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Abstract: The electrophysiological activities of head direction (HD) cells under visual and vestibular
input dissociation are important to understanding the formation of the sense of direction in animals.
In this paper, we fabricated a PtNPs/PEDOT:PSS-modified MEA to detect changes in the discharge
of HD cells under dissociated sensory conditions. The electrode shape was customized for the
retrosplenial cortex (RSC) and was conducive to the sequential detection of neurons at different
depths in vivo when combined with a microdriver. The recording sites of the electrode were modified
with PtNPs/PEDOT:PSS to form a three-dimensional convex structure, leading to closer contact with
neurons and improving the detection performance and signal-to-noise ratio of the MEA. We designed
a rotating cylindrical arena to separate the visual and vestibular information of the rats and detected
the changes in the directional tuning of the HD cells in the RSC. The results showed that after visual
and vestibular sensory dissociation, HD cells used visual information to establish newly discharged
directions which differed from the original direction. However, with the longer time required to
process inconsistent sensory information, the function of the HD system gradually degraded. After
recovery, the HD cells reverted to their newly established direction rather than the original direction.
The research based on our MEAs revealed how HD cells process dissociated sensory information and
contributes to the study of the spatial cognitive navigation mechanism.

Keywords: MEA; electrophysiology; head direction cell; visual; vestibular; dissociation

1. Introduction

The sense of direction, encoded by head direction (HD) cells in the brain, is critical
for animals to recognize their surroundings and navigate effectively in space. An im-
paired sense of direction can cause a loss of the ability to find one’s way in locomotor
environments [1,2]. When the head of an animal points in a specific direction, the corre-
sponding HD cells discharge preferentially, with different cells having different preferred
directions [3]. Head direction cells are widely distributed in multiple brain regions and
interconnect to form a head direction cell system which decodes the sense of orientation in
animals [4].

The retrosplenial cortex (RSC) is a crucial brain region for spatial navigation and is
widely involved in memory and contextual encoding [5]. It participates in the processing
of visual information via numerous connections with multiple visual areas, including
the primary visual cortex [6]. In addition, the RSC has a wide distribution of angular
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head velocity (AHV) cells which encode angular head velocity and receive inputs from
the vestibule [7]. Furthermore, studies have shown that animals with lesions in the RSC
exhibited defective pathway integration in the dark [8,9]. Therefore, RSC is encoded by
both visual and vestibular signals and is essential to spatial navigation behaviors involving
various visual cues or self-motion.

The attractor model, an important theoretical model of HD function, suggests that
when rats face a specific orientation in a visual environment, the optical input cells activate
corresponding HD cells, and the angular velocity cells provide angular velocity input
to encode the self-motion signal to update the HD signal [4]. In this way, HD cells can
maintain a steady sense of direction even in darkness [10]. The combination of visual and
vestibular inputs contributes to increasing the head direction encoding accuracy of the HD
system [11,12]. However, visual and vestibular inputs can become dissociated when we
take transportation and use VR devices, which differ from traditional navigation in a stable
environment. The way in which HD cells process these two types of dissociated sensory
information has not yet been investigated. Recent studies have started to explore the
difference between self-motion and visual input to investigate the relative contributions of
two sensory inputs to the spatial activity of place cells in the RSC and hippocampus [13,14]
and the temporal synchrony effects of optic flow and vestibular input on heading percep-
tion [15]. Therefore, detection of the response of the HD system under visual and vestibular
information dissociation remains a problem to be solved.

At present, extracellular recording of brain neurons includes neural electrodes and
two-photon microscopic imaging. Two-photon imaging is a method of optical imaging
to obtain neuronal discharge signals [16], which features a wide field of view and high
throughput [17]. Neural electrodes are implanted into the brain of animals and directly
contact with target neurons, which can obtain rich electrophysiological information such as
spike discharge and local field potential [18,19], with high temporal and spatial resolution.
At the same time, because of its small size and light weight, it is easier to detect electrophys-
iological information in the motion state. Compared to traditional wire electrodes, the MEA
has good orientation and high integration, which are conducive to accurate implantation
in the target brain area and the detection of high-density neurons with less implantation
damage. Furthermore, the distribution of electrode sites can be customized according to
the detection task, and a relatively fixed spatial distribution can be maintained during
the implantation process to maximize the detection effect. In addition, MEAs prepared
using MEMS technology have good uniformity and their planar site can be modified with
nanomaterials to improve detection performance [20]. Indeed, Pt nanoparticles (PtNPs)
have the advantages of high surface area and high conductivity, which can significantly
enhance the ability to detect weak signals [21]. As a conductive polymer, poly(3,4-ethylene
dioxythiophene) (PEDOT) has been verified as having a low Young’s modulus and good
biocompatibility [19], and has been widely used in the biomedical field. The PtNPs and
PEDOT are electrodeposited on the microelectrode, which helps to reduce the impedance
of the microelectrode and improve long-term detection stability.

In our study, an MEA suitable for microdriver stepping detection was designed to
locate HD cells. PtNPs and PEDOT were electrodeposited on the MEA to protrude from
the electrode sites and improve the detection performance and biocompatibility. Because of
the sensitivity of HD cells to directional changes, we rotated a cylindrical arena to separate
the visual and vestibular signals of the rats in the directional dimension. We measured
the directionality of HD cells in the RSC at the three stages of before, during, and after the
separation of the visual and vestibular input of the rats. We found that within a short time,
visual information had a more substantial effect on HD cells under sensory dissociation
than vestibular input. Furthermore, with prolonged sensory dissociation, the function of
the HD cells was gradually impaired.
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2. Materials and Methods
2.1. Design and Fabrication of the MEA

In this work, we designed an MEA to detect HD cells in the RSC. It consisted of four
4 mm long needles with a 110 × 26 µm2 (width × thickness) cross-section and a tip angle
of 54◦. Each needle contained four recording sites (diameter = 14 µm) and a reference
site (14 µm × 146 µm). Driven by a microdriver, the MEA was lowered by 75 µm every
day to monitor deeper cells. In order to monitor more cells, we designed the arrangement
of electrode sites so that none of the forward tracks of the recording sites overlapped
(Figure 1B). In addition, the recording sites were close to the edge (8 µm) so that, after
stepping, they exceeded the original outline range of the electrode (Figure 1B). Studies have
shown that approximately 12 h after MEA insertion, microglia begin moving toward the
implanted MEA. After 24 h, they can surround the MEA [22]. By designing the distance
between the electrode sites and the edge and using stepping, our electrode sites could be
reimplanted into an area with fewer microglia which contributes to improving the electrode
recording effect. In summary, we designed the lateral distribution of electrode sites and
their distance to the edge of the silicon needles and used microdriver stepping electrodes
to improve the detection effect of HD cells.
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Figure 1. Design and fabrication of MEA. (A) Schematic diagram of MEMS technology for MEA
fabrication. (a–d) Steps to create the conductor layer. (e,f) Steps of creating openings in the insulation
layer. (g–i) Steps of silicon needle electrode release. (B) Micrograph of the electrode as well as the
schematic diagram of the electrode stepping implantation. Where the black dashed line indicates the
outline of the electrode after step implantation, the arrow indicates the direction of the step, and the
red dashed line indicates the dividing line of the advance trajectory of the recording site. (C) Diagram
of the location of the electrodes implanted in the brain area.
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The MEA was fabricated in a clean room using microelectromechanical systems
(MEMS) technology, as previously reported [23]. Three photo masks were designed, includ-
ing conductive, insulating, and MEA probe shape layers. (1) An SOI wafer was thermally
oxidized and spun using photoresist AZ5214. Then, we used an initial photolithography
process to define the shape of the conductive layer. The microelectrode areas were pat-
terned selectively by sputtered Ti/Pt (30 nm/250 nm), followed by the lift-off process
(Figure 1A(a–d)). (2) A SiO2/Si3N4 (300 nm/500 nm) insulation layer was deposited on
the conductive layer via plasma-enhanced chemical vapor deposition (PECVD, 300 ◦C).
The insulating layer pattern was defined using the second photolithography process. Then,
it was etched in a CHF3 environment to expose the recording sites and bonding pads
(Figure 1A(e–f)). (3) The MEA probe shape layer pattern was transferred onto the wafer. We
selectively deep-etched the silicon layer to form the electrode shape. Finally, the MEA was
released using wet etching to remove the backer silicon (Figure 1A(g–i)). The completed
MEA is shown in Figure 1B.

2.2. PtNPs/PEDOT:PSS Modification Method

To detect electrophysiological signals with a high signal-to-noise ratio and long time
detection, the Pt nanoparticles (PtNPs) and PEDOT:PSS were electrochemically deposited
on the MEAs successively. We changed the electroplating parameters to increase the
protrusion of the recording sites and improve biocompatibility. Firstly, 48 mM H2PtCl6 and
4.2 mM Pb(CH3COO)2 were 1:1 mixed to obtain the PtNPs solution, and the EDOT solution
was obtained by adding 20 mM EDOT to 0.1 M PSS solution and mixed ultrasonically
for 30 min to ensure uniform dispersion. Next, the MEAs were electrodeposited (CA,
−1.1 V, 60 s) in Pt solution to form PtNPs substrates with a protruding structure. Then, we
electroplated a thick PEDOT layer in EDOT solution with parameters CV, 0~1.05 V, rate:
100 mV/s, 20 cycles to further improve the convexity and biocompatibility of the electrode
sites. All the electrochemical deposition processes were carried out using electrochemical
instruments (Gamry Instruments, Warminster, PA, USA).

2.3. Subjects and Surgery

Three male Sprague Dawley (SD) rats weighing 250 g were selected for the experiments.
The rats were 3 to 6 months old and were individually housed under a 12 h light–dark
schedule. Their food was slightly restricted to reduce their weight to 90% of normal
free-feeding weight. All experiments were conducted with the permission of the Beijing
Association on Laboratory Animal Care and approved by the Institutional Animal Care
and Use Committee at the Aerospace Information Research Institute, Chinese Academy of
Science (AIRCAS).

Before surgery, a self-made microdriver shuttle plate was mounted on the MEAs,
enabling the MEAs to be lowered in order to detect deeper brain regions (Figure S3B).
Under 1–2% isoflurane anesthesia, the rats were fixed on a stereotaxic device. We cleaned
the tissue and exposed the skull, and then implanted six stainless steel screws into the skull
to serve as ground electrodes. Then, we opened the skull (AP: −4.44 mm, ML: −0.7 mm)
and slowly implanted the MEAs in the RSC at 0.7 mm. After implantation, the shell of
the microdriver was fastened to the skull using dental adhesive, and the shuttle plate was
protected with Vaseline to ensure mobility. After surgery, the rats were allowed one week
to recover before the experiment commenced.

After the test, the electrode was removed, and another MEA with red fluorescent dye
DiI (Beyotime, Shanghai, China) was replanted at the same position. After half an hour, the
rats were anaesthetized and sequentially infused with saline and 4% paraformaldehyde
(PFA) throughout the body to fix the brain tissue. Afterwards, the brain was taken and
dehydrated in the sucrose solution (20% sucrose in PB 0.1 M, 30% sucrose in PB 0.1 M).
Finally, the brain was sliced into 50-micron slices using a Rotary Microtome Cryostat to
obtain the implantation traces of the MEA (Figure S15).
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2.4. Apparatus

The recording environment was a cylindrical arena made of semilucent milky white
acrylic (diameter: 80 cm, height: 80 cm), separated from the rest of the room by a cylindrical
curtain with a diameter of 120 cm. The curtain had the same center as the arena. A black
cue card (42 cm wide × 41 cm high) was attached to the inside of the wall. Opposite the
cue card, a triangular LED strip (color temperature: 6000 K, powered by USB) was fixed on
the outside of the wall, and its light could illuminate the inside of the arena through the
wall as another visual cue. A motor was placed under the cylindrical arena and this could
rotate the arena at a speed of 1.4 r/min.

2.5. Recording Setup

The electrical activity and behavioral data of the rats were captured simultaneously by
the recording. Sixteen-channel headstage and recording cables were attached to the MEA
connector. The electrical signals were amplified and stored by a neuron data recording
system (AIRCAS-128, China) at 30 kHz. Highpass (>250 Hz) and lowpass (0–250 Hz)
filters were used to separate neural spikes and LFPs, respectively. Two LEDs (one red and
one green, spaced 6 cm apart) fixed to the headstage assembly provided the behavioral
information, including the location and direction of the rat’s head. An overhead camera
recorded the LEDs at 30 frames per second. Further behavioral information processing was
performed using behavioral processing software (EthoVision XT16, Noldus, Beijing, China).

2.6. Behavioral Training and Testing Protocol

Rats were pretrained for two weeks before surgery to familiarize them with the
recording environment. They were trained to forage for millet that was randomly scattered
around the arena once every three minutes. For the first ten days, the rats were trained
for 20 min per day in the stable arena. For the next four days, the arena was stable for
15 min and rotated for 15 min to help the rats adapt to the rotating environment. When
the arena was spun, the visual and vestibular inputs of the rats dissociated so that the
rats observed that they remained stationary in relation to their surroundings, but in the
vestibular perception, they felt they were rotating in relation to the ground. Then, the MEA
implantation surgery was performed, and the rats were allowed a week to recover.

After the rats had recovered from surgery, the electrophysiological recording sessions
were initiated. Before and after recording, the cue cards and the recording arena were
wiped with 75% ethanol to scramble olfactory signals. The roughness of the cylinder base
was uniform, and, before recording every day, the whiskers of the rats were trimmed to
within 1–2 mm above the skin surface using blunt surgical scissors. The recording sessions
consisted of three groups of Control–Rotating–Recovery trials (Figure S1d–f), with each
trial lasting 10 min. In Control, the arena was stable, and rats ran freely in the open field.
We recorded neural activity in the RSC under these normal conditions. During Rotating,
we rotated the arena to separate the visual and vestibular information of the rats, and
recorded changes in the neural activity of the brain under the navigation of visual and
vestibular separation. Then, in Recovery, the area was again stable, and we recorded the
neural activity of the rats in their recovered state. Two hours before the daily tests, the
microdriver was used to drive the MEA down in steps of 75 µm.

2.7. Identification and Analysis of HD Cells

The relative orientation of the green and red LEDs was used to estimate the direction
of the rats’ heads. The HD tuning curve was used to describe the distribution of neu-
ronal firing rate with direction in each bin of 10 degrees, which was measured using the
following formula:

f ireratei = Num_spikei/Timei (1)

where i = 1, 2, . . . , 36, Num_spikei was the total number of spike trains in one bin, and
Timei was the total amount of time that the head was pointed in that bin. Then, the binned
tuning curve was smoothed with a Gaussian kernel (standard deviation of 30◦). The peak
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firing rate was defined as the rate in the bin with the highest rate, and the peak angle was
defined as the angle of this bin.

Directional specificity was evaluated using Rayleigh vectors. It was determined by
calculating the mean vector length from the circular distributed firing rates. Cells were
considered to be head direction cells if the mean vector of the data recorded in Control was
longer than the 95th percentile of the mean vector lengths in the distribution generated
from the shuffled data. The value of the 95th percentile was 0.26.

To better describe the orientation specificity of HD cell tuning curves. We proposed
the following formula to quantify it:

Relative − Peak FR = peak f iring rate/Ave (2)

where peak f iring rate was defined as the highest rate in tuning curve, and Ave was defined
as the average firing rate in all directions.

3. Results
3.1. Characteristics of PtNPs/PEDOT:PSS Nanocomposites

As shown in Figure 2A, the PtNPs/PEDOT:PSS was successfully deposited onto the
surface of the microelectrodes. The SEM images showed that the PEDOT was uniformly
deposited on the PtNPs, and the recording sites exhibited prominent three-dimensional
structures which further increased the surface area of the microelectrode sites (Figure 2B).
The three-dimensional convex structure formed by PtNPs/PEDOT:PSS is conducive to
improved attachment of the recording site to the tissue and an increased signal-to-noise
ratio (n = 5) (Figure S3). The PtNPs provided a rougher surface which facilitated the
conductivity of the electrode sites. PEDOT electrodeposition on PtNPs effectively increased
the surface area (Figure 2C), reduced the Young’s modulus of the electrode site, and
improved biocompatibility [24,25].

To characterize the electrical conductivity of PtNPs/PEDOT:PSS, we compared the
resistance and phase delay of bare and PtNPs/PEDOT:PSS-modified MEAs in the fre-
quency range of 10 Hz to 100 kHz (Figure 2D,E). At 1 kHz frequency (the predominant
frequency of brain electrical activity), the impedance of the MEAs significantly declined
from 2682 ± 895 kΩ (bare) to 17.2 ± 5.5 kΩ (PtNPs/PEDOT:PSS) (n = 8, *** p < 0.001). The
phase delay increased from −79.68 ± 6.74◦ (bare) to −32.08 ± 2.71◦ (PtNPs/PEDOT:PSS)
(n = 8, *** p < 0.001), which indicated that the signal delay detected by the modified elec-
trode was significantly reduced. In addition, Nyquist plots of the impedance spectra of
the microelectrodes before and after modification indicate that PtNPs/PEDOT:PSS signif-
icantly improved the diffusion properties of the microelectrodes (Figure 2F). Then, our
MEAs were tested in vivo and 250 Hz high-pass filtering was performed on the recorded
electrophysiological signals. The results showed that the MEA had a low noise baseline
and a high signal-to-noise ratio (n = 5) (Figure 2G and Figure S4).

3.2. Identification of HD and Non-HD Cells

Neural spikes in the RSC were recorded while the rats explored the stable environment
(Control), during visual–vestibular input dissociation (Rotating), and once more when
stable (Recovery) in sequence (Figure 3A). For further analysis, the Rotating and Recovery
stages were divided into three stages: I, II, and III;. According to the detection and
classification criteria for single neuron spike firing [26,27], 24 cells were detected. As shown
in Figure S6, we recorded neuronal firing with different waveforms. Because electrode
sites detect different parts of the neuron in different recordings, it is difficult to distinguish
HD and non-HD cells by the waveforms (Figure S7). We selected the neuronal discharges
recorded in the Control stage to distinguish hypothetical HD cells from non-HD cells. The
directional tuning curve (10◦ resolution) for each cell was computed by dividing the total
number of spikes detected when the head of the rat was pointed in a particular direction
by the total time spent in that orientation. A pair of tuning curves of HD and non-HD cells
are shown in Figure 3B. The HD score, defined as the average Rayleigh vector length of the
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tuning curve, was usually standardized to measure HD specificity (see Methods). Based on
previous studies [28], cells with a vector length above a threshold of 0.26 were considered to
be HD cells, as shown at the bottom of Figure 3B; otherwise, they were defined as non-HD
cells. Using this method, we screened four groups of HD cells and 20 groups of non-HD
cells (Figure 3C).
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Figure 2. PtNPs/PEDOT:PSS nanomaterial modification and electrical performance characterization.
(A) Micrograph of electrode sites modified by nanomaterials. (B) SEM image of modified nanoma-
terial MEA in electrode site. (C) SEM image of PtNPs/PEDOT:PSS. (D) Impedance curves of bare
and modified MEAs. (E) Phase curves of bare and modified MEAs. (F) Nyquist plots of the bare and
modified MEAs. (G) Left: The recorded electrophysiological signal processed by a 250 Hz high-pass
filter. Right: Superimposed spikes isolated from the recording traces.
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Figure 3. Classification of HD cells and non-HD cells. (A) Sixteen-channel spike signals were detected
by MEAs throughout the trials, including Control, Rotating, and Recovery (Red indicates HD cell
signals and black indicates Non−HD cell signals). (B) Polar graph of cell firing rate distributed
with direction (tuning curve). Neurons whose tuning curve has an apparent peak in one direction
and Rayleigh vector length greater than 0.26 are HD cells (left); otherwise, they are classified as
non-HD cells (right). (C) The Rayleigh vector values of the cells detected in each channel (left).
Statistical values of Rayleigh vector lengths of all detected HD and non-HD cells (HD: n = 4; non-HD:
n = 20, right).

3.3. Degraded Directional Tuning of Head-Direction Cells Induced by Sensory Dissociation

Two rats were trained to explore a circular arena surrounded by an 80 cm high wall.
To investigate the effect on HD cells of the separation of visual and vestibular inputs, we
rotated the arena continuously at 1.4 r/min to separate the rats’ visual and vestibular
information (Figure 4A). Because the roles of the two types of information were unclear,
we analyzed the directionality of HD cells under the visual (i.e., relative to the arena) and
vestibular (i.e., relative to the ground) frames of reference of the rats separately. The rats
maintained their speed during the Control, Rotating, and Recovery trials (n = 4, p > 0.05)
(Figure S8), which indicated that the rotation of the arena had little effect on their movement.
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Figure 4. Directional tuning of HD cells degraded due to visual and vestibular input dissociation.
(A) Schematic diagram of sensory dissociated trials including Control, Rotating, and Recovery, where
the yellow triangle represents the light source and the black band represents the visual marker
(top) and example of an HD cell in the corresponding phase, showing spike position dots (red) in
trajectory maps (gray) under the rat’s visual and vestibular reference frames (bottom). (B) Directional
tuning curves of a head direction cell in three trails (top), where orange lines indicate its tuning
curves in the visual reference frame and blue lines in the vestibular reference frame. The average
spike waveforms of the neurons are consistent in the three phases (bottom).

Throughout the experiment, the neuronal discharge waveform remained constant. The
directional tuning of HD cells during Rotating in both the visual and vestibular reference
frames was significantly degraded compared to Control (Figure 4B). This might be due to
the dissociation of visual and vestibular inputs. From Figure 4B, we can also observe that
the tuning curves in Recovery showed weak directional tuning. Whether this was due to
the simple weakening of the directionality of the HD cells or because the discharge of HD
cells changed from nondirectional to directional in Recovery, resulting in a poor directional
firing in the overall stage, is worthy of further investigation.

3.4. Directional Tuning of HD Cells Is Dominated by Visual Rather than Vestibular Input during
Short-Time Dissociated Navigation

To study more detailed changes in the directionalities of HD cells, Rotating and
Recovery were each divided into three equal sequential segments, referred to as RotatingI,
RotatingII, RotatingIII, RecoveryI, RecoveryII, and RecoveryIII, as shown in Figure 3A.

In order to study the change process of directional discharge of HD cells in detail,
we first analyzed the changes in the HD cells during a short period from a stationary
environment to a rotating environment. In Rotating, the visual and vestibular inputs of
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the rats were dissociated because of the rotation of the arena. In Figure 5A, we present
the examples of two simultaneously recorded HD cells to show the tuning curves from
Control to RotatingI in the visual and vestibular reference frames, with changes in the
non-HD cells as a control group. As Figure 5A shows, the tuning curve of the HD cells
in RotatingI showed an apparent directional preference in the visual frame of reference
(orange), whereas no directional tuning was exhibited in the vestibular frame of reference
(blue). A reasonable explanation for this is that HD cells were strongly anchored to the
visible markers in the arena, and their preferred direction changed with the rotation. To
further verify this, we computed the HD score under both reference frames to quantify the
directional tuning. As shown in Figure 5B, the vector length in the visual frame exceeded
the confidence value (0.43 > 0.26, n = 4), but was below it (0.12 < 0.26, n = 4) in the vestibular
frame of reference. In addition, non-HD cells showed no apparent directional discharge
characteristics in either frame of reference. Moreover, the Relative-Peak FR in RotatingI_Vi
is significantly greater than that in RotatingI_Ve (Figure S13). It further indicated that the
directional tuning of HD cells in the visual reference frame was stronger than that in the
vestibular reference frame. We therefore suggest that the function of the HD cells remained,
and they exhibited directionality in the visual frame of reference.
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Figure 5. HD cells maintained directional tuning in the visual reference frames under short-term
visual and vestibular input dissociation. (A) Tuning curves of two HD cells recorded simultane-
ously with one non-cell under the visual and vestibular reference frames in RotatingI and Control.
(B) Statistics of HD cells’ Rayleigh vector length in visual and vestibular reference frames revealed
that HD cells maintained their directional specificity in the optical reference frame rather than in the
vestibular. The dashed line indicates the threshold of Rayleigh vector length, above which the HD
cells were identified. (C) The ∆peak angle of three simultaneously recorded HD cells from Control to
RotatingI_Vi (orange) and Control to RotatingI_Ve (blue) revealed that the shift of the peak angle
under the visual reference frame is more coherent than in vestibular.
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Next, to further investigate the stability of the HD system, we analyzed the peak
direction change of three HD cells recorded simultaneously in one experiment. We found
that the preferred directions drifted coherently in the visual frame of refence (Figure S9A)
but were scrambled in another frame (Figure S9B). In addition, the changes of direction
in the optical frame were more concentrated (about 100◦), whereas those in the vestibular
frame were more scattered (Figure 5C). The attractor model, a well-known theoretical
foundation of HD function, says that a group of HD cells with similar firing directions
activate one another while inhibiting those with more diverse preferred directions, which
allows the difference between the preferred directions of the HD cells to be preserved.
Therefore, the drift of individual HD cells will be coherent, that is, by the same amount
and in the same direction [29,30]. This theory is consistent with the coherent drift of the
preferred direction of individual HD cells from Control to RotatingI stages under the visual
frame of reference observed in this study, which further indicates that the HD system is
functional in RotatingI.

3.5. Long-Term Dissociation between Visual and Vestibular Perception Degrades the Directional
Tuning of HD Cells

The detailed tuning curves of two simultaneously detected HD cells throughout the
experiment are shown in Figure 6A as examples. Because the HD cells were anchored to
the visual frame of reference, we only analyzed the activity of HD cells in the visual frame
of reference in the following analysis. The tuning curves in the three periods of the Rotating
stage showed that, from RotatingI to RotatingIII, the directionality of HD cells gradually
degraded in the visual frame of reference. To better quantify the changes in directional
tuning, the Rayleigh vectors in the Rotating stage were computed. The results showed the
HD scores decreasing with the time of sensory dissociation (Figure 6B). Only the first three
minutes showed apparent directional tuning (vector length: 0.38 ± 0.04 > 0.26, n = 4). This
illustrated that the directional tuning of the HD cells gradually degraded and disappeared
with the dissociation time of the visual and vestibular inputs of rats.

We then analyzed the directional changes of the HD cells after the termination of
sensory dissociation. As shown in Figure 6A and Figure S10, the tuning curves of each
period showed that after a period of stationary recovery, the HD cells recovered from
nondirectionality (RecoveryI stage) to apparent directional tuning (RecoveryIII stage). The
vector length also increased over time during the Recovery stage (Figure 6B). This meant
the function of HD cells recovered gradually after the dissociation stopped.

To better understand the changes in internally referenced tuning to head-direction
displacement in the experiment, we selected periods when the directional tuning was
significant to analyze changes in the internally referenced tuning of rats, including Control,
RotatingI, and RecoveryIII stages. The firing directions of three simultaneously recorded
HD cells in these three stages are shown in Figure 6C. A directional shift was evident from
the Control to RotatingI stages (Figure 6A,C), probably caused by the sudden dissociation
of visual and vestibular signals. In the RecoveryIII stage, the firing direction after recovery
was apparently closer to the direction in RotatingI than in Control stage (Figure 6C).
Figure 6D calculates the ∆preferred direction between different periods, showing that
the directional difference between the RecoveryIII and RotatingI stages was significantly
smaller than that between the RecoveryIII and Control stages. To analyze the relationship
between the directional tuning (“instability”) of HD cells in three periods, we calculated
the Kullback–Liebler Divergence (KLD) among them to quantify the differences [31,32].
The KLD of RotatingI_Vi × RecoveryIII in the visual frame of reference was significantly
lower than others (Figure S12), which means that the directional tuning in RecoveryIII
and RotatingI_Vi were similar. In conclusion, the directional tuning disappeared with
the time of sensory dissociation and recovered gradually after the dissociation stopped.
Furthermore, the preferred direction recovered to that observed in RotatingI rather than
the Control stage.
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Figure 6. Direction tuning and statistics of HD cells in Rotating and Recovery under the visual
reference frame. (A) Changes in the detailed tuning curve of an HD cell in Control, Rotating,
and Recovery. (B) Statistics of Rayleigh vector lengths revealed that the directionality of HD cells
was impaired over the time of sensory conflict in Rotating and gradually recovered in Recovery
(n = 4). The dashed line represents the threshold of HD scores, above which a significant directivity is
indicated. (C) Changes in the preferred directions of the three HD cells recorded simultaneously when
they had directional tuning, including Control (light green), RotatingI (orange) and RecoveryIII (dark
green). (D) ∆Preferred direction of HD cells from RecoveryIII to RotatingI (green) and RecoveryIII to
Control (orange). (* p < 0.05, paired t-test, n = 4).

4. Discussion

In this study, an MEA was designed and fabricated to reliably find HD cells. The
PtNPs/PEDOT:PSS-modified sites, characterized by a three-dimensional convex structure,
increase the surface area and contact with tissues and effectively improve the signal-to-
noise ratio and electrical performance. Three approaches were used to improve the ability
to find HD cells, including the design of the lateral distribution of the electrode sites, a
reduction in the distance between the recording sites and the edge of the silicon needle,
and the daily use of a microdriver stepping electrode.

To explore the influence on the HD system, the visual and vestibular signals of the
rats were dissociated by rotating the arena. We found that when subjected to a short period
of sustained sensory dissociation, the HD cells anchored to the visual reference frame and
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their directional preference drifted. With prolonged and continuous dissociation of the two
signals, the directional tuning of the HD cells gradually degraded. After the dissociation
ended, they slowly reverted to the direction they established based on visual information
rather than to the original direction.

During short periods of visual and vestibular input conflict, changes in the directional-
ity of the HD cells were used to explore the contributions of the two signals. The inputs
of both visual and vestibular sensory information play an essential role in the directional
tuning of HD cells in the RSC [33,34]. In our experiment, when the two sensory inputs
were dissociated for a short time, the apparent directional tuning and consistent drift of
the peak directions of the HD cells in the visual frame of reference contrasted with the
implicit directionality and scrambled shift of peak angles in the vestibular frame of refer-
ence (Figure 5). We suggest that the HD cells retain their directional tuning and remain
anchored to the optical frame of reference during short periods of sensory dissociation. The
HD cells bound more strongly to visual signals than vestibular inputs. A recent study used
calcium imaging to record the place cells firing when mice watched VR virtual images to
mediate their vision and vestibular senses, finding that visual signals overrode locomotion
signals [13]. Using an MEA to detect the electrophysiological signals of neurons, we also
observed that head direction cells were dominated by visual information input compared
with vestibular perception. This result is consistent with our navigation in the internal
environment of buses in daily life.

After entering the rotating environment, HD cells anchored to a new direction based
on visual information (Figure 5A), which may be due to the sudden rotation of the arena
forming a new environment, and the change in environmental conditions causing a drift in
the anchored orientation of the HD cells.

In response to long-term and continued visual–vestibular dissociation, the directional
tuning of HD cells degraded significantly. The RSC brain region receives both visual and
vestibular information [33,35] and is the critical brain region integrating the two types of
sensory information. At the same time, HD cells also integrate information in brain regions
such as the ADN and project between HD cells in multiple brain regions [36]. In addition,
visual and vestibular information play different roles in HD cell circuits in different brain
regions [4]. It is possible that long-term information asynchronism increases the difficulty of
information integration in the brain, which gradually causes dysfunction of the information
integration function and thus leads to the degeneration of the directional tuning ability of
the HD system (Figure 6A,B). This result is consistent with the poor orientation caused by
car sickness or the prolonged use of VR devices.

Similar to the report from a previous experiment [37], we noticed a shift in the firing
direction of HD cells in the RecoveryIII compared to Control stage. In this study, the
firing direction shift occurred at the moment of transition from a stationary to a rotating
environment. Throughout the experiment, the HD cells showed obvious directionality in
three periods: Control, RotatingI, and RecoveryIII. In the Recovery stage, the preferred
direction of the HD cells reverted to the direction newly established in the RotatingI stage
(Figure 6A,C), indicating that the new direction established during the RotatingI stage
was stable and the rats remembered the area environment in its rotating state. Finally,
the HD cells reverted to the direction newly established in the RotatingI stage rather than
the original direction in the Control stage. This phenomenon may be consistent with the
example of people experiencing disorientation when suddenly getting out of a car after
having been asleep during the journey. If we do not correct the directional deviation
between ourselves and the external environment in time due to falling asleep or other
reasons, our internal direction will be different from the actual direction of the outside
world. When we get out of the car, we will feel disoriented and need to correct our sense of
direction. So, in the navigation of both internal and external environments, it is necessary
to constantly update the direction with visual information to maintain correct awareness
of direction.
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In this study, we revealed the phenomenon of orientation anchoring and degradation
of HD cells under sensory dissociation. However, we need to acknowledge that this
experiment also has some limitation, rotation speed is an influential factor in studies of
visual and vestibular dissociation. A slowdown or increase in rotation speed might have a
different effect on the behavior of HD cells. In this experiment, we revealed the behavior of
HD cells under sensory inconsistency at an appropriate rate. It would be interesting and
useful to further explore the effects of different rotation speeds on HD cells and to find a
speed threshold that allows the HD system to deal with sensory inconsistencies below it.
In addition, it would be meaningful to explore ways to enhance the HD system’s ability to
deal with sensory inconsistencies in combination with electrical stimulation therapy.

5. Conclusions

In this study, we customized the MEA shape and site arrangement for the step de-
tection method in order to effectively detect HD cells. Moreover, the PtNPs/PEDOT:PSS
modification caused the electrode site to protrude, effectively increasing the surface area of
the site and its contract to neurons and improving the detection signal-to-noise ratio. The
electrophysiological results showed that, under short-term sensory dissociation, HD cells
established directional tuning based on visual information. In addition, long-term sensory
dissociation degraded the directional tuning of HD cells. Ultimately, the firing direction
of the HD cells reverted to the direction newly established with visual information rather
than to the original orientation. These findings explain how our sense of direction changes
when we navigate under sensory dissociation (for example, when taking transportation or
using VR).

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/bios13050496/s1, Figure S1: Schematic diagram of the
sensory dissociated rat experiment. (a) Fabrication of MEAs. (b) PtNPs/PEDOT were electrode-
posited onto the MEA to enhance electronical performance of the electrodes. (c) MEAs were surgically
implanted into the RSC brain region of rats. (d) Rats were freely explored in a static open field for
screening HD cells. (e) The open field was rotated to separate the visual and vestibular information
of the rat to detect changes in HD cell discharge. (f) The rotation of the open field was stopped and
the firing changes of neurons in the RSC during the recovery phase were examined, Figure S2: The
mask design and structure diagram of the 16-channel electrode used in this experiment. (A) Three
mask layers of MEA, including insulation layer (top), silicon needle pattern layer (middle), conduc-
tive layer (bottom). (B) Schematic diagram of electrode sandwich structure fabricated, Figure S3:
Equipment diagram of electrodes with micro-driver. (A) Structure diagram of the microdriver. The
middle part is a screw and hexagonal nut (M1.4), which can drive the shuttle plate up and down
by twisting the screw. (B) Assembly diagram of the MEA and micro-driver, Figure S4: Spike wave-
form and the noisy baseline were detected simultaneously. (A) Noisy baseline (5.25 µV) during
electrophysiological recordings. (B) Neuronal firing waveform was simultaneously recorded by
the channels shown in (A). Signal-to-noise ratio (S/N): 224/10.5 ≈ 21, Figure S5: Top view of the
scene in which rats perform tests in the arena, Figure S6: Waveforms of all detected HD cells (n = 4,
red) and Non-HD cells (n = 20, black), Figure S7: A total of 24 single-neuron discharge units were
obtained from spike signals recorded from 16 channels of the MEA and were then classified into
4 HD cells and 20 Non-HD cells. (A) The parameters for calculating spike duration and symmetry
index. “a” represents the amplitude of pre-peak while “b” represents that of the post-peak. Symmetry
index = (b − a)/(a + b). (B) The distribution of HD and Non-HD cells with spike duration and
symmetry index parameters, Figure S8: Statistical graphs of the mean motor speed of the rats in the
three trials (n.s., paired t-test, n = 4), Figure S9: Changes of peak direction of three simultaneously
recorded HD cells in the visual reference frame and vestibular reference frame from Control to
RotatingI. (A) Changes of peak direction of HD cells under the visual reference frame showed that the
shift of the peak direction is coherent. (B) Changes of peak direction of HD cells under the vestibular
reference frame showed that the shift of the peak direction is scrambled. Figure S10. Detailed
directional tuning curve changes of HD cells in the visual reference frame in Control, Rotating, and
Recovery, Figure S11: Detailed directional tuning curve changes of HD cells in the vestibular reference
frame in Control, Rotating, and Recovery, Figure S12: The divergence (KLD) of HD cells’ tuning
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curves in RecoveryIII relative to RotatingI and Control revealed that the directional tuning of HD
cells is closer to in RotatingI_Vi than in Control, Figure S13: The Relative-Peak FR of RotatingI_Vi
was significantly higher than that of RotatingI_Ve, indicating that HD cells showed more significant
directional tuning in the visual reference frame than in the vestibular reference frame, Figure S14: The
PSD of LFP in RSC has a characteristic peak in the theta band, Figure S15: Postmortem histochemistry.
(A) staining trajectory of electrode implantation in brain slices. (B) Dil fluorescence staining diagram
of electrode implantation position; Video S1: Behavioral experiment scene. Control: the open field
was stable, in which the rats were free to explore the open field; Rotating: the open field was rotating,
in which the rats’ visual information was separated from vestibular information; Recovery: the open
field was returned to stable, the rat was resting in the open field.

Author Contributions: Conceptualization, G.Y., X.C. and J.L.; methodology, G.Y., F.M., Y.W., X.C.
and J.L.; software, G.Y., Y.W. and Z.X.; validation, G.Y. and B.L.; formal analysis, G.Y., Y.W., P.F., B.L.
and Y.D.; investigation, G.Y., C.W., X.Z., Y.S. and Y.W.; resources, X.C. and J.L.; data curation, G.Y.,
Y.W., Y.D. and J.L.; writing—original draft preparation, G.Y.; writing—review and editing, G.Y., X.C.,
J.L., Y.W., Y.D., P.F., B.L., F.M., Z.X., X.Z., E.H. and W.R.; visualization, G.Y.; supervision, X.C. and
J.L.; project administration, X.C.; funding acquisition, X.C. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (T2293731,
62121003, 61960206012, 62171434, 61971400, 61975206, L2224042, and 61973292), STI 2030—Major
Projects 2021ZD0201600, the National Key R&D Program of China (2022YFC2402501), the Scientific
Instrument Developing Project of the Chinese Academy of Sciences (GJJSTD20210004), the Frontier
Interdisciplinary Project of the Chinese Academy of Sciences (XK2022XXC003).

Institutional Review Board Statement: The study was approved by the Institutional Animal Care and
Use Committee at Aerospace Information Research Institute, Chinese Academy of Science (AIRCAS).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article or Supplementary Material.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Aguirre, G.K.; D’Esposito, M. Topographical disorientation: A synthesis and taxonomy. Brain 1999, 122, 1613–1628. [CrossRef]

[PubMed]
2. Takahashi, N.; Kawamura, M.; Shiota, J.; Kasahata, N.; Hirayama, K. Pure topographic disorientation due to right retrosplenial

lesion. Neurology 1997, 49, 464–469. [CrossRef] [PubMed]
3. Taube, J.S.; Muller, R.U.; Ranck, J.B. Head-direction cells recorded from the postsubiculum in freely moving rats. 1. description

and quantitative-analysis. J. Neurosci. 1990, 10, 420–435. [CrossRef] [PubMed]
4. Angelaki, D.E.; Laurens, J. The head direction cell network: Attractor dynamics, integration within the navigation system, and

three-dimensional properties. Curr. Opin. Neurobiol. 2020, 60, 136–144. [CrossRef]
5. Stacho, M.; Manahan-Vaughan, D. Mechanistic flexibility of the retrosplenial cortex enables its contribution to spatial cognition.

Trends Neurosci. 2022, 45, 284–296. [CrossRef]
6. Wang, Q.X.; Sporns, O.; Burkhalter, A. Network Analysis of Corticocortical Connections Reveals Ventral and Dorsal Processing

Streams in Mouse Visual Cortex. J. Neurosci. 2012, 32, 4386–4399. [CrossRef]
7. Keshavarzi, S.; Bracey, E.F.; Faville, R.A.; Campagner, D.; Tyson, A.L.; Lenzi, S.C.; Branco, T.; Margrie, T.W. Multisensory coding

of angular head velocity in the cortex. Neuron 2022, 110, 532–543.e9. [CrossRef]
8. Kim, J.G.; Aminoff, E.M.; Kastner, S.; Behrmann, M. A Neural Basis for Developmental Topographic Disorientation. J. Neurosci.

2015, 35, 12954–12969. [CrossRef] [PubMed]
9. Hashimoto, R.; Tanaka, Y.; Nakano, I. Heading Disorientation: A New Test and a Possible Underlying Mechanism. Eur. Neurol.

2010, 63, 87–93. [CrossRef]
10. Goodridge, J.P.; Dudchenko, P.A.; Worboys, K.A.; Golob, E.J.; Taube, J.S. Cue control and head direction cells. Behav. Neurosci.

1998, 112, 749–761. [CrossRef]
11. Redish, A.D.; Elga, A.N.; Touretzky, D.S. A coupled attractor model of the rodent head direction system. Netw. Comput. Neural

Syst. 1996, 7, 671–685. [CrossRef]
12. Skaggs, W.E.; Knierim, J.J.; Kudrimoti, H.S.; McNaughton, B.L. A model of the neural basis of the rat’s sense of direction. Adv.

Neural Inf. Process. Syst. 1995, 7, 173–180.
13. Mao, D.; Molina, L.A.; Bonin, V.; McNaughton, B.L. Vision and Locomotion Combine to Drive Path Integration Sequences in

Mouse Retrosplenial Cortex. Curr. Biol. 2020, 30, 1680–1688.e4. [CrossRef]

https://doi.org/10.1093/brain/122.9.1613
https://www.ncbi.nlm.nih.gov/pubmed/10468502
https://doi.org/10.1212/WNL.49.2.464
https://www.ncbi.nlm.nih.gov/pubmed/9270578
https://doi.org/10.1523/JNEUROSCI.10-02-00420.1990
https://www.ncbi.nlm.nih.gov/pubmed/2303851
https://doi.org/10.1016/j.conb.2019.12.002
https://doi.org/10.1016/j.tins.2022.01.007
https://doi.org/10.1523/JNEUROSCI.6063-11.2012
https://doi.org/10.1016/j.neuron.2021.10.031
https://doi.org/10.1523/JNEUROSCI.0640-15.2015
https://www.ncbi.nlm.nih.gov/pubmed/26377479
https://doi.org/10.1159/000276398
https://doi.org/10.1037/0735-7044.112.4.749
https://doi.org/10.1088/0954-898X_7_4_004
https://doi.org/10.1016/j.cub.2020.02.070


Biosensors 2023, 13, 496 16 of 16

14. Chen, G.F.; King, J.A.; Burgess, N.; O’Keefe, J. How vision and movement combine in the hippocampal place code. Proc. Natl.
Acad. Sci. USA 2013, 110, 378–383. [CrossRef]

15. Zheng, Q.H.; Zhou, L.X.; Gu, Y. Temporal synchrony effects of optic flow and vestibular inputs on multisensory heading
perception. Cell Rep. 2021, 37, 15. [CrossRef] [PubMed]

16. So, P.T.C.; Dong, C.Y.; Masters, B.R.; Berland, K.M. Two-photon excitation fluorescence microscopy. Annu. Rev. Biomed. Eng. 2000,
2, 399–429. [CrossRef]

17. Holtmaat, A.; Bonhoeffer, T.; Chow, D.K.; Chuckowree, J.; De Paola, V.; Hofer, S.B.; Hubener, M.; Keck, T.; Knott, G.;
Lee, W.C.A.; et al. Long-term, high-resolution imaging in the mouse neocortex through a chronic cranial window. Nat. Protoc.
2009, 4, 1128–1144. [CrossRef]

18. Kornienko, O.; Latuske, P.; Bassler, M.; Kohler, L.; Allen, K. Non-rhythmic head-direction cells in the parahippocampal region are
not constrained by attractor network dynamics. eLife 2018, 7, 25. [CrossRef] [PubMed]

19. Fan, P.H.; Song, Y.L.; Lu, B.T.; Wang, Y.D.; Dai, Y.C.; Xie, J.Y.; He, E.H.; Xu, Z.J.; Yang, G.C.; Mo, F.; et al. PtNPs/PEDOT:PSS-
Modified Microelectrode Arrays Reveal Electrophysiological Activities of Different Neurons in Medial Amygdala of Mice under
Innate Fear. Front. Neurosci. 2022, 16, 11. [CrossRef] [PubMed]

20. Wei, W.J.; Song, Y.L.; Wang, L.; Zhang, S.; Luo, J.P.; Xu, S.W.; Cai, X.X. An implantable microelectrode array for simultaneous
L-glutamate and electrophysiological recordings in vivo. Microsyst. Nanoeng. 2015, 1, 6. [CrossRef]

21. Wang, Y.D.; Song, Y.L.; Dai, Y.C.; Li, X.R.; Xie, J.Y.; Luo, J.P.; Yang, C.; Fan, P.H.; Xiao, G.H.; Luo, Y.; et al. The burst of
electrophysiological signals in the suprachiasmatic nucleus of mouse during the arousal detected by microelectrode arrays. Front.
Bioeng. Biotechnol. 2022, 10, 12. [CrossRef]

22. Ferguson, M.; Sharma, D.; Ross, D.; Zhao, F. A Critical Review of Microelectrode Arrays and Strategies for Improving Neural
Interfaces. Adv. Healthc. Mater. 2019, 8, 16. [CrossRef] [PubMed]

23. Zhang, S.; Song, Y.L.; Wang, M.X.; Zhang, Z.M.; Fan, X.Y.; Song, X.T.; Zhuang, P.; Yue, F.; Chan, P.; Cai, X.X. A silicon based
implantable microelectrode array for electrophysiological and dopamine recording from cortex to striatum in the non-human
primate brain. Biosens. Bioelectron. 2016, 85, 53–61. [CrossRef] [PubMed]

24. Kozai, T.D.Y.; Catt, K.; Du, Z.H.; Na, K.; Srivannavit, O.; Haque, R.U.M.; Seymour, J.; Wise, K.D.; Yoon, E.; Cui, X.T. Chronic In
Vivo Evaluation of PEDOT/CNT for Stable Neural Recordings. IEEE Trans. Biomed. Eng. 2016, 63, 111–119. [CrossRef] [PubMed]

25. Dijk, G.; Rutz, A.L.; Malliaras, G.G. Stability of PEDOT:PSS-Coated Gold Electrodes in Cell Culture Conditions. Adv. Mater.
Technol. 2020, 5, 6. [CrossRef]

26. Kadir, S.N.; Goodman, D.F.M.; Harris, K.D. High-Dimensional Cluster Analysis with the Masked EM Algorithm. Neural Comput.
2014, 26, 2379–2394. [CrossRef] [PubMed]

27. Harris, K.D.; Henze, D.A.; Csicsvari, J.; Hirase, H.; Buzsaki, G. Accuracy of tetrode spike separation as determined by simultaneous
intracellular and extracellular measurements. J. Neurophysiol. 2000, 84, 401–414. [CrossRef] [PubMed]

28. Jacobs, P.Y.; Casali, G.; Spieser, L.; Page, H.; Overington, D.; Jeffery, K. An independent, landmark-dominated head-direction
signal in dysgranular retrosplenial cortex. Nat. Neurosci. 2017, 20, 173–175. [CrossRef]

29. Butler, W.N.; Smith, K.S.; van der Meer, M.A.A.; Taube, J.S. The Head-Direction Signal Plays a Functional Role as a Neural
Compass during Navigation. Curr. Biol. 2017, 27, 2406. [CrossRef]

30. Bassett, J.P.; Wills, T.J.; Cacucci, F. Self-Organized Attractor Dynamics in the Developing Head Direction Circuit. Curr. Biol. 2018,
28, 609–615.e3. [CrossRef]

31. Johnson, D.H.; Gruner, C.M. Information-theoretic analysis of neural coding. In Proceedings of the IEEE International Conference
on Acoustics, Speech and Signal Processing (ICASSP 98), Seattle, WA, USA, 12–15 May 1998; pp. 1937–1940.

32. Olypher, A.V.; Lansky, P.; Muller, R.U.; Fenton, A.A. Quantifying location-specific information in the discharge of rat hippocampal
place cells. J. Neurosci. Methods 2003, 127, 123–135. [CrossRef] [PubMed]

33. Hennestad, E.; Witoelar, A.; Chambers, A.R.; Vervaeke, K. Mapping vestibular and visual contributions to angular head velocity
tuning in the cortex. Cell Rep. 2021, 37, 23. [CrossRef] [PubMed]

34. Green, J.; Adachi, A.; Shah, K.K.; Hirokawa, J.D.; Magani, P.S.; Maimon, G. A neural circuit architecture for angular integration in
Drosophila. Nature 2017, 546, 101–106. [CrossRef]

35. Wang, Q.X.; Burkhalter, A. Area map of mouse visual cortex. J. Comp. Neurol. 2007, 502, 339–357. [CrossRef] [PubMed]
36. Blair, H.T.; Sharp, P.E. Anticipatory head direction signals in anterior thalamus—Evidence for a thalamocortical circuit that

integrates angular head motion to compute head direction. J. Neurosci. 1995, 15, 6260–6270. [CrossRef]
37. Park, E.H.; Keeley, S.; Savin, C.; Ranck, J.B.; Fenton, A.A. How the Internally Organized Direction Sense Is Used to Navigate.

Neuron 2019, 101, 285–293.e5. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1073/pnas.1215834110
https://doi.org/10.1016/j.celrep.2021.109999
https://www.ncbi.nlm.nih.gov/pubmed/34788608
https://doi.org/10.1146/annurev.bioeng.2.1.399
https://doi.org/10.1038/nprot.2009.89
https://doi.org/10.7554/eLife.35949
https://www.ncbi.nlm.nih.gov/pubmed/30222110
https://doi.org/10.3389/fnins.2022.868235
https://www.ncbi.nlm.nih.gov/pubmed/35620664
https://doi.org/10.1038/micronano.2015.2
https://doi.org/10.3389/fbioe.2022.970726
https://doi.org/10.1002/adhm.201900558
https://www.ncbi.nlm.nih.gov/pubmed/31464094
https://doi.org/10.1016/j.bios.2016.04.087
https://www.ncbi.nlm.nih.gov/pubmed/27155116
https://doi.org/10.1109/TBME.2015.2445713
https://www.ncbi.nlm.nih.gov/pubmed/26087481
https://doi.org/10.1002/admt.201900662
https://doi.org/10.1162/NECO_a_00661
https://www.ncbi.nlm.nih.gov/pubmed/25149694
https://doi.org/10.1152/jn.2000.84.1.401
https://www.ncbi.nlm.nih.gov/pubmed/10899214
https://doi.org/10.1038/nn.4465
https://doi.org/10.1016/j.cub.2017.07.032
https://doi.org/10.1016/j.cub.2018.01.010
https://doi.org/10.1016/S0165-0270(03)00123-7
https://www.ncbi.nlm.nih.gov/pubmed/12906942
https://doi.org/10.1016/j.celrep.2021.110134
https://www.ncbi.nlm.nih.gov/pubmed/34936869
https://doi.org/10.1038/nature22343
https://doi.org/10.1002/cne.21286
https://www.ncbi.nlm.nih.gov/pubmed/17366604
https://doi.org/10.1523/JNEUROSCI.15-09-06260.1995
https://doi.org/10.1016/j.neuron.2018.11.019

	Introduction 
	Materials and Methods 
	Design and Fabrication of the MEA 
	PtNPs/PEDOT:PSS Modification Method 
	Subjects and Surgery 
	Apparatus 
	Recording Setup 
	Behavioral Training and Testing Protocol 
	Identification and Analysis of HD Cells 

	Results 
	Characteristics of PtNPs/PEDOT:PSS Nanocomposites 
	Identification of HD and Non-HD Cells 
	Degraded Directional Tuning of Head-Direction Cells Induced by Sensory Dissociation 
	Directional Tuning of HD Cells Is Dominated by Visual Rather than Vestibular Input during Short-Time Dissociated Navigation 
	Long-Term Dissociation between Visual and Vestibular Perception Degrades the Directional Tuning of HD Cells 

	Discussion 
	Conclusions 
	References

