next negative dip show faster dynamics, which 227 

would raise the question why such a potential residual (negative) decay was not visible in between 228 

the stimuli, and would then materialize after the following response. 229 

In summary, we think the most likely explanation of the negative dips is a combination of 230 

a limited overestimation of the baseline in combination with an actual buildup of inhibitory input 231 

and would argue that the use of previous calcium indicators (e.g. GCaMP6s/f) would have 232 

obscured such dynamics. We would like to emphasize that this does not affect the differences we 233 

observe between ORR and PR for omissions, which is the main result of the present manuscript. 234 

We have added the figure below to the manuscript (Supplementary Fig. 8) and detail these 235 

aspects now in the Methods. 236 

 237 

 238 
Figure R1: Stimulus specific adaptation and gradual response shape morphing occurs at the 239 

beginning of the sequence.  Data in this plot is derived from the median over both trials of all 10 mice for 240 

the 32kHz Omission paradigms, for ORR (red) and PR (blue), aligned to recording start. A large and 241 

relatively undefined response occurs for the first stimulus in the PR, accompanied by a slower excitatory 242 

modulation (~0.5s half-decay time) across both areas. With an increasing number of stimuli, a fast baseline 243 

undershoot develops after the stimulus onset response (see Fig. 1G for mean response shape after 244 

sequence habituation has occurred). 245 

 246 

 247 
Figure R1b: Adaptation to a stimulus sequence adapted from Li et al., 2017 248 

(doi.org/10.1093/cercor/bhx079). These recording are also from the auditory cortex of mice, using a 249 

different, slower indicator and a slower stimulation rate (0.5 Hz), however, also here a reduction in the 250 

baseline is observed. 251 

 252 

[FIGURE REDACTED]

https://doi.org/10.1093/cercor/bhx079


8 

 253 
Figure R1c:  Adapted from Figure 3 (Figure supplement 3, Panel D), 254 

(https://doi.org/10.7554/eLife.102702.2). This paper provides electrophysiological recordings from 255 

populations of neurons in the mouse auditory cortex, in response to 5 sounds with similar SOA (250 ms). 256 

Neurons were here clustered into groups by different response types. The first cluster (left) shows strong 257 

reduction of activity in response to the stimulus, while the second one shows below baseline reduction after 258 

the 4th and 5th stimulus, and the third one (right) shows adaptation. In our widefield imaging these clusters 259 

would be combined and might give rise to the observed composite waveform. 260 

 261 

 262 

Pre-stimulus rise: The sound-evoked activity (ΔF/F) begins to increase prior to stimulus 263 

onset in several examples. This observation requires further clarification and 264 

investigation.  265 

 266 

R: We have carefully checked all figures (specifically Fig. 1C/G, 5B/H, 6B/H, 7B) but could not 267 

find cases in which the actual response occurs before the stimulus. We think there are two 268 

reasons for why responses may sometimes appear to occur early, which we would like to 269 

exemplify with Fig. 2C (2p imaging).  270 

Firstly, the first sample after stimulus onset shows the peak response, which may appear 271 

as too early. Given the response delay in the mouse auditory cortex is ~5-10ms (see e.g. Feigin 272 

et al. JNeurosci. 2021. Fig. 3F, reproduced below as Fig. R2) and the ~2.5ms onset time (50% 273 

activation) of the jGCaMP8m indicator (Zhang et al. Nat. Methods, 2023, Fig. 1D, and Extended 274 

Data Table 6), it is in fact to be expected that a substantial part of the onset response of a neuron 275 

falls into the first 2p imaging bin which is 33 ms long. Hence, while at first glance seemingly too 276 

fast, the fast dynamics of AC responses and the indicator response are in line with our 277 

observations. 278 

Secondly, sometimes a rise is observed already before the next stimulus. This is correct, 279 

and has also been puzzling to us at first. In addition to the technical checks we performed (see 280 

below), we have compared extensively across cells and paradigms, and have reached the 281 

conclusion that these rises are due to either recovery or anticipatory dynamics following the 282 

preceding stimuli. We base this conclusion on the fact that we find consistent timing at stimulus 283 

onset for many different paradigms, and also the dynamics that we observe during an omission, 284 

as well as the positive inflection in the response size that happens in the first bin after the next 285 

stimulus has been presented (see in particular the single cells shown in Fig. 2C bottom, light 286 

blue). 287 

[FIGURE REDACTED]

https://doi.org/10.7554/eLife.102702.2
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Thirdly, we used to center the dots in the 2p results at the center of the time window. While 288 

this would usually be considered correct in principle, it contributes to the observation of the 289 

reviewer, as information from the future (up to 33 ms/2 = 16.5 ms) can add to the data shown at 290 

each point (depending on where a neuron lies in the field of view, and the subsample correction 291 

we performed, see Methods). To avoid this confusion we have now plotted the data always such 292 

that a measurement point represents the data that has been collected in the dT before it, i.e. on 293 

average, this shifts the plot to the right by 16.5 ms. We would like to ask the reviewer to revisit 294 

Fig. 2C and check whether this has resolved the concerns. 295 

We have made additions to the Methods description and updated the 2p figures 296 

accordingly, in regards to the points mentioned above. 297 

 298 

 299 
Figure R2: Figure 3F (from Feigin et al. 2021), which shows the rapid onset latencies. Note also 300 

that inhibitory interneurons follow a bit later (right plot) and peak between 50-100ms.  301 

 302 

The manuscript should address: 303 

1. Is there a potential timing misalignment between stimulus delivery and the recording 304 

system that could account for this apparent pre-stimulus activity? 305 

2. Have the authors ruled out technical factors such as hardware synchronization issues 306 

or processing delays in data acquisition? 307 

R: The two points above are naturally very important in any experiment and related to each other, 308 

and we have very carefully designed and validated the stimulus generation and alignment to the 309 

recorded data to make sure that there are no temporal misalignments. Below we provide a list of 310 

the checks that we have performed to ensure this (already before submission of the original MS): 311 

● For the widefield data, we originally started with a rolling-shutter sCMOS camera, which 312 

led to different timing per line in the image (data not included in this manuscript). To ensure 313 

identical timing for all pixels in an image, we transitioned to the global shutter camera that 314 

delivered the data for the present study. For the 2p data, due to the nature of the laser-315 

scanning process, this issue is unavoidable. To correct for it, we time-shift pixels on a 316 

given line of the image by the expected delay, i.e. for 30 Hz this corresponds to 33ms/512 317 

= 0.064ms (differences between dots on a line are negligible). 318 

● Both widefield and 2p systems are hardware synchronized to the stimulus, i.e. specifically: 319 

[FIGURE REDACTED]



10 

○ The widefield camera receives frame acquisition triggers which are generated and 320 

rerecorded by the NI DAQ device, which functions as the main clock in the 321 

experiment. The camera also sends acquisition triggers back, which are recorded 322 

on an analog channel by the same DAQ device. The same device also generates 323 

the sound starting at a digital trigger that is also recorded again on an analog 324 

channel. In this way, all these signals are precisely synchronized via the analog 325 

channels recorded in parallel (at a resolution of 0.1 ms). 326 

○ The 2p scope runs on an intrinsic clock but sends frame acquisition triggers, which 327 

are recorded on an analog channel as well, and are then post-hoc aligned to the 328 

start trigger for the sound output (same as above in widefield). 329 

● In widefield imaging, frame-losses can occur occasionally due to the high frame rates. We 330 

correct for these posthoc, by comparing the frame triggers, frame acquisition triggers and 331 

recorded frame times. Missing frames (which are ~0.01% of all frames) are replaced by 332 

the previous frame, thus avoiding any shifting forward in time, as feared by the reviewer. 333 

In 2p imaging, we have not encountered any frame losses. 334 

● The spectral correction of our speaker introduces a delay of a few milliseconds. This delay 335 

is constant and is already corrected for during stimulus production, by forward-shifting the 336 

stimulus by this delay, such that the actual onset of the sound happens at the intended 337 

time (i.e. due to the convolution with our inverse filter kernel and the filtering of the 338 

amplifier/speaker.  339 

● We have validated the entire synchronization of the recording system by recording the 340 

sound and filming the membrane of the speaker, which showed precise temporal 341 

alignment. 342 

In summary, we are certain that there are no unaccounted delays in the system between 343 

stimulation, video and neural recording in both widefield and 2p imaging. We have added a 344 

shortened version of these checks to the Methods. 345 

 346 

3. Could this observation reflect a physiological anticipatory response related to the 347 

experimental design, such as stimulus entrainment or expectation effects? 348 

R: While - as we argue above - this effect is likely smaller than initially perceived by the reviewer 349 

(we would also like to ask the reviewer to reinspect the updated plots in this respect), we 350 

nonetheless agree that the inter-stimulus dynamics of the neural response might represent other 351 

processes than just residual neural/indicator activity from the previous stimulus. One of R3's major 352 

points (#4) was also about entrainment, we would like to point R2 to the detailed response there. 353 

In brief, our entrainment analysis indicates that some entrainment to the stimulus occurs indeed, 354 

with the bipolar response size to the stimulus growing at the beginning of the sequence, after a 355 

short phase of adaptation of the positive response. However, we find no evidence that the 356 

omission response's shape entrains to a similar shape as the one of the stimulus response. 357 

Instead, we think that the rise towards the next stimulus is already the beginning of the omission 358 

response, which - consistently with this interpretation - is also larger in the ORR compared with 359 

the PR. In that sense we think it is most consistent with an expectation effect. We now mention 360 

this interpretation in the discussion, and have substantially expanded our analysis of entrainment 361 

including a new figure (Fig. S9). 362 

 363 
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 364 

4. What steps were taken to ensure proper baseline normalization, particularly with respect 365 

to potential contamination from preceding stimuli? 366 

R: As discussed above, the dynamic baseline might be overall sitting a bit higher than the actual 367 

baseline, which would thus have shifted the response kernel to somewhat more negative values. 368 

Given the length of our dynamic baseline (8s) in relation to the SOA (0.2s), there should be no 369 

other contamination aside from this shift as the average value is formed over the span of 40 370 

stimuli. The 8s window was chosen conservatively from the outset (i.e. only coarse drift is 371 

removed and not all local baseline variability is eliminated, see Fig. R1), in order to err on the side 372 

of caution with respect to the response shapes. We provide additional analyses and details 373 

regarding this question together with the following point, which concerns a related question. 374 

 375 

Baseline strategy: ΔF/F was calculated using the median fluorescence over an 8-second 376 

window. While this approach reduces trial-by-trial noise and global drift, it also 377 

incorporates activity from multiple preceding stimuli, especially at high presentation rates. 378 

This could inflate baseline values and potentially produce apparent “responses” during 379 

omissions that reflect returns to true baseline rather than stimulus expectation violations. 380 

R: Based on the arguments above as well as the additional analyses (see following Figure), we 381 

are certain that the omission responses do not reflect a return towards a more positive baseline. 382 

As we show below, the baseline is actually sitting lower - rather well approximated by our moving 383 

baseline - and the omission response first increases relative to this baseline before returning to it 384 

(see Figure R3H below). In fact, this was one of our main concerns initially as well, however, the 385 

additional analyses clearly indicate that the omission response has a specific temporal onset, but 386 

extends in time longer than predicted by typical predictive coding theories. We will go through the 387 

rationale for our baseline choice detail below. Importantly, we would like to emphasize that no 388 

baselining was performed in the 2p recordings and the shape of the omission response was quite 389 

comparable to the one in the widefield case in the omission responsive region. 390 

 391 

We chose a dynamic baseline to counteract long-term dynamics in the recorded signal that are 392 

rather unrelated to the short-term neural response, relating mostly to properties of the indicator 393 

and maybe network state of the animal. We conclude this because: 394 

1. In recordings without acoustic stimulation (with the animal typically sitting quietly in the 395 

dark), the baseline varied to similar degrees as during stimulation (see Fig. R3A). 396 

2. Across animals, the baseline during acoustic stimulation (SOA 200 Omission paradigm) 397 

sometimes increased over the course of minutes, and sometimes decreased (see 398 

Fig. R3B, different lines are different animals) with an average decrease of only about 1%.  399 

Calcium indicators can undergo bleaching (irreversible) or dark-state transitions (reversible) 400 

which reduce their brightness. We did not observe a systematic decrease in brightness over 401 

longer periods, i.e. recordings on subsequent days showed similar absolute brightness (since 402 

there are other processes happening in parallel, i.e. continued expression as well as potential 403 

regrowth, this statement only holds from ~2 weeks after transfection to ~1 week before sacrifice, 404 

which covers the period of the presently discussed recordings). Therefore we conclude that the 405 

larger changes in baseline within a recording over multiple minutes are likely not due to these 406 

indicator-related effects, which is also in line with the fact that we tried to work with rather low light 407 
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intensities. Instead, we think these reflect neural processes, which seem to, however, not be 408 

strongly related to the acoustic paradigm (again, see Fig. R3B), i.e. specifically they do not seem 409 

to reflect some basic adaptation. 410 

 411 

If we consider the animal that showed the strongest reduction in baseline fluorescence (Fig. R3C) 412 

and then compare the ORR (red) with the PR (blue), ORR tends to be less reduced (Fig. R3C), 413 

however, shows a bigger omission response (Fig. R3D), which again speaks against the 414 

alternative hypothesis of a return to the original baseline at 0. 415 

After dynamic baseline estimation (Fig. R3E) we obtain the relation in the ORR compared with 416 

the PR (Fig. R3F) that we think best reflects their relationship. 417 

 418 

The present, rather closely timed SOA of 200 ms hides and/or interrupts the continued dynamics 419 

of the omission response from our view. Only at double omissions (see main manuscript, Fig. 5G) 420 

and at the end of the stimulus, can we observe it for longer periods. Due to the length of the 421 

stimulus sequence, we only run two trials, which means that we only have few repetitions to 422 

inspect the omission response at the end of the stimulus sequence. We now provide this analysis 423 

(Fig. R3G/H), which shows in both the single animal case (Fig. R3G, top static baseline) that the 424 

omission response returns close to the moving baseline (Fig. R3G, bottom). Across animals 425 

(Fig. R3H, static baseline) it becomes even clearer that the omission response exceeds the pre-426 

stimulus baseline, before returning to a lower value, close to the dynamic baseline. It is also very 427 

noteworthy that the omission response shows repetitive peaks (Fig. R3H) after the stimulus 428 

sequence, which are spaced approximately like the SOA, aligning with our observation in the 429 

double omission case (Fig. 5G). 430 

 431 

In summary, this demonstrates conclusively that the dynamic baselining strategy is the most 432 

suitable choice for the present data, and that the omission response cannot be interpreted as a 433 

mere return to the prestimulus baseline. Since we agree with the reviewer that this analysis is 434 

absolutely crucial to the interpretation of the omission response, we have added this figure as a 435 

supplementary figure to the manuscript. 436 
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 437 
Figure R3: Moving-median baselining effectively combats within-trial baseline drift while retaining trace shape 438 
characteristics. All traces in the figure are derived from the PRs (blue)/ORRs (red) for the SOA 200 omission paradigm. 439 
A Baseline variations in silence are of the same order as those under acoustic stimulation (C). Data here shown with 440 
static baseline, i.e. F0 was set to the average of the first 5s (before stimulus onset). Moving median baseline (8s window) 441 
overlaid as thick line, in corresponding, brighter color. 442 
B Across animals, the baseline variation under the omissions paradigm traces show different trends, with some traces 443 
increasing and some decreasing over time. Overall, only a small reduction in fluorescence is observed (black, gray 444 
indicates SEM). 445 
C Next, we show the effect of moving baselining on the animal that showed the strongest depression, here shown with 446 
static baseline (i.e. same principle as for silent recording in A). Note that the negative transient at the beginning happens 447 
before stimulus presentation and appears to be random. For a detailed view of the post-stimulus response see G). 448 
D Without dynamic baselining, the ORR and PR traces are entirely negative and offset from each other, but the omission 449 
response is only visible in the ORR, suggesting that the omission response is not caused by a global return to baseline 450 
F0 during omissions, in particular as the more negative baseline in PR would predict a stronger return to baseline, 451 
which is not observed. 452 
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E Same data as in C/D with moving median baseline (8s window), globally detrends the traces, leaving local dynamics 453 
intact. 454 
F With dynamic baselining, the traces of both regions are centered on 0, while the local shape of the traces remains 455 
largely unaffected (compared to D). 456 
G In the example animal, offset of the stimuli (gray) causes transient activation particularly in the ORR, after which the 457 
trace settles back towards peri-stimulation levels, consistent with the present moving baseline estimate (compare top 458 
(static baseline) to bottom (moving baseline)). 459 
H Across all animals and trials, this trend is confirmed, here shown in the static baseline: After the end of the last 460 
stimulus, the traces settle back to the moving baseline, rather than returning to 0. In the ORR, the omission response 461 
is clearly visible, showing multiple peaks which show similar spacing as the stimulus sequence suggesting some degree 462 
of entrainment (however, see response to R3 on entrainment). Note that we only have 2 trials per animal, i.e. 20 trials 463 
in total, for the present analysis, which leads to the poorer SNR here in comparison to the average responses within 464 
the sequence. 465 

 466 

These signal dynamics directly affect the interpretation of the timing, magnitude, and 467 

spatial localization of omission responses—the central focus of the manuscript. From a 468 

conceptual standpoint, the interpretation of these responses as “prediction errors” 469 

assumes that the neural signals are temporally precise and reflect a violation of an internal 470 

model. However, without behaviorally relevant prediction, and in the absence of a task or 471 

outcome, it is difficult to rule out alternative mechanisms such as entrainment-related 472 

rebound or passive stimulus filtering, which could produce similar dynamics in the 473 

absence of cognitive prediction. 474 

R: Before providing a detailed response to this point, we would like to point out that there exists 475 

a substantial body of research on oddball responses, from multiple labs in particular Eli Nelken 476 

and Manolo Malmierca, who work primarily in anesthetized animals and have convincingly linked 477 

the increased neural activity in response to oddball stimuli to predictive principles (e.g. by the use 478 

of control sequences etc). In the domain of omission responses, we have recently demonstrated 479 

in a joint study with the Malmierca lab, that the omission responses are substantially greater in 480 

the awake than in the anesthetized state (Lao-Rodriguez et al. Sci. Advances, 2023). In 481 

accordance with this previous ePhys study, we confirm here that the omission response has a 482 

temporally precise onset. 483 

 We would also like to reemphasize (in addition to the section in the Discussion), that the 484 

omission response we observe is most likely consistent with an integrated mismatch signal, given 485 

its timed onset, however, without a timed offset. An instantaneous prediction error or prediction 486 

should decay again directly after the end of the expected, but omitted stimulus. Therefore, we see 487 

our data and conclusions as challenging for established models of predictive processing, and 488 

hope that they will inspire new or modified theories of the neural representation of predictions. 489 

We agree that it would be even more convincing if a direct behavioral relation could be 490 

demonstrated, but this is very difficult to achieve with mice in the context of fast stimulus 491 

sequences - such as the oddball sequences - where omissions occur frequently, and the animal 492 

would have to respond many times during the sequence. Future, modified paradigms could 493 

resolve this problem, e.g. by creating different predictions, or spacing oddballs much further apart. 494 

However, our case for the responses being directly related to omissions is already quite 495 

strong, in particular because we included a broad range of controls here (in particular the double 496 

omission and the double SOA controls), in addition to the task-free behavior analysis of the pupil 497 

and facial movements, which clearly demonstrates tracking of recent sequence history. As we 498 

argue in detail in the discussion, the temporal dynamics of the omission response are starkly 499 
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different from both offset responses and entrained activity (see also new figure in response to 500 

R3), in particular showing a different, more extended progression, and we therefore see no basis 501 

for simply equating them with either of these two. However, we agree that in particular the offset 502 

response might be a simple variant of the omission response, which encodes the 'surprise' of a 503 

rapid change in stimulus intensity. While therefore both offset and omission responses appear to 504 

signal a violation of an expectation, we fully agree - and have expressed this in the discussion - 505 

that they do not directly match predictions of theories like predictive coding (when suitably 506 

extended in time) as the omission responses last longer than the omitted stimulus. We would 507 

therefore argue that the omission response more likely represents an indicator of an integrated, 508 

recent level of violation, which then also decays again (similar to the offset response, however, 509 

the latter on much shorter timescales). 510 

As the reviewer agrees, one of the main strengths of our methodological approach is the 511 

ability to image the whole AC at high temporal resolution, which is a key advance, as it allows us 512 

to compare response properties of different areas. This provides additional evidence in support 513 

of the omission response, as it is regionally specific to a higher auditory area, while being largely 514 

absent in the primary region.  515 

We have checked and ensured that these arguments and distinctions receive substantial 516 

consideration in the discussion. 517 

 518 

In this context, I also wonder whether the choice of imaging methods over 519 

electrophysiology introduced tradeoffs that affect some of the conclusions. The widefield 520 

and two-photon approaches clearly offer valuable spatial insights, particularly in 521 

identifying omission response localization in ORR (likely TeA). However, for capturing 522 

precise, rapid dynamics such as SOA dependence, ramping, and double-omission 523 

responses at 200 ms intervals, the temporal limitations of calcium imaging may pose a 524 

challenge. Even with GCaMP8m, the intrinsic integration and decay properties limit the 525 

ability to resolve sub-200 ms timing features, especially without deconvolution. 526 

I raise this not to question the value of imaging, but to ask whether the authors might 527 

consider: 528 

Showing representative raw fluorescence traces and/or overlaying ΔF/F with the baseline 529 

F₀ to clarify the impact of preprocessing, exploring ΔF/F computed on a trial-by-trial basis, 530 

or including deconvolved activity estimates, to better match the temporal structure of the 531 

experimental design, and possibly discussing (or incorporating) complementary 532 

electrophysiological recordings, even in a limited fashion, to validate key timing-based 533 

inferences (e.g., omission latency, SOA scaling, ramping structure). 534 

R: Regarding the raw traces and baselining, please see above and Figure R3.  535 

Regarding the timing the reviewer raises an important point that we have given a lot of 536 

consideration. While imaging with GCaMP8m cannot fully match the speed of electrophysiology, 537 

we would like to argue that it is in fact fast enough for the present requirements. 538 

 First, we would like to emphasize that we have previously demonstrated the existence of 539 

omission responses using electrophysiology in the auditory cortex (Lao-Rodriguez et al. Sci 540 

Advances 2023). This has also been confirmed by a second electrophysiology study recently 541 

(Yaron et al. PLOS Biology, 2025) under similar stimulus conditions. These studies both showed 542 

very similar onset times and time-courses, as what we presently observe, which gives us 543 
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confidence that the present GCaMP8m data is a faithful representation of the same phenomenon. 544 

Further, a study from the lab of Eli Nelken has also provided evidence for omission responses, 545 

although in a slightly different paradigm (Awwad et al. Current Biology, 2023). The primary 546 

purpose of the present study was therefore the localization of these responses both in terms of 547 

areas and layers of the auditory cortex, however, we have added a more detailed discussion of 548 

the comparison of temporal properties between the methods to the discussion. 549 

 Second, our main subject of study are the omission responses, which we find to be 550 

similarly slow as reported in the two studies mentioned above. Hence, the speed of the indicator 551 

is less critical in this respect, given how fast it is (see next point). Importantly, this also means that 552 

the area differences in relation to the omission response will remain unaffected. In terms of 553 

resolving the stimulus driven responses, we think the widefield recordings convincingly 554 

demonstrate that 100 Hz is sufficient to resolve the response dynamics.  555 

 Third, GCaMP8m is quite fast, maybe faster than apparent on first glance, which was 556 

beautifully characterized in the original publication (Zhang et al. Nature Methods, 2023): The 50% 557 

rise time of the indicator itself is ~2.5ms (see Extended Data Table 6), and the 50% decay time is 558 

~70 ms (assessed with a kernel fit for data from the visual cortex). Depending on the system 559 

(culture, cortex, etc) the observed dynamics for individual neurons will differ, due to different 560 

intrinsic calcium dynamics, and are thus slower than the indicators actual intrinsic dynamics (see 561 

Extended Data Table 3) which has a decay of only 38 ms. Inspecting our recordings, the time 562 

course appears to be on the fast side, closer to 50 ms for 50% decay. Together with the brightness 563 

of GCaMP8m this in principle allows for even single spike deconvolution under optimal recording 564 

conditions. 565 

The main reasons why we have nonetheless not performed spike deconvolution in 2p are that: 566 

● Temporal resolution in 2p: assuming a decay kernel of 40-50ms, would mean that we only 567 

have ~2-3 frames per spike to deconvolve, given our 2p frame rate of 30fps, before the 568 

signal has mostly decayed. In the study that characterized GCaMP8m, the frame rate 569 

could be increased by focussing on a small number of cells, while here we performed 570 

whole FOV recordings at 30fps. 571 

● Dynamics are qualitatively consistent: The degree of improvement that can be expected 572 

by deconvolution depends on the kernel properties, and diminishes with faster kernels. 573 

From the indicator properties cited above and our own observations, a best guess for the 574 

GCaMP8m kernel would be an alpha-function with a rapid rise (~trise=2.5ms) and rapid 575 

decay (~tdecay=50ms), overall all positive. Deconvolving with this signal, one would obtain 576 

an estimated firing rate that will show rapid increases (positive inflections) at the identical 577 

locations as the original signal (within the limits of our resolution). The estimated firing rate 578 

will be more brief, although this effect will be small given our imaging rate, i.e. likely only 579 

extend over 2-3 frames. However, no changes in polarity would be expected. In particular 580 

for slower signals like the omission response, the difference would be minor. We support 581 

this point, by providing deconvolved activity for a set of representative neurons (Fig. R4). 582 

Therefore we think that the advantage offered by deconvolution would be minor in the 583 

present setting and therefore choose to present the data in a less processed form, while 584 

we of course fully agree to the value of deconvolution for slower indicators.  585 

● Avoiding assumptions: As mentioned above, the response kernel appears to differ by 586 

system in which the recordings are performed and are a combination of indicator and 587 
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activity dynamics. By choosing a kernel to remove the indicator's dynamics, one makes 588 

an assumption that might also lead to distortions of the data, as it might differ by region, 589 

cell-type, etc. Avoiding such an assumption can therefore be considered a safe approach 590 

(if the dynamics are fast enough, see next two points), which was actually strongly 591 

encouraged by Reviewer 3. 592 

● Comparability of widefield and 2p data: if we were to deconvolve the data from 2p data 593 

only, their time-courses would be harder to relate to each other. Importantly, deconvolution 594 

should to our knowledge only be done on single cell data, as otherwise reductions in 595 

response rate are not correctly handled, in particular after baselining in widefield. 596 

However, in response to another question of this reviewer (see above) we have revisited our 597 

alignment approach, which leads to an updated Fig. 2, which might already address some of the 598 

concerns that led this reviewer to wonder about the timing. We have clarified the reasoning why 599 

not to use deconvolution in the Methods now under the 2p data analysis.  600 

 601 
Figure R4: Deconvolution example - Before averaging, raw extracted cell traces were deconvolved using MATLAB’s 602 
built-in deconv function with a kernel modeled as an instantaneous rise followed by an exponential decay with a time 603 
constant of 40 ms. Example traces shown here are averaged over omissions for a single stimulus responsive cell in 604 
PR and ORR, respectively. The deconvolution marginally sharpens the SRs, and does not abolish the OR while possibly 605 
amplifying noise.  606 

 607 

Omission vs. Offset Controls 608 

In Figure 5, the authors attempt to distinguish omission responses from offset responses 609 

by comparing activity in a 200 ms SOA sequence (with omissions) to that following 610 

sequence termination in a 400 ms SOA stream. However, these conditions differ not only 611 

in the presence or absence of a final tone, but also in their temporal context—specifically, 612 

the rate of preceding stimulation, the level of neural adaptation, and the strength of 613 

temporal entrainment. These differences could confound any conclusions drawn from the 614 

comparison.  615 

R: We are aware of these caveats, however, we would like to draw attention to the fact that our 616 

study is one of few that presents multiple controls, and that each control should not be seen in 617 

isolation, but rather in the context of all the controls. The difference in rate is indeed important to 618 

consider, however, generally we would like to uphold that this control is quite elegant as the same, 619 

temporally local acoustic conditions can be compared with and without expectation of a stimulus. 620 

While had also wondered whether the difference in the rates would be a cause for concern, 621 

however, we concluded that it remains a trustable control, as the size of the stimulus driven 622 
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response is quite comparable (see Fig. 5B), and - as we demonstrate in Fig. R3A-D - baseline 623 

changes are not primarily driven by adaptation, and we have cases in the data set where the 624 

average baseline of SOA200 > SOA400 and vice versa. 625 

 626 

For instance, fast rhythmic input (as in the 200 ms condition) can induce phase-locked 627 

neural activity that gives rise to so-called “echo responses” 628 

(https://doi.org/10.1038/s41598-017-18465-w ; ) — rebound-like transients that occur at 629 

expected times even after stimulus cessation, potentially reflecting rhythmic resonance 630 

rather than prediction error (https://doi.org/10.1523/JNEUROSCI.1642-19.2019). 631 

R: We think this issue is very important, but as R2 and R3 indicate themselves, very hard to 632 

address, also because a lot of the seeming differences are due to terminology. Specifically, echo 633 

responses appear to be similar to the presently reported omission responses, i.e. they are quite 634 

salient and have a specific temporal onset aligned with the expected time of the next stimulus. 635 

However, echo responses (only?) appear for slow stimulus sequences, where we didn't observe 636 

a substantial omission response anymore. The second citation that the reviewer provided (Latimer 637 

et al. 2019) is very interesting and had so far escaped our attention. Their omission responses 638 

(Fig. 7B) are indeed very reminiscent of the present data, although it lacks any kind of spatial 639 

localization in the auditory cortex (beyond the label A1). While their approach is to fit a multi-filter 640 

model to it (with filter lengths of ~2s), they also conclude that: "These observations indicate that 641 

adaptive processes carry information about changes in the temporal statistics of temporal 642 

sequences, that is, the termination of the stimulus." (and they also extend this to omissions in the 643 

subsequent section). We think one of the key concepts here is the focus on adaptive processes 644 

that incorporate information from past experience/stimulation, which matches precisely with our 645 

interpretation of the data. The next step in the research will be to investigate the location/sources 646 

of these adaptive processes. As was recently shown by Tsukano et al. biorxiv (2024), even 647 

seemingly simple adaptive processes are primarily non-local: they clearly demonstrate a top-648 

down circuit from the orbitofrontal cortex that targets SST cells in the AC. While we cannot draw 649 

the same conclusion here yet, we provide a specific spatial location in secondary areas of AC, 650 

which provides an important step towards resolving the circuit by specifically modulating inputs to 651 

the m/pTeA or the m/pTeA itself. 652 

We have now substantially rewrote the discussion section to point out similarities and 653 

differences to previous studies that have shown related responses, including the references 654 

provided by the reviewer. 655 

 656 

Additionally, the interstimulus response shown in the 400 ms SOA condition (Fig. 5B), 657 

which the authors use as an offset control, appears to persist well into the time window 658 

where an omission response would occur in the 200 ms condition. This temporal overlap 659 

suggests that what is interpreted as an omission response may in fact ride on ongoing 660 

offset-related activity, particularly since the omission window occurs just 200 ms after the 661 

prior stimulus. This possibility deserves further attention, as it directly bears on the 662 

specificity of the omission response as a prediction error signal. 663 

R: We agree that the ISR 400 activity appears not completely flat in the time period that 664 

corresponds to the omission in SOA 200. However, the suggestion that this is "riding on the offset 665 

response", seems very unlikely to us (see below what we precisely mean by this), due to the 666 

https://doi.org/10.1038/s41598-017-18465-w
https://doi.org/10.1523/JNEUROSCI.1642-19.2019
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substantial differences in timescale between the two. We had already noted this in the manuscript, 667 

but had not provided a figure directly comparing them. We provide this figure now below (Fig. R5), 668 

and will include it as a supplementary figure into the manuscript (Fig. S10).  669 

Comparing the offset response to a single short sound (blue, 100 ms, average over 40 670 

trials, separated by multiple seconds), to the within-sequence, after stimulus responses to the 671 

repeated short sounds (75 ms, maroon: SOA 200, orange: ISR 400, all aligned to the sound 672 

offset), indicates that there is fast upslope with a first peak in all traces (~70ms after stim offset), 673 

which matches the single sound offset response dynamics. These dynamics decay after this peak 674 

in the single sound response. However, only in the case of the SOA 200, do we see a clear, 675 

positive inflection with at the expected time of the omission, followed by a substantial increase. In 676 

the case of ISR400, the activity merely returns to the moving baseline (see Fig. R3 above for why 677 

we think that baseline is the best estimate). Note, that we noticed that the data in the original 678 

figure had used an old data export, and therefore the SOA200/ISR400 averages were slightly 679 

different, but this has now been corrected in Fig. 5 as well. We have also verified that the post-680 

stimulus reduction in the case of the single sound also becomes more negative upon repeated 681 

presentation of the stimulus (see also Fig. R1), approaching the average shape of the 682 

SOA200/ISR400 in this first period, however, does not show an omission response (which is 683 

expected, as here, the sound is presented in isolation with random, multisecond brakes in 684 

between). 685 

In summary, we conclude from the data that the offset response remains partially 686 

identifiable even in the fast sequences, and that this argues against a generally changed shape 687 

of it. The omission response starts later and increases for a much longer period than the offset 688 

response, which cannot be explained by any additive effect of the offset response. We hope that 689 

this direct comparison clarified our reasoning. We have included this figure as a new 690 

supplementary figure (Fig. S10) and refer to it in the same place where we had previously 691 

contrasted the shapes of the omission and offset response in the results. 692 

 693 

 694 
Figure R5: Comparison of offset with omission responses. Traces were temporally aligned to stimulus offsets for 695 
a single, 100 ms sound (light blue, same Paradigm as Fig. 1C, 40 trial average) and the OR200 (maroon, 200 trials = 696 
omissions) / ISR400 (orange, 1440 trials = sounds) responses in the ORR of the same example animal. Within-697 
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sequence traces were baselined using 8s moving median over the entire sequence, the Noise burst trace was baselined 698 
to the pre-stimulus period (400ms window). Stimuli are indicated as horizontal bars, and between the vertical dashed 699 
lines, there was no stimulus present in all conditions. Isolated sounds are followed by a fast offset response, whose 700 
dynamics can be seen initially also in the sequence conditions. During the offset response’s decay period, the within-701 
sequence data shows no decrease, and the OM200 shows the OR’s characteristic ramping, inflecting at omission onset 702 
(dotted vertical line), which is absent in the ISR400. 703 

 704 

More broadly, this raises a conceptual concern: how do we differentiate between a 705 

predictive signal that reflects expectation violation, versus a biological rhythm echo or 706 

offset-like signal that appears due to entrainment or rebound following regular input? 707 

R: We agree that these different interpretations are difficult to differentiate, in particular because 708 

prediction, prediction errors, entrainment and even offset responses, while rather objectively 709 

described, all lend themselves to interpretations in terms of predictive processing (e.g. Offset 710 

responses can be interpreted as a deviation from a basic continuity of the sensory input), which 711 

we also tried to emphasize in the discussion. We would therefore also advocate to take our data 712 

at face-value, i.e. in particular the spatial localization, time-scale of response, and dependence 713 

on a number of parameters, as shown in the controls. Future studies that modulate top-down or 714 

local inputs will shed light on the question of the network origin and consequently their 715 

interpretation. However, we think that the specific suggestion of entrainment can in fact be 716 

addressed by computing measures of entrainment on the stimulus response, as suggested by 717 

R3, which we have now performed and present in Figure S9. To avoid repeating the 718 

data/argument here, we would kindly point the reviewer to this section of the response letter (R3, 719 

Major point 4). 720 

 721 

The double-omission control helps to address some of these concerns, but its 722 

interpretation may be complicated by the same ΔF/F signal dynamics noted earlier — 723 

especially the strong post-stimulus suppression and potentially inflated baselines that 724 

arise in high-frequency stimulus contexts. These dynamics may produce rebound-like 725 

features that resemble offset or echo responses, further challenging the distinction 726 

between prediction-driven and passive neural activity. Clarifying how baseline and decay 727 

dynamics were handled in these controls, and providing raw or minimally processed 728 

traces where feasible, would greatly aid in interpreting the origins of these signals. 729 

R: Thanks for this suggestion. We have provided these data in Figure R3 above, including details 730 

on baseline estimation and its influence on the signals, which apply verbatim to the double 731 

omission case. We think these address the points raised in this question. 732 

 733 

Jittered SOA Condition and Prediction 734 

The jitter control in Figure 6 is conceptually valuable and well-designed in intent, but I 735 

found it difficult to interpret the presence of any omission response under this condition. 736 

The jittered sequence uses a pseudorandom set of SOAs (100–300 ms), eliminating 737 

consistent temporal regularity. From a predictive coding perspective, one might not expect 738 

strong omission responses in the absence of a stable rhythm to generate precise temporal 739 

predictions. 740 

The authors do report reduced ORs under jitter (Fig. 6B), but not abolished. The presence 741 

of even reduced omission responses in this context raises a question: are these signals 742 
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truly reflecting a top-down temporal prediction error, or do they reflect bottom-up 743 

adaptation or rebound dynamics that are less sensitive to fine-grained regularity? Without 744 

a behavioral marker of prediction or evidence of hierarchical feedback, it is difficult to 745 

conclude that these signals represent cognitive prediction violations rather than statistical 746 

learning or passive entrainment. Additionally, the same ΔF/F signal dynamics described 747 

above (e.g., suppression, baselining issues) may behave differently under regular vs. 748 

jittered timing, potentially exaggerating this apparent drop. 749 

If the omission response reflects a rebound or offset-like phenomenon, this could 750 

confound the intended interpretation of the jitter control as evidence for prediction-751 

specific processing. 752 

R: We were also initially surprised by the fact that the jitter control only led to a reduction, but no 753 

abolishment of the omission response. In hindsight, it, however, can be understood in the 754 

framework of predictions, as there remains a prediction that a sound of the same frequency will 755 

appear within an approximate, limited time-window, which is much more concrete than no 756 

prediction. However, we agree that this is not the only possible interpretation. We agree that 757 

entrainment could be considered as an alternative, however, the time-course of the omission 758 

response and the stimulus-driven response are so different in size and dynamics, that classical 759 

entrainment appears unlikely, which is further detailed in the entrainment analysis we performed 760 

(Fig. S9). We do not comment here on baselining/suppression and refer to the response given 761 

above, where in particular we have argued that the local response shape is unaffected by 762 

baselining and that the omission response 'returns' to the moving baseline, not the prestimulus 763 

baseline. About statistical learning: we are not sure whether that would be incompatible with 764 

prediction-processing. In fact, we would argue that statistical learning implies that the system 765 

adapts to some part of the stimulus statistics and stops responding to it, which immediately implies 766 

that responses are then related to aspects of the sensory environment that have not been learned, 767 

i.e. are unpredicted. We have tried to clarify this further in the discussion, also in particular that 768 

we are not tied to any particular theory of predictive processing or statistical learning. 769 

 770 

Statistical Framework 771 

A few statistical issues are worth revisiting: 772 

MANOVA (Fig. 2H) assumes multivariate normality and independence, which is difficult to 773 

justify in calcium imaging. Non-parametric alternatives may be more robust here. 774 

R: We had originally checked the degree of normality/log-normality of the data, for which we used 775 

the Shapiro–Wilk test combined with the Quantile-Quantile plot (without or with log-transforming). 776 

In 16 out of 24 distributions it did not significantly differ from normality and we therefore assumed 777 

that the distributions are typically normally distributed. Since we could not locate a suitable test in 778 

Matlab to perform the non-parametric equivalent of the hierarchically structured test (see next 779 

question), we kept the normality assumption, in particular given the tiny p-values (~10-10) the 780 

specific assumption of the test would very likely give the same result. 781 

 782 

The data are hierarchically structured (neurons within animals), yet most tests treat each 783 

neuron as independent. Animal-level averaging or mixed-effects models would more 784 

accurately reflect the design and reduce pseudo-replication. 785 
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R: Thanks for pointing this out. We indeed ran all tests on the combined set of neurons, but agree 786 

that a mixed effects model is more appropriate in this analysis. We use a linear mixed effects 787 

model now, which only led to changes in the specific p-values, but no qualitative changes in the 788 

results (as expected). The Methods section has been adapted accordingly, as well as the 789 

corresponding figures and Results sections. 790 

 791 

Behavioral Measures (Figure 4) 792 

The inclusion of facial motion and pupil responses is an important strength, but I would 793 

encourage a more cautious interpretation: 794 

Facial motion increases after omissions but is time-locked to the next sound, not the 795 

omission itself. This makes it difficult to argue that the movement reflects prediction error 796 

rather than rebound excitation or adaptation. There is also no reported correlation between 797 

motion energy and neural responses. 798 

R: Indeed, we agree and we also did not claim that facial motion is reflecting a prediction error  to 799 

the omission. Instead we argue that the adaptation of the size of the facial motion as a function 800 

of the number of sounds (Fig. 4F) and its recovery in size after an omission (Fig. 4E), show that 801 

facial motions are not a hardwired reflex to a sound, but show a dependence on the recent 802 

sequence statistics. Given the pattern of response to individual sounds, i.e. rapid after about 803 

70 ms (matching Clayton et al. 2024) and a transient response (see also Fig. 4B bottom), and the 804 

lack of a response to the omission (within the time window expected from the stimulus response), 805 

we think that the hypothesis of a rebound excitation is unlikely.  806 

Regarding the relation between motion energy and neural response: We performed two 807 

analyses to address this question.  808 

First, we find that the size of the neural response shows the same pattern after the 809 

omission, i.e. first one much larger, and then adapting to a lower value (see Figure R6 below, left 810 

panel). Overall this mirrors the dependence we have reported before using electrophysiology 811 

(Lao-Rodriguez et al. 2023), however, here we in addition report that the adaptation of the 812 

response is stronger in the omission response area (see below and new panel Fig. 4H). We 813 

document this now in the associated Results.  814 

Second, we find that the time-series of the two measures correlate significantly as well 815 

(see Figure R6 below, right panel), although substantial variability exists here. Interestingly, again 816 

the ORR shows a higher degree of correlation. We now mention these correlations in the text.  817 

 818 
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 819 
Figure R6: Relation between Facial Motion and Neural Responses to Standard Stimuli  820 

A - Post-omission progression of neural standard responses.  821 

The neural response size to the standard sounds (SR) decays similarly, although slightly faster than the 822 

facial motion (see Fig. 4F). The decay is stronger in the omission responsive region (ORR) than in the 823 

primary region (PR). 824 

B - Correlation between standard response in facial motion and neural data.  825 

SR magnitude for primary region & Face are positively correlated (Pearson correlation 0.116 and 0.229 for 826 

PR and ORR, respectively) across single trials, for stimuli up to 4 standards after omission.  827 

 828 

Pupil dilation peaks ~500 ms after the omitted stimulus—well after the neural omission 829 

response. This is compatible with a general arousal response, possibly LC-NE-mediated, 830 

but not direct evidence for predictive monitoring. Moreover, the dilation overlaps with 831 

responses to subsequent stimuli, further complicating interpretation. These signals may 832 

be better framed as nonspecific arousal correlates rather than behavioral readouts of 833 

predictive timing, particularly given the lack of task engagement. 834 

R: We agree that the timing of the signal peak is delayed, however, the time of onset is quite 835 

clear, and the time-course of pupil responses is known to be comparatively slow, as we and others 836 

have shown before (half-max rise time ~0.5s, i.e. very similar in time-scale to the present results, 837 

e.g. Fig. 1E (Clayton et al. Current Biology, 2024) or Fig. 3C bottom (Alishbayli et al., 2025). To 838 

support this further quantitatively we have statistically compared the size of the pupil after the 839 

omission, but before the next stimulus (110 ms after omission onset) to the pupil size 50 ms before 840 

the omission, which already reaches significance (p=0.027, Wilcoxon test). While we think this 841 

provides solid evidence that pupil dilation is indeed triggered by the omission, rather than the 842 

subsequent sound (in which case we would have expected an onset at least 200 ms post-843 

omission). We would like to emphasize that our overall qualification of these behavioral results is 844 

already quite cautious, i.e. that there are behavioral responses that indicate a certain degree of 845 

monitoring of the sequence statistics. However, we agree that only an experiment involving active 846 

behavior can provide more clarity here. The challenge that we see in setting up this experiment 847 

is that the animal would have to respond multiple times in the sequence, and response times 848 
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would have to be rapid to reliably link it to the omission, rather than the next sound. Another 849 

possibility would be to change the stimulus paradigm, e.g. to the global-local paradigm, and 850 

randomly omit the last stimulus in a shorter sequence of stimuli. To address the reviewers 851 

comment we provide the above reasoning and additional test in the Results and have emphasized 852 

the need for additional behavioral confirmation in the Discussion. 853 

 854 

  855 
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Reviewer #3 (Remarks to the Author): 856 

 857 

This manuscript by Peters, Cai et al. describes results of experiments designed to 858 

investigate the neural representation of sound omissions (unexpected absences from an 859 

otherwise statistically predictable sound sequence) in the auditory cortex of awake mice. 860 

Neural responses to unexpected omissions are of great interest to sensory neuroscientists 861 

because they arguably represent the purest form of evidence for statistical learning and/or 862 

sensory prediction; there is no stimulus present during an unexpected omission and yet 863 

the omission evokes neural activity. Omission responses have been widely demonstrated 864 

in humans using EEG and also, in a few studies, in animals including rats and mice. 865 

However, the neural mechanisms underlying omission responses and their localisation 866 

within the brain have remained largely open questions. The answers to these open 867 

questions have profound implications for prominent theories about "predictive coding" in 868 

the brain, with potential to help resolve debates about the extent to which neural responses 869 

in different cortical and subcortical regions represent stimulus features, sensory 870 

predictions, prediction errors, or something else. 871 

 872 

Here, experiments were conducted in awake passively listening mice, while neural activity 873 

across primary and secondary fields of auditory cortex was monitored using widefield 874 

imaging and, at the single-neuron level in more targeted fields of view, using two-photon 875 

imaging with an fast calcium indicator, jGCaMP8m. . Facial movements were measured 876 

during the experiments, providing a spontaneous behavioural measure of arousal. Multiple 877 

stimulus paradigms were used to rule out alternative explanations for the results and to 878 

test predictions of prominent theories about neural representation, such as that omission 879 

responses signal sensory predictions or prediction errors. 880 

 881 

The manuscript makes at least three major contributions to systems neuroscience: 882 

 883 

(A) Results clearly demonstrate the existence of a secondary region of the auditory cortex 884 

in mice (pTeA) in which neurons with strong omission responses are clustered. There are 885 

multiple well-designed controls that effectively rule out alternative explanations, and some 886 

of these controls are quite novel and innovative in their own right (e.g. the second-887 

omission control, which could also be useful for investigating omission responses in 888 

human EEG studies). 889 

 890 

(B) Intriguingly, the temporal characteristics of the omission responses observed in the 891 

mouse brain are inconsistent with some theories of predictive coding. In particular, the 892 

observed responses ramp up monotonically following the unexpected omission rather 893 

than following the expected timecourse of the omitted stimulus, implying that the 894 

responses represent something more like an *integrated* prediction or prediction error 895 

signal. This result provides an important new constraint for theories of sensory 896 

representation in the auditory cortex, and for analysis of "mismatch responses" and other 897 

deviant responses in all sensory modalities. 898 

 899 
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(C) Finally, the manuscript serves as an excellent early illustration of the power of fast two-900 

photon imaging techniques to address questions about neural representation on ~10ms 901 

timescales. The authors used a relatively new and very fast calcium indicator (jGCaMP8m) 902 

and rigorously minimised the use of deconvolution and filtering, and thereby provide a 903 

very robust demonstration that calcium imaging can be used effectively to explore 904 

questions about temporal representation of sound signals that would previously have 905 

been robustly accessible only using electrophysiological techniques. 906 

 907 

The manuscript is also very well-written. The authors should be particularly commended 908 

on the thoughtfulness of their Discussion section, which carefully lays out the evidence 909 

against possible alternative explanations for the key observations, and explores a wide 910 

range of implications of the results for systems, cognitive and computational 911 

neuroscience. 912 

 913 

R: We would like to thank the reviewer for the supportive perspective on our study!  914 

 915 

MAJOR COMMENTS: 916 

 917 

1. Data on the laminar distribution of omission responses vs standard responses is less 918 

convincingly presented than the other results. In particular, Figure 3 is not fully explained. 919 

What do the coloured vertical strips in the top lineplots of Figure 3A represent? What are 920 

the axes of the matrix plots in Figure 3A? More critically, why is the "omission response" 921 

line in the Figure 3C not normalised to 100% at 100um, given that the x-axis label says 922 

"Response rel. OR at 100um"? While the other figures in the manuscript were generally 923 

very convincing and largely self-explanatory, Figure 3 is not convincing in its present form. 924 

R: Thanks for pointing this out. We have substantially improved Figure 3, by adding a new 925 

introductory panel that shows the depth stack that we performed. Further, we now closely match 926 

the style of the schematics in Fig. 3B to the schematics in other figures, using a consistent color 927 

scheme throughout for omission and standard response related plots as well as connecting 928 

elements in the plot better, in particular to the sample data plots below. The normalization was 929 

checked, it is done with respect to OR in ORR at 100𝜇m (adapted in the figure). Further, we have 930 

adjusted the labels to be more clear and a more detailed explanation of the depth dependence 931 

was provided in the text. 932 

 933 

2. Several controls provide compelling evidence demonstrating that activity in the ORR is 934 

related to omissions rather than offset responses (e.g., comparison between omissions at 935 

200ms SOA and expected sounds at 400ms SOA, and observations regarding the double-936 

omission response). However, the claim that the ORR can be clearly distinguished 937 

topographically from regions with offset responses could be better supported. Please 938 

provide more information about exactly how offset response magnitude in Supplementary 939 

Figure 3 is defined. Peak delF/F over what time interval after offset? Robust identification 940 

of offset responses is not as easy as for onset responses because an excitatory offset 941 

burst can be difficult to distinguish from a slow decay in sustained activity. There's a lot 942 

of overlap in the onset and offset response maps in Supplementary Figure 3; this is 943 
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potentially unsurprising as a lot of auditory cortex neurons have responses to both 944 

transients. However, another possibility is that the offset response measure is slightly 945 

confounded here with the onset response measure, because a cell with high sustained 946 

response that decays slowly following sound offset might show up as having both a large 947 

onset response AND a large offset response, even in the absence of a "true" offset 948 

response burst. What would maps of the difference in delF/F between the offset period and 949 

onset (or onset+sustained) period look like? More generally, how do the authors know that 950 

their offset response measure is capturing "true" offset responses rather than slow decays 951 

of sustained activity? 952 

R: The reviewer is emphasizing an important question here, which has also been at the center of 953 

our considerations. We would like to reemphasize that in addition to the differences in spatial 954 

location, the time-scales of offset responses and omission responses are very different, with the 955 

former peaking around 50 ms and then decaying (Fig. 1C, and see (Olsen & Hasenstaub, 2022), 956 

Fig. 2Evii for single cell data), while the latter continue to increase at least up to 400 ms and does 957 

not show a clear peak up to this point. Furthermore, the OR shows a dependence on time-history 958 

(shown now in Fig. 4H), which is also uncharacteristic of “simple” bottom-up offset responses 959 

(Olsen & Hasenstaub, 2022). However, as pointed out by the reviewer, slow response dynamics 960 

and activity summation can be important confounds when evaluating offset responses, especially 961 

for the short (75 ms) stimuli used here. To reduce this effect, we have adapted Fig. S3 to show 962 

the Offset response relative to the last dF value before stimulus offset, rather than the pre-stimulus 963 

dF value. The resulting map still clearly differs from the OR map, highlighting AAF and an 964 

uncharacterized antero-medial area, but there is also overlap of the two responses in pTeA/mTeA.  965 

In summary, and in accordance with our detailed assessment of this question in the 966 

discussion, we conclude that offset responses could be a very basic, temporally local version of 967 

the presently observed omission responses, but that the temporal characteristics are so different 968 

that substantial, context-dependent modification is necessary to get from one to the other. Hence 969 

both of them could still represent a violation of an expectation - i.e. offset responses for the 970 

immediate violation in intensity, and omission responses for a delayed, temporal expectation - 971 

however, different experiments that modulate top-down inputs (e.g. the excellent study by 972 

Tsukano et al. bioRxiv, 2024) will be necessary to more clearly separate these. We have adapted 973 

Fig. S3 accordingly, as well as the Methods and the associated description in the Results and 974 

Discussion. 975 

 976 

3. Also regarding maps in Supplementary Figure 3 (and elsewhere): There seems to be a 977 

very prominent outlining of blood vessels in the response latency, response modulation, 978 

onset response, offset response and omission response heat maps. Why might this be? 979 

R: Thanks for pointing this out, which had escaped our attention. Investigating the source of the 980 

vessel outlines revealed that these were driven by small motion artefacts (typically 1 pixel or less), 981 

which caused the dF-derived metrics on vessel-bordering pixels to be strongly influenced. To 982 

calculate these response maps, we now implemented sub-pixel rigid motion correction 983 

(NoRMCorrE package, Pnevmatikakis & Giovannucci, 2017), which strongly reduces these 984 

motion artefacts. Fig. S3 and Fig. 6C, as well as the Methods section have been updated 985 

accordingly.  986 

 987 
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4. The dependence of omission responses on SOA was non-monotonic with SOA (Figure 988 

5O). Also, the dependence of omission responses on the number of previous 989 

presentations of regular stimuli was slightly non-monotonic (increasing to 40-70 trials then 990 

slightly decreasing). Both of these observations would seem to suggest that 991 

entrainment/oscillation phenomena might be a more accurate and parsimonious 992 

explanation for the observed omission responses than integrated prediction or prediction 993 

error. Granted, these explanations are not possible to disentangle cleanly, but the non-994 

monotonicities provide an intriguing avenue for further investigation. Do measures of 995 

entrainment in the responses to non-omitted stimuli show the same profile as a function 996 

of SOA or number of previous stimuli as the omission responses do? If so, this might be 997 

good evidence for the entrainment hypothesis --- or at least, good evidence for circuit-level 998 

constraints on the more cognitive predictive-coding interpretations, which would not 999 

predict non-monotonicity with SOA or number of previous stimuli. 1000 

R: This comment was really inspiring to us, as we had previously deemed signatures of 1001 

entrainment hard to disentangle from those of predictive processes. However, upon further 1002 

consideration and analysis we think we can provide an answer to this question. The reviewer is 1003 

specifically asking whether the observed omission response could be a consequence of 1004 

entrainment. We argue below that this is not supported by our data, however, that there appears 1005 

to be entrainment of the stimulus driven response as a function of time, after an initial adaptation. 1006 

 To arrive at these conclusions, we explored multiple measures of entrainment (coherence, 1007 

peak-to-trough response size, phase-lag). Upon inspection of the data (see figure R7 below), we 1008 

concluded that peak-to-trough size of the response within a limited time window matched to the 1009 

peak and trough of the average response (which is dominated by the majority of the later 1010 

responses) gave the most reliable estimate of how the response size changed as a function of 1011 

continued exposure to the stimulus (Measures assuming a sinusoidal response shape were 1012 

avoided, as the response was not clearly sinusoidal and there was no reason to assume a basic, 1013 

sinusoidal shape). This also allowed us to compare the omission response's size in relation to the 1014 

average, possibly entrained shape of the stimulus response. Further, we estimated a top and 1015 

bottom envelope through these peaks and troughs of the stimulus response (Fig. R7A, orange 1016 

and yellow), whose average was used as an estimate of the overall response size/adaptation over 1017 

time. 1018 

 As a function of time into the trial (i.e. number of presentations of the standard stimulus), 1019 

we observe two patterns: 1020 

● The overall response size rapidly reduces over the course of ~10 stimuli (Fig. R7C) 1021 

● The peak-to-trough size increases with a slightly slower time-course (Fig. R7F) and then 1022 

stays at this level (Fig. R7D/E) 1023 

Further, we find that: 1024 

● The omission response itself does not change its shape to match the stimulus response 1025 

(summary in Fig. R7H, and all main figures showing omission responses) and therefore 1026 

its values are very low in comparison. 1027 

● After an omission, the entrainment of the stimulus responses is not reduced but is even 1028 

larger for the next stimulus, i.e. very different from the slow build up at the beginning of 1029 

the stimulus (Fig. R7G). 1030 
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● Across SOAs, the shape of the degree of stimulus entrainment of the omission responses 1031 

is similar to what we observed for the size of the omission response, however, this is also 1032 

somewhat a tautology given that the entrainment measure is also measuring the size of 1033 

the omission response, however, at select time points. 1034 

In summary, using the peak–trough difference as our entrainment measure, we found that 1035 

stimulus responses, particularly in the ORR, exhibited a clear entrainment build-up over the first 1036 

~15 ± 5 stimuli of the sequence. However, applying the same measure to the omission response 1037 

quantifies the fact that the shape of it is very different from the stimulus response, and no 1038 

convergence of the omission responses to the entrained stimulus response is observed, which 1039 

excludes it as an entrained aftereffect of the stimulus response in our assessment. 1040 

We have now added this as a supplementary figure in the manuscript (Fig. S9) including 1041 

a corresponding description in the Results section and discuss the possibility in detail in the 1042 

Discussion in the section on alternative explanations. We would be happy to add it as a main 1043 

figure, but are unsure whether this would be allowed by the word count restrictions.  1044 

 1045 

 1046 
Figure R7: Sound responses, but not omissions, are subject to entrainment across areas.  1047 

Entrainment score for each stimulus was defined as the amplitude difference between the response peak 1048 

and trough within an empirically selected window starting at stimulus onset and going to 50 ms after stimulus 1049 

offset (for 100 ms SOA, only 25 ms), measuring the similarity to the average stimulus response shape, after 1050 

normalization (see below). 1051 

A & B Example single-animal, raw ΔF/F traces aligned to sequence onset for PR (A) and ORR (B) 1052 

respectively. Envelopes were drawn with interpolation between peaks (orange) and troughs (yellow) as a 1053 

visual indicator of entrainment score. 1054 

C The mean overall response was calculated by first averaging the upper and lower envelopes per animal, 1055 

and then computing the mean across animals. For both areas, following the initial increase, overall 1056 

response size rapidly reduces over the course of ~10 stimuli (2s).  1057 
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D & E Mean, normalized entrainment score across all animals over an entire trial for PR (D) and ORR (E) 1058 

respectively. Following an early, fast rise and slower decline, scores stabilized with fluctuations around a 1059 

steady level. Normalized entrainment score for each animal was obtained by dividing its raw entrainment 1060 

score by the median raw entrainment score of the primary region across all stimuli.  1061 

F The initial entrainment increase at the start of the stimulus sequence. Solid lines indicate linear fits of 1062 

entrainment scores. ORR exhibited a faster and more pronounced increase than PR. 1063 

G Mean entrainment scores were computed for omissions and the stimuli following them, averaged across 1064 

all omission events. Entrainment scores were significantly lower during omissions periods compared with 1065 

stimulus periods. The first stimulus after an omission exhibited significantly higher entrainment than 1066 

baseline, followed by a rapid return to baseline levels. 1067 

H Distribution of entrainment scores during stimulus and omission periods was assessed across both areas 1068 

and all animals. In both areas, entrainment scores during stimuli were significantly higher than during 1069 

omissions (p<10-4, custom permutation test), whereas asymptotic entrainment values did not differ 1070 

significantly between areas. 1071 

I Entrainment scores were computed across paradigms with different SOAs. Scores increased significantly 1072 

from 100 to 200 ms SOA (p<10-4, custom permutation test), and remained stable between 200 and 400 ms 1073 

SOA. This pattern is partly consistent with Fig. 5Q. 1074 

The number of animals used in this figure is 7 (N=7). 1075 

 1076 

 1077 

MINOR COMMENTS: 1078 

 1079 

Abstract: "Animals were aware of omissions..." Aware is something of a loaded word and 1080 

should be avoided. It is possible that the arousal responses measured in spontaneous 1081 

behaviour are entirely subcortical and only minimally relevant to "awareness". 1082 

R: Good point, we have reworded this in the abstract to the following sentence:  1083 

"Omissions and sequence statistics were reflected in behavioral responses, namely timed pupil 1084 

dilation and rapid facial motions, respectively." 1085 

 1086 

Abstract: I think the abstract could be slightly improved to highlight the significance of 1087 

this paper more clearly. In particular, one of the greatest strengths of this paper is the 1088 

careful comparison of different stimulus paradigms (varying SOAs, jitter, number of 1089 

omissions etc) to rule out offset responses or other possible explanations for the observed 1090 

omission responses. This is summarised mainly in the sentence about omission 1091 

responses being "temporally distinct" from offset responses, which doesn't really do the 1092 

authors' efforts here full justice. 1093 

R: Thanks for pointing this out. Within the word-count limit of the abstract we have extended a 1094 

sentence to put more emphasis on this, i.e. "Omission responses were also distinct from offset 1095 

responses in temporal dynamics and size, as verified by multiple controls." 1096 

 1097 

Figure 4, panel O: This plot is described in the legend as showing a "low-pass 1098 

dependence" of OR on SOA, but in fact it is bandpass with peak at 200ms. Why might this 1099 

be? More explanation or at least speculation here would be helpful. The 200ms SOA almost 1100 

seems a bit of a "sweet spot". In fact for SOAs above 300ms it seems that the omission 1101 

response is plateauing. Could this reflect an interaction with brain oscillations, or (perhaps 1102 

equivalently) with short-term synaptic plasticity timescales? 1103 
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R: Agreed, we were likely biased in our description by the knowledge of the human studies and 1104 

the fact that in our previous electrophysiology study we had observed the strongest effect at 1105 

125ms SOA. Our choice of 200 ms SOA for the present study was chosen to account for the time-1106 

constants of the calcium indicator, but before knowing the dependence on SOA reported here. 1107 

We have now adapted the description of the graph to indicate a bandpass characteristic.  1108 

Regarding the alternative hypotheses, we have extended our discussion on the possibly 1109 

underlying mechanisms in this direction, concluding that both brain-oscillations (here: delta (0.5-1110 

4 Hz) and ~theta (4-8 Hz) bands) as well as short-synaptic plasticity might indeed contribute (see 1111 

the work of Markram et al. 1998, Fig. 4). We discuss this now briefly in relation to a possible role 1112 

of entrainment. 1113 

 1114 

Figure 6: It's very intriguing that the effect of sequence jitter on the omission responses 1115 

was so minimal once the impact of sequence jitter on baseline activity was taken into 1116 

account. This observation seems itself worth a bit more attention in the Discussion. 1117 

R: We agree completely, and it was also our hypothesis that we would see a stronger effect here. 1118 

Our post-hoc interpretation of this observation is that while this reduces the temporal predictability 1119 

of the sound, the spectral predictability remains the same. We have added a section to the 1120 

discussion including an overview of the related human literature. 1121 

 1122 

Line 57: "tone height" -> tone frequency 1123 

R: Thanks, changed. 1124 

 1125 

Line 59: "predictive processings" -> predictive processing 1126 

R: Thanks, changed. 1127 

 1128 

Line 74: "Calcium" should be lowercase 1129 

R: Thanks, changed throughout the manuscript. 1130 

 1131 

Discussion: Generally the discussion is excellent (especially the subsections on 1132 

alternative explanations for omission responses and implications for predictive coding). 1133 

However, the first subsection on the relation to previous studies could be improved; it 1134 

doesn't flow very well across some seemingly disjointed paragraphs. For example the 1135 

paragraph about whether omissions are regularly or randomly selected (lines 402-405) 1136 

feels a bit disconnected from everything else, and it's not really made clear what random 1137 

or regular selection of omissions means.  1138 

R: Thanks for suggesting this improvement for the organization of the Discussion section. Upon 1139 

rereading this section, we agree that at least two paragraphs were not optimally embedded. We 1140 

have now added 4 headings to group the points in this discussion part into Temporal, Spatial, 1141 

Layer, and Contextual comparisons. We think this has helped to clarify this part of the discussion. 1142 

 1143 

The Discussion would also benefit from a bit more information about how the areas known 1144 

to connect to ORR might contribute to generation of the monotonically ramping omission 1145 

responses (and/or changes in baseline activity with jittering of regularity, which was also 1146 

a very intriguing observation in itself). 1147 
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R: Thanks for pointing this out, in particular as there is suggestive evidence in this direction on 1148 

the basis of a few recent preprints and publications, e.g. (Obara et al., 2023; Tsukano et al., 2024). 1149 

We have added a corresponding subsection to the Discussion. 1150 

 1151 

 1152 
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​
REVIEWERS' COMMENTS 

Responses from the authors formatted in blue. 

​
​
Reviewer #1 (Remarks to the Author):​
​
The authors have fully addressed all my comments. 

The authors thank the reviewer for their critical and 
constructive feedback.​
​
​
Reviewer #2 (Remarks to the Author):​
​
The authors have made substantial efforts addressing 
my concerns by providing more analyses and 
clarifications. The spatial findings—TeA localization, 
layer-specific distribution, and hierarchical 
organization—are robust and represent valuable 
contributions to understanding predictive processing. 
However, claims about temporal precision throughout 
the manuscript exceed what the methods can 
establish. The authors themselves acknowledge: 
"While it cannot be concluded with certainty..." 
(response line 190-191) and note "baseline level is 
hard to determine during continuous stimulation" 
(response line 216). Given 2-photon imaging at 30 Hz 
(33ms resolution) and jGCaMP8m decay of ~40ms, 
they observe temporal structure at this scale but 
cannot prove neural computation precision versus 
measurement ceiling.​
​
I would suggest the following text changes: ​



​
Line 15-16 (Abstract): Change "Neuronal responses 
to the omission of expected sounds were precisely 
timed" to "Neuronal responses to the omission of 
expected sounds were time-locked to expected 
stimulus onset" 

Done.​
​
Lines 82-83, 130, 252 (Results): Replace all instances 
of "precisely timed" with "time-locked to expected 
onset" 

Done where applicable.​
​
Lines 408-414 (Discussion): After "temporally precise 
(10s of ms) mechanism," add: "While jGCaMP8m 
provides improved temporal resolution, the precise 
timing of predictive computations at the millisecond 
scale remains to be confirmed with electrophysiology" 

Done.​
​
Line 475 (Discussion on offset responses): Change 
"effectively ruled out" to "substantially reduced the 
likelihood" (authors acknowledge: "While not 
impossible, we consider this rather implausible" - 
response line 484) 

Done. ​
​
Lines 127-128, 157-158 (OR magnitude): Add caveat 
that magnitude estimates depend on baseline choice 
during continuous stimulation 

Done, thanks.​
​
Lines 89-92 (Abstract, behavioral): Change "reflected 



in behavioral responses" to "correlated with 
behavioral changes" 

Done, thanks.​
​
Lines 583-587 (Discussion, limitations): Add that 
active paradigms are needed to distinguish prediction 
monitoring from arousal responses (authors state: 
"only an experiment involving active behavior can 
provide more clarity" - response line 846) 

Added to Discussion “[...] and enable distinction of 
prediction monitoring from arousal responses” to the 
sentence where this is semantically appropriate. ​
​
With these revisions, I recommend publication. 

The authors thank the reviewer for their critical and 
constructive feedback.​
​
​
Reviewer #3 (Remarks to the Author):​
​
The authors have done a very thorough job of 
addressing my comments and I have no further 
suggestions for revision. Thank you for the detailed 
explanations and additional analysis. 

The authors thank the reviewer for their critical and 
constructive feedback.​
​
Regarding the authors' query about whether their new 
Figure S9 addressing questions about entrainment 
should be added as a main figure --- I think it's 
probably best as a supplementary figure given the 
level of detail, but it is a very nice addition 
nonetheless. 

We agree, and will keep Figure S9 in the Supplement.  
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