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ABSTRACT: Grid cells of the medial entorhinal cortex exhibit a peri-
odic and stable pattern of spatial tuning that may reflect the output of a
path integration system. This grid pattern has been hypothesized to
serve as a spatial coordinate system for navigation and memory func-
tion. The mechanisms underlying the generation of this characteristic
tuning pattern remain poorly understood. Systemic administration of
the muscarinic antagonist scopolamine flattens the typically positive
correlation between running speed and entorhinal theta frequency in
rats. The loss of this neural correlate of velocity, an important signal for
the calculation of path integration, raises the question of what influence
scopolamine has on the grid cell tuning as a read out of the path inte-
gration system. To test this, the spatial tuning properties of grid cells
were compared before and after systemic administration of scopolamine
as rats completed laps on a circle track for food rewards. The results
show that the spatial tuning of the grid cells was reduced following sco-
polamine administration. The tuning of head direction cells, in contrast,
was not reduced by scopolamine. This is the first report to demonstrate
a link between cholinergic function and grid cell tuning. This work sug-
gests that the loss of tuning in the grid cell network may underlie the
navigational disorientation observed in Alzheimer’s patients and elderly
individuals with reduced cholinergic tone. VC 2014 Wiley Periodicals, Inc.
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INTRODUCTION

Grid cells in the medial entorhinal cortex (MEC) fire as a rat visits
regularly spaced locations in an environment (Fyhn et al., 2004; Hafting
et al., 2005; Brun et al., 2008; Hafting et al., 2008; Derdikman et al.,
2009). Grid cells are embedded in a network of spatially tuned cells—
sending and receiving spatially tuned activity to and from the hippo-
campus (van Strien et al., 2009; Zhang et al., 2013), and coexisting in
the medial entorhinal cortex with cells coding for head direction and
boundary proximity (Sargolini et al., 2006; Savelli et al., 2008; Solstad
et al., 2008; van Strien et al., 2009; Zhang et al., 2013). The periodic
spatial tuning of grid cells may provide a coordinate system for naviga-
tion behavior and memory formation (Moser et al., 2008), thereby serv-

ing a central role in neural information processing in
healthy individuals. However, the mechanisms under-
lying the characteristic spatial tuning of medial ento-
rhinal grid cells remains poorly understood.

Activation of muscarinic receptors may be critical for
the generation of grid cell tuning. Muscarinic acetylcho-
line receptor antagonists impair navigation and memory
formation (see reviews in Hasselmo, 2006; Newman
et al., 2012), raising the question of what influence mus-
carinic antagonists have on the spatial tuning of medial
entorhinal grid cells. Pharmacological inactivation of the
medial septum, which sends cholinergic and GABAergic
projections to the medial entorhinal cortex, results in the
loss of grid tuning (Brandon et al., 2011; Koenig et al.,
2011). Hippocampal recordings performed during ven-
tricular and local administration of the muscarinic recep-
tor antagonist scopolamine revealed that muscarinic
blockade reduced the fidelity of spatial tuning and firing
rates of hippocampal place cells (Brazhnik et al., 2003,
2004). Further, systemic administration of scopolamine
flattens the typically robust positive correlation between
running speed and theta frequency (Newman et al.,
2013). Similarly, both systemic muscarinic blockade and
lesions of the cholinergic cells of the medial septum
reduce passive-rotation induced increases in theta power
(Shin, 2010; Tai et al., 2012) indicating that cholinergic
modulation is important for integrating velocity signals.
Velocity signals play a critical role in computational
models of grid cell tuning (for a review, see Zilli, 2012)
and the loss of a velocity signal following muscarinic
blockade raises the question of how muscarinic blockade
would influence grid cell firing properties.

To test the hypothesis that grid tuning would be
sensitive to muscarinic blockade, we compared the
degree of spatial tuning of grid cells on a circle track
before and after systemic scopolamine administration.
We found that systemic administration of scopola-
mine robustly reduced the periodicity and stability of
grid cell spatial tuning without significantly reducing
the tuning of head direction cells.

MATERIALS AND METHODS

All animal procedures and surgery were in strict
accordance with National Institutes of Health and Boston
University Animal Care and Use Committee guidelines.
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Subjects

We recorded grid cells in seven male Long-Evans rats: five
were tested on circle track enclosures and two were tested in
open field enclosures. All animals weighed 350–400g at the
time of surgery, were individually housed, were maintained at
90% of their free-feeding weight following their full recovery
after surgery and maintained on a 12:12 h light-dark cycle. All
procedures were conducted during the light cycle.

Surgical Procedure

For implantation of electrodes, rats were anesthetized with
isoflurane and a ketamine/xylazine mixture, the skull surface
was exposed, and five to nine anchor screws and one ground
screw (located anterior and lateral to the bregma skull suture)
were affixed to the skull. Tetrodes were constructed out of four
12.7 lm diameter nichrome wires twisted together that were
gold plated to bring the impedance at 1 kHz down to 150–
300 kX. Tetrodes were either bundled together and mounted
in a single screw drive from Axona Ltd. or loaded into a
multi-screw hyper-drive giving an average of 300 lm inter-
tetrode spacing. The Axona Ltd. drive was implanted into the
brain at 4.5 mm lateral, 0.3 mm anterior from the transverse
sinus, 1.5-mm deep and were tilted 10� in the anterior direc-
tion. The tetrode bundle of the hyper-drive was centered on a
point 4.5 mm lateral and was placed anterior to the transverse
sinus so that the posterior edge of the bundle abutted the

sinus. No angle was used when implanting the hyper-drives.
The screws and drives were attached to the skull with dental
acrylic. The rats recovered for 7 days before behavioral testing
and recording began.

Behavioral Protocol

The response properties of neurons were tested in an open
field and on a circle track as summarized in Figure 1. The
open field allowed for the identification of grid cells in all ani-
mals and was used to test the effects of scopolamine on grid
tuning in two animals. Obtaining good coverage of the open
field enclosure following scopolamine administration required
experimenter manual intervention to coax the rats away from
walls and so the circle track was used to characterize the effects
of scopolamine on grid cells in the subsequent five animals. In
the open field, animals foraged for cereal bits in a walled (50
cm high) rectangle enclosure (75 or 150 cm 3 100 cm) as
shown in Figure 1A. In the circle track task, the animals
received cereal bits for each lap completed in either direction
(56-cm radius; 8-cm wide track) as shown in Figure 1B. A
black curtain surrounded both enclosures.

Circle track test sessions consisted of seven trials as shown in
Figure 1C: pre injection screening trials on both enclosure
types (trials 1 and 2); an injection trial on the circle track (trial
3); and recovery screening trials on both enclosures 3–6 h and
again 24 h after the injection (trials 4–7). Open field test ses-
sions consisted of four trials, all in the open field: a

FIGURE 1. Overview of apparatus and testing protocol.
A. Open field (OF) testing enclosures were used to identify cells
with significant grid tuning. While in the open field, animals
foraged for scattered cereal bits. B. Once identified, the spatial
tuning properties of those cells were tested on a circle track (CT)
for circle track sessions. While on the circle track, animals were
rewarded with cereal bits for complete laps in either direction at a

fixed location (marked with a star). C. A testing session consisted
of seven 15-min trials: a trial on the OF and CT prior to the
injection, a CT trial 15 min following the injection, and recovery
trials on the OF and CT 3–6 hr and 24 hr post injection. Only
the data from the CT trials were compared with the injection trial
data.
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preinjection screening trial; a post-injection trial; and recovery
screening trials 3–6 h and again 24 h after the injection. Each
trial lasted 15 min. All circle track trials were performed under
low light conditions in a curtained area without overt extra-
enclosure visual cues. This was done to reduce the likelihood
that any loss of visual acuity following muscarinic blockade
required animals to shift orienting strategy from baseline trials
by minimizing the availability of visual cues in all trials.

Scopolamine Administration

Scopolamine hydrobromide injections (0.5 mg kg21) were
administered intraperitoneally. This dosage was chosen because
it was sufficient to generate clear changes to the tuning, fell
well within the range of dosages standardly used in behavioral
studies involving scopolamine (0.1–2.0 mg kg21) (Klinkenberg
et al., 2011) and generated minimal changes to locomotor
activity. Volume matched injections of sterile saline were
administered as a control condition. Animals rested on a pedes-
tal following the injection to allow for the drug to take effect
before running the post-injection trial. A 30-min rest was used
in open field test sessions, but this was shortened to a 15 min
rest for the circle track test sessions as the behavior of the ani-
mals suggested that the drug had taken effect by this time. A
minimum of three intervening days was allowed between
sequential scopolamine injections.

Data Acquisition

Data collection was performed with the Axona DacqUSB
system. The same system tracked the position of a large and
small LED on the recording head stage to track the position
and head direction of the animal at a rate of 50 Hz. Signals
recorded from the tetrodes were filtered and amplified to
record local field potentials (bandpass 1–250 Hz; amplified
�2,5003) and unit activity (bandpass 0.6–6.7 KHz; amplified
�8–10,0003). Potential spike waveforms were identified by a
rising slope that crossed a 65–100 lV threshold and stored to
disk along with a 32-bit time stamp. Spiking activity of indi-
vidual units was discriminated offline using the Tint cluster
cutting software (Axona, Hertz, UK).

Data Analysis

The data analyses sought to answer the following questions:
(1) Did systemic scopolamine administration change the qual-
ity of the spatial tuning of grid cells? And (2) did systemic sco-
polamine administration change the relationship between grid
cells spiking and theta phase? The methods used to address
each question are spelled out in turn.

Analyses of spatial tuning in grid cells

We sought to answer the question of whether grid tuning
was reduced following systemic muscarinic blockade. In prein-
jection baseline trials, the firing rate of individual grid cells var-
ied smoothly, yet robustly, as a function of the position of the
animal, generating multiple local maxima in the map of

average firing rates that were positioned at consistent spatial
intervals and the tuning remained stable between the first and
second half of the trial. In an effort to go beyond simply say-
ing that spatial tuning was reduced by scopolamine, we sought
to characterize the influences of scopolamine on each of these
tuning properties. As such, for each cell that exhibited signifi-
cant grid tuning in an open field enclosure, we quantified how
smooth the rate map was using the spatial coherence metric,
how spatially periodic the rate map was using the spatial perio-
dicity score, and how stable the tuning remained between the
first and second half of the trial using the tuning stability score.
Each of these metrics is described below. We then compared
the observed changes to those observed following saline admin-
istration to test the significance of the observed effects.

Rate maps. Most of the metrics revolved around analysis of a
firing rate map (i.e., rate map) summarizing the average firing
rate for a given cell in each portion of a testing enclosure. Open
field enclosure rate maps were constructed by dividing the
tracked area into 3 3 3 cm2 pixels and computing the mean
spike rate of each pixel. This map was then smoothed with a
two-dimensional pseudo-Gaussian filter with a one pixel (3 cm)
standard deviation. Circle track enclosure rate maps were com-
puted by first linearizing the position of the animal, using the
angle of the rat relative to the center of the circle, and then dis-
cretizing the track into 360 one-degree (0.9 cm) bins. This map
was smoothed using a Gaussian kernel with a standard deviation
of 5 degrees (4.5 cm) unless specified otherwise.

Grid cell classification. Our analyses were restricted to cells
that exhibited significant grid tuning when tested in an open-
field enclosure unless specifically stated. Significant grid tuning
was assessed through an analyses of the grid score calculated as
described elsewhere (Brandon et al., 2011). In short, we com-
puted the correlation between the two-dimensional open field
rate map autocorrelogram and a rotated version of itself for
each of five different rotations (30, 60, 90, 120, 150-degrees).
The correlations resulting from the 30, 90, and 150-degree
rotations and from the 90 and 120-degree rotations were then
compared and the smallest pairwise difference was taken to be
the grid score. Individual cells were identified as grid cells if
the grid score observed in the preinjection open field screening
trial was >95% of the grid scores computed from a set of 200
permuted rate maps computed for that cell. Sets of permuted
rate maps were computed for each cell by randomly aligning
the spike times and tracking coordinates 200 times. Specifically,
for each permutation, all spike time stamps were increased by a
single random offset. This offset was constrained to fall
between 5 and 95% of the duration of the trial. The updated
time stamps, modulo the duration of the trial, were used to
compute firing rate maps as described above.

Spatial coherence. The first metric sought to characterize
how coherent the rate map was. During baseline recordings,
the average firing rate for a given grid cell varied smoothly as a
function of space, indicative that the firing rate was a product

MUSCARINIC BLOCKADE REDUCES GRID CELL TUNING 645

Hippocampus



of the position of the animal. To quantify this effect, we used
the spatial coherence metric (Kubie et al., 1990). In the context
of this study, spatial coherence was quantified by taking the
correlation between the rate map and a version of the rate map
in which the firing rate at each pixel was replaced with the
mean of the adjacent 10 pixels (the five adjacent pixels in both
directions but not including itself ). Importantly, this was done
on a nonsmoothed version of the rate map. This was repeated
for epochs of clockwise and counter-clockwise running sepa-
rately and the two values were linearly combined based on the
percentage of time spent running in each respective direction.

Spatial periodicity score. The second metric sought to quan-
tify the periodicity of the spatial tuning of each grid cell.
Beyond having discrete fields of high- and low-firing rates, grid
cells are unique in that the fields of high firing rate occur at
periodic intervals. While this is particularly true in open field
enclosures, periodicity is also observed on track-based enclo-
sures such as linear tracks and the circle track used here. On
the circle track, we quantified the periodicity of the spatial tun-
ing through an analysis of the one-dimensional autocorrelation
of the linearized rate map. In particular, the analysis sought to
identify the presence of a secondary peak (i.e., non-zero cen-
tered) in the autocorrelation as would be observed if the rate
map was self-similar to a rotated version of itself. This was
accomplished by computing the correlation between the auto-
correlation and a family of cosine waves, each with a different
frequency, plotted from p to 3p. The result was a set of corre-
lation values, corresponding to each of the different frequen-
cies, with a local maximum for the frequency at which the
peak aligned with the secondary peak of the autocorrelation.
The correlation coefficient itself provided a quantification of
the goodness-of-fit of the cosine wave and served as our metric
of spatial periodicity. The spatial autocorrelation for clockwise
and counter-clockwise movements were analyzed separately and
the resulting scores were linearly combined based on the rela-
tive time spent moving in each direction.

Tuning stability score. The third, and final, metric of spatial
tuning sought to quantify the intra-trial reliability of the spatial
firing pattern. During baseline recordings, the spatial tuning of
grid cells is reliable in that the cells will fire in similar locations
between the first and second half of the trial. To quantify this
effect, we computed the Pearson correlation coefficient between
rate maps computed separately for the first and second half of
the trial. The tuning stability for clockwise and counter-
clockwise movements were analyzed separately and the resulting
scores were linearly combined based on the relative time spent
moving in each direction.

1D grid cell classification algorithm. Although all cells were
positively identified as exhibiting significant grid tuning in
open field enclosures, it is not known if all such grid cells code
space in an analogous fashion in one-dimensional environ-
ments. In other reports where it was not always possible to
positively identify the cells as “grid cells” as identified in 2D

enclosures (Domnisoru et al., 2013; Schmidt-Hieber and
H€ausser, 2013) 1D grid cell classifiers have been proposed. In
an effort to align our results to those reported elsewhere using
1D enclosures to explore grid tuning, we applied the classifier
described by (Domnisoru et al., 2013). This allowed us to
quantify, for each trial type, the number of cells that met the
full set of criteria to qualify as a grid cell. Briefly, by this
method, grid cells had to have at least three transitions between
in-fields and out-of-fields, the widest field could not be wider
that 90 cm, at least 30% of the rate map bins were either in-
field or out-of-field, and the mean in-field to mean out-of-field
firing rate ratio was >2. In-field and out-of-field were defined
based on a comparison of the rate map to the permuted rate
maps (computed as described in subsection headed Grid cell
classification) to identify portions (15 cm or longer for in-field
windows, and 10 cm or longer for out-of-field windows) for
which the observed firing rate differed sufficiently from the
permuted values (higher than 85% of the permuted values for
in-field windows, and lower than 5% of the permuted values
for out-of-field windows). Readers should refer to Domnisoru
et al. (2013) for a full set of specifications.

Spike/theta-phase alignment

We then sought to test if the coupling between grid cell
spiking and theta phase was altered by scopolamine. Grid cell
firing is characteristically modulated by theta (Hafting et al.,
2005; Brun et al., 2008); resulting in theta rhythmicity in the
spike time autocorrelation and significant phase-locking. We
tested the influence of scopolamine on each of these properties
using the methods described in-turn here.

Theta rhythmic spiking. Theta rhythmic spiking of each cell
was estimated using the theta rhythmicity index described else-
where (Sharp and Koester, 2008a). In short, we computed the
correlation between the smoothed spike time autocorrelation
(500 ms max-lag, 1 ms bin size, smoothed with 25 ms wide
boxcar) and a set of cosine waves with frequencies spanning 4
to 12 Hz in 0.01 Hz intervals and took the frequency of the
wave with the highest correlation (of at least 0.164) as an esti-
mate of the frequency of the rhythmicity. The degree of rhyth-
micity was calculated as the difference between the height of
the first trough and first peak (i.e., the peak adjacent to the
zero-centered peak) divided by the height of the first peak.

Phase locking. The degree to which the firing of each cell was
locked to theta phase was calculated by computing the mean fir-
ing rate of the cell at each of 36 ten-degree phase bins and then
computing the mean resultant vector of this circular histogram.
The length of the vector reflected the degree of phase locking.

Down sampling

An observed effect of scopolamine administration was a
reduction in the mean firing rate of grid cells. Because a
number of the metrics of interest are sensitive to overall spike
rate, it was important to test if the observed changes in those
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metrics between the pre-injection and injection trials was
exclusively the result of this reduction. To do so, we repli-
cated each analysis using a down sampled version of the
observed pre-injection spike train such that the mean spike
rates for the preinjection and injection trials were matched.
Down sampling was performed by randomly omitting indi-
vidual spikes until the appropriate mean firing rate for the
trial was reached.

Head direction tuning

Previously reports have demonstrated that grid tuning can
be lost while head direction is preserved in the medial entorhi-
nal cortex following various manipulations (Brandon et al.,
2011; Koenig et al., 2011; Bonnevie et al., 2013), motivating
us to explore the influence of muscarinic blockade on head
direction coding in the cells recorded for this study. Individual
cells were classified as exhibiting significant head direction cod-
ing if, during the open field screening trial, the Watson’s U2
score for that cell was above 5. To evaluate the influence of
scopolamine on the head direction tuning we compared the
mean resultant length computed over headings at each spike
over trials.

Statistics

Statistical comparisons focused on assessing the influence of
the drug administration on each metric. As such, the preinjec-
tion and injection trial values for each metric were contrasted
in a pair-wise fashion using a paired-samples t test. We then
compared the magnitude of the differences observed following
scopolamine administration to those observed following saline
administration using a student’s t test for independent samples
because few of the cells were well isolated throughout both the
scopolamine and saline sessions.

Data Inclusion Criteria

Analyses were performed on cells for which the recorded
data properties remained stable across the first day of the ses-
sion. Three sessions were excluded because cells that were iden-
tified as grid cells in the preinjection trials drifted such that
positive identification following the injection was not possible.

RESULTS

Overview

The results demonstrate a robust decrease in spatial tuning
of the medial entorhinal grid cells following systemic scopola-
mine administration. Head direction tuning was not reduced,
indicating that the effect was selective to grid tuning and that
the animal was not completely disoriented. Additional analyses
revealed a nonsignificant trend toward decreased theta rhyth-
micity of grid cell spiking and no change in the phase-locking
of grid cell spiking to theta phase.

Grid Cell Circle-track Spatial Tuning Reduced
by Muscarinic Blockade

Grid cells were identified during screening sessions in an
open field testing enclosure. Once identified, the tuning prop-
erties of those cells were characterized on a circle track enclo-
sure (summary of the full testing protocol is shown in Fig. 1).
Cells that had exhibited significant grid tuning during an open
field trial (n 5 39) showed a pattern of distinct fields of
increased firing on the circle track as shown in Figure 2, simi-
lar to previous observations on linear tracks (Brun et al., 2008;
Hafting et al., 2008; Derdikman et al., 2009; Domnisoru
et al., 2013). Visual comparison of the circle track tuning
between the baseline and scopolamine trials shows a clear
decrease in spatial tuning, as shown in Figure 3. We quantified
the influence of scopolamine administration on the tuning
using three analyses: (1) the spatial coherence of the rate map;
(2) the spatial periodicity as evidenced by the rate map auto-
correlation; and (3) the intra-trial stability of the spatial tuning.
Finally, we used the 1D grid cell classification algorithm
described by Domnisoru et al. (2013) to assess how the per-
centage of cells for which the observed tuning on the circle
track met the a priori criteria before, during and following the
influence of scopolamine.

As expected, the spatial coherence, spatial periodicity and
spatial tuning stability were relatively high during baseline trials
as shown in Figure 4. The mean 6 standard deviation of the
spatial coherence score was 0.55 6 0.03 (shown in Fig. 4A),
indicating that the mean spike rate at each pixel of the
unsmoothed rate map was well correlated with the mean of the
adjacent pixels. The periodicity score was 0.70 6 0.04 (shown
in Fig. 4B), indicating that the spatial autocorrelation had a
secondary peak (i.e., a peak not centered on zero) that was
strongly sinusoidal. The tuning stability score was 0.63 6 0.03
(shown in Fig. 4C), indicating that rate maps computed sepa-
rately for the first and second half of the trial were well corre-
lated. In each of these metrics, larger values reflect greater
spatial tuning while values closer to zero reflect less spatial tun-
ing. Using the 1D grid cell classification algorithm defined by
Domnisoru et al. (2013), 72% (28 of 39) of the cells that
exhibited significant grid tuning in the 2D open field enclosure
were classified as grid cells on the circle track (shown in Fig.
4D).

During scopolamine trials, we observed significant decreases
in all four metrics reflecting an overall decrease in the coherent,
periodic, and stable spatial tuning of the grid cells (Fig. 4).
The spatial coherence decreased significantly from 0.55 6 0.03
to 0.31 6 0.03 as shown in Figure 4A (P 5 6e10–12,
t(38) 5 9.8), indicating that the firing rates of individual pixels
of the rate map were less correlated with the mean of the adja-
cent pixels. Analysis of the periodicity revealed that the tuning
observed during scopolamine trials was significantly less peri-
odic, dropping from 0.70 6 0.03 to 0.42 6 0.04 as shown in
Figure 4B (P 5 6e10-8, t(38) 5 10.6). Analysis of the tuning
stability of the rate map during scopolamine trials indicated a
significant decrease in the stability of the spatial tuning,
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decreasing from 0.63 6 0.03 to 0.43 6 0.03 as shown in Figure
4C (P 5 1e10–15, t(38) 5 13.2). The drop in tuning score
likewise resulted in a significant decrease in the number cells
with tuning that was classified as being 1D grid-like by the
Domnisoru et al. (2013) method as shown in Figure 4D (pre-
inj trial 5 72%; scopolamine trial 5 28%; P 5 0.0003,
t(38) 5 4.0).

During saline trials, no significant change was observed in
any of the three metrics over the 27 cells with significant grid
tuning in the open field enclosure recorded during saline ses-
sions. The spatial coherence score was 0.49 6 0.05 during the
baseline trials and 0.51 6 0.05 during the saline trials
(P 5 0.44, t(26) 5 0.8). The tuning periodicity score was
0.66 6 0.05 during the baseline trials and 0.66 6 0.05 during

the saline trials (P 5 0.99, t(26) 5 0.02). The tuning stability
score was 0.57 6 0.06 during the baseline trials and
0.58 6 0.06 during the saline trials (P 5 0.78, t(26) 5 0.3).
Likewise the number cells classified as exhibiting grid tuning
by the Domnisoru et al. (2013) 1D grid cell classifier did not
differ, (pre-inj trial 5 60%; saline trial 5 67%; P 5 0.54,
t(26) 5 0.6). These results are shown in Figure 4.

The mean firing rate decreased modestly, but significantly,
over cells from 1.6 6 0.2 to 1.3 6 0.2 Hz between the baseline
and scopolamine trials (P 5 0.02, t(36) 5 2.5). This change was
not significantly different from what was observed in the saline
condition (P 5 0.90, t(64) 5 0.13). In the saline condition, the
firing rate decreased from 2.0 6 0.3 to 1.7 6 0.2 (P 5 0.07,
(26) 5 1.9). Regardless of the similar shift in firing rate across

FIGURE 2. Grid cell tuning on a circle track. A. Cells were
identified as grid cells during the preinjection baseline open field
screening trial as cells with multiple regularly spaced firing fields
that resulted in a grid score that was larger than 95% of 200 ran-
domly permuted rate maps. The firing of a representative grid cell
is shown as red dots plotted over a black line tracing the trajec-
tory of an animal in one such screening trial (top). The rate map
and 2D autocorrelogram are also shown, illustrating the standard
tessellating grid structure of the spatial tuning (middle and bot-
tom). B. The tuning of the same grid cell is shown on the circle
track both as a heat-map (top). The same data is plotted as a line
graph (middle) such that the leftmost edge of the line graph starts
at the black arrowhead in the top graph and wraps around the
circle in a counter-clockwise direction. Multiple distinct fields of
high firing rate can be seen separated by fields of low firing rates.

The 1D spatial autocorrelogram is shown (bottom). C. The tuning
becomes more clear in this example when running is split into
clockwise (CW) and counter clockwise (CCW) laps. All subse-
quent analyses were computed separately on CW and CCW laps
and then linearly combined based on the percentage of time spent
running in each direction. D. Spiking raster for the same cell.
Spikes from CW laps are shown in red, spikes from CCW laps are
in blue. E. The spatial periodicity of the firing rate was calculated
by computing the correlation between the 1D autocorrelogram
and a family of partial cosine waves of differing spatial frequen-
cies. F. The highest correlation obtained over the set of cosine
waves (as shown in E) was taken as the spatial periodicity score.
The colored dots reflect the periodicity scores resulting from the
analysis of the sample waveforms shown in E.
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conditions, it was important to verify that the observed changes
were not a simple consequence of this change in firing rate. To
do this, we down sampled the spiking during each baseline trial
to match the spike rates observed during the respective injection
trial. The same pattern of results was observed following the
down sampling. That is, relative to baseline trials: spatial coher-
ence was significantly lower during scopolamine trials

(P 5 3e10-7, t(38) 5 6.2), but not during saline trials (P 5 0.11,
t(26) 5 1.7); spatial periodicity was significantly lower during
scopolamine trials (P 5 2e10-6, t(38) 5 5.6), but not during
saline trials (P 5 0.95, t(26) 5 0.1); and the tuning stability was
significantly lower during scopolamine trials (P 5 2e10-4,
t(38) 5 4.1), but not during saline trials (P 5 0.60,
t(26) 5 0.53). These results are not shown.

FIGURE 3. Grid cell periodic spatial tuning on the circle track is reduced following scopol-
amine administration. A and B. Spatial tuning of two representative grid cells shown in the
preinjection open field screening trial (left column) and on the circle track before and after the
systemic scopolamine injection (2nd and 3rd columns) showing a reduction in the spatial peri-
odicity of the firing following the injection. The tuning 6 h after the injection are shown (4th–
5th columns) to reflect the recovery of the spatially periodic tuning.
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Open-field Scopolamine Trials Also Show
Reduced Spatial Tuning

Our initial explorations into the influence of muscarinic
blockade on grid cell spatial tuning were performed using open
field enclosures during which we recorded from six grid cells
across two animals. That is, the grid score was >95% of the
grid scores computed from a set of 200 permuted versions of
the rate map. During baseline trials, the spatial tuning of these
grid cells resembled the prototypical grid-tuning pattern as
shown in Figure 5. Individual cells generated spikes at the ver-
tices of a grid of equilateral triangles, yielding a mean 6 std.
grid score of 0.74 6 0.12 (min 5 0.38, max 5 1.12).

The grid tuning of all 6 cells decreased robustly during
scopolamine trials relative to what was observed during base-
line trials. Figure 5 shows the spatial tuning of two cells
before, during and after systemic scopolamine injection. Dur-
ing scopolamine trials, the tuning no longer resembled the
grid of equilateral triangles as reflected in the decrease in the
grid score in six of the six cells, from a mean of 0.74 6 0.12
to a mean of 20.36 6 0.1 as shown in Figure 6 (maximum
change 5 20.70, minimum change 5 20.12; P 5 1e10-5,
t(5) 5 18.1).

As noted above, the open field enclosure data was collected
prior to the circle track data described above. We stopped after
collecting only six cells because both of the animals required
experimenter intervention to encourage sufficient exploration of
the center of the enclosure to compute the rate map. Such
intervention was not necessary in preinjection trials and was
needed as a result of scopolamine induced stereotypies involv-
ing whisking along walls and corners as described previously
(Schallert et al., 1980). The behavior of the animals on the
circle track was much better matched between baseline and
injection trials as the rats ran more consistently around the
circle track. The data from these few open field sessions are
included for the sake of completeness.

Grid Cell Theta Rhythmicity and
Theta-Phase-Locking Minimally Reduced by
Muscarinic Blockade

During baseline trials from circle track sessions, grid cell
spiking was modestly, yet significantly, locked to theta phase as
shown in a histogram of spiking over theta phases in Figure
7A. To quantify this, we computed the mean resultant length
of the vectors reflecting the probability of observing a spike at

FIGURE 4. Quantification of the reduction in the spatial tun-
ing of the grid cells between the preinjection baseline trial (pre-
inj.) and the scopolamine trial (scop.) as measured by spatial
coherence (A), sptial periodicity (B), and tuning stability (C). The
errorbars in A–C reflect standard errors on the mean. There was

no significant change between the pre-inj. trial and the saline
(sali.) trial for any of the metrics. D. The percentage of cells that
were classified as grid cells using the 1D grid cell classification
algorithm (see Methods) was robustly lower during scop. trials rel-
ative to the pre-inj. percentage.
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each phase of theta and obtained an average value of
0.26 6 0.03. This magnitude of phase locking is consistent
with previous reports of phase locking in the superficial layers
of the medial entorhinal cortex (Mizuseki et al., 2009). During
scopolamine trials, we observed a nonsignificant trend toward a
reduction in the amount of theta phase locking (P 5 0.09,
t(38) 5 1.8) with a mean value of 0.23 6 0.02. These results
are shown in Figure 7C.

Consistent with the observed phase locking, the grid cell
spike time autocorrelograms had multiple peaks with inter-
peak intervals of about 120 ms, reflecting theta rhythmic spik-
ing during baseline trials as shown in Figure 7B. We quantified
this rhythmicity by computing the difference between the
height of the first trough and the height of the first non-zero-
centered peak and standardizing that difference by the height
of the first non-zero-centered peak as done elsewhere (Sharp
and Koester, 2008a). During baseline trials, this temporal
rhythmicity score had a mean 6 std. value of 0.33 6 0.04.
During scopolamine trials, we observed a non-significant
decrease in theta rhythmicity to 0.23 6 0.05 as shown in Fig-
ure 7D (P 5 0.11, t(38) 5 1.6). Figure 7B shows the spike
time autocorrelograms from the baseline trial and scopolamine
trial for a single representative cell.

Head Direction Tuning not Reduced
by Muscarinic Blockade

Previous reports have demonstrated that it is possible to lose
tuning among grid cells without reducing the tuning in head
direction cells (Brandon et al., 2011; Koenig et al., 2011; Bon-
nevie et al., 2013) leaving open the possibility that direction
information may still have been carried by these cells following
muscarinic blockade. We incidentally recorded from several cells
that exhibited significant head direction tuning during the open
field screening trial in performing our grid cells recordings. We
sought to answer the question of whether scopolamine negatively
impacted the head direction tuning of these cells.

We identified 14 cells among the scopolamine condition
recordings that had significant head direction tuning (Watson’s
U2 score> 5) during the initial open field screening trial. Two
representative examples are shown in Figures 8A,B. The average
mean resultant length of the head direction tuning during base-
line trials was 0.54 6 0.05. During scopolamine trials, the head
direction tuning of these cells was not significantly changed
(mean 6 std. 5 0.53 6 0.06; P 5 0.88; t(13) 5 0.15) as shown
in Figure 8C. Among the cells with head direction tuning, five
were conjunctive grid cells in that they also exhibited significant

FIGURE 5. Spatial tuning of two example grid cells run in
open field sessions for the baseline, injection and recovery trials (A
and B). For each cell, a trajectory is plotted in black with red dots
indicated the location of the rat when the cell spiked. From this
data a rate map was plotted that reflects the average number of
spikes generated per second of dwell time at each 3 3 3 cm2 pixel
spanning the enclosure. The colorbar was scaled to the peak firing
rate over trials. A second rate map is computed after downsam-
pling the spiking of the baseline and recovery trials to match the

trial average of the injection trial, shown as the “downsampled
rate map.” Finally, the 2D spatial autocorrelation of the rate map
is shown to emphasize the self-similar repeating nature of the tun-
ing pattern. These cells exemplify the reduction in grid-like tuning
observed during the scopolamine injection trials. The effect is
most visible in the loss of the grid pattern in the spatial autocorre-
lation during the injection trial. The grid pattern is largely
restored by the time of the recovery trial 6 h after the injection.
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grid tuning during the open field screening trial. The head
direction tuning among these conjunctive cells was similarly pre-
served. Numerically, the length of the mean resultant vector dur-
ing baseline trials was 0.56 6 0.05 and during scopolamine trials
was 0.57 6 0.09 (P 5 0.93; t(4) 5 0.1; data not shown).

DISCUSSION

In this report, we have shown evidence that systemic block-
ade of the muscarinic receptors, via I.P. injections of 0.5 mg
kg21 scopolamine, reduces the spatial tuning of medial ento-
rhinal grid cells but does not reduce the head direction tuning
of cells with head direction tuning or with conjunctive head
direction and grid tuning. These results offer novel insight into
the mechanisms underlying the generation of grid tuning by
showing the importance of cholinergic modulation via musca-
rinic receptors, supporting the hypothesis that acetylcholine
plays an important role in tracking motion signals, and dem-
onstrate a novel manipulation by which spatial tuning and
head direction tuning can be physiologically dissociated.

Muscarinic Modulation of Network Processing

We have shown that grid tuning was significantly reduced by
the systemic administration of a muscarinic antagonist, thereby
demonstrating a dependence of the grid tuning on muscarinic
receptors. A number of circuit-level mechanisms exist through
which muscarinic receptors may support the generation and/or
maintenance of grid tuning. First, muscarinic receptors have
been shown to modulate the relative strength of extrinsic versus
intrinsic projections in other brain regions (Hasselmo and

Bower, 1992; Linster et al., 2003; Hasselmo and McGaughy,
2004; Hasselmo, 2006, 2009). As such, blocking muscarinic
receptors may diminish the relative strength of extrinsic projec-
tions into the entorhinal cortex that are required to maintain
the stability or periodicity of the grid tuning. One source of
such extrinsic input may be from the hippocampus. Bonnevie
et al. (2013) have shown that hippocampal inactivation results
in the loss of spatial tuning among the grid cells. Hippocampal
input may provide information about spatial landmarks (Bur-
gess et al., 2007) and/or drive a recurrent network of inhibitory
interneurons that creates competition that results in the charac-
teristic grid tuning (Burak and Fiete, 2009; Couey et al., 2013;
Pastoll et al., 2013). A second circuit-level mechanism may
depend upon the muscarinic receptor dependent integration
properties of entorhinal neurons (Egorov et al., 2002; Frans�en
et al., 2006). Such integration is likely to play an important
role in calibrating grid cell response to synaptic input and thus
in allowing for the appropriate updating of the network state.
Again, this input could be hippocampal in origin (Bonnevie
et al., 2013) or be provided by velocity signals (Hasselmo,
2008; Hasselmo and Brandon, 2012). Third, it may be that
the loss of spatial tuning observed in the grid cell population is
the downstream result of a decrease in spatial tuning in the
hippocampus. Intracerebroventricular and intra-hippocampal
infusions of scopolamine have been shown to degrade the spa-
tial tuning of place cells in hippocampal area CA1 (Brazhnik
et al., 2003, 2004).

Motion Integration and Muscarinic Modulation

The reduction of grid tuning observed here builds onto a
growing body of evidence that cholinergic activation of musca-
rinic receptors is important for the sensitivity of animals to
motion signals. We previously reported that systemic adminis-
tration of scopolamine flattened the typically positive correla-
tion between running speed and local field theta rhythm
frequency (Newman et al., 2013). Another example comes
from the demonstration that the orientation homeostasis
response is lost following muscarinic blockade (Shin, 2010).
That is, when mice were placed in a drum that had visually
textured walls and a rotating floor, animals reflexively main-
tained their orientation with respect to the walls when the floor
was rotated (i.e., the orientation homeostasis response). Follow-
ing systemic administration of atropine (another muscarinic
antagonist), this response was lost (Shin, 2010). The same
results were found when the experiment was repeated in dark-
ness (Shin, 2010) demonstrating that the reorientation is not
triggered by visual input and is likely to be driven by vestibular
cues. Passive whole-body rotations have also been shown to
increase theta rhythm power in untreated animals (Gavrilov
et al., 1995). This induced theta is attenuated by systemic
muscarinic blockade in both mice (Shin, 2010) and rats (Tai
et al., 2012). Again, this suggests that the blockade reduced the
sensitivity of the animals to motion cues. Indeed, such desensi-
tization to movement cues may underlie the mechanism by
which scopolamine reduces motion sickness in humans (Wood,

FIGURE 6. Scopolamine administration significantly decreased
the grid score when tested in open field enclosures. Error bars
reflect standard error on the mean.
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1979). In the context of the present experiment, it may be that
the loss of sensitivity to vestibular motion cues degraded the
functioning of the path integration system resulting in the dis-
ruption of the grid cell tuning.

Preserved Head Direction Tuning Implies Lack
of Complete Disorientation

In the present study, we observed no significant change in
the quality of the head direction tuning among the direction-
ally tuned cells recorded despite the robust decrease in the spa-
tial tuning among the grid cells. The preservation of head
direction tuning is notable for several reasons. Most relevant
for the discussion in the previous section, it indicates that the
animals were not completely disoriented to allocentric direc-
tion. This raises the question of how to reconcile the apparent
discrepancy between the preservation of head direction tuning
seen here and the reduced sensitivity to motion signals
observed previously (Shin, 2010; Tai et al., 2012; Newman

et al., 2013). One solution may be that the previously observed
reductions in sensitivity result from reduced of vestibular input
whereas the intact head direction tuning observed here was pre-
served through the use of visual cues (Blair and Sharp, 1996;
Taube, 2007; Arleo et al., 2013).

The tuning of head direction cells has been shown to be dis-
sociable from spatial tuning in a variety of contexts (Sharp and
Koester, 2008b; Brandon et al., 2011; Bonnevie et al., 2013).
For example, lesions to the mammillary nulcei is sufficient to
disrupt head direction tuning but leave place cell tuning intact
in rats (Sharp and Koester, 2008b). Conversely, temporary
inactivation of either the hippocampus (Bonnevie et al., 2013)
or the medial septum (Brandon et al., 2011) disrupts the spa-
tial tuning of grid cells but not the head direction cells of the
medial entorhinal cortex. Notably, the medial septum contains
cholinergic neurons, responsible for releasing acetylcholine into
the hippocampus and medial entorhinal cortex(Mitchell et al.,
1982; Gorman et al., 1994). Thus, the shifts of tuning
observed Brandon et al. (2011) may have been due to the loss

FIGURE 7. Theta rhythmic spiking modestly reduced follow-
ing scopolamine administration. A. Phase locking histograms for a
representative grid cell, plotting the mean spike rate at each phase
of theta, for the preinjection, scopolamine and 6-h recovery trials.
Little change is observable. B. Standardized spike time autocorre-
lation for the same cell as shown in A showing theta rhythmic
spiking in all three trial types. A modest reduction in theta rhyth-
micity can be seen during the scopolamine trial by the reduced
difference between the standardized spike rate at 0.06 and 0.12 s,

corresponding to the half and full period of a theta cycle. C. Aver-
age phase locking observed over trials for both the saline and sco-
polamine conditions as quantified by mean resultant length of the
phase locking histograms (as shown in A). No significant differen-
ces were observed over trial types in either condition. D. Average
theta rhythmicity over trials in both conditions. A trend toward a
decrease can be seen between the preinjection and baseline trials.
Error bars on C and D reflect standard error on the mean.
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of muscarinic receptor activation that was induced systemically
in the present study.

Implications for Higher Function

Regardless of the mechanism by which the grid tuning was
reduced, the loss of this tuning is likely to have detrimental
influences on behaviors that depend on the grid signal. For
example, it may be that the grid cells are required to perform
spatial memory tasks in which global cues must be integrated
to identify a precise intermediate location such as in the Morris
water maze task. Previous studies have shown that muscarinic
receptor antagonists impair performance on variants of the
Morris water maze task designed for humans (Antonova et al.,
2011) and used in rats (Sutherland et al., 1982). The loss
of the grid tuning may also account for the increase in

disorientation that is characteristically observed in Alzheimer’s
patients (Henderson et al., 1989). That is, the reduced cholin-
ergic tone that accompanies the progression of Alzheimer’s dis-
ease would likely lead to the breakdown of the grid tuning and
thereby may generate, or contribute to, the disorientation of
the patient.

Summary

We have shown that systemic blockade of muscarinic recep-
tors is sufficient to disrupt the spatial tuning of medial entorhi-
nal grid cells as observed on a circle track enclosure. The head
direction tuning of colocalized head direction cells was not sig-
nificantly changed. These results demonstrate an important role
for muscarinic modulation for grid cell tuning but not head
direction tuning and may offer insight into the mechanism of
disorientation observed in Alzheimer’s disease patients.
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