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Extended Data Fig. 2| GRIN lens implant and cell labeling verification.

(a) Verification of the placement of the GRIN lens, with the GRIN lens position
displayed in an example coronal mouse brain section. Nissl stain (red) and
GCaMP6m (green). The shade blue area below the GRIN lens corresponds to

an estimate of the distance between the edge of the implant (displayed in b)

and theimaging plane (200 pm). (b) Locations of the edge of the implant were
mapped onto the mouse brain atlas (see ref. 44) for each individual animal.

(c) Left: immunohistological validation of GCaMP6m expression in PL, comparing

GCaMP6m (green) and neurogranin labeling (red) in excitatory neurons.
Topright: overlap. Middle right: GCaMP6m. Bottom right: neurogranin.

(d) Left: comparison of GCaMP6m expression (green) to GAD65 staining (red).
Topright: overlap. Middle right: GCaMP6m-expressing neurons. Bottom right:
GAD65-positive neurons. Arrows indicate three examples of GAD65-positive
neurons. Five independent repetitions with images from different subjects
produced qualitatively similar results (c,d).
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Extended DataFig. 3 | Validation ofimaging and signal extraction
techniques. (a) Map of identified cells (in green) overlaid on animaging

frame displaying the log of the standard deviation of individual pixels over all
preprocessed, aligned and concatenated recording sessions for an example
mouse. This visualization provides an intuition for the spatial extent of individual
cells, but by itself cannot capture the quality of individual cells (see Extended
DataFig.4).Scale bar:100 pm. Five independent repetitions with data from
different subjects produced qualitatively similar results. (b) Quantification of
session alignment for individual subjects. We calculated pairwise mean squared
errors (MSEs) between the cell maps of two aligned sessions. Shifts in the field of
view that could not be aligned were visible as high MSE values between a given
session and a set of well-aligned sessions. Data exclusions are displayed inred.
(c) Analysis of background (BG) activity and the effect of lowpass normalization.
For all cells of an example session (example cell displayed in grayscale), we
calculated background activity traces using ring filters centered on the cell’s
centroid (displayed in purple). Scale bar: 30 um. (d) Activity traces for the

two spatial filters from c with and without lowpass normalization. Without
normalization, cell and background activities are highly correlated, indicating
contamination of the cellular signal. With normalization, the correlation
disappears and calcium transients can be resolved in the cellular signal.

(e) Quantification of the correlation between cellular and background activity

for all cells of an example session. Without lowpass normalization, most

cells showed substantial positive correlations (median Pearson correlation
coefficient = 0.60). Using the lowpass normalization, the median Pearson
correlation coefficient dropped to 0.02, indicating that the lowpass filtering
strategy employed in our pipeline successfully removes the majority of neuropil
contamination from the cells’ activities. (f) Analysis of motion-related activity as
acontrol for motion-related artifacts in neural activity. Average response to all
ITIshuttles (black) of an example cell with individual example shuttles displayed
ingray. This example cell shows motion-related activity based on calcium
transients that are not consistent with artifacts based on microscope motion.

(g) Quantification of motion-related responses over all recorded cells. Motion
score is calculated as the meanzscore in the 4 s after motion onset (at time 0). Many
cells show positive (green) and negative (red) responses, but many cells (gray)
are not strongly modulated by motion, indicating that there is no systematic
motion artifact affecting all cells. (h) The time course of positively and negatively
modulated cells is consistent with neural responses (slow and asymmetric) rather
than motion-related artifacts, which would be expected to be fast and symmetric.
(i) Quantification of peak latency for positively and negatively modulated cells.
(§) Quantification of response symmetry for positively and negatively modulated
cells. Symmetry index is calculated as (activitypeu . s + ACHVItY pea—25)/ACLIVItY peas
such that O indicates symmetric responses.
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Extended Data Fig. 4 | Quality control for identified neurons. (a) Features of donotresemble the filter indicate contamination through another cell.
an example cell that was accepted in the annotation process. A cell is defined (b) Example of arejected cell with a noisy spatial filter and activity trace,
by its activity trace over all sessions (top left, individual imaging sessions are asymmetric mean transient and inconsistent event snapshots. (c) Distributions
indicated as different gray shades, see top right for zoom-in) and its spatial filter of mean numbers of events per day. (d) Distributions for the coefficient of
(bottom middle). Scale bar: 100 pm. We detect events (red dots) as peaks in the variation of the number of events per day (ratio of s.d. and mean). The CV tends
activity trace that deviate 3 standard deviations from the mean. We then use to be substantially below 1 (median = 0.52 for accepted cells), indicating that the
these detected events to calculate a mean transient (bottom leftinred, individual ~ distribution of the number of events per day does not fluctuate far from the mean
eventsinblack) and to display snapshots of the images that caused the peaksin over days (displayed in ¢), which suggests stable activity levels over sessions.
theactivity trace (bottom right). Cells are accepted if they have (1) aclear and (e) Distributions of symmetry index calculated using the mean transient as

appropriately shaped spatial extent, (2) astable activity trace with well-identified  (activity .15 + aCtIVity e - 15)/activity ... (F) Distribution of filter diameter
peaks, (3) amean transient with fast rise and slow decay as expected from calcium  for accepted (green) and rejected cells (red). (g) Distributions of snapshot
indicator kinematics and (4) if the event snapshots consistently resemble the dissimilarity values. Snapshot dissimilarity is calculated as the mean of the mean
spatial filter (displayed on the upper left of the snapshot matrix). Snapshots that squared error (MSE) between the filter and each event snapshot.
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Extended Data Fig. 5 | Diversity of single-cell response profiles. (a) Trial- (b) Same as a, but cells are sorted according to their mean zscoreinthe3s
averaged and z-scored neural activity (Methods) of all recorded cells during window preceding shuttle start. This sorting reveals that the activity preceding
avoid trials of an example session (session 7). Activity is aligned to tone start shuttle actions tends to be different from both the activity at tone start and the
(left) or shuttle start (right), as shown, for example, cells, in Fig. 1I. Cells are activity after shuttle start. (c) Same as a, but cells are sorted according to their
sorted according to their time-averaged zscore in the 3 s window after tone start mean zscoreinthelswindow after shuttle start. Overall, responses are highly
(window is indicated by the black bar at top of panel). This sorting reveals that diverse over the population because cells show different combinations of activity

cells tend to have different responses in the tone start and shuttle start windows. levels for the different task-related events.
Barcodeindicatesif cells were classified as trial-responsive (black) or not (white).
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Extended DataFig. 6 | Alignment of neural data across animals into ajoint
subspace. (a) Specification of time points used for alignment displayed for two
example neurons from different subjects that show similar responses during
avoid, error and ITIevents in task 1 (blue shade) and task 2 (green shade). (b) To
align neural population data, the temporally aligned event averages displayed
inaare first concatenated for all cells. We then process these event averages
(Methods) and concatenate them along the time axis. Next, PCA is used to
generate the joint subspace, which is defined by the coefficients of the first n PCs
(nis chosen below). Subject-specific projection matrices into the joint subspace
canthen be computed by splitting the coefficient matrix back into matrices for
individual subjects and orthogonalizing them using the QR decomposition.

(c) Top: mean projections onto subspace dimensions 1-10 (n = 12 subjects).
Shadingindicates temporal structure displayed in a. Bottom: projections
displayed for individual subjects, highlighting common structure. (d) Variance
explained by the first 20 subspace dimensions (mean and 95% Cls for 80
repetitions) for the joint PCA + QR procedure (black). To control how the
alignment procedure affects how well the low-dimensional subspace captures
neural variability, we performed PCA individually per subject as an upper

baseline for the explained variance (orange). The alignment only has a minor
effect on the variance explained by the identified subspace. In this work, we

use the first 10 dimensions to define the joint subspace. (e) Left: cross-subject
correlation of the first subspace dimension calculated for pairs of projections
into this dimension (see bottom row of ¢). Right: similarity of pairs of dimensions,
where similarity is computed by averaging the elements of the triangular
cross-subject correlation matrix displayed on the left. (f) Average dimension
similarity for the first 20 subspace dimensions with alignment (PCA + QR,

black) and without alignment (Indv. PCA, orange) (mean and 95% Cls for

80 repetitions). Additionally, we controlled how the dimension alignment quality
depends on the temporal alignment of specific activity patterns around the
chosen events (rather than general bump-like activity) by shuffling event types
between subjects (event shuffle, green). We found that shuffling eventsled toa
marked drop in alignment quality, indicating that the correct alignment of neural
subspaces depends on the correct temporal alignment of conceptually similar
events. We chose the number n of used dimensions to be 10, as it constitutes a
good tradeoff between explained variance (see ¢) and alignment quality.
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Extended DataFig.7|Selection of ITI shuttles and comparison to avoid
shuttles. (a) Mean speed of ITland avoid shuttles for different values of n, where
nrefers to the n fastest shuttles selected from each session. With decreasing n,
the average speed trace of ITI shuttles becomes more similar to the one of avoid
shuttles. (b) Distribution of mean speed (average over 2 s window centered
around shuttle start) values of ITI shuttles for different values of n. Dots indicate
distribution mean, which shifts toward that of avoid shuttles (black). (c) Decoding
accuracy of video decoders trained to discriminate avoid and error trials (black)
orITIshuttles vs.random ITI periods. (d) Difference in predictive accuracy in
c(average accuracy 2 s before shuttle start) between avoid/error and ITI decoding
for different values of n (mean and 95% Cls for 80 repetitions). (e,f) Mean speed
for the avoid and error (e) and ITIshuttle and ITI random (f) comparisons

for n=10. While the exact speed of avoid and ITI shuttles is not matched, the
differenceto error trials/random ITI periods is comparable. (g,h) Distributions of

mean speed for avoid and ITI shuttles (g) and error trials and random ITI periods
(h). While differences between the settings remain, the distributions of mean
speed largely overlap. (i-k) UMAP embeddings of the 100-dimensional motion
traces (5 tracking points x 20 time steps). Dimension 1separates shuttles

from non-shuttles. Avoid and ITI shuttles as well as error trials and random

ITI periods are intermingled. (1) Discriminability index for the avoid and ITI
settings quantified for the two UMAP dimensions (n =10 random initializations).
Dimension1consistently distinguishes between shuttles and non-shuttlesin
bothsettings, while dimension 2 does not. (m) Correlation of UMAP dimensions
and mean speed (n =10 randomi initializations). High correlation for dimension
lindicates that mean speed is the main feature that distinguishes the different
motion traces. Box plots indicate median (center), 25th and 75th percentiles (box)
and most extreme data points (whiskers) that were not considered outliers (points
for which the distance from the box exceeds 1.5 times the length of the box).
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Extended Data Fig. 8 | Definition of coding dimensions. (a) Mean animal
speed during ITIshuttles used for the definition of motion dimensions (n =1568
ITIshuttles). (b) To define motion dimensions, we computed the average
neural activity in the joint subspace over all ITI shuttles and performed PCA.

(c) Variance is explained by the first five PCs evaluated for the ITI shuttles used
indimensionality reduction (DR data) and for the ITI shuttles used in decoding
analyses (val. data). Mean and 95% Cls for 80 repetitions. (d) PC1 projections for
ITIshuttles of individual subjects. While there are differences in the magnitude,
the temporal evolution of the projections is highly similar to the one of PC1
obtained using the pooled data (red line in b, Pearson correlation coefficient
0.983 + 0.010, mean + s.d. over 12 subjects). (e) Correlation coefficients for
pairwise comparisons of time-step decoder weights (mean over 80 repetitions)
for avoid versus error decoders from Fig. 3¢ (right, black line). Especially before
action onset, decoder weights show high correlations, indicating a stable
representation of avoidance-predictive activity. Based on this finding, we
trained asingle time-independent decoder for all time steps, whose weights

we then used to define the Avoid dimension. (f) Accuracy of avoid versus error
decoding per time step for a set of time-dependent decoders trained individually
per time step, and one single time-independent decoder trained using data
fromall time steps (mean over 80 repetitions). The time-independent decoder
was separately evaluated with data from individual time steps. The accuracies

before action onset are matched between the two settings (time-dependent

and time-independent), suggesting that avoidance-predictive activity can be
captured using a single decoder. We therefore used the weights of this single
time-independent decoder to define avoid dimensions. (g) Decoding accuracy
of time-independent decoders for the progressive removal of avoid dimensions
(mean and 95% Cls over 80 repetitions). Avoid dimensions are defined by the
decoder’s weights vector and are iteratively removed via nullspace projections.
Comparison to randomly removed dimensions in blue. (h) Analysis of variability
over subjects. To assess decoding accuracies per subject we trained a single
decoder using data from all subjects but evaluated it separately using data from
individual subjects. The resulting accuracies show differences in magnitude but
all follow the same temporal dynamics as time-independent decoder trained on
pooled data (the green line in e, Pearson correlation coefficient 0.984 + 0.012,
mean +s.d. over 12 subjects). This suggests that the effects captured with our
jointanalysis of all subjects are representative of effects on the single subject
level. (i-1) Analogous to e-h for tone decoding. Time-step tone decoders show
representational stability (i), performance of time-step decoders can be matched
using asingle time-independent decoder (j) and the temporal evolution of
decodingaccuraciesis consistent between pooled data and individual subjects
(I, Pearson correlation coefficient 0.987 + 0.015, mean * s.d. over 12 subjects).
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Extended Data Fig. 9| Variability in neural activity over subjects and relation
to avoidance behavior. (a) Projections of avoid-trial neural activity onto the
five coding dimensions (Fig. 4a) for each subject. (b) Same as afor error trials.
(c) To test whether variability in neural activity over subjects relates to behavioral
variability, we correlated activity in the avoid dimensions to the overall task
performance and task 2 shuttle angle over subjects (see following panels).

Panel ¢ shows the relation of the magnitude of activity in the avoid 1dimension
(time-averaged over the 3 s window preceding avoid start and averaged over all

T2 Avoid 1 Activity

avoid trials) and overall performance (% avoid trials in active avoidance sessions).
We found no clear correlation for this or any of the following analyses (Pearson
correlation coefficient = 0.07). (d) Same as ¢ for the avoid 2 dimension (Pearson
correlation coefficient =-0.07). (e) Relation between magnitude of activity in the
avoid 1dimension during task 2 (time-averaged over the 3 s window preceding
avoid start and averaged over all task 2 avoid trials) and the task 2 shuttle angle
(see Extended Data Fig. 1d; Pearson correlation coefficient = —0.04). (f) Same

as e for the avoid 2 dimension (Pearson correlation coefficient =-0.02).

T2 Avoid 2 Activity
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Extended Data Fig.10 | Coding dimension projections per session. Mean projection (n = 80 repetitions) of the five coding dimensions (as presented in Fig. 4)
displayed across all 11 days of learning for trials with and without shuttling.
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Data collection  Allin vivo calcium imaging data was collected with the Inscopix miniaturized microscope system nVista 2.0.
All histological images were acquired using a either CLSM - Leica Stellaris 5 upright microscope equipped with an HC PL APO CS2 20x 0.75 IMM
0.66 objective (data acquisition software used was LAS X) or an Olympus fluorescence microscope (BX51).
All behavior videos were acquired using two top view B/W cameras (DMK 23FV024; ImagingSource) and custom written MATLAB code
(2016a).

Data analysis For all imaging data analysis we used the MATLAB programming environment (2016a) and developed custom code for (1) the imaging data
preprocessing, (2) for the cell extraction, (3) for the joint subspace alignment across all mice and (4) for the population data analysis. For
motion correction of the calcium imaging movies we used the Turboreg software. For tracking of the animals we used the DeeplLabCut
software. All code required to reproduce the findings of the paper is available at https://zenodo.org/records/11283463.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
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The source data that support the findings of this study are available at https://zenodo.org/records/11282437. The raw imaging data will be made available upon
reasonable request.
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Sample size Sample sizes were selected based on previous experience from related research and literature:
- Hippocampus and cognitive control group size n =8 - 12 (Chung et al., 2021)
- ACC and avoidance behaviour group size n =7 - 14 (Lee et al., 2019)
- Amygdala and stated dependent flexibility group size n = 10 (Fustifiana et al., 2021)
- Neural ensemble dynamics in the amygdala group size n = 8-12 (paper from study director: Grewe et al., 2017)

Data exclusions  Inaccordance with the animal welfare regulations, we had to terminate the behavior experiments for 6 mice because they did not learn the
task sufficiently (performance below 50% after 3 days of training). We excluded 8 imaging sessions (from a total of 132, 12 mice x 11 days)

because we could not align the recorded frames to frames from previous sessions (see Supplementary Movie 4, Fig. S3B).

Replication Results that are displayed using representative examples and were not statistically evaluated (Extended Data Fig. 2C-D and Extended Data Fig.
3A) were repeated multiple times and we ensured that all repetitions produced qualitatively similar results.

Randomization  We did not randomize as we only had one group of animals that we recorded from.

Blinding B.E. alone performed all animal experiments. Since animals need to be prepared and handled individually and due to the nature of the
experiment a blinding of the experimenter was not possible.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies X[ ] chip-seq
Eukaryotic cell lines X] D Flow cytometry
Palaeontology and archaeology X] D MRI-based neuroimaging

Animals and other organisms
Clinical data
Dual use research of concern
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Antibodies

Antibodies used rabbit anti-GAD65 (1:500, AB1511, Millipore)
rabbit anti-Neurogranin (1:2000, 07-425, Millipore)
Alexa 594 anti-rabbit (1:200, A-11062, Invitorgen)
DAPI (1:1000, D1306, Invitrogen)
Nissel stain (NeuroTrace 530/615, N21482, Invitrogen)
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Validation Antibodies were chosen based on a literature review for each antibody to identify the best candidate for our experiments. Validation
was determined by reviewing the manufacturer's literature, other published research, and prior experiments in the lab. For each
experiment, at least one slide was designated for a "secondary only" control and examined for potential background staining.
Commercial antibodies were validated by the manufacturer:
rabbit anti-GAD65 www.merckmillipore.com/CH/de/product/Anti-Glutamate-Decarboxylase-65-67-Antibody, MM_NF-AB1511
rabbit anti-Neurogranin https://www.merckmillipore.com/CH/de/product/Anti-Neurogranin,MM_NF-07-425-1-100UG
Alexa 594 anti-rabbit www.thermofisher.com/antibody/product/Rabbit-anti-Mouse-1gG-H-L-Cross-Adsorbed-Secondary-Antibody-
Polyclonal/A-11062
DAPI www.thermofisher.com/order/catalog/product/D1306
Nissel stain www.thermofisher.com/order/catalog/product/N21482

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Experiments were performed on adult male C57BL/6J Crl1. Mice were 10-17 weeks old at the time of the virus injection surgery and
20-32 weeks old during in vivo imaging and behavioral experiments. Animals were housed in individually ventilated cages (IVC) in a
12 h light/dark cycle room (lights on from 7:00 to 19:00, ambient temperature: 21-24°C, humidity: 35-70%), and were provided food
and water ad libitum. After import from the breeders, mice were given a 2 weeks acclimatization period to the new housing
condition prior to the first surgery. During the experiments mice were kept in groups of 2 to 5 animals.

Wild animals No wild animals were used in the study.
Reporting on sex We report the sex of all animals used for this study in the methods section (all male).
Field-collected samples  No field collected samples were used in the study.

Ethics oversight All animal well-fare and ethical aspects of our study were evaluated by the Swiss Cantonal Veterinary office and approved,.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

£zoz |udy






