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Figure S1. Environment geometry, V1 cell types and recording depth. Related to Figure 1.
A. Top: the virtual corridor was defined by three landmarks (L1, L2 and L3) and repeated in a full circle with
texture at landmark L1 alternating between a grating and a plaid every other trial. Botfom: Response profiles
of CA1 (left) and V1 (right) neurons estimated as a function of position along the two successive semicircular
corridors, which differed by the texture associated with landmark L1 (grating vs. plaid). Neurons are ordered
according to the position of their peak response. Matching positions in the two semicircular corridors (200
cm away) are indicated by the dashed lines. Although the texture at the reward zone (L1) alternated
between a grating and a plaid, responses were very similar between the two corridors.

B. Distribution of the difference between peak responses in the first (starting with a grating, white line in B)
and second (starting with a plaid, gray line in B) corridor, for CA1 (left) and V1 (right) neurons. The difference
is expressed relative to the mean firing rate across all positions. Black bars: neurons with significant
difference in peak firing rate between the first and second corridor. Only 1.0% of V1 neurons (0.8% in CA1)
showed a significant difference in peak firing rate between the first and second corridor (V1: n = 1127
neurons; CA1: n = 1431 neurons; p < 0.01).

C. Same as C after selecting only neurons which had a maximal firing rate within 40 cm around landmarks
L1. Even neurons which fired maximally around landmarks L1 were minimally affected by the change of
texture from a grating to a plaid between the two corridors (CA1, 2.3%, n = 350 neurons; V1, 2.4%, n =212
neurons; p < 0.01).

D. Distribution of the duration of spike waveforms (trough to next peak; high-pass cutoff, 500 Hz) across
V1 neurons. Putative neocortical interneurons and pyramidal cells were isolated from the duration of their



extracellular spike waveform [S1,52] (Green, putative interneurons; Gray: putative pyramidal neurons;
threshold: 0.60 ms).

E. Other metrics such as the spike asymmetry [S2] did not help to better separate putative interneurons
and pyramidal cells in our dataset.

F. Normalized V1 LFP power between 500 Hz and 5 kHz as a function of recording depth, averaged across
V1 sessions (n = 35). Gray band shows + s.e.m. Recording depths across sessions were registered
according to the peak power at high frequency, which most likely corresponds to layer 5 [S3].

G. Distribution of recording depth of all V1 neurons (Green, putative interneurons; Gray: putative pyramidal
neurons).
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Figure S2. Correlations between V1 and CA1 decoding errors. Related to Figure 1.

A. Examples of positions decoded from V1 (yellow) and CA1 (brown) populations recorded simultaneously
for one session example. Dashed line: actual position of the animal.

B. Joint distribution of V1 and CA1 decoding errors, averaged across spatial positions and sessions (n =
27). Left, joint distribution obtained from the actual data. Right, joint distribution obtained after shuffling time
points within position and speed bins.

C. Difference between joint distributions of V1 and CA1 errors obtained from the actual data and from the
shuffled control (measured - shuffled). Left, density map obtained from medium gain trials, with V1 and CA1
decoders being trained on the same dataset. Right, the medium gain trials were split into three parts: V1
and CA1 decoders were trained on two different thirds and the density map was obtained from the last third.
This control shows that the correlation between V1 and CA1 errors cannot be explained by occasional
behavioral events, unrelated to positions, which could potentially be overfit by V1 and CA1 decoders trained
on the same dataset.

D. Same as in C. testing on low (/eft) or high (right) gain trials, with the decoders trained on medium gain.

E. Distribution of mismatches between V1 and CA1 decoding errors in all spatial positions, averaged across
sessions (n = 27). Left, distribution obtained from the actual data. Right, distribution obtained after shuffling
time points within position and speed bins.

F. The difference between V1 - CA1 mismatch distributions obtained from the actual data and from the
shuffled control (measured - shuffled) does not show a trend across position.

G. Average distribution of lick positions on consecutive trials where the animal made mistakes by licking
too early after completing a correct trial (‘early’ trials). Only medium gain trials were included in this analysis.

H. Same as in G. for consecutive trials, where the animal licked in the wrong location after missing the
reward zone in the previous trial (‘late’ trials).

I. Distribution of positions decoded from CA1 as a function of the animal’s position on consecutive trials
where the animal made mistakes by licking too early after completing a correct trial (‘early’ trials).

J. Same as in |. for consecutive trials, where the animal licked in the wrong location after missing the reward
zone in the previous trial (‘late’ trials).

K-L. Same as in I-J, based on decoding from populations of V1 neurons.
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Figure S3. Modulation of V1 and CA1 activity by the distance traveled. Related to Figure
2,

A. Distribution of the difference in mean firing rate between medium gain trials and low (/eft) or high (right)
gain trials, for CA1 neurons which had a significant change in firing rate across positions (low gain, 559
neurons; high gain, 329). The difference was normalized by the mean firing rate on medium gain ftrials.
Darker colors represent neurons which had a significant change in mean firing rate on low or high gain trials
compared to medium gain (low gain, 6.1%; high gain, 5.8%; p < 0.01).

B. Same as A for V1 neurons with a significant change in firing rate across positions (low gain, 667 neurons;
high gain, 446). Proportion of V1 neurons with significant mean rate change: low gain, 10.0%; high gain,
4.9%; p < 0.01).

C. Spatial shift in response profiles of V1 neurons detected at different depths. Only neurons with a
significant spatial shift are represented (p < 0.05).

D. Percentage of neurons that showed a significant shift in response profiles at low or high gain at three
ranges of recording depth (250-500um, 500-700um, 700-950um).

E. Top: to quantify how much the spatial shifts observed at low and high gain contributed to the response
profiles, we first measured how much the response at medium gain (dashed) could explain the response
at low (blue, left) or high gain (pink, right) when adjusting for changes in mean firing rate (gray). In this
example, the spatial modulation observed at medium gain could explain 61.7% of the variance of the spatial
profile at low gain and 69.8% at high gain. Boftom: we then measured how much the response at medium
gain (dashed) could explain the response at low (blue, left) or high gain (pink, right) when we additionally
shifted in space the medium gain response. In the example shown, the spatial shift measured between
medium and low gain responses could explain 92.5% of the variance of the spatial profile at low gain and
99.3% at high gain. For this neuron example, we thus concluded that the spatial shift due to the change in
distance traveled accounted for an additional 30.8% of the variance of the response profile at low gain (92.5
- 61.7) and 29.5% at high gain (99.3 - 69.8).

F. Percentages of variance in CA1 spatial response profiles explained with spatial shift (y-axis, +spatial
shift) or without (x-axis, +rate modulation), for low (left) and high gain (right). Responses at low and high
gain were fitted as described in E. Each dot corresponds to one neuron. Yellow: neurons whose response
profiles were significantly shifted at low or high gain (p < 0.05). Gray: neurons whose response profiles
were not significantly shifted at low or high gain (p > 0.05).

G. Same as F for V1 neurons.

H. Cumulative distribution of the percentage of variance in low (leff) and high (right) gain response profiles
that was additionally explained by spatially shifting the medium gain response profiles (see F). Yellow curve:
neurons whose response profiles were significantly shifted at low or high gain (p < 0.05). Gray curve:
neurons whose response profiles were not significantly shifted at low or high gain (p > 0.05). Dashed lines
indicate the median across neurons.

I. Same as H for V1 neurons.
J. Mean run speed (left) and pupil azimuth (right) as a function of positions in the corridor. Behavioral

variables were similar across gain conditions, except at the start and the end of the corridor, reflecting the
change in the licking behavior of the animal.



K. To test whether spatial shifts in response profiles could be explained by fluctuations in the behavior of
the animal across gain conditions, we constructed a multilinear regression model whereby firing rate
depends on the animal’s position but also on run speed, eye position (azimuth and elevation), pupil size,
licks and reward. This model was fitted for each neuron on medium gain trials. We then computed the
response profile on low, medium and high gain trials from the predicted activity and measured the spatial
shift between the predicted response profiles in the same way as for the actual data. Spatial shifts predicted
by this model could not explain those measured from the actual data.

L. To test whether spatial shifts in response profiles could be explained by a temporal delay in neural
responses (see M), we fitted the same multilinear regression model as described in K while shifting forward
in time the position of the animal by different delays. We then estimated the ‘optimal delay’ as the one that
maximizes the Pearson’s correlation between response profiles predicted at medium and low or high gain.
This model could still not explain the full range of spatial shifts measured from the data.

M. Example of spatial shift expected at low and high gain from a neuron responding with a 250-ms delay.
Since mice ran at similar speeds across gain conditions, the virtual environment moved faster or slower
depending on the gain. The spatial shifts in neural responses could thus potentially reflect a temporal delay
in the response of neurons, which would translate into a displacement of their response in space at low or
high gain. In this example, a neuron responding with a 250-ms latency when the mouse crosses position
xo Will appear to fire 2.5 cm earlier at low gain and later at high gain if the mouse runs at 50 cm.s-".

N. Distribution of the optimal delays that were estimated on low gain trials using the multilinear regression
model described in L. The optimal delays that best fitted the observed spatial shifts in V1 responses on low
gain trials are not compatible with the latency of visual responses commonly observed in V1 (median: 650
ms).

0. Same as N. for high gain trials. The optimal delays that best fitted the observed spatial shifts in V1
responses on high gain trials are not compatible with the latency of visual responses commonly observed
in V1 (median: 750 ms).

P. Mean decoding errors measured in CA1 (left) and V1 (right) for three ranges of running speed. Speed
ranges were defined as the deviation of the running speed from the median of the running speeds at the
animal’s current position on medium gain trials.

Q. Same as P. for virtual speed.

R. Same as P. for pupil azimuth.
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Figure S4. Theta modulation of CA1 and V1 firing rates and spatial responses. Related to
Figure 4.

A. Distribution of the amplitude of the firing rate modulation of CA1 (top) and V1 (bottom) neurons by theta
phases (Theta modulation index). Only neurons with a significant modulation by theta are included.

B. Percentages of CA1 (top) or V1 (bottom) neurons with a significant modulation of their firing rate by theta
(p < 0.05), as a function of the position of maximal firing along the corridor.

C. Theta phase of maximal firing as a function of recording depth for V1 neurons.

D. Percentages of neurons with a significant firing rate modulation by theta at three ranges of recording
depth (250-500pum, 500-700um, 700-950um). Left: All neurons; Middle: putative pyramidal neurons; Right:
putative interneurons. Error bars indicate standard errors across sessions, estimated by a leave-one-out
Jackknife resampling method.

E. Distribution of the mean theta phase of maximal firing across recording sessions. The mean theta phase
was obtained by averaging across neurons recorded during the same session, sorted by recording depth
(L2-4: 250-500um; L5: 500-700um; L6: 700-950um). Arrow: median of the preferred theta phase across
sessions.

F. To quantify how much the modulation by the theta oscillation contributed to the response profile of V1
and CA1 neurons, we first measured how much of the variance in the 2D response profile (theta phase x
position) could be explained by the mean spatial profile, without modulation of firing rate or position by theta
phase (+spatial profile). In the example shown, the mean spatial profile could account for 81.8% of the
variance of the response profile across theta phase and position. To quantify the contribution of the theta
modulation of firing rates, we then measured how much variance in the 2D response profile could be
explained when we additionally allowed the mean spatial profile to change in amplitude as a function of
theta phases (+theta modulation). In the example shown, adding the theta modulation of firing rate
accounted for an additional 6.2% of variance (88.0 - 81.8). Finally, we measured how much the spatial shift
across theta phases additionally accounted for in the 2D response profile (+theta spatial shift). In the
example shown, the theta-dependent spatial shift could explain 7.1% (95.1 - 88.0) more variance in the 2D
response profile (theta phase x position) compared to when no theta spatial shift was allowed (+theta
modulation).

G. Percentages of variance in the 2D response profiles (theta phase x position) that could be explained
with the theta modulation of firing rates (y-axis, +theta modulation) or without (x-axis, +spatial profile), for
CA1 (left) and V1 (right) neurons. The 2D response profiles (theta phase x position) were fitted as described
in F. Each dot corresponds to one neuron. Purple: neurons whose firing rate was significantly modulated
across a theta cycle (p < 0.05). Gray: neurons whose firing rate was not significantly modulated across a
theta cycle (p > 0.05).

H. Cumulative distribution of the percentage of variance in the 2D response profiles (theta phase x position)
that was additionally explained by adding theta modulation to the mean spatial profiles (see F). Purple
curve: neurons whose firing rate was significantly modulated across a theta cycle (p < 0.05). Gray curve:
neurons whose firing rate was not significantly modulated across a theta cycle (p > 0.05). Dashed line:
median across neurons.

I. Percentages of variance in the 2D response profiles (theta phase x position) that could be explained with
the theta-dependent spatial shift (y-axis, +theta spatial shift) or without (x-axis, +theta modulation), for CA1



(feft) and V1 (right) neurons. The 2D response profiles (theta phase x position) were fitted as described in
F. Each dot corresponds to one neuron. Yellow: neurons whose spatial profile was significantly shifted in
space across a theta cycle (p < 0.05). Gray: neurons whose spatial profile was not significantly shifted in
space across a theta cycle (p > 0.05).

J. Cumulative distribution of the percentage of variance in the 2D response profiles (theta phase x position)
that was additionally explained by adding the spatial shift across theta phases to the mean spatial profiles
(see F). Yellow curve: neurons whose spatial profile was significantly shifted in space across a theta cycle
(p < 0.05). Gray curve: neurons whose spatial profile was not significantly shifted in space across a theta
cycle (p > 0.05). Dashed line: median across neurons.

K. Examples of CA1 neurons with a significant spatial shift of their response profiles across theta phases
(p < 0.05). For each neuron, we plotted the mean firing rate as a function of theta phases and positions
(top) and the spatial cross-correlogram between the response profile at each theta phase and the mean
spatial profile (bottom). Although both neurons exhibited a spatial shift typical of phase precession (ahead
on late theta phases and behind on early theta phases), their linear-circular correlation coefficients were of
opposite signs (left: -0.32; right: 0.14)

L. Same as in K for three examples of V1 neurons.

M. Percentages of CA1 (left) or V1 (right) neurons with a significant spatial shift of their response profile
across theta phases (p < 0.05), as a function of the position of maximal firing along the corridor.

N. Distribution of the theta phase offset (phase of zero-crossing when the spatial shift went from positive to
negative), for putative pyramidal cells (left, p = 3.0 10-4, Rayleigh test) and interneurons (right, p = 1.1 10
2; Rayleigh test) in V1. Only neurons with a significant spatial shift across theta phases are included
(putative pyramidal cells, 7.4% of 882; putative interneurons, 8.1% of 245).

0. Percentage of V1 neurons (left. all neurons; middle: putative pyramidal cells; right: putative interneurons)
that showed a significant modulation of their response profiles by theta phase at three ranges of recording
depth (250-500um, 500-700um, 700-950um). Error bars indicate standard errors across sessions,
estimated by a leave-one-out Jackknife resampling method.

P. Distribution of the theta phase offset across neurons, sorted by recording depth (L2-4: 250-500um; L5:
500-700um; L6: 700-950um). Only neurons with a significant spatial shift across theta phases are included.
Arrow: median of the theta phase offset across neurons. The phase offset was significantly different
between deep and intermediate layers but not superficial layers (L6 vs. L5: p = 0.002; L6 vs. L2-4: p = 0.48).

Q. Distribution of the mean theta phase offset across recording sessions. The mean theta phase offset was
obtained by averaging across neurons recorded during the same session, sorted by recording depth (L2-
4: 250-500um; L5: 500-700um; L6: 700-950um). Arrow: median of the theta phase offset across sessions.
The mean phase offset was not significantly different between deep and superficial layers across sessions
(L6 vs. L5: p =0.55; L6 vs. L2-4: p = 0.43).

R. Distribution of the amplitude of the spatial shift across theta phases for CA1 (leff) or V1 (right) neurons
whose responses were significantly shifted. The amplitude of the spatial shift was measured from the
amplitude of the sinusoid that best fitted the maximum curve of the spatial cross-correlogram (black curve
inL).



S. Ahead vs. behind shifts in the response profile of each neuron across theta phase (extrema of the black
curve in K). In CA1 neurons (left), the shift across theta phase tended to be larger ahead than behind (p =
0.039, rank sum test). In V1 neurons (right), this shift was similar ahead and behind (p = 0.77, rank sum
test)

T. Pearson’s correlation across theta cycles between V1 and CA1 theta modulation of decoding errors (x-
axis), compared to the same quantity measured after shuffling time points within position and speed bins
(y-axis). The theta modulation of decoding errors was measured from the absolute amplitude of the best
fitting sinusoid on every theta cycle. Each dot corresponds to one recording session (n = 27). The correlation
was higher for the actual data than for the shuffle control (p = 3.10-% Student’s t-test) and significant in 63%
of the sessions (17/27, filled circles).
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