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Abstract

Acetylcholine contributes to accurate performance of some navigation, but details of its 

contribution to the underlying brain signals are not fully understood. Selective damage to medial 

septal cholinergic neurons generally has little effect on landmark-based navigation, or the 

underlying neural representations of location and directional heading in visual environments. In 

contrast, the loss of cholinergic neurons disrupts navigation based on path integration, but no 

studies have tested whether these path integration deficits are associated with disrupted head 

direction (HD) cell activity. We therefore evaluated HD cell responses to visual cue rotations in a 

familiar arena, and during navigation between familiar and novel arenas, following muscarinic 

receptor blockade with systemic atropine. Atropine treatment reduced the peak firing rate of HD 

cells, but failed to significantly affect other HD cell firing properties. Atropine also failed to 

significantly disrupt the dominant landmark control of the HD signal, even though we used a 

procedure that challenged this landmark control. In contrast, atropine disrupted HD cell stability 

during navigation between familiar and novel arenas, where path integration normally maintains a 

consistent HD cell signal across arenas. These results suggest that acetylcholine contributes to path 

integration, in part, by facilitating the use of idiothetic cues to maintain a consistent representation 

of directional heading.
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The ability to perceive location and directional heading within an environment is necessary 

for accurate navigation. In the rodent brain, place cells provide a neural representation of 
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location, and head direction (HD) cells provide a neural representation of directional 

heading (O’Keefe & Dostrovsky, 1971; Taube, Muller, & Ranck, 1990a). Allothetic cues, or 

landmarks, dominantly control both of these representations when animals navigate within a 

familiar environment, as long as the animal perceives the landmark to be stable (Goodridge 

& Taube, 1995). However, in situations where familiar landmarks cannot be detected – such 

as when animals walk to a novel arena or when the animal is in complete darkness – an 

idiothetic cue-based mechanism (path integration) is capable of maintaining the stability of 

place cell and HD cell activity (McNaughton et al., 1996; Muller & Kubie, 1987; Stackman, 

Golob, Bassett, & Taube, 2003; Taube & Burton, 1995; Yoder, Clark, Brown, et al., 2011). 

The flexible use of allothetic and idiothetic cues to control spatial representations suggests 

that some type of mechanism enables the switch between information sources.

A candidate mechanism for switching between allothetic and idiothetic cues is the 

cholinergic system. Neural signals representing allothetic cues appear to gain control of 

place cell and HD cell signals via the postsubiculum (Calton et al., 2003; Goodridge & 

Taube, 1997; Yoder, Clark, & Taube, 2011; Yoder, Peck, & Taube, 2015), which receives 

direct cholinergic input from the medial septum (Gaykema, Luiten, Nyakas, & Traber, 

1990). It is possible that this cholinergic input faciliates the use of allothetic cues, given its 

apparent modulation of attention to visual stimuli in associative learning tasks (M. G. 

Baxter, Holland, & Gallagher, 1997). If true, we would expect the removal of medial septal 

cholinergic neurons to disrupt some aspects of visuo-spatial performance. However, 

selective damage to these cholinergic cells with 192 IgG-saporin has largely failed to impair 

performance on navigational tasks (M. G. Baxter et al., 1996; M. G. Baxter & Gallagher, 

1996b; M. G. Baxter, Bucci, Gorman, Wiley, & Gallagher, 1995; Berger-Sweeney et al., 

1994; Chappell, McMahon, Chiba, & Gallagher, 1998; Dornan et al., 1996; Dwyer, 

Servatius, & Pang, 2007; Janis, Glasier, Fulop, & Stein, 1998; Kirby & Rawlins, 2003; 

McMahon, Sobel, & Baxter, 1997; Pang, Nocera, Secor, & Yoder, 2001; Shen, Barnes, 

Wenk, & McNaughton, 1996; Walsh, Herzog, Gandhi, Stackman, & Wiley, 1996). 

Acetylcholine’s limited role in navigational performance is consistent with physiological 

studies. For example, complete medial septal lesion or inactivation, which effectively 

removed cholinergic input to hippocampal and parahippocampal regions, only mildly 

affected hippocampal place cells’ representation of location (Leutgeb & Mizumori, 1999; 

Mizumori, Barnes, & McNaughton, 1989). Similarly, systemic muscarinic receptor blockade 

with scopolamine only mildly reduced the precision and reproducibility of place cell 

representations (Brazhnik, Muller, & Fox, 2003). Further, muscarinic receptor blockade 

failed to significantly disrupt thalamic HD cells’ responses to cue rotation when the animal 

navigated within a familiar visual environment (Sandoval, McDaniel, Murawski, Doerr, & 

Calton, 2008). In contrast to the limited role of acetylcholine in visual navigation, idiothetic 

cue-based navigation in darkness was markedly impaired following selective damage to 

medial septal cholinergic cells (Hamlin, Windels, Boskovic, Sah, & Coulson, 2013; Martin 

& Wallace, 2007). Idiothetic cue-based navigation is thought to involve entorhinal grid cell 

signals (Moser, Kropff, & Moser, 2008), and the periodicity of grid cell firing was disrupted 

following systemic muscarinic receptor blockade (Newman et al., 2014). The available 

evidence thus suggests that the use of allothetic cues for navigation occurs independent of 

acetylcholine, but the use of idiothetic cues requires acetylcholine.
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Acetylcholine’s contribution to path integration performance may involve the HD signal. 

Idiothetic cue-based navigation was impaired following damage/inactivation of the 

vestibular system, damage to the dorsal tegmental nucleus, and in animals with 

dysfunctional semicircular canals or otolith organs (Frohardt, Bassett, & Taube, 2006; 

Wallace, Hines, Pellis, & Whishaw, 2002; Yoder, Goebel, et al., 2015). All of these 

manipulations also disrupted the HD cell signal (Bassett, Tullman, & Taube, 2007; Muir et 

al., 2009; Stackman, Clark, & Taube, 2002; Stackman & Taube, 1997; Valerio & Taube, 

2016; Yoder & Taube, 2009), suggesting the HD signal is involved in path integration 

performance. Specifically, the HD signal appears to serve as an “error correction” 

mechanism which updates, or “resets,” to account for heading error that occurred during a 

previous journey (Valerio & Taube, 2012). Because this error correction requires both 

allothetic and idiothetic information, it is possible that the postsubiculum is a crucial node 

where both types of information are integrated (Yoder, Clark, & Taube, 2011). Acetylcholine 

may modulate this integration by facilitating the influence of idiothetic cues on the HD 

signal. Based on these studies, we hypothesized that the removal of acetylcholine input to 

the postsubiculum would disrupt HD signal stability based on idiothetic cues.

No previous studies have tested whether acetylcholine contributes to HD cell stability in 

tasks that favor the use of idiothetic cues. Here, we used systemic atropine injection to 

disrupt acetylcholine’s influence on the HD signal. We then evaluated allothetic cue 

processing by using a series of cue removal and cue rotation sessions that challenged the 

dominant landmark control of HD cell activity. In a separate group of rats, we evaluated 

idiothetic cue processing by requiring the animal to locomote between a familiar and a novel 

environment, where self-movement cues normally facilitate a consistent HD signal 

representation across both environments (Taube & Burton, 1995).

Method

Subjects

The rotation test included 16 rats, and the dual chamber test included 13 rats (female, age 4–

9 mo, 250–360 g, Long-Evans; Harlan Laboratories, Boston, MA). All rats were group 

housed preoperatively and individually housed postoperatively within the same colony room 

on a 12:12-h light-dark cycle. All rats received food and water ad libitum. Despite numerous 

studies on the HD signal function in female rats, no studies have demonstrated any 

variability in the HD signal that is consistent with estrous cycle sensitivity; we therefore did 

not evaluate the estrous cycle at the time of recording. All procedures involving live animals 

were approved by the Dartmouth Institutional Animal Care and Use Committee.

Materials and Procedure

Electrodes—Electrodes were constructed as described previously (Kubie, 1984). Briefly, a 

microdrive was constructed from ten 25-μm Teflon-insulated nichrome wires (California 

Fine Wire, Grover Beach, CA) encased in a 26-gauge stainless steel cannula. Each electrode 

in the array had a tip impedance of ~2 MΩ. Dental acrylic was used to encase the cannula, 

wires, and connector and to hold the heads of three custom drive screws. Tips of the drive 

screws were threaded into custom-built plastic cuffs, which were later cemented to the skull 
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as described below. These cuffs provided a fixed base into which the screws were 

incrementally turned to advance the electrodes through the brain.

Presurgical Training—Presurgical training occurred in a gray wooden cylinder (diameter 

= 76 cm, height = 50 cm) containing a white cue card along the inside wall that covered 

~100° of the wall’s surface. The position of the cue card remained constant throughout 

presurgical training and HD cell screening procedures. The cylinder floor was covered by 

gray photographic backdrop paper. A black curtain extending from the ceiling to the floor 

surrounded the arena (diameter = 2.44 m) to discourage animals from using visual cues other 

than the white cue card. An overhead speaker controlled by a white noise generator was used 

to prevent the use of auditory cues. For 1 wk before surgical procedures, rats were trained to 

forage for 20-mg sucrose pellets (Bio-Serv, Frenchtown, NJ) that dropped onto the cylinder 

floor at pseudorandom intervals (mean interval = 30 s). Behavior was qualitatively evaluated 

during the pretraining procedure, which involved placing food-restricted animals into the 

apparatus and pseudo-randomly dispensing sugar pellets from above using a motorized 

feeder. Animals typically demonstrated signs of anxiety (thigmotaxis, freezing, defecation) 

at the beginning, but these signs disappeared over the course of several training sessions as 

the animal learned to search for food rewards. Pretraining was terminated when the animal 

reliably searched for food, and no longer showed signs of anxiety. All rats demonstrated 

proficiency in foraging for the sucrose pellets by the end of training.

Surgery—Rats were anesthetized with a ketamine-xylazine cocktail (90 and 10 mg/kg, 

respectively) and positioned in a stereotaxic apparatus (David Kopf Instruments, Tujunga, 

CA) with bregma and lambda in the same horizontal plane. The scalp was retracted and a 

small hole (~1 mm) was drilled through the skull above the anterodorsal thalamic nucleus 

(ADN). Additional holes were drilled in the frontal, parietal, and occipital bones to provide 

anchor points for miniature screws (Small Parts, Miramar, FL). Each electrode bundle was 

sterilized and coated, except for the tips, with polyethylene glycol (Carbowax) before being 

implanted just dorsal to the ADN (1.5 mm posterior, 1.3 mm lateral, 3.7 mm ventral to 

bregma). For one animal, the electrode was positioned dorsal to lateral mammillary nucleus 

(4.55 mm posterior, 1.1 mm lateral, 8.7 mm ventral to bregma), as described previously 

(Yoder et al., 2015). With the electrode bundle in position, the drive screw/cuff assemblies 

were fastened to the skull and jeweler’s screws with Grip cement (Dentsply International, 

Milford, DE). The scalp was sutured around the electrode drive, and the animal was allowed 

to recover 1 wk before screening and recording procedures commenced. Buprenorphine 

(0.015 mg/kg) was administered as a postoperative analgesic.

HD Cell Screening and Signal Processing—Animals were placed into the same 

cylinder that was used for training and each electrode was evaluated for cellular activity 

while the rat foraged for food pellets. The electrical signal from each electrode passed 

through a 10-channel headstage containing a unity gain operational amplifier. A flexible 

cable connected the headstage to an overhead commutator, which then connected to a patch 

panel. From the patch panel, electrical signals were amplified (x 20,000; P5 series; Grass, 

West Warwick, RI) and band-pass filtered (300 – 10,000 Hz) before auditory and visual 

display on a loudspeaker and oscilloscope (model 2214; Tektronix, Beaverton, OR), 
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respectively. A dual time and amplitude window discriminator (model DDIS-1; BAK 

Electronics, Mount Airy, MD) was used to isolate single-unit spikes from background noise 

and to generate a square-wave TTL pulse upon spike detection. An overhead video camera 

(SONY XC-711; Tokyo, Japan) was used to monitor the animal’s HD at 60 Hz by detecting 

the positions of one red and one green light-emitting diode (LED) that were attached to the 

animal’s headstage and separated by 11 cm. Signals generated by the window discriminator 

at the occurrence of single-unit spikes and the x-y coordinates of the concurrent LED 

positions were acquired by a computer (Macintosh G4) running LabVIEW software (version 

5.0; National Instruments, Austin, TX). Data were analyzed with LabVIEW.

Drug Injection and Recording Procedure

Landmark Rotation: We evaluated the effects of muscarinic receptor blockade on the HD 

signal by subjecting rats to two different tests. A single i.p. injection of atropine sulfate 

(50mg/ml/kg body weight) was chosen because this dose is sufficient to disrupt spatial 

performance and cholinergic function (for discussion, see Whishaw, 1985). The first test was 

designed to challenge the animals’ attention to visual landmarks, and comprised a series of 

seven 8-min recording sessions within a cylinder (Fig 1A). Session 1 (referred to as visual 

baseline) was a baseline session with the cue card located at the “standard” position in the 

cylinder; at the end of session 1, the rat was removed from the arena and placed in an opaque 

disorientation box. The researcher then replaced the floor paper to remove olfactory cues 

and then disoriented the animal by slowly turning the box while walking around the arena. 

The animal was then placed into the cylinder for session 2 (no-cue session), where the cue 

card was removed from the cylinder in order to encourage navigation based on path 

integration (the overhead lights remained on throughout the session). At the end of session 2, 

the animal was placed in the disorientation box and given an intraperitoneal injection of 

normal saline (1ml/kg body weight) or atropine sulfate. After 15-min confinement to the 

disorientation box (which was sufficient time for atropine to produce spatial impairments 

(Whishaw, 1985), the floor paper was changed and the animal was placed into the cylinder 

for session 3 (drug/no-cue session). With the animal continuing to forage for food pellets 

within the cylinder, session 4 (drug/visual session) began when the experimenter returned 

the cue card to its original position in the cylinder. The floor paper was not changed between 

sessions 3 and 4. At the end of session 4, the rat was removed from the cylinder and placed 

in the disorientation box. The cue card was rotated 90° CW or CCW and the floor paper was 

changed prior to session 5 (drug/cue rotation). The rat was then disoriented, the floor paper 

changed, and the cue card was returned to its original position for session 6 (drug/cue return 

session). The rat was then disoriented, the cue was removed, and the floor paper was 

replaced prior to session 7 (second drug/no-cue session).

Dual-Chamber Apparatus: A different group of rats was used for the dual-chamber 

apparatus test (see Fig. 1B), which used the same apparatus described previously (Stackman 

et al., 2003; Taube & Burton, 1995; Yoder, Peck, et al., 2015). The dual-chamber apparatus 

includes a cylindrical chamber (diam. = 76 cm, height = 43.5 cm) connected to a rectangular 

chamber (51 × 68.5 cm) by an alleyway (width = 15 cm). The cylinder’s cue card was in the 

3 o’clock position and the rectangle’s cue card was in the 12 o’clock position, as viewed 
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from the overhead camera. This configuration places the cue card in the rectangle to be 90° 

rotated relative to the cue card in the cylinder (in room coordinates).

The dual-chamber apparatus procedure began with a Familiar Cylinder recording session (8 

min) in the cylinder, after which the door was opened and the rat was permitted to enter the 

alleyway. The cylinder door was then closed to prevent the rat from returning to the cylinder. 

A Novel Rectangle session (16 min) then occurred while the rat was confined to the 

rectangle and/or alleyway. At the end of the Novel Rectangle session, the cylinder door was 

opened to permit the animal to return to the familiar cylinder. The door was then closed, at 

which point the Return Cylinder session (4 min) began.

Data Analysis

For all recording sessions, HD was determined by calculating the angle between the x-y 
coordinates of the two LEDs within a 256 × 256-pixel field. The rats HDs were sorted into 

sixty 6° bins along with the concurrent spikes. The average firing rate as a function of HD 

was calculated by dividing the total number of spikes by the amount of time in each bin. 

Each cell’s preferred firing direction, henceforth referred to simply as “preferred direction,” 

was defined as the HD bin at which the cell showed the highest mean firing rate.

HD Cell Firing Properties—Firing properties were calculated from the firing rate × HD 

tuning curve using a triangular model and raw data, as described previously (Stackman & 

Taube, 1998; Taube et al., 1990a). These firing properties include 1) observed peak firing 

rate (PFR): the maximal y-coordinate of a single directional bin within the tuning curve; 2) 

background firing rate (BFR): the mean firing rate in all directions 18° away from the x-

intercept of each triangle leg; 3) preferred firing direction: the x-coordinate of the bin with 

maximal firing rate; 4) directional firing range: the difference, in degrees, between the x-

coordinates of the base of the triangle legs.

Anticipatory time interval (ATI)—The ATI was calculated for each HD cell using a 

time–shift analysis, as reported previously (Blair & Sharp, 1995). Cellular activity during 

angular head velocities >60°/s in either direction were used for ATI analyses. Cells that were 

recorded simultaneously with other cells on the same electrode (with overlapping directional 

firing ranges) were excluded from the ATI analysis.

Directional information content (IC)—The IC was calculated as described previously 

(Stackman & Taube, 1998). IC = Σpi (λi/λ) log2(λi/ λ), where pi is the probability of the 

head pointing in the ith bin, λi is the firing rate when the head is pointed within the ith bin, 

and λ is the overall mean firing rate of the cell for all bins. A directional information content 

score of 0 indicates no relation between HD and firing rate, and a value above 1 indicates a 

strong relationship between HD and firing rate. In cases in which multiple HD cells were 

recorded on the same electrode, directional IC scores were not calculated because λ is 

potentially biased by the spikes of additional cell(s).

HD Cell Shift Analysis—We compared the tuning curves obtained from both enclosures 

in order to determine the amount of angular shift exhibited by a HD cell between recording 

sessions (or between chambers), as described previously (Taube, Muller, & Ranck, 1990b). 
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Briefly, the firing rate vs. HD function for one recording session was shifted in 6° steps and 

compared with the HD function from another recording session. The amount of shift that 

produced the maximal correlation between curves was considered to be the amount of 

preferred direction shift between the two sessions. For recording sessions during which 

multiple HD cells were recorded simultaneously, the average shift of the preferred directions 

across cells was used for statistical calculations. This averaging method was used because all 

available data indicate that when multiple HD cells are recorded simultaneously, the 

preferred direction for all HD cells rotate in register (Taube et al., 1990b), and we did not 

want to bias our analyses to sessions in which multiple cells were recorded.

HD Cell Drift Analysis—Some HD cells were “unstable,” or failed to maintain a 

consistent preferred direction, within a recording session. In these cases, the amount of 

preferred direction drift was evaluated by calculating the animal’s HD at times when the 

cell’s firing rate reached 80% of the maximum for that session, plotted across time for the 

entire recording session. The slope of this HD × firing rate × time plot (°/sec) then served as 

a measure of the rate at which the cell’s preferred direction drifted, as described previously 

(Yoder & Taube, 2009).

Statistical Analyses—One goal of the present study was to determine whether the firing 

properties of HD cells were affected by atropine. We first calculated each HD cell’s firing 

properties from the standard recording sessions before and after the drug injection: session 1 

(pre-injection) and session 4 (post injection). We then calculated the change (Δ) in each 

firing property between sessions, and compared the mean Δ values between groups. Mean Δ 

values were compared between groups with separate t-tests, with adjusted df when Levene’s 

test revealed variance heterogeneity, or with Mann-Whitney U tests when a Shapiro-Wilk 

test indicated that the distribution was not normally distributed (SPSS; IBM, Armonk, NY or 

Statview, SAS, Cary, NC).

Preferred direction shifts were evaluated with circular statistics (Oriana; Kovach Computing, 

Anglesey, UK). The mean angle of the distribution, μ, is referred to as the “mean shift.” The 

length of the associated vector, r, serves as a measure of concentration. The concentration 

parameter, κ, was compared between groups to determine whether atropine influenced the 

variability of preferred direction shifts.

Histology

Rats were anesthetized with sodium pentobarbital (150mg/kg), and one or more electrode tip 

locations were marked with an ion deposit by passing constant anodal current (15μA, 20sec) 

through several electrode wire(s). Rats were then perfused through the heart with normal 

saline followed by 10% formalin. Brains were then placed in 10% formalin containing 2% 

potassium ferrocyanide for 24–48 h to produce a Prussian blue reaction at the electrode tip 

locations. After this post-fixation period, brains were placed in 20% sucrose for 

cryoprotection before they were sectioned at 30μm on a cryostat. Brain sections containing 

the ADN were mounted on gelatin-coated microscope slides. Brain tissue was then stained 

with thionin and covered with glass prior to examination under a light microscope.
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Results

The sequence of cue manipulations used here is notably more complex than that of previous 

HD cell studies. Previous studies have typically used five recording sessions (standard, 90° 

cue rotation, standard, dark/no cue, and standard), with the animal removed from the arena 

and the floor paper changed between every session. In response to these manipulations, the 

preferred direction is typically influenced strongly by the position of the visual cue card; for 

example, see (Yoder, Peck, et al., 2015). We challenged this dominant landmark control of 

HD cell activity in the present study by using several sequential recording sessions where 

the cue card was absent (sessions 2 and 3), and the cue was replaced while the animal 

remained in the cylinder. Thus, as intended, the response of control HD cells in terms of 

their preferred directions, showed more variability to these manipulations than in previous 

studies. The increased variability of HD cell preferred directions in control animals suggests 

that the present recording sequence was successful at challenging the visual cue card’s 

influence on the HD signal.

HD Cell Firing Properties

Table 1 shows the firing properties calculated from HD cells recorded during sessions 1 (pre-

injection) and 4 (post injection). Interestingly, the mean peak and background firing rates 

were significantly greater in atropine rats than in controls for session 1, peak firing rate: 

t(31.4) = 3.50, p < .01 (df adjusted for unequal variances); background firing rate: t(21.3) = 

3.15, p < .01 (df adjusted for unequal variances). In both cases, however, the ranges of peak 

firing rates showed considerable overlap. This difference may have resulted from a greater 

number of cells with high peak firing rates, as well as the somewhat greater upper limit on 

the range of firing rates for the atropine group.

Table 2 shows the change in firing properties resulting from systemic drug injection. Only 

the change in peak firing rate was significantly different between groups, t(26.0) = 2.69, p 
= .012 (df adjusted for unequal variances). The peak firing rate was lower in session 4 

compared to session 1 for the atropine group, but not for the control group. It is possible that 

this reduction occurred because the directional firing range was somewhat (albeit not 

significantly) broader in the atropine group. Even a small decrease in the stability of the 

cell’s preferred direction – caused by drift of the preferred direction within a session – could 

lead to a decrease in the cell’s peak firing rate. However, the mean absolute drift of the 

preferred direction within session 4 was not significantly different between groups, control 

mean .108 ± .03°/sec; atropine mean = .107 ± .02°/sec; Mann-Whitney U = 184, p = .665. A 

second possibility is that each HD cell in the atropine group exhibited a relatively broad 

range of preferred directions. We therefore calculated the standard deviation of the range in 

which the cell’s firing rate exceeded 80% of the maximum rate for that session. However, 

the standard deviation values were not significantly different between groups, control mean 

= 44.9 ± 3.26°; atropine mean = 42.78 ± 2.98°; t(38) = .488, p = .628. Thus, atropine 

appeared to reduce the peak firing rate of HD cells without disrupting the cell’s stability 

within a recording session.
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Landmark Rotation Test

We evaluated the stability of the preferred direction across sessions by comparing the 

angular distance between the preferred direction values from each HD cell in sessions 1 and 

4, which were separated by two ‘no cue’ sessions and the saline/drug injection. Most control 

cells (12 out of 15, or 80%) had similar preferred directions in sessions 1 and 4, although the 

preferred direction of several cells shifted randomly following the no cue sessions, μ = .15 

± 13.4° (see example in Fig. 2, left; overall distribution in Fig. 3B, left). Despite the fact that 

many cells in the atropine group had greater directional firing ranges than control cells, most 

of the atropine cells (12 out of 16, or 75%) had preferred directions that also shifted very 

little between sessions 1 and 4, although several cells shifted their preferred directions 

randomly, μ = −5.04 ± 12.4° (see example in Fig. 2, right; overall distribution in Fig. 3B, 

right). The distribution of preferred direction shifts did not differ significantly between 

groups, Watson-Williams F(1, 29) = .073, p = .79. Muscarinic receptor blockade thus failed 

to disrupt HD cells’ stable representation of directional heading across recording sessions, 

even though the sessions were separated by two recording sessions where no visual cue card 

was available.

Recording session 5 tested the HD cells’ response to 90° cue rotation. Perfect landmark 

control of the HD signal is indicated by a 90° shift of the preferred direction, relative to the 

previous recording session where the cue was located in the standard position. Most control 

HD cells were strongly influenced by the position of the cue card, although some cells 

shifted randomly (as expected, given the insertion of the cue card while the animal was in 

the cylinder at the beginning of session 4). Overall, the control group showed an under-

rotation, μ = 69.3 ± 17.4° (see example in Fig. 2, left; overall distribution in Fig. 3C, left). 

The atropine HD cells also showed an under-rotation, μ = 61.7 ± 14.8° (see example in Fig. 

2, right; overall distribution in Fig. 3C, right). These shifts did not differ significantly 

between groups, Watson-Willams F(1, 30) = 0.114, p = .74. Thus, systemic atropine does not 

appear to have had a significant effect on HD cells’ response to 90° cue rotation.

Perfect landmark control of the HD signal would also be reflected by a 0° shift of the 

preferred direction in session 6, relative to session 4. Overall, the preferred direction of 

control HD cells remained relatively consistent across standard recording sessions, μ = −5.46 

± 15.0° (see example in Fig. 3, left; overall distribution in Fig. 3D, left). However, the 

distribution of preferred direction shifts was somewhat more variable than in previous 

studies, suggesting the present rotation sequence successfully challenged the visual cue 

card’s control of the HD signal for some cells. The atropine group also showed a relatively 

consistent response to the landmark position, μ = −5.64 ± 7.0° (see example in Fig. 2, right; 

overall distribution in Fig. 3D, right). The distributions of preferred direction shifts did not 

differ significantly between groups, Watson-Willams F(1, 30) = 0.0, p = .99. Thus, systemic 

atropine failed to significantly affect HD cells’ response to the visual cue card.

A potential issue with the present experiment is the tendency for atropine-treated animals to 

exhibit hyperactivity (Watanabe, Watanabe, & Hagino, 1978), which could affect HD cell 

activity and/or attention to visual cues. We therefore evaluated the animals’ movement 

during the first standard recording session post-injection (session 4). Atropine treatment was 

associated with significantly greater distances than control rats. The control group traveled 
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mean = 1,942.7 ± 206.4 cm (range = 812.9 – 3,683.1 cm) during the recording session, 

whereas the atropine group traveled mean = 3,276.0 ± 383.8 cm (range = 1,534.4 – 5,659.0 

cm). The distance was significantly greater for the atropine group than the control group, 

t(29) = 3.00, p = .006. The greater distance traveled, however, was not associated with a 

greater number of head turns. For the control group, the mean number of head turns, defined 

as ≥10 continuous samples (.6 sec) with angular velocity > 0 deg/sec in one direction, was 

mean = 29.7 ± 2.64 (range = 15.7 – 52.5). The mean number of head turns for the atropine 

group was mean = 32.4 ± 2.09 (range = 16.2 – 46.4). These values were not significantly 

different, t(29) = .81, p = .43. Thus, although atropine-treated rats moved considerably more 

than control rats during the recording session (in terms of total distance traveled), this 

hyperactivity was not associated with an increase in the number of head turns, or with 

altered HD cell stability within the recording session.

No-cue Recording Sessions

Many HD cells appeared to show reduced directionality during the no-cue sessions, relative 

to visual cue sessions. This reduced directionality appears to have resulted from a “drifting” 

preferred direction during the recording session, and comparison of the preferred direction 

shift between cue and no-cue sessions is therefore inappropriate. We therefore evaluated the 

drift of the cell’s preferred direction within each no-cue session, as a measure of the HD 

signal’s reliance on other cues such as path integration. Separate t-tests were used to 

compare the drift values between groups, within each of the three no-cue recording sessions. 

As with the preferred direction shift analyses, we averaged the drift values when multiple 

HD cells were recorded simultaneously from the same rat.

Control HD cells exhibited an absolute preferred direction drift of mean = .079 ± .018°/sec 

during the first no-cue session, session 2 (pre-injection). The atropine group showed a 

similar amount of drift in session 2, mean = .075 ± .023°/sec. These values were not 

significantly different between groups, t(31) = −.15, p = .88. Session 3 (post-injection) 

revealed a slight increase in the preferred direction drift for HD cells in animals that received 

saline injection, mean = .112 ± .030°/sec, as well as in those animals that received atropine 

injection, mean = .146 ± .035°/sec. These values did not differ significantly between groups, 

t(30) = .720, p = .48, suggesting that atropine failed to affect the stability of HD cell activity 

when no visual cue card was present. For the no-cue session following the rotation sequence 

(session 7), the preferred direction drift for the control group was mean = .105 ± .027°/sec. 

For the atropine group, the preferred direction drift was mean = .237 ± .083°/sec. These 

values did not differ significantly between groups, t(30) = 1.35, p = .19. Thus, muscarinic 

receptor blockade failed to significantly disrupt HD cell stability in a cue-poor visual 

environment.

Dual-Chamber Apparatus

Several previous studies have demonstrated that ADN and postsubiculum HD cell preferred 

directions are generally stable as animals navigate from the familiar to the novel enclosure 

within the dual-chamber apparatus (Golob & Taube, 1999; Stackman et al., 2003; Taube & 

Burton, 1995). We recently found that HD cells in the lateral mammillary nuclei respond 

similarly, as rats navigated within the same dual chamber apparatus used in previous studies 
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(Yoder et al., 2015). We therefore combined the previously reported HD cells recorded from 

the ADN (n=7; Taube & Burton, 1995) and lateral mammillary nuclei (n=4; Yoder, Peck, et 

al., 2015) as a control group, for comparison to data from atropine-treated animals. We note 

that these control animals did not receive intraperitoneal injection, which is different from 

the atropine animals. Intraperitoneal injection is associated with a stress response that could 

have influenced HD cell function. However, the injection occurred 15 min before the start of 

the familiar cylinder session (4–8 min), during which time HD cell activity (e.g., peak firing 

rate, directional firing range, PFD stability, background firing rate) was similar to that of 

uninjected animals. The total time between injection and traversal of the dual chamber 

apparatus was therefore 19–23 min, which may have been sufficient to eliminate stress-

induced changes from the drug injection on HD cell activity during path integration. Further, 

the atropine rats did not exhibit signs of anxiety (thigmotaxis, defecation, stretch attend 

posture, etc.) after injection, and readily entered the novel alley and arena. The behavioral 

characteristics of anxiety were therefore absent, suggesting the stress associated with 

intraperitoneal injection did not persist during the following recording session. Nevertheless, 

it is important to consider the possible influence of the atropine injection procedure on HD 

cell activity for the atropine group.

HD cell activity was initially recorded while the rat was confined to the cylinder containing 

a prominent white cue card, and the preferred direction exhibited during this session was 

used as a reference for all comparisons. Following the Familiar Cylinder recording session, 

the door was opened to allow the rat to exit the cylinder and walk through the alley to the 

novel rectangle.

For control HD cells (n=11), the preferred directions remained relatively stable between the 

Familiar Cylinder and Novel Rectangle sessions, μ(11) = −14.2 ± 4.9°, |range| = 0–36°, κ = 

12.7 (Fig. 4A, left). The atropine group showed a more variable response, with five of the 13 

HD cells having a shift in the preferred direction shift of > 90° in the rectangle (discussed in 

detail below). Nevertheless, we included these five cells to calculate the mean preferred 

direction shift for the atropine group, μ(13) = 60.1 ± 19.1°, |range| = 12–150°, κ = 1.24 (Fig. 

4A, right; cells that shifted > 90° within the session are indicated with open points). Note 

that the distribution of shifts for the atropine group had low concentration. The distributions 

of preferred direction shifts were significantly different between groups, Watson-Williams 

F(1,22) = 14.9, p < .01. Thus, the control group of HD cells maintained a consistent 

preferred direction across the familiar and novel arenas, even though the cue card was 

transposed 90° CCW in the novel arena, relative to the familiar arena. In contrast, atropine 

interestingly caused a significant preferred direction shift toward the cue card, along with 

increased variability.

The Return Cylinder session began when the animal exited the novel rectangle and walked 

back through the alley to the cylinder. Relative to the preferred direction exhibited during the 

first recording session in the cylinder, control cells showed a mean shift of μ(11) = −2.2 

± 2.2°, |range| = 0–12°, κ = 59.9 (Fig. 4B, left), demonstrating dominant reliance on the 

visual cue card. For the atropine group, isolation of single-unit activity was lost for one cell, 

but the remaining cells showed a small mean shift in the preferred direction of μ(12) = −8.11 

± 18.7°, |Range| = 0–162°, κ = 1.34 (Fig. 4B, right). Note that the distribution of shifts for 
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the atropine group had a much lower concentration, compared to control cells. The 

distribution of preferred direction shifts for the atropine cells was not significantly different 

compared to the control cells, Watson-Williams F(1,21) = 0.109, p = .75. Thus, atropine 

failed to disrupt HD cells’ reliance on a visual landmark across recording sessions, although 

the atropine group showed considerably more variability than the control group.

The atropine group’s response to the novel rectangle varied across cells. First, upon entry to 

the novel rectangle, some cells in the atropine group shifted their preferred direction in the 

direction of the visual cue card, and then shifted to an intermediate amount when the animal 

returned to the cylinder (i.e., the cell’s preferred direction shifted to a value in between its 

initial orientation in the cylinder and its orientation in the rectangle) (Fig. 5A, left). Other 

cells were strongly influenced by the cue card in the novel rectangle, and then realigned 

accurately during the return cylinder session (Fig. 5A, center). A third group of cells shifted 

toward the rotated cue card in the novel rectangle, but then over-rotated when the animal 

returned to the cylinder (Fig. 5A, right). Importantly, five of the 13 cells (31%) in the 

atropine group showed considerably broader tuning curves during the Novel Rectangle 

session, relative to the Familiar Cylinder session. This increased directional firing range 

appears to have been caused by a drift or shift of the preferred direction of > 90° during the 

recording session (Fig. 5B, right), which contrasts with the relative stability for all control 

cells (Fig. 5B, left). This instability disappeared for four of the five unstable cells when the 

animals returned to the cylinder; only one HD cell showed a preferred direction shift or drift 

> 60° in the Return Cylinder session. Any of these responses could be expected if self-

movement information is unable to dominantly control HD cell activity during navigation 

into the novel environment. However, it is unclear whether the broader tuning curves in the 

novel rectangle resulted from impaired path integration or from another factor, given that 

HD cells also had broader tuning curves during the standard recording session following 

atropine injection (reported above for the cue rotation procedure). Thus, atropine treatment 

appears to have disrupted the use of self-movement cues to maintain a consistent preferred 

direction between familiar and novel environments, and may reduce HD cells’ robust 

representation of head direction.

Overall, muscarinic receptor blockade had the greatest effect on the use of idiothetic cues to 

maintain the HD signal during navigation into a novel environment. Atropine also produced 

greater variability in the landmark control of HD cells when the animals returned to the 

familiar cylinder. These results suggest that the familiar geometry and/or cue position had a 

greater influence on HD cell activity than path integration.

Discussion

We conducted two tests to evaluate acetylcholine’s contribution to HD cell function. A series 

of recording sessions that involved cue removal and cue rotation revealed that systemic 

muscarinic receptor blockade had little effect on the landmark control of HD cells when the 

animal was located in the same arena. However, systemic muscarinic receptor blockade 

impaired idiothetic cue control of the HD signal during navigation between familiar and 

novel arenas of the dual-chamber apparatus. These results are consistent with behavioral 
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studies that demonstrate an important role for acetylcholine in path integration, but not in 

landmark-based navigation.

Landmark-Based Navigation

Many studies of learning in rodents have used landmark-based navigation as a model 

memory system to evaluate the effects of brain damage or pharmaceutical manipulations. 

Two such tasks are the radial arm maze (Olton & Samuelson, 1976) and the Morris water 

maze (Morris, 1981), both of which require animals to find goal locations defined by their 

position(s) relative to distal visual landmarks. One brain mechanism that appears to 

contribute to this type of navigation is the HD signal, which provides a neural representation 

of the animal’s heading within the environment. Indeed, damage to the postsubiculum, 

which is thought to contribute to landmark processing and convey the HD signal to higher 

brain regions, impairs performance on both of these tasks (Taube, Kesslak, & Cotman, 

1992). Performance on these tasks also appears to involve acetylcholine, as systemic 

muscarinic receptor blockade disrupts performance on both mazes (Decker & Gallagher, 

1987; Whishaw, 1985). This cholinergic involvement was originally thought to depend on 

the septohippocampal projection, but selective damage to medial septal cholinergic cells 

with 192 IgG-saporin, which effectively eliminates cholinergic input to the hippocampus, 

failed to disrupt spatial learning or produced only mild impairments (see Parent & Baxter, 

2004 for review). Another possibility is that the effects of systemic atropine occur at the 

postsubiculum, given that it is the first point in the ascending HD cell circuit known to 

receive cholinergic input from the basal forebrain (Gaykema et al., 1990). Because the 

postsubiculum is necessary for the landmark control of the HD signal in ADN and lateral 

mammillary nuclei (Goodridge and Taube, 1997; Yoder et al., 2011b; Yoder, Peck, et al., 

2015), this site of action may disrupt landmark control of HD cells in ADN. However, our 

results suggest that muscarinic receptor activation, whether in the postsubiculum or 

elsewhere, is not necessary for landmark control of HD cells. Thus, along with the findings 

of behavioral studies, the lack of an atropine effect on landmark control of the HD signal 

suggests that muscarinic receptor antagonists impair landmark-based navigation via brain 

regions other than the postsubiculum.

A candidate brain region for atropine’s influence on landmark-based navigation is the 

entorhinal cortex. Muscarinic receptor blockade with systemic scopolamine or inactivation 

of the medial septum, which eliminates acetylcholine input to many regions including the 

entorhinal cortex, disrupted the firing pattern of many entorhinal grid cells (Brandon et al., 

2011; Koenig et al., 2011; Newman et al., 2014). However, the directional selectivity of 

many HD cells and grid × HD cells was not affected with these manipulations, suggesting a 

crucial cholinergic contribution to the grid component of entorhinal grid cell activity, but not 

to the directional component. This interpretation is also consistent with the view that the HD 

signal contributes to the activity of grid cells, but other signals are also necessary for the grid 

pattern of activity. One possibility is that acetylcholine contributes to grid cell function via 

hippocampal theta rhythm (Dannenberg, Hinman, & Hasselmo, 2016), which is abolished by 

medial septal lesion and reduced by damage to cholinergic or GABAergic cells (Lee, 

Chrobak, Sik, Wiley, & Buzsaki, 1994; Winson, 1978; Yoder & Pang, 2005). The disrupted 

grid cell function following medial septal inactivation could therefore have resulted from the 
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removal of cholinergic or non-cholinergic input to entorhinal cortex, or the disruption of 

theta rhythm.

Path Integration

The use of idiothetic cues for navigation depends on the medial septal cholinergic system. 

Rodents are able to use idiothetic cues to determine their current position and to return 

directly to a starting point (Mittelstaedt and Mittelstaedt, 1980). In terms of the directional 

component of path integration, this ability may involve the HD signal, given that idiothetic 

information is sufficient to maintain HD signal stability when the animal locomotes in 

complete darkness or from a familiar environment into a novel environment, where no 

familiar visual cues are available (Stackman et al., 2003; Taube & Burton, 1995; Yoder, 

Clark, Brown, et al., 2011). Involvement of the medial septal cholinergic system in idiothetic 

cue processing is indicated by impaired homing performance after fornix damage or 

injection of 192 IgG-saporin into the medial septum (Martin & Wallace, 2007; Whishaw, 

Hines, & Wallace, 2001). One possibility is that acetylcholine’s contribution to self-

movement cue processing is limited to vestibular signaling in the hippocampal formation, 

given the reduction of muscarinic receptors following bilateral vestibular damage (Aitken et 

al., 2016). However, the present results suggest that acetylcholine is also important for 

idiothetic cue maintenance of the HD signal, as atropine disrupted preferred direction 

stability during navigation into a novel environment.

A caveat to this interpretation is that path integration may differentially depend on 

cholinergic function when the animal is performing exploratory versus goal-directed 

behaviors. Navigating from the familiar cylinder to the novel rectangle in the dual-chamber 

task is purely exploratory, motivated only by curiosity. Atropine disrupted the use of self-

movement cues to maintain HD signal stability between chambers, suggesting acetylcholine 

is necessary for path integration during exploratory navigation. In contrast, the no-cue 

recording sessions cannot be considered purely exploratory, given that the rats were 

searching for food within a familiar arena. However, these no-cue sessions cannot be 

considered purely goal-directed, given that the location of the reward was not consistent 

within the trial. Regardless, atropine failed to disrupt HD signal stability within the no-cue 

trials, suggesting that acetylcholine may not be necessary for the use of path integration 

within a familiar environment devoid of prominent visual cues. Alternatively, it’s possible 

that visual cues other than the cue card – such as the overhead food dispenser – facilitated 

HD cell stability, given that the overhead lights remained on during these sessions. Yet 

another possibility is that atropine disrupted the grid cell signal in the medial entorhinal 

cortex, given that systemic muscarinic receptor blockade is known to interfere with the grid 

signal (Newman et al., 2014). Because the grid cell signal is thought to be important for path 

integration (Moser et al., 2008), disruption of it could have led to the impaired spatial 

updating of the HD signal as the animals locomoted to the novel chamber. Finally, it is worth 

noting that the impaired path integration in the dual-chamber apparatus could have been 

produced by peripheral actions of atropine, given that the drug was administered 

systemically. However, we feel that this possibility is unlikely, given that the effect of 

atropine on HD cells was limited to the dual-chamber apparatus. Overall, the present results 
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suggest that acetylcholine may differentially contribute to path integration in goal directed 

versus exploratory tasks, or in novel vs. familiar environments.

Acetylcholine’s influence on the HD signal may involve the medial septal projection to 

postsubiculum or hippocampus. The medial septum projects to various navigation-related 

brain structures, including the retrosplenial cortex, entorhinal cortex, postsubiculum, and 

hippocampus (Gaykema et al., 1990). Damage to the retrosplenial or entorhinal cortex 

disrupted idiothetic cue-based navigation (Cooper & Mizumori, 1999; Van Cauter et al., 

2013; Whishaw, Maaswinkel, Gonzalez, & Kolb, 2001). In contrast, retrosplenial cortex 

lesions only mildly disrupted HD signal stability in darkness, and entorhinal cortex lesions 

failed to disrupt thalamic HD signal stability in darkness (Clark, Bassett, Wang, & Taube, 

2010; Clark & Taube, 2011). Further, both of these lesions failed to impair HD signal 

stability during navigation between the familiar and novel arenas of the dual-chamber 

apparatus. Because the HD signal remained stable following retrosplenial or entorhinal 

cortex lesions, these regions are unlikely to be crucial for acetylcholine’s influence on the 

HD signal. In contrast, both of the other two regions, the postsubiculum and hippocampus, 

contribute to navigation based on idiothetic cues and are necessary for HD signal stability in 

the dual-chamber apparatus (Golob & Taube, 1999; Valerio, Clark, Yoder, & Taube, 2011; 

Yoder, Peck, et al., 2015) but see (Bett, Wood, & Dudchenko, 2012). Thus, although 

acetylcholine influences many brain regions, only the postsubiculum and hippocampus are 

known to be involved in HD signal stability and performance on idiothetic cue-based 

navigation tasks.

Conclusion

We evaluated the effects of systemic muscarinic receptor blockade on HD cell activity in 

several environmental conditions, in order to determine whether acetylcholine facilitates the 

flexible switch between allothetic and idiothetic cues for navigation. In a series of cue 

rotation/cue removal sessions that challenged the use of allothetic cues, muscarinic receptor 

blockade only mildly affected HD cell activity. However, muscarinic receptor blockade 

produced a marked deficit in HD cell stability based on idiothetic cues during navigation 

from a familiar to a novel environment. These results suggest that the behavioral effects of 

cholinergic lesions, the greatest of which occur during idiothetic cue-based navigation, may 

involve deficits in the stability of the HD signal.
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Figure 1. 
Recording procedures used with the cylinder and dual-chamber apparatus. A, The animal 

was removed from the cylinder and placed in an opaque holding chamber following the first 

recording session. The floor paper was then changed, the cue card removed, and the animal 

was disoriented prior to the second session. At the end of the second session, the animal 

received an IP injection of saline or atropine sulfate, and placed into the holding chamber for 

15 min. The animal was then replaced in the cylinder without disorientation. Following 

session 3, the cue card was inserted while the animal continued to navigate within the 

cylinder. For all subsequent sessions, the animal was removed and placed into the holding 

chamber, the floor paper was changed, and the animal was disoriented before the next 

session.
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Figure 2. 
Representative tuning curves for HD cells in control (left) and atropine (right) conditions. 

For HD cells in both groups, the preferred direction remained consistent across standard 

recording sessions and shifted in the direction of the cue card during the rotation session. 

However, atropine treatment resulted in a significantly decreased peak firing rate and 

somewhat broader tuning curves, although this increased directional firing range was not 

significant.
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Figure 3. 
HD cell response to cue card manipulations in the cylinder. A) The preferred directions of 

HD cells in both control (left) and atropine (right) groups initially showed a random 

distribution during the baseline recording session. B) The preferred direction remained 

relatively stable and well aligned with the cue card between standard (Std) sessions for both 

control and atropine groups. C) 90° rotation of the cue card resulted in a similar shift of the 

preferred direction for HD cells in both groups. D) The preferred firing direction returned to 

the original alignment for both groups, after the cue card was returned to its original position 

during the subsequent standard recording session.
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Figure 4. 
Preferred firing direction (PFD) shifts in the dual chamber apparatus. A) Control HD cells 

(left) showed a relatively consistent preferred direction as the animal walked from the 

cylinder to the novel rectangle, suggesting the HD signal was maintained by path 

integration. In contrast, most HD cells in the atropine group (right) shifted toward the visual 

cue card (90° CCW), suggesting path integration failed to maintain the HD signal between 

arenas, and that the cue card in the rectangle may have driven the shift in the cells’ PFDs. B) 

Upon return to the familiar cylinder, control HD cells (left) realigned to the cue card in the 

cylinder. Atropine HD cells (right) also realigned to the cue card, albeit with less precision 

than the control group. Dashed line indicates .05 significance criterion. Open circles 

represent HD cells that shifted > 90° within the recording session. For the control group, 

black points represent HD cells recorded from the ADN (Taube & Burton, 1995) and gray 

points represent HD cells recorded from the lateral mammillary nuclei (Yoder et al., 2015).
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Figure 5. 
Atropine treatment produced variable effects on HD cell activity during performance in the 

dual chamber apparatus. A) Some cells were influenced by the visual cue card, and then 

shifted to an intermediate direction upon return to the cylinder (left); other cells were 

influenced by the cue card and then returned precisely to the original alignment upon return 

(center); other cells drifted or were otherwise unstable within the rectangle, resulting in 

broad tuning curves (right). B) Temporal dynamics of HD cell activity in the novel rectangle. 

Control HD cells (left) remained relatively stable across the cylinder (Cyl) and the first four 

min (R1–R4) of the novel rectangle. In contrast, the preferred direction of many cells in the 

atropine group (right) drifted during the first four min of the rectangle session, relative to the 

cylinder.
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Table 1

HD Cell Firing Characteristics

Control Rats

Session

1 (pre-injection) 4 (post-injection)

Parameter Mean (SEM) Range Mean (SEM) Range

Peak Firing Rate (Hz) 26.0 (4.12) 6.78–76.7 25.0 (3.57) 6.19–65.5

Background Firing Rate (Hz) .39 (.06) .02–1.04 .73 (.23) .03–4.29

Directional Firing Range (°) 101.0 (6.48) 66.3–159.7 99.8 (5.47) 67.6–148.7

Directional Information Content (bits) 1.52 (.14) .55–2.72 1.38 (.17) .45–2.76

Anticipatory Time Interval (ms) 49.0 (5.34) 6.64–97.2 61.2 (8.33) .69–133.7

Atropine Rats

Session

1 (pre-injection) 4 (post-injection)

Parameter Mean (SEM) Range Mean (SEM) Range

Peak Firing Rate (Hz) 55.24 (7.29)* 6.99–125.9 36.5 (6.11)† 8.32–113.6

Background Firing Rate (Hz) 1.50 (.35)* .12–5.3 1.51 (.30) .09–4.06

Directional Firing Range (°) 107.6 (9.75) 64.9–230.9 124.8 (11.1) 20.1–220.5

Directional Information Content (bits) 1.20 (.11) .31–2.07 1.03 (.09) .37–1.95

Anticipatory Time Interval (ms) 47.8 (5.12) 16.3–100.3 57.8 (6.00) 12.4–89.2

*
p < .05, relative to control group

†
p < .05, relative to Session 1
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