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Large-scale recording of neuronal activity in
freely-moving mice at cellular resolution

Aniruddha Das 1, Sarah Holden2, Julie Borovicka1, Jacob Icardi1, Abigail O’Niel2,
Ariel Chaklai2, Davina Patel1, Rushik Patel1, Stefanie Kaech Petrie3,
Jacob Raber 2,4 & Hod Dana 1,5

Current methods for recording large-scale neuronal activity from behaving
mice at single-cell resolution require either fixing the mouse head under a
microscope or attachment of a recording device to the animal’s skull. Both of
these options significantly affect the animal behavior and hence also the
recorded brain activity patterns. Here, we introduce a different method to
acquire snapshots of single-cell cortical activitymaps from freely-movingmice
using a calcium sensor called CaMPARI. CaMPARI has a unique property of
irreversibly changing its color from green to red inside active neurons when
illuminated with 400 nm light. We capitalize on this property to demonstrate
cortex-wide activity recording without any head fixation, tethering, or
attachment of a miniaturized device to the mouse’s head. Multiple cortical
regionswere recordedwhile themousewas performing abattery of behavioral
and cognitive tests. We identified task-dependent activity patterns across
motor and somatosensory cortices, with significant differences across sub-
regions of the motor cortex and correlations across several activity patterns
and task parameters. This CaMPARI-based recording method expands the
capabilities of recording neuronal activity from freely-moving and behaving
mice under minimally-restrictive experimental conditions and provides large-
scale volumetric data that are currently not accessible otherwise.

The mammalian brain processes sensory information using synchro-
nized activity of brain-wide distributed neurons that are connected
into local circuits1–6, which emphasizes the need for developing
recording methods that are capable of capturing these complex acti-
vation patterns. To address this challenge, previous efforts have con-
centrated on improving the sensitivity of sensors to capture single-cell
activity7–12 and enhancing the capability of recording systems to track
neurons over large brain regions13–17. In parallel, scientific paradigms
have shifted to analyzing neuronal activity in behaving animals while
they process sensory cues to perform a task, with much of this work
performed using the mouse as a model. This approach has enabled

identifying the functional roles of specific cell types18, brain regions4,
and/or projections between brain regions1,6, as well as determining
how normal activity patterns are altered following a neurological
condition19,20 or a model for neurodegenerative diseases21,22.

Currently, recordings from many neurons spanning multiple
brain regions with single-cell resolution in behaving mice are mostly
conducted using genetically-encoded calcium indicators (GECIs).
These experimental paradigms include either monitoring of head-
fixed mice using two-photon laser scanning microscopy (TPLSM)23,24,
or attaching a miniaturized imaging device to the skull of a freely-
moving mouse to record single-photon or two-photon
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fluorescence25–27. Importantly, both of these methods have inherent
limitations. For example, TPLSM recording from behaving rodents
requires head fixation of the mouse under a microscope, which may
result in activation of different neuronal circuits compared to natural,
freely-moving behaviors28. In addition, most state-of-the-art TPLSM
systems are capable of recording from one large plane spanning up to
several mm2, or from a few smaller, axially-shifted planes15–17. These
microscopes are usually limited by the mechanics of laser scanning
systems, which restrict the effectivefield-of-view (FOV) size that can be
dynamically monitored. The acquired information is limited to the
inside of this FOV, and so the activity of nearby neurons outside the

FOV, even if they are labeled with a GECI, cannot be simultaneously
detected. When brain activity is recorded using an implanted minia-
turized imaging device, it allows headmovement of the mouse during
recording, but it puts a substantial weight on its skull. This additional
weight may affect the mouse’s natural behaviors, and hence also the
recorded neuronal activation patterns. In addition, the spatial resolu-
tion and volumetric recording capabilities are compromised com-
pared to TPLSM recording.

Calcium-modulated photoactivatable ratiometric integrator
(CaMPARI) is a calcium- and light-dependent fluorescent activity
marker29, whichmay enable combining the relative simplicity of GECIs
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Fig. 1 | Characterizationof CaMPARI-based recording. a Schematic illustration of
the changes in CaMPARI green and red fluorescence following PC. b RGRs from
photoconverted neurons (n = 73 cells, 2 mice) were normalized to each cell’s RGR
level immediately after PC (Day 0) and were monitored for 15 days. Median values
were fit with an exponential curve (t1/2 = 1.04 ± 0.076 days, mean± SE; R2 = 0.99; for
each boxplot, horizontal lines show medians, boxes show the 25th–75th percen-
tiles, whisker length is the shorter of 1.5 times the 25th–75th range or the extreme
data point). Example images of the same cell are presented above the respective
days. c Example images of three repeated PCs in the same neurons (two repeated-
recording experiments were conducted). d Upper panel, sensitivity index (d′)
values for separating V1 and S1 activity levels during visual stimulation were
increased with the light dose and reached an optimum near 300 J/mm2. Circular
dots show the median values from single light dose recording from all identified
cells, and the large squares are the mean across all single-experiment medians
(n = 8 mice, 33 PC sessions, 3–9 sessions per mouse; 207–762 neurons/session,

median of 480 neurons/session; mean data were fit with 3rd-order polynomial
dashed line). Lower panel, median green and red fluorescence signals from all
recorded cells were normalized to their pre-PC levels (green, fit with a 1st-order
polynomial dashed line) and 300 J/mm2 light dose (red, fit with a 2nd-order poly-
nomialmagenta dashed line) values. The green signal gradually decreased, and the
red signal increased with PC light dose (same data as in upper panel, n = 8). e The
median RGR across all recorded cells in each FOV, obtained from allmice and brain
regions, showed no apparent differences across depths down to 240μmunder the
pia (n = 5mice, data from5differentmotor and somatosensory regions, 2–110 cells/
FOV, median = 17). The solid line connects the average of single FOVmedian RGRs
and error bars show the standard error of mean. No significant differences were
foundbetweendifferent recordingdepths (one-wayANOVA, p = 1.00).All statistical
tests were two-tailed, source data are provided as a SourceData file. Reprintedwith
permission, Cleveland Clinic Foundation ©2023. All Rights Reserved.
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with TPLSM large-scale recording capabilities and free movement of
the animal. Upon illumination with 400 nm light in a high-calcium
environment, CaMPARI undergoes an irreversible conformational
change, and its fluorescence emission changes from green to red in a
process called photoconversion (PC). CaMPARI was previously
demonstrated to label active neurons in the mouse visual cortex with
red fluorescence based upon their tuning properties29, and a recent
version of this sensor, CaMPARI2, exhibits a brighter signal and better
contrast between the red and green components30.

CaMPARI’s unique calcium-dependent PC capability allowed us to
design a distinct experimental paradigm where the experimental
recording and signal readout processes are separated. In this study, we
show that this paradigm shift facilitates neuronal activity recording
over a larger brain volume than what has been possible with state-of-
the-art TPLSM systems. Large-scale CaMPARI-based recording is con-
ducted by shining a PC light over the animal and its experimental
environment, which induces red fluorescence in active neurons in the
mouse brain in a non-transient manner. The readout of the photo-
converted CaMPARI fluorescence is conducted after the experiment is
completed using a standardTPLSMsystem.This recording paradigm is
fundamentally different than previous recordings with TPLSM sys-
tems, where the recording and readout processes occur simulta-
neously and cannot be separated. In this study, we reveal the
advantages of CaMPARI-based recording for detecting activity from
brain volumes larger than 6 mm3 with single-cell resolution. We vali-
date the accuracy of the CaMPARI-based recording method by com-
paring the results to recordings with the widely-used GECI,
jGCaMP7s10. We show functional differences between activity patterns
of excitatory and parvalbumin-positive (PV-positive) inhibitory neu-
rons when the mouse is presented with visual stimulation. Finally, we
demonstrate the capability of the CaMPARI-based recording method
tomonitor single-neuron activity over a large cortical volume in freely-
moving mice without any mechanical device attached to the mouse
during the recording phase, in order to compare activity level patterns
across five somatomotor cortical regions and to correlate these pat-
terns with behavioral parameters as the mice perform a battery of
behavioral tasks.

Results
Characterization of CaMPARI-based recording capabilities
Although the green-to-red PC was reported to be permanent at the
single-protein level29,30, the photo-converted red-to-green ratio (RGR)
in vivo decreased during the days following PC, such that ~97% of it
decayed by one week (Fig. 1a and Supplementary Figs. 1, 2), pre-
sumably due to degradation of the red protein and production of new
(green) protein. To calculate the rate of RGR decay, we longitudinally
monitored V1 neurons (n = 73 from 2 mice) and measured the RGR
after PC. The results were fit with an exponential decay model with a
half-life of 1.04 days (R2 = 0.99; Fig. 1b). Multiple PCs of the same brain
region and neurons were demonstrated by two additional recordings,
separated by 10 days each, and yielding similar activity patterns
(Fig. 1c). Therefore, we concluded that CaMPARI can be used multiple
times for sequential recording sessions.

Next, we characterized CaMPARI’s capability to identify active
brain regions as a function of the amount of PC light shined on the
mouse brain (light dose).Mice were injectedwith an Adeno-associated
virus (AAV) carrying the CaMPARI2 sequence into their primary visual
and somatosensory cortices (V1 and S1, respectively; n = 8 mice). The
medians across the RGR recorded fromall neurons in each regionwere
compared after illumination of PC light during the presentation of a
drifting grating movie to the contralateral eye (see “Methods”). Light
quanta of up to ~6 J/mm2 were delivered by illuminating a 5–7mm-
diameter cross-section around the craniotomy opening and using up
to 200mW PC light for 1 s, followed by 11 s without illumination to
allow the tissue to cool down. No signs of thermal damage were found

for any tested light doses up to 1150 J/mm2 (192 illumination cycles at
full power; Supplementary Fig. 3). The average V1 RGR levels were
higher than S1 for all tested light doses, and the sensitivity index (d′,
see “Methods”) that quantifies the separation among theV1 and S1 RGR
distributions increased with light dose to a peak at 300 J/mm2 (Fig. 1d,
upper panel). As more PC light was used, the green CaMPARI fluores-
cence decreased down to 60% of its initial emission level and the red
fluorescence increased (Fig. 1d, lower panel). Following these findings,
a light dose range of 150–300 J/mm2 was selected for the subsequent
visual stimulation experiments (with recorded neurons from either
one or two hemispheres) to balance between sensitivity and PC illu-
mination time. The optimal 300 J/mm2 dose levels could be easily
achieved for illuminating one hemisphere but requires a 4-fold
increase in illumination time when the two hemispheres are illumi-
nated. Such a prolonged recording time may result in changes in the
mouse condition during the recording, and therefore a lower light
dose was used for these experiments.

In a separate set of experiments, the RGR valuesweremeasured at
different tissue depths down to 240 µm under the pia. No apparent
changes in RGR values were found for different depths (Fig. 1e, Sup-
plementary Fig. 4), which suggests that the PC-based recording levels
were not substantially biased by the tissue depth when Layer II/III
neurons were monitored. These results were supported by measuring
the RGR depth decay in neurons expressing mEOS, a calcium-
insensitive photoconvertible protein that was used to develop
CaMPARI29. Decay of 20–30% in RGR values was identified across Layer
II/III depth, which presumably contributed a negligible fraction of the
variability to the recorded data. A more substantial light attenuation
was found for RGR levels across Layers II/III and V neurons (Supple-
mentary Fig. 5).

Simultaneous neuronal activity recording from multiple brain
regions
Simultaneous volumetric recording over a large cortical area was
accomplished by expressing CaMPARI2 in the monocular and bino-
cular visual cortices (V1m and V1b, respectively) and the somatosen-
sory cortices (S1) of the two hemispheres of mice (n = 4). A drifting
grating movie was presented to either the right or left eye of lightly-
anesthetized mice and was synchronized with PC illumination that
illuminated both hemispheres and covered a brain volume of 6mm3

(~10mm2 of cortical surface for each hemispheric window, with
detectable signal down to a depthof ~300 μm; 150 J/mm2wereused for
PC to shorten the experiment duration). Once the PC recording was
completed, the neuronal RGR was recorded using TPLSM (Fig. 2a). A
control group (n = 6 mice) expressed jGCaMP7s in V1b, V1m, and S1 of
one hemisphere and we recorded the fluorescence changes evoked by
visual stimulation to each eye, as was previously done7,10,31. Both
CaMPARI2- and jGCaMP7s-expressing neurons showed similar activity
patterns, where visual regions were more active than somatosensory
regions, and increased activity was detected in the contralateral
compared to the ipsilateral visual regions (Fig. 2b, c, Supplementary
Fig. 6). Notably, while CaMPARI-based data were recorded from all 6
brain regions simultaneously, jGCaMP7s-based data required a much
longer recording process. Visual activity was recorded from 3–5 FOVs
within each brain region sequentially, and therefore required com-
bining recordings from 142 individual time points.

Recording from genetically-targeted neuronal populations
Selective recording from genetically-targeted cellular populations was
achieved by injecting cre-dependent CaMPARI2 AAV into the V1 and S1
regions of Emx1-cre32 or B6 PVcre mice to express CaMPARI2 in either
excitatory or PV-positive inhibitory neurons, respectively (n = 3 mice
for each group). An additional group of C57BL/6 J mice (n = 6) were
injected with AAV expressing CaMPARI2 under the human synapsin1
promoter (AAV-SYN1) to express CaMPARI2 in both excitatory and
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inhibitory neurons. All mice were implanted with cranial windows on
topof the left hemisphere. V1 and S1 activitywas recorded from lightly-
anesthetized mice during the presentation of a drifting grating movie
to either the contralateral or ipsilateral eye using 300 J/mm2 light dose
for PC. V1 RGR levels were higher than S1 for the three groups, with the
highest levels measured in B6 PVcre mice, then in AAV-SYN1 mice, and
the lowest in the Emx1-cre mice, indicating different ranges of activity
levels in these groups (Fig. 2d).Moreover, the range of RGRsmeasured
from B6 PVcre V1 neurons was significantly larger than from the other
two groups (Fig. 2e). Interestingly, while the RGR range was sig-
nificantly larger for V1 vs. S1 neurons for the AAV-SYN1 and Emx1-cre
groups, there was no apparent difference for the B6 PVcre group
(Fig. 2e). When comparing the d′ for separating V1 and S1 RGR dis-
tributions across the different groups, we found that for contralateral
eye stimulation, Emx1-cre had significantly higher d′ values than B6
PVcre and non-significantly higher values than AAV-SYN1 (Fig. 2f). When
comparing the d′ values for contralateral vs. ipsilateral eye stimulation,
there were significantly higher d′ values for contralateral stimulation
for the Emx1-cre mice and no apparent difference for the B6
PVcre group.

Large-scale volumetric recording of brain activity from freely-
moving mice
Next, we moved to recording neuronal activity from freely-moving
mice by expressing CaMPARI2 in 5motor and somatosensory regions
of the same hemisphere (motor caudal front limb, MCFA; motor ros-
tral front limb, MRFA; motor neck-jaw, MNJ; somatosensory forelimbs,
SFL; and somatosensory barrelfield, SBF; n = 8mice; see “Methods” for
details). The samemice were trained and tested on three tasks (novel
object recognition in the open field, NOR), rotarod (RR), and fear
conditioning (FC), performing a new task every two weeks using
arenas equipped with a PC light source (Fig. 3a). For all experiments,
the mice were first trained for the particular behavioral task. Fol-
lowing the completion of the training phase, the next session was
conducted with the PC light turned on to photoconvert cells during
15min of recording (Fig. 3b, Supplementary movies 1–3, see “Meth-
ods” for details). A set of control experiments found no significant
effects for the implantation of cranial window or illumination with
400nmPC light on the tested performanceparameters of themice in
the NOR, RR, and FC tasks (Supplementary Figs. 7–9). Readout ses-
sions were conducted 24 h after recording (Fig. 3c and
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supplementary movie 4). RGR was measured from all identified
neurons from the pial surface down to a depth of ~300 μm. Evaluat-
ing cellular RGRs across different cortical regions and tasks in the
samemouse (Fig. 3d), as well as across mice (Supplementary Fig. 10),
yielded a significant ~2.5-fold increase in NOR median activity levels
compared to RR and FC (Fig. 3e). Somatosensory regions were more
active than motor regions across the three behavioral tasks (Fig. 3f).
When comparing activity across the different motor regions, MCFA

was significantly more active than MRFA and MNJ, although MCFA and
MRFA project to the same limb33 (Fig. 3g). There were no significant
differences in activity levels between the two somatosensory regions
SBF and SFL (Supplementary Fig. 11), or between cortical layers I and II/
III. (Supplementary Fig. 12).

Interestingly, the averaged cortical activity measured during the
FC memory test from all mice was correlated with the averaged
interstimulus intervals (ISIs) during fear memory learning on day 1 of
the task (Fig. 4a; n = 8 mice). Moreover, the activity of individual brain
regions showed significant correlationswith at least twoout of the four
individual ISIs (Fig. 4b), suggesting that activity in the somatomotor
cortex during the memory test reflects aspects of the fear learning
process. Among the recorded brain regions, S1FL showed correlation
with all ISIs. Interestingly, we saw a similar pattern for the rotarod test,
where S1FL was correlated with the mean fall latency during the
learning phase of the test (Fig. 4c; n = 8 mice), and for the NOR test,
where S1FL activity was correlated with the time spent with the novel
object (Fig. 4d; n = 11 mice).

Finally, we tested the reproducibility of brain activity recording in
another set of experiments. Mice were tested in the novel object
recognition task for two subsequent weeks using two new objects
every week, and their brain activity was recorded during the novel
object recognition phase (see “Methods”). For both weeks, the mice
showed the expected preference towards the novel object, but no

apparent difference in behavioral parameters like the total or the
percent of time spent with the novel object, or the discrimination
index (Fig. 4e, Supplementary Fig. 13). Similarly, no significant differ-
ences in themedianRGRs of the somatosensoryormotor regionswere
identified (Fig. 4f).

Discussion
This work introduces a new method for acquiring simultaneous volu-
metric neuronal activity patterns from freely-moving rodents without
mounting the animal’s head under a microscope, tethering it, or
attaching a miniaturized imaging device to its skull. This method
enables large-scale recording across multiple brain regions at single-
cell resolution. Therefore, this paradigm overcomes the respective
limitations of TPLSM-based recording (optimized for planar data
acquisition from head-mounted rodents) and miniaturized device-
based recording methods (challenges with volumetric acquisition,
image quality, and FOV size). This method is especially beneficial for
studying cortex-wide activity patterns in behaving mice, where mini-
mal restrictions on the animal’s naturalistic performance are
required34. Importantly, CaMPARI-based recording is performed
simultaneously across the entire PC-illuminated volume, and therefore
may highlight brain regions and/or specific cell types that are active
during specific behaviors. This large-scale mapping may serve as the
first step to identify active brain regions (Fig. 2c and Fig. 3d–g) fol-
lowed by a more detailed study of dynamic action potential firing
patterns using either CaMPARI’s dynamic recording capabilities29,30,35

or by expressing a more sensitive GECI in the target brain region(s).
CaMPARI-based recording is also compatible with mapping of cortex-
wide activity patterns in response to different stimulations, including
sensory, chemogenetic, or optogenetic36–39.

This study demonstrates the benefits of the CaMPARI-based
recording method for several applications. First, previous works

Fig. 2 | Simultaneous recording from multiple brain regions. a Schematic
illustrationof a visual-evokedactivity recordingexperimentwithCaMPARI. Adrifting
grating movie was presented to the mouse eye while PC light illuminated its two
cortical hemispheres (left). Following PC, the imprinted cellular RGR was read using
TPLSM (right). b Example data from a CaMPARI2-expressing mouse (top) showing
simultaneous recording data from V1m, V1b, and S1 in both hemispheres (111–256
cells/region, median = 193; d′ values across the ipsilateral and contralateral regions
areplotted; ****p <0.0001,WilcoxonRanksumtest for comparingRGR levels fromall
neurons in the contralateral vs. ipsilateral regions with Ranksum-statistic of 33,296,
50,599, and 68,231 for V1m, V1b, and S1, respectively). Activity levels are summarized
by boxplots (horizontal lines show medians, boxes show the 25th–75th percentiles,
whisker length is the shorter of 1.5 times the 25th–75th range or the extreme data
point). Summary of the recorded activity levelsmeasuredwith CaMPARI2 fromn=4
mice (bottom; each mouse was recorded twice with stimulation presented to each
eye once; each rectangle shows the median RGR from 81–1455 cells/regions, med-
ian = 353; filled rectangles and error bars show the mean± std; *p <0.05; n.s not
significant; paired t-test for comparing median values from contralateral vs. ipsi-
lateral regions of the samemouse with p=0.042, 0.027, and 0.166, and t-statistic of
2.48, 2.78, and 1.55 for V1m, V1b, and S1, respectively). c Example data from a
jGCaMP7s-expressing mouse (top) showing similar distribution of increased fluor-
escence like (b) (229–898 cells/region,median=350). d′ values and significance levels
are plotted (****p <0.0001; Wilcoxon Ranksum test with p= 1.7*10−36, 6.2*10−32, and
4.8*10−5, and Ranksum-statistic of 98687, 88050, and 308589 for comparing con-
tralateral vs. ipsilateral V1b, V1m, and S respectively). Summary of the recorded
activity levels measured with jGCaMP7s (bottom) from n=6 mice showed similar
increases in fluorescence during stimulation like in CaMPARI2-expressing neurons
(21–898 cells/regions, median = 161; ****p <0.0001; ***p <0.001); n.s not significant;
two-sample t-tests with t-statistic of 4.18, 4.15, and 1.02 for comparing contralateral
vs. ipsilateral V1m, V1b, and S1 from the same mice, respectively; boxplot repre-
sentation as in (b). d RGR levels in V1 were higher than in S1 for excitatory and
inhibitory CaMPARI2-expressing neurons. Among V1 neurons, RGR levels were
highest in B6 PVcre mice, than in AAV-SYN1mice, and the lowest in the Emx1-cremice
(48.86 ± 26.7%, 27.33 ± 8%, and 19.55 ± 2.4%, respectively); mean ± std of the median

RGRs across all recorded cells permouse during contralateral eye stimulations; AAV-
SYN1 group; n = 6 mice; green bars; Emx1-cre, n = 3 blue; B6 PVcre, n = 3, black. Each
bar shows the 25–75 percentile range, red lines indicate the medians and whiskers
span 0.722-fold of the interquartile range, which corresponds to an approximate
range of the central 90% of normal distribution. Lighter color bars (gray and light
blue) show the RGR for stimulation of the ipsilateral eye (data from 13,997 neurons
recorded from 12 mice, 38–1235 neurons/regions, median = 256. Six AAV-SYN1 mice
were recorded once with visual stimulation to the contralateral eye, and 3 Emx1-cre
and 3 B6 PVcre micewere recorded 1–3 timeswith visual stimulation presented to the
contralateral and/or ipsilateral eye). e The 5–95 percentile range of RGR distribution
ofV1 neuronswas significantly larger forB6PVcre neurons than forAAV-SYN1neurons
or Emx1-cre neurons (two-sample t-tests; p =0.0001 with t-statistic = 5.96 and
p=0.003 with t-statistic = 4.33 for comparing the range from all V1 neurons in B6
PVcre mice with Emx1-cre and AAV-SYN mice, respectively. The range of AAV-SYN
neurons was non-significantly larger than of Emx1-cre neurons, p =0.08, two-
sampled t-test). In addition, the RGR range for V1 neurons was significantly larger
than for S1 neurons in the AAV-SYN1 and Emx1-cre groups, but not in the B6 PVcre

group (0.21 ±0.08 vs. 0.08 ±0.03, 0.14 ±0.06 vs. 0.06 ±0.02, and 0.70 ±0.27 vs.
0.64 ±0.32, respectively, mean ± std.; paired t-tests; p =0.0008 with t-statistic =
5.64, p =0.003 with t-statistic=5.36, and p =0.827, respectively; median V1 and S1
values from individual mice are shown in diamonds and rectangles, respectively;
AAV-SYN1, data from 6 recordings from 6 mice; Emx1-cre, data from 8 recordings
from3mice; B6PVcre, data from4 recordings from3mice). fThe sensitivity index (d′)
for separating thedistributionofV1 andS1RGRswas significantlyhigher for Emx1-cre
neurons vs. B6 PVcre neurons, and non-significantly higher for Emx1-cre vs. AAV-SYN1
neurons (two-sample t-tests, p =0.034 with t-statistic = 2.90, and p=0.12 for com-
paring contralateral stimulation, respectively. Emx1-cre, 5 measurements from 3
mice; AAV-SYN1, 6 measurements from 6 mice; B6 PVcre, 2 measurements from 2
mice). In addition, d′ was significantly higher for contralateral vs. ipsilateral eye
stimulation for Emx1-cre neurons, but not for B6 PVcre neurons (two-sample t-tests,
p =0.028 with t-statistic = 2.89, and p=0.7, respectively). All statistical tests were
two-tailed, sourcedata are provided as a SourceData file. Reprintedwithpermission,
Cleveland Clinic Foundation ©2023. All Rights Reserved.
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characterized the relationship between firing of action potentials and
PC rate in cultured neurons29,30. However, the use of CaMPARI in
rodents was mostly limited for acute PC and downstream analysis
following tissue sectioning. The return of the RGR values to their
baseline level within ~7 days facilitates same-animal longitudinal

monitoring experiments, as we demonstrated in this study (Fig. 3).
Second, aswas previously shown by widefield one-photonmicroscopy
in either head-fixed mice40 or rats implanted with a miniaturized
microscope12, when a visual stimulation is presented to one eye, the
visual-evoked response is usually stronger in the contralateral V1, but is

MNJ MCFAMRFA

n.s

0

0.04

0.08

0.12
***

***

b

a

f

0

0.1

0.05

Mo
tor
Som

ato

**

0

0.05

0.1

0.15

g

e

200�m

R
ed
-to
-G
re
en
R
at
io

M R
FA
M C
FA M N

J S FL S B
F

0

0.05

0.1

0.15

0.2

c

d

M R
FA
M C
FA M N

J S FL S B
F

0

0.05

0.1

0.15

0.2

Fear Conditioning
Rotarod
Novel Object Recognition

M R
FA
M C
FA M N

J S FL S B
F

0

0.05

0.1

0.15

0.2

Novel Object
Recognition

Fear
ConditioningRotarod

Training Training TrainingPC PC PC
2 weeks 2 weeks

AA
V

In
je
ct
io
n 6 weeks

0

0.05

0.1

0.15

0.2

***

Mo
tor

So
ma
to
Mo
tor

So
ma
to
Mo
tor

So
ma
to

NO
R RR FC

R
ed
-to
-g
re
e n
r a
t io

(m
ed
ia
ns
)

R
ed
-to
-g
re
e n
ra
tio

(m
ed
ia
ns
)

R
e d
-to
- g
re
en
ra
tio

(m
ed
ia
ns
)

***
n.s

0.2

n.s

* **

Fig. 3 | Recording large-scale, single-cell activity from freely-moving mice
during behavioral and cognitive tasks. a Schematic illustration of the NOR
experimental setup. A mouse is trained inside an arena (left) and the PC light is
turned on when it performs the task (right).b Experimental timeline (top row) with
images taken during NOR (left), RR (middle), and FC (right). The PC light source is
indicatedbywhite arrows. c Example post-PC images from the samebrain regionof
the same mouse, which were acquired 24h after the recording of each task two
weeks apart. d RGR distribution in the five recorded cortical regions (same mouse
as in (c); NOR: 204–819 cells/region, median 547; RR: 166–847, 495; FC: 229–1315,
874; one recordingwithout repetitions; horizontal lines showmedians, boxes show
the 25th–75th percentiles, whisker length is the shorter of 1.5 times the 25th–75th

range or the extreme data point). e Median activity levels during NOR were sig-
nificantly higher than those during RR and FC (***p <0.001, two-sample t-tests,
p = 0.0001, 0.00003, and 0.81, with t-statistic = 4.18, 4.52, and 0.25 for comparing
NOR vs. RR, NOR vs. FC, and FC vs. RR, respectively; n = 8 mice, squares - motor

regions, circles – somatosensory regions; NOR: 42–906 cells/region, median 335;
RR: 93–847, 271; FC: 85–1315, 315; n.s., non-significant; bold diamonds and error
bars show the mean ± standard deviation). f Somatosensory regions were more
active thanmotor regions across all tasks (inset; n = 8mice; paired t-test; p = 0.0018
with t-statistic=3.52); boxplot representation as in (d). Across individual tasks, the
increase was significant for RR and FC (paired t-test; p = 0.016 and 0.0012 with t-
statistic=3.14 and 5.28, respectively; p =0.25 for NOR; lines connect data from the
same mouse). g Activity levels in MCFA were significantly higher than in MNJ and
MRFA (p = 0.0001 for both comparisons with t-statistic = 5.18 and 5.16, respectively;
paired t-test from 16–19 pairs, n = 8 mice, 89–902 cells/region, median = 300; lines
connect pairs or triplets of data from the same mouse). No significant differences
were observed between MNJ and MRFA activity levels (p =0.073). All statistical tests
were two-tailed, source data are provided as a Source Data file. Reprinted with
permission, Cleveland Clinic Foundation ©2023. All Rights Reserved.
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also apparent on the ipsilateral V1. Our data are consistent with these
findings (Fig. 2b, c) and add the additional advantage of acquiring
single-cell resolution data, which is not achievable using single-photon
techniques. Third, in addition to single-cell resolution data, the pre-
sentedmethod records simultaneously from thousands of genetically-
targeted cells, a feature which is generally not achievable using elec-
trophysiological recordings including high-density electrodes. We
demonstrate this feature by conducting a comparative study across
inhibitory andexcitatory neurons inV1 andS1 and identifying cell-type-
specific differences in their activity patterns (Fig. 2d–f). Interestingly,
our data suggest that similar to the visual tuning properties of exci-
tatory and inhibitory neurons in the visual system41, the excitatory
neurons in V1 and S1 differentiate in their response to the stimulus,
while the PV-positive neurons show a broader and partially-
overlapping range of activity levels. Notably, measurements of the
sensitivity indices showed a sharper separation of V1 and S1 population
activity based on recording excitatory neurons only (Fig. 2f). However,
even the PV-positive neurons, which exhibited reduced sensitivity
compared to the other recorded groups, showed higher RGRs in V1,
suggesting that all recorded cell types present a qualitatively similar
activation pattern. Future applications of targeted recording during
behavior may probe the role of these and other cell types in the neu-
ronal circuitry underlying the performance of specific tasks or to
highlight the spatiotemporal structure of their activity pattern across
multiple brain regions. Finally, we demonstrate recording from freely-
moving mice under what we consider as minimally-restrictive

conditions, compared to the standards in the field today. No
mechanical device or tethering were attached to the mice during their
training and recording, and the only interventions they experienced
were the craniotomy surgery and virus injection, which are currently
unavoidable.

Three behavioral tasks were selected for the study: NOR, RR, and
FC, to study three different types of behaviors and the associated
neuronal circuitry. The NOR represents a somatosensory-centered
taskwith amemory component, the RR is amotor-centric task, and the
FC task is memory-centered, which includes dominant sub-cortical
components and the somato-motor regions are considered less cen-
tral. We selected to record brain activity from primary somato-motor
regions to rely on the existing literature on the relationship between
sensory stimuli and the neuronal activity in these regions. Notably, all
mice were tested in a certain order: first NOR, then RR, and finally FC.
The rationale was that the fear involved with FC may affect any fol-
lowing task, and thus this task was last. During RR, mice may fall and
potentially be injured, so we placed this task after the NOR, which was
considered to be safe. Due to these considerations, there was no ran-
domization of the mouse testing order. Although two sequential tests
of mice for the NOR task (Fig. 4e, f, Supplementary Fig. 13) and up to
three times for the visual stimulation experiments (data not shown)
showed no significant change of the results, such an effect cannot be
fully excluded.

Unlike most existing recording methods, CaMPARI-based
recording allows separation of the recording and readout
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Fig. 4 | Correlation between brain activity recording and behavioral para-
meters and repeatability of CaMPARI recordings. a, b The percent freezing
times during individual interstimulus intervals (ISIs) during FC for n = 8 mice were
significantly correlated with the RGR levels in themajority of the recorded cortical
regions. The average values from each mouse were significantly correlated with
mean percent freezing during all ISIs (a); p = 0.0018, paired t-test, F-statistic vs.
constant model = 28.5. When comparing individual brain regions and individual
ISIs, 15/20 pairs showed significant correlations (b); p < 0.05, paired t-tests (see
source data file). c The mean fall latency during day 1 of the RR training was
significantly correlated with the RGR levels in S1FL (p = 0.0424, paired t-test,
F-statistic vs. constant model = 6.6; n = 8 mice). d The percent time spent with the
novel object during theNOR taskwas significantly correlatedwith the RGR levels in

S1FL (p = 0.0233, paired t-test, F-statistic vs. constant model = 7.44; n = 11 mice).
e, f Mice were tested and recorded with CaMPARI2 for two consecutive weeks on
the NOR task with two new objects for each week. For both weeks, the exploration
parameters of the new objects were similar (e), where mice spent significantly
more time with the novel object than the known object (98.5 ± 10.2 vs. 56.1 ± 4.9 s,
mean ± std., respectively for week 1; n = 5 mice, paired t-test, p =0.0008 with t-
statistic = 9.28. 113.4 ± 24.2 vs. 67.8 ± 17.1 s for exploring the novel vs. the known
object on week 2; p = 0.005, t-statistic=5.58; same mice as in week 1). f RGR values
were recorded every week and no significant changeswere found betweenweeks 1
and 2 (p = 0.27, paired t-test, n = 4 mice, same mice as in (e), except one mouse
where no signal couldbe recorded). All statistical tests were two-tailed, source data
are provided as a Source Data file.
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processes. This separation allows conducting the recording by
shining the PC light over an entire arena in which the rodent is
contained, and to simultaneously record from all brain regions that
are exposed to the PC light. Importantly, the ability to use CaMPARI-
based recording for same-animal longitudinal monitoring differ-
entiates this approach from commonly-used immediate early gene-
based methods that require sacrificing the animal in order to read
the activity data42,43. Interestingly, a recent work presented an
in vivo method for identifying active cells based upon transgenic
expression of the immediate early gene Fos in hippocampal cells44.
We note that this method also allows conceptually similar separa-
tion of the recording and readout processes. However, since it relies
upon amore complex, and partially unknown, mechanism that links
neuronal firing to expression of immediate early genes, its current
implementation enables classification of cells to Fos-high and Fos-
low groups, and its temporal resolution is measured in hours.
CaMPARI’s PC rate was shown to have an approximately linear
relationship with low-to-medium firing rates of action potentials by
neurons29,30, and our data (Figs. 2b, d, 3e–g) support the recording
of different activity levels in different brain regions and across dif-
ferent tasks and cell types. We also note that future works may
incorporate the use of the recently-published reversible CaMPARI
(rsCaMPARI)45, which will allow erasing the CaMPARI activity signal
immediately after the readout session, and therefore eliminate the
current restriction of CaMPARI2 with regard to the recording
interval period.

The presented method is limited to acquiring snapshots of large-
scale activity patterns. The CaMPARI2 sensor, which was used in this
study, requires a relatively prolonged PC illumination time for
achieving high-quality recording in freely-movingmice (up to 15min in
this study). Shortening the recording session will further enhance the
method’s capability to monitor brain activity and highlight co-active
brain regions across shorter time scales. Such improvements may be
achieved by using the earlier generation of the CaMPARI sensor,
CaMPARI129, which was recently shown to have better PC properties
in vivo than CaMPARI235, or by developing a new generation of the
CaMPARI construct to address this specific challenge. In addition, in
this study, we have expressed CaMPARI via intracranial AAV injection
in specific cortical areas. Thus, we were limited to a finite number of
brain areas that could be monitored. The cortex-wide recording cap-
abilities of CaMPARI could be maximized by using systemic AAV
injection46,47 or by developing a transgenic CaMPARI mouse line. Both
of these options would enable expressing CaMPARI over most of the
mouse cortex, which would achieve access to approximately 1 million
neurons without substantially changing the presented recording
protocol48.

Finally, we established recording from the same mice performing
three different behavioral and cognitive tasks, and show changes in
brain activity patterns across tasks and brain regions, with correlations
between activity and behavioral patterns (Figs. 3 and 4). This type of
data demonstrates that CaMPARI-based recording facilitates long-
itudinal in vivo neuronal activity studies during minimally-restricted
behaviors in the same animals. With the recent increase in interest in
studying large-scale brain activity patterns, and specifically the char-
acteristics of distributed neuronal circuits49,50, the presented method
adds unique capabilities and complements the tools that are available
to the neuroscience community.

Methods
All experimental and surgical procedures were performed following
the set guidelines and protocols approved by the Lerner Research
Institute (LRI) and Oregon Health & Science University (OHSU) Insti-
tutional Animal Care and Use Committees (IACUCs) and Institutional
Biosafety Committees (IBCs) and were consistent with the ARRIVE

guidelines. Mice were group-housed in standard vivarium conditions
until the start of the study. The vivarium was maintained at 20–22 °C,
30–70% humidity and food (in LRI facility: Teklad 2918 regular diet,
Envigo; in OHSU facility: PicoLab Rodent Diet 20, no. 5053; PMI
Nutrition International) and water were available ad libitum. Lights
were kept on a 12-h light/12-h dark cycle, and experiments were con-
ducted during the light time.

Surgical procedure and virus injection
For recording visual-evoked activity (Fig. 2), 8–12-week-old C57BL6/
J, Emx1-Cre, and B6 PVcre mice (10 males and 12 females) were
anesthetized using isoflurane (3% for induction, 1.5% during the
surgery) and placed on a heating pad. Eachmouse was injected with
local pain medication (bupivacaine 0.5%) and the skull bone above
either the two cortical hemispheres (n = 4 mice) or the left hemi-
sphere (rest of the mice) was exposed. A 3 × 5 mm2 craniotomy was
drilled (Omnidrill35, World Precision Instruments) over an area
covering the monocular and binocular primary visual (V1m and V1b,
respectively) and primary somatosensory cortices (S1) in one or
both hemispheres. AAV solution expressing the CaMPARI2 or
jGCaMP7s sensor under the human synapsin promoter (SYN1-NES-
his-CaMPARI2-WPRE-SV40, Addgene catalog number 101060, SYN1-
jGCaMP7s-WPRE, Addgene catalog number 104487) was injected
into two locations, separated by ~600 μm, in each cortical region
(50 nL of ~1 × 1012 GC/mL solution, 3 injection depths per location,
200 μm, 400 μm, and 600 μm under the pia) using an automated
injection pump (Fusion 200 touch Syringe Pump, Chemyx, and
Micro-2T, WPI) and a pulled and beveled micropipette (P-1000 and
BV-10, respectively, Sutter Instruments). Injection coordinates were
chosen according to the mouse brain atlas51 2:.2 mm lateral and
0.2mmanterior to Lambda (V1m), 2.8 lateral and 0.2mmanterior to
Lambda (V1b), and 2.5mm lateral and 3.4 anterior to Lambda (S1).
For Emx1-cre32 (JAX catalog # 005628) and B6 PVcre (JAX catalog
#017320) mice, a cre-dependent AAV was used (AAV-PHP.N-SYN1-
flex-CaMPARI2, Canadian Neurophotonics Platform Viral Vector
Core)47. Cortex buffer52 was used consistently to keep the brain wet
during the time of surgery and injections. Following the viral
injection, a cranial window (two glued layers of rectangular glass,
Tower Optical Corporation) was placed carefully (two cranial win-
dows in the case of craniotomy in both hemispheres), and a custom-
made metallic head bar was attached using dental cement (Con-
temporary Ortho-Jet, Lang Dental). Animals were injected with
Buprenorphine (0.1 mg/kg) and Ketoprofen (5 mg/kg, immediately,
24, and 48 h after the surgery) for post-operative care and were
allowed a minimal recovery time of 3 weeks before the start of
experiments.

For recording activity from awake, behaving mice (Figs. 3 and
4), a similar surgical procedure was used with 8-12 week-old
C57BL6/J mice (10 males and 3 females), but the AAV was injected
into 5 locations into the mouse left motor and somatosensory
cortices, according to microstimulation study33 and mouse brain
atlas coordinates51: (1) 1.25/2mm lateral/anterior to Bregma (rostral
forelimb area of the motor cortex, MRFA); (2) 1.25/0mm (caudal
forelimb area of themotor cortex, MCFA); (3) 2/1.5 mm (neck and jaw
regions of the motor cortex, MNJ); (4) 2/0mm (forelimb region of
the primary somatosensory cortex, SFL); and (5) 2.5/−1.75mm
(somatosensory barrel field cortex, close to the border with the
trunk region, SBF). SYN1-NES-his-CaMPARI2-WPRE-SV40 solution
(40 nL) was injected at depths of 250 μm, 500 μm, and 750 μm in
each location. For control experiments (Supplementary Figs. 7–9),
similar procedures were done, where saline was injected instead of
AAV solution for 15 8-12 week-old C57BL6/J male mice. Finally, 12
naïve 8-12 week-old C57BL6/J male mice were also tested (Supple-
mentary Figs. 7–9) without any surgical intervention.
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Recording of visual-evoked activity
Mice were lightly anesthetized (0.5% isoflurane), held on a 37 °C
heating pad, and injected with Chlorprothixene Hydrochloride
(IM, 30 μL of 0.33 mg/mL solution, Santa Cruz). PC of the
CaMPARI2 signal started at least 30 min after the Chlorprothixene
Hydrochloride injection, and after verifying that the mouse was
responsive to pain but not voluntarily moving. The visual stimu-
lation was presented to the mouse’s right or left eye and gener-
ated using the psychophysical toolbox53,54 in MATLAB
(Mathworks) on an LCD monitor (30 × 36 cm2 display, located
15 cm in from of the mouse right eye, tilted 45° with respect to the
nose line, and covered with a blue plexiglass to minimize con-
tamination into the recording channels) that subtended an angle
of ±50° horizontally and ±45° vertically. The visual stimulus con-
sisted of a drifting grating moving in 1 of 8 directions for 4 s,
followed by 8 s of gray display. This stimulation cycle was repe-
ated 5 times. PC light was delivered for 1 s during the presentation
of the drifting grating, 1.5 s after the grating appeared, using an
X-Cite Fire or Xylis lamps (Excelitas) and a 400/40 nm bandpass
filter (Brightline, Semrock) with up to 120 (Fire) or 200 (Xylis) mW
output at the sample plane. For recording of visual-evoked
activity, the PC light covered either a ~12 mm-diameter circle
that included the two cranial windows in it, with an intensity of
~0.9 mW/mm2, or a 5–7 mm-diameter circle that covered one
hemisphere with intensities of up to ~6 mW/mm2. After PC was
completed, CaMPARI2 signal was recorded using a two-photon
microscope with resonant/galvo scanners (Bergamo II, Thorlabs)
with 1040 nm excitation light (Insight X3, Spectra-Physics). Ima-
ges were acquired using ThorImage software (Thorlabs) with 15
frames per second and 1024 × 1024 pixels covering an area of
585 × 585 μm2 of layer II/III neurons. Green and red
CaMPARI2 signals were recorded simultaneously (525/50 nm and
607/70 nm filters, respectively, separated by a 562 nm dichroic
filter, Semrock) using 2 GaAsP PMTs (PMT2100, Thorlabs). For
measuring the decay of red CaMPARI signal over time, the same V1
neurons were monitored immediately after the PC and over the
subsequent 15 days.

For measuring visual-evoked fluorescence changes with
jGCaMP7s10, the same TPLSM system described above was used with
acquisition of 30 frames per second, 512 × 512 pixels, and the sameFOV
size. The same drifting grating movie (with 4 s of drifting grating fol-
lowed by 4 s of gray display) was presented to either the right or the
left eye of the mice, and activity was measured from V1b, V1m, and S1
regions of the left cortical hemisphere to sequentially acquire ipsi-
lateral and contralateral activity data.

Recording of cellular activity from freely-moving animals
All mice were injected with AAV expressing CaMPARI2 and implanted
with cranial windows over their left hemisphere as described above
and were tested in 4 separated cohorts. Eight of these mice were used
for the experiments shown in Fig. 3, and additional 5 were used for the
repeated NOR recordings and correlation between brain activity and
behavior shown in Fig. 4. Following the craniotomy, mice were given
7 days for recovery andwere shipped from the LRI to the OHSU, where
they were given an additional 3 weeks for quarantine and recovery.
N = 8 mice were then randomly divided into 2 groups. Each week, one
group was trained for 2–3 days on one of three behavioral tasks (see
below). The additional 5 mice were tested for exploratory behavior,
measures of anxiety, and object recognition (details below) twice for
two following weeks, to identify the recording reproducibility (data
from the first week’s recording was also grouped with the data recor-
ded from the previous 8 mice). The mouse cranial window was illu-
minated with PC light during the last trial of a given behavioral test. A
broadband light source (X-Cite Xylis, Excelitas) with a 400/40nm
bandpass filter (FBH400-40, Thorlabs) and lightly focused by a

100mm achromat lens (AC254-100-A, Thorlabs) was placed 20 cm
above the arena to illuminate a circular cross-section of 15.25 cm in
diameter in which the CaMPARI PC occurred. The light intensity was
330–485mW, or ~2.65mW/cm2 (~250-fold lower than the maximal
intensity used with head-fixed mice). Mice were placed inside a plastic
enclosure (16.5 cm diameter; TAP plastics) on matte white plastic
flooring to keep them inside the illuminated region, and 15min of PC
illumination were used for each recording to elicit sufficient PC signal
(based upon preliminary experiments we conducted with other mice
to calculate the required light dose and duration).

Activity readouts were acquired using two-photon micro-
scopy 24 h after the PC during the behavioral and cognitive tests.
Mice were anesthetized with isoflurane (4% induction, 1.5% main-
tenance) and put on a heating pad with core body temperature
monitored by a rectal thermometer. Imaging was conducted with a
Zeiss LSM 7 multiphoton microscope (Zeiss instruments), which
utilizes a femtosecond-pulsed Ti: Sapphire laser (Chameleon Ultra
II, Coherent), two BiG.2 GaAsP detectors, and Zen imaging soft-
ware (Zeiss). The laser was tuned to 1040 nm excitation wave-
length at 16 mW when recording from the brain surface and up to
24mW when imaging 300 µm under the pia. Distilled water was
placed on the cranial window to image with a 20×/1.0 water
immersion objective (Zeiss, 421452-9880). We acquired volu-
metric data of layers I and II/III neurons (z-stack of ~100 images
typically from the brain surface, 512 × 512 pixels, 425 µm FOV size,
3 μm step size between adjacent images) with green and red
channels (500–550 nm and 575–610 nm, respectively, with a
560 nm dichroic filter) from all identified CaMPARI2-injected
regions in all animals.

Behavioral testing
(1) Exploratory behavior, measures of anxiety, and object recognition
were assessed in an open field for a total of 4 consecutive days. Days 1
and 2 included exposure to the open field without objects for 5min/
day. Introduction of two identical objects occurred on day 3, and day 4
consisted of replacing one of the familiar objects with a novel one and
400nm illumination over the entire arena. Both days with objects
(3–4) consisted of 15-min trials. Behavior was recordedwith Ethovision
15 XT software. Camera and PC light-guide suspensions over the arena
were built with Thorlabs mechanical component. For the mice that
were tested and recorded twice, the objects were replaced between
the first and second tests.

(2) Sensorimotor performanceon the rotarodwas tested for three
consecutive days containing three trials each. Days 1 and 2 consisted of
a standard rotarod protocol, with a starting speed of 5 RPM that was
increased by 1 RPM every 3 s. On the third day, parameters were
adjusted to a starting speed of 4 RPM, a maximum speed of 12 RPM,
and an increase of 1 RPM every 60 s. This ensured that the animals
remained on the rod for 5min per trial (3× trials per day) and allowed
for full 15-min illumination while on the rod. Experimenters noted the
speed at which the rod was turning when the animal fell off and the
duration of time that the animal was able to stay on the rod before
falling.

(3) Contextual fearmemory over twodays was tested using aMed
Associates mouse fear conditioning system for use with optogenetics
(MED-VFC-OPTO-USB-M,Med Associates). During the training day, the
animal was placed in the plastic arena (described above) that was
located inside a white LED-lit (100 lux) fear conditioning chamber with
a metal grid floor. Animals were habituated to the arena for a 300-s
baseline period, followed by a 2-s, 0.7mA foot shock, administered a
total of 4 times at 60-s intervals. The following day, animals were
placed in the same plastic enclosure within the fear conditioning
chamber and contextual fear memory recall was tested for 15min
under illumination. Movement in the chamber and the percentage of
freezing were automatically determined by the Med Associates
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VideoFreeze automated scoring system (MED-SYST-VFC-USB2, Med
Associates).

Data analysis
Data analysis was performed using custom MATLAB scripts. For seg-
menting the neuronal cell bodies we used the CellPose software55, or in
cases where CellPose yielded low quality outcomes, a semi-automatic
algorithm7 that allows the experimenter to manually detect the somata
location. We compared the performance of the two segmentation
methods on identical data and found that they produced similar results
(Supplementary Fig. 14). For each recording day, we calculated and
corrected the effect of dark current values for the green and red PMT
channels by recording images for each channel with the same exposure
parameters used for the experiments, but with the laser turned off.
Since CaMPARI’s green signal penetrates the red channel29, we calcu-
lated and corrected for the red-to-green contamination ratio by
recording CaMPARI images before PC (pre-PC) and measuring the
contamination ratio. Finally, whenmicewith dual-hemispheric windows
were recorded, the angle of each cortical window was different with
respect to the microscope’s optical axis, and we measured a weak
component of red channel auto-fluorescence for each hemisphere that
was correctedbyfinding the intercept of the linear regression line of the
green and red signals from cells from the same hemisphere before PC
(Supplementary Fig. 15). Following these corrections, we calculated the
post-PC red-to-green ratio (RGR) for all cells in a brain region and used
the median value for comparisons across regions. We note that for the
tested B6 PVcre mice the green expression level of CaMPARI2 was dim-
mer than for the other mouse lines (Emx1-cre and C57BL6/J) and in
addition to the green fluorescence of CaMPARI2, there was also some
red dots that appeared inside and outside the somata before PC. In
order to eliminate bias to our RGR calculations, we updated our
acquisition and analysis scheme for this mouse line only to capture
images of the same FOVs and cells before and after PC for all brain
regions.Weestimated green-to-red contamination from thepre-PCdata
and corrected the values for each mouse. Then, we calculated the RGR
by subtracting the post-PC redby the pre-PC red values for each cell and
dividing the outcome by the same cell’s post-PC green fluorescence.

We calculated the sensitivity index (d′) to measure the separation
between visual and somatosensory cortical regions following the for-
mula mentioned below:

d0 =
ðmeanRGRvisual

�meanRGRsomatosensory
Þ

pð0:5ðvarianceRGRvisual
+ varianceRGRsomatosensory

Þ ð1Þ

For light dose calculations, we consecutively photoconverted the
same brain region several times on the same day and measured the
RGR from all cells after each PC. The light dose was calculated as the
total light intensity for eachPC event divided by the illumination cross-
section and multiplied by the illumination time. For all recording
experiments, which occurred over several years and using different
light sources and in different locations, wemeasured the light intensity
and changed experimental parameters, such as the PC illumination
dimensionand thenumber of illumination cycles, tomaintain the same
light dose values. For recording of two freely-moving mice, where the
light source intensity decreased by 30% due to mechanical failure, we
adjusted the measured RGR values, assuming linearity of the red and
green signals in this range, as we found in Fig. 1d. For analyzing the
recorded images from freely-moving mice, we first averaged every 3
adjacent images (spanning 6μm in the z-axis) and skipped the next 2
images, in order to generate a set of images with minimal overlap of
cells. We performed the same signal corrections as described above
and calculated the RGR for all recorded cells and themedian values for
comparing across brain regions, mice, and tasks.

For calculating visual-evoked fluorescence changes measured by
jGCaMP7s, we registered the recorded movie for small brain

movements56. Then we CellPose to segment the cell bodies and we
integrated the fluorescence changes (Fresp) above the baseline level
(Fbase) during all appearances of the drifting grating stimulation for
each recorded neuron by using the formula:

½sumðFresp=2Þ� sumðFbaseÞ� ð2Þ

Fresp was measured over the 4 s where the visual stimuli were
presented, and Fbase was measured over the 2 s before the appearance
of the respective drifting grating.

All mice were injected in all brain regions during the craniotomy
surgery (either V1b, V1m, and S1, or the five somatomotor regions).
When imaging the CaMPARI fluorescence from the mice, the experi-
menter identified the brain regions according to amapof the injection
locations. In case the expression level was too low in a specific site, this
brain region was not imaged, and in case the expression was identified
as poor during the analysis, the region was excluded. All other brain
regions were included in the analysis.

Statistical comparisons included one-way ANOVA tests, Wilcoxon
Ranksum tests, and paired and two-sample t-tests. All tests were two-
tailed and no additional tests for normality or corrections for multiple
comparisons were incorporated.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All relevant data are included aspart of the supplementary information
or have been deposited in the FigShare database under accession code
https://doi.org/10.6084/m9.figshare.24065970. Source data are pro-
vided with this paper.

Code availability
Custom MATLAB scripts that were used for data analysis have been
deposited in the FigShare database under accession code https://doi.
org/10.6084/m9.figshare.24076851.
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