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Loss of a sensory modality triggers global adaptation across brain areas, allowing the remaining senses to guide behavior more
effectively. There are specific synaptic and circuit plasticity observed across many sensory areas, which suggests potential widespread
changes in activity. Here we used a cFosTRAP2 mouse line to drive tdTomato (tdT) expression in active cells to spatially map the
extent of activity changes in various sensory areas in adult mice of both sexes following two modes of visual deprivation. We found
that in the primary visual cortex (V1), both dark exposure (DE) and enucleation (EN) caused an initial loss of active cells followed by
a partial rebound, which occurred relatively more in the superficial layers. A similar pattern was observed in the secondary visual
cortex, especially in the lateral areas (V2L). The spared primary sensory cortices adapted distinctly. In the primary somatosensory
barrel cortex (S1BF), there was a change in the density of active cells dependent on the duration and the mode of visual deprivation.
In the primary auditory cortex (A1), there was a relative reduction in the density of active cells in the superficial layers without a
significant change in the overall density. There were minimal changes in the active cell density in the secondary cortices of the spared
senses and the multisensory retrosplenial cortex (RSP). Our results are consistent with cross-modal recruitment of the deprived
visual cortex and compensatory plasticity in the spared primary sensory cortices that can support enhanced processing and
refinement of the spared senses.
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Significance Statement

The neural basis for improved processing of the spared senses after losing vision is largely dependent on plasticity mecha-
nisms driven by neural activity. Using a transgenic mouse model to label active neurons in a temporally controlled manner,
this study reveals the spatial pattern of widespread activity changes across brain areas following visual deprivation in adult
mice. The findings suggest that the deprived visual cortex undergoes an initial reduction in activity followed by a rebound
suggestive of cross-modal recruitment. Activity changes in the spared primary sensory cortices conform to compensatory
plasticity, which could support improved processing of the spared senses. The results highlight the presence of large-scale
plasticity in the adult brain to compensate for loss of vision.

Introduction
Vision loss leads to widespread adaptation across brain areas to
allow functional compensation as evident from the ability of
blind individuals to more effectively use the remaining senses
to guide behavior (Bavelier and Neville, 2002; Park and Fine,

2024). A large body of evidence supports the idea that vision
loss triggers plasticity across different sensory cortices, which
can be categorized into plasticity in the deprived sensory areas
to mediate cross-modal recruitment and compensatory plasticity
in the spared sensory cortices (Ewall et al., 2021; Mesik and Lee,
2023). Examples of cross-modal recruitment are activation of
the deprived visual cortex upon braille reading or speech in both
early- and late-onset blind humans (Sadato et al., 1996; Buchel
et al., 1998; Roder et al., 2002; Bedny et al., 2015). Furthermore,
normal adults with blindfolds show an advantage in learning
braille characters than sighted cohorts dependent on activity in
the visual cortex (Merabet et al., 2008) suggesting that cross-modal
recruitment may occur quite rapidly in the adult brain.
Compensatory plasticity has also been observed in blind humans
as a functional expansion of the representation of the braille
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reading finger (Pascual-Leone and Torres, 1993) and auditory cor-
tical areas (Elbert et al., 2002), as well as refinement of tonotopy in
the primary auditory cortex (Huber et al., 2019).

Animal models have been useful in elucidating the cellular
and circuit mechanisms of cross-modal plasticity. Depriving
vision of adult mice for a few days leads to widespread synaptic
plasticity across the primary sensory cortical areas. In the
deprived V1, there is a rather selective potentiation of synapses
serving the lateral intracortical inputs to layers 2/3 (L2/3) without
changes in the strength of synapses that provide feedforward
information (Petrus et al., 2014, 2015; Chokshi et al., 2019).
These synaptic changes are consistent with the idea that vision
loss would enhance the impact of contextual information arriv-
ing in V1 through long-range connections from other brain areas
to serve cross-modal recruitment (Ewall et al., 2021; Mesik and
Lee, 2023). In the spared primary sensory cortices, several days
of vision loss leads to a different type of adaptation, which man-
ifests primarily as potentiation of feedforward synapses in both
the primary somatosensory barrel field (S1BF) and the primary
auditory cortex (A1; Jitsuki et al., 2011; Petrus et al., 2014,
2015). Such plasticity could mediate increased sensitivity to
spared sensory inputs, which has been observed as a decrease
in the threshold of A1 L4 neurons to sound stimuli in visually
deprived adult mice (Petrus et al., 2014). There is also data sup-
porting the functional refinement of cortical circuitry within A1
and S1BF of visually deprived mice (Jitsuki et al., 2011; Meng
et al., 2015, 2017; Solarana et al., 2019). The observed functional
circuit plasticity suggests changes in neural activity across the
sensory areas in response to vision loss.

Immediate early genes (IEGs) have been used widely as report-
ers of neural activity, in particular, IEGs such as c-fos, exhibit rapid
and transient activation ideal for detecting changes in activity
(Flavell and Greenberg, 2008). Furthermore, c-fos expression is trig-
gered by induction of long-term potentiation (LTP; Dragunow
et al., 1989; Nikolaev et al., 1991; Kaczmarek, 1992), which suggests
its utility as a marker for high activity conducive to plasticity. In this
study, to determine the spatial extent of neural activity changes
accompanying visual deprivation, we utilized the cFos-Targeted
Recombination in Active Populations 2 (cFosTRAP2) mouse line
(DeNardo et al., 2019), which when crossed with a reporter line
allows permanent labeling of active neurons at the time of tamoxi-
fen injection. We found that two different modes of visual depriva-
tion, dark exposure (DE) and enucleation (EN), which induce
cross-modal synaptic plasticity across sensory cortices (Goel et al.,
2006; He et al., 2012; Petrus et al., 2014, 2015; Rodriguez et al.,
2018), produce similar but distinct changes in the spatial pattern
of cFosTRAP2-labeled active neurons across sensory cortices.

Materials and Methods
Animals. All animal handling and manipulations were approved by

the Institutional Animal Care and Use Committee (IACUC) at Johns
Hopkins University. Animals were housed under a normal light/dark cycle
(12 h light/dark) until they reached the required age range for experiments
[postnatal day (P) 90–120]. cFosTRAP2 [Fos tm2.1(icre/ERT2)Luo/J, Jax
stock # 030323, RRID:IMSR_JAX:030323; DeNardo et al., 2019] were
crossed with Ai14 [B6.Cg-Gt(ROSA)26Sor tm14(CAG-tdTomato)Hze/J,
Jax stock # 007914, RRID: IMSR_JAX:007914] to generate the cFos-
TRAP2;Ai14 transgenic line. Mice of both sexes were used for all
experiments.

Induction of tdT in active neurons. Labeling of active cortical neurons
was done by intraperitoneal injection of a tamoxifen analog, 4-hydroxyta-
moxifen (4-OHT; 50 μg/g of body weight), to cFos-TRAP2;Ai14 mice.
4-OHT was prepared as in our published study (Mesik et al., 2024).

Injection time was matched across the cohorts and was between
Zeitgeber time (ZT) 10 to 12. Mice were then left for a week to allow for
sufficient expression of tdT before being prepared for perfusion and histol-
ogy. We previously verified that the cFos-TRAP2;Ai14 line shows negligi-
ble background leakage of tdT expression without 4-OHT injection, and
injection of 4-OHT allows sufficient induction of tdT expression 1 week
after sensory experience (Mesik et al., 2024).

Dark exposure. Mice aged between P90 and P120 were randomly
split into the control (normal reared, NR: three males and three females),
2 d dark-exposed (2dDE: three males and three females), and 7 d
dark-exposed (7dDE: three males and two females) groups. The mice
in the dark-exposed groups were placed in a light-tight dark room and
were cared for using infrared goggles (NIGHTFOX Red HD Digital
Night Vision Goggles, model NF-RED). After 2 d (2dDE group) or 7 d
(7dDE group), the mice were given an intraperitoneal injection of
4-OHT to initiate Cre-mediated recombination and kept in the dark-
room for a further week to allow sufficient expression of tdT. DE mice
were singly housed during the time in the darkroom to avoid misidentifi-
cation in the dark and to allow proper dosing of tamoxifen based onmea-
sured body weight. In a second set of experiments, DE mice were group
housed for 7 d in the dark (7dDEg, three females) to control for potential
effects of social isolation. To distinguish each mouse in the dark using
infrared goggles, the fur was dyed with distinct patterns using the
Clairol Nice’N Easy Blonde Hair dye. A cohort of age-matched NR con-
trols (two females) were also dyed with a pattern to match the handling.

Binocular enucleation. Mice (P90–P120) were anesthetized using
isoflurane (5% induction, 2% maintenance) and mounted on a stereo-
taxic apparatus (Kopf) without the use of ear bars. To gain access to
the eyes more easily, the head was rotated sideways, and the eye was
extracted out of the socket using curved tweezers. The eye was then
grabbed at the base by the optic nerve, twisted around at least three times
to prevent bleeding and cutoff using surgical scissors. Finally, eyelids
were glued together using tissue adhesive (Vetbond). After recovery,
the mice were placed back in normal light/dark cycle and given an intra-
peritoneal injection of 4-OHT at 2 or 7 d after binocular enucleation
(2dEN or 7dEN groups, respectively; 2dEN, two males and four females;
7dEN, four males and five females) to induce Cre-mediated recombina-
tion and kept for a further week to allow sufficient expression of tdT.
Mice were then perfused, and their brains were prepared for histology.

Histological analysis of cFos-TRAP2;Ai14 neurons. A week after
tamoxifen injection, mice were deeply anesthetized using isoflurane
vapors. The absence of toe pinch and corneal reflex were used as indicators
of the depth of anesthesia. Mice were kept under isoflurane anesthesia dur-
ing the perfusion using a nose cone and transcardially perfused with
∼10 ml of phosphate-buffered saline (PBS), pH 7.4, followed by ∼10 ml
of 10% formalin solution (Sigma-Aldrich, catalog #HT5012). Mice
were then decapitated, and their brains were extracted and placed in for-
malin solution at 4̊C overnight to be postfixed. A vibratome (Vibratome
1000 Plus, Ted Pella) was used to make 100-μm-thick coronal sections
from the postfixed brains. Seven sections were selected per mouse
(Table 1) that spanned anterior to posterior regions of the brain intend-
ing to match these sections across all animals. The sections were counter-
stained with DAPI (1:1,000), mounted, coverslipped with ProLong

Table 1. Atlas plates corresponding to brain sections imaged

Plate Displacement from interaural line (mm) Displacement from bregma (mm)

39 2.86 −0.94
45 2.10 −1.70
48 1.74 −2.06
51 1.34 −2.46
55 0.88 −2.92
58 0.52 −3.28
63 −0.88 −3.88
Atlas plate numbers are from The Mouse Brain in Stereotaxic Coordinates, Second Edition (Paxinos and Franklin,
2001).
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Antifade mounting media (Thermo Fisher Scientific), nail polish sealed,
and stored in a light-tight slide box. The slides were imaged on a confocal
microscope (LSM 700, Zeiss) using the 10× objective. Tiled images were
taken of either the whole brain section or separately for each hemisphere
at a frame size of 1,024× 1,024 pixels and stitched together using the tile
function. Confocal imaging settings were kept the same across all imag-
ing sessions. Image analysis, described below, was done using custom
scripts in QuPath (Bankhead et al., 2017) and MATLAB (MathWorks)
after registering the brain sections to the Allen Mouse Brain Common
Coordinate Framework (CCF; see details below).

cFos-TRAP2;Ai14 cell density analysis. Images for analysis were con-
verted to 8 bit .tiff files using FIJI (Schindelin et al., 2012). Using QuPath
(Bankhead et al., 2017), a project was made for the slices corresponding
to a single mouse. The QuPath project was then imported into the ImageJ
plugin Aligning Big Brains & Atlases (ABBA; https://biop.github.io/ijp-
imagetoatlas/), which employs the Allen Brain Atlas V3p1 for the adult
mouse brain. The interactive transform tool was used to register the
coronal sections to the best matching atlas plates, and the registered
slices with annotated brain areas (regions of interest, ROIs) were
exported back to QuPath. Using the registrations, ROIs were loaded
onto the images as annotations and manually adjusted. The parameters
to detect the tdT-positive (tdT+) cells were set as threshold = 80, mini-
mum area = 40 µm2, maximum area = 400 µm2, and sigma = 1.5. The
cell detection script was run, and the number and x–y coordinates of cells
within each region were exported along with the area of the regions. The
number of cells and the area of each region were used to calculate the den-
sity per region. The custom scripts used were generated by Y. Song (https://
github.com/heykyounglee/QuPathScripts_CellDensity_CellDepth).

Cell depth profile analysis. In a separate QuPath project, the pia of the
coronal sections was labeled with points. The x–y coordinates for these
points were exported, and using a customMATLAB (MathWorks) script
(https://github.com/heykyounglee/CellDepthAnalysisWithROI), the lin-
ear distance of each cell from the pia was calculated. Fractions of cells
were binned into 100 μm distances from the pia surface for each group.
This value was multiplied by the median density of tdT+ cells of each
group to generate the tdT+ cell density across the depth from pia plots.
In addition, relative fractions of cells per 100 µm depth were calculated
for each section to statistically determine a relative shift in the distribu-
tion of tdT+ cells across the depth.

Behavioral analysis. To monitor potential behavioral changes as a
result of visual deprivation, cFosTRAP2;Ai14 mice were randomly split
into two groups: DE (four males and five females) and EN (four males
and four females). Mice were video recorded in their home cage a day
prior (−1 d, NR) to visual deprivation and afterward at 2 and 7 d
(2dDE/2dEN and 7dDE/7dEN). DE mice were housed singly the day
prior and for the duration of DE to be consistent with the conditions
used for labeling active cells. To track the group-housed mice in the
EN groups across multiple days, some were randomly selected to have
their fur dyed with a pattern for identification. Each video recording
was done using a camera mounted above the cage without the lid. The
video camera used for monitoring DE mice (KJK Trail Camera, model
KJK-LCK228) operates wirelessly on a rechargeable battery and has a
built-in infrared light (950 nm wavelength) for capturing images in com-
plete darkness without any potential for light exposure. The camera has a
small visible LED light, which was occluded. EN mice were monitored
using a wired video camera (Green Backyard HD Bird camera kit; model
4946-09). Recordings were performed for 1 h during the same time win-
dow (ZT10–ZT12) in which the mice used in the tdT+ cell density mea-
surements were injected with 4-OHT for trapping activity. Behavioral
analysis was manually scored using Behavioral Observation Research
Interactive Software (BORIS; Friard and Gamba, 2016).

Experimental design and statistical analysis
Experimental design was done to allow statistical comparison
between NR, 2dDE, 7dDE, 2dEN, and 7dEN groups. All
statistical analyses were done using Prism (GraphPad) and R

(https://www.r-project.org) programs. Most of the datasets on cell
density measurement were not normally distributed (Shapiro–
Wilk test: p>0.05); hence the Aligned Rank Transform (ART)
for nonparametric factorial data analysis (Wobbrock et al., 2011)
was done using the ARTool package (v.2.1.2) for R (https://cran.
r-project.org/web/packages/ARTool/index.html). Cell density in
each ROI per brain section was taken as a data point (n).
Outliers were removed from the final dataset using the robust
regression and outlier removal (ROUT) method with the ROUT
coefficient (Q) = 1%. Most of the data displayed clustering effect
due to animal-to-animal variability as determined by the intra-class

correlation (ICC = s2
b

s2
b+s2

e
, where s2

b is the between-class variance

and s2
e is the within-class variance) > 0.4. The clustering effect

was taken into consideration for statistical analysis by setting the
animal as a random effects variable in the linear mixed effects
(LME) model within the ARTool. For datasets with p < 0.05
from the LME model nonparametric one-way ANOVA
(ARTool), pairwise comparisons were made to determine the
differences between experimental groups using post hoc tests in
the ARTool. Cell density data are presented in box and whisker
plots, where the box outlines 25 and 75% of rangeswith a line inside
that correspond to the median value and the whiskers show the full
range of data (minimum and maximum values). For comparisons
of the depth profile of relative fractions of tdT+ cells, two-way
ANOVA was used to determine the interaction between experi-
mental groups and depth from pia. For cortical areas that showed
significant interactions (p value < 0.05), Tukey’s multiple-
comparisons post hoc test was used to determine at which depths
there were significant differences in the relative fraction of tdT+

cells across the experimental groups. For comparing each cate-
gory of behavior for DE and EN groups before and after visual
deprivation, two-way ANOVA was used to determine the inter-
action between the sensory manipulation across different days. A
p value < 0.05 was used as the measure of statistical significance.
Specific statistical analyses and exact p values are detailed in each
figure legend. Final datasets are available on the Mendeley Data
(https://DOI.ORG/10.17632/dgv8jrxt4w.1).

Code accessibility
Custom-made analysis codes are publicly available through
GitHub (www.github.com) with the links provided above.

Results
The main goal of this study was to determine the spatial extent of
changes in active neurons across various sensory cortical areas
following visual deprivation. To determine the spatial extent of
neural activity changes, we used the cFosTRAP2;Ai14 mouse
line (Fig. 1A), which expresses tdT in active neurons within a
6 h window around the time of 4-OHT injection (DeNardo
et al., 2019). Two different modes of visual deprivation were
used: dark exposure (DE), which removed all visual inputs while
the retina remained intact, and enucleation (EN), where both
eyes were surgically removed. The former models vision loss
without physical damage and leaves spontaneous retinal activity
intact, while the latter models retinae and optic nerve damage.
Visual deprivations were done for 2 and 7 d to determine
whether the duration of vision loss alters the outcome of neural
activity adaptation. We previously reported minimal leakage of
tdT expression in the absence of 4-OHT and induction of tdT
in ipsilateral visual areas upon monocular deprivation (Mesik
et al., 2024). However, we observed that the model was not robust
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in inducing tdT in subcortical regions (Mesik et al., 2024), hence
here we mainly focused our analyses on cortical areas.

To label the active neurons with tdT as a fluorescent marker,
we injected 4-OHT into five groups of adult mice (P90∼120;
Fig. 1B): A group of normal reared (NR) mice, which were
kept in 12 h light/dark cycle, two groups of mice that were placed
in complete darkness (dark exposed, DE) for 2 d (2dDE) or 7 d
(7dDE) prior to the 4-OHT injection, and two groups of mice
that underwent enucleation (EN) for 2 d (2dEN) or 7 d (7dEN)
prior to the 4-OHT injection. Mice were kept for an additional
7 d, which is needed to produce sufficient tdT expression for
visualization of active neurons around the time of 4-OHT injec-
tion (DeNardo et al., 2019), before the brains were fixed and sec-
tioned for imaging.We selected seven sections from each brain to
roughly correspond to similar coronal section planes (see Table 1
for details) to allow imaging of relevant cortical areas. Using the
DAPI counterstain images, we aligned each half hemisphere

confocal images (tile scanned) to the Allen Brain Atlas for the
adult mouse brain using the ABBA software to delineate the
borders of each cortical area of interest (see Materials and
Methods for details; Fig. 1C–F). We focused our analysis on
primary sensory cortical areas (primary visual, somatosensory,
and auditory cortices), secondary sensory cortical areas
(secondary visual, somatosensory, and auditory cortices), and
the retrosplenial cortex (RSP) as a representative multisensory
cortical area. Active cells labeled by tdT were selected using the
QuPath image analysis software (see Materials and Methods
for details; Fig. 1G–I). The density of labeled cells was calcu-
lated for each cortical area and the depth of each cell from
pia was analyzed for each area of interest. Example image plates
from each experimental group are shown in Figure 2A. We
found that almost all of the tdT-positive (tdT+) cells in the cor-
tex are neurons, as observed by double labeling with a neuronal
marker, NeuN (Fig. 2B).

Figure 1. Using cFosTRAP2;Ai14 mice for spatial mapping of active neurons with visual deprivation. A, Schematics of cFosTRAP2;Ai14. cFosTRAP2 mice were crossed with Ai14 to generate
cFosTRAP2;Ai14, which allows expression of tdT in active neurons at the time of intraperitoneal (i.p.) injection of 4-OHT. B, Schematics of the experimental groups. Adult mice were divided into
five groups: A control normal reared (NR) group kept in a normal light/dark cycle, dark-exposed (DE) groups kept in a light-tight darkroom 2 d (2dDE) or 7 d (7dDE) prior to 4-OHT injection, and
binocular enucleation (EN) groups, which were enucleated either 2 d (2dEN) or 7 d (7dEN) prior to 4-OHT injection. Brains were collected 7 d after 4-OHT injection, sectioned, counterstained with
DAPI, and processed for histology. C–I, Image analysis pipeline using QuPath and ABBA image analysis programs. See Materials and Methods for details. C, An example of a tiled confocal image
(taken using a 10× objective lens) of DAPI-stained coronal section used for the alignment. This example is from a NR mouse. D, DAPI-stained image section was imported into the ABBA software
and aligned to the Allen Brain Atlas V3p1 for the adult mouse brain. E, Brain area boundaries from the Allen Brain Atlas are overlaid on the DAPI image section. F, Cortical regions of interest
(ROIs) were selected from the area outlines and the boundaries were further adjusted to match the image section. Annotations: 1, RSPv (retrosplenial area, ventral part); 2, RSPd (retrosplenial
area, dorsal part); 3, RSPagl (retrosplenial area, lateral agranular part); 4, VISpm (posteriomedial visual area); 5, VISam (anteromedial visual area); 6, VISp (primary visual area); 7, VISrl (ros-
trolateral visual area); 8, VISal (anterolateral visual area); 9, SSp-bfd (primary somatosensory area, barrel field); 10, SSs (supplemental somatosensory area); 11, AUDd (dorsal auditory area); 12,
AUDp (primary auditory area); 13, AUDv (ventral auditory area). G, An image of the corresponding tdT channel is shown. H, Selected ROIs are overlaid on the tdT image section. ROI numbers
correspond to labels in panel F. The right panel shows the zoomed-in image corresponding to the yellow outlined box in the left panel. Note tdT+ cortical cells. I, tdT+ cells are selected (shown
with red outlines) using the QuPath software for quantification of cell density and depth from pia as detailed in the Materials and Methods. ROI numbers correspond to labels in panel F.
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Differences in active cell density across the brain areas in
normal controls
We analyzed tdT+ cell density across 18 brain areas, including
sensory cortices and sensory thalamic nuclei (Fig. 2C).
Secondary visual areas were grouped into ones that are located
lateral (V2L) and medial (V2M) to V1 for analysis. The primary
somatosensory cortex was divided into barrel fields (S1BF) and
other S1 areas (S1 other) for evaluation. Subdivisions of the retro-
splenial cortex (RSP) were grouped for analysis. We compared
the tdT+ cell density across the 18 areas in normal reared (NR)
controls and found significant differences across areas (Fig. 2C,
Table 2). In general, the cortical areas showed significantly higher

density of tdT+ cells compared with thalamic areas. The ventral
lateral geniculate nucleus (vLGN), which is largely composed
of GABAergic neurons (Harrington, 1997; Inamura et al., 2011;
Sabbagh et al., 2021) and is part of a nonimaging forming visual
pathway (Hattar et al., 2002; Lazzerini Ospri et al., 2017), was an
exception with the highest density of tdT+ cells among the tha-
lamic nuclei, quite comparable with the cortical areas. The visual
cortical areas (V1, V2L, and V2M) showed significantly higher
densities of tdT+ cells compared with all other regions. S1BF
showed higher density compared with S1 other and the second-
ary somatosensory cortex (S2). The primary auditory cortex (A1)
and RSP had a similar density of tdT+ cells as in S1BF. Most

Figure 2. Example coronal section images from each experimental group. A, Coronal image sections from each experimental group were selected to correspond to plate 55 of the Mouse Brain
Stereotaxic Coordinates (Paxinos and Franklin, 2001; see Table 1 for coordinates). Top rows, DAPI-stained images. Bottom rows, tdT images. Outlined area boundaries are ROIs matched to the
Allen Brain Atlas for adult mouse brains. ROI numbers are the same as listed in Figure 1F legend. B, tdT+ cortical cells are mostly neurons. Confocal tiled image (20× objective lens) of a cortical
brain section stained with a neuronal marker NeuN. First panel, DAPI counterstain. Second panel, NeuN staining. Third panel, tdT imaging. Fourth panel, Overlay (blue, DAPI; green, NeuN; red,
tdT). C, Comparison of tdT+ cells from NR controls across the brain areas examined in this study. Visual areas are colored in spectrums of red, somatosensory areas are in spectrums of green,
auditory areas are in spectrums of blue, and a multisensory area (retrosplenial cortex, RSP) is shown in gray. Visual areas have a significantly higher density of tdT expression compared with other
sensory areas. Thalamic areas display very low tdT+ cell density compared with cortical areas, except the ventral LGN (vLGN), which largely contains GABAergic neurons. Data values plotted in the
graph are noted under subsequent figure legends for each brain area. LME model nonparametric one-way ANOVA test (ARTool): F(17,615.633) = 62.536, p< 0.0001. Pairwise-comparisons post hoc
test p values are compiled in Table 2. Abbreviations: V1, primary visual cortex; V2L, lateral areas of the secondary visual cortex; V2M, medial areas of the secondary visual cortex; S1BF, primary
somatosensory cortex barrel fields; S1other, primary somatosensory cortex other than the barrel fields; S2, secondary somatosensory cortex; A1, primary auditory cortex; AuD, dorsal secondary
auditory cortex; AuV, ventral secondary auditory cortex; RSP, retrosplenial cortex; dLGN, dorsal lateral geniculate nucleus; vLGN, ventral lateral geniculate nucleus; LP, lateral posterior thalamic
nucleus; VPM, ventral posteromedial thalamic nucleus; PO, posterior thalamic nuclear group; MGBv, ventral portion of the medial geniculate body; MGBd, dorsal portion of the medial geniculate
body; MGBm, medial portion of the medial geniculate body.
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sections of thalamic areas had no tdT+ cell counts, except for
vLGN, confirming our previous conclusion that cFosTRAP2;
Ai14 may not be an optimal model for examining activity pat-
terns in the sensory thalamus (Mesik et al., 2024).

Visual cortices show a reduction in active cell density followed
by a partial rebound
We first examined the changes in tdT+ cell density in V1 follow-
ing visual deprivation (Fig. 3). We found that both DE and EN
produced a statistically significant decrease in the tdT+ cell den-
sity at 2 d (2dDE and 2dEN) followed by a partial rebound after
7 d (Fig. 3B). To qualitatively determine the tdT+ cell density
changes as a function of the depth from pia, we normalized the
fraction of labeled cells per depth from pia to the median density
of tdT+ cells for each experimental group (Fig. 3C). This revealed
that the density changes were happening largely in the superficial
depths (100–400 µm from pia). To evaluate whether the changes
were uniform across the depth of the cortex, we compared the
relative fraction of tdT+ cells at different depths from pia between
the groups (Fig. 3D). We found a statistically significant decrease
in the fraction of tdT+ cells in the superficial depths (∼100 µm
from pia for DE groups and 200 µm depth for EN groups) corre-
sponding to upper L2/3 and a relative increase in the tdT+ cells at
a deeper depth (∼600 µm from pia for both DE and EN) which
roughly corresponds to L5. This suggests that the initial decrease
in active cell density is largely driven by a disproportionally
greater decrease in the superficial layers. The relative distribu-
tions of tdT+ cells in 2dDE and 7dDE groups were largely similar
in the superficial depth suggesting that the rebound in active cell
density with longer duration DE is relatively dampened in the
superficial layers. In contrast, 7dEN recovered the relative pro-
portion of active cells in the superficial layers (200–400 µm
depth), which suggests that the rebound activation of superficial
layers is more prominent with this more severe mode of visual
deprivation. Collectively these results suggest that both modes
of visual deprivation cause an initial decrease in active cells,
more prominently in the superficial layers, which is followed
by a more notable partial rebound with EN compared with DE.

A similar adaptation was observed in the secondary visual
cortical areas (Fig. 4), which we grouped into two categories: lat-
eral (V2L; Fig. 4A–D) and medial (V2M; Fig. 4E–H). There was a
decrease in tdT+ cell density following 2 d of DE or EN followed
by a partial rebound at 7 d (Fig. 4B,F). The difference was statis-
tically significant for V2L and only observed as a trend in V2M.
Similar to what we observed in V1, most of the density changes
occur in the superficial depths (100–400 µm from pia; Fig. 4C,G).
When looking at the relative fractions of tdT+ cells across the
depths, 2 d of visual deprivation caused a relative shift from

Figure 3. In V1, both DE and EN decrease the density of tdT+ cells followed by a partial
rebound after 7 d with a relatively greater reduction in superficial depths. A, Example images
of V1 sections across groups. Both DAPI and tdT images are shown side by side as labeled for
NR, 2dDE, 7dDE, 2dEN, and 7dEN. Tiled confocal images taken at 10× were cropped and
rotated to align the pia and white matter (WM) for display. B, Quantification of tdT+ cell
density in V1 across groups displayed as box and whisker plot. Median value with interquartile
range (IQR): NR = 44.3 (IQR 23.6–56.2) mm−2, n= 40 sections from six mice; 2dDE = 11.4
(IQR 7.8–20.1) mm−2, n= 24 sections from four mice; 7dDE = 27.7 (IQR 14.1–39.1) mm−2,
n = 17 sections from four mice; 2dEN = 2.1 (IQR 1.0–5.9) mm−2, n= 36 sections from seven
mice; 7dEN = 19.3 (IQR 8.3–29.2) mm−2, n= 43 sections from eight mice. LME model non-
parametric one-way ANOVA test (ARTool): F(4,23.98) = 4.8787, p= 0.0051. Pairwise-compari-
sons post hoc test: *p< 0.05 and ***p< 0.005. C, Depth profile of tdT+ cell density in each
group normalized to the respective median density shown in panel B. Shaded areas outline

!
95% confidence intervals. Left graph, Comparison of NR, 2dDE, and 7dDE groups. Right graph,
Comparison of NR, 2dEN, and 7dEN groups. D, Relative fraction of tdT+ cells across the depth
of V1. Left graph, Comparison of NR, 2dDE, and 7dDE groups. Two-way ANOVA: Interaction
between group and depth, F(24,936) = 2.496, p< 0.0001. Tukey’s multiple-comparison post
hoc test, * or #p< 0.05, **p< 0.01, ***p< 0.005 (light purple asterisks, between NR
and 2dDE; dark purple asterisks, between NR and 7dDE; dark purple hashtags, between
2dDE and 7dDE). Right graph, Comparison of NR, 2dEN, and 7dEN groups. Two-way
ANOVA: Interaction between group and depth, F(24,1300) = 2.052, p= 0.002. Tukey’s multiple-
comparison post hoc test, * or #p< 0.05, ** p< 0.01, *** or ###p< 0.005 (light blue aster-
isks, between NR and 2dEN; dark blue hashtags, between 2dEN and 7dEN). Average ± SEM
values are plotted. Symbols: NR, gray circles; 2dDE, light purple triangles; 7dDE, dark purple
squares; 2dEN, light blue triangles; 7dEN, dark blue squares.
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Figure 4. Secondary visual areas show a reduction in tdT+ cells with a relatively larger decrease in the superficial depths after visual deprivation with a partial rebound. A–D, Results from the
lateral visual areas (V2L), which include VISl (visual area, lateral), VISal (visual area, anterolateral), and VISrl (visual area, rostrolateral) areas of the Allen Brain Atlas. E–H, Results from the medial
visual areas (V2M), which include VISa (visual area, anterior), VISam (visual area, anteromedial), and VISpm (visual area, posteromedial) of the Allen Brain Atlas. A, E, Example images of V2L
(panel A) and V2M (panel E) sections across groups. Both DAPI and tdT images are shown side by side as labeled for NR, 2dDE, 7dDE, 2dEN, and 7dEN. Tiled confocal images taken at 10× were
cropped and rotated to align the pia and WM for display. B, F, Quantification of tdT+ cell density in V2L (panel B) and V2M (panel F) displayed as box and whisker plots. For V2L, median value
(IQR): NR = 39.3 (IQR 15.9–58.7) mm−2, n= 52 sections from six mice; 2dDE = 11.8 (IQR 4.5–25.4) mm−2, n= 29 sections from five mice; 7dDE = 17.7 (IQR 5.2–34.4) mm−2, n= 28 sections
from five mice; 2dEN = 5.4 (IQR 1.4–15.5) mm−2, n= 51 sections from seven mice; 7dEN = 25.0 (IQR 11.4–45.3) mm−2, n= 60 sections from nine mice. LME model no-parametric one-way
ANOVA test (ARTool): F(4,26.919) = 3.5455, p= 0.019. Pairwise-comparisons post hoc test: *p< 0.05 and ***p< 0.005. For V2 M, median value (IQR): NR = 42.3 (IQR 17.7–59.3) mm−2, n = 57
sections from six mice; 2dDE = 19.3 (IQR 7.5–30.9) mm−2, n= 33 sections from six mice; 7dDE = 12.4 (IQR 4.5–38.0) mm−2, n= 32 sections from five mice; 2dEN = 5.1 (IQR 1.7–24.6) mm−2,
n = 62 sections from seven mice; 7dEN = 19.7 (IQR 7.5–30.5) mm−2, n= 64 sections from nine mice. LME model nonparametric one-way ANOVA test (ARTool): F(4,28.011) = 1.9356, p= 0.132.
C, G, The depth profile of tdT+ cell density in each group normalized to the respective median density shown in panels B (for V2L) and F (for V2M). Shaded areas outline 95% confidence intervals.
Left graphs, Comparison of NR, 2dDE, and 7dDE groups. Right graph, Comparison of NR, 2dEN, and 7dEN groups. D, H, Relative fraction of tdT+ cells across the depth of V2L (panel D) and V2M
(panel H). Left graphs (purple symbols), Comparison of NR, 2dDE, and 7dDE. For V2L (panel D), two-way ANOVA: Interaction between group and depth, F(24,1495) = 2.709, p< 0.0001. Tukey’s
multiple-comparisons post hoc test, * or #p< 0.05, *** or ###p< 0.005 (light purple asterisks, between NR and 2dDE; dark purple hashtags, between 2dDE and 7dDE). For V2M (panel H),
two-way ANOVA: Interaction between group and depth, F(24,1989) = 3.718, p< 0.0001. Tukey’s multiple-comparisons post hoc test, * or #p< 0.05, **p< 0.01, *** or ###p< 0.005 (light purple
asterisks, between NR and 2dDE; dark purple hashtags, between 2dDE and 7dDE; light gray asterisks, NR is different from both 2dDE and 7dDE). Right graphs (blue symbols), Comparison of NR,
2dEN, and 7dEN. For V2L (panel D), two-way ANOVA: Interaction between group and depth, F(24,2275) = 1.294, p= 0.1537. For V2M (panel H), two-way ANOVA: Interaction between group and
depth, F(20,2255) = 4.636, p< 0.0001. Tukey’s multiple-comparisons post hoc test, * or #p< 0.05, ** or ##p< 0.01, ***p< 0.005 (light blue asterisks, between NR and 2dEN; dark blue
asterisks, between NR and 7dEN; dark blue hashtags, between 2dEN and 7dEN; black asterisks, all three groups are different from each other). Average ± SEM values are plotted.
Symbols: NR, gray circles; 2dDE, light purple triangles; 7dDE, dark purple squares; 2dEN, light blue triangles; 7dEN, dark blue squares.
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superficial to deeper depths, except for the V2L EN group which
showed no change in the relative distribution at 2 or 7 d (Fig. 4D,
H). With 7 d of visual deprivation, the relative shift in distribu-
tion was mostly normalized, except at ∼200 µm depth where it
stayed relatively low compared with NR. These results suggest
that the secondary visual areas adapt very similarly to V1 while
showing a potential difference in the degree of change between
the lateral and medial areas with a more visible rebound with
EN compared with DE.

Somatosensory cortical areas show minimal changes in the
density of active neurons, except in the barrel fields
To determine whether visual deprivation leads to change in the
activity of the somatosensory cortical areas, we examined tdT+

cell density in the primary somatosensory cortex (S1), which
were separately analyzed for the barrel fields (S1BF) and the other
S1 areas (S1 other; Fig. 5), and the secondary somatosensory cor-
tical area (S2; Fig. 6). We only observed a statistically significant
difference in the tdT+ cell density across the experimental groups
in S1BF, where there was a decrease in density for 7dDE and
2dEN compared with the 7dEN group with pairwise post hoc
analysis (Fig. 5B). This suggests an opposite trend of a change
in the density of active cells between DE and EN, which was
also evident when plotting the median density across the depths
(Fig. 5C). The relative distribution of tdT+ cells across the depth
of S1BF did not significantly change for DE groups, but there was
a statistically significant relative decrease at ∼400 µm depth with
2 d of EN which normalized by 7 d (Fig. 5D). We observed sim-
ilar trends in the other S1 areas (Fig. 5E,F) and S2 (Fig. 6B,C),
which did not reach statistical significance.

Auditory cortical areas show a relative shift in the depth
profile of active cells without overall changes in density
Next, we quantified tdT+ cell density in the primary auditory (A1),
dorsal auditory (AuD), and ventral auditory (AuV) cortical areas
(Figs. 7, 8) and found no statistically significant change in the den-
sity of tdT+ cells with both modes of visual deprivation (Figs. 7B,
8B,F). Qualitatively, there was a decrease in the median tdT+ cell
density around lower superficial layers (depth of 250–400 µm
from pia) in A1 with visual deprivation (Fig. 7C) and a statistically
significant decrease in a relative proportion of tdT+ cells at
∼300 µm depth (Fig. 7D). These results in A1 suggest that there
is a persistent shift in the relative depth distribution of tdT+ cells
away from the superficial layer without significant changes in the
overall density following both modes of visual deprivation.

Retrosplenial cortical areas did not show significant changes
in the density of active cells
We also looked at the retrosplenial cortex (RSP) as an example of a
multisensory cortical area and found no statistically significant
change in the density of tdT+ cells with visual deprivation. There
was only a trend of a decrease with a longer duration of DE and
an opposite trend with EN (Fig. 9). While there were qualitative
changes in themedian density of tdT+ cells in the superficial depths
(100–400 µm from pia), there was only a statistically significant
increase in the relative proportion of tdT+ cells at very superficial
depth (∼100 µm depth) with DE (Fig. 9D). These data suggest
that there is minimal change in active cell density in this higher
order multisensory cortical area with visual deprivation.

Changes in the sensory thalamic nuclei
Although cFosTRAP2 induction in the thalamus was quite min-
imal compared with the cortical areas (Fig. 2C), we found

regulation with visual deprivation (Fig. 10). These results, how-
ever, should be taken with caution, because the number of
detected cells in most sections is zero (Fig. 10A); hence even a
slight misalignment of the delineated borders could lead to an
apparent change in density, especially considering the small
size of these thalamic nuclei. With such caveats in mind, we
found that the density of tdT+ cells in dLGN was reduced to
zero in all sections examined with both visual deprivation para-
digms (Fig. 10B), which is consistent with expectations. vLGN,
which is largely GABAergic (Harrington, 1997; Inamura et al.,
2011; Sabbagh et al., 2021) and is a target of intrinsically photo-
sensitive retinal ganglion cells (ipRGCs; Hattar et al., 2002), had
the highest basal level of cFosTRAP2 induction among the tha-
lamic nuclei analyzed (Fig. 2C) and showed a trend of a decrease
in the density of tdT+ cells with visual deprivation (Fig. 10C). LP,
a higher order visual thalamus equivalent to the pulvinar in
higher mammals (Cortes et al., 2024), showed a time-dependent
reduction in tdT+ cell density with DE and an opposite trend with
EN (Fig. 10D). Both the primary somatosensory thalamic nucleus
(VPM; Fig. 10E) and the higher order somatosensory thalamic
nucleus (PO; Fig. 10F) showed similar results, albeit differences
in magnitude, where there were significant increases in tdT+

cell density with visual deprivation, especially with 2dDE and
7dEN. There were barely any tdT+ cells in the auditory thalamic
nuclei in NR controls (Fig. 10G–I), but we observed a significant
increase in the primary auditory thalamic nucleus (MGBv;
Fig. 10G) with 7dEN and in one of the higher order auditory tha-
lamic nuclei (MGBm; Fig. 10I) with both DE and EN. These
results suggest that while cFosTRAP2 mice may not be the best
model to examine activity changes in the thalamus, there is likely
sufficient change in activity within these structures following
visual deprivation that can be detected using this model.

Basic behavioral measures did not differ between DE and EN
To determine potential changes in behavior with visual depriva-
tion, we monitored their behavior during an hour period to
match the time of tamoxifen injection (ZT10∼ZT12) for labeling
active cells. Mice were imaged a day before visual deprivation by
DE or EN and subsequently monitored 2 and 7 d afterward in
their home cage. Behaviors in the darkroom were recorded under
infrared light (950 nm) to avoid light exposure. Video recordings
of the behavior were coded before being analyzed to prevent
potential bias, and the duration of time spent for nine different
behavioral categories was quantified for each mouse (Fig. 11A).
Mice spent most of their time walking around or climbing the
walls with greater time spent climbing after visual deprivation,
which did not differ significantly between DE and EN
(Fig. 11B). There was no statistically significant difference in per-
centage of time spent on any of the behavioral categories for DE
and EN mice prior to and after visual deprivation (Fig. 11B),
except for the social interaction category. DE mice were singly
housed from the day before and during DE to mimic the condi-
tion used for the cFosTRAP2 labeling, which was done to allow
weight measure of each mouse prior to DE needed for proper
dosing of tamoxifen injections performed in the dark. In group-
housed EN mice, ∼10% of the time was spent on social interac-
tions, which did not differ before (−1 d, NR) or after EN
(Fig. 11A).

Considering the opposite direction of change in tdT+ cell den-
sity in S1BF following DE and EN (Fig. 5A), we examined
whether it could have resulted from the difference in social inter-
actions. To do this, we repeated 7dDE with a cohort of group-
housed cFosTRAP2;Ai14 mice (7dDEg). To distinguish each
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Figure 5. Differential changes in tdT + cell density with DE and EN in S1BF and a similar trend seen in S1 other areas. A–D, Results from the primary somatosensory barrel cortex (S1BF).
E–H, Results from other S1 areas, which include SSp-ll (primary somatosensory area, lower limb), SSp-tr (primary somatosensory area, trunk), SSp-ul (primary somatosensory area, upper limb),
SSp-n (primary somatosensory area, nose), and SSp-un (primary somatosensory area, unassigned) in the Allen Brain Atlas. A, E, Example images S1BF (panel A) and S1 other, which corresponds
to SSp-ll (panel E) sections across groups. Both DAPI and tdT images are shown side by side as labeled for NR, 2dDE, 7dDE, 2dEN, and 7dEN. Tiled confocal images taken at 10× were cropped and
rotated to align the pia and WM for display. B, F, Quantification of tdT+ cell density in S1BF (panel B) and S1 other (panel F) displayed as box and whisker plots. For S1BF, median value (IQR):
NR = 30.6 (IQR 15.2–39.2) mm−2, n= 35 sections from six mice; 2dDE = 27.8 (IQR 10.3–36.1) mm−2, n= 26 sections from six mice; 7dDE = 6.1 (IQR 2.9–9.0) mm−2, n= 25 sections from five
mice; 2dEN = 5.6 (IQR 1.7–25.6) mm−2, n= 41 sections from seven mice; 7dEN = 40.0 (IQR 12.0–72.7) mm−2, n= 50 sections from nine mice. LME model nonparametric one-way ANOVA test
(ARTool): F(4,28.00) = 2.8400, p= 0.0428. Pairwise-comparisons post hoc test: *p< 0.05 and ***p< 0.005. For S1 other, median value (IQR): NR = 11.8 (IQR 5.8–24.0) mm−2, n= 17 sections
from five mice; 2dDE = 30.4 (IQR 10.1–65.8) mm−2, n= 18 sections from six mice; 7dDE = 4.2 (IQR 1.6–5.9) mm−2, n= 17 sections from five mice; 2dEN = 4.0 (IQR 1.6–24.8) mm−2, n= 22
sections from six mice; 7dEN = 16.4 (IQR 5.3–36.6) mm−2, n= 23 sections from nine mice. LME model nonparametric one-way ANOVA test (ARTool): F(4,25.44) = 1.778, p= 0.164. C, G, The depth
profile of tdT+ cell density in each group normalized to the respective median density shown in panels B (for S1BF) and F (for S1 other). Shaded areas outline 95% confidence intervals. Left
graphs, Comparison of NR, 2dDE, and 7dDE groups. Right graph, Comparison of NR, 2dEN, and 7dEN groups. D, H, Relative fraction of tdT+ cells across the depth of S1BF (panel D) and S1 other
(panel H). Left graphs (purple symbols), Comparison of NR, 2dDE, and 7dDE. For S1BF (panel D), two-way ANOVA: Interaction between group and depth, F(24,1092) = 0.9309, p= 0.5592. For S1
other (panel H), two-way ANOVA: Interaction between group and depth, F(24,1547) = 1.332, p= 0.1305. Right graphs (blue symbols), Comparison of NR, 2dEN, and 7dEN. For S1BF (panel D),
two-way ANOVA: Interaction between group and depth, F(24,1378) = 2.227, p= 0.0006. Tukey’s multiple-comparisons post hoc test, #p< 0.05, **p< 0.01, ###p< 0.005 (light blue asterisks,
between NR and 2dEN; dark blue hashtags, between 2dEN and 7dEN). For S1 other (panel H), two-way ANOVA: Interaction between group and depth, F(24,2015) = 1.330, p= 0.1307. Average ±
SEM values are plotted. Symbols: NR, gray circles; 2dDE, light purple triangles; 7dDE, dark purple squares; 2dEN, light blue triangles; 7dEN, dark blue squares.
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mouse for the correct dosing of tamoxifen, we used commercial
hair dye to apply patterns on the fur of mice, which allowed iden-
tification in the dark using infrared goggles. Another cohort of
mice was also dyed and kept in the light for the same duration
(NR). We found that the density of labeled tdT+ cells in S1BF
of 7dDEg was similar to what we observed for singly housed
7dDE (Fig. 11C) and the fraction of tdT+ cells showed similar dis-
tribution across the cortical depth between NR and 7dDEg
(Fig. 11D). These results suggest that the opposite changes seen
in tdT+ cell density in S1BF with DE and EN is not likely due
to differences in housing conditions.

Discussion
Here we used cFosTRAP2;Ai14 mice to visualize the spatial
profile of activity changes across various sensory cortical areas
after adult-onset visual deprivation. The changes we observed
are consistent with the idea of widespread cross-modal plasticity.
In V1, we found an initial decrease in the density of active cells
followed by a rebound increase, which suggests that there is
delayed cross-modal recruitment by nonvisual inputs. A similar
pattern was observed in the higher order visual cortical areas sug-
gesting that cross-modal recruitment is not limited to V1. In the
spared primary sensory cortical areas, we found changes in active
cell density and/or redistribution across the depth of the cortex
suggestive of compensatory plasticity. There was no significant
or minimal change in the higher order cortical areas of the spared
sensory modalities and in one of the multisensory areas exam-
ined. We also found evidence of activity changes in the sensory
thalamic nuclei, which suggests that adaptation to vision loss is
not restricted to the cortex. There was minimal change in basic
behavior with visual deprivation.

The spatial extent of activity changes was examined based on
cFos induction. IEGs, such as c-fos, are widely used to monitor
activity changes in various brain areas (Barykina et al., 2022).
It is pertinent to recognize that IEGs require a threshold or
specific patterns of activity for robust induction. For c-fos, it is
more effectively induced by rapidly repeated short bursts of sti-
muli than more sparsely repeated longer bursts (Sheng et al.,
1993). Moreover, late-phase LTP (L-LTP) protocols, repeated
trains of high-frequency stimulations, are effective at driving
c-fos (Dragunow et al., 1989; Nikolaev et al., 1991; Kaczmarek,
1992). Therefore, our data should be interpreted in the context
of such activity patterns rather than overall activity. We observed
that visual areas have a higher density of tdT+ cells compared
with other sensory areas in NR controls and noted very low
tdT expression in the sensory thalamic nuclei, except the vLGN
(Fig. 2C). These results suggest that cFos induction under normal
control conditions differ depending on the sensory modality and
brain areas. Other studies have also noted that visual cortical
neurons have higher basal activity compared with somatosensory
and auditory cortices in rodents (Barth and Poulet, 2012). The
lower tdT+ cell density in thalamic nuclei could be due to activity
patterns not meeting the conditions for cFos induction or tissue-
specific regulation of c-fos promoter. It should be considered that
the expression of tdT by cFosTRAP2 may not reflect the same

Figure 6. No significant changes in tdT+ cell density or distribution across depth in S2.
A, Example images of S2, which correspond to SSs (somatosensory area, supplemental) in
the Allen Brain Atlas, sections across groups. Both DAPI and tdT images are shown side
by side as labeled for NR, 2dDE, 7dDE, 2dEN, and 7dEN. Tiled confocal images taken at
10× were cropped and rotated to align the pia and white matter (WM) for display.
B, Quantification of tdT+ cell density in S2 across groups displayed as box and whisker
plot. Median (IQR): NR = 12.9 (IQR 6.2–19.8) mm−2, n= 38 sections from six mice;
2dDE = 12.8 (IQR 5.4–27.3) mm−2, n= 24 sections from six mice; 7dDE = 5.2 (IQR 2.3–8.3)
mm−2, n= 26 sections from five mice; 2dEN = 4.3 (IQR 1.7–30.0) mm−2, n= 42 sections
from seven mice; 7dEN = 22.3 (IQR 4.1–36.7) mm−2, n= 46 sections from nine mice.
LME model one-way ANOVA test (ARTool): F(4,27.96) = 1.3040, p= 0.293. C, Depth profile
of tdT+ cell density in each group normalized to the respective median density shown in
panel B. Left graph, Comparison of NR, 2dDE, and 7dDE groups. Shaded areas outline 95% confi-
dence intervals. Right graph, Comparison of NR, 2dEN, and 7dEN groups. D, Relative fraction of
tdT+ cells across the depth of S2. Left graph, Comparison of NR, 2dDE, and 7dDE groups.

!
Left graph, Comparison of NR, 2dDE, and 7dDE groups. Two-way ANOVA: Interaction between
group and depth, F(24,1092) = 0.7296, p= 0.8245. Right graph, Comparison of NR, 2dEN, and
7dEN groups. Two-way ANOVA: Interaction between group and depth, F(24,1378) = 1.106,
p = 0.3280. Average ± SEM values are plotted. Symbols: NR, gray circles; 2dDE, light purple
triangles; 7dDE, dark purple squares; 2dEN, light blue triangles; 7dEN, dark blue squares.
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level of activity in the spared versus the deprived cortical areas.
Following single whisker rearing, it was observed that cFos
labeled neurons in the spared barrel have a higher action poten-
tial threshold than those in the deprived barrel within S1BF
(Barth et al., 2004). Another consideration is that cFos is not
restricted to a specific cell type. In the cortex, we found that
tdT+ expression is predominantly in neurons (Fig. 2B), but it is
not restricted to a specific neuronal type. Indeed, we observed
a high density of tdT+ cells in vLGN, mainly composed of
GABAergic neurons (Harrington, 1997). We also observed cell
morphologies in the cortex that reflect excitatory neurons and
GABAergic neurons (Figs. 1H, 2B). Changes in tdT+ cell density
should mostly reflect excitatory neurons since GABAergic neu-
rons are ∼20% of the cortical neuronal population (Rudy et al.,
2011). However, parvalbumin (PV)-positive neurons, in particu-
lar, have higher excitability and firing rates (Rudy et al., 2011)
and hence could be over-represented in the tdT+ cell counts.
Even among excitatory neurons, those with higher basal activity
may constitute a distinct population. For example, in V1 L4,
neurons with a high basal firing rate display increased intrinsic
excitability and receive stronger local recurrent excitatory
synaptic drive (Trojanowski et al., 2021). Similarly, in S1BF,
cFos-positive L2/3 neurons form a distinct functional network
(Jouhanneau et al., 2014). In the hippocampus, high excitability
neurons more likely partake in forming the memory engram net-
work (Silva et al., 2009; Guskjolen and Cembrowski, 2023) with
cFos-positive ensembles involved in memory generalization (Sun
et al., 2020). The significance of tdT+ cells labeled in our study
will require further investigation, but here we found that the den-
sity and cortical depth profile of tdT+ cells change reflecting
widespread cross-modal plasticity.

Our main observation is that the visual cortical areas undergo
an initial reduction in activity followed by a partial rebound
(Figs. 3, 4), which contrasts with the complete loss of tdT+ cells
in dLGN (Fig. 10B). We previously reported that 2dDE and
7dDE result in the strengthening of lateral intracortical inputs
in V1 L2/3 (Petrus et al., 2014, 2015; Chokshi et al., 2019).
These findings suggest that potentiation of lateral intracortical
synapses precedes neuronal activity rebound and activity
through these potentiated inputs likely drives the rebound.
Consistent with this, we saw a proportionally larger rebound
at 200–400 µm depth from pia (Fig. 3D) corresponding to
L2/3. Rebound activity in V1 is congruent with the idea of
cross-modal recruitment of V1 by nonvisual inputs. There
are similar findings with monocular enucleation, where the
deprived V1 showed a rebound activation monitored by IEG
zif268 that was dependent on whisking activity (Van Brussel
et al., 2011; Nys et al., 2014). These results are in line with stud-
ies from blind human subjects where V1 is activated by braille
and speech (Sadato et al., 1996; Buchel et al., 1998; Roder et al.,
2002; Bedny et al., 2015). Whether the rebound we observed

Figure 7. Visual deprivation does not significantly change the density of tdT+ cells in A1
but shifts the distribution in depth. A, Example images of A1, which corresponds to AUDp
(primary auditory area) in the Allen Brain Atlas, sections across groups. Both DAPI and tdT
images are shown side by side as labeled for NR, 2dDE, 7dDE, 2dEN, and 7dEN. Tiled confocal
images taken at 10× were cropped and rotated to align the pia and white matter (WM) for
display. B, Quantification of tdT+ cell density in A1 across groups displayed as Box and
Whisker plot. Median (IQR): NR = 20.6 (IQR 9.5–38.1) mm−2, n= 33 sections from six
mice; 2dDE = 8.3 (IQR 4.9–38.7) mm−2, n= 18 sections from four mice; 7dDE = 5.8 (IQR
2.1–40.8) mm−2, n= 19 sections from five mice; 2dEN = 10.8 (IQR 4.8–41.3) mm−2,
n = 42 sections from seven mice; 7dEN = 14.8 (IQR 2.7–29.4) mm−2, n= 32 sections
from eight mice. LME model nonparametric one-way ANOVA test (ARTool): F(4,24.81) =
0.2169, p= 0.926. C, Depth profile of tdT+ cell density in each group normalized to the
respective median density shown in panel B. Shaded areas outline 95% confidence intervals.
Left graph, Comparison of NR, 2dDE, and 7dDE groups. Right graph, Comparison of NR, 2dEN,
and 7dEN groups. D, Relative fraction of tdT+ cells across the depth of A1. Left graph,

!
Comparison of NR, 2dDE, and 7dDE groups. Two-way ANOVA: Interaction between group and
depth, F(24,728) = 1.589, p= 0.0369. Tukey’s multiple-comparisons post hoc test, *p< 0.05
(light purple asterisks, between NR and 2dDE; light gray asterisks, NR is different from
both 2dDE and 7dDE). Right graph, Comparison of NR, 2dEN, and 7dEN groups. Two-way
ANOVA: Interaction between group and depth, F(24,1170) = 1.672, p= 0.0223. Tukey’s
multiple-comparisons post hoc test, *p< 0.05, **p< 0.01 (light blue asterisks, between
NR and 2dEN; gray asterisks, NR different from 2dEN and 7dEN). Average ± SEM values
are plotted. Symbols: NR, gray circles; 2dDE, light purple triangles; 7dDE, dark purple squares;
2dEN, light blue triangles; 7dEN, dark blue squares.
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Figure 8. Visual deprivation does not alter the density or the depth profile of tdT+ cells in secondary auditory areas. A, E, Example images from higher order auditory areas, AuD (panel A) and
AuV (panel E), which correspond to AUDd (auditory area, dorsal) and AUDv (auditory area, ventral), respectively, in the Allen Brain Atlas. Both DAPI and tdT images are shown side by side as
labeled for NR, 2dDE, 7dDE, 2dEN, and 7dEN. Tiled confocal images taken at 10× were cropped and rotated to align the pia and WM for display. B, F, Quantification of tdT+ cell density in AuD
(panel B) and AuV (panel F) displayed as box and whisker plots. For AuD, median value (IQR): NR = 17.6 (IQR 9.3–26.1) mm−2, n= 32 sections from six mice; 2dDE = 24.2 (IQR 7.6–35.3) mm−2,
n= 18 sections from five mice; 7dDE = 6.8 (IQR 2.1–11.7) mm−2, n= 17 sections from five mice; 2dEN = 9.3 (IQR 2.2–39.1) mm−2, n= 33 sections from seven mice; 7dEN = 14.7
(IQR 9.3–34.6) mm−2, n= 29 sections from eight mice. LME model nonparametric one-way ANOVA test (ARTool): F(4,25.89) = 0.5107, p= 0.728. For AuV, median value (IQR): NR = 18.5
(IQR 9.3–23.7) mm−2, n= 44 sections from six mice; 2dDE = 11.8 (IQR 0–40.5) mm−2, n= 29 sections from five mice; 7dDE = 12.8 (IQR 2.2–54.4) mm−2, n= 20 sections from five
mice; 2dEN = 12.4 (IQR 2.7–48.1) mm−2, n= 51 sections from seven mice; 7dEN = 16.1 (IQR 7.3–41.9) mm−2, n= 44 sections from eight mice. LME model nonparametric one-way
ANOVA test (ARTool): F(4,26.09) = 0.2726, p= 0.893. C, G, The depth profile of tdT+ cell density in each group normalized to the respective median density shown in panels B (for AuD)
and F (for AuV). Shaded areas outline 95% confidence intervals. Left graphs, Comparison of NR, 2dDE, and 7dDE groups. Right graph, Comparison of NR, 2dEN, and 7dEN groups.
D, H, Relative fraction of tdT+ cells across the depth of AuD (panel D) and AuV (panel H). Left graphs (purple symbols), Comparison of NR, 2dDE, and 7dDE. For AuD (panel D), two-way
ANOVA: Interaction between group and depth, F(24,741) = 1.162, p= 0.2699. For AuV (panel H), two-way ANOVA: Interaction between group and depth, F(24,949) = 1.363, p= 0.1144.
Right graphs (blue symbols), Comparison of NR, 2dEN, and 7dEN. For AuD (panel D), two-way ANOVA: Interaction between group and depth, F(24,1040) = 1.206, p= 0.2258. For AuV
(panel H), two-way ANOVA: Interaction between group and depth, F(24,1560) = 1.069, p= 0.3730. Average ± SEM values are plotted. Symbols: NR, gray circles; 2dDE, light purple triangles;
7dDE, dark purple squares; 2dEN, light blue triangles; 7dEN, dark blue squares.
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here is due to recruitment of V1 by spared sensory modalities
will require follow-up studies. We noted a trend of an increase
in tdT+ cell density in LP with visual deprivation, which may be
explained by it receiving input from multisensory areas in
addition to visual areas (Bennett et al., 2019; Cortes et al.,
2024). The rebound activity in V2 areas is only significant in
V2L and observed as a trend in V2M (Fig. 4) suggesting that
they may be part of a different functional circuitry. Indeed,
V2L tends to respond better to higher temporal frequency,
while V2M prefers higher spatial frequency, visual stimuli
(Marshel et al., 2011). Furthermore, V2M, but not V2L, is con-
sidered part of the default mode network (DMN) in rodents,
which includes RSP (Lu et al., 2012; Whitesell et al., 2021).
We found a similar trend in tdT+ cell density in RSP (Fig. 9)
as seen in V2M supporting the idea that their activity may be
correlated from being part of the DMN.

In the spared sensory areas, we found differences in adapta-
tion that support the notion of compensatory plasticity (Ewall
et al., 2021). In S1BF, we observed opposing regulation of tdT+

cell density where DE trended to decrease while EN showed an
initial decrease followed by a rebound (Fig. 5A). This was some-
what mirrored in the somatosensory thalamus where both VPM
and PO showed a similar pattern (Fig. 10E,F), which suggests an
increase in activity propagated through the thalamus. The
increase in thalamic activity could potentially support the poten-
tiation of feedforward synapses from L4 to L2/3 seen after 2 d
visual deprivation (Jitsuki et al., 2011). A longer duration of
visual deprivation results in a decrease in miniature excitatory
postsynaptic current (mEPSC) amplitude in S1BF L2/3 neurons
(Goel et al., 2006; He et al., 2012), which is likely an adaptation to
increased feedforward activity (Ewall et al., 2021; Lee, 2023).
Collectively, these results support a model where S1BF under-
goes compensatory plasticity upon DE by an increase in feed-
forward activity through the somatosensory thalamus driving
potentiation of feedforward synapses and a delayed homeo-
static depression of intracortical inputs to reduce the activity
level in S1BF. The opposite trend seen with EN could suggest
that the potentiation of the S1BF feedforward circuit might
be more prominent with this more extreme mode of vision
loss. Unlike S1BF, A1 undergoes a much subtle change with visual
deprivation, where there was no significant change in the overall
density of active cells but a significant shift away from superficial
depths (Fig. 7). The reduction in active cells in the superficial layers
is consistent with prior observations showing refinement of intra-
cortical connectivity within A1 L2/3 and L4 (Meng et al., 2015,
2017), as well as sparsification of sound encoding in L2/3
(Solarana et al., 2019) following 7dDE. We also reported that
7dDE potentiates thalamocortical inputs from MGBv to L4 and
from L4 to L2/3 (Petrus et al., 2014, 2015) and disinhibition of
MGBv (Whitt et al., 2022). Here, we observed a significant increase
in the relative fraction of tdT+ cells in the depth of 400–450 µm
(Fig. 7D), which could reflect the potentiation of thalamocortical

Figure 9. No significant change in the density of tdT+ cells in RSP with visual deprivation.
A, Example images of RSP sections, which include RSPv (retrosplenial area, ventral), RSPd (retro-
splenial area, dorsal), and RSPagl (retrosplenial area, lateral agranular) areas in the Allen Brain
Atlas. Both DAPI and tdT images are shown side by side as labeled for NR, 2dDE, 7dDE, 2dEN,
and 7dEN. Tiled confocal images taken at 10× were cropped and rotated to align the pia and
white matter (WM) for display. B, Quantification of tdT+ cell density in RSP across groups
displayed as box and whisker plot. Median (IQR): NR = 19.7 (IQR 10.7–27.1) mm−2,
n = 69 sections from six mice; 2dDE = 8.3 (IQR 5.6–19.0) mm−2, n= 38 sections from
five mice; 7dDE = 6.2 (IQR 2.5–11.8) mm−2, n= 37 sections from five mice; 2dEN = 5.0
(IQR 1.5–15.9) mm−2, n= 67 sections from seven mice; 7dEN = 15.0 (IQR 7.4–31.0)
mm−2, n= 78 sections from nine mice. LME model nonparametric one-way ANOVA test
(ARTool): F(4,27.07) = 1.8040, p= 0.157. C, Depth profile of tdT+ cell density in each group
normalized to the respective median density shown in panel B. Shaded areas outline 95%
confidence intervals. Left graph, Comparison of NR, 2dDE, and 7dDE groups. Right graph,

!
Comparison of NR, 2dEN, and 7dEN groups. D, Relative fraction of tdT+ cells across the depth
of RSP. Left graph, Comparison of NR, 2dDE, and 7dDE groups. Two-way ANOVA: Interaction
between group and depth, F(24,4745) = 2.324, p= 0.0003. Tukey’s multiple-comparisons post
hoc test, ***p< 0.005 (light gray asterisks, NR is different from both 2dDE and 7dDE). Right
graph, Comparison of NR, 2dEN, and 7dEN groups. Two-way ANOVA: Interaction between
group and depth, F(24,6162) = 0.9448, p= 0. 5390. Average ± SEM values are plotted.
Average ± SEM values are plotted. Symbols: NR, gray circles; 2dDE, light purple triangles;
7dDE, dark purple squares; 2dEN, light blue triangles; 7dEN.
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Figure 10. Comparison of tdT+ cell density across the sensory thalamic nuclei. A, Examples of tiled scanned images of DAPI (blue) and tdT (red) channels overlaid. Top panels, Anterior
sections containing LP (1), dLGN (2), vLGN (3), VPM (4), and PO (5). Bottom panels, Posterior sections containing MGBv (6), MGBd (7), and MGBm (8). Yellow outlines are the borders of
each area based on a template matching to the Allen Brain Atlas using the DAPI channel (see Materials and Methods for details). B, Quantification of tdT+ cell density in dLGN across groups
displayed in a box and whisker plot. Median value with IQR in parentheses: NR = 0 (IQR 0–4.63) mm−2, n= 38 sections from six mice; 2dDE = 0 (IQR 0–0) mm−2, n= 18 sections from five mice;
7dDE = 0 (IQR 0–0) mm−2, n= 20 sections from five mice; 2dEN = 0 (IQR 0–0) mm−2, n= 33 sections from seven mice; 7dEN = 0 (IQR 0–0) mm−2, n= 30 sections from eight mice. LME model
nonparametric one-way ANOVA test (ARTool): F(4,22.075) = 9.666, p= 0.0001. Pairwise-comparisons post hoc test: ***p< 0.005. C, Quantification of tdT+ cell density in vLGN across groups
displayed in a box and whisker plot. Median value with IQR in parentheses: NR = 42.3 (IQR 0–87.8) mm−2, n = 39 sections from six mice; 2dDE = 26.7 (IQR 0–53.5) mm−2, n= 21 sections from six
mice; 7dDE = 16.1 (IQR 0–47.3) mm−2, n= 23 sections from five mice; 2dEN = 11.0 (IQR 0.9–23.2) mm−2, n= 38 sections from seven mice; 7dEN= 8.8 (IQR 0–19.8) mm−2, n= 36 sections from
nine mice. LME model nonparametric one-way ANOVA test (ARTool): F(4,25.702) = 1.597, p= 0.2052. D, Quantification of tdT+ cell density in LP across groups displayed in a box and whisker plot.
Median value with IQR in parentheses: NR= 0 (IQR 0–4.3) mm−2, n= 44 sections from six mice; 2dDE = 5.3 (IQR 0–11.8) mm−2, n= 25 sections from six mice; 7dDE = 0 (IQR 0–0) mm−2, n= 21
sections from five mice; 2dEN = 0 (IQR 0–3.2) mm−2, n= 47 sections from seven mice; 7dEN = 2.0 (IQR 0–10.7) mm−2, n= 51 sections from nine mice. LME model nonparametric one-way ANOVA
test (ARTool): F(4,27.735) = 3.189, p= 0.0001. Pairwise-comparisons post hoc test: *p< 0.05. E, Quantification of tdT+ cell density in VPM across groups displayed in a box and whisker plot. Median
value with IQR in parentheses: NR = 0 (IQR 0–0) mm−2, n= 26 sections from six mice; 2dDE = 4.7 (IQR 0.4–10.4) mm−2, n = 18 sections from six mice; 7dDE = 0 (IQR 0–5.2) mm−2, n= 22 sections
from five mice; 2dEN = 0 (IQR 0–2.1) mm−2, n= 24 sections from seven mice; 7dEN= 2.0 (IQR 0–3.6) mm−2, n= 29 sections from nine mice. LME model nonparametric one-way ANOVA test
(ARTool): F(4,23.668) = 4.913, p= 0.005. Pairwise-comparisons post hoc test: *p< 0.05, **p< 0.01, ***p< 0.005. F, Quantification of tdT+ cell density in PO across groups displayed in a box and
whisker plot. Median value with IQR in parentheses: NR = 0 (IQR 0–0) mm−2, n= 24 sections from six mice; 2dDE = 0 (IQR 0–1.9) mm−2, n= 17 sections from six mice; 7dDE = 0 (IQR 0–0) mm−2,
n = 18 sections from five mice; 2dEN = 0 (IQR 0–2.3) mm−2, n= 28 sections from seven mice; 7dEN = 0 (IQR 0–2.4) mm−2, n= 30 sections from eight mice. LME model nonparametric one-way
ANOVA test (ARTool): F(4,23.163) = 4.194, p= 0.011. Pairwise-comparisons post hoc test: *p< 0.05, **p< 0.01. G, Quantification of tdT

+ cell density in MGBv across groups displayed as box and
whisker plot. Median value with IQR in parentheses: NR= 0 (IQR 0–0) mm−2, n= 16 sections from six mice; 2dDE = 0 (IQR 0–0) mm−2, n= 9 sections from four mice; 7dDE= 0 (IQR 0–0) mm−2,
n = 8 sections from three mice; 2dEN = 0 (IQR 0–0) mm−2, n= 26 sections from seven mice; 7dEN = 0 (IQR 0–7.5) mm−2, n= 28 sections from nine mice. LME model nonparametric one-way
ANOVA test (ARTool): F(4,21.963) = 5.492, p= 0.003. Pairwise-comparisons post hoc test: *p< 0.05, **p< 0.01, ***p< 0.005. H, Quantification of tdT+ cell density in MGBd across groups
displayed as box and whisker plot. Median value with IQR in parentheses: NR= 0 (IQR 0–0) mm−2, n= 16 sections from six mice; 2dDE = 0 (IQR 0–0) mm−2, n= 11 sections from four mice;
7dDE = 0 (IQR 0–0) mm−2, n= 9 sections from three mice; 2dEN= 0 (IQR 0–0) mm−2, n= 25 sections from seven mice; 7dEN = 0 (IQR 0–0) mm−2, n= 23 sections
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inputs to A1 L4 and support reduced sound detection threshold in
these neurons (Petrus et al., 2014). However, we only observed
marginal changes in MGBv that could reflect disinhibition
(Fig. 10G), which may be due to very low cFosTRAP2 induction

in the auditory thalamus (Fig. 2C). Overall, our results support a
widespread change in activity profile across various sensory areas
with adult-onset visual deprivation consistent with large-scale
cross-modal adaptation.

Figure 11. Comparison of basic behavior before and after visual deprivation. A, Quantification of percentage (%) of time spent in nine different behavioral categories at 1 d before (−1 d, NR)
and subsequently at 2 and 7 d after the onset of visual deprivation (DE and EN). Video recordings were done between ZT10 and ZT12 for 1 h. Behavioral categories (listed in order from bottom to
top as displayed in the fraction bar graph): walking around (WALK), wall climbing (CLMB), digging the bedding (DIG), front paw on face (POF), licking itself (LICK), scratching with back paw
(SCR), social interactions (SOCIAL), not moving (NM), and sleeping (SLP). DE: 9 mice (4 males and 5 females), EN: 8 mice (4 males and 4 females). Mice in the DE group lack the social interaction
category because they were singly housed from−1 d onward (see Materials and Methods for details). % of time spent in social interactions for the EN group did not differ across the days:−1dEN
(NR) = 11.8 ± 0.81%, 2dEN = 10.7 ± 1.92%, 7dEN = 10.7 ± 2.66%; repeated-measures one-way ANOVA, F(2,14) = 0.1103, p= 0.8963. B, Statistical comparison of % of time spent in each cat-
egory between DE and EN conditions. Only six of the major categories are graphed for display. The dotted vertical line denotes day 0, which is when visual deprivation was initiated. Two-way
ANOVA interaction between the duration and the mode of visual deprivation (DE, purple circles; EN, blue squares): WALK: F(2,30) = 0.8265, p= 0.4473; CLMB: F(2,30) = 0,3571, p= 0.7026; DIG:
F(2,30) = 0.01476, p= 0.9854; POF: F(2,30) = 0.3546, p= 0.7044; LICK: F(2,30) = 2.177, p= 0.1309; SCR: F(2,30) = 1.648, p= 0.2093. For CLMB category, the duration of visual deprivation was
identified as a significant source of variation: F(1.878,28.17) = 13.19, p= 0.0001 (denoted as ***). C, Top, Example images of S1BF sections from NR and DE mice group housed (7dDEg).
Both DAPI and tdT images are shown side by side. Tiled confocal images taken a 10× were cropped and rotated to align the pia and WM for display. Bottom, Quantification of tdT+ cell
density in S1BF displayed as a box and whisker plot (NR, 6 sections from 2 mice; 7dDEg, 11 sections from 3 mice). LME model nonparametric one-way ANOVA test (ARTool):
F(1,3.062) = 0.0314, p= 0.8704. D, Comparison of the relative fraction of tdT+ cells across the depth of S1BF between NR (gray circles) and 7dDEg (plum squares). Two-way ANOVA:
Interaction between group and depth, F(10,150) = 1.302, p= 0.2341.

!
from seven mice. LME model nonparametric one-way ANOVA test (ARTool): F(4,17.004) = 2.430, p= 0.088. I, Quantification of tdT+ cell density in MGBm across groups displayed in a box and whisker
plot. Median value with IQR in parentheses: NR = 0 (IQR 0–0) mm−2, n= 18 sections from six mice; 2dDE = 0 (IQR 0–19.5) mm−2, n= 15 sections from four mice; 7dDE= 0 (IQR 0–0) mm−2, n= 10
sections from three mice; 2dEN = 0 (IQR 0–7.8) mm−2, n= 26 sections from seven mice; 7dEN = 0 (IQR 0–0) mm−2, n= 25 sections from eight mice. LME model nonparametric one-way ANOVA test
(ARTool): F(4,17.362) = 3.286, p= 0.036. Pairwise-comparisons post hoc test: *p< 0.05, **p< 0.01.
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