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SUMMARY

Accurate spatial navigation relies on path integration, a process of tracking one’s location by integrating self-
motion cues. Path integration uses a gain factor relating self-motion signals to displacement on the cognitive
map. This gain is plastic, recalibrating rapidly to match perceived displacements relative to external cues. To
elucidate the mechanism of recalibration, we simultaneously recorded from place cells, which instantiate the
cognitive map, and head direction (HD) cells, thought to orient the map. Persistent conflict between self-mo-
tion and visual feedback induced functionally identical recalibration of path-integration gain in the two neural
populations during forward locomotion; however, during locomotor immobility accompanied by head scan-
ning, HD cells did not exhibit recalibration. Moreover, the two populations manifested differential field-shift-
ing dynamics relative to landmarks during recalibration. These results uncover a tightly coordinated yet
behavior-dependent recalibration process across the navigation circuit that achieves robust yet flexible

coupling of the internal sense of position and direction.

INTRODUCTION

From foraging ants to migrating birds, '~ animals display remark-
able navigational abilities. In some animals, this capacity for
spatial navigation is thought to rely in part on a “cognitive
map”“°—a neural representation of the surrounding environ-
ment. For successful navigation, an animal must know its loca-
tion within this cognitive map and continuously update its posi-
tion as it moves through space. While salient external
landmarks (such as the sun’s position, distant mountains, or a
familiar building) can help pinpoint location and orientation,”"®
animals also possess an internal capacity to navigate using sig-
nals generated by self-motion. This internal computation, called
path integration, relies on integrating self-motion signals,
including vestibular input, motor efference copy, and proprio-
ception, to estimate linear and angular displacement.®"”
Because of the inherent noise in the biological signals being in-
tegrated, the position estimated by path integration can accumu-
late errors. External cues, when available, can correct such
noise-driven errors.'® However, a consistent bias in these errors
(i.e., consistently under- or overestimating distance traveled rela-
tive to landmarks) can indicate to the brain that the path-integra-
tion computation itself may be miscalibrated. Human behavioral

studies have demonstrated that the miscalibrated computation
corrects itself to match perceived displacements relative to
external cues.'®?° Prior work from our labs, recording from the
rodent hippocampus—the proposed seat of the cognitive
map*—demonstrated recalibration of internal path-integration
computations in response to such biases.”""?? This recalibration
involves adjusting the path-integration gain—the factor convert-
ing self-motion into an internal representation of displacement.
Specifically, when animals experienced a mismatch between
this internal representation and visual feedback, indicating they
were moving faster or slower than their internal estimate, their
path-integration gain adapted to rescale the integrated self-mo-
tion signal to better match the visually perceived speed and
displacement. While this plasticity was observed in hippocampal
recordings, it is not known how recalibration is coordinated
across the brain regions involved in spatial navigation.

Given that the animals in our prior studies ran laps around a
circular track, biased errors were introduced into both linear
and angular path-integration computations. It is unclear how re-
calibration would be expressed in these components of the
path-integration computation. To address this, we focused on
two cell types for this study: hippocampal place cells and head
direction (HD) cells. Place cells fire in specific locations within
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Figure 1. Experiment apparatus, visual cue
gain manipulation protocol, and measure-
ment of hippocampal gain

(A) Schematic of the Dome virtual-reality (VR)

Landmark system. Arat locomotes on a circular table located
Movement beneath a hemispherical projection shell. Visual
(G<1) landmarks are projected onto the inner surface of
the dome via a mirror system. A boom arm,

Landmark

attached to a central rotating pillar, either directly
harnesses the animal or supports a carriage that
follows the animal’'s movement (see STAR
Methods for details).

(B) lllustration of experimental gain manipulation.

l Movement
(G>1)

Gain Manipulation Profile for
a Typical Experiment

Hippocampal Gain (H)

H=1.0, Spatial Freq = 1 cycle/physical lap.

H = 0.5, Spatial Freq = 0.5 cycle/physical lap

H = 2.0, Spatial Freq = 2 cycle/physical lap,

_  Distance traveled in hippocampal place map

Distance traveled in lab frame

Visual landmarks inside the Dome move in relation
to the rat’s movement, controlled by the gain G,
defined as the ratio of the rat’s movement in the
landmark frame to its movement in the lab frame.
G > 1 indicates perceived movement greater than
actual movement, while G < 1 indicates perceived
movement less than actual movement.

(C) Gain manipulation profile across a typical
experiment, divided into epochs 1-4. Experi-
mental gain (Exp. G) is manipulated in epochs 2-3
and set to the final gain value (Gying) in epoch 3.
Landmarks are removed in epoch 4 (LMs off).

(D) lllustration of place cell firing rate maps, de-
picting the relationship between hippocampal
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gain (H) and spatial firing frequency. The illustra-
tion depicts the spatial tuning of a place cell with

two fields. Examples show firing rate maps for H = 1 (one repetition of the spatial tuning pattern per lap), H = 0.5 (one repetition every two laps), and H = 2 (two

repetitions per lap).
See also Figures S1 and S2 and Table S1.

an environment® and are influenced by both linear and angular

self-motion. HD cells fire selectively when the animal’s head
points in a specific direction®*?® and are primarily driven by
angular self-motion.?*° These two cell types are strongly inter-
connected: HD cells are believed to set the orientation of the
place cell map,®'~*® while place cells may provide feedback to
the HD system.®®=°® While place cells and HD cells generally
maintain coherent activity,'***" large errors between visual
landmarks and self-motion cues can result in the HD cells locking
their firing to self-motion cues, while place cells undergo remap-
ping.®**° Moreover, a large mismatch between proximal and
distal spatial cues can cause CA1 place cells to split into two
distinct subpopulations whose firing patterns follow one of the
two cue sets (local vs. global), while HD cells maintain coherent
firing with each other, demonstrating that the two systems can
exhibit differential anchoring to the external world.*? In addition,
place cells and HD cells display different patterns of backward
shifting in familiar and cue-conflict environments,** a phenome-
non that is thought to reflect Hebbian plasticity** or behavioral
time-scale plasticity*> mechanisms that store learned se-
quences in memory. Such dissociations between the place
and HD cell representations might also occur in the event of dif-
ferential recalibration of the linear and angular components of
path integration, providing differential path-integration drive
onto place cells and HD cells during forward movement. Further-
more, the extent of recalibration in the angular path-integration
system could be independently assessed by examining HD cell
activity during periods of immobility and head scanning, when
there is no linear movement.

To address these questions, we simultaneously recorded from
hippocampal CA1 place cells and HD cells, mostly from the thal-
amus*?*®*” and a small minority from the cingulum bundle*®*°
of rats. Rats navigated in a circular virtual-reality (VR) apparatus,
the Dome,° that allows precise control over the relationship be-
tween non-visual self-motion cues and visual landmark move-
ment, creating a conflict between the internal and external esti-
mates of displacement. We found that during locomotion,
place cells and HD cells were tightly coupled, expressing func-
tionally identical recalibrated path-integration gains. However,
during periods of immobility and head scanning, HD cells dis-
played approximately unitary gain, suggesting that the angular
velocity input to the HD cells did not experience a gain change
under these experimental conditions or, alternatively, that the
expression of path-integration gain in the HD cell system may
depend on behavioral context.

RESULTS

To study the coordination between hippocampal and HD sys-
tems during path-integration recalibration, CA1 place cells and
HD cells from multiple regions (Figure S1A; Table S1; the majority
of HD cells were recorded from the anterodorsal nucleus of the
thalamus [ADN]) were simultaneously recorded from four rats
(1 male, 3 female, 39 sessions; mean 17.6 CA1 units/session
and 2 HD units/session meeting place-cell and HD-cell inclusion
criteria; STAR Methods) in the Dome VR system (Figure 1A;
STAR Methods). Six sessions did not have simultaneously re-
corded HD cells and are used only in CA1-specific analyses.
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Figure 2. CA1 place cells and HD cells exhibited tightly coordinated gains under landmark manipulations in VR

(A) Example raster plot of a place cell and a simultaneously recorded HD cell from a landmark-control session for rat 1078. The x axis represents the cumulative
distance traveled by the rat in the lab frame. Top: the hippocampal population gain (blue line), HD gain (red line), and the experimental gain (gray line, frequently
hidden behind red and blue lines) for a landmark-control session. The tight correspondence between these 3 gains indicates that the firing fields of the place cells
and HD cells were strongly controlled by the rotating landmark frame of reference. Middle: body angular position at the instant of place cell spikes (blue dots) and
head angle at HD cell spikes (red dots) in the lab frame (y axis) during forward locomotion. Place cell and HD cell firing fields changed location and direction as the
experimental gain ramped from 1 to 1.31. Bottom: the same spikes as in the middle panel, replotted with respect to the landmark frame (y axis). The consistent
horizontal alignment of spikes in the landmark frame indicates that the cells’ spatial and directional tuning were stable relative to the landmarks, not the lab frame.
In both middle and bottom panels, alternating gray and white bars delineate individual laps around the track in lab and landmark frames, respectively.

(B) HD tuning curves during forward locomotion (forward speed > 5.8 cm/s) for all HD cells recorded from rat 1078 across epoch 3 of all landmark-control
sessions, plotted in the lab frame, show disrupted directional tuning.

(C) Firing rates of the same HD cells as in (B) show sharp directional tuning when plotted in the landmark frame.

(D) Gain traces from all the landmark-control sessions from rat 1078 (see Figure S3 for all rats). Traces show experimental gain G (gray), median hippocampal
population gain H (blue), and median HD gain D (red). The gain of the HD cells closely tracks both the experimental gain and the hippocampal gain.

(E) Example raster plot of a CA1 place cell (blue dots) and a simultaneously recorded HD cell (red dots) during a landmark-failure session for rat 1078 (failure
occurs at the black dashed line on the gain trace; STAR Methods). The figure format is the same as (A), but with the addition of the hippocampal frame (bottom).
During the early stages of gain manipulation in epoch 2, HD and place cell activity drifted relative to the lab frame but remained under landmark control, as
indicated by the horizontal alignment in the landmark frame through lap 40. Between laps 40 and 50, this horizontal alignment was lost, indicating that the place
field and HD activity became unanchored to either external reference frame. However, the HD tuning remained tightly coupled with the place field, as shown by
the stable alignment in the hippocampal frame.

(F) Tuning curves during forward locomotion (forward speed > 5.8 cm/s) for all HD cells recorded from rat 1078 across all landmark-failure sessions, plotted in the
lab frame using data from laps after the point of failure, show disrupted directional tuning.

(G) Firing rates of the same HD cells as in (F) also show disrupted directional tuning when plotted in the landmark frame.

(H) Firing rates of the same HD cells as in (F) and (G) show sharp directional tuning when plotted in the hippocampal frame.

(I) Gain traces from all the landmark-failure sessions from rat 1078 (see Figure S3 for all rats). The figure format is the same as (D). In all sessions, both the
hippocampal and HD cell gains deviated substantially from the experimental gain, indicating a loss of landmark control, but remained tightly coupled to each other
throughout the session.

(legend continued on next page)
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Animals ran laps around the periphery of a circular table (lap
circumference = 4.2 m) positioned under a hemispherical shell.
A constellation of salient 2D white visual cues was projected
onto the inner surface of the shell. The projected cues were
moved azimuthally as a linear function of the animal’s move-
ment. The relationship between visual landmark movement
and the animal’s movement was defined by an experimental
gain, G (Figure 1B). When G = 1, the landmarks were stationary.
When G > 1, landmarks moved in the direction opposite to the
rat’s movement, creating the illusion of faster motion. When
G <1, landmarks moved in the same direction as the rat, creating
the illusion of slower motion. A typical experimental session con-
sisted of four epochs (Figure 1C). In epoch 1, the landmarks were
stationary (G = 1). In epoch 2, G was gradually increased or
decreased to a final value, G4 In epoch 3, G was held constant
at Gyno- Epochs 1-3 were designed to gradually transition from
the animal’s everyday learned relationship between self-motion
and stationary landmarks to a sustained period of an altered rela-
tionship—scaled by Gy, —between landmarks and non-visual
self-motion cues. Finally, in epoch 4, the visual landmarks
were removed, leaving only a dim, circularly symmetric ring of
illumination near the top of the dome. In the absence of salient
external cues, the neural updates of position and direction during
this epoch were presumably driven primarily by path integration,
allowing us to measure any persistent adaptation or recalibration
of the path-integration gain resulting from the cue conflict intro-
duced in the preceding epochs, as done in prior studies.?!%%"

When a place cell is anchored by visual landmarks, its firing
pattern repeats once per virtual lap (i.e., a lap in the landmark
reference frame). In the case of G = 1 (stationary landmarks),
the firing pattern of a place cell also repeats once per physical
lap. However, as the gain is manipulated, the spatial frequency
of firing changes with respect to the physical track. For example,
at G = 2, the firing pattern repeats every half of a physical lap (or
two times per physical lap, maintaining a constant firing location
relative to the landmarks). This spatial frequency of the i place
cell’s firing, defined as the cell’s gain (H)), represents the readout
of the animal’s rate of travel through its place map relative to its
rate of physical travel (Figure 1D). In most sessions, the firing of
all place cells remained anchored to the landmarks (Figure S1B),
i.e., H;= G. The gains estimated from individual CA1 cells fell into
a tight distribution, indicating a coherent ensemble response
(Figures S1C and S1D), as expected from previous work.”" %
Given the coherent response of the CA1 population (except in
two sessions, discussed in the next section), we assumed a sin-
gle hippocampal gain, H, calculated as the median of the contin-
uous gain traces H; of simultaneously recorded place cells in a
session. Sessions where the place cell ensemble remained
anchored to the landmark cues were classified as “landmark-
control,” and sessions where anchoring was absent or lost for
prolonged periods of the session were classified as “land-
mark-failure” (STAR Methods; Figure S2). Place cell and HD
cell responses during forward running were directly compared
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by defining the gain of HD cells as the angular frequency of firing
of the HD cell, similar to the spatial frequency for place cells. The
gains of simultaneously recorded HD cells, D;, responded as a
coherent population in sessions with simultaneously recorded
units from more than one region (Figure S1E®?). Given the
coherent HD response, we treated the median HD cell gain, D,
as the gain of the HD system.

HD cells and place cells were tightly coupled in both
landmark-control and landmark-failure sessions

Place fields and HD cell tuning curves were anchored to the land-
marks in most sessions (26/33 sessions). Figure 2A shows an
example landmark-control session. During gain manipulation
(epochs 2-3), simultaneously recorded place and HD cells
consistently fired at a stable location and head yaw angle,
respectively, in the landmark reference frame but appeared un-
tuned in the lab reference frame. This landmark-referenced sta-
bility is reflected by the fact that the hippocampal gain and HD
gain followed the experimental gain (Figure 2A, top). During for-
ward locomotion in epoch 3 (G = Gsjng # 1), HD cells in landmark-
control sessions showed poor directional tuning in the laboratory
frame (Figure 2B) but maintained their tuning in the landmark
frame (Figure 2C). The median hippocampal gain and HD gain
for each landmark-control session closely matched the experi-
mental gain (Figures 2D and S3, landmark-control panels). These
results confirm that, under conditions of landmark control, HD
cells remained anchored to the landmarks along with the place
cell population, consistent with previous findings.®'->%>*

While the place cell map remained anchored to the landmark
frame of reference in most sessions, in a subset of sessions (7/
33 sessions), the internal map decoupled from the landmarks, pre-
sumably caused by errors between idiothetic and allothetic cues
introduced by the gain manipulation indicating landmark insta-
bility.>® In a raster plot from an example landmark-failure session
(Figure 2E), an HD cell decoupled from the landmarks at the
same time as a simultaneously recorded CA1 place cell, and the
HD tuning curve subsequently drifted together with the CA1 place
field. As such, HD tuning was better maintained in the hippocam-
pal frame of reference (i.e., relative to the activity of the place cell
population) compared with the lab and landmark frames
(Figures 2F-2H). Comparison of hippocampal gain and HD gain
across all landmark-failure sessions shows that the two popula-
tions coherently broke away from the landmarks and drifted
together afterward (Figures 21 and S3, landmark-failure panels).
Aggregating across all sessions and animals, the HD gain ex-
hibited minimal deviation from the hippocampal gain for both land-
mark-control and landmark-failure sessions (Figure 2J). This tight
coupling between the two populations is consistent with a previ-
ous study showing that place and HD cells can drift relative to
static visual cues before settling into a new stable mapping, with
HD and place cells maintaining coherence on fine time scales.”’

There were two anecdotal sessions that violated the strict
coupling typically observed between place cells and HD cells

(J) Histogram across all sessions of all rats of the mean difference between individual HD cell gains and the hippocampal population gain, calculated across
epochs 1-3 of landmark-control sessions (green) and periods classified as landmark failure (pink). The prominent peak near zero demonstrates the tight coupling

between the two populations in both conditions.
See also Figures S3 and S4.
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(Figure S4; these sessions are not included in the session count
of 39, nor in other analyses). In these two sessions, a more com-
plex coupling emerged that was dependent on periodic conjunc-
tions of a stable external frame and a rotating HD frame. HD cell
tuning curves drifted relative to the landmark/lab frames (which
were coincident as G = 1), while the place cell population split
into two subsets: one subset drifted together with the HD cells,
and the other subset was active only at a specific conjunction
of the landmark/lab frame and the drifting HD frame. Such a
conjunctive response has been observed in the retrosplenial cor-
tex."® In the second of the two sessions, once the visual gain G
was increased away from 1, the CA1 subpopulation encoding
the conjunction of external and HD reference frames lost its
conjunction over the course of a few laps to solely favor, and drift
along with, the HD frame.

HD cells and place cells recalibrated coherently when
subjected to sustained conflict between path

integration and landmarks

Our previous study®' showed that the experimental gain applied
to the landmarks in epochs 2-3 caused a recalibration of the in-
ternal path-integration gain of the hippocampus. This recalibra-
tion was revealed when the landmarks were abruptly turned off
in epoch 4, leaving path integration as the primary driver of the
update of the activity of the place cells. H in epoch 4 tended to
be greater than its initial value in epoch 1 when Ggpna > 1 in
epochs 2-3 and less than its initial value when Gy,e < 1 in epochs
2-3. This result demonstrated recalibration of the path-integra-
tion gain in a direction that minimized conflict between estimates
of location based on path integration and landmark positioning
systems. Given the strong coupling of the HD cells and place
cells in epochs 2-3 (Figure 2), we next asked how the two pop-
ulations would recalibrate their path-integration gain to minimize
the error between the conflicting landmark and path-integration
cues. For this analysis, we considered only landmark-control
sessions and measured the path-integration gain using the
spikes from the first six laps (i.e., size of the spatial window
used to estimate gain; STAR Methods) in epoch 4, as in our prior
study.

Figure 3A shows an example recalibration session with a simul-
taneous recording of a place cell and an HD cell. As in Figure 2,
the tuning profiles of both cells drifted in sync in the lab frame
when the experimental gain G ramped up to its final value of
1.46, but they remained stable in the landmark frame. When the
landmarks were removed at the start of epoch 4, the place cell
and HD cell remained tightly coupled with a recalibrated gain of
1.29 (Figure 3A, top), a value greater than the gain of 1 in epoch
1. During epoch 4, HD cells from landmark-control sessions
maintained a stable firing direction in the hippocampal frame of
reference, reflecting the tight coupling between the two popula-
tions (Figures 3B-3D). The values of H and D from all landmark-
control sessions from one rat are shown in Figure 3E, illustrating
the tight coupling between these values across all epochs,
including recalibrated values in epoch 4. Across all four rats in
the study, we replicated the linear relationship between experi-
mental gain Gy,y in epoch 3 and the recalibrated gain H,ecq in
epoch 4 (Figure 3F). The recalibrated gain of HD cells D¢ in
epoch 4 across all sessions precisely matched that of the hippo-
campus H,eca (Figures 3G and 3H). These findings demonstrate
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that HD cells expressed a recalibrated gain consistent with hip-
pocampal place cells, extending previously described forms of
coupling between the two systems.®'%94"

HD gain did not exhibit recalibration during non-
locomotor head scanning events

The recalibrated gain observed in HD cells could reflect either (1)
recalibration of angular head velocity (AHV) inputs to the HD sys-
tem or (2) recalibration of the place cell system that, via feedback
coupling, drives the HD activity bump (in which case the AHV in-
puts themselves would not be recalibrated). To test these two
possibilities, we analyzed moments when updates in position
and head angle were incongruent, specifically during non-loco-
motor turning and head-scanning behaviors. These head-scan-
ning behaviors were characterized by lateral head movements
with minimal changes in body position. We first extracted head
scans during epoch 4 (landmarks off) based on a previously
described algorithm using the animal’s head motion relative to
the track (Figure 4A; Monaco et al.°’; STAR Methods). Given
that the head scans occur at random intervals and with varying
magnitudes, the underlying gain could not be computed using
our previous spectral-decoding method, which exploits the
spatial/angular periodicity of firing over multiple laps. Instead,
we applied candidate HD gain values D to head-scanning motion
to generate simulated internal HD representations, used spiking
during all epoch 4 head scans to compute tuning curves for each
gain, and selected the gain that best reproduced the epoch 1
tuning (Figure 4B; STAR Methods). Note that, because the inter-
nal HD signal is locked to the hippocampal frame during forward
locomotion (Figure 3), the 0° reference in the lab frame differs
across head-scanning events. That is, because the hippocampal
map rotates lap by lap according to its current gain, an HD cell
with a preferred firing direction of east (in the lab frame) on one
lap may have a preferred direction of west, for example, on a
later lap. Thus, to combine the head scans when creating the
tuning curve, we corrected for this drifting offset by applying
the hippocampal gain to the animal’s body movements along
the circular track during forward locomotion.

Among the candidate D values, the value that most closely
matches the true HD gain during head scanning should produce
a tuning curve most similar to the ground truth tuning estimated
from head scans in epoch 1. Hence, for each candidate HD gain
value, we defined the tuning similarity score as 1 — RMSE, where
RMSE is the root-mean-square error between the resulting tun-
ing curve and the tuning curve during head scans in epoch 1, and
the candidate gain with the highest similarity score was assigned
as the HD gain during the head-scanning events.

We validated this similarity-based method in three ways. First,
by applying this method to running periods in epoch 4, we veri-
fied that this gain estimation method agreed with the spectral-
decoding estimate of HD gain during forward locomotion
(Figure 4C). Second, when applied to estimate the HD gain dur-
ing head scanning in epoch 3, we found that the similarity-based
HD gain estimate was uncorrelated with the experimental gain
and remained ~1, and this result is consistent with the tuning
of HD cells staying locked to the landmarks, which remained sta-
tionary when the animal was not locomoting forward (Figure
S5A). Third, we tested the similarity-based estimator on a simu-
lated dataset of a virtual rat running on a circular track whose HD
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Figure 3. Tightly coupled recalibration of HD and CA1 path-integration gains

(A) Example raster plot of path-integration recalibration in a place cell and a simultaneously recorded HD cell for rat 974. The figure format is the same as
Figure 2E, with the addition of data from epoch 4 when the landmarks were extinguished (data to the right of the vertical black dashed line in all panels). The
top panel shows the tight correspondence between the hippocampal population gain (blue line), the HD gain (red line), and the experimental gain (gray line) in
epochs 1-3, indicating landmark control. After landmarks were extinguished, the hippocampal gain and HD gain dropped together to 1.29, a value higher than the
baseline path-integration gain of 1 and recalibrated toward Gy;,,;. Note that, due to the sliding window used for gain estimation, the gain traces appear to move
away from G before landmarks turn off. As expected in a landmark-control session, the spikes display a consistent horizontal alignment relative to the landmarks
in epochs 1-3, indicating stable spatial and directional alignment relative to landmarks. In epoch 4, the landmark frame was defined assuming the gain was Ggipay,
even though landmarks were off. Both cell types immediately started firing progressively later or earlier in the assumed landmark and lab frames, respectively,
indicating a cell gain greater than the baseline gain G = 1. In the bottom panel, the spikes are plotted relative to the hippocampal frame (i.e., the position in the
hippocampal place map as integrated from the hippocampal gain). The HD cell maintains a stable tuning in this frame, indicating that the firing fields drift in tight
concert in epoch 4.

(B) HD tuning curves in the laboratory frame during running for all HD cells recorded from rat 974 in epoch 4 across all landmark-control sessions. HD cells
exhibited disrupted tuning in the lab frame. The peak firing directions of each cell are aligned to 0° for visualization.

(C) Tuning curves from the same cells as (B) in a fictive landmark frame calculated as if the landmarks were still present in epoch 4 and continued to rotate at Gpa/.
HD cells exhibited disrupted tuning in this fictive landmark frame. The preferred firing directions of each cell are aligned to 0° for visualization.

(D) Tuning curves in the hippocampal frame from the same cells as (B) and (C). HD cells exhibited stable tuning in the hippocampal frame. The preferred firing
directions of each cell are aligned to 0° for visualization.

(E) Gain traces from all recalibration sessions for rat 974 (see Figure S3 for all rats). x axis indicates laps in the lab frame, aligned to the time landmarks were turned
off (lap 0). Experimental gain (G, gray), CA1 population gain (H, blue), and HD cell gain (red) are plotted across all four epochs. Dashed line: landmarks off (start of
epoch 4). In epoch 4, both hippocampal and HD gains have moved away from 1 and moved toward the final experimental gain (Gyina), demonstrating recalibration.
(F) Recalibration of place fields. Values of H were computed using the first six laps (that is, the value of H at lap 3) after the landmarks were turned off. Linear fits for
each rat (color) and for the whole dataset (black) are shown (rat 974, n = 7, df = 5, slope = 0.61, r?=0.98, p=1.88e—5;rat 1016, n =5, df = 3, slope = 0.6, 2 =0.99,
p = 2.04e—4; rat 1075, n = 8, df = 6, slope = 0.55, r> = 0.98, p = 3.53e—6; rat 1078, n = 6, df = 4, slope = 0.56, r? = 0.97, p = 3.97e—4).

(G) Scatterplot showing the relationship between HD population gain and CA1 population gain during epoch 4 across all recalibration sessions. Each point
represents the value of the gain of simultaneously recorded HD cells for a given value of recalibrated hippocampal gain. The diagonal line indicates perfect
agreement (HD gain = CA1 gain). The close clustering of points around the diagonal demonstrates the functionally identical recalibration of the two cell pop-
ulations. Statistics from a linear mixed-effects model with D, as the response variable, H,..o as the fixed-effect variable, and rat identity as the random-effect
variable: g = 0.990, SE = 1.08e—2, #(25) = 91.7, p = 5.32e—31.

(H) Histogram of the mean deviation between HD population gain and hippocampal population gain traces during epoch 4 across all landmark-control sessions.
The peak near zero indicates that, on average, the HD cell gain closely matched the hippocampal population gain, even in the absence of salient visual landmarks.
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Figure 4. No path-integration gain recalibration in the HD system during head scans

(A) Trace of the rat’s head position during epoch 4 from an example session for rat 1075. The blue traces indicate when the animal was running along the circular
track. The red traces indicate non-locomotor head-scanning behaviors.

(B) Schematic of the analysis to decode the HD gain during head scanning from a representative session. Left: tuning similarity scores as a function of candidate
HD gains. Right: polar plots showing the differences in firing rates between the epoch 1 tuning curve and the putative epoch 4 tuning curve after applying two
example candidate gains (radial distance = absolute difference in firing rates across angular bins; smaller radii indicate greater similarity). The teal curve reflects
the gain with the highest similarity score (producing an HD tuning curve most similar to the epoch 1 tuning curve), and the orange curve reflects the value of the HD
gain during forward locomotion in epoch 4.

(C) Forward-locomotion HD gain in epoch 4 measured using the spectral decoder vs. the similarity metric. The two methods produced a consistent estimate of the
HD gains during forward locomotion. Each dot corresponds to an individual session. The green line is the best-fit line across the data points. Slope of best-fit line:
$=0.971, SE = 0.0147, t(20) = 66.0, p = 6.93 x 10~2%; t-statistics from the linear mixed-effects model.

(D) Head-scanning HD gain in epoch 4 vs. final experimental gain. The estimated HD gain in epoch 4 during head scanning was uncorrelated with the experimental
gain in epoch 3. Slope of recalibration: g = —0.103, SE = 0.139, t(16) = —0.744, p = 0.468; t-statistics from the linear mixed-effects model.

(E) Head-scanning HD gain in epoch 4 vs. forward-locomotion HD gain in epoch 4 for the same sessions as in (D). The estimated HD gain in epoch 4 during head
scanning was uncorrelated with the HD gain during forward locomotion in epoch 4. Slope of best-fit line: § = —0.185, SE = 0.248, t(16) = —0.747, p = 0.466;
t-statistics from the linear mixed-effects model.

See also Figure S5.

gain remained recalibrated even during head scans. The gain HD cells and place cells exhibited a slow, biased, and

estimation method was able to recover the underlying gain
across a range of gain values (Figures S5B-S5D).

Having verified the methodology, we applied this head-scan-
ning HD gain estimation method to our experimental data during
epoch 4 and discovered that the decoded gain did not correlate
with the experimental gain in epoch 3 (Figure 4D), indicating a
lack of HD angular gain recalibration. The HD gain during
head-scanning events was also uncorrelated with the corre-
sponding HD gain during forward locomotion in epoch 4
(Figure 4E). Together, these results indicate that the expression
of path integration-gain recalibration in HD cells is gated by
behavioral state (forward locomotion vs. non-locomotor head
scanning) and/or feedback from place cells.
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partially incoherent shift relative to landmarks in
landmark-control sessions

We assessed whether firing patterns of place cells and HD cells
exhibited competing influences of landmark and path-integra-
tion cues during periods of sustained cue conflict (epochs 2
and 3). Our prior study showed that, in landmark-control ses-
sions, place fields exhibited a slow, systematic shift relative to
the visual landmarks across laps, suggesting a persistent contri-
bution of path integration to place field location.”'*® Presum-
ably, when G > 1, the visual input signals greater progress than
does the incompletely recalibrated path integrator, and this influ-
ence of path integration causes place cells to fire slightly later
relative to landmarks. Conversely, place cells fire progressively
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earlier when G < 1. We found that HD cells exhibited a similar
shift, mirroring place cell behavior. In sessions with G > 1, both
place cells and HD cells fired at progressively later locations rela-
tive to the landmarks (Figures 5A and 5B), while in sessions with
G < 1, they fired at progressively earlier locations (Figure 5C).

The overall trend for both cell types replicated the previously
reported bias (Figure 5D), although the CA1 place cells shifted
less than the HD fields on average (Figures 5E and 5F). HD cells
recorded simultaneously in a session tended to shift together,
exhibiting a low variance, indicating a coherent shift as an
ensemble. CA1 place fields shifted with significantly larger vari-
ance, suggesting that, like the example in Figure 5A, individual
place fields may weigh path integration and landmark cues
differently (Figure 5G).

Based on this hypothesis, we tested whether the coherence of
CA1 place fields degraded as the degree of conflict between
landmarks and path integration increased. The magnitude of
conflict was quantified as the deviation of G from the baseline
of G = 1 when landmarks and path integration are coherent.
While HD coherence remained stable or improved with
increasing conflict, the coherence of CA1 fields degraded with
increasing conflict (Figure 5H), consistent with the hypothesis
of a heterogeneous drive on CA1 place fields by landmarks
and path integration. Overall, the consistent, biased shift in
both place cells and HD cells—with HD fields shifting more
than CA1 fields on average —combined with the gain-dependent
increase in heterogeneity of CA1 field shifts, even under strong
landmark control, indicates a continuous and dynamic integra-
tion of idiothetic and allothetic information.

DISCUSSION

The brain seamlessly integrates internal, self-motion-based esti-
mates of movement (path integration) with external sensory cues
to support accurate navigation.***°** A key variable to this
computation is the path-integration gain, which associates the
magnitude of displacement in the world to a distance metric in
the internal, cognitive map of the animal. Given the recalibration
of path-integration gain observed in hippocampal place
cells,”"?*> we investigated how such plasticity manifests in the
HD system. HD cells are thought to provide the directional signal
that orients the cognitive map relative to the external
world.®"*65:¢ Since rats ran unidirectionally in a circle in these ex-
periments, coupling HD with body position on the track, it is
conceivable that the path-integration gain recalibration
observed in place cells was a downstream reflection of plasticity
mechanisms that occurred upstream in the circuits that integrate
AHV to produce directionally tuned HD cells. Simultaneous re-
cordings of the two cell types revealed a high degree of coupling,
with HD cells exhibiting functionally identical path-integration
gain recalibration with place cells during locomotion (although
it remains to be tested whether such a high degree of coherence
would be observed in open arenas, where position and HD are
decoupled). Thus, the present experiments demonstrate that
path-integration gain recalibration is reflected across the larger
navigational circuit in the brain and not confined to place cells.
However, the examination of non-locomotor periods (i.e.,
head-scanning behaviors, in which the animal changes its HD
with no concomitant changes in body location) showed no
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evidence of gain recalibration in the HD cells, suggesting that
the plasticity resulting in the path-integration gain recalibration
observed during locomotion cannot be solely driven by plasticity
of AHV inputs in the HD network.

The observed coupling in recalibration between place cells and
HD cells could result from plasticity occurring either (1) in the AHV
inputs onto the HD system, which entrains the hippocampal map
(feedforward model®>"%%), or (2) downstream of the HD system
in hippocampal place cells, MEC grid cells, or other cortical
spatial cells, which then entrains the HD activity (feedback
model'%56%-""y (Figure 6). The feedforward model predicts
that the bump of activity on the putative HD ring would update
during head scans according to the recalibrated path-integration
gain, whereas the feedback model predicts that the HD bump
would update with a baseline gain given the absence of the cor-
responding positional update signal provided from the place
cells. Thus, the results of this study appear to support the feed-
back model. This interpretation is reasonable, especially given
the low angular speeds that occurred (typically less than 60°/s)
as the animal moved forward along the circular track when the
experimental gain of the landmarks was altered. There are alter-
native explanations that cannot be discounted, however. We
consider two plausible alternative explanations here (although
there may be others). First, it is possible that path-integration re-
calibration in the HD system (or elsewhere) depends on behav-
ioral context and that the HD system can support two distinct
gains. In our experiments, landmarks did not move during
head-scanning behaviors, providing visual feedback that G = 1
during head scans. Moreover, proprioceptive signals of HD rela-
tive to the body (such as neck angle signals), fixed to the non-
moving landmark frame via the feet during non-locomotor head
scans, might have served as a powerful anchor to reinforce an
angular gain of D = 1.7 The carriage following the animal also pro-
vided an anchor for how much the head had turned (e.g., when
the animal stopped and looked left relative to its running direc-
tion, it always saw the left wall of the carriage, and vice versa).
Thus, the combination of visual and proprioceptive signals coher-
ently indicating G = 1 during non-locomotor head scans, on the
one hand, and a manipulated AHV gain during forward locomo-
tion (with minimal head movement), could provide sufficient infor-
mation to support distinct AHV gain calibration for these two
distinct behavioral regimes (forward locomotion vs. non-locomo-
tor head scans). Second, it may be that the manipulation in
epochs 1-3 (landmarks on) indeed recalibrated a single, coherent
AHV path-integration gain, but that “foot-anchored” propriocep-
tive cues and visual feedback from the cart (which was still visible
during epoch 4) provided a stable D = 1 signal when the land-
marks were off that overrode the recalibrated AHV path-integra-
tion signal onto the HD cells, analogous to the visual landmarks
overriding path-integration gain during epochs 2 and 3. Irrespec-
tive of these alternatives, the maintenance of the relative firing po-
sitions between HD cells and place cells for dozens of laps under-
scores the crucial role of reciprocal interactions between these
systems, as expected from previous findings.*'°

Although this study shows that the path-integration gain reca-
libration observed in place cells can occur without an accompa-
nying recalibration in the AHV input during non-locomotor
behavior (with the caveats of potential behavioral-context-
dependence in mind), it is unknown whether the recalibration
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Figure 5. Slow, biased shift of CA1 place cells and HD cells relative to landmarks during landmark control

(A) Example raster plot showing the shift of CA1 place cells (blue and cyan) and a simultaneously recorded HD cell (red) relative to landmarks during a landmark-
control session with G > 1. Format similar to Figures 2A and 2E. A constant offset has been added to the place and HD fields to visualize them closer together to
better discern the relative shifts. The gradual lap-by-lap shift of spike positions in the place field and HD field indicates a slow shift relative to the landmark frame.
In this example, the cyan place cell field shifted along with the HD field, but the other field (blue) remained stable relative to landmarks.

(B) Second example session with G > 1; same format. The place field (blue) diverges from the HD field and seems to have periods of forward shift, punctuated by
resets back to the initial position in the landmark frame.

(C) Example session with G < 1; same format. Here, the place field (blue) and HD cell (red) firing fields shift coherently in the opposite direction relative to the
landmarks compared with (A) and (B), in which G > 1.

(D) Scatterplot showing the cumulative shift of individual CA1 place cells (blue) and HD cells (red) relative to the landmark frame as a function of the experimental
gain. Positive y axis values indicate a shift in the direction of the animal’s movement (counterclockwise), and negative values indicate a shift in the opposite
direction. The place fields and HD fields show an experimental gain-dependent, shift-direction bias, indicative of conflict between the landmarks and path
integration, where the path-integration gain lags behind the experimental gain.

(E) Scatterplot showing the mean HD field-shift relative to individual CA1 place fields. Blue dots represent the difference (HDynean — CATingividual) for field shifts
within session. Large black dots represent the median of data points for each unique gain condition. The strong positive linear relationship of the medians (r(5) =
0.91, p = 0.004) indicates that, across the aggregate data, the HD reference frame shifts significantly more relative to landmarks than the place cell map does.
(F) Scatterplot of the within-session difference between the mean cumulative shift of HD cells vs. that of simultaneously recorded place cells. The trend observed
in (E) is maintained at the session level: HD fields shifted significantly more relative to the landmarks when compared with simultaneously recorded place fields
(difference in mean HD vs. place cell shift as a function of gain with rat identity as a random effect: g =36.1, SE = 9.90, #(15) = 3.65, p = 0.00294; t-statistics from the
linear mixed-effects model).

(G) Boxplot showing the distribution of within-session standard deviation of shift of HD fields and of place fields. HD fields show a smaller mean standard deviation
than place fields (Kruskal-Wallis: p = 0.0267), indicating a more coherent shift of HD cell tuning curves compared with CA1 place fields.

(H) Scatterplot showing within-session standard deviation of HD (red) and place (blue) field shifts as a function of |G — 1|. CA1 place fields show increasing
variability with gain deviation (r(19) = 0.46, p = 0.038), whereas HD fields remain stable (r(15) = —0.13, p = 0.631). A linear mixed-effects model on log standard
deviation confirmed divergent trajectories under gain conflict (cell type x gain deviation, p = 4.63, SE = 1.33, 1(34) = 3.49, p = 0.0014; gain deviation effect on HD,
f=—2.24,SE =1.04,(34) = —2.16, p = 0.038; cell-type effect, p = —0.83, SE = 0.40, 1(34) = —2.09, p = 0.044). Random effects captured between-animal variability
in slope and intercept. HD coherence results should be interpreted cautiously due to the small number of simultaneously recorded HD cells.
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Figure 6. Simplified schematic of feedforward vs. feedback models
of path-integration gain recalibration

Left (feedforward model): recalibration occurs at the angular head velocity
(AHV) inputs to the HD system, and the recalibrated HD signal then entrains the
activity of the spatially modulated cells (place system), including hippocampal
place cells and MEC grid cells. Right (feedback model): the HD network itself is
not recalibrated. Instead, recalibration occurs in the place system or the linear
velocity inputs. The HD system expresses a recalibrated gain via feedback
coupling from the place system.

of the AHV input onto the HD ring can occur independently of
observing path-integration gain recalibration in place cells.
AHV gain recalibration does occur in the vestibulo-ocular re-
flex,”>"* and analogous recalibration of the HD system could
be tested in our experimental apparatus by placing the animal
in the center of the Dome and rotating its head in place as gain
is applied to the visual scene as a function of the momentary
AHYV. If this manipulation were to induce AHV recalibration onto
the HD cells, place cell activity could then be measured by letting
the animal locomote along the circular track at the periphery
of the Dome. We predict that such a manipulation would cause
place fields to show recalibration (although the same caveats
about behavioral-context-dependence would hold for this
experiment).

Ajabi et al.”® reported that HD cells in the ADN of mice recali-
brated in the same direction as the constant-speed rotation of a
visual cue in a prior light session. The mice were confined to a
small platform in the center of the environment, but these authors
did not record place cells in this experiment, making it unclear
how place fields were affected. Moreover, because the direction
of the cue rotation was decoupled from the animal’s head mo-
tion, it is unclear whether the recalibration reported in their paper
reflects changes in the path-integration gain per se or an additive
bias in HD estimation. That is, the plasticity demonstrated by
Ajabi et al. may reflect, at least in part, changes in the balance
of the inputs that maintain stability of the HD “activity bump” in
the absence of movement, resulting in an experience-depen-
dent, clockwise or counterclockwise drift of the activity bump
regardless of the momentary AHV.’® Ajabi et al. suggested that
the recalibration of HD cells seen in their experiment might
explain (via a feedforward model) the place field recalibration
of Jayakumar et al.,*’ but the lack of recalibration of HD cells
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during head scanning in this study demonstrates that a more
complex phenomenon is at play.

The present results demonstrate that under a closed-loop cue
rotation dependent on the animal’s momentary velocity, the
path-integration gain expressed by HD cells in epoch 4 was
directly proportional to the previously experienced visual gain
(as we had previously shown for place cells®'**?). Moreover,
the coherence of the place and HD systems was maintained
across various conditions (landmark control, landmark failure,
and recalibration in the absence of landmarks) under which the
dominant influence ranged from visual landmarks to self-motion
cues. The landmark-failure conditions are especially noteworthy.
While a previous study has reported a session where the two
systems remained coupled upon sudden unmooring of the inter-
nal map from the external world, the internal representation re-
anchored to the external world after a brief interval.?" Our results
demonstrate that even under a prolonged duration of such un-
mooring, sustained for tens of minutes of conflict between self-
motion and landmark cues, the two systems remain tightly
coupled. This result suggests that the coupling between place
cells and HD cells is not driven by a common input from a spe-
cific modality onto the network. Rather, the coupling arises
from intrinsic functional connectivity between the two networks.
The coupling is likely implemented by the bidirectional anatom-
ical connections between the regions, where thalamic HD cells
send polysynaptic input to the hippocampus via the parahippo-
campal regions®® and the retrosplenial cortex,®” while the hippo-
campus sends a feedback signal to the thalamus via the dorsal
presubiculum and the parasubiculum.'%*®"" The binding of the
coupled population to external visual landmarks may be pro-
vided by the activity of functional cell types in the retrosplenial
cortex that mediate between visual cues and HD signals.””"®
Together, a tightly coupled mechanism governs the response
of place cells and HD cells to conflicts between internal (path
integration-based) and external (visual) cues.

Although the place cells and HD cells were tightly coupled on
average in their responses to the manipulations in this experiment,
we discovered a degree of incongruence at a more granular scale.
Extending the previous observation in the hippocampus,®’ the
fields of both place cells and HD cells exhibited a slow, biased shift
relative to visual landmarks when the landmarks were moving in
epochs 2 and 3. The control of the direction of the shift by the vi-
sual gain suggests that the shift is a manifestation of the impact of
self-motion cues counteracting the much stronger influence of the
landmarks. The existence of field shifts in HD cells is in agreement
with previous studies indicating that the HD system weighs visual
cues and path-integration cues®*’° and observations of remap-
ping of HD preferred firing directions depending on the magnitude
of path-integration error.° Despite the existence of shifts in both
populations, CA1 place cells exhibited a more heterogeneous
shift than HD cells, suggesting that different CA1 place cells
may weigh path integration and landmarks differently. Anatomical
consistency of CA1 tetrode locations and statistical accounting
for rat identity make it unlikely that anatomical and functional dif-
ferences in the CA1 proximal-distal axis contribute to the
observed heterogeneity in field-shift. Because CA1 lacks a strong
recurrent collateral system, individual CA1 cells are more likely to
respond heterogeneously to differential inputs compared with re-
gions like CA3%' %4 or putative ring attractor circuits, which are the
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consensus model underlying the HD system.®>~®° Differential cue
weighting has been previously reported when distal landmarks on
the wall and proximal cues on the track were rotated against each
other. In these experiments, HD cells were mostly controlled by
distal cues,*? while CA1 place cells showed a heterogeneous
locking to the two sets of cues, and CA3 place cells were locked
more strongly to proximal than distal cues.?' Similarly, CA1 place
cells showed a heterogeneous display of backward shifts of their
place fields during unidirectional movement, whereas HD cells
were more homogeneous and showed different patterns of back-
ward shifts across experience and novelty compared with CA1
and CA3**%° (see also Madar et al.“®). Thus, each component of
the navigation system, despite being coupled, is nonetheless
influenced by different cues provided by distinct anatomical in-
puts to represent direction and location. The observed heteroge-
neity in CA1 may also reflect the distinct properties of CA1 cells
between the superficial and deep layers®'~** and along the prox-
imodistal axis,” but we lacked the resolution and sampling den-
sity to test these hypotheses in the current experiment. Lastly,
the different cue weighting between the place cells and HD cells
poses a question about how cells in the hippocampal formation
with conjunctive coding of place and HD respond to cue conflict.
For instance, MEC contains grid x HD cells,®® while LEC contains
cells that encode the animal’s egocentric HD relative to external
items.®” Hippocampal place cells also exhibit HD modulation un-
der some conditions and to varying degrees.’®'°° It is possible
that these conjunctive cells exhibit a higher weighting of self-mo-
tion cues compared with nonconjunctive spatial cells due to the
HD input influencing their firing. Thus, the conjunctive cells would
constitute a spatial map that shifts coherently with the internal
directional signal.

An unexplored question is whether the different HD circuits
exhibit the properties described here. While the HD cells were
mostly recorded from the thalamus in this study, they are found
across the brain, including the presubiculum,?*'°" posterior pa-
rietal cortex,'%® postrhinal cortex,'?® retrosplenial cortex,*® and
dorsal striatum.”®'%* Although the cells from the thalamus in
this study showed the same amount of path-integration gain re-
calibration (Figures 3G and S1E), other components of the brain-
wide HD system might show distinct profiles of gain recalibra-
tion. Moreover, recording from AHV cells that provide the angular
input to the HD ring, such as units in the dorsal tegmental nu-
cleus and lateral mammillary nucleus®® and the retrosplenial cor-
tex,?%°% would provide important information about whether the
tuning curves of these cells can be altered with experience or
whether they remain fixed and any recalibration of the HD circuit
is downstream of the sensory inputs (see Secer et al.®® for a
computational investigation of necessary conditions and poten-
tial sites of plasticity of path-integration gain recalibration in a
ring attractor network).

Our study demonstrates the coordination between place cells
and HD cells that maintains a coherent spatial map. Path-inte-
gration gain recalibration is likely a distributed process involving
a tightly coupled mechanism between the hippocampus and the
HD system, which may occur independently of the AHV input
onto the HD ring. The findings indicate that the brain can main-
tain a self-consistent spatial representation even during the plas-
tic process of path-integration gain recalibration to preserve
path integration, a computation that is key to navigation
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regardless of the presence of landmarks.®'%'%*? Furthermore,
the profiles of the gradual shift of the fields of the two populations
suggest that, even under a shared gain, the exact dynamics of
the two networks differ in reliance on distinct spatial cues,
imposing a limit to the degree of fine-scale coupling and the in-
formation used to compute these spatial metrics.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Deposited data

Experimental data This paper'®® Johns Hopkins Research Data Repository:
https://doi.org/10.7281/T1DXOIBO

Experimental models: Organisms/strains
Long-Evans rats Envigo Harlan (currently Inotiv) Strain: HsdBlu:LE; RRID:RGD_5508398

Software and algorithms

MATLAB Mathworks https://www.mathworks.com/products/matlab.html

Original code This paper'®® Johns Hopkins Research Data Repository:
https://doi.org/10.7281/T1DXOIBO

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Four Long-Evans rats (Envigo Harlan; 1 males [number 974] and 3 females [numbers 1016, 1075 and 1078]) were housed individually
on a 12:12 h light:dark cycle. All training and experiments were conducted during the dark portion of the cycle. The rats were 5-
8 months old and weighed 250-550 g at the time of surgery. Data from individual animals are shown in each figure to allow visual
comparison between male and female rats. As no obvious differences were observed between sexes, data from all rats were com-
bined for statistical analysis. All animal care and housing procedures complied with National Institutes of Health guidelines and fol-
lowed protocols approved by the Institutional Animal Care and Use Committee at Johns Hopkins University.

METHOD DETAILS

Dome apparatus

The Dome® is a planetarium-like virtual-reality apparatus with a hemispherical fiberglass shell (2.3-m inner diameter). Rats loco-
moted near the outer periphery of an annular table (152.4-cm outer diameter, 45.7-cm inner diameter) centered within the Dome.
Visual landmarks were projected onto the inner spherical surface of the shell (Figure 1A). In addition, an overhead circular band,
non-overlapping with the landmarks, was projected throughout the experimental session to provide circularly symmetric illumination
inside the Dome throughout the experiment (even when landmarks were not present in Epoch 4). A near-infrared camera provided an
overhead view of the experiment. The 3D position and orientation of the head of the rat were estimated in real-time (45 fps) using a
specialized 3D head tracking system'°®; the system uses a single camera, specialized software, and a set of markers mounted on the
rat’s neural recording implant in a known 3D geometry.

An enclosure, attached to a rotating pillar at the table center via radial boom arms, covered a 45° region around the rat. The
enclosure kept the rat at the outer periphery of the table and carried the transmitter unit of the neural recording system (see
neural recording). The rat would run approximately at the radial center of the enclosure. This was about 10 cm from the edge
of the table, making the lap circumference approximately equal to 4.2m. The motorized central pillar moved the enclosure along
with the rat’s head position, such that the rat was kept near the center of the enclosure. The motor was actuated only when the rat
moved counterclockwise to encourage unidirectional running; the barrier at the back of the enclosure prevented the rat from
running clockwise past the enclosure. Liquid reward (50% diluted Ensure) was dispensed on the table through a feed tube on
a boom arm attached to the central pillar diametrically opposed to the enclosure; the amount and timing of reward was controlled
by a micro-peristaltic pump on the central pillar. This boom arm also carried a plastic spreader and paper towels that wiped up or
spread out the scent of urine and uneaten food, as well as pushed feces off the table, reducing the salience and stability of local
olfactory cues. All the nonprojected cues available to the rat were either circularly symmetric (nonpolarizing) or moved along with
the rat.

Training

Over 2-3 days, we familiarized the rats to human contact. The rats were placed on a controlled feeding schedule to reduce their
weights to approximately 80% of their ad libitum weight, whereupon they were trained to run for a liquid reward on a training table
in a different room from the experimental room. The training table had the same dimensions as the table in the Dome, but with no
enclosure or other automated systems. Reward droplets were manually placed at arbitrary locations on the track in the path of
the running rat, and the experimenter attempted to lengthen the average interval between rewards to maintain behavior while
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delaying satiation. Training continued until the rats consistently ran at least 40 laps (often up to 100 laps) without intervention or
encouragement from the experimenters, usually taking 2-3 weeks.

Electrode implantation

After training, rats were implanted with hyperdrives containing 18 independently drivable nichrome tetrodes (diameter of wire =
0.0178 mm, Kanthal, Sweden), two of which served as references. The hyperdrives were fabricated in the laboratory using an in-
house design with a 72-channel interface board (EIB-72-QC, NeuraLynx, Bozeman, MT, USA). The tetrodes were grouped into
two bundles to simultaneously target CA1 and regions known to have HD cells, primarily the ADN of the thalamus. Prior to surgery,
the tetrode tips were gold-plated to an impedance of ~150 kQ using a nanoZ electroplating system (White Matter LLC, Seattle, WA,
USA). The implantation coordinates were determined during surgery based on the location of the septal pole of the hippocampus,
which is situated directly above the ADN. Briefly, a recording electrode was inserted in a grid search around coordinates ML
1.4 mm and AP -1 mm relative to bregma to locate the hippocampal septal pole. Once the septal pole was found, the hyperdrive
was implanted such that the ADN bundle of tetrodes was placed over the septal pole. Given the geometry of the hyperdrive and orien-
tation of implantation, the center of the CA1 tetrode bundle was approximately at coordinates ML 2.4 mm and AP -3.3 mm relative to
bregma. Following surgery, 30 mg of tetracycline and 0.15 ml of a 22.7% solution of the antibiotic enrofloxacin were administered
orally to the rats each day. After at least four days of recovery, we began slowly advancing the tetrodes; we resumed food restriction
and training within seven days of surgery.

Electrode adjustment

Tetrodes in the CA1 bundle were advanced less than 40 pm per day once they were close to CA1. The location of each tetrode relative
to the CA1 pyramidal cell layer was judged using the polarity of sharp waves and intensity of ripples in the electroencephalogram
(EEG) signal captured on one electrode of each tetrode, as per well-established procedures. Tetrodes were judged to be correctly
placed when ripples were intense and multiple units were visible on the pairwise electrode projections of spike amplitudes. The
tetrode bundle consistently targeted intermediate-distal CA1, as shown in the histological examples in Figure S1. The CA1 tetrode
bundle had a medial-lateral spread of approximately 1mm (bundle was three 29 gauge stainless steel cannulae wide; cannula dia:
0.33mm), which constrained our recordings to this specific CA1 subdivision, reducing variability of recording location between an-
imals. Tetrodes targeting the ADN were initially advanced quickly, using characteristic electrophysiological patterns of the cortex,
corpus callosum, hippocampal septal pole and fimbria of the hippocampus as landmarks. The advancement of the tetrodes was
slowed upon reaching the quiet zone of the ventricular system above the ADN. Tetrodes were judged to be correctly placed
when they reached a region with head direction cell activity, identified by direction-specific firing as the rat was passively rotated
around the yaw axis while resting on a turntable. In a small subset of sessions, we recorded HD units that were encountered during
tetrode advancement in the cingulate bundle above the hippocampus.

Post-surgery training

During the days of tetrode advancement, we food-restricted the rats. On (typically) day 3 of food restriction, we introduced them into
the Dome with stationary visual landmarks. The process typically started with a free exploration of the tabletop for 1-2 hours (broken
up into half-hour sessions). After this initial familiarization session, rats were encouraged to run along the periphery of the table coun-
terclockwise in pursuit of liquid reward. In the following two days, animals were trained to run counterclockwise around the periphery
of the Dome table in pursuit of reward with the neural recording cables and position-tracking markers attached to the hyperdrive on
their heads. Reward was dispensed at random spatial intervals sampled from a uniform distribution, whose range depended on the
rat’s performance. The range was gradually increased to maintain running performance until the pre-surgery performance criterion
was reached (typically 7-10 days).

Neural recording

Experimental sessions began once the tetrodes were judged to be in CA1, at least one HD cell was recorded, and the rat was running
at least 40 laps inside the Dome. During the sessions, a unity-gain neural recording headstage (HS-72-QC, NeuraLynx) was attached
to the implanted hyperdrive. The signal was filtered (0.1-8000 Hz), digitized at 30 kHz, and sent to the Cheetah computer wirelessly
through a transmitter unit (FreeLynx, NeuralLynx). Further filtering was performed by the Cheetah 6.4.1 recording software to extract
the LFP (0.1-600 Hz) and spikes (600-6000 Hz).

Experimental control

Three computers were used to run the experiment. Their purposes were (1) general experiment control, (2) neural recording (Cheetah
computer), and (3) video tracking and recording. Multiple independent programs, called nodes, performed individual tasks and were
in continuous communication with a master node running on Computer #1 and with each other through a software framework called
Robot Operating System (ROS)."°” Pseudo-random digital pulses sent from Computer #1 were time-stamped and recorded as
events on the Cheetah computer to enable the post hoc synchronization of the data streams recorded on the two computers. Details
on the hardware and software integration and experimental control are available in Madhav et al.*°
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Experimental procedure and gain selection
On each experimental day, sleep sessions were recorded for 20 mins before and after the experimental session. During the sleep
sessions, rats either rested on a pedestal outside of the Dome (rats 974, and 1016) or in a cylindrical enclosure inside the Dome
(rats 1075 and 1078). These data were used post hoc to confirm the recording stability of single units during the experiment.
During an experiment, an array of visual landmarks was moved as a function of the rat’s motion. The motion of the visual scenes
was governed by the experimental gain, G, such that G x (rat’s speed in lab frame) = (rat’s speed in landmark frame). For instance,
landmarks were stationary at G = 1, landmarks moved proportionally to the animal’s movement in the same direction as the animal
when G < 1, and in the opposite direction as the animal when G > 1. An experimental session consisted of four epochs. In Epoch 1,
rats ran 15 laps with stationary visual landmarks (Figure 1C). In Epoch 2, G was linearly increased or decreased at a constant rate to
Grina- In Epoch 3, G was held steady at Gy;,. Finally, in Epoch 4, visual landmarks were turned off, such that only a nonpolarizing,
circular ring was projected near the top of the inner shell for illumination. The values of Gy, Were chosen to be of the form 1 +
n/13, with n = 2, 4, 6, and 10, resulting in gains of 0.231, 0.539, 0.692, 0.846, 1.154, 1.307, 1.462, and 1.769. These values with a
prime denominator were used to minimize the frequency of alignment of the lab and landmark frames; with the chosen gain values,
the position of the rat relative to the two frames coincided only once every 13 laps in Epoch 3. For the first two animals, gains were
typically changed at a constant rate of 1/52 per lap, such that the length of Epoch 2 was 8, 24, and 40 laps for n =2, 6, and 10, respec-
tively. In these animals, a high proportion of G < 1 sessions showed a weaker influence of the visual landmarks on the hippocampal
map, such that the place fields drifted from the landmark frame (loss of landmark control). To establish landmark control in larger gain
ranges, the gain ramp rate was slowed to 1/104 per lap for the last two animals. The sessions were not randomized; the gain for each
session was selected such that gains were rarely repeated in consecutive sessions, and the gain manipulation typically increased in
magnitude over consecutive sessions for any given animal. This ordering aimed to maximize the range of gain values with landmark
control; higher magnitudes of gain manipulation were more likely to lead to loss of landmark control, and such loss of landmark con-
trol in one session often persisted in subsequent sessions. The investigators were not blinded to allocation during experiments and
outcome assessment. No statistical methods were used to predetermine sample size.

QUANTIFICATION AND STATISTICAL ANALYSIS

Spike sorting

Spikes were sorted based on their peak, valley, and energy values using a custom software (WinClust; J.J.K.). Cluster boundaries
were drawn manually on two-dimensional projections of these features from two different electrodes of a tetrode. We mostly
used peak and energy as features of choice; however, other features were used when they were required to isolate clusters from
one another. Clusters were assigned isolation quality scores ranging from 1 (very well isolated) to 5 (poorly isolated), agnostic to their
spatial-firing properties. For units that drifted within a session, an isolation quality score of 5 was assigned unless the spike cluster,
despite drifting, was able to be confidently tracked and isolated across time (in which case an isolation quality of 1-4 was assigned).

Inclusion criteria

To be included in the quantitative analyses, sessions were required to be completed without major behavioral issues or long manual
interventions during the recording. Session inclusion was determined before performing any of the statistical analyses reported here.
For units recorded in the tetrodes in the hippocampus, only the units with isolation quality of 4 or above were used for single-unit
analyses; all units were included for the multi-unit analyses (i.e., spectral decoding analysis) given the coherence in gain among
co-recorded units (Figure S1E). For units recorded outside of the hippocampus (mostly anterior thalamic nuclei, Table S1), units clas-
sified as HD cells (see the following section) were included in the analysis.

Head direction cell classification

HD cells were defined as units recorded in tetrodes over stereotaxic coordinates targeting the anterior thalamic nuclei that met the
following criteria. First, the unit had to have a high HD information score both during running (HD information score > 0.5; forward
speed > 5.8 cm/s, which is equivalent to 5°/s along the arc of the circular track) and stationary periods (HD information score > 0.4;
forward speed < 5.8 cm/s), where the information score was defined using methods equivalent to spatial information scores for place
cells.’®® Although the firing rates were calculated using the true distribution of directional occupancies, we made a simplifying
assumption of a uniform probability of direction occupancy in the information score equation due to inhomogeneities in directional
sampling. The HD information score was computed during Epoch 1, in the absence of conflicting frames of reference. Further, given
that the information score is known to penalize units with non-zero baseline firing rate,'°° we used the firing rate after subtracting 0.8 x
(minimum firing rate); however, for single-unit analyses (i.e., head scanning analysis) in which spike contamination could potentially
influence the results, we only included the units that met the information score criteria without the baseline subtraction. Second, we
required that the HD tuning curves of the running and stationary periods be similar (Pearson’s correlation coefficient > 0.6). Last, we
required that the unit had a peak firing rate > 5 Hz.

While running unidirectionally on the circular track, the animal’s head direction was usually aligned with the track’s tangent,
creating a strong correlation between its location (place) and head direction. This coupling could cause a spatially tuned cell to
be misclassified as a directionally tuned one. We thus manually verified that all units that met the initial HD tuning criteria were
true HD cells by analyzing periods when the animal’s place and head direction were decorrelated. For some sessions (rats 1075

Current Biology 36, 1644-1658.e1-e5, April 6, 2026 e3




¢? CellPress Current Biology

OPEN ACCESS

and 1078), we confirmed HD tuning using recordings of the animal exploring a small open field chamber placed inside the Dome at the
end of the Dome experiments. For other sessions (rats 974 and 1016), we referenced experimenter notes taken before the Dome
session, which documented HD tuning while the animal was rotated in place on a pedestal. If the relative preferred directions of
the simultaneously recorded, putative HD cells in the Dome matched the preferred directions of the HD cells in the experimenter’s
notes, we considered them to be verified HD cells. Finally, for any remaining units, we analyzed head-scanning epochs—periods
when the stationary animal made lateral head movements (see Head-scanning analysis) that occurred outside the cell’s “spatial
field” (i.e., the location on the track whose tangent was parallel to the cell’s preferred direction). If the preferred direction of the
HD cell during head scanning in these locations matched the preferred HD direction of the entire session, we considered the cells
to be verified HD cells.

Spectral decoding

The algorithm for spectral decoding of hippocampal gain is detailed in Jayakumar et al.”" Briefly, the gain was defined as the spatial
frequency of individual place fields on the circular track. For a stable spatial representation in the lab frame, a typical CA1 place cell
would exhibit one firing field that repeats every lap. Hence, the spatial frequency of firing would be 1 cycle/lap. If a cell repeated its
field more (or less) than once per lap, its spatial frequency would be > 1 (or < 1) cycles/lap. To compute the spatial firing frequency, the
unwrapped spatial firing rate for each unit was obtained by dividing the number of spikes by the time spent in the respective bins
(size = 5.8 cm), only considering running epochs (speed > 5.8 cm/s). The spatial frequency was obtained by applying the spectral
decoder on the spatial firing rates with a 6-lap window. The median of these unit gains was defined as the population hippocampal
gain H.

Head direction gain was estimated similarly to the hippocampal gain but using the unwrapped yaw angle of the head. We leveraged
the ~1:1 relationship between the animal’s head yaw angle and position during locomotion, given that the rats ran laps on a circular
track. Before the gain estimation, periods where head yaw and track angles deviated significantly (circular distance > 60°) were
excluded, which mostly consisted of pausing and turning behaviors. Using the remaining time points, the HD gain was decoded
by the same spectral decoder as above using the yaw angle-based firing frequency of the HD cells.

|.21

Mean gain error score

To evaluate the coherence of the recorded neural population, we quantified the deviation of the unit gain relative to the population
gain. For each unit i and for each decoding window (6 laps), the unit gain estimate H; was compared against the population gain H,
computed with H; excluded. The mean gain error score was defined as the session mean of |H; - H|.?" Intuitively, the score would be
zero if all units exhibited identical gains and increase with larger incoherence in gain among the units.

Landmark-control and -failure sessions

We classified a given session as being a landmark-failure session if, over the course of Epochs 1-3, the ongoing hippocampal gain
estimate H deviated from the experimental gain G by more than an absolute value of 0.05 for at least one lap. This deviation indicated
that the visual landmarks had, at least for a sustained period, lost their anchoring influence on the hippocampal place map. If the
classification threshold wasn’t crossed, the session was classified as a landmark-control session.

Position in the hippocampal frame
The displacement of the animal in the hippocampal frame of reference was defined as follows:

gH = /Hd&L

where 6y is the displacement in the hippocampal frame, 6, is the angular displacement in the lab frame, and the integration is taken
with respect to the animal’s angular displacement in the lab frame, d6, . Computationally, this position in the hippocampal frame was
estimated by taking successive angular displacements of the animal in the lab frame, scaling these angular displacements by the
hippocampal gain at that angle, H, and computing the cumulative sum of these scaled incremental displacements.

Field detection and tracking

For landmark-control sessions, we tracked the lap-to-lap dynamics of place fields and HD cell firing fields in the landmark frame.
First, occupancy-corrected firing rate was computed with respect to the unwrapped position/head yaw angle. Here, the spike count
was divided by the spatial/angular occupancy, both smoothed using a Gaussian kernel of 5.8 cm bandwidth and only using running
epochs (speed > 5.8 cm/s; 5.8 cm ~ 5° around circular track). Second, candidate fields were identified as positions/yaw angles that
exhibited elevated firing rates (20 % of maximum firing). Third, candidate fields were defined as bona fide fields if their field sizes were
within 10-180° and were active for at least 12 laps. Finally, for each identified field, a time-frequency ridge detection algorithm
(MATLAB tfridge function) was used to track the location of maximum firing across laps. Together, the algorithm tracked the field
boundaries, peak location, and peak firing rate for each traversal through the identified fields.
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Head-scanning analysis

We measured the angular path-integration gain of the HD system when rats turned around in place or performed head scans before/
after reward consumption. To extract these behavioral epochs (collectively referred to as head scans hereafter), we used a modified
version of a published algorithm to extract head-scanning events.®” First, we defined candidate head-scanning events by excluding
time points in which the animal was running along the track. Running was defined by first selecting time points in which the animal’s
velocity along the track (referred to as body speed hereafter) exceeded 5.8 cm/s and then further selecting time points where the
animal’s head yaw was aligned with the track (yaw-body offset < one standard deviation of the offset distribution). The latter criterion
allowed us to avoid erroneously excluding time points where a head scan along the track showed up as a body speed greater than the
threshold, given that the body position is defined as the center of the head. Second, after removing these running moments, we
selected time points where the animal’s yaw speed was greater than 5°/s. Third, for each chunk of time points that passed the pre-
vious criteria, 50 ms was padded to the ends, and events close to each other (< 0.5 s gap between consecutive events) were merged.
Lastly, we applied a filter to only select chunks of putative head-scanning time points that showed prominent head scans (yaw
coverage > 45°, furthest distance of head from track center > 1.5 * track half width, body coverage < 52 cm [equivalent to 45° along
the arc of the circular track]). Given that the exact behavior was different across animals and across sessions, some of the parameters
were manually adjusted to improve accuracy.

Using the extracted head-scanning events in Epoch 4, we computed the HD tuning curves of each HD unit. To decode the under-
lying HD gain, we performed a grid search by applying a range of candidate HD gain values (0.3-1.7) to the actual HD motion,
providing the putative internal HD associated with each spike. To account for the interleaving running epochs, where the internal
HD representation is updated by the hippocampal gain, the HD of each head scan was aligned by applying the instantaneous hip-
pocampal gain to the animal’s body movements along the circular track. The resulting tuning curve would be most similar to the orig-
inal tuning curve measured in Epoch 1 if the applied gain was nearly identical to the ground truth HD gain. Hence, we computed the
similarity score of each tuning curve relative to the HD tuning curve obtained from head-scanning behaviors in Epoch 1. Here,
the similarity score was defined 1 — RMSE, where RMSE stands for the root mean square error of the two curves. To account for
the accumulated drift in tuning during the gain manipulation (Epochs 2 and 3), one tuning curve was circularly shifted relative
to the other to maximize their correlation before computing the RMSE. The candidate gain value that maximized this similarity score
was defined as the head-scanning HD gain. To exclude units/sessions with erroneous estimates due to a low number of head scans
or aberrant HD firing patterns, we limited the analysis to units that showed a single prominent peak in the similarity score.

The method was validated in three ways. First, to verify agreement with the spectral-decoding estimate of HD gain during forward
locomotion, we applied the method to running periods in Epoch 4. A set of candidate gain values was applied to the observed change
in HD during forward locomotion, and the candidate with the highest tuning similarity score (compared to the HD tuning curve during
forward locomotion in Epoch 1) was defined as the HD gain. This value was compared to the spectral-decoder estimate. Second, we
computed the head-scanning HD gain in Epoch 3. Because the landmarks remained stationary during head scans, we expected the
measured HD gain to be invariant to the experimental gain applied during forward locomotion. Third, we tested the method on a simu-
lated dataset of a virtual rat running on a circular track (circumference = 720 cm) whose HD gain remained recalibrated even during
head scans. The virtual rat ran at a constant speed (10 cm/s) for 5000 s. At a regular interval (every 110°), the simulated rat made a
head scan (outbound head scan with coverage: 90° and speed: 20°/s). We modeled an HD cell whose activity followed a Poisson
process sampled from a circular Gaussian tuning function (peak firing rate: 20 Hz, sigma: 20°). We simulated the resulting activity
of the HD cell under a range of HD gains. We applied the above tuning similarity measure to the resulting spiking activity to test
whether the method could correctly recover the underlying HD gain that was simulated and verified that the above method correctly
decoded the underlying HD gain.

Histology

Once experimental sessions were complete, rats were transcardially perfused with 3.7% formalin. The brain was extracted and
stored in 30% sucrose-formalin solution until fully submerged. The brain was subsequently sectioned coronally at 40 pm intervals.
The sections were mounted and stained with 0.1% Cresyl violet, and each section was photographed. These images were used to
identify tetrode tracks based on known tetrode bundle configuration. A depth reconstruction of the tetrode track was carried out for
each recording session to identify the specific areas in which the units were recorded.

QUANTIFICATION AND STATISTICAL ANALYSIS

Parametric tests were used to determine statistical significance. Pearson product-moment correlations were used to test the linear
relationship between variables. Linear mixed-effects models were used to test the significance of differences in field drift between the
HD cell population and the place cell population, with (1) (Mean Drift,p . Mean Driftca1) as the response variable, Gsing as a fixed-effect
variable, and rat identity as a random-effect variable, and (2) (Log standard deviation of field shift) as the response variable, Cell Type
as a categorical fixed-effect variable, Gain Deviation |Gsina— 1| as a continuous fixed-effect variable, the interaction of Cell Type and
Gain Deviation, and rat identity as a categorical random-effect variable for slope and intercept. Similarly, for the quantification of the
head scanning analysis, the head-scanning HD gain was modeled with the experimental gain (or the mean hippocampal gain in
Epoch 4) as a fixed-effect variable and rat identity as a random-effect variable. The model was fit using the command fitime in
MATLAB. The statistical details of each analysis can be found in the figure legends.
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