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% Check for updates Spatial navigation requires internal maps to remain anchored to external

sensory cues. The medial entorhinal cortex (MEC) contains spatially modu-
lated cell types, but how visual and tactile cues jointly support them is unclear.
Here we show, using miniature two-photon calcium imaging in freely moving
male mice, that sensory deprivation has context-dependent effects. In a
visually dominated environment, darkness disrupted all spatially modulated
cell types, especially grid and non-grid spatial representations; subsequent
whisker trimming had limited additional effects, but more clearly altered head-
direction and border-cell tuning. In darkness with salient tactile landmarks, all
spatially modulated cell types formed cue-anchored representations, and
whisker trimming more strongly impaired grid and spatial coding. Some
neurons remained stable after combined deprivation, consistent with support
from boundary-related tactile signals. Additionally, a subset of MEC neurons

showed activity correlated with whisker movement. These findings reveal
flexible integration of visual and tactile information in MEC spatial coding.

Spatial navigation depends on the reliable integration of environ-
mental reference cues from various sensory inputs, including visual’,
auditory*’, olfactory* and tactile stimuli®, into internal spatial maps.
While path integration®®—computed from self-motion signals without
the need for external references—forms a core component of spatial
computation, external cues, particularly distal and proximal visual
landmarks®?, are crucial for anchoring and calibrating internally gen-
erated estimates to improve navigational accuracy. The medial
entorhinal cortex (MEC) plays a key role in this process by combining
self-motion cues with external sensory information such as environ-
mental boundaries and landmarks'®™, thereby providing the hippo-
campus with a coherent framework for spatial cognition and memory.

The grid cell, initially characterized by Hafting et al. in 2005,
constitutes the first identified spatially modulated cell type within the
MEC", which exhibits action potentials at locations forming a hex-
agonal grid pattern. Alongside grid cells, the MEC encompasses other
functionally distinct cell types, including head-direction (HD) cells",
border cells**, non-grid spatial cells” and speed cells"". It is hypo-
thesized that grid cells play a dominant role in path integration, while
HD cells and speed cells contribute to this process by likely providing
self-motion-related information, as suggested by the continuous
attractor model>. Additionally, border cells may help correct errors
accumulated over time and distance in this process". However, com-
pared to grid cells, other spatially modulated cells in MEC sometimes
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exhibit different responses when the environment changes”°*, which
implies their respective sensitivity to external sensory input.

Although numerous studies have demonstrated how sensory
inputs, particularly visual inputs, influence spatially modulated cells in
MEC, such as HD cells*** and grid cells?*, the specific role of tactile
inputs in constructing a spatial cognitive map remains largely unex-
plored. Whiskers, also called facial vibrissae, are the primary tactile
organs in rodents and their corresponding bilateral “whisking” beha-
vior plays a crucial role in exploring environment®. Trimming animals’
whiskers results in impaired performance in spatial learning tasks®.
Previous studies have shown that the hippocampal CAl region
responds to whisker stimulation and is likely involved in the process of
updating spatial cognitive maps”. Furthermore, the establishment of
place fields in the hippocampus is modulated by tactile input, with
different cells exhibiting varying response intensities’. These findings
suggest that spatial maps can be constructed using tactile information,
encompassing behaviorally relevant spatial elements such as object
positions®, specific boundaries**°, and environmental surfaces®-*,
Strong evidence for this compensatory role comes from that tactile
information plays a crucial compensatory role in the absence of visual
information when rats are required to complete a gap crossing task in
darkness®. Beyond the vibrissae, cutaneous mechanoreceptors dis-
tributed across other body surfaces—such as the glabrous skin of the
plantar paws and the rhinarium—are represented in the rodent soma-
tosensory system and participate in active exploratory behaviors***.
However, whether and how the MEC responds to tactile inputs remain
unclear.

In this study, we examined the alterations in spatial representation
within the MEC following light deprivation and tactile deprivation
using miniature two-photon microscopy. Our findings demonstrate
that the MEC flexibly integrates available sensory inputs from the
environment to construct spatial representations, with distinct func-
tional cell types anchoring to external cues in a context-dependent
manner and being modulated by both visual and tactile inputs. In a
visual cue-dominated environment, darkness impaired the repre-
sentations of all spatially modulated cell types; however, grid- and
spatial-cell representations were more strongly affected by light
deprivation than by subsequent whisker trimming in darkness. In
contrast, in a dark tactile cue-dominated environment, all spatially
modulated cell types anchored their firing to tactile landmarks and
were more strongly altered by whisker trimming. When whisker trim-
ming was combined with the removal of environmental walls in dark-
ness, spatial representations across all cell types were severely
degraded—most strikingly, the fields of border cells are nearly com-
pletely abolished. Furthermore, exploratory analyses revealed that a
small subset of MEC neurons covaried with whisker movement, raising
the possibility that whisker-related signals may be represented in MEC.

Results

Head-direction tuning in the MEC is reduced by darkness and
whisker trimming

To investigate the influence of visual and tactile inputs on spatially
modulated cells in the MEC, recombinant adeno-associated viruses
(rAAVs) were used to express the Ca2+ indicators GCaMPé6s and
GCaMPé6f in the MEC of mice (Supplementary Fig. 1). Using an auto-
regressive (AR) model-based algorithm to estimate the time constant,
we found that the two calcium indicators, GCaMP6s and GCaMPéf, did
not exhibit significant difference in calcium signal extraction perfor-
mance in our data (Supplementary Fig. 2 a-c). A prism was implanted
between the cortex and the cerebellum, enabling the acquisition of
calcium signals via a miniature two-photon microscope® while the
mice freely explored the open-field (Fig. 1a—d). Initially, the mice were
allowed to freely explore an open field for approximately 30 minutes
under illuminated conditions, establishing a stable baseline repre-
sentation (Light, L). To assess the impact of visual deprivation, the

lights were turned off and the mice were allowed to explore the same
environment in complete darkness (Dark, D). Subsequently, their
whiskers were trimmed and were reintroduced to the same environ-
ment, now deprived of both visual and tactile inputs (Dark/Whisker-
trimmed, DW) (Fig. 1a). This design allowed us to evaluate the indivi-
dual effects of light deprivation as well as the combined impact of
darkness and whisker trimming, based on the premise that animals
tend to rely on alternative sensory cues to support spatial cognition
when a specific sensory modality is compromised®**’. A cohort of 13
male mice was used in this paradigm, and multiple types of spatially
modulated neurons were identified within each field of view (FOV)
(Supplementary Fig. 2d, e). All sessions were conducted in an open-
field arena equipped with three distinct visual cue cards mounted on
the surrounding walls (Environment 1).

First, we investigated the influence of visual and tactile inputs on
head-direction tuning in the MEC. Calcium traces were extracted from
3,758 neurons, of which 406 (10.8%) were identified as HD cells from
the baseline session and used for further analysis. HD cells were
identified by comparing each neuron’s real mean vector length (MVL)
to a shuffle distribution generated by 1,000 circular time shifts of its
calcium trace. A neuron was classified as an HD cell only if its observed
MVL exceeded the 99" percentile of its shuffle distribution and its
within-session tuning stability was greater than 0.5. In the baseline light
session, the mean MVL of these HD cells was 0.52 (Supplementary
Fig. 3a), with their preferred firing directions (PFDs) and the mice’s
head orientations being nearly uniformly distributed between O and
360° (Supplementary Fig. 3b, c). We subsequently calculated the tun-
ing curves of selected HD cells for each experimental session and
performed statistical analysis to compare the tuning abilities of the HD
cell population. Our analysis revealed that both the MVL and head
information (Head Info.) decreased across L, D, and DW sessions,
indicating that HD tuning was reduced after light deprivation and
further whisker trimming in darkness (Fig. lej). Although many HD
cells showed marked changes in tuning-curve shape and PFD after
sensory deprivation, cell-centered local FOVs remained largely stable
across the three sessions, arguing against unstable cell tracking as an
explanation for these changes (Fig. 1k).

Individual HD cells exhibited heterogeneous responses to dark-
ness or whisker trimming, with tuning strength and MVL showing
varying degrees of change following sensory deprivation (Fig. 1k). To
systematically assess the impact of sensory deprivation on HD cell
tuning properties, we developed a subsampling-based approach to
quantify whether individual HD cells exhibited statistically significant
changes across three metrics: MVL change, PFD shift, and tuning curve
correlation. For each pairwise session comparison, equal-duration data
segments were randomly drawn from each session and this procedure
was repeated 100 times; cells were classified as significantly affected if
they showed a significant decline in MVL, a significant shift in PFD, or a
significant reduction in cross-session tuning curve correlation relative
to within-session stability (see Methods). Following the transition from
light baseline to darkness, 167 of 406 (41.1%) HD cells exhibited a sig-
nificant MVL decline, 122 of 406 (30.0%) cells showed a significant PFD
shift, and 172 of 406 (42.4%) cells displayed a significant reduction in
tuning curve correlation. We defined HD cells showing a significant
change in at least one of these metrics as “affected cells,” whereas cells
showing no significant change in any metric were defined as “resistant
cells.” Based on this criterion, 257 of 406 (63.3%) HD cells were clas-
sified as affected cells, while 149 of 406 (36.7%) remained resistant to
visual deprivation (Fig. 1l, upper). Following subsequent whisker
trimming in darkness, 167 of 406 (41.1%) HD cells showed a significant
MVL decline, 104 of 406 (25.6%) exhibited a significant PFD shift, and
110 of 406 (27.1%) showed a significant reduction in tuning curve
correlation; 238 of 406 (58.6%) cells were classified as affected cells,
while 168 of 406 (41.4%) remained resistant to whisker trimming
(Fig. 11, lower). The proportion of resistant cells was comparable
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Fig. 1| Light deprivation and whisker trimming reduce head-direction tuning.
a Mice explored Environment 1in light (L), darkness (D), and darkness after whisker
trimming (DW). b Sagittal section showing GCaMPé6f expression in the medial
entorhinal cortex (MEC). Green, GCaMPéf; blue, DAPI; white dashed lines, MEC
boundaries. Scale bar, 1 mm. ¢ Representative field of view (FOV) showing Suite2p
regions of interest (ROIs) in pseudocolors. Cells 1-8 correspond to (d). D, dorsal; V,
ventral; M, medial; L, lateral. Scale bar, 100 um. Panels (b) and (c) show repre-
sentative images from one mouse; similar results were obtained in 37 mice.

d Denoised AF/F traces from cells 1-8; red ticks indicate calcium events. Scale bars,
60s and 40% AF/F. e-g Mean vector length (MVL) across sessions; scatter plots
compare L versus D and D versus DW. h-j Corresponding analyses of head infor-
mation. In (g, j), center lines, medians; boxes, 25th-75th percentiles; whiskers,
values within 1.5 x the interquartile range; remaining points, outliers (repeated-
measures one-way ANOVA with Geisser-Greenhouse correction followed by two-

sided Tukey multiple-comparisons tests; n =406 cells). k HD tuning curves with
MVL and peak event rate (P); cell-centered FOV crops across L, D and DW are shown
above. Scale bar, 10 um. I Proportions of affected and resistant HD cells for L/D and
D/DW. Affected cells changed in tuning-curve correlation, MVL and/or preferred
firing direction; resistant cells changed in none. m Mean angle-by-angle population-
vector (PV) correlation matrix across sessions. Each session spans 120 head-
direction bins (0-360°). n Correlations between session-specific PV matrices for
individual mice, mean + SEM (n =13 mice). o LDA projections of all-session HD-cell
activity using an L-trained model, colored by head-direction angle. (p) Fisher dis-
crimination ratio and separation index in mice with >20 HD cells. Dots indicate
mice; bars show mean + SEM (same tests; n =9 mice). ***P< 0.0001; **P < 0.001;
**P<0.01; *P< 0.05. See Supplementary Data 1 for exact P values and detailed sta-
tistics. Source data are provided as a Source Data file.

between the darkness and whisker-trimming conditions (36.7% vs.
41.4%; x*=1.9, P=0.17), indicating that the two manipulations pro-
duced similar fractions of unaffected HD cells.

We next assessed population-level HD coding across consecutive
sessions. Angle-by-angle PV correlations were calculated across 120
head-direction bins and visualized as cross-session correlation matri-
ces (Fig. Im). Correlations between the complete population tuning
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matrices indicated reduced cross-session stability following darkness
and subsequent whisker trimming (Fig. In; n =13 mice, mean + SEM: L/
D: 0.56 + 0.03; D/DW: 0.49 £ 0.03). To further examine changes in HD
encoding ability, we applied linear discriminant analysis (LDA) to
reduce the dimensionality of neural activity recorded from the HD cell
population. In the light condition, neural representations of different
head-direction angles were well-separated, demonstrating accurate
HD tuning under normal sensory conditions (Fig. 10 and Supplemen-
tary Fig. 3f). This representation remained stable across time within the
baseline session, as evidenced by the consistent separation of head
directions when projecting neural activity from the first and second
halves of the session separately (Supplementary Fig. 3d). In the dark
condition, the separation between head directions was notably
reduced, suggesting a drift in population-level HD representation away
from that established under illuminated conditions, likely due to the
absence of visual cues. Following subsequent whisker trimming in
darkness, the separation of head-direction representations was further
reduced in some mice (Fig. 1o and Supplementary Fig. 3f). Quantitative
analysis further confirmed these effects, since both the Fisher’s dis-
crimination ratio and the separation index exhibited a significant
decline from the light condition to the dark and further to the dark
with whisker trimming conditions (Fig. 1p). These metrics indicate a
progressive drift in the original population-level HD representation,
with the most pronounced impairment occurring under combined
visual and whisker-mediated tactile deprivation. Nevertheless, when
we applied LDA to the DW session and used it as the reference for
dimensionality reduction, we found that the HD neural population still
retained some capacity to distinguish head direction angles (Supple-
mentary Fig. 3e), although the discriminability was reduced compared
with the baseline light session. Thus, while sensory deprivation
reduced the fidelity of HD tuning, the directional signal was not
completely abolished.

Following the DW session, we reintroduced visual input by turning
the lights back on and allowed the animals to freely re-explore the
environment (Light/Whisker-trimmed, LW; Supplementary Fig. 3g).
However, the population-level HD tuning strength did not recover
(Supplementary Fig. 3h), indicating that the effects of whisker trim-
ming persisted despite restoration of visual cues. At the single-cell
level, HD responses exhibited substantial heterogeneity. In some cells,
MVL increased and a clear PFD re-emerged (Supplementary Fig. 3i),
whereas others failed to recover, potentially reflecting differential
dependence on sensory inputs. When LDA was applied again to eval-
uate population-level encoding of head direction, considerable varia-
bility was observed across mice (Supplementary Fig. 3j). In some
animals, the altered HD representation did not recover during the
subsequent LW session (Supplementary Fig. 3j), indicating that rein-
troduction of visual cues alone was insufficient to restore the original
HD representation. However, when LDA was trained and projected
using data from the LW session itself, the population activity appeared
to encode head direction more effectively than when baseline light-
session activity was used as the reference (Supplementary Fig. 3j). This
finding suggests that, following reintroduction of visual input, the HD
network may have stabilized to a new, internally consistent reference
frame rather than returning to the original alignment.

In addition, the accuracy of DLC in tracking animals’ position and
the quality of the imaging data were consistent across all sessions,
thereby ruling out the possibility that the observed changes in cells’
firing patterns were due to these factors (Supplementary Fig. 4a-c).
General locomotor and exploratory behavior also remained largely
unaffected following whisker trimming (Supplementary Fig. 4d). Ani-
mals maintained extensive spatial coverage of the arena throughout all
sessions (Supplementary Fig. 4e), and no significant differences were
observed in running speed, time spent near the boundaries, or wall-
directed exploratory behavior after whisker trimming (Supplementary
Fig. 4f-h). Notably, however, whisker trimming resulted in a significant

reduction in head angular speed (Supplementary Fig. 4i). Given that
whiskers contribute to head orientation, their removal may influence
head movement dynamics in addition to reducing tactile input.
Therefore, we cannot exclude the possibility that changes in angular
head velocity-related signals contributed to the disruption of HD
tuning, as vestibular/AHV inputs are known to influence HD
circuits®®*,

Importantly, we subjected three additional mice to the same
experimental paradigm but without whisker trimming, to serve as
control experiments (Supplementary Fig. 5a, b). The results showed
that MVL and head information of HD cells decreased after light
deprivation. However, no further changes were observed during a
subsequent dark session. These findings suggest that the deterioration
in HD tuning after whisker-trimming was not due to a progressive drift
in cellular representations during darkness, but rather caused by the
deprivation of tactile cues provided by the whiskers. Notably, similar
patterns were observed in other types of spatially modulated cells
(Supplementary Fig. 5).

Light deprivation and whisker trimming modestly alter border-
cell representations

In addition to HD cells, MEC contains various types of spatially
modulated cells, including border cells, grid cells and non-grid spatial
cells. We next sought to determine whether border cells in MEC are
influenced by visual inputs and whisker-mediated tactile inputs. A total
of 223 neurons (5.9%) were identified as border cells (see Methods),
with an average border score of 0.63 (Supplementary Fig. 6a).

Our analysis revealed that the maintenance of boundary fields is
supported by both visual and tactile inputs. Specifically, both border
score and spatial information were reduced in darkness relative to the
light condition (Fig. 2a—f). Further whisker trimming in darkness did
not cause an additional decrease in border score, but selectively
reduced spatial information, indicating a limited additional effect on
border-cell spatial coding after visual deprivation (Fig. 2a-h). The
disrupted firing pattern of the border cell population was not observed
in the control experiments (Supplementary Fig. 5a, c). Following dis-
ruption of sensory input, border cells exhibited markedly increased
firing in non-border regions, and a subset lost border-selective tuning
entirely after whisker trimming (Fig. 2g).

To quantify the extent to which visual and whisker-mediated
tactile deprivation impaired border cells, we applied an approach
analogous to that used for HD cells, assessing three complementary
metrics: the border score, the spatial precision of border firing fields
(measured as the distance from the peak firing location to the nearest
wall), and the stability of the spatial firing pattern across sessions (see
Methods). Under dark conditions, 131 of 223 border cells (58.7%)
showed a significant reduction in border score relative to the baseline
session; 56 of 223 cells (25.1%) exhibited a significant increase in peak
firing distance to the nearest wall; and 85 of 223 cells (38.1%) showed a
significant reduction in cross-session rate map correlation (L/D) rela-
tive to their within-session correlation of baseline session (L). When the
three metrics were considered jointly, 162 of 223 border cells (72.6%)
showed a significant change in at least one metric and were therefore
defined as affected cells, whereas only 61 of 223 border cells (27.4%)
showed no significant change in any metric and were defined as
resistant cells (Fig. 2h, upper). Following additional whisker trimming
under dark conditions, 100 of 223 border cells (44.8%) showed a sig-
nificant reduction in border score; 67 of 223 cells (30.0%) displayed a
significant increase in peak-to-wall distance; and 83 of 223 cells (37.2%)
showed a significant reduction in cross-session rate map correlation
(D/DW) relative to within-session correlation of dark session (D). 146 of
223 border cells (65.5%) were classified as affected cells, whereas 77 of
223 border cells (34.5%) remained resistant and stably maintained their
previous firing patterns (Fig. 2h, lower). No significant difference was
found in the proportion of border cells unaffected by darkness versus
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whisker trimming (Chi-square test, x2=1.6, P=0.10). The population
vector of the border-cell firing patterns was also altered following light
deprivation and subsequent whisker trimming (Fig. 2i).

Because some border cells also exhibited head-direction tuning
(38 of 223, 17.0%), we repeated the analysis in pure border cells after
excluding these cells. Pure border cells showed similar responses to
light deprivation and subsequent whisker trimming, indicating that the
border-cell effects were not driven by conjunctive head-direction
tuning (Supplementary Fig. 6b). The presence of border cells in our
recordings was validated by the emergence of new firing fields in a
subset of cells when a wall was inserted into the environment one day
prior to the whisker-trimming experiments for some mice (Supple-
mentary Fig. 6d). Cross-day comparisons further demonstrated that,
among the border cells responsive to the newly inserted wall, some
maintained stable firing properties across sensory conditions, while
others were affected by darkness and whisker trimming (Supplemen-
tary Fig. 6e). Border score and spatial information did not improve
during the final LW session, indicating that the degraded spatial coding
of border cells was not restored after only visual inputs were reintro-
duced (Supplementary Fig. 6c).

Unlike HD cells and grid cells, border cells have not been shown to
possess an attractor network structure that could autonomously
maintain representations. Consequently, border cells likely depend

mostly on external sensory input to establish and sustain boundary
representations—whether through direct visual observation of the
enclosure walls or through physical contact mediated by the whiskers
or snout. To examine wall-facing modulation of border-cell activity, we
analyzed calcium-event rates when animals were located within the
boundary zone and faced either toward or away from the wall. For each
angular window, we calculated a wall-facing event-rate ratio, defined as
the calcium-event rate during wall-facing epochs divided by that dur-
ing wall-away epochs (Supplementary Fig. 6 f; see Methods). Thus, a
ratio greater than 1 indicates stronger border-cell activity when the
animal faced the wall. Border cells showed a wall-facing preference
across sessions (Supplementary Fig. 6g). This preference was not
detectably altered by darkness but was reduced after whisker trim-
ming, although the ratio remained above 1, indicating residual wall-
facing modulation even under combined sensory deprivation (Fig. 2j).
Together, the persistence of wall-facing preference, the modest effect
on border score, and the maintenance of boundary-specific firing in
some border cells suggest that additional sensory inputs—such as
direct physical contact of the snout or body with the wall-may also
contribute to border-cell activation at environmental boundaries.
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Darkness alters grid-cell spatial coding with limited additional
effects of subsequent whisker trimming in a visual
cue-dominated environment

Grid cells are the predominant type of spatially modulated cells in the
MEC and have long been regarded as implicated in path integration'>*.
Historically, grid cells were thought to operate independently of
external sensory inputs, generating their characteristic hexagonal fir-
ing patterns based solely on self-motion information. However, recent
studies have challenged this notion, demonstrating that spatial coding
performance of grid cells is modulated by various sensory inputs,
especially by visual cues'*”,

In our study, we identified 215 grid cells (5.7% of all recorded
neurons), with an average grid score of 0.65 (Supplementary Fig. 7a).
We observed that the overall grid score significantly decreased in
darkness, consistent with previous findings”, whereas spatial infor-
mation remained largely unchanged across sessions (Fig. 3a, ¢, d and f).
Further whisker trimming in darkness did not produce an additional
decrease in either grid score or spatial information (Fig. 3b, c, e and f),
suggesting a small influence of interactive effects of visual and tactile
deprivation on grid cell function. Many grid cells lost their character-
istic hexagonal firing patterns in darkness but showed no further
deterioration following whisker trimming (Fig. 3g). Given recent evi-
dence that grid cells are anatomically clustered”, we selected four
mice with enriched grid cells in the imaging FOV (> 20 grid cells per
animal) and performed statistical analyses exclusively on grid cells
from these animals to minimize the potential confound of false-
positive grid cell inclusion. Consistent with the full dataset, grid cells
from these four mice showed substantial degradation of spatial coding
under visual deprivation, with no significant further decline following
whisker trimming (Supplementary Fig. 7b, ¢). Conjunctive grid x HD
cells and grid cells without directional tuning also exhibited similar
patterns of sensory dependence (Supplementary Fig. 7d, e).

Following light deprivation, 143 of 215 grid cells (66.5%) exhibited
a significant reduction in grid score relative to the baseline light ses-
sion; 59 of 215 cells (27.4%) showed a significant shift in peak firing
location; and 97 of 215 cells (45.1%) displayed a significant decrease in
cross-session rate map correlation relative to within-session baseline.
When all three metrics were considered jointly, 181 of 215 grid cells
(84.2%) were classified as affected cells after light deprivation, whereas
34 of 215 cells (15.8%) remained resistant, showing no significant
change in any metric (Fig. 3h, upper). Following subsequent whisker
trimming under dark conditions, 82 of 215 cells (38.1%) were unaf-
fected across all three metrics (Fig. 3h, lower)—a proportion sig-
nificantly greater than that observed under darkness alone (Chi-square
test, x2=27.2, P=1.8 x 107).

To further validate these findings, we conducted a detailed
examination of the firing maps of each grid cell (see Methods). The
analysis revealed that the mean field size of grid cells became larger in
darkness (Fig. 3i), suggesting a potential expansion of grid fields. This
change was accompanied by an increase in both the standard deviation
of grid spacing (Fig. 3j) and ellipticity (Fig. 3k), indicating that grid
patterns became less regular in darkness. However, these parameters
did not show further deterioration after subsequent whisker trimming
(Fig. 3i-k). Instead, some measures, such as grid-spacing variability and
ellipticity, tended to shift back toward baseline levels in the DW ses-
sion. This partial recovery may reflect increased experience or famil-
iarity with the dark environment.

Additionally, we decoded position based on the population
activity of four mice that possessed more than 20 grid cells and
compared their decoding performance to baseline conditions after
sensory deprivation. Specifically, we split the baseline light session into
two halves. The first half served as the training set, while the second
half—along with the second halves of other sessions—was used to
construct the test set for each experimental condition. The decoding
performance improved as the number of participating grid cells

increased (Supplementary Fig. 7f). Because the number of mice with
grid cell-enriched FOVs was limited, position decoding based only on
grid cells was not sufficiently accurate. The decoding error was sig-
nificantly lower than the shuffled control only under the light condi-
tion (Supplementary Fig. 7f). Since grid cells are not the only
contributors to spatial localization and the decoding results based
solely on grid cells were not precise enough, we next included all
functional cell types in the position decoder to assess the impact of
darkness and further whisker trimming on the animals’ spatial coding
ability. MAE was significantly lower during the baseline light sessions
compared to shuffled controls (Fig. 31, m; see Methods). In darkness,
the MAE increased compared to the light environment but remained
unchanged after whisker trimming (Fig. 31). This suggests that, in this
case, population-level spatial decoding was altered after light depri-
vation but showed no detectable additional change after subsequent
whisker trimming in darkness. Notably, despite the sensory depriva-
tion, the decoder across all sessions consistently produced a lower
MAE than the shuffled results (Fig. 31), indicating that animals retain
some ability to construct a cognitive map of the environment even in
the absence of visual and whisker-mediated tactile inputs, potentially
through path integration. At the population level, grid scores and
spatial information did not recover after re-exposure to the light
condition (Supplementary Fig. 7g). However, a subset of grid cells
exhibited more regular rate maps and increased grid scores, indicating
pronounced heterogeneity within the population (Supplementary
Fig. 7h). Because light deprivation preceded whisker trimming in this
paradigm, whisker trimming in darkness was not an independent
manipulation, and the DW session represented the combined effects
of visual deprivation and subsequent removal of whisker-mediated
tactile input. Thus, the limited additional effect of whisker trimming at
the population level may partly reflect reduced sensitivity of grid cells
to further sensory deprivation after visual input had already been
removed. Nevertheless, individual-cell analyses showed that a con-
siderable fraction of grid cells was still affected by whisker trim-
ming (Fig. 3h).

Non-grid spatial cells exhibited response patterns comparable to
those of grid cells. Among the 3756 recorded cells, 501 were identified
as non-grid spatial cells, with a mean spatial information of 1.26.
Although their spatial coding was significantly disrupted in darkness, it
was not further impaired by subsequent whisker trimming (Supple-
mentary Fig. 8a). In addition, the mean field size of spatial cells
increased significantly in darkness (Supplementary Fig. 8b). 405 of 501
spatial cells (80.8%) showed a significant change in at least one metric
after light deprivation and were classified as affected cells, whereas 96
of 501 cells (19.2%) showed no significant change in any metric and
were classified as resistant cells (Supplementary Fig. 8c, upper). Fol-
lowing additional whisker trimming in darkness, 275 of 501 spatial cells
(54.9%) were classified as affected cells, while 226 of 501 cells (45.1%)
remained resistant, indicating that further whisker trimming had a
more limited additional effect on non-grid spatial cells after light
deprivation (Supplementary Fig. 8c, lower). Most spatial cells dis-
played increased out-of-field firing after light deprivation, which did
not worsen following whisker trimming (Supplementary Fig. 8d).
Notably, similar to what we observed in grid cells, a small subset of
cells appeared to show slightly more precise spatial representations
after whisker trimming, possibly reflecting increased familiarity with
the dark environment (Supplementary Fig. 8d).

All spatially modulated cell types can anchor to tactile cues
when tactile input dominates

Although grid scores of grid cells and spatial information of spatial
cells did not significantly decline at the population level following
whisker trimming (Fig. 3c and Supplementary Fig. 8a), and the accu-
racy of position decoding from neural activity was not further
impaired in darkness (Fig. 3I), a substantial subset of grid cells and
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Fig. 3 | Darkness alters grid-cell spatial coding with limited additional effects of
subsequent whisker trimming in a visual cue-dominated environment.

a, b Scatter plots comparing grid scores between light (L) and darkness (D), and
between D and darkness after whisker trimming (DW), respectively. Dashed lines
indicate y = x. ¢ Box plot showing reduced grid scores after light deprivation, with
no further decrease from D to DW (repeated-measures one-way ANOVA followed
by two-sided Tukey multiple-comparisons tests; n =215 grid cells from 13 mice).
d-f Spatial-information analyses showing no significant differences across sessions
(same tests and n). In (c, f, i-1), center lines are medians, boxes show the 25th-75th
percentiles, and Tukey whiskers extend to the most extreme values within 1.5 x the
interquartile range; values beyond the whiskers are plotted individually.

g Representative examples of color-coded rate maps and corresponding auto-
correlograms for grid cells across different sessions. Grid score (G) and peak rate
(P) are indicated. Cell-centered FOV crops from L, D and DW are shown on the right.

Scale bar, 10 pm. h Proportions of affected and resistant grid cells for L/D and D/DW
comparisons. Affected cells changed in rate-map correlation, grid score and/or
peak firing-location shift; resistant cells did not. i~k Box plot showing changes of
mean grid-field size, standard deviation (SD) of grid spacing and grid ellipticity
across sessions (repeated-measures one-way ANOVA followed by two-sided Tukey
multiple-comparisons tests; (i) 199 pairs; (j) 179 pairs; (k) 131 pairs). | Mean absolute
error (MAE) of position decoded from all spatially modulated cells across different
conditions. MAE remained below shuffle in all sessions and increased from L to D,
with no further increase from D to DW (same tests; n =13 mice). m Actual (red) and
decoded (blue) x-positions across L, D and DW in one mouse; MAE is shown for
each session. **P < 0.0001; ***P < 0.00L; **P< 0.0, *P<0.05; ns, P> 0.05. See
Supplementary Data 1 for exact P values and detailed statistical information. Source
data are provided as a Source Data file.

spatial cells nonetheless exhibited significant changes in individual
metrics after whisker deprivation (Fig. 3h and Supplementary Fig. 8c).
Moreover, the reintroduction of light failed to restore population-level
grid scores and spatial information (Supplementary Fig. 7g), suggest-
ing that whisker-mediated tactile deprivation did exert effects on some
neurons. However, given that spatial representations in this experi-
ment were established under light conditions with prominent visual
cue cards (Environment 1, E1; Fig. 1a), while the tactile cues present in
the environment were comparatively subtle (e.g., minor textural var-
iations and surface irregularities on the floor and walls of the paper-
lined arena), the impact of whisker deprivation on grid and spatial cells
was considerably more limited than that of light deprivation, possibly
because whisker-mediated tactile input in this environment mainly
contributed to the animals’ perception of environmental boundaries.
In addition, because visual deprivation was introduced before whisker
trimming in Environment 1, the effects of darkness may have partially
obscured additional contributions of whisker-mediated tactile input.

In naturalistic settings, rodents navigate environments of far
greater complexity, characterized by objects of diverse materials,
irregular terrain, and boundary structures with varied surface prop-
erties, often under conditions of dim ambient illumination. Under such
circumstances, tactile input likely plays a role comparable to that of
visual cues in supporting spatial orientation. To directly examine
whether tactile cues can anchor spatial representations in the absence
of visual information, we designed a new open-field arena rich in sali-
ent, polarizing tactile landmarks (Environment 2, E2). Two strips of
sandpaper with distinct grit sizes were affixed to two walls of the arena,
and an additional square piece of sandpaper was placed on the floor in
one corner (Fig. 4a, top). No visual cue cards were introduced, and the
animals explored the arena in complete darkness throughout the
training period. After approximately one week of habituation, we used
this tactile cue-dominated environment to examine whether different
types of cells were modulated by environmental tactile cues.
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Fig. 4 | MEC spatial representations can anchor to tactile cues in darkness.

a Schematic of the tactile cue-dominated environment (Environment 2, E2). Mice
explored an open-field arena in darkness without visual cue cards. Sandpaper cues
of different grit sizes were attached to the floor and two walls. Bottom, numbers of
HD, border, grid, spatial and non-spatially modulated cells tracked across five days.
b Representative tuning curves across days in darkness. From top to bottom: HD,
border, grid and spatial cells. MVL, border score (B), grid score (G), spatial infor-
mation (I) and peak event rate (P) are indicated. ¢ Cross-day stability, quantified as
the mean pairwise correlation of tuning curves or rate maps across five sessions.
Observed correlations were compared with null distributions generated by inde-
pendently permuting cell identities across sessions (1,000 shuffles; one-sided
permutation test). Stability exceeded shuffle for all four cell types (P = 0.001). Black
and colored curves show shuffle and real distributions. Black dashed lines and
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values indicate the 95th percentiles of shuffle distributions; colored dashed lines
and values indicate mean real correlations. d Rotation of tactile cues and neural
representations. After representations were established in session A, all tactile cues
were rotated 90° clockwise before session B. Polar plots show rotation-angle dis-
tributions. HD cells: n=107, circular mean = 83.7°, Rayleigh test, Z = 65.9,
P=8.8x10728; border cells: n =80, circular mean = 86.6°, Z= 60.57, P=2.3 x10725;
grid cells: n= 62, circular mean=90.3°, Z=36.0, P=1.6 x 10715; spatial cells:
n=180, circular mean = 88.9°, Z=143.3, P=2.1x 10790, e Representative tuning
curves or rate maps from sessions A and B. HD curves are shown in light green and
blue. For border, grid and spatial cells, each row shows maps from A and B and their
overlay. White indicates overlap between the optimally rotated session-A map
(magenta) and session-B map (green). ***P< 0.0001; **P< 0.001; **P< 0.01;
*P<0.05; ns, P>0.05.

We first asked whether animals could establish stable spatial
representations across days in this tactile cue-dominated environ-
ment in the absence of visual cues. After habituation, we performed
calcium imaging across five recording days in three mice (Supple-
mentary Fig. 9a). Spatially modulated cells were identified from the last
recording day (Fig. 4a, bottom), and their tuning curves or rate maps
remained similar across days (Fig. 4b). To quantify cross-day stability,
we calculated the mean pairwise correlation of each cell’s tuning
curves or rate maps across the five sessions and compared it with
shuffled controls generated by independently permuting cell identities
within each recording day. The cross-day correlations of all four clas-
ses of spatially modulated cells were significantly higher than the
shuffle levels, indicating that MEC neurons can maintain stable spatial

representations across days in a dark, tactile cue-dominated envir-
onment (Fig. 4¢).

Moreover, we conducted a cue-rotation experiment to assess
whether spatial representations rotated coherently with the tactile
cues (Fig. 4d, top). After mice established stable spatial representa-
tions in the initial configuration (Session A), the arena was carefully
cleaned and the entire environment—including the sandpaper land-
marks along with residual subtle tactile features on the walls and floor
—was rotated 90° clockwise (Session B), and neural tuning curves were
re-acquired. To quantify the alignment between sessions, each cell’s
tuning curve from Session A was rotated in 3° increments and corre-
lated with the corresponding Session B tuning curve across all rotation
angles, generating a rotation-correlation profile. The correlation
peaked robustly at 90° clockwise rotation for nearly all recorded cells
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and spatial representations in all 6 mice underwent coherent rotation
(Supplementary Fig. 9b). We defined the rotation angle as the angular
offset at which the correlation between the rotated Session A and
Session B tuning curves was maximized. The rotation angles of HD
cells, border cells, grid cells, and spatial cells were all significantly
clustered around 90° (Fig. 4d, bottom), consistent with the rotation of
the tactile cues. Representative examples are illustrated in Fig. 4e,
demonstrating that individual neurons’ spatial representations from
Session A, upon 90° rotation, closely matched those recorded in Ses-
sion B. Collectively, these results demonstrate that in a visually
deprived, completely dark environment, all classes of spatially
modulated cells in the MEC can anchor to environmental tactile cues.

Although grid and spatial cells could form relatively stable spatial
representations in the dark tactile cue-dominated environment and
their rate maps rotated coherently with tactile cues, their cross-day
stability was lower than that of HD and border cells (Fig. 4c). We
therefore compared these results with five-day recordings from an
independent cohort of three mice in Environment 1, a visual
cue-dominated arena, after one week of habituation. Cells in this
lighted environment also showed stable spatial representations across
days (Supplementary Fig. 10a). Using the same analysis, we found that
HD and border cells showed comparable cross-day stability between
the two environments, whereas grid and spatial cells were more stable
in the visual cue-dominated environment (Supplementary Fig. 10b).
Thus, grid and spatial cells can form tactile cue-anchored repre-
sentations in darkness, but their long-term stability appears greater
when visual cues are available.

Whisker trimming disrupts tuning of all types of spatially
modulated cells in a tactile cue-dominated environment

Given that various spatially modulated cells can anchor their firing to
tactile cues in Environment 2 (Fig. 4), whiskers—as the primary tactile
sensory organs in rodents—likely play an important role in this process.
We therefore hypothesized that whisker trimming would exert a more
pronounced impact on grid cells and other spatially modulated cells
under these conditions compared to Environment 1 (Figs. 1-3). To test
this, we recorded MEC neuronal activity across 12 FOVs from 10
additional male mice and examined the effects of whisker trimming
(Supplementary Fig. 11a). Whisker trimming did not produce any overt
behavioral abnormalities (Supplementary Fig. 11b-e).

Consistent with observations in Experiment 1, tuning of HD cells
and border cells was significantly disrupted following whisker depri-
vation, as evidenced by marked reductions in tuning strength and
firing specificity of individual cells (Supplementary Fig. 11f-k). In con-
trast to Environment 1, however, grid scores of grid cells also declined
significantly after whisker trimming in Environment 2 (Fig. 5a), though
spatial information remained unchanged (Fig. 5b). Moreover, grid cell
properties that were unaffected by whisker trimming in Environment
1-including mean field size, standard deviation of grid spacing, and
ellipticity—all showed significant changes in Environment 2 (Fig. 5c-e),
indicating that the regularity of grid cell firing patterns was sub-
stantially degraded. Of the 164 grid cells recorded, only 29 (17.7%)
exhibited no detectable change after whisker trimming across all
metrics, whereas the remaining cells showed a significant change in at
least one metric, including grid score reduction, rate-map reorgani-
zation, or peak firing location shift (Fig. 5f). Similarly, the spatial
representations of spatial cells showed a marked loss of spatial selec-
tivity after whisker deprivation (Fig. 5g). Only 24.5% of spatial cells
remained entirely unaffected in spatial information, rate map corre-
lation, and peak firing location (Fig. Sh). The position decoder trained
on neuronal activity of all spatially modulated cells from the dark
baseline session (D) showed a significant decrease in decoding accu-
racy following whisker trimming (DW), confirming that the loss of
whisker-mediated tactile input under these conditions impaired the
fidelity of animals’ spatial coding ability (Fig. 5i-j). At the single-cell

level, the rate maps of the majority of grid cells and spatial cells
underwent pronounced alterations: some grid cells entirely lost their
characteristic hexagonal firing patterns (Fig. 5k), and some spatial cells
showed complete abolition of spatial selectivity (Fig. 5I).

In this experiment, two mice underwent a second round of
whisker trimming after their whiskers had regrown to sufficient length
following the initial deprivation. During the second manipulation,
neural activity was recorded from newly imaged fields of view. Notably,
repeated whisker trimming produced effects on spatially modulated
cells that were comparable in magnitude to those observed after the
first trimming (Supplementary Fig. 111). The reproducibility of these
effects argues against the possibility that the observed degradation in
spatial representations was driven by transient behavioral abnormal-
ities, stress responses, or incomplete task adaptation.

Spatial representations anchored to tactile cues are pre-
ferentially disrupted by whisker trimming

As Environment 2 provides rich tactile but no visual cues, spatially
modulated cells there are expected to rely predominantly on whisker-
mediated input for spatial coding, predicting greater disruption from
whisker trimming than in Environment 1. Consistent with this, the
proportion of whisker deprivation-resistant cells (defined as those
showing no significant change in any spatial metric following trim-
ming) was significantly lower in Environment 2 than in Environment 1
for HD cells, grid cells, and spatial cells (Fig. 5m). This finding further
suggests that the effects of whisker trimming cannot be solely attrib-
uted to trimming-induced alterations in locomotor behavior or arousal
state. Border cells were the exception, showing no significant differ-
ence between environments (Fig. 5m), likely because they mainly rely
on whisker-mediated boundary sensing regardless of the broader
tactile context.

Rodents rely on their whiskers to detect surface textures. In our
arena, the sandpaper patch positioned in the upper-right corner pro-
vided the dominant tactile cue apart from the enclosing walls. This cue
could therefore serve either as a local tactile landmark directly
anchoring the firing fields of spatially modulated cells or as a stable
reference to correct errors accumulated during path integration. We
thus hypothesized that whisker trimming would preferentially disrupt
firing patterns within the sandpaper region-of-interest (ROI) relative to
the rest of the arena. To test this hypothesis, we first computed
population-averaged rate maps for each of the four spatially modu-
lated cell types by averaging event rates across all cells of a given type
within each spatial bin (Fig. 6a-d). HD cells and border cells showed no
pronounced reduction in mean firing rate within the ROI following
whisker trimming, consistent with the fact that HD cell activity is
basically independent of spatial location and border cell firing is pri-
marily constrained to environmental boundaries. In contrast, grid cells
and spatial cells exhibited a prominent reduction in population mean
rate within the ROI (Fig. 6¢c, d). We next examined whether whisker
trimming preferentially affected cells whose spatial representations
depended on tactile information from the ROI. Grid cells were classi-
fied as ROI cells if at least one grid field was located within the ROI, and
as non-ROI cells otherwise (see Methods), yielding 44 ROI grid cells
and 120 non-ROI grid cells (Fig. 6e). Grid scores decreased significantly
in both groups after whisker trimming and the magnitude of reduction
did not differ between ROI and non-ROI grid cells (Fig. 6f). However,
field-level analysis revealed a selective effect: grid fields located within
the ROI (ROI fields) were significantly more likely to disappear fol-
lowing whisker trimming than non-ROI fields (Fig. 6g, h, see Methods).
A field was classified as lost if no corresponding field was detected in
the subsequent session or if its spatial overlap with the original field
was less than 20%. We performed a parallel analysis for spatial cells.
Based on the location of the primary field, defined as the largest spatial
field, 52 cells were classified as ROI spatial cells and 561 as non-ROI
spatial cells (Fig. 6i, see Methods). ROI spatial cells exhibited a
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Fig. 5 | Whisker trimming more strongly alters grid- and spatial-cell repre-
sentations in a tactile cue-dominated environment. a-e Box plots comparing
grid score, spatial information of grid cells, mean grid-field size, SD of grid spacing
and grid ellipticity between darkness (D) and darkness after whisker trimming
(DW). Trimming reduced grid score and increased field size, spacing variability and
ellipticity, without changing spatial information (two-sided Wilcoxon signed-rank
tests; (a, b) n = 164 grid cells, (c, d) n = 154 pairs, (e) n = 130 pairs). f Affected and
resistant grid-cell proportions after whisker trimming (D/DW) in Environment 2
(E2). Affected cells changed in rate-map correlation, grid score and/or peak-rate-
position shift. g Spatial information of spatial cells decreased after trimming (same
test; n = 613 spatial cells). h Affected and resistant spatial-cell proportions for D/
DW. Affected cells changed in rate-map correlation, spatial information and/or
peak-rate-position shift. Resistant cells in (f, h) changed in none of these metrics. In
(a-e, g, i), center lines indicate medians, boxes the 25th-75th percentiles, and
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Tukey whiskers the most extreme values within 1.5 x IQR; beyond-whisker values
are plotted individually. i Mean absolute error (MAE) of position decoding using a
decoder trained on population activity of all spatially modulated cells in session D
(RM one-way ANOVA with Geisser-Greenhouse correction and two-sided Tukey
tests; n = 12 FOVs from 10 mice). j Representative actual (red) and decoded (blue)
x-positions in D and DW; MAE is indicated. k Representative trajectories, rate maps
and autocorrelograms of grid cells across D and DW. G and P indicate grid score and
peak event rate; FOV crops across sessions are shown on the right. Scale bar, 10 pm.
1 Representative trajectories and rate maps for spatial cells; I and P indicate spatial
information and peak rate. m Proportions of resistant HD, border, grid and spatial
cells in E1 and E2, with resistant and total counts indicated (two-sided Chi-square
test). ***P < 0.0001; **P< 0.001; *P< 0.0L; *P< 0.05; ns, P> 0.05. See Supple-
mentary Data 1 for exact P values and detailed statistics. Source data are provided
as a Source Data file.

significantly greater reduction in spatial information compared to non-
ROl spatial cells following whisker trimming (Fig. 6j). Moreover, spatial
fields located within the ROI were more likely to disappear than those
outside the ROI (Fig. 6k-1). Together, these results suggest that tactile
floor cues contribute to stabilizing spatial representations, and that
removal of whisker-mediated tactile input preferentially disrupts the
coding of fields anchored to the salient landmarks.

Cross-day stability modestly predicts vulnerability to sensory
deprivation

We next asked whether the cross-day stability of spatially modulated
cells in the tactile cue-dominated environment could predict their
sensitivity to subsequent whisker trimming. The three mice used for
five-day longitudinal imaging in Environment 2 also underwent whis-
ker trimming on the final recording day. For each cell, we related the
whisker trimming-induced change in tuning strength or map stability

to its baseline variability across the five pre-trimming recording
sessions.

For HD cells, whisker-trimming-induced reductions in tuning
strength (AMVL, D/DW) were significantly correlated with cross-day
variability (SEM of MVL across five days), such that cells exhibiting
greater baseline variability showed larger deprivation-induced
declines (Supplementary Fig. 12a, left). Moreover, cells with higher
cross-day stability (mean correlation across five days) exhibited better
preservation of tuning after trimming (Supplementary Fig. 12a, right).
In contrast, no significant relationships were observed for border cells
(Supplementary Fig. 12b). For grid cells, deprivation-induced reduc-
tions in grid score were significantly associated with cross-day varia-
bility, although the cross-day spatial correlation did not predict the
magnitude of trimming effects (Supplementary Fig. 12c). Finally, spa-
tial cells showed no significant association between cross-day stability
and deprivation-induced changes in spatial information or spatial
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Fig. 6 | Fields anchored to dominant tactile floor cues are preferentially dis-
rupted by whisker trimming. a-d Population-averaged rate maps for HD, border,
grid and spatial cells in darkness (D) and darkness after whisker trimming (DW) in
environment 2. Event rates were averaged across cells within each spatial bin. White
squares indicate the tactile floor-cue region. e Distribution of grid fields, with field
centroids located within the floor tactile cue region classified as region-of-interest
(ROI) fields (orange) and all others classified as non-ROl fields (blue). The tactile cue
region is outlined by the red box. f Cell-level comparison of changes in grid score
((A=DW - D)) between ROI grid cells and non-ROI grid cells. Grid cells with at least
one field in the tactile cue region were classified as ROI cells (two-sided Welch’s ¢-
test; n = 44 ROI and 120 non-ROI cells). g Comparison of the proportions of dis-
appeared ROI and non-ROI grid fields after whisker trimming (40.91% vs. 17.63%,
Chi-square test). Field disappearance was defined as described in the Methods.
h Trajectories and rate maps of representative ROl and non-ROI grid cells across D
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and DW. Red boxes mark the floor tactile cue region. G and P denote grid score and
peak event rate. i Distribution of spatial-cell field centroids, displayed as in (e).

Jj Spsuiteatial-information changes for ROI and non-ROI spatial cells (two-sided
Welch'’s t-test; n = 52 ROl and 561 non-ROI cells). Spatial cells with their largest field
in the tactile cue region were classified as ROI cells. In (f, j), center lines indicate
medians, boxes the 25th-75th percentiles, and Tukey whiskers the most extreme
values within 1.5 x the interquartile range; beyond-whisker values are plotted indi-
vidually. k Comparison of the proportions of disappeared ROI and non-ROI spatial
fields (23.26% vs. 11.55%, Chi-square test). I Representative ROI and non-ROI spatial
cells, displayed as in (h). I and P denote spatial information and peak event rate.
P < 0.0001; **P<0.001; *P<0.01; *P<0.05; ns, P> 0.05. See Supplementary
Data 1 for exact P values and detailed statistics. Source data are provided as a
Source Data file.

correlation (Supplementary Fig. 12 d). Together, these results indicate
that long-term representational stability modestly predicts vulner-
ability to sensory deprivation in a subset of tuning metrics, particularly
for HD and grid cells. Thus, while tactile cues can support stable spatial
representations in darkness, cells with less stable baseline tuning are
more susceptible to disruption following whisker-mediated sen-
sory loss.

Environmental boundaries provide dominant stabilizing input
after multisensory deprivation

Although visual cues were absent in Environment 2, a subset of cells
were still able to maintain stable firing patterns following whisker
trimming, showing no detectable changes in any tuning metrics
(Fig. 5f, h and Supplementary Fig. 11g, j). Given the complexity of the
rodent somatosensory system, tactile inputs beyond whiskers—such as
those conveyed via the paws or nose—may contribute to sustaining
residual spatial representations. We therefore examined whether
plantar tactile input supports spatial coding under whisker depriva-
tion. Because complete elimination of paw sensation is technically
impractical and would likely disrupt locomotion, we instead removed
the dominant floor tactile cue—the sandpaper patch—which

constituted the most salient remaining plantar-accessible landmark
after whisker trimming. Four mice re-explored the arena under this
condition (DWR; Supplementary Fig. 13a). Removal of the sandpaper
patch did not induce additional significant changes in tuning metrics
across spatially modulated cell types (Supplementary Fig. 13b-h), nor
did it impair positional decoding accuracy (Supplementary Fig. 13i).
Importantly, this manipulation reduced—but did not abolish—plantar
tactile input.

Environmental boundaries are known to provide strong correc-
tive signals for path integration”. In the arena lacking other salient
protrusions, the remaining tactile feedback may be predominantly
derived from physical contact between the animal’s nose or body and
the surrounding walls. To assess the contribution of boundary-derived
input, we eliminated access to the walls while preserving the floor
landmark. In six mice tested on an elevated platform, the arena walls
were removed following the DW session (DWR’; Fig. 7a), preventing
wall contact without altering the sandpaper cue. Under these condi-
tions, spatial tuning was profoundly disrupted across all classes of
spatially modulated cells (Fig. 7b-e and Supplementary Fig. 14a, b).
The spatial information of grid cells, which had remained stable under
darkness and whisker trimming, was significantly reduced following
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Fig. 7 | Removal of the arena wall significantly disrupts spatial representations
following combined sensory deprivation. a Schematic of wall removal, showing
the transition from darkness after whisker trimming (DW) to the wall-removed
condition (DWR’). b-e Box plots comparing mean vector length (MVL) of HD cells,
border score of border cells, grid score of grid cells and spatial information of
spatial cells between DW and DWR’. Wall removal reduced all four tuning measures
(two-sided Wilcoxon signed-rank tests; (b) n = 276 HD cells, (c) n = 190 border
cells, (d) n = 93 grid cells and (e) n = 327 spatial cells). fMean absolute error (MAE)
of position decoding using a decoder trained on population activity of all spatially
modulated cells from the baseline dark session. MAE increased after wall removal,
indicating reduced decoding accuracy (two-sided Wilcoxon signed-rank test; n = 6

mice). In (b-f), center lines indicate medians, boxes the 25th-75th percentiles, and
Tukey whiskers the most extreme values within 1.5 x the interquartile range; values
beyond the whiskers are plotted individually. g Representative HD tuning curves
from DW and DWR’. MVL and peak event rate (P) are indicated; corresponding cell-
centered FOV crops are shown on the right. Scale bar, 10 um. h-j Representative
border, grid and spatial cells recorded in DW and DWR'. For each cell, trajectories
are shown in gray and detected calcium events in dark blue; rate-map color indi-
cates event rate. Border score (B), grid score (G), spatial information (I) and peak
event rate (P) are indicated. ***P < 0.0001; **P< 0.001; *P< 0.01; *P<0.05; ns,
P>0.05. See Supplementary Data 1 for exact P values and detailed statistics. Source
data are provided as a Source Data file.

wall removal (Supplementary Fig. 14c). Positional decoding errors
increased markedly relative to the DW session (Fig. 7f and Supple-
mentary Fig. 14d). Cells previously unaffected by whisker trimming
(e.g., the first two HD cells in Fig. 7g) now showed significant changes in
MVL and PFD, suggesting that their residual stability in DW sessions
was supported by boundary-derived sensory feedback (Fig. 7g-j).
Reapplying the wall-facing event-rate ratio analysis showed that
border-cell wall-facing preference was no longer detectable in the
DWR’ session (Supplementary Fig. 14e), suggesting that boundary-
derived tactile feedback is important for maintaining border-cell firing
under these conditions. Rather than remapping, most border cells,
grid cells, and spatial cells failed to meet classification criteria follow-
ing wall removal. Quantitatively, 50.7% (140/276) of baseline HD cells
remained classifiable in session DWR’, whereas only 12.1% of border
cells (23/190), 11.7% of grid cells (11/94), and 15.5% of spatial cells (51/
328) met classification thresholds, highlighting the strong dependence
of allocentric spatial coding on boundary information.

In two of six mice, exploration trajectories became biased toward
the sandpaper region after wall removal, which closely matched the
size and shape of the tactile patch (Supplementary Fig. 14f). Although
observed in a subset of animals, this pattern suggests that, in the
absence of boundary cues, the floor landmark may serve as a residual
spatial reference detectable via plantar sensation. Population-
averaged border-cell maps showed reduced firing along former
arena boundaries but increased activity along the edges of the sand-
paper patch in DWR’ (Supplementary Fig. 14g, top). After

normalization, a new firing band emerged along the vertical edge of
the tactile cue (Supplementary Fig. 14g, bottom), indicating a highly
complex and adaptable spatial representation system in the MEC. In
this context, animals may rely on plantar tactile input to detect the
remaining sandpaper landmark on the floor and strengthen the
encoding of that boundary.

A subset of MEC neurons shows activity covarying with whisker
movement

During free exploration, rodents use their whiskers bilaterally to
interact with objects, providing essential tactile inputs. Previous
research has shown that the CAl region of the hippocampus responds
to both mechanical and passive whisker stimulation, potentially con-
tributing to the updating of the spatial cognitive map®. Furthermore, it
has been established that place fields in the hippocampus are modu-
lated by tactile inputs from whiskers, although there is variability
among individual cells’. We therefore performed an exploratory ana-
lysis to examine whether MEC neuronal activity covaries with whisker
movement, which may reflect signals related to tactile sensing.

We conducted whisker-related experiments in ten male mice,
three of which had also undergone whisker trimming in Environment
2. Each animal participated in three experimental sessions (Supple-
mentary Fig. 15a). In the “spontaneous-whisking” session (Spont.), mice
were head-fixed, and their spontaneous whisker movements along
with corresponding neuronal activity were recorded simultaneously.
Due to limited whisker movement under head-fixed conditions, we
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performed an additional “stimulated-whisking” session (Stim.), during
which an automated telescopic rod with a sandpaper sheet at its end
was used to enhance whisker activity at regular intervals. In the final
“free exploration” session, mice were allowed to explore an open field,
enabling us to assess the spatial coding properties of the neurons
recorded in the previous sessions. Given that whiskers on the same
side exhibit highly similar movement*?, we selected the most distin-
guishable whisker for each animal for further analysis. To minimize
false positives resulting from the low whisker movement observed
during the “spontaneous-whisking” session, we primarily used data
from the “stimulated-whisking” session to identify whisker-responsive
cells, with the “spontaneous-whisking” session serving to validate our
findings. The position of the selected whisker was extracted from each
frame, and the corresponding angular position (6) was calculated.
Angular velocity (67) was derived by calculating the change in angular
position between two adjacent frames. We referred smoothed angular
velocity (67) as whisker movement and further calculated its Pearson
correlation coefficient with each neuron’s denoised AF/F trace (see
Methods). We used this correlation-based approach because the lim-
ited temporal resolution of calcium imaging does not allow reliable
assessment of neuronal activity changes over short intervals after
tactile stimulation. To identify whisker-responsive cells, both correla-
tion strength and within-session stability criteria were applied (see
Methods). Specifically, the correlation between 8 and neural activity
was calculated separately for the first and second halves of the “sti-
mulated-whisking” session. Only neurons whose correlation coeffi-
cients exceeded the 95th percentile of the shuffled distribution in both
halves were classified as whisker-responsive (Resp.) cells; all others
were categorized as whisker-non-responsive (Non-Resp.) cells.

Of the 2187 recorded neurons, 191 (8.7%) were identified as
whisker-responsive cells, whose calcium activity was positively corre-
lated with whisker movement (Supplementary Fig. 15b, c). In an inde-
pendent spontaneous-whisking session, these whisker-responsive cells
also exhibited significantly higher correlations with whisker movement
compared to whisker-non-responsive cells (Supplementary Fig. 15d),
although correlation values were reduced relative to the stimulated-
whisking session, likely due to weaker whisker activity in the absence
of stimulation (Supplementary Fig. 15e). When correlations were
recalculated using deconvolved calcium signals instead of denoised
AF/F traces, whisker-responsive cells still showed significantly higher
correlations than non-responsive neurons (Supplementary Fig. 15f),
and this effect was consistently observed across both independent
sessions (Supplementary Fig. 15g, h). These whisker-responsive cells
showed calcium activity that covaried with whisker movement in both
head-fixed sessions (Supplementary Fig. 15i). In addition, whisker-
responsive cells exhibited a modest tendency toward anatomical
clustering (Supplementary Fig. 15j, k; see Methods), which may reflect
potential local connectivity.

Among the identified whisker-responsive cells, the majority
(67.0%) did not exhibit spatial tuning during free exploration. The
remaining 63 of 191 cells (33.0%) displayed spatially modulated prop-
erties, with HD cells comprising the largest fraction (17.3%), followed
by border cells (12.0%), spatial cells (2.1%), and grid cells (1.6%) (Sup-
plementary Fig. 16a). Because the total number of each spatially
modulated cell type differed, we assessed whether the observed
overlap between whisker-responsive cells and spatially tuned popula-
tions deviated from chance expectation. Using the overall proportion
of whisker-responsive cells and the total counts of each cell type, we
calculated the expected overlap under a hypergeometric distribution
and compared it with the observed values. This analysis revealed sig-
nificant enrichment of border cells, along with significant depletion of
grid cells and spatial cells (Supplementary Fig. 16b). Representative
examples showed that some whisker-responsive cells lacked detect-
able spatial tuning during free exploration (Supplementary Fig. 16c),
whereas others were classified as HD, border, grid, or spatial cells

based on their activity during free exploration (Supplementary
Fig. 16d).

Additionally, we replicated the stimulated-whisking session in
four independent mice under head-fixed conditions using a high-
speed infrared camera (120 Hz) to more precisely capture whisker
movement. A population of neurons exhibiting strong correlations
between neuronal activity and whisker angular velocity was again
identified, consistent with our initial findings (Supplementary Fig. 17a).
The correlation strength of whisker-responsive cells did not differ
significantly between the two experimental setups (Supplementary
Fig. 17b). In this experiment, we also employed a secondary infrared
camera positioned laterally to record paw movements and compute
paw velocity, which served as an indicator of the animal’s body loco-
motion. Although some whisker-responsive cells displayed calcium
activity patterns closely resembling whisker angular velocity, their
correlations with paw movement were minimal or absent (Supple-
mentary Fig. 17c). These examples suggest that the activity of at least a
subset of whisker-responsive cells was more closely associated with
whisker movement than with broader body-movement-related signals.
However, because whisker movement can covary with orofacial
movements, arousal, and other behavioral states, these data do not
exclude the possibility that some whisker-responsive activity reflects
non-whisker-specific behavioral variables. Further experiments will be
required to determine whether these signals specifically reflect tactile
input or active tactile sensing.

Discussion

Effective spatial navigation is fundamentally dependent on reliable
references, which are derived from both internal and external sensory
information*. When spatial representations were established in a
visual cue-dominated environment, light deprivation altered the
representations of all spatially modulated cell types, whereas sub-
sequent whisker trimming in darkness had more limited additional
effects, particularly on grid and non-grid spatial cells. In contrast, in a
dark tactile cue-dominated environment, all cell types could anchor
their firing to tactile landmarks and form stable representations; under
these conditions, grid-cell and spatial-cell representations became
more sensitive to whisker trimming. In addition to whisker-mediated
input, tactile signals conveyed through the nose or plantar surface may
also contribute to maintaining spatial representations, particularly
when visual and whisker-mediated cues are unavailable. Consistent
with this idea, removing the arena walls to eliminate boundary-related
tactile feedback markedly disrupted representations across all spa-
tially modulated cell types. Together, these findings underscore the
complexity of sensory integration in spatial navigation and highlight
flexible strategies employed by the MEC to process external sensory
information under varying environmental contexts. Finally, we iden-
tified a subset of MEC neurons whose activity covaried with whisker
movement, suggesting that whisker-related signals may be repre-
sented in MEC. Further experiments are needed to determine whether
these signals reflect tactile input and how they contribute to tactile
cue-supported spatial navigation.

All known types of spatially modulated cells are modulated to
varying degrees by sensory information, with HD cells being particu-
larly sensitive. For instance, HD cells in the subiculum respond to
environmental rotation*’. In blind mice, HD cells in the anterior dorsal
nucleus (ADN) use olfactory cues to finely encode head direction®®.
Moreover, disruption of vestibular input impaired the head direction
tuning in the anterior thalamus®, leading to subsequent effects on the
place cells in the hippocampus*. Our results showed that head-
direction tuning in the MEC was impaired following the deprivation of
visual and whisker-mediated tactile inputs (Fig. 1 and Supplementary
Fig. 3). The disruption observed under light deprivation may be
explained by both direct and indirect anatomical connectivity between
the MEC and visual cortical areas*”**, which provide a pathway through
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which visual information can influence spatial representations. In
addition, it is well established that visual landmarks exert strong
control over head direction tuning**°. Numerous studies have
demonstrated that removal of visual cues degrades HD stability*,
whereas reintroduction of visual landmarks restores directional
tuning”*', However, we did not observe a robust recovery of HD tuning
following light reinstatement after whisker trimming. This persistent
impairment likely reflects the sustained consequences of whisker
deprivation on the HD network, such that only a subset of cells whose
directional tuning was primarily governed by visual input—and thus
minimally affected by whisker trimming—were able to recover their
tuning strength following light reinstatement (Supplementary Fig. 3i).
Moreover, in some animals, LDA revealed that, although the HD
population activity did not return to its initial state following light
reinstatement, it nevertheless retained the capacity to encode head
direction within LW session (Supplementary Fig. 3j). This may suggest
that, after an extended period of altered sensory experience between
the two light sessions, HD population activity tends to stabilize around
a shifted attractor state once visual input is reintroduced****. Whiskers
are important for environmental exploration, allowing rodents to
sample surface textures, contours, obstacles, and nearby boundaries.
These tactile cues may contribute to spatial representations and sup-
port HD tuning within a cognitive map. In addition, whisker activity is
closely linked to head movements in rodents, with the right-left
asymmetry of whisker positioning preceding head movement®,
enabling obstacle detection and direction determination. Head turns
and eye movements are flexibly coordinated, allowing animals to
effectively integrate visual, vestibular, and somatosensory
information®°, In our study, whisker trimming resulted in a measur-
able reduction in head angular speed (Supplementary Fig. 4i), which
may reflect compromised balance or altered vestibular input during
head turns. This reduction may affect the activity of angular velocity
cells***’—potentially involved in vestibulo-ocular reflex and in main-
taining or updating head direction tuning®. Therefore, the effect of
whisker trimming on HD tuning, especially in Environment 1, may
partly reflect changes in self-motion-related input in addition to
reduced tactile information. Thus, HD cells likely integrate multimodal
sensory inputs together with self-generated signals to maintain accu-
rate directional coding.

Border cells, another crucial type of spatially modulated cell, are
also impacted by light deprivation and whisker trimming (Fig. 2 and
Supplementary Fig. 11). Animals may rely on visual cues to estimate
their distance from environmental boundaries, and prior studies have
shown that boundary-related firing fields can persist even when
boundary information is provided predominantly through visual
input®®. However, direct contact with walls via whiskers may allow
border cells to refine their firing fields with greater spatial precision.
Because environmental boundaries provide corrective signals for path
integration, and border cells are thought to contribute to this process
by modulating grid-cell firing fields", our findings suggest that
boundary-dependent spatial coding is sensitive to the quality of
available sensory input. In darkness, the precision of distance estima-
tion based on vision is reduced, and whisker trimming may further
degrade boundary-related feedback. Consistent with this interpreta-
tion, we observed that border cells preferentially fired when the animal
was oriented toward the wall (Supplementary Fig. 6f, g). Notably, this
directional bias was completely abolished when the surrounding walls
were removed (Supplementary Fig. 14e), and most border cells lost
spatially specific firing rather than merely exhibiting remapping
(Fig. 7h). This result differs from that reported by Solstad et al. ¢, likely
because in our wall-removal sessions, animals lacked both visual cues
and the ability to detect environmental boundaries via whisker con-
tact. Under these conditions, boundary-related sensory information
was almost completely eliminated. These findings indicate that the

maintenance of boundary fields depends strongly on external sensory
inputs.

In the illuminated Environment 1 containing salient visual cue
cards, spatial representations were likely established primarily on the
basis of visual information. Under these conditions, removal of visual
cues markedly altered firing patterns in grid cells and spatial cells,
whereas further whisker trimming, after visual input had already been
removed, produced only limited effects (Fig. 3 and Supplementary
Fig. 8). In contrast, Environment 2 lacked visual input but contained a
salient polarized tactile landmark. In this context, tactile cues likely
contributed both to anchoring firing fields and to correcting accu-
mulated path integration errors in the absence of vision. Accordingly,
whisker trimming in Environment 2 had more pronounced effects on
both grid and spatial cells, accompanied by alterations in field prop-
erties and decreased positional decoding accuracy (Fig. 5a-1). More-
over, when multiple tuning metrics were considered jointly, the
proportion of HD cells, grid cells, and spatial cells that maintained
stable tuning in Environment 2 was significantly lower than the pro-
portion of whisker-trimming-resistant cells observed in Environment 1
(Fig. 5m). These findings suggest that the MEC flexibly constructs
spatial maps depending on the dominant sensory modality available in
the environment. Spatial representations primarily anchored to tactile
information appear more vulnerable to whisker deprivation than those
supported by vision.

Unlike vision, which originates from retinal photoreceptors, tac-
tile inputs arise from mechanoreceptors distributed across the body
rather than being confined to whisker follicles*’. Consequently, whis-
ker trimming alone cannot abolish all somatosensory input, consistent
with the persistence of spatial selectivity in a subset of cells under
combined darkness and whisker deprivation. Additional removal of
surrounding walls further destabilized spatial coding (Fig. 7 and Sup-
plementary Fig. 14), suggesting that somatosensory signals from the
nose also contribute to navigation. Whereas boundary manipulations
have been shown to induce grid-cell remapping'®, our results reveal a
more severe outcome: when visual input, whisker-mediated tactile
input, and boundary-related physical feedback were eliminated in the
DWR'’ condition, most grid cells lost their hexagonal firing patterns and
most spatial cells lost their spatial selectivity. Nevertheless, a minority
of spatially modulated cells remained classifiable, indicating that self-
motion-related signals—such as vestibular and speed inputs—can par-
tially sustain spatial representations when external sensory cues are
drastically reduced. Notably, the disruption caused by single sensory
deprivation was milder than that caused by medial septum inactivation
or passive transport, both of which abolish grid-like firing entirely*®*".
Thus, selective deprivation of individual modalities produces partial
degradation of grid firing, whereas collective reduction of sensory
inputs—particularly the elimination of boundary perception—pro-
foundly disrupts spatial coding. Importantly, our manipulations likely
did not eliminate all somatosensory input. Tactile signals from the
paws were attenuated by removing the primary sandpaper landmark,
and inputs from the nose were reduced by wall removal; however,
residual somatosensory information may have persisted. Future stu-
dies employing more direct circuit-level interventions, such as tran-
sient inactivation of somatosensory pathways, will be required to more
definitively establish the causal contribution of tactile signals to spatial
representations.

Facial whiskers are vital sensory organs for nocturnal rodents like
mice and rats, providing essential tactile inputs. The active movement
of whiskers, known as whisking®’, facilitates environmental exploration
and triggers sparse neuronal activity patterns in the primary somato-
sensory cortex (S1)®’. Previous research has shown that rodents can use
their whiskers to assess aperture widths with an accuracy finer than 5
mm®. Additionally, blind rats rely heavily on whisker input for gap
crossing, and the same is true for sighted rats in darkness*. Moreover,
whisker-mediated tactile input has also been implicated in
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hippocampal function and spatial navigation. Whisker deflection-
evoked responses observed in hippocampal CAl imply that tactile
inputs are transmitted to this area via the somatosensory cortex,
contributing to experience-dependent learning®. Permanent whisker
removal reduces hippocampal neurogenesis and impairs spatial
memory®. The hippocampal CAl region responds to whisker stimu-
lation, likely contributing to the update of the spatial cognitive map?.
Additionally, place fields are modulated by tactile inputs and can be
disrupted by whisker pad inactivation’. Given the strong
hippocampus-MEC connectivity, these findings raise the possibility
that whisker-related signals may influence MEC spatial coding.
Although direct monosynaptic projections from S1 to MEC have not
yet been confirmed anatomically, several multisynaptic pathways may
mediate this communication. For instance, the perirhinal and post-
rhinal cortices receive extensive somatosensory input and project
heavily to MEC*~%°. Additionally, thalamocortical circuits involving the
posterior thalamic nucleus—known to process vibrissal information—
may modulate MEC activity indirectly via these cortical areas™. Fur-
thermore, the claustrum (Cla) provides the MEC with multisensory
information, including information from the primary motor cortex
(M1), primary visual cortex (V1), and S1, thereby potentially influencing
its spatial coding process”. Consistent with a potential role of whisker-
related signals in spatial coding, our exploratory analysis identified a
subset of MEC neurons whose activity covaried with whisker move-
ment (Supplementary Figs. 15-17), indirectly supporting the possibility
that MEC could integrate tactile information into spatial navigation.
However, because whisker movement can covary with broader orofa-
cial movements, arousal, and other behavioral states, the present data
cannot fully distinguish whisker-specific tactile signals from these
related behavioral variables. Future studies using approaches with
higher temporal resolution and more controlled tactile stimulation
paradigms will be needed to more precisely characterize MEC
responses to whisker-mediated tactile inputs.

Methods

Animal subjects

Our study used 37 adult male wild-type C57BL/6 N obtained from the
Laboratory Animal Center of Peking University and Beijing Vital River
Laboratory Animal Technology Co., Ltd. (Beijing, China). Sex differ-
ences were not evaluated because female mice were not included in
the experimental design. Only male mice were used because pro-
longed 3-4-h open-field recordings required sustained locomotion
and adequate arena coverage, which male mice more consistently
achieved under our experimental conditions. This choice was also
consistent with the predominantly male cohorts used in previous
studies in the field. Thirteen mice were used for the L-D-DW-LW
experiment in the visual cue-dominated environment (Environment 1,
El), and three additional mice were used for the L-D-DW control
experiment in E1. Ten mice were used for the D-DW experiment in the
tactile cue-dominated environment (Environment 2, E2). Among these
ten mice, three underwent calcium imaging for five consecutive days,
and two underwent a second round of whisker trimming after their
whiskers had regrown following the initial trimming. Three mice from
the E2 D-DW cohort, together with three additional mice, were also
included in the tactile-cue rotation experiment. Of the 29 mice that
underwent open-field experiments, six were also included in the
whisker-related experiments. Eight additional mice were used exclu-
sively for the whisker-related experiments. The Peking University
Animal Use and Care Committee approved all procedures, which
adhered to the guidelines set by the Association for Assessment and
Accreditation of Laboratory Animal Care. The mice were individually
housed under a 12 h light/dark cycle at a temperature of 22°C and a
humidity of 50%, with unrestricted access to food and water. A running
wheel was placed in the cage to enhance the mice’s activity. Behavioral
experiments were conducted during the dark phase. Mice were

9-11 weeks old at the time of surgery and 12-32 weeks old during the
experimental period.

Surgery

The surgical protocol was refined based on previous research’. Mice
were initially anesthetized in a glass chamber with isoflurane, fixed in a
stereotaxic frame, and continuously maintained under anesthesia
through a mask delivering 1.2% isoflurane at 0.2 L/min. During the
experiment, erythromycin ophthalmic ointment was applied to pre-
vent corneal damage. An appropriate portion of scalp was resected to
expose the skull's dorsal surface and the exposed skull surface was
cleaned. A rectangle craniotomy measuring 2.0 mm in length and
14 mm in width was created over the right hemisphere, with its
proximal edge centered 2.7 mm lateral to the midline and its distal
edge located 4.0 mm lateral to the midline. The muscle near the cra-
niotomy was carefully detached from the skull by surgery scissors.
600 nL of either rAAV-hSyn-GCaMP6f-WPRE-hGh polyA or rAAV-hSyn-
GCaMP6s-WPRE-hGh polyA was injected at a rate of 100 nL/min using a
glass capillary (NANOLITER2020 Injector, World Precision Instru-
ments, FL, USA), with the injection site located 3.1 mm lateral to the
midline, 0.3 mm anterior to the superior margin of the transverse
sinus, and 1.7 mm below the brain surface. The capillary was left in
place for 10 min to let virus spread. Similarly, another 600 nL virus was
injected 3.7 mm lateral to the midline, 0.3 mm anterior to the trans-
verse sinus, and at a depth of 1.5 mm below the brain surface.

The interface of the brain and the cerebellum was found and a
pocket between the brain and the cerebellum was created by a surgical
forceps while the cortical dura remained intact. A prism with its
custom-made holder was connected to a stereotactic micro-
manipulator (1760, Kopf, CA, USA) and tilted 10 degrees laterally to
ensure the imaging surface of the prism was parallel to the brain’s
dorsal surface. The prism assembly, consisting of a customized 1 mm
diameter GRIN (gradient-index) lens attached to a 1 mm square prism
(Grintech, Germany), was slowly inserted to the previously made
pocket (subdural space within the transverse fissure). During implan-
tation, the prism assembly was slowly lowered and moved in the
anterior direction until the imaging plane of the prism was flush
against the brain. Kwik-cast (World Precision Instruments, FL, USA) was
used to seal the junction of the prism and exposed brain tissue. The
scalp and the skull were adhered together using tissue adhesive (3 M,
MN, USA). Then, dental cement was used to cover the full skull and a
head bar was firmly fixed.

Experiment
Training process. After recovering from surgery, the mice were kept
under a food-restriction regime, maintained at 80-90% of their normal
body weight and given adequate water. For Environment 1, the arena
was an 80 x 80 cm?® white floor box, with three visual cue cards pasted
on the three walls of the box. A camera was placed above the open-field
to track animal’s movement and two LEDs were used to emit either a
white light or infrared light. Before the formal experiment, mice were
trained to get familiar with the experimental environment for about
one week. During the first adaptation stage, the mice freely ran in the
open-field with no burden on the head. The experimenter stood out-
side and randomly sprinkled cookie crumbs into the arena to attract
mice to forage for food. After mice were accustomed to persistently
running in the box and had a good trajectory coverage, the training
moved to the next stage. During this stage, the mice ran in the box with
the optical fiber connected to its baseplate on the head and a helium
balloon was attached to the fiber in an appropriate place to balance the
weight. After they got used to running with the fiber and gained good
performance, the formal experiment began.

For mice in Environment 2, all training and calcium imaging
recordings were performed under dark conditions to minimize visual
cues. The white open field arena was similar in shape and size to that
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used in Environment 1 but contained no visual cue cards. To provide
tactile cues, two vertical strips of white sandpaper with different grit
sizes (approximately 15 cm in height) were attached to two walls of the
arena, and a square piece of white sandpaper (-25 x 25 cm?2) was placed
in one corner. The arena was positioned inside a behavioral chamber
and enclosed with black curtains.

Open-field experiments. Calcium imaging was performed with the
miniature two-photon microscope® (LFMTPM-V2.0.1; working dis-
tance: ~-1 mm, NA: 0.45). Before imaging, the cover of the GRIN lens on
the prism was removed, the gel was added to cover the surface of lens
and then microscope was placed into the baseplate and locked with
screws. Calcium indicators were excited at 920 nm, with the laser
intensity ranging from 50 to 80 mW at the sample. Image acquisition
was managed using GINKGO-MTPM (Transcend Vivoscope Biotech
Co., Ltd, China). Images (600 x 512 pixels) were captured at a resolu-
tion of ~0.89 pm/pixel and a frame rate of 9-9.5 Hz with a femtosecond
fiber laser (TVS-FL-01, Transcend Vivoscope Biotech Co., Ltd, China).
Running trajectory was recorded through the camera on the ceiling at
25Hz. Behavioral videos and calcium imaging videos were simulta-
neously acquired by software GINKGO-MTPM (Transcend Vivoscope
Biotech Co., Ltd, China).

Experiments in environment 1 (E1). The Light-Dark-Dark, Whisker-
trimmed-Light, Whisker-trimmed (L-D-DW-LW) experiment was con-
ducted continuously within one day. In the first session (L), neuronal
activity was recorded as the mouse freely explored the open field with
the warm-light LED on, to establish baseline spatial representations. In
the second session (D), the light was turned off to create a dark
environment, testing the influence of visual input. After completing
the dark session, the mouse was head-fixed, and the experimenter
quickly removed all its whiskers using scissors. The whisker-trimmed
mouse was then placed back into its home cage to acclimate for a short
period before the subsequent experiments began. Once the mouse
resumed normal activities (e.g., running on the wheel), it was then
reintroduced into the open field for the third session (DW) explora-
tion, where the light remained off, and whisker-mediated tactile input
was deprived. In the fourth session (LW), the light was turned on again
to test whether the regained visual input could restore spatial cogni-
tion while tactile input was deprived. Ambient light intensity in the
experimental environment was measured using a multi-source illumi-
nance meter (DL333205; Deli Instruments, Ningbo, China; measure-
ment range: 0-200,000 lux). During light conditions, illumination was
maintained at 4.5-4.6 lux, whereas under dark conditions, light
intensity was measured as 0.0 lux. The lengths of the longest macro-
vibrissae in the experimental mice ranged from approximately 2.6 to
3.1cm prior to trimming. Each session lasted 25 to 40 min to ensure
that the trajectory evenly covered the whole open field. Prior to formal
recording, mice were placed in the open field for habituation and then
removed. The walls and floor of the arena were thoroughly cleaned
before the start of the experiment. For the three animals in which the
microscope was detached between sessions D and DW, gel was applied
to the lens surface before reinsertion.

Experiments in environment 2 (E2). For the rotation experiment, six
male mice were first allowed to establish a stable representation of the
tactile cue-dominated open field under dark conditions. The mice
were then returned to their home cages. The arena was thoroughly
cleaned by removing all feces and food debris with a vacuum cleaner,
followed by careful wiping of the sandpaper, the floor and walls with
alcohol. In addition, alcohol was sprayed into the air to minimize
potential residual olfactory cues. Subsequently, the entire arena—
including the primary tactile cues (sandpaper) as well as any subtle
visual features on the floor and walls—was rotated 90° clockwise. The

mice were then reintroduced into the rotated environment for a sec-
ond recording session.

To directly assess the impact of whisker trimming in the tactile
cue-dominated environment, we conducted an additional Dark-Dark,
Whisker-trimmed task using 10 mice. In this task, animals were first
allowed to establish stable spatial maps during a baseline dark session
(D), followed by direct whisker trimming (DW). Two of the mice
underwent a second whisker-trimming experiment after their whiskers
had regrown to sufficient length, with imaging performed in a newly
selected field of view. In addition, four mice in this cohort were tested
in a DWR session following the DW session, in which the sandpaper
attached to the floor was removed. The remaining six mice underwent
a DWR'’ session after the DW session, in which the arena walls (together
with the attached sandpaper) were removed while the sandpaper on
the floor was retained. All sessions for these six mice were conducted
on a platform elevated approximately 20 cm above the ground.

Whisker-related experiment. For “stimulated-whisking” sessions,
mice were fixed in a platform, whisker movements were recorded
using a camera directly above the mice’ heads at about 45Hz and
neuronal activity was simultaneously recorded by two-photon calcium
imaging. A custom-built automatic stimulator was placed on the side of
the mouse’s cheek to enhance whisker movement, which contained an
automatic telescopic rod with a piece of sandpaper at the end. Each
“stimulated-whisking” session contained 10 continuous trials, each
trial lasted for 1 min, consisting of 5s of stimulation and 55s of non-
stimulation. During the stimulation period, the rod was extended so
that the sandpaper sheet at the end could contact most of the mice’s
whiskers and the mice showed an increased frequency of whisker
movement (see Supplementary Video 2). During the remaining non-
stimulation period, the rod was in its retracted state and the whiskers
had no contact with the sandpaper (see Supplementary Video 1).

For the spontaneous-whisking session, the setup was identical to
that of the stimulated-whisking session, except that no stimulus was
presented to the mice, that is, the rod was in its retracted state and the
sandpaper was inaccessible to the whiskers. Mice showed less whisker
movement in this session.

In a separate experiment (Supplementary Fig. 17), whisker
movements were recorded from above using a high-speed camera
(120 Hz), while a lateral camera simultaneously recorded paw move-
ments (Supplementary Video 3); all other aspects of the setup
remained unchanged.

Histology. After completing all experiments, animals were anesthe-
tized with isoflurane and perfused with saline followed by 4% paraf-
ormaldehyde (PFA). Skin and muscles were removed from the skull
using surgical scissors. The skull was fixed in PFA for at least 24 h to
preserve the brain, cerebellum, and prism implantation site without
deformation. The brain was cryoprotected in 30% sucrose solution for
24 h before sectioning, and the remaining skull and prism were care-
fully removed. Sagittal sections (30 pm thick) were obtained using a
cryostat (Leica).

Brain sections were stained with DAPI, and GFP immunostaining
was performed in selected mice. For GFP immunostaining, sections
were first blocked in PBS containing 10% goat serum and 0.3% Triton
X-100 for 1h. Sections were then incubated overnight at 4 °C with
chicken anti-GFP antibody (Thermo Fisher Scientific, catalog # A-
10262, RRID AB_2534023; diluted 1:1000 in blocking solution). Sub-
sequently, sections were washed three times with PBS for 5 min each
and incubated with goat anti-chicken IgY (H +L) Alexa Fluor 488 sec-
ondary antibody (Thermo Fisher Scientific, catalog # A-11039, RRID
AB_2534096; diluted 1:1000 in blocking solution) for 2h at room
temperature. Finally, sections were washed twice with PBS for 5 min
each and mounted with DAPI (Sigma-Aldrich, catalog # D9542).
Stained sections and prism implantation sites were visualized using an
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Olympus VSI120 virtual slide microscope or Zeiss Axio Scan Z1. Images
were further processed using OlyVia software (version 4.1.1; Olympus
Corporation, Tokyo, Japan) and ImageJ (version 1.54p; National Insti-
tutes of Health, Bethesda, MD, USA).

Data analysis

Position tracking. DeepLabCut (version 2.3.10)>’* was utilized for
tracking animals’ position in the open-field. Six key points were labeled
for each mouse: the nose tip, head center, left ear, right ear, mid-body,
and tail base. The head direction was calculated based on the coordi-
nates of the nose tip and head center. For each mouse, approximately
0.5% of behavioral videos from all recorded sessions were extracted to
create the training dataset, resulting in around 600-1200 frames per
model. A ResNet-50-based neural network” was employed with default
parameters for 650,000 to 1,030,000 training iterations. All models
achieved a test error of less than 4 pixels and a training error of less
than 3 pixels (image resolution: 1008 x 964 pixels). Subsequently, a
p-cutoff value of 0.6 was applied to filter low-confidence coordinate
predictions. This trained network was then used to analyze videos
from all the sessions in the open field experiments. After obtaining the
analysis results from DeepLabCut, the predicted pose and skeletal
structure were overlaid onto the corresponding frame, generating a
new video file for researchers to visually inspect the model’s perfor-
mance. Additionally, in the subsequent analysis, frames in which the
mouse’s position was outside the open field arena or where the dis-
tance between the nose tip and head center exceeded 4 cm were
excluded as outliers.

Calculation of behavior variables. Head angular velocity was calcu-
lated as the change in head direction angle between consecutive
frames, divided by the elapsed time between frames (rad/s). Head
angular acceleration was subsequently derived as the change in
angular velocity between consecutive frames, similarly divided by the
time difference (rad/s2).

For all boundary-related analyses, the boundary region was spe-
cifically defined as the area extending 10 cm inwards from the walls of
the square arena. This width was chosen as it is widely adopted in
existing literature for investigating boundary-related neuronal
activity’*’,

To explore the relationship between border cell firing and the
animal’s perception of environmental boundary, we analyzed the firing
patterns of border cells specifically during epochs when the animal was
located within the border zone, and examined how the firing prob-
ability related to the animal’s head direction. Calcium events were
categorized as either Eventy,;,, (calcium events occurring when the
animal’s heading fell within a defined angular range directed toward
the wall) or Event ,,,,, (events occurring when the animal faced away
from the wall) (Supplementary Fig. 6f). To account for potential
behavioral biases in the animal’s head direction distribution within the
border zone, event counts were normalized by the corresponding
dwell time in each heading category: Headingy,;,, (total time spent
facing toward the wall) and Heading 4, (total time spent facing away
from the wall). The inward and outward event rates were thus defined
as:

Eventycing _ Event ;qy
Heading " ™™  Heading g,

@

Rfacing =

A firing preference index C was then computed as the ratio of
inward-to-outward event rate:

R .
C= é’acmg (2)
away

A value of C>1 indicates that the cell fires at a higher rate when
the animal faces toward the wall than away from it. Only cells for which
both Headingsa.n, >0 and Heading,,q, >0 were included in sub-
sequent analyses.

“Wall approaching time” was calculated to quantify the propor-
tion of total recording frames during which the animal engaged in
direct wall contact behavior. This was specifically defined as instances
where the animal’s position was located within boundary area and its
head was simultaneously oriented directly towards the wall (a head
direction angle of +45° relative to the wall normal).

Calcium signal processing. Image stacks from all sessions recorded
within a single day were processed using Suite2p (version 0.14.4)",
which performed motion correction, region of interest (ROI) detec-
tion, and calcium signal extraction. The raw fluorescence signal (F ;)
and the neuropil fluorescence signal (F,,,) were directly obtained from
the Suite2p output file (Fall.mat) and further analyzed using a custom
MATLAB pipeline. F ., and F,, represent the weighted averages of
fluorescence within and surrounding an ROI, excluding pixels over-
lapping with other ROIs. The fluorescence time course of each cell was
calculated by averaging pixel intensities within the ROI and correcting
for neuropil contamination, with the corrected signal defined as®®:

Fraw=Fear — 0-7Xan (€)]

Baseline fluorescence (F,) was estimated using a moving-window
method that smoothed the local 8th percentile fluorescence and
applied a correction term for stability. This method is consistent with
the approach described by Zong et al. (2022) 8. The normalized
fluorescence change (4F/F) was then calculated as:

AFF=F’aw — FO

- )

Artifacts were minimized by detecting and removing outliers
based on z-scores. Wavelet-based denoising methods were applied to
AF/F to further improve signal quality and obtain denoised AF/F.
Significant transients were identified as periods during which denoised
AF/F exceeded twice the local standard deviation for at least 0.75s,
following the criteria established by Zong et al. Denoised AF/F signals
were then deconvolved using the Online Active Set method to Infer
Spikes (OASIS) algorithm®>®*, where the rise and decay time constants
of calcium indicators were estimated automatically based on the
fluorescence traces®. Frames containing significant transients were
used to filter the raw deconvolved calcium activity (£,,,,), yielding the
filtered signal (Ef;yeq)- The filtered calcium activity was normalized,
and non-zero events were classified as “calcium events”. The event rate
was calculated as the number of calcium events per second for each
cell. All subsequent spatial tuning analyses were performed using these
deconvolved calcium events.

The signal-to-noise ratio (SNR) was determined as the ratio of the
median amplitude of the 99th percentile of AF/F during significant
transients to the standard deviation of AF/F during resting periods.

Calculation of tuning maps. For open-field experiments, the
80 x 80 cm? square was divided into 2.5 x 2.5 cm? bins to create spatial
tuning maps, which represent neuronal activity normalized by occu-
pancy. Each bin’s value in the tuning map was calculated as the ratio of
the total calcium events to the duration spent in that bin. A Gaussian
filter was applied to smooth position data. Arena coverage was defined
as the proportion of visited bins to the total number of bins, with a bin
considered visited if the animal spent at least 0.1 s there. To eliminate
the effects of behavioral state changes (e.g., foraging versus resting),
data points with running speeds below 2.5 cm/s or above 60 cm/s were
excluded from all analyses of both observed and shuffled data. Head-
direction tuning maps were developed using similar methods (Range:
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0-360° bin size: 3°). These values were then smoothed using a
Gaussian filter (standard deviation: 2.5 cm for spatial heatmaps and 2°
for head direction tuning curve).

Spatial information content, measured in bits per event, was
determined using the formula®*:

NN
Z,-Pi Xl log, Xl ®)

where A, is the mean event rate in the i-th location bin, A is the overall
mean rate, and p; is the probability of the animal being in the i-th bin.
Head information is calculated using the same method, except that p;
in this case is the probability of the animal’s head direction being in the
i-th angle bin.

Grid cells. All grid cells were selected from the baseline session and
assigned a grid score based on their autocorrelogram, as described by
Sargolini et al."*. Briefly, each cell's autocorrelogram was rotated at
multiple angles, and Pearson correlations were calculated for rotations
at 60° and 120° (Group 1) and at 30°, 90°, and 150° (Group 2). The
minimum difference between any element in Group 1 and any element
in Group 2 was determined. The grid score for each cell was defined as
the highest minimum difference between Group 1 and Group 2 rota-
tions across all successive circular samples. The central peak was not
included in the analysis.

Grid cells were identified using a shuffle-based approach. For each
cell, the calcium event sequence was circularly time-shifted along the
animal’ s trajectory by a random interval to generate shuffled datasets,
following methods described by Zong et al. ® Additionally, for each
cell, we recalculated the spatial tuning map for the first and second
halves of the baseline session and computed the correlation between
these two maps to assess intra-session stability. A cell was defined as a
grid cell if its recorded grid score exceeded the 95th percentile of grid
scores from the shuffled data and its intra-session stability was greater
than 0.3 in the baseline session. Cells with a negative grid score were
excluded from our data.

For detailed analysis of grid-cell geometric features, we examined
grid spacing and calculated ellipticity for each grid cell under each
experimental condition. Grid spacing was determined by measuring
the distance from the center of each autocorrelogram to its six sur-
rounding autocorrelation nodes, then averaging these distances. The
standard deviation of grid spacing was calculated to reflect the reg-
ularity of grid pattern. To calculate ellipticity, an ellipse was fitted to
the identified maxima using a least-squares method®. For cells where
the fitting was successful, ellipticity was defined as the ratio of the
semi-major axis to the semi-minor axis of the fitted ellipse, yielding a
value between 1 (a perfect circle) and infinity (). Grid cells with
ellipticity values > 5 were excluded from the ellipticity-related analysis.

Border cells. The border score was calculated to assess the spatial
firing patterns of cells in relation to the environment’s boundaries,
based on previously described methods', with adjustments for cal-
cium imaging data. Fields of a cell were identified using a threshold set
at 30% of the maximum event rate within the map. The border score
was then determined by calculating the difference between the highest
coverage of any single field along any of the four walls and the average
distance to the nearest wall for that field, weighted by event rate and
normalized by half the shortest side of the environment. Border scores
ranged from -1 to +1, with a score of +1 indicating cells with infinitely
narrow fields perfectly aligned along the entire wall.

Border cells were identified based on their border scores sig-
nificantly surpassing chance levels determined by a shuffling proce-
dure, similar to that used for grid cells. A cell was classified as a border
cell if its true border score exceeded the 95th percentile of scores from
1000 shuffled permutations of the same cell and the spatial correlation

between the first and second halves of the baseline session was
above 0.3.

Spatial cells. Spatial cells were characterized by a spatial correlation
greater than 0.5 between the two halves of the baseline light session
and spatial information content exceeding the 99th percentile of the
shuffle distribution, excluding grid cells and border cells.

Head direction cells. All HD cells were selected from the baseline
session. We calculated the mean resultant vector (mean vector length,
MVL) from the head direction tuning curve following the method
described by Sargolini et al'*. A cell was considered to be modulated by
head direction if its MVL exceeded a chance level established by
repeatedly shuffling the experimental data for 1000 times. For each
shuffle, the deconvolved calcium activity sequence was circularly time-
shifted relative to the mice’s head-direction sequence. We also asses-
sed the intra-session tuning stability of HD cell candidates by calcu-
lating the Pearson correlation between the head direction tuning
curves from the first and second halves of the session. A cell was
identified as an HD cell if its MVL was larger than the 99th percentile of
MVLs from its shuffled data and had an intra-session stability larger
than 0.5. Head information was calculated as described above to
measure the information about animals’ head direction conveyed by
an HD cell. If a cell met the criteria for both HD cells and grid cells, it
was classified as a Grid x HD cell; otherwise, it was categorized as a
pure HD cell.

Field extraction and ROI classification. Firing fields were identified
from two-dimensional rate maps. A firing field was defined as a con-
tiguous region comprising at least 30 spatial bins (2.5 x 2.5 cm? per
bin) in which firing rates exceeded 20% of the cell’s peak rate. Candi-
date regions were retained only if their peak rate was > 0.1 Hz.

The tactile cue region (region of interest, ROI) was defined a priori
as a 25 x 25 cm? area located in the upper-right quadrant of the arena.
Cells were classified according to the centroid location of their base-
line firing fields. At the cell level, a grid cell was designated as an ROI
cell if at least one field centroid fell within the ROI, whereas spatial cells
were classified based on the centroid of the largest-area field. At the
field level, each baseline field was independently categorized as ROI or
non-ROI according to its centroid position. For each field in baseline
dark session (D), the closest field in session DW within the same cell
was identified, and spatial overlap was quantified as the proportion of
baseline field pixels overlapping with the matched field. A field was
considered disappeared if the overlap ratio was <0.2. In three animals,
the tactile floor cue in the baseline session was rotated 90° clockwise
relative to the other subjects. To standardize the tactile reference
frame across animals, behavioral trajectories, event coordinates and
spatial rate maps from these animals were rotated 90° counter-
clockwise prior to analysis.

Position decoding. Animal’s position was decoded using a Naive Bayes
decoder®® based on neural activity recorded in each session. We
modeled events from different cells as independent Poisson and
adopted a uniform prior for all spatial bins*’. Calcium event data was
reassigned into intervals of 1s and smoothed using a 5 s time window.
The average position of the animal across all frames within each time
window was used to represent the mouse’s position in that specific
time bin. For each time bin, the probability of the animal being in a
specific position bin was calculated using the formula:

PX, |y =P (T o0 e s ©)

where X is the spatial bin, the element n; of vectorn=(n; n,, ..., ny)is
the number of calcium events for neuron i within each time bin, C is a
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normalization factor, P(X) indicates the overall probability of the ani-
mal occupying spatial bin X, f;(X) is the mean event rate of cell i in
spatial bin X, and 7 is the length of the time window. While the vector n
was obtained from the test data, other variables were derived from
training data. The position with the maximum likelihood was identified
as the animal’s decoded position for each time bin. The decoding error
for test data was calculated as the mean absolute error (MAE) between
the actual position and the decoded position.

For each mouse with n grid cells, we randomly selected k cells
from 1 to the total number of grid cells n to establish a decoder for
baseline session. This process was repeated 100 times to obtain the
MAE of the decoder with k cells. We observed that the MAE gradually
decreased as k increased, indicating an improvement in the decoder’s
performance (Supplementary Fig. 7f, top). Ultimately, we selected four
mice with more than 20 grid cells each for subsequent statistical
analysis related to decoding (Supplementary Fig. 7f, bottom).

The first half of the baseline light session served as the training set,
while the second half was used as the test set to establish a basic spatial
coding pattern before sensory deprivation. Subsequently, we decoded
the animal’s position using the second half of the following sessions (D,
DW, LW) as the test set, based on the initial training set in baseline
session, to investigate whether the spatial coding pattern of grid cells
changed after sensory deprivation. A shuffled data set was created by
randomly time-shifting the animal’s position in the baseline light ses-
sion 1000 times.

For the decoding analysis based on all functional cell types, the
neuronal activity of HD cells, border cells, grid cells, and spatial cells
was used, with the decoder construction method being the same as
described above. The same procedure was used to construct the
position decoder in Environment 2. The only difference was that the
first half of the Dark baseline session was used for training, whereas the
second half of the D, DW, DWR, and DWR’ sessions was used for
testing.

Population vector (PV) correlation. To assess the change of popula-
tion coding of HD cells after sensory deprivation, we computed the
population vector correlation between session pairs. The head direc-
tion was first divided into 120 angle bins (3° each). For each bin, we
calculated the corresponding population vector (PV) by concatenating
the mean event rates of all HD cells associated with that bin. Subse-
quently, the Pearson correlation between PV for every possible pair of
angular bins was calculated for each mouse, resulting in a correlation
matrix for each session. Each value within this matrix represents the
correlation between the PV of two specific angular bins. We then
computed the mean correlation across all mice for each bin pair,
yielding an averaged correlation matrix for each session pair. These
averaged matrices were then combined into a single comprehensive
matrix, which provides a visual representation of the consistency in
head direction tuning across different sessions and angular bins
(Fig. Im). Additionally, we compiled the tuning curves of all HD cells
into a 2-dimensional matrix for each mouse, referred to as the popu-
lation vector matrix. The correlation between these PV matrices was
computed across session pairs. The mean and SEM of the PV correla-
tions for all mice (n=13) are presented in Fig. In, with color repre-
senting the correlation values.

For border cells, we rearranged the 2D rate map of each cell into a
1D row vector and combined the event rates from all cells. This
resulted in a 2D population vector matrix for each mouse in each
session. We subsequently computed the PV matrix correlation
between session pairs for each mouse. By averaging these data across
all mice, we assessed the changes in the population coding of border
cell after sensory deprivation (Fig. 2i).

Quantifying session-to-session changes at the single-cell level. To
assess session-to-session changes in HD tuning at the single-cell level

(baseline session i vs. condition session j, e.g., L to D), we used a
resampling-based paired framework applied independently to each
recorded cell. For each cell, we defined the analysis window length as
half of the total duration of session i, and included cells only when
session j lasted at least as long as this window duration. We then per-
formed 100 iterations in which we randomly sampled a contiguous
time window of this fixed length from session i and an independent
time window of the same duration from session j, extracting calcium
events and position samples within each window. To ensure data
quality, sampled windows were accepted only if they contained at least
50 events; otherwise, we resampled up to 50 attempts per iteration,
and iterations failing these criteria or yielding empty/invalid tuning
estimates were treated as missing. For each accepted window, HD
tuning curves were computed and tuning statistics were extracted to
quantify multiple properties of HD coding. Specifically, changes in
tuning strength were computed as changes in MVL, whereas direc-
tional drift across sessions was quantified as the absolute circular dif-
ference in PFD. In addition, tuning-curve similarity was assessed by
comparing stability within session i (correlation between tuning curves
computed from a randomly sampled window and its complementary
time segment) against stability across sessions (correlation between
the session i window and the matched-length window from session j).
For all three metrics, statistical inference was performed indepen-
dently within each cell using a paired one-tailed sign test across valid
resampling iterations. For each cell, paired differences were computed
between cross-session and within-session values, and the null
hypothesis assumed that positive and negative differences were
equally likely (Binomial distribution, p = 0.5). The direction of the one-
tailed test was defined according to the specific hypothesis for each
metric. Specifically, for tuning strength (MVL) and tuning-curve simi-
larity (correlation), we tested whether session j exhibited a significant
reduction relative to the within-session baseline of session  (i.e., cross-
session values <within-session values). In contrast, for PFD drift, we
tested whether cross-session directional deviation was significantly
greater than the within-session deviation observed in session i.
Resulting p-values were corrected across cells using the Benjamini-
Hochberg false discovery rate (FDR) procedure. Cells were classified as
showing a significant change at g < 0.01, additionally requiring that the
median metric across iterations reflected the hypothesized direction
of effect (i.e., median MVL or correlation decreased in session j, or
median PFD deviation increased relative to within-session variability).

To quantify how many HD cells exhibited alterations in one or
more aspects of tuning, each metric was binarized per cell (significant
vs. not significant after FDR correction). Cells showing a significant
change in any metric were then categorized into affected cells, and
those showing no significant change in any metric were defined as
resistant cells (Fig. 11 and Supplementary Fig. 11g).

A similar resampling-based framework and statistical logic were
applied to grid cells, border cells, and spatial cells (Figs. 2h, 3h, 5f, 5h
and Supplementary Fig. 11j). In these analyses, spatial rate maps were
computed for each resampled window, and corresponding spatial
metrics were extracted, including grid score, border score, and spatial
information, depending on cell type. For grid cells, we tested whether
the grid score in session; was significantly reduced relative to session i,
whether the cross-session spatial rate map correlation was significantly
lower than the within-session correlation of session i, and whether the
absolute displacement of the peak firing location between sessions
exceeded the displacement observed between two within-session
resampled segments. For spatial cells, the same procedures were
applied, with spatial information replacing grid score as the tuning-
strength metric. For border cells, we examined whether the border
score was significantly reduced, whether spatial rate map correlation
decreased, and whether the distance between the peak firing location
and the nearest environmental boundary increased in session; relative
to session i.
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LDA-based dimensional reduction. To investigate the structure of
head-direction representation and its alteration under sensory depri-
vation, we applied linear discriminant analysis (LDA)®, a supervised
dimensionality reduction technique. LDA seeks an optimal linear
transformation that maximizes between-class variance while mini-
mizing within-class variance. In our study, we used an LDA-based
method to project the high-dimensional neuronal activity on a
2-dimensional plane with best separation of head direction tuning.

First, we computed neural trajectories in an N-dimensional space
using a binary matrix A € RV*T to represent the calcium events, where
N is the number of identified head-direction cells in the baseline ses-
sion, and T is the number of time frames. Each matrix element [A]; ;,
indicates the present (1) or absence (0) of a calcium event for a neuron
i at timej. We then divided the time frames into overlapping time bins,
smoothing the data to reduce variance. Event rates of each neuron
were calculated for each bin, and head-direction angles were assigned
based on the direction nearest to the bin center, resulting in an
N-dimensional neural trajectory matrix B € R¥*7 and a correspond-
ing head-direction array H ¢ R”. These were then subjected to LDA
for dimensionality reduction.

LDA was trained using neuronal activity from the baseline light
session to derive the optimal linear transformation. This transforma-
tion was then applied to neuronal activity from subsequent sensory-
deprivation sessions to project all sessions into the same low-
dimensional space, enabling direct comparison of head-direction
representations across conditions (Fig. 10 and Supplementary Fig. 3f).
The Fisher’s linear discriminant ratio was used to quantify the separ-
ability of head-direction classes, and a separation index was used as an
additional validation metric. To assess intra-session stability in the
baseline light session, the transformation derived from the entire
baseline session was applied separately to neuronal activity from the
first and second halves of that session (Supplementary Fig. 3d).

Whisker-related analysis

Identification of whisker-responsive cells. Videos recording whisker
movement were analyzed by Facemap (version 1.0.6)*° or
DeepLabCut” to extract the coordinates of the proximal and distal
points of a selected whisker in each frame, hereafter referred to as the
“root” and “tail” positions, respectively. The root and tail positions
were determined by comparing the standard deviations of the initial
position data, with the position set having a higher standard deviation
designated as the tail, and the other as the root. The mean positions for
both the root and tail points were calculated to establish the reference
vector (v, ) between these mean positions. For each frame, the vector
(v,) between the root and tail positions was computed, and the angle
between v, and v, was calculated as angular position (). Following
the angle calculation, the angles were smoothed using a Gaussian filter
with a window size of 2's to obtain 0,,,,,.- Angular velocity (67) was
then calculated as the difference between consecutive smoothed
angles divided by the corresponding time interval. The mean absolute
values of 6/ over each interval between consecutive calcium-imaging
timestamps were then smoothed using a Gaussian filter with a window
size of 1s to obtain the final value of whisker movement. The whisker
movement sequences of three distinct whiskers from the same animal
were highly similar, supporting the consistency of the whisker-tracking
method.

A cell was classified as whisker-responsive based on the Pearson
correlation between its denoised AF/F trace and the whisker angular
velocity sequence. To assess significance, a shuffle procedure was
performed 1000 times. For each shuffle, the denoised AF/F trace was
circularly shifted by a random temporal offset relative to the whisker
movement, and the Pearson correlation was recalculated to generate a
null distribution. To increase robustness, the stimulated-whisking
session was divided into two equal halves, and the shuffle procedure
was applied independently to each half. A cell was identified as

whisker-responsive only if its true correlation exceeded the 95th per-
centile of the shuffled correlation distribution in both halves of the
session.

Calcium imaging data collected from the free-exploration session,
spontaneous-whisking session, and stimulated-whisking session were
analyzed together using Suite2p to identify the same cells across these
sessions and assign spatial coding identities based on activity recorded
during the free-exploration session. The standards used for cell
detection were consistent with those used in open-field experiments.

Anatomical analysis. To determine whether whisker-responsive cells
exhibited anatomical clustering, we applied a nearest-neighbor (NN)
distance-based permutation analysis, similar to approaches previously
used to assess spatial organization of functionally defined cell
populations*’. Briefly, the anatomical location of each neuron was
defined by the centroid of its spatial footprint extracted from Suite2p
segmentation.

We restricted the analysis to animals with at least 10 whisker-
responsive cells per imaging FOV to ensure reliable estimation of
spatial statistics. For a given FOV, we computed the Euclidean dis-
tances between all pairs of responsive cells and quantified clustering
using the mean distance to the k nearest neighbors (k =1-5). For each
neuron, the average distance to its k closest neighbors within the
responsive population was calculated, and the global clustering sta-
tistic was defined as the mean of these per-cell nearest-neighbor dis-
tances. To evaluate whether the observed spatial organization
deviated from chance, we performed a label-permutation test in which
the anatomical positions of all recorded cells were held fixed while
randomly assigning the whisker-responsive label to an equal number
of cells drawn from the full population. For each value of k, 1000
permutations were generated to construct a null distribution of the
mean k-NN distance expected under spatial randomness with pre-
served cell density. The empirical p-value was calculated as the pro-
portion of shuffled datasets in which the mean k-NN distance was less
than or equal to the observed value (left-tailed test). Z scores were
additionally computed relative to the shuffle distribution.

Significant clustering was defined as a mean NN distance sig-
nificantly smaller than that expected under label permutation, indi-
cating that whisker-responsive cells were spatially closer to one
another than predicted by chance given the overall cellular layout.
Results were evaluated across multiple values of k (k =1-5) to assess
robustness across spatial scales (Supplementary Fig. 15j). When pool-
ing data across mice, the observed mean nearest-neighbor distance for
each value of k was normalized to the mean of its corresponding
shuffled-label distribution within each mouse. Values below 1 therefore
indicate that whisker-responsive cells were spatially closer to one
another than expected under random label assignment (Supplemen-
tary Fig. 15k).

Statistics and reproducibility. No statistical method was used to
predetermine sample size. Sample sizes were based on previous in vivo
calcium imaging studies and are reported in the figure legends and
Supplementary Data 1. Unless otherwise stated, mice were considered
biological subjects and FOVs were treated as statistical units where
indicated. In the Environment 2 open-field experiment, 12 FOV datasets
were obtained from 10 mice because two mice underwent a second
whisker-trimming experiment in newly selected FOVs after whisker
regrowth. These repeated experiments are identified in the relevant
figure legends and Source Data. Data were excluded only according to
the predefined criteria described in the relevant Methods sections.
These criteria included failure to meet predefined cell-identification
criteria, missing or non-finite measurements, and failure to obtain valid
matched measurements in both sessions for paired analyses. No
additional data were excluded based on the statistical results.
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The experiments were not randomized because animals under-
went predefined experimental session sequences. The investigators
were not blinded to experimental conditions during data collection or
outcome assessment. However, all imaging and behavioral data were
processed using the same predefined automated analysis pipelines
and cell-classification criteria across experimental conditions, mini-
mizing subjective intervention during data analysis.

Data processing and statistical analyses were performed using
MATLAB R2022a, Python 3.12, and GraphPad Prism 9. Figures were
generated using MATLAB, Python, and GraphPad Prism 9 and assem-
bled in Adobe Illustrator 2024. The numerical data underlying the box
plots, bar plots, scatter plots, and associated statistical analyses are
provided in the Source Data files.

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

Data availability

Example processed calcium imaging and behavioral data supporting
this study have been deposited in Zenodo at https://doi.org/10.5281/
zenodo.21716960. Owing to the substantial size of the raw calcium
imaging and behavioral video files, the complete raw dataset has not
been deposited in a public repository. Access to these data could be
requested from the corresponding author. Source data underlying all
statistical plots are provided with this paper. Source data are provided
with this paper.

Code availability

The custom analysis code used in this study is publicly available on
GitHub at https://github.com/Bluemooncell/Analysis-on-MEC-neural-
Activity. The exact version of the code used to generate the results
reported in this study has been archived together with the supporting
processed data in Zenodo at https://doi.org/10.5281/zenodo.
21716960.
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