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Testing the Efficacy of Single-Cell Stimulation in Biasing
Presubicular Head Direction Activity
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To support navigation, the firing of head direction (HD) neurons must be tightly anchored to the external space. Indeed, inputs from
external landmarks can rapidly reset the preferred direction of HD cells. Landmark stimuli have often been simulated as excitatory inputs
from “visual cells” (encoding landmark information) to the HD attractor network; when excitatory visual inputs are sufficiently strong,
preferred directions switch abruptly to the landmark location. In the present work, we tested whether mimicking such inputs via
juxtacellular stimulation would be sufficient for shifting the tuning of individual presubicular HD cells recorded in passively rotated male
rats. We recorded 81 HD cells in a cue-rich environment, and evoked spikes trains outside of their preferred direction (distance range,
11–178°). We found that HD tuning was remarkably resistant to activity manipulations. Even strong stimulations, which induced
seconds-long spike trains, failed to induce a detectable shift in directional tuning. HD tuning curves before and after stimulation
remained highly correlated, indicating that postsynaptic activation alone is insufficient for modifying HD output. Our data are thus
consistent with the predicted stability of an HD attractor network when anchored to external landmarks. A small spiking bias at the
stimulus direction could only be observed in a visually deprived environment in which both average firing rates and directional tuning
were markedly reduced. Based on this evidence, we speculate that, when attractor dynamics become unstable (e.g., under disorientation),
the output of HD neurons could be more efficiently controlled by strong biasing stimuli.
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Introduction
Navigation requires an internal compass that is thought to be
provided by head direction (HD) cells, neurons that selectively

increase their firing when the animal’s head points in a specific
direction. These neurons were originally discovered in the rat dorsal
presubiculum (PreS) (Taube et al., 1990a,b), but later observed in
other brain regions (for review, see Taube, 2007; Yoder and Taube,
2014). Most models have proposed that HD cells are linked together
via excitatory and inhibitory connections to form an attractor
network (McNaughton et al., 1991; Skaggs et al., 1995; Redish et
al., 1996; Sharp et al., 1996; Zhang, 1996; Goodridge and
Touretzky, 2000; Bicanski and Burgess, 2016; Simonnet et al.,
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Significance Statement

The activity of head direction (HD) cells is thought to provide the mammalian brain with an internal sense of direction. To
support navigation, the firing of HD neurons must be anchored to external landmarks, a process thought to be supported by
associative plasticity within the HD system. Here, we investigated these plasticity mechanisms by juxtacellular stimulation
of single HD neurons in vivo in awake rats. We found that HD coding is strongly resistant to external manipulations of
spiking activity. Only in a visually deprived environment was juxtacellular stimulation able to induce a small activity bias in
single presubicular neurons. We propose that juxtacellular stimulation can bias HD tuning only when competing anchoring
inputs are reduced or not available.
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2017) so that, when the animal moves its head, a “hill” of activity
moves through a virtual ring. To serve as an internal sense of
direction, such a compass needs to be reliably anchored to exter-
nal landmarks; indeed, classical cue rotation experiments, in
which a salient visual cue was rotated within the recording envi-
ronment, have shown that HD cells are tightly “anchored” to
external landmarks because their preferred directions are rapidly
updated after cue rotation (Taube et al., 1990a; Goodridge and
Taube, 1995; Taube and Burton, 1995; Taube, 1995a; Dudchenko
et al., 1997; Goodridge et al., 1998; Golob and Taube, 1999).
Associations with external landmarks can be learned very rapidly
because a few minutes of exposure to a novel visual cue is already
sufficient for gaining control over the HD system (Goodridge et
al., 1998). The PreS (Clark et al., 2010; Yoder et al., 2011; Jacob et
al., 2017), as well as the retrosplenial cortex, is thought to play a
pivotal role in binding visual landmark information to the HD
system. Anatomically, the PreS is the site of convergence of visual
inputs from cortical areas (retrosplenial and primary visual cor-
tex) and HD inputs from the dorsal thalamus (Vogt and Miller,
1983; Thompson and Robertson, 1987; van Groen and Wyss,
1990a,b; Shibata, 1993; Huang et al., 2017). Moreover, lesion
studies have shown that, after PreS inactivation, thalamic HD
cells are substantially less influenced by external landmarks
(Goodridge and Taube, 1997), indicating that the PreS plays a key
role in allowing visual landmarks to exert control over the HD
system.

Landmark control of HD firing has been modeled as a dynamic
(and plastic) feedforward interaction between “visual cells” (encod-
ing landmark information) and HD neurons. Specifically, land-
mark stimuli have often been simulated as excitatory inputs from
visual cells to the HD attractor network; when such inputs are
sufficiently powerful, preferred directions switch abruptly to the
landmark location (Blackstad, 1956; Knierim et al., 1995; Goo-
dridge et al., 1998; Song and Wang, 2005; Knight et al., 2014; Page
et al., 2014; Jeffery et al., 2016). Confirming these predictions,
recent work in the Drosophila ellipsoid body has indeed shown
that attractor dynamics can be rapidly modified by optogenetic
stimulation of direction-sensitive neurons outside of the activity
hill (Kim et al., 2017). The inputs from visual cells onto HD
neurons are postulated to become strengthened (in a Hebbian-
like manner) as a result of learning; therefore, postsynaptic spik-
ing might be necessary for increasing the weights of landmark
inputs (Skaggs et al., 1995).

In the present work, we tested whether evoking postsynaptic
spikes in individual PreS HD neurons could be sufficient for
engaging cell-autonomous plasticity mechanisms and thus mod-
ifying HD tuning. We took advantage of a recently established
head-fixed preparation (Preston-Ferrer et al., 2016) for juxtacel-
lularly recording and stimulating single PreS neurons in passively
rotated rats. We show that, in a cue-rich environment, the HD
tuning of individual neurons remains stable despite strong activ-
ity manipulations outside of the preferred direction. We provide
initial evidence that, in a sensory-deprived environment, in which
the HD tuning and average firing rates of PreS neurons are markedly
reduced, juxtacellular stimulation can induce a small but significant
spiking bias at the stimulus direction.

Materials and Methods
Juxtacellular recordings. All experimental procedures were performed ac-
cording to German guidelines on animal welfare under the supervision of
local ethics committees. Experimental procedures for obtaining juxtacel-
lular recordings, signal acquisition and processing, and animal tracking

in awake, head-fixed male Wistar rats were performed as described pre-
viously (Preston-Ferrer et al., 2016). Briefly, glass pipettes with resistance
4 – 6 M� were filled with standard Ringer’s solution containing the fol-
lowing (in mM): 135 NaCl, 5.4 KCl, 5 HEPES, 1.8 CaCl2, and 1 MgCl2, pH
7.2. In a subset of recordings, Neurobiotin (1.5–3%; Vector Laborato-
ries) or Biocytin (1.5–3%; Sigma-Aldrich) was added to the electrode
solution. Osmolarity was adjusted to 290 –320 mOsm.

We used head-restraint and passive rotation procedures following our
previous study (Preston-Ferrer et al., 2016; see details in “Experimental
design” section). For these experiments, animals were pre-implanted with a
metal post and a recording chamber under ketamine/xylazine anesthesia.
After surgery, animals were housed individually on a 12 h light/dark sched-
ule. Food and water were available ad libitum. After a recovery period,
animals were slowly habituated to head fixation and to the rotation ap-
paratus under slightly dimmed ambient illumination in the cue-rich
environment of the laboratory setting (referred as the “Open configura-
tion”). Craniotomies (�1 mm 2) were performed at the same coordinates
(0 – 0.5 mm posterior and 3–3.7 mm lateral from lambda), as in Preston-
Ferrer et al. (2016) because they have proven to be reliable for targeting
with high accuracy the dorsal portion of the rat PreS. Before juxtacellular
recordings, mapping experiments with low-resistance (0.5–1 M�) pi-
pettes were routinely performed to estimate the location of the PreS
precisely. Targeting was based on characteristic electrophysiological sig-
natures of the PreS (Preston-Ferrer et al., 2016) and neighboring struc-
tures. Specifically, electrode penetrations in the subiculum served as a
clear anatomical landmark for precisely estimating the anterior border of
the dorsal PreS due to the characteristic high-firing rates, burstiness, and
lack of HD activity of the principal subicular units. Moreover, the tran-
sition from the angular bundle into the PreS, as well as the location of
PreS layer 2 (Preston-Ferrer et al., 2016), could be estimated precisely
based on the associated increases in multiunit spiking activity. The reli-
ability of our targeting procedures, validated in our previous work
(Preston-Ferrer et al., 2016), were further confirmed in the present study
by anatomical verification of the recording sites and/or recovery of jux-
tacellularly labeled neurons (see “Anatomical verification of recording
locations” section).

Single-cell stimulations were performed as described previously (Dia-
mantaki et al., 2016) by injecting brief pulses (1–3 ms) of positive current
(range 10 –50 nA) while the animal’s head was held stationary, facing
away from the neuron’s preferred direction. Our stimulation procedures
(as in Diamantaki et al., 2016) provided transient access to the cell mem-
brane potential, thereby inducing a rapid increase in spiking activity
above baseline firing rates. After successful stimulation, membrane re-
sealing typically occurred within a few seconds after stimulation, which
resulted in rapid cessation of evoked firing. In a minority of cases, small
amounts of negative current (�1–5 nA) were injected to promote the
resealing process. Long evoked spike trains (�10 s) were also included in
the analysis (Fig. 2D and Fig. 2-2, available at https://doi.org/10.1523/
JNEUROSCI.1814-17.2018.f2-2) because these long, depolarization-
induced trains resembled the “persistent-like” activity patterns of HD
neurons. On average, our stimulation procedures led to very similar
increases in spiking activity above baseline firing rates in the stimulation
dataset in the Open (STIM-Open) (Fig. 2D and Fig. 2-2, available at
https://doi.org/10.1523/JNEUROSCI.1814-17.2018.f2-2) and stimula-
tion dataset in the Closed (STIM-Closed) configuration. (See Fig. 6E and
Fig. 2-2, available at https://doi.org/10.1523/JNEUROSCI.1814-17.2018.
f2-2). In both datasets, multiple stimulations were performed in a subset
of neurons (STIM-Open dataset, n � 130 stimulations in 81 neurons;
STIM-Closed dataset, n � 42 stimulations in 25 neurons). The locations
of the additional stimulations were close to the location of the first one
(median distance from first stimulation: STIM-Closed dataset, 2.6°;
STIM-Open dataset, 5.9°). In the no stimulation (No-STIM) dataset,
additional “no stimulations” (35 ‘no-stimulations’ in 25 neurons) were
performed in a subset of neurons at a close distance from the first “no
stimulus” direction (median distance from first “no-stimulation,” 2.7°).
In these neurons, data from multiple stimulations were pooled for the
analysis (see details in the “Analysis of electrophysiology data” section
below).
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Juxtacellular labeling was performed by using standard labeling pro-
tocols (Pinault, 1994, 1996) and modified procedures, which consisted in
rapidly breaking the dielectric membrane resistance by short (1–3 ms),
“buzz-like” current pulses, which provided rapid access to cell entrain-
ment by juxtacellular current injection (i.e., 200 ms square current pulses;
Pinault, 1994). After cell labeling, animals were either immediately per-
fused for anatomical analysis or returned to their home cage and per-
fused �2– 4 h after labeling. Juxtacelluar labeling was performed on the
last penetration of the last recording session with the aim of gaining
additional confirmation of the targeting procedures. Indeed, all identified
neurons (n � 11) were recovered in PreS. However, only two neurons con-
tributed to the stimulation datasets; therefore, possible structure–function
relationships between stimulation effects and cell identity/laminar loca-
tion cannot be resolved. The juxtacellular voltage signal was acquired via
an ELC-03XS amplifier (NPI Electronic), sampled at 20 kHz by a POW-
ER1401–3 data-acquisition interface (CED) under the control of Spike2
version 8.02 software. The orientation of the rat’s head was tracked using
a LED placed on the back of the turntable consistent with the sagittal
plane of the animal. Animal tracking was performed by acquiring a video
(25 Hz frame rate) with IC Capture Software (The Imaging Source).

Experimental design. The rotation apparatus (Preston-Ferrer et al.,
2016) consisted of a Plexiglas rat chamber (20 � 8 cm, with 4-cm-high
transparent walls) fixed on a stainless-steel plate (40 � 30 cm). This plate
could rotate via a central pin relative to a stainless-steel bottom base.
Rotations were performed manually by the experimenter.

In the Open configuration, the rats had visual access to proximal cues
available in the immediate vicinity (e.g., computer screens, cold-light source,
stereomicroscope) and distal cues (i.e., Faraday cage, ceiling, curtains) (see
also Preston-Ferrer et al., 2016). These cues were thus the most likely
source of “anchoring” stability to HD firing (for review, see Knierim et
al., 1995).

The Closed configuration consisted of a cylinder placed around the
rotating platform. The cylinder (diameter: 35 cm, height: 50 cm) was
custom-built out of aluminum and the inside was covered in dark black
paper to avoid reflections of the LED on the aluminum surface. To pre-
vent access to distal cues, recordings were performed in the dark and the
top of the cylinder was closed in most recordings. In this configuration,
the major polarizing cue was a white LED placed at a distance of �10 cm
from the rat’s head.

For the subset of experiments in which neurons were stimulated in the
Open configuration (n � 81; see Fig. 2), the following protocol was used:
after obtaining a recording from a HD cell in the Open configuration and
assessing its preferred firing direction by online (audio/visual) monitor-
ing of spiking activity, the head of the rat was kept stationary and facing
away from the preferred direction and the cell was fired by juxtacellular
current injection (see “Juxtacellular recordings” section above). After
stimulation, the spiking activity of the neuron was monitored during
passive rotations (experimental protocol schematically shown in Fig.
2A–C).

For the subset of experiments in which neurons were sequentially
recorded in the Open and Closed configurations (n � 69; see Fig. 3), the
activity of the same neurons was first monitored in the Open configura-
tion and the cylinder was then lowered around the animal, the lights were
switched off, and a single white LED was turned on. After this, the spiking
activity of the same neuron was monitored during passive rotations (ex-
perimental protocol schematically shown in Fig. 3 A, B). For a subset of
neurons, the activity was further recorded in an additional Open session
(Open_2, n � 23; Fig. 3C).

For the subset of experiments in which neurons were stimulated in the
Closed configuration (n � 25; see Fig. 6), HD activity was monitored as
described above for the Open–Closed dataset. After recording in the
Closed configuration, neurons were fired outside of their preferred
direction (if one preferred direction could be assessed online; e.g., Fig.
6A–D) or at a random direction (if no clear preferred direction could be
established). The same logic was applied to the No-STIM controls. After
stimulation, the spiking activity of the neuron was monitored during
passive rotations (experimental protocol schematically shown in Fig.
6A–D). The same procedures were applied to the No-STIM dataset (n �
25), with the only difference that cells were not fired by current injection

in the Closed configuration, but the head of the rat was just kept station-
ary at the No-STIM direction without juxtacellular stimulation being
performed.

For cue rotation experiments (n � 11; see Fig. 5), neurons were not
recorded in the Open configuration, but juxtacellular recordings were
established directly in the Closed configuration. This was necessary due
to the low abundance of neurons that retained significant directional
modulation in the Closed configuration; nondirectional neurons were
discarded, whereas HD cells were recorded and tested as shown in Figure
5A. In these experiments, a second identical visual cue (LED2) was placed
90° away from LED1 (Fig. 5A). The activity of the same neuron was
monitored during the transitions LED1¡LED2 and LED2¡LED1, cor-
responding to 90° cue rotations (experimental protocol schematically
shown in Fig. 5A). Cue rotation sessions were interleaved with brief dark
phases (Fig. 5B); these dark periods in which the LEDs were turned off
were deemed as necessary for disorienting the animals, although this
assumption was not tested explicitly in the present work.

Sample sizes were estimated on the basis of previously published data
using in vivo single-cell stimulation (Houweling et al., 2008; Lee et al.,
2012; Bittner et al., 2015; Diamantaki et al., 2016). Thirty male Wistar
rats were used for awake experiments: 26 for the STIM-Open, STIM-
Closed, and No-STIM datasets (Table 1 and Table 1-1, available at
https://doi.org/10.1523/JNEUROSCI.1814-17.2018.t1-1) and four for
the cue rotation experiments (Fig. 5). Animals were recorded chronically
over the course of several days (typically 1–5 d) and contributed data
points to more than one dataset (see details in Table 1-1, available at
https://doi.org/10.1523/JNEUROSCI.1814-17.2018.t1-1).

Extracellular recordings and visual stimulation. Male Wistar rats (n � 4)
were anesthetized with a combination of urethane and ketamine
(Quilichini et al., 2010; Beed et al., 2013) and head-fixed on a stereotaxic
apparatus. Surgery and recordings were performed as described previ-
ously (Beed et al., 2013). Multiunit spiking activity was recorded via
tungsten electrodes (0.5 M�; World Precision Instruments). Extracellu-
lar signals were acquired via an EXT-HS-M amplifier (NPI Electronic)
and band-pass signals (100 Hz, 5 kHz) were acquired by filtering the
extracellular signals via a DPA-2F2 filter unit (NPI Electronic). Elec-
trodes were targeted to the dorsal PreS using the same targeting pro-
cedures as described in the “Juxtacellular recordings” section above.
Light-flash stimuli (2 s duration) were delivered by means of a white LED
positioned at �10 cm to the contralateral eye controlled by the POW-
ER1401–3 data-acquisition interface (CED) and the Spike2 version 8.02
software.

Immunohistochemistry and neuronal reconstruction. For histological
processing, animals were killed with an overdose of pentobarbital and
perfused transcardially with 0.1 M PBS followed by a 4% paraformalde-
hyde solution. Brains were cut on vibratome to obtain 70-�m-thick
parasagittal sections. To reveal the morphology of juxtacellularly labeled
cells (i.e., filled with neurobiotin or biocytin), brain slices were processed
with streptavidin-546 (Life Technologies) as described previously (Tang
et al., 2014). Immunohistochemical stainings for Calbindin (monoclonal
or rabbit anti-Calbindin D28k, 1:2000; Swant) and NeuN (anti-NeuN
A60, 1:1000; Millipore) were performed as described previously on free-
floating sections (Ray et al., 2014). Fluorescent images were acquired by
epifluorescence microscopy (Axio imager; Zeiss). After fluorescence im-
ages were acquired, the neurobiotin/biocytin staining was converted into
a dark DAB reaction product. Some sections underwent an Ni 2�-DAB
enhancement protocol (Klausberger et al., 2003). Neuronal reconstruc-
tions were performed manually on DAB-converted specimens with Neu-
rolucida software (MBF Bioscience) and displayed as 2D projections.
Long-range axonal projections of the cell in Figure 1B were truncated for
display purposes.

Anatomical verification of the recording locations. In half of the brains
(13 of 26), the recording locations were verified by histological analysis.
For aiding the identification of tracks, in a subset of cases, juxtacellular
labeling was performed (8 of 26; see details in Results). In few cases (n �
2), a spillover of biocytin in a single location or along the electrode track
(as in Fig. 1D) was performed. Brains were cut on a vibratome to obtain
70-�m-thick parasagittal sections and further processed for NeuN
immunohistochemistry and/or biocytin labeling (as indicated in the
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“Immunohistochemistry and neuronal reconstruction” section) or pro-
cessed for cytochrome oxidase activity (according to standard protocols;
Naumann et al., 2012). The majority of electrode tracks were visible from
immunisthochemical or histochemical preparation (120 of 149) and
were reconstructed manually on a reference anatomical frame of the
dorsal PreS (medial, intermediate, and lateral extent; see also Preston-
Ferrer et al., 2016). A minority of tracks were recovered from the subic-
ulum (5 of 120) and none in the retrosplenial cortex; although very
unlikely (see Results for details), the possibility that a minority of HD cell
recordings might originate from neighboring strucutures (e.g., retro-
splenial cortex and subiculum) cannot be formally ruled out.

For the visual stimulation experiments, the location of the recording
sites was confirmed by aligning tungsten electrode tracks to anatomically
verified electrolytic lesions (n � 6), as described previously (Beed et al.,
2013). The location of all recordings included in the analysis (n � 14) was
assigned to the PreS. We note, however, that the relatively large lesions
(e.g., Fig. 4B) prevented precise and rigorous layer assignment of the
recording sites.

Analysis of electrophysiology data and statistical analysis. Spike signals
from juxtacellular traces were isolated by sorting spikes manually with
the help of principal component analysis, as described previously (Bur-
galossi et al., 2011). For extracellular recordings (visual stimulation ex-
periments in Fig. 4), large-amplitude spike signals above the noise level
were isolated manually from the high-pass-filtered traces. Because spikes
were larger than the noise level, but often too small to be individually
sorted, they are referred to as “multiunit activity” herein. A single white
LED positioned on the rotating platform was used for extracting the HD
angle and the angular velocity. The angular velocity was calculated based
on smoothed X and Y coordinates of the tracking (averaged across a 600
ms rectangular sliding window). An angular velocity cutoff (0.1 rad/s)
was applied for isolating periods of rest from rotational movement and
only spikes during movement were included in further analysis. Record-
ings (or portions of recordings) were cellular damage was observed in the
electrophysiology were excluded from the analysis (as in Pinault, 1996;
Herfst et al., 2012). Putative fast-spiking interneurons (n � 11) were
classified according to spike shape and firing rate criteria (as in Preston-
Ferrer et al., 2016). These criteria were confirmed by cell identification in
our previous study (Preston-Ferrer et al., 2016).

To quantify HD tuning, we constructed HD tuning curves by dividing
the number of spikes by the occupancy for each HD bin (36 bins; half
smoothing window � 25°). Preferred directions were estimated as the
direction of the average Rayleigh vector. The HD index of a cell was
defined as the average Rayleigh vector over all bins, as described previ-
ously (Boccara et al., 2010; Tukker et al., 2015). A neuron was defined as
an HD cell if its HD index was �0.3 and its spiking activity was signifi-
cantly modulated by HD ( p � 0.05; Rayleigh test; Berens, 2009). Only
cells that met the HD criteria in the Open configuration were included in
the present study (with the exception of recordings that were established
directly in the Closed configuration; see description of cue rotation ex-
periments in “Experimental design” section). For the cue rotation exper-
iments (Fig. 5), neurons were included in the analysis if their firing
activity was significantly modulated by HD under the LED1 and LED2
conditions (Fig. 5A); a criterion of HD index �0.3 was not applied here
due to the reduced HD tuning in the Closed configuration (Fig. 3).

Analysis of stimulation effects (Q ratios) was performed on un-
smoothed tuning curves. For cells that were stimulated multiple times
(see description of single-cell stimulations above), the tuning curves for
the intervals after each stimulation were aligned at their respective stim-
ulus directions and averaged. The same was done for the tuning curves
before stimulation. This produced a single pair of prestimulation and
poststimulation tuning curves for each cell. The results of the present
study do not depend on the pooling procedures because performing the
analysis (as in Figs. 2I, 6G) on the individual stimulations leads to qual-
itatively similar results and does not alter the statistical significance of our
findings ( p � 0.67 and p � 0.00085, respectively). The same holds true
for the No-STIM dataset ( p � 0.41 if the analysis is based on the indi-
vidual no stimulations). To quantify the effect of single-cell stimulation
on the HD tuning of a cell, tuning curves were used to compute the ratio
between the average firing rate within (FRin) and outside (FRout) of a 30°

interval centered on the stimulus direction (Q � FRin/ FRout). The mod-
ulation index was defined as follows: (Q after STIM 	 Q before
STIM)/(Q after STIM � Q before STIM). The center of mass (COM) of
HD tuning curves was calculated as the geometric centroid of the aver-
aged and normalized tuning curves (the tuning curves were aligned to
their respective stimulus directions before averaging). The statistical sig-
nificance of the observed changes in modulation index and COM shift
was assessed by a label-shuffling test. For assessing random variability of
firing in the Closed configuration, for each STIM (or No-STIM) record-
ing in the Closed configuration (n � 50 neurons), individual recording
epochs before or after individual STIM (or No-STIM) were randomly
assigned the labels “before stimulation” or “after stimulation.” For each
permutation, a modulation index and an average COM shift were com-
puted and p-values were calculated from the resulting null distributions
(1000 shuffles). The spike-time shuffling test was performed by ran-
domly time-shifting the spike sequence of each recording, as described
previously (Preston-Ferrer et al., 2016).

For visual stimulation experiments (Fig. 4), only neurons with �10
individual stimulation trials were included in the analysis. Firing rate
modulation by visual stimulation (Fig. 4D) was assessed by calculating
the average firing rate 0.5 s before stimulation and 0.5 s after stimulation
for all trials. Latency of visual responses was calculated as in Gawne et al.
(1996). Briefly, latencies were defined from peristimulus time histograms
(5 ms bin size, smoothing window � 25 ms) as the time between stimulus
onset and the half-peak of the response. Latencies were calculated only
for the subset of neurons (n � 9) in which the peak response was at
least twice the baseline firing rate to avoid the variability arising from
calculating latencies for very weak visual responses (as in Gawne et al.,
1996).

Statistical significance was assessed by a two-sided Wilcoxon rank-
sum test (for unpaired data) or Wilcoxon signed-rank test (for paired
data) with 95% confidence intervals (Bonferroni correction for multiple
comparisons). Data are presented as mean 
 SD unless stated otherwise.

Results
Recording presubicular HD cells in passively rotated, head-
fixed rats
In the present study, we took advantage of a recently established
head-fixed preparation for recording HD cells in the dorsal
portion of the rat PreS (Fig. 1A; Preston-Ferrer et al., 2016).
Individual PreS neurons were blindly sampled by juxtacellular
procedures and their head directionality was assessed by manu-
ally performing alternate clockwise and counterclockwise rota-
tions (Preston-Ferrer et al., 2016). As in previous single-cell
stimulation work (Houweling et al., 2010; Doron et al., 2014;
Diamantaki et al., 2016), routine cell identification and/or assign-
ment of recording sites could not be achieved because multiple
recordings and electrode penetrations prevented unequivocal
identification of the recording locations. However, for the rea-
sons outlined below, we believe that our recordings stem from the
dorsal portion of the PreS.

First, before recording, coordinate-based targeting was always
complemented by mapping experiments (see details in Materials
and Methods) for precisely localizing the dorsal PreS. Character-
istic local field potential signatures (Preston-Ferrer et al., 2016),
together with the large abundance of HD neurons, served as re-
liable features for localizing the dorsal PreS. The reliability of this
mapping strategy was confirmed in our previous study (Preston-
Ferrer et al., 2016), in which all identified HD cells (n � 27) were
recovered in the PreS and none in the neighboring subiculum or
retrosplenial cortex.

Second, despite the above considerations, in a subset of ani-
mals (eight of 26; Table 1-1, available at https://doi.org/10.1523/
JNEUROSCI.1814-17.2018.t1-1), we verified the anatomical loca-
tion of our recordings by juxtacellular labeling. A representa-
tive example is shown in Figure 1B. This HD cell was identified
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as a pyramidal neuron (soma located at the L3/L4 border),
with an ascending apical dendrite reaching the pial surface.
Altogether, 11 neurons were identified, all of which were re-
covered in the dorsal PreS (eight cells in the superficial layers
and three in the deep layers).

Third, in a total of 13 animals (including the eight mentioned
above), we reconstructed all visible electrode tracks from the his-
tological sections (Fig. 1C,D). Overall, a large fraction of elec-
trode penetrations (120 of 149, �80%; 13 brains) was recovered
and reconstructed; of these, the large majority targeted the dorsal
PreS (115 of 120; see representative reconstructions in Fig. 1C).
Consistent with our previous study (Preston-Ferrer et al., 2016),
electrode penetrations spanned the full mediolateral extent of the
dorsal PreS (Fig. 1C) and were never observed within the retro-
splenial cortex (0 of 120) and only very rarely in the subiculum (5

of 120; �4%). We find it very unlikely that the latter minority of
electrode penetration yielded HD cell recordings because, to the
best of our knowledge, classical HD cells have not been reported
in the subiculum and electrode penetrations could be reliably
assigned to the subiculum based on the characteristic high neu-
ronal firing rates and the abundance of bursty neurons (see
details in Materials and Methods). We also note that the coordi-
nates for recording HD cells in the retrosplenial cortex (Cho and
Sharp, 2001; Jacob et al., 2017) are more medial than those used
in the present study (Preston-Ferrer et al., 2016 and Material and
Methods). Taken together, this evidence indicates that our HD
cell recordings are very likely to stem from the dorsal PreS. We
note, however, that a limitation of the present work is that the
laminar location and cell-type identity of our PreS recordings
could not be determined.

Figure 1. Juxtacellular recordings of presubicular HD neurons in head-fixed rats. A, Schematic representation of the Open recording configuration, consisting of a head-fixed rat on a rotating
platform in the presence of a rich set of proximal and distal cues (see also Preston-Ferrer et al., 2016). B, Reconstruction of the dendritic (blue) and axonal morphology (red) of a layer 3 pyramidal
HD cell recorded in a head-fixed rat. The axon is truncated for display purposes. The borders of the presubicular layers are indicated (L1–L6). Bottom, Polar plot showing the directional tuning for the
representative reconstructed cell. Peak firing rate and HD index are indicated. Scale bar, 100 �m. C, Schematic outline of parasagittal sections through the rat brain at three mediolateral extents of
the dorsal PreS (gray): medial (top), intermediate (middle), and lateral (bottom) (see Materials and Methods for details). The locations of reconstructed tracks through the PreS (color lines) and
identified cells (color dots) are represented in different colors for three representative brains (the number of recovered tracks of penetration attempts are indicated). Green arrowheads indicate the
two representative tracks shown in D. WM, White matter (angular bundle), Sub, subiculum, RS, retrosplenial cortex, PaS, parasubiculum. Scale bar, 500 �m. D, Left, Parasagittal section stained for
calbindin (green) and neurobiotin (red) showing two electrode tracks (white arrowheads) through the dorsal PreS. In the anterior penetration, spillover of Neurobiotin was performed to aid
anatomical recovery of the track (see details in Materials and Methods). Right, Same section stained for NeuN (the two tracks are indicated by the arrowheads).WM, White matter (angular bundle),
Sub, subiculum, RS, retrosplenial cortex. Scale bars, 200 �m.
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Single-cell stimulation of PreS HD cells in a familiar
cue-rich environment
In a first set of experiments, we tested whether evoking spike
trains outside of the preferred direction in single HD cells could
be sufficient for shifting and/or modifying HD tuning. Record-
ings were performed in a cue-rich environment in which a rich set
of proximal and distal cues were available to the animal (we refer
to this configuration as the Open configuration; see details in
Materials and Methods). After obtaining a juxtacelluar recording
from a PreS HD cell and having established its preferred direc-
tion, a spike train was evoked by brief current injections via the
glass electrode (Diamantaki et al., 2016; see Materials and Meth-
ods) while the rat’s head was held in place facing away from the
preferred direction. A representative example is shown in Figure
2, A–C; here, an HD cell was recorded (Fig. 2A) and a spike train
was evoked by juxtacellular stimulation �150° away from the
preferred direction (Fig. 2B). After stimulation, HD tuning re-
mained largely unchanged compared with the baseline session
(Fig. 2C), as indicated by the high correlation of the tuning curves
(correlation coefficient � 0.95).

Altogether, we stimulated 81 HD cells (130 stimulations; see
Materials and Methods and Table 1) outside of their preferred
direction in a cue-rich environment. In agreement with previous
juxtacellular stimulation studies (Herfst and Brecht, 2008; Hou-
weling and Brecht, 2008), our stimulation procedures evoked
spiking only in the “primary” neuron that was approached for
juxtacellular stimulation; even in the rare event of a large-amplitude
co-recorded “secondary” unit (peak-to-peak spike amplitude �1
mV), only the primary action potentials were modulated by the
stimulation, whereas the activity of secondary units remained
unaffected (seven of seven recordings; see Fig. 2-1, available
at https://doi.org/10.1523/JNEUROSCI.1814-17.2018.f2-1). The
advantage of our stimulation procedures (Diamantaki et al.,
2016) is that they allowed us to evoke relatively long spike trains
(median duration STIM trains � 6.6 s; IQR � 13.2 s; see Fig. 2D
and Fig. 2-2, available at https://doi.org/10.1523/JNEUROSCI.
1814-17.2018.f2-2), which often resembled the persistent-like ac-
tivity patterns thought to play an important role in the establish-
ment and/or maintenance of HD activity (Taube and Bassett,
2003). On average, evoked firing rates were well above the low
levels of spontaneous activity at the stimulus direction (average
evoked firing rate � 12.8 
 13.1 Hz; average spontaneous firing
rate � 0.7 
 0.9 Hz; p � 5.8e-23, Wilcoxon signed-rank test;
see Fig. 2-2, available at https://doi.org/10.1523/ JNEUROSCI.
1814-17.2018.f2-2).

To quantify possible effects of the single-cell stimulation on
HD tuning, we undertook two approaches. First, we tested whether
juxtacellular stimulation induced any detectable shift of pre-
ferred directions. To this end, we compared preferred directions
before and after stimulations. As shown in Figure 2E, no signifi-
cant bias toward the STIM direction was observed at the popula-
tion level (p � 0.67; Wilcoxon signed-rank test), with a median
difference of 6.8° in preferred directions before and after stimu-
lation (n � 81). The occurrence of data points showing relatively
large deviations from the identity line (8 of 81 points with �
preferred directions �50°) was within the intrinsic variability of
the HD system under our conditions; in fact, the distribution of �
preferred directions before and after stimulation was not signifi-
cantly different from the one for the two halves of the recordings
in the Open configuration (p � 0.73; Wilcoxon signed-rank test;
Fig. 2F) and the fraction of neurons showing large deviations
from the identity line was very similar (before vs after STIM, n �
8 of 81; first vs second half, n � 4 of 81). In addition, stimulations

at short distances from the preferred direction were not more
likely to modify HD tuning because � preferred directions did
not significantly change as a function of stimulation distances
from the preferred directions (Fig. 2G). This indicates that, at the
population level, single-cell stimulation did not lead to detectable
shifts of preferred directions.

In the second approach, we sought to estimate whether single-
cell stimulation induced minor redistributions of directional
firing, which was not readily apparent by simply comparing pre-
ferred directions. To this end, we used a firing-rate based quan-
tifier. For each cell, we calculated the average firing rate within
(FRin) and outside (FRout) a 30° interval centered on the stimulus
direction (Fig. 2H) and then compared the ratio between the
two (Q � FRin/FRout) before and after stimulation. As shown in
Figure 2I and consistent with the representative examples (Fig.
2A–C,H), the Q ratios before and after stimulation were not signif-
icantly different (before stimulation, median � 0.12, IQR � 0.65;
after stimulation, median � 0.13, IQR � 0.63; p � 0.89; Wil-
coxon signed-rank test). Moreover, HD tuning curves remained
highly correlated (average correlation coefficient � 0.82 
 0.32)
and average HD indices virtually identical (before stimulation,
0.80 
 0.18; after stimulation, 0.80 
 0.21). Peak and average
firing rates showed a moderate but significant increase after stim-
ulation (peak firing rates; before stimulation, 10.3 
 9.2 Hz; after
stimulation, 12.9 
 11.2 Hz; p � 0.03; average firing rates; before
stimulation, 1.6 
 1.7 Hz; after stimulation, 2.1 
 2.0 Hz; p �
0.01; Wilcoxon signed-rank test), possibly as a result of depolar-
izations outlasting the (often long) evoked stimulus trains (Hou-
weling et al., 2010).

Altogether, this indicates that, when a rich set of proximal and
distal cues are available, spike trains evoked outside the preferred
direction are insufficient for modifying HD tuning.

Reduced HD tuning and average firing rates in a
sensory-deprived environment
The above results suggest that, in a cue-rich environment, single-
cell stimulation is insufficient for overcoming visual anchoring
inputs and thus shifting the preferred direction of HD neurons.
We hypothesized that single-cell stimulation could be more effi-
cient in a sensory-deprived environment, where anchoring visual
inputs are drastically reduced. To this end, we reduced the num-
ber of available landmarks to a single proximal visual cue. We
found that, in our head-fixed preparation, this manipulation led
to an erratic behavior of HD cells (Knierim et al., 1998), character-
ized by a reduction in average firing rates (see also Pérez-Escobar et
al., 2016) accompanied by a rapid destabilization of HD tuning. This
is shown in the representative recording in Figure 3, A–C. Here, a
HD cell was first recorded in the Open configuration with spiking
activity occurring within a narrow HD angle (HD index � 0.92;
Fig. 3A). Then, a cylinder was lowered around the animal (re-
ferred to as the Closed configuration), which prevented access to
distal cues and only a single proximal visual cue was available
(LED1; Fig. 3B). When recorded in the Closed configuration, the
HD cell rapidly lost its directional tuning (HD index � 0.20; p �
0.11, Rayleigh test; Fig. 3B,D), as indicated by the larger spread of
spikes as a function of HD (Fig. 3D). The average firing rate also
decreased from 3.3 Hz in the Open to 2.3 Hz in the Closed con-
figuration. Once tested again in the Open configuration, both the
average firing rate and head directionality recovered toward base-
line levels (Fig. 3C).

Altogether we sequentially monitored the activity of 69 HD
cells in the Open and then in the Closed configuration (Fig. 3E).
In the latter configuration, a clear decline of both average firing
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Figure 2. Single-cell stimulation in a cue-rich familiar environment. A, Top, Schematic representation of the Open recording configuration consisting of a head-fixed rat on a rotating platform in
the presence of a rich set of proximal and distal cues (see also Preston-Ferrer et al., 2016). Middle, Polar plot showing firing rate as a function of HD for a representative PreS HD neuron recorded during
passive rotation. Peak firing rate and HD index are indicated. Bottom, High-pass-filtered spike trace for the HD cell recording shown above. B, Same as A but for juxtacellular stimulation (STIM) at
�150° away from the preferred direction. The polar plot (middle) indicates the stimulus direction (red line). Bottom, High-pass-filtered voltage trace showing a spike train evoked by a brief
juxtacellular current injection (see Materials and Methods). The onset of current injection is indicated by the lightning bolt symbol. The asterisk indicates stimulus artifact, truncated for display
purposes. C, Same as in A but after the juxtacellular stimulation shown in B. Note that HD tuning remained largely unchanged compared with before stimulation (A). D, Raster plot (top) and average
firing rate histogram (bottom) for all spike trains evoked in HD neurons under passive rotation (n � 130 stimulations in 81 neurons). Recordings are aligned by the first spike of the evoked stimulus
train (lightning bolt symbol). For display purposes, all stimulations are shown in the raster plot; however, multiple stimulations within individual neurons were averaged before being entered into
the firing rate histogram so that each cell contributed one data point. E, Scatterplot showing preferred directions computed before and after the stimulation. Red line indicates the identity line. The
red and green circles correspond to the representative examples shown in A–C and H, respectively. The number of cells and the p-value (Wilcoxon signed-rank test) are indicated. F, Cumulative
probability plot showing the correlation coefficients for HD tuning curves computed before and after stimulation (black) and for the two halves of the (Figure legend continues.)
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rates (Open, 2.35 
 2.20 Hz; Closed, 1.42 
 1.67 Hz; p � 1.3e-7;
Wilcoxon signed-rank test) and head directionality (Open,
0.82 
 0.17; Closed, 0.50 
 0.29; p � 7.0e-7; Wilcoxon signed-
rank test; Fig. 3F,G) was observed at the population level, with a
consistent fraction of recordings (18 of 69; �26%) falling below
our HD criteria (see representative examples in Fig. 3F). A fraction of
HD cells remained stable in the Closed configuration, as indi-
cated by the high correlation between the corresponding tuning
curves (14 of 69 cells with correlation coefficients � 0.8; �20%),
suggesting that these neurons might correspond to a specific sub-
population of PreS HD cells. However, simultaneous recordings
of multiple HD neurons will be required for testing this hypoth-
esis. Average firing rates of putative fast-spiking interneurons
(n � 11; see Materials and Methods) were also reduced in the
Closed configuration (Open, 36.6 
 15.9 Hz; Closed, 27.1 
 12.5
Hz; p � 0.001; Wilcoxon signed-rank test). This observation is
compatible with the reduction of a common visual input to the
PreS HD network affecting both principal neurons as well as
feedforward inhibitory cells; however, a reduced local excitatory
drive to feedback interneurons could also account for the ob-
served firing rate reduction.

After sequential recording in the Open–Closed configuration,
a subset of cells (n � 23) were tested again in the Open configu-
ration (Open1–Closed–Open2; as shown in Fig. 3A–D). HD tun-
ing for the majority of the tested neurons recovered to baseline
levels, as indicated by the high correlation coefficients between
tuning curves computed in the Open1 and Open2 configurations
(Fig. 3H). In the Open2, average HD indices (Fig. 3I) and peak
firing rates (Open1, 7.35 
 7.23; Open2, 7.13 
 7.34; p � 0.88;
Wilcoxon signed-rank test) largely recovered to the baseline val-
ues assessed in Open1, indicating that the loss of directionality
was rather selective for the Closed configuration. However, not

all neurons recovered to baseline tuning (Fig. 3I), an observation
in agreement with earlier work reporting an incomplete recovery
of directionality after a dark session in passively rotated rats
(Knierim et al., 1998).

Because both average firing rates and head directionality were
strongly reduced in the Closed configuration, we sought to test
whether the observed loss of directional tuning was a simple
consequence of the firing rate reduction. To this end, we
downsampled the spiking during each recording trial in the Open
configuration to match the spike rate observed during the follow-
ing trial in the Closed configuration. After downsampling, HD
indices remained significantly higher in the Open compared with
the Closed configuration (downsampled, 0.83 
 0.17; Closed,
0.50 
 0.29; p � 1.9e-10; Wilcoxon signed-rank test), indicating
that the loss of directionality in the Closed configuration was not
a mere consequence of the firing rate reduction.

In a subset of neurons (n � 11), firing rates were also moni-
tored in the absence of visual cues (Dark configuration). Consis-
tent with recent work (Pérez-Escobar et al., 2016), average firing
rates of HD cells were significantly lower in the Dark compared to
the Closed configuration (Closed, 6.6 
 3.2; Dark, 3.9 
 3.8 Hz,
p � 9.8e-4; Wilcoxon signed-rank), indicating that visual inputs
reaching the PreS might be necessary for sustaining PreS neuronal
firing rates to physiological levels. To explore this issue further, we
performed multiunit extracellular recordings in anesthetized rats
while light-flash stimuli (2 s long) were presented to the con-
tralateral eye (Fig. 4A). As shown in the representative recording,
which was localized to the PreS via anatomical verification of an
electrolytic lesion (Fig. 4B), the light-flash stimulus induced a
sustained increase in firing rates (Fig. 4C). This effect was signif-
icant at the population level by including all recording sites that
could be assigned to the PreS (n � 14, Fig. 4D; average response
latencies, 113 
 39 ms; see details in Materials and Methods).
This electrophysiological evidence thus supports the known
anatomical connectivity between PreS and upstream visual areas
(Vogt and Miller, 1983; Caballero-Bleda and Witter, 1993, 1994;
Ding, 2013) and indicates that PreS neuronal firing rates are
modulated by visual inputs.

HD cell realignment after cue rotations
Previous work from freely moving rodents has demonstrated that
salient visual cues can exert control over HD signals. Realignment
of HD signals can be rapidly and consistently induced by the
rotation of polarizing visual landmarks such as cue cards or light
cues (Taube et al., 1990a; Goodridge and Taube, 1995; Taube and
Burton, 1995; Taube, 1995a,b; Goodridge et al., 1998; Zugaro et
al., 2000; Knight et al., 2014). In a subset of experiments, we tested
whether, in our head-fixed preparation, cue rotations could in-
duce a corresponding shift in the preferred directions of HD
neurons. To this end, after obtaining a recording from a HD cell

4

(Figure legend continued.) recordings before stimulation (gray). The number of cells and the
p-value are indicated. G, Scatter plot showing � preferred directions (i.e., preferred direction
after stimulation-preferred direction before stimulation) as a function of the stimulus distance
from the preferred direction (i.e., preferred direction-STIM direction). The red and green circles
correspond to the representative examples shown in A–C and H, respectively. The linear regres-
sion line (red), the correlation coefficient (r), the number of cells, and the p-value are indicated.
H, Polar plots showing the activity of another HD cell before and after the stimulation (rotated
by 45° for display purposes). Dotted lines indicate the 30° interval centered on the stimulus
direction (red line) used for computing the Q ratios (see I and text for more details). Peak firing
rates and HD indices are indicated. I, Scatterplot showing the Q ratios (i.e., the ratios between
the average firing rate within and outside a 30° interval centered on the stimulus direction)
computed for all cells before and after the stimulation. The red and green circles correspond to
the representative examples shown in A–C and H, respectively. Red line indicates the identity
line and the blue line on the top histogram represents the median. The number of cells and the
p-value (Wilcoxon signed-rank test) are indicated. More details about the stimulation proce-
dures can be found in Figures 2-1 (available at https://doi.org/10.1523/JNEUROSCI.1814-17.
2018.f2-1) and 2-2 (available at https://doi.org/10.1523/JNEUROSCI.1814-17.2018.f2-2).

Table 1. STIM-Open, STIM-Closed, and No-STIM datasets

Dataset
No. of
ratsa

No. of
cells

No. of
STIM

Recorded duration
before STIM (s)

STIM
duration (s)b

Recorded duration
after STIM (s)

HD index
(in Open)c

Average firing
rate in Open (Hz)c

Peak firing rate
in Open (Hz)c

STIM-Open 18 81 130 86.2 (51.4) 10.0 (14.1) 63.1 (32.8) 0.87 (0.25) 1.3 (1.6) 4.6 (5.9)
STIM-Closed 7 25 42 64.2 (23.0) 8.2 (11.8) 60.7 (19.0) 0.85 (0.31) 1.7 (1.8) 6.4 (7.5)
No-STIM 6 25 35 50.2 (16.2) 20.6 (6.1) 55.6 (19.1) 0.92 (0.25) 1.4 (0.9) 5.2 (9.8)
aNote that the total number of rats used in the STIM-Open, STIM-Closed, and No-STIM datasets is 26 (see Materials and Methods) because individual rats typically contributed to more than one dataset. For detailed information, see Table
1-1 (available at https://doi.org/10.1523/JNEUROSCI.1814-17.2018.t1-1).
bTime that animals spent facing the stimulus direction during juxtacellular stimulation (calculated as the time between offset and onset of passive rotation; see Materials and Methods).
cBasic properties of the HD cells (HD index, average firing rates, and peak firing rates), assessed in the Open configuration, were not significantly different between the three datasets (STIM-Open, STIM-Closed, and No-STIM; all p values larger
than 0.165; Wilcoxon rank-sum test with Bonferroni correction).

Data are shown as median and IQR (in parentheses).
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Figure 3. Unstable HD activity in the presence of a single proximal visual cue. A–C, Top, Schematic representation of the recording protocol in which the activity of the neurons (n � 69) was
sequentially monitored in the Open (A, Open_1) and Closed (B) configuration. For a subset of neurons (n � 23), the activity was monitored in the Open configuration again (C, Open_2). Note the
presence of a cylinder surrounding the animal and a single proximal visual cue (LED) in the Closed configuration. Bottom, Polar plots showing firing rate as a function of HD for a representative HD
cell recorded sequentially in the Open_1, Closed, and Open_2 configurations. Peak and average firing rates and HD indices are indicated. D, Spike trajectory plot showing the angular HD as a function
of time for the same cell shown in A–C. Spikes (black dots) are indicated. The dotted red line indicates the transition across the different configurations. Note the sharp HD tuning of the cell in both
Open Configurations (Open_1 and Open_2) compared with the Closed configuration (Closed). E, Color-coded distribution of preferred direction for all HD cells (n � 69) recorded sequentially
in the Open (left) and Closed (right) configurations. Each row represents the firing rate of a single neuron (normalized relative to its peak firing rate; red) ordered by the location of their
peak firing rates relative to the rat’s HD in the Open Configuration. F, Polar plots showing the activity of representative “stable” and “unstable” HD cells (Figure legend continues.)
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in the Closed configuration (LED1; as in Fig. 5A) and after a brief
dark phase, the visual cue was rotated 90° away from its original
position (Fig. 5A; LED1¡LED2). As can be seen in Figure 5B and
consistent with previous work from freely moving animals (Knierim
et al., 1998; Zugaro et al., 2000, 2003), already from the first pass the
neuron’s preferred direction was realigned to the new cue location.
After another brief dark phase, the visual cue was then shifted back to
its original position (Fig. 5A; LED2¡LED1), which was again fol-
lowed by a rapid and coherent realignment of the neuron’s pre-
ferred direction (Fig. 5B,C).

Altogether, we recorded 11 HD cells following the experimen-
tal protocol shown in Figure 5A (see Materials and Methods).
Despite the reduction in HD tuning observed in the Closed con-
figuration (Fig. 3), the preferred direction of all neurons tested
was reliably controlled by the single light cue. The average shift in
the preferred directions was slightly �90° (83.6° 
 14.3°; see Fig.
5D), with under-rotations being slightly more common than over-
rotations, remarkably consistent with previous work from freely
moving rodents (Taube et al., 1990a; Goodridge and Taube, 1995;
Knierim et al., 1995; Taube and Burton, 1995; Taube, 1995a; Dud-
chenko et al., 1997; Goodridge et al., 1998; Knight et al., 2014).

These data indicate that, despite the reduced HD selectivity in
the Closed configuration (Fig. 3), a single proximal visual cue is
able to gain control over the residual HD signals.

Single-cell stimulation under “instability” of the HD system
The above results indicate that, in the Closed configuration, in
which anchoring visual inputs are reduced, the HD system is
largely destabilized (Fig. 3). In a subset of experiments, we tested
whether, under these conditions, inducing strong postsynaptic
spiking via juxtacellular stimulation would be sufficient for bias-
ing neuronal output. A representative example is shown in Figure
6, A–D. Here, a HD cell was recorded in the Open configuration
(HD index � 0.95; Fig. 6A), which then showed weaker direc-
tional tuning in the Closed configuration (HD index � 0.54; Fig.
6B). A spike train was evoked by juxtacellular stimulation away
from the neuron’s preferred direction (Fig. 6C); as can be seen in
Figure 6D, after stimulation, the neuron showed increased activ-
ity at the stimulus direction.

Altogether, we recorded and stimulated 25 PreS neurons (42
stimulations; Table 1) in the Closed configuration following the
experimental protocol shown in Figure 6, A–D. Before this pro-
tocol, the large majority of the neurons (23 of 25) were also re-
corded in the Open configuration and were classified as HD cells
(Table 1); consistent with the previous results (Fig. 3), both HD
indices and average firing rates were markedly reduced in the Closed
configuration (HD indices, Open � 0.80 
 0.16; Closed � 0.36 

0.24; p � 2.1e-5; average firing rates, Open � 2.1 
 2.0 Hz; Closed �
1.2 
 1.2 Hz; p � 0.005; Wilcoxon signed-rank test). Juxtacellular
stimulation procedures, as well as evoked and spontaneous firing
rates at the stimulus direction (average evoked firing rate � 12.9 

10.2 Hz; average spontaneous firing rate � 1.0 
 1.8 Hz; p �
1.6e-8, Wilcoxon signed-rank test; Fig. 6E), were not significantly
different from the ones in the Open configuration (Fig. 2-2, avail-
able at https://doi.org/10.1523/JNEUROSCI.1814-17.2018.f2-2);
however, unlike for the latter experiments, Q ratios were signifi-
cantly increased after stimulation (before stimulation, median �
0.20, IQR � 0.59; after stimulation, median � 0.63, IQR � 0.96;
p � 0.003; Wilcoxon signed-rank test; Fig. 6F,G), indicating a
redistribution of spiking activity around the stimulus direction.
This effect did not critically depend upon the choice of the angu-
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(Figure legend continued.) sequentially recorded in the Open and the Closed configuration. Peak
and average firing rates and HD indices are indicated. G, Average firing rates and HD indices
computed in the Open and Closed configuration (n � 69 neurons, gray lines). Black lines
indicate the averages. Error bars indicate SEM. p-values are indicated (Wilcoxon signed-rank
test). H, Cumulative probability plot showing the correlation coefficients of HD tuning curves for
the Open_1 versus Closed configuration (gray) and for the Open_1 versus Open_2 configura-
tion (black). The number of cells and the p-value (Wilcoxon signed-rank test) are indicated. I, HD
indices computed in the Open_1, Closed, and Open_2 configurations (n � 23 neurons, gray
lines). Black line indicates the average. Error bars indicate SEM. p-values are indicated (Wilcoxon
signed-rank test; Bonferroni correction for multiple comparisons).

Figure 4. Extracellular recordings of visual responses in the PreS of anesthetized rats. A, Schematic representation of the experimental configuration. Multiunit extracellular recordings were
performed in anesthetized rats while light-flash stimuli (2 s) were presented to the contralateral eye (see Materials and Methods for details). B, Parasagittal section through the dorsal PreS stained
for calbindin (green; top) and cytochrome-oxidase activity (bottom). The electrolytic lesion site (dotted line), corresponding to the location of the extracellular recording shown in C, is indicated by
the arrowhead. WM, White matter (angular bundle); Sub, subiculum; RS, retrosplenial cortex. Scale bars, 200 �m. C, Top, Representative high-pass filtered voltage trace showing the increase in
multiunit activity evoked by the visual stimulus. The duration of the stimulation presentation (light) is outlined by the gray bar (2 s). The raster plot (middle) and the peristimulus time histogram
(bottom) for all stimulation trials (n � 28) are shown. D, Average firing rates computed for 0.5 s before (baseline) and 0.5 after (Stim ON) the onset of the visual stimulus (n � 14 neurons). Black
line indicates the average, blue line the recording shown in C. Error bars indicate SEM. p-value is indicated (Wilcoxon signed-rank test).
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lar range used for computing the Q ratios (30° centered on the
stimulus direction; as schematically represented in Fig. 6F) be-
cause similar results were obtained with 60° and 90° angles (data
not shown). The single-cell stimulation effect was small at the
population level (see mean shift from the identity line in Fig. 6G);
however, a peak around the stimulus direction could still be de-
tected from the population data by calculating the difference be-
tween the average tuning curves before and after stimulation (Fig.
6H). We acknowledge that the instability of the HD signals in the
Closed configuration represents a limitation for assessing stimu-
lation effects. To circumvent this limitation, we restricted the
analysis to the small subset of neurons that retained significant
HD tuning in the Closed configuration (n � 8). We found that Q
ratios were significantly increased after stimulation (p � 0.039;
Wilcoxon signed-rank test) and the distances between stimulus
and preferred directions became significantly smaller after stim-
ulation (before stimulation, 147 
 21°; after stimulation, 102 

58°; p � 0.039; Wilcoxon signed-rank test), indicative of a shift

toward the stimulus direction. Although consistent with the con-
clusions from the STIM-Closed dataset (Fig. 6), we acknowledge
that this evidence rests on a small number of observations.

To verify that the small stimulation effect (Fig. 6G,H) re-
flected a true redistribution of firing around the stimulus direc-
tion, we performed the following controls.

First, we compared HD indices and spike shapes before and
after stimulation. Because our metric for quantifying stimulation
effect (Q ratio) is sensitive to the circular distribution of spike
rates, aspecific effects (e.g., broadening of tuning curves and/or
cellular damage after stimulation) could possibly determine an
increase in Q ratios. However, HD indices before and after stim-
ulation were not significantly different (before stimulation,
0.37 
 0.24; after stimulation, 0.40 
 0.22; p � 0.69; Wilcoxon
signed-rank test). Similarly, spike shapes, the features of which
can serve as a clear indicator of cellular damage (Herfst et al.,
2012), remained very similar (e.g., spike half-widths; before stim-
ulation, 0.30 
 0.03 ms; after stimulation, 0.32 
 0.05 ms; p � 0.06;

Figure 5. HD cell realignment after cue rotations. A, Schematic drawing showing the recording protocol for 90° cue rotations (LED1¡LED2 and LED2¡LED1). Cue rotations were interleaved
with brief dark phases (see Materials and Methods for details). B, Angular HD as a function of time for a representative HD cell recorded following the protocol shown in A. Spikes (black dots) are
indicated. Note the consistent shift of the neuron’s preferred direction upon cue rotations (LED1¡LED2 and LED2¡LED1). C, Polar plots showing firing rates as a function of HD computed for LED1
(left), LED2 (middle), and the return to LED1 (right) for the same cell shown in B. Preferred directions (red arrows) and peak firing rates are indicated. D, Scatter diagrams showing the amount of
angular shift of preferred directions between LED1 and LED2 configurations. Each dot represents a single cell (n �11). The preferred directions shown by all cells in the LED1 configuration are aligned
at 0°; therefore, those shown during the LED2 configuration are represented clockwise (because LED2 was placed 90° clockwise with reference to LED1). The average angle is indicated by the red
arrow.
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Figure 6. Single-cell stimulation under “instability” of the HD system. A, Top, Schematic representation of the Open recording configuration consisting of a head-fixed rat on a rotating platform
in the presence of a rich set of proximal and distal cues. Middle, Polar plot showing firing rate as a function of HD for a representative PreS HD neuron recorded during passive rotation. Peak and
average firing rates and HD indices are indicated. Bottom, High-pass-filtered spike trace for the HD cell recording shown above (scale bars as in D). B, Same as A but for the Closed recording
configuration. C, Same as A but for juxtacellular stimulation (STIM). The polar plot (middle) indicates the stimulus direction (red line). Bottom, High-pass filtered voltage trace showing a spike train
evoked by a brief juxtacellular current injection (see Materials and Methods). The onset of current injection is indicated by the lightning bolt symbol. The asterisk indicates stimulus artifacts truncated
for display purposes. Scale bars are as in D. D, Same as in B but after the juxtacellular stimulation shown in C. Note the redistribution of firing around the stimulus direction (red line). E, Raster plot
(top) and average firing rate histogram (bottom) for all spike trains evoked in PreS neurons under passive rotation (n � 42 stimulations in 25 neurons). Recordings are aligned by the first spike of
the evoked stimulus train (lightning bolt symbol). For display purposes, all stimulations are shown in the raster plot; however, multiple stimulations within individual neurons were averaged before
being entered into the firing rate histogram, so that each cell contributed one data point. F, Polar plots showing the activity of another HD cell in the Open and before and after the stimulation (HD
indices: Open, 0.65; before STIM, 0.07; after STIM, 0.61; average firing rates: Open, 2.9 Hz; before STIM, 1.4 Hz; after STIM, 1.2 Hz; peak firing rates are indicated). Dotted lines indicate the 30° interval
centered on the stimulus direction (red line) used for computing the Q ratios (see G and text for more details). G, Scatterplot showing the Q ratios (i.e., the ratios between the average firing rate within
and outside a 30° interval centered on the stimulus direction) computed for all cells before and after the stimulation. The red and green circles correspond to the representative examples shown in
A–D and (F), respectively. Red line indicates the identity line, blue cross the mean 
 SEM, and blue line the mean. The number of cells and the p-value (Wilcoxon signed-rank test) are indicated.
H, Graph showing the subtraction of the average normalized tuning curves computed before and after stimulation (After STIM-Before STIM) aligned at the stimulus direction (0°). Note that a peak
becomes apparent around the stimulus direction (red line). Dashed lines show SEM. I, Shuffled distribution of COM shifts (gray) computed by randomly shuffling individual recording epochs before
and after stimulation (see details in Materials and Methods). The observed COM shift for the STIM-Closed dataset (vertical line) and the corresponding p-value are indicated. J, Box pots showing the
Q ratios computed before and after stimulation for each dataset (STIM-Open, STIM-Closed, and No-STIM). Whiskers represent 1.5 IQR. Outliers are not shown for display purposes. p-values are
indicated (Wilcoxon signed-rank test). More details about the STIM-Closed and No-STIM datasets can be found in Table 1.
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spike peak-to-trough; before stimulation, 0.55 
 0.10 ms; after stim-
ulation, 0.60 
 0.12 ms; p � 0.09; Wilcoxon signed-rank test), thus
ruling out a systematic broadening of tuning curves and/or cellular
damage as a result of single-cell stimulation.

Second, because average firing rates were significantly in-
creased after stimulation in the Closed dataset (before stimula-
tion, 1.3 
 1.3 Hz; after stimulation, 2.1 
 1.7 Hz; p � 0.002;
Wilcoxon signed-rank test), we verified that the observed biasing
effect of single-cell stimulation was not a simple consequence of
the increased firing. Indeed, we found that downsampling spike
rates in each after stimulation trial to match the spike rates ob-
served during the respective before stimulation trial led to qual-
itatively similar results (Q ratios; before stimulation, median �
0.20, IQR � 0.59; after stimulation, median � 0.76, IQR � 0.87;
p � 0.001; Wilcoxon signed-rank test).

Third, to assess the significance of our single-cell stimulation
effect, we performed a label-shuffling test. For each shuffle, all
recording epochs before and after individual stimulations were
randomly assigned the labels “before stimulation” or “after stim-
ulation” (see details in Materials and Methods) and a modulation
index was computed (Q ratio after STIM 	 Q ratio before STIM)/
(Q ratio after STIM � Q ratio before STIM). The observed aver-
age modulation index (� 0.35) was larger than the 95 th percentile
of the null distribution (constructed from 1000 shuffles; p �
0.01), indicating that the small stimulation effect is unlikely to
arise from a random redistribution of spiking activity (a spike-
time shuffling test led to qualitatively similar results; p � 0.040;
see Material and Methods). Moreover, single-cell stimulation re-
sulted in a small but significant COM shift of the average HD
tuning curves toward the stimulus direction (p � 0.02, n � 25;
Fig. 6I; average shift direction � 3.5°, where 0° indicates the
stimulus direction).

Fourth, to test whether the stimulation effect was dependent
upon single-cell stimulation, we performed a subset of control
experiments in which the rat’s head was kept stationary away
from the neurons’ preferred direction, but no stimulation was
performed (No-STIM dataset; n � 25). Before recording in the
Closed configuration, all neurons were also recorded in the Open
configuration and were classified as HD cells. The basic proper-
ties of these HD neurons were very similar to the ones in the
STIM-Closed dataset (e.g., average HD index, peak, and average
firing rate; Table 1), thus ruling out a systematic bias in sampling
HD neurons across the two datasets. In the Closed configuration,
average firing rates during No-STIM epochs remained at baseline
levels (average firing rate during No-STIM � 0.75 
 1.0 Hz;
average spontaneous firing rate at the No-STIM direction �
0.74 
 1.9 Hz; p � 0.08; Wilcoxon signed-rank test; Fig. 2-2,
available at https://doi.org/10.1523/JNEUROSCI.1814-17.2018.
f2-2) and, indeed, in the absence of stimulation, no redistribution
of firing was observed around the No-STIM direction, as indi-
cated by the fact that Q ratios computed before and after no
stimulation were not significantly different (before stimulation,
median � 0.02, IQR � 0.66; after stimulation, median � 0.12,
IQR � 0.54; p � 0.8; Wilcoxon signed-rank test; Fig. 6J). The
average modulation index (� 0.072) was also not significantly
larger than the shuffled data (p � 0.31). These data indicate that,
in a sensory-deprived environment, single-cell stimulation can
induce a small activity bias in single PreS neurons toward the
stimulus direction.

Discussion
In recent years, single-cell stimulation has proven to be a viable
approach for probing the plasticity rules of individual neurons in

the intact brain during behavior. To date, the most striking ex-
amples have been obtained in the rodent hippocampus, where
intracellular manipulations of activity (Bittner et al., 2015, 2017)
or excitability (Lee et al., 2012; Christenson et al., 2016) have
resulted in the rapid appearance of place fields. Using similar
juxtacellular stimulation procedures as in the present study, we
have also found that the output of a consistent fraction of neu-
rons in the dentate gyrus (Diamantaki et al., 2016) and in the
CA1/CA3 regions (unpublished observations) can be rapidly bi-
ased by the evoked activity. Consistent with this evidence, we
sought to test whether juxtacellular stimulation of individual
PreS neurons was equally able to induce plastic changes in HD
tuning. We found, however, that in a cue-rich environment, jux-
tacellular stimulation did not result in any detectable modifica-
tion of HD activity (Fig. 2). Even seconds-long evoked spike
trains (Fig. 2D and Fig. 2-2, available at https://doi.org/10.1523/
JNEUROSCI.1814-17.2018.f2-2) failed to induce a significant
shift in preferred directions. We think this observation is consis-
tent with the postulated organization of HD neurons as part of an
attractor network, the recurrent architecture of which ensures
stability of the activity hill against external “noise.” Resisting dis-
turbances from single neurons might be an important feature of
the HD system, which guarantees its functioning as a coherent
unit. Our evidence thus supports fundamentally distinct archi-
tectures of hippocampal place and PreS HD networks: whereas
place cells are highly plastic (thus consistent with their postulated
role in the encoding of episodic information), HD neurons are
highly insensitive to activity manipulations (thus fulfilling the
stability requirement for an internal “sense of direction”).

However, we found that, under specific conditions (i.e., re-
duced visual landmarks in our head-fixed preparation; Fig. 6),
stimulus-induced postsynaptic spiking was able to bias HD activ-
ity in individual PreS neurons. This observation is consistent with
recent work (Kim et al., 2017) showing that, in the absence of
visual cues, an ectopic and transient activity hill on the Drosophila
ellipsoid body ring attractor (Seelig and Jayaraman, 2015; Wolff
et al., 2015) could be induced by optogenetic stimulation. Al-
though, in the latter study, it was possible to target and stimulate
a population of neurons with similar tuning properties given
their topographical arrangement on an anatomical ring structure
(Seelig and Jayaraman, 2015; Wolff et al., 2015), in our study, only
individual HD cells were stimulated. Therefore, we find it unlikely
that our biasing effect on single-cell activity reflects a global reorien-
tation of the HD attractor because attractor networks are known to
be particularly stable against single-cell fluctuations (Skaggs et al.,
1995). Rather, we postulate that the activity bias might be supported
by cell-autonomous mechanisms. In the hippocampus, it has been
demonstrated that single-cell stimulation can induce a rapid po-
tentiation of synaptic inputs active around the time of stimula-
tion (Bittner et al., 2015). Consistent with this evidence, we
speculate that stimulation-evoked spiking in single PreS neurons
might have potentiated subthreshold inputs from “visual cells”
(Skaggs et al., 1995; Bicanski and Burgess, 2016) active at the
stimulus direction. Indeed, computational models have pro-
posed that individual HD neurons might receive inputs from
multiple visual feature detector neurons (Skaggs et al., 1995),
each of which represents the angular bearing of a particular visual
feature of the environment. The weights of these inputs are
thought to be modifiable according to a Hebbian rule and thus to
critically depend upon postsynaptic spiking: if the postsynaptic
HD cell is strongly active, then concomitantly active synapses
from visual cells become potentiated (Skaggs et al., 1995; Page et
al., 2014; Jeffery et al., 2016). Although our observations are con-
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sistent with this hypothesis, intracellular recordings will be re-
quired for resolving the underlying synaptic mechanisms
(Bittner et al., 2017). We note that the biasing effects described
here (Fig. 6) are different from previously reported stimulation
effects (Lee et al., 2012; Bittner et al., 2015; Diamantaki et al.,
2016; Kim et al., 2017) in that they are weaker (i.e., apparent as a
small tuning bias at the population level; Fig. 6) and possibly
transient (due to the intrinsic instability of the HD system in the
Closed configuration; Fig. 3). We speculate that an enhanced
stability of HD signals in the Closed configuration (e.g., by the
presentation of behaviorally salient cues) and the possibility of
simultaneously activating multiple HD neurons, possibly via the
cFos promoter (English et al., 2015) or emerging all-optical ap-
proaches (Emiliani et al., 2015; Carillo-Reid et al., 2017; Gauld et
al., 2017; Jennings et al., 2017), are likely to result in stronger
biasing effects on HD activity.

We provide physiological evidence that, consistent with the
known anatomical connectivity (Vogt and Miller, 1983; Thomp-
son and Robertson, 1987; van Groen and Wyss, 1990a,b; Shibata,
1993; Huang et al., 2017), visual inputs can modulate the firing
rate of PreS neurons (Fig. 4). A noteworthy observation was that,
in our head-fixed preparation, HD activity could not be fully
maintained by the presence of a single proximal visual cue (Fig.
3). This finding bears striking similarity to the work of Knierim et
al. (1998) finding that, during passive rotations in the dark (but
often also in the presence of visual cues), HD firing could become
“erratic” and largely uncoupled from the direction of the rat’s
head. Under passive rotations, only the vestibular system pro-
vides information about angular motion; we thus speculate
that, in the absence of the normal motor and proprioceptive cues
that accompany self-locomotion, angular path integration might
be more critically dependent upon (multiple) external landmarks
for frequent updates and error corrections. The proximal presen-
tation of the visual cue might have also contributed to the ob-
served instability of the HD representation because animals are
known to be less reliant on proximal landmarks even if perceived
as stable (Zugaro et al., 2001; Wiener et al., 2002; Yoganarasimha
et al., 2006; Knierim and Hamilton, 2011; Yoder et al., 2011).
Regardless of the underlying mechanism, and consistent with the
interpretation of Knierim et al. (1998), we hypothesize that the deg-
radation of HD signals in the Closed configuration reflects a “disori-
entated state” of the animal. Enhanced cellular/synaptic plasticity
under these conditions (Fig. 6), which could be imposed by neuro-
modulatory inputs associated with disorientation, would thus en-
sure an efficient and rapid binding of new landmark inputs arriving
onto the PreS HD network.

Despite the reduction in HD tuning strength in the Closed
configuration (Fig. 3), we found that cue rotations could gain
control of the residual HD signals (Fig. 5). To the best of our
knowledge, this is the first evidence indicating that the rapid
realignment of HD activity can also be induced in head-fixed
animals. Our preparation could thus be useful for future mecha-
nistic studies of HD cell realignment due to its higher mechanical
stability (e.g., enabling intracellular recordings) and the precise
control over the animal’s HD, both of which are difficult to
achieve in freely moving animals (Stackman et al., 2003; Lee et al.,
2012).
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