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Abstract

Navigation depends on multiple neural systems that encode the moment-to-moment changes in an 

animal's direction and location in space.These include head direction (HD) cells representing the 

orientation of the head and grid cells that fire at multiple locations, forming a repeating hexagonal 

grid pattern. Computational models hypothesize that generation of the grid cell signal relies upon 

HD information that ascends to the hippocampal network via the anterior thalamic nuclei (ATN). 

We inactivated or lesioned the ATN and subsequently recorded single units in the entorhinal 

cortex and parasubiculum. ATN manipulation significantly disrupted grid and HD cell 

characteristics while sparing theta rhythmicity in these regions.These results indicate that the HD 

signal via the ATN is necessary for the generation and function of grid cell activity.

The ability to navigate is critical for survival of all animals and relies on a broad network of 

hippocampal and limbic brain circuits (1, 2). The parahippocampal cortex contains grid 

cells, which fire at multiple locations, forming a hexagonal pattern covering the entire 

environment (3, 4). Computational models explain grid cell generation from combined 

inputs of distance and direction displacement, which can subsequently be used for path 

integration (5–7). Theta rhythm is thought to be necessary for the computation of distance in 

grid cell models, and disruption of this signal eliminates gridlike firing patterns (8, 9). HD 

cells fire as a function of an animal's directional orientation in the horizontal plane and are 

thought to convey the directional heading component to grid cells. However, some models 

use movement-direction cells, which have yet to be experimentally verified (10). The HD 

cell signal is generated subcortically and then projected rostrally via the anterior thalamic 

nuclei (ATN) to the parahippocampal cortices (2, 11, 12). Two nuclei within the ATN are 

known to contain HD cells—the anterodorsal and anteroventral thalamic nuclei (13, 14). We 
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tested the role of the HD signal in generating grid cell activity in the parahippocampal 

cortices.

Experiment 1 recorded from parahippocampal cortex, including medial entorhinal cortex 

(MEC) and parasubiculum, while female Long-Evans rats (n = 3) received infusions of 

lidocaine bilaterally into the ATN (15), which served to inactivate HD cell activity within 

this region. Lidocaine infusion resulted in a significant reduction of grid scores (Fig. 1G, 

left) at low doses (n = 55 cells; baseline mean ± SE: 0.746 ± 0.025; low inactivation: 0.502 

± 0.039; t(54) = 6.807, P < 0.001) (Fig. 1B) and high doses of lidocaine (n = 17 cells; 

baseline: 0.803 ± 0.038; high inactivation: 0.363 ± 0.056; t(16) = 7.112, P < 0.001) (Fig. 1C). 

For the high-dose group, 10 of 17 cells had reduced grid scores > 60% compared with 

baseline (>2 SD); the remaining cells all had decreased grid scores, and most of them had no 

discernible grid pattern during the inactivation session (Figs. 1C and 2C and fig. S6). 

Recovery of grid scores occurred ~1.5 hours after the infusion [n = 35 cells; low recovery: 

0.680 ± 0.041; t(34) = 2.446, not significant (n.s.); n = 17 cells; high recovery: 0.762 ± 0.057; 

t(16) = 0.793, n.s.]. Grid scores were spared by saline infusions (n = 10 cells; baseline: 0.709 

± 0.084; saline: 0.763 ± 0.074; t(9) = 0.488, n.s.) (Fig. 1A). Lidocaine had the same effect 

upon peak firing rate (Fig. 1G right), which was significantly decreased by lidocaine 

infusions at low doses (n = 55 cells; baseline: 9.33 ± 0.46; low inactivation: 5.79 ± 0.37; 

t(54) = 6.696, P < 0.001) and high doses (n = 17 cells; baseline: 8.71 ± 0.89; high 

inactivation: 3.01 ± 0.72; t(16) = 7.162, P < 0.001) and recovered within ~1.5 hours (low: n = 

35 cells; recovery: 8.28 ± 0.51; t(34) = 2.604, n.s.; high: n = 17 cells; recovery: 9.35 ± 0.95; 

t(16) = 0.693, n.s.). Decreased firing rates cannot account for the loss of the grid signal 

observed during inactivation because subsampling firing rates during baseline spared grid 

scores (fig. S4).

To understand the relationship between the concentration of lidocaine and the time course of 

inactivation, the inactivation session was divided into four consecutive blocks of 5 min. 

Saline infusion had no effect on grid scores or peak firing rates (Fig. 2, A and D). Low doses 

of lidocaine significantly impaired grid scores for the firstthree blocks, and scores recovered 

by the last block (n = 55 cells; baseline 5 min: 0.501 ± 0.034; F(4,216) = 7.647, P < 0.001; 

low-inactivation block 1: 0.314 ± 0.021, P < 0.001; block 2: 0.349 ± 0.029, P < 0.001; block 

3: 0.374 ± 0.036, P < 0.010; block 4: 0.441 ± 0.033, n.s.) (Fig. 2, B and D). High doses 

significantly impaired grid scores that never recovered within the session (n = 17 cells; 

baseline 5 min: 0.634 ± 0.073; F(4,64) = 11.389, P < 0.001; high-inactivation block 1: 0.179 

± 0.041, P < 0.001; block 2: 0.200 ± 0.035, P < 0.001; block 3: 0.234 ± 0.047, P < 0.010; 

block 4: 0.352 ± 0.061, P < 0.010) (Fig. 2, C and D). Low doses significantly impaired peak 

firing rates for the first three blocks and recovered by the last block (n = 55 cells; baseline 5 

min: 11.15 ± 0.50; F(3.061,165.305) = 14.035, P < 0.001; low-inactivation block 1: 6.77 ± 

0.65, P < 0.001; block 2: 7.54 ± 0.56, P < 0.001; block 3: 7.54 ± 0.56, P < 0.010; block 4: 

10.15 ± 0.58, n.s.). High doses significantly impaired peak firing rates for the first three 

blocks and recovered by the last block (n = 17 cells; baseline 5 min: 10.88 ± 1.04; 

F(2.475,39.596) = 30.301, P < 0.001; high inactivation block 1: 2.22 ± 0.65, P < 0.001; block 

2: 2.65 ± 0.75, P < 0.001; block 3: 3.32 ± 1.01, P < 0.001; block 4: 7.62 ± 1.05, n.s.). These 
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results are also consistent with mean firing rate (fig. S9) and overall suggest a dissociation 

between grid-specific firing and peak firing rate.

In experiment 2, we investigated whether permanent bilateral damage to the ATN disrupts 

grid cell generation. Short-term inactivation could impair network processing necessary for 

grid cell expression while sparing the mechanisms for generation. Recovery after permanent 

damage may allow for a compensatory mechanism to provide input suitable for grid cell 

generation. Sham and small (including <85% loss) ATN-lesioned animals had comparable 

numbers of grid cells exceeding the 95th percentile of a shuffled distribution (criterion = 

0.439) of grid scores (sham, 48 of 239 = 20.8%; small lesion, 31 of 135 = 23.0%); however, 

large ATN lesions (including ≥85% loss) had significantly fewer cells pass the grid score 

criterion [large lesion, 3 of 52 = 5.8%; χ2(1) = 4.62, P < 0.05] (Fig. 1, E and H, left). The 

effect was even more pronounced when using the 99th-percentile criterion (fig. S3). Overall, 

grid cells recorded in lesioned animals displayed appreciably lower information content(bits 

per spike) measures (sham: 0.682 ± 0.058; small lesion: 0.542 ± 0.076, W = 1067, P = 

0.087; large lesion: 0.302 ± 0.166, W = 36, P = 0.097) (Fig. 1H, middle) and significantly 

higher sparsity scores (sham: 0.452 ± 0.025; small lesion: 0.537 ± 0.033, W = 1469, P < 

0.05; large lesion: 0.710 ± 0.103, W = 132, P < 0.05) (Fig. 1H, right), suggesting that these 

cells fired across a broader range of spatial locations relative to sham animals. In addition, 

we failed to detect significant differences in the peak firing rates of grid cells between 

groups (sham: 5.78 ± 0.583; small lesion: 5.21 ± 0.533; W = 1226, P = 0.892; large lesion: 

9.89 ± 3.33; W = 115, P = 0.144).

We additionally recorded from cells that contained directional tuning (16). Most of these 

cells are better considered directionally modulated rather than “classic” HD cells because of 

their low peak firing rate and broad tuning curve. Experiment 1 lidocaine infusions produced 

a similar pattern of results on HD cells as they did on grid cells; however, a small sample 

size did not provide the power necessary to produce significant effects with an adjusted 

alpha, but there was a significance below P < 0.05. Mean vector length of HD cells was non-

significantly reduced at low doses (n = 12 cells; baseline: 0.461 ± 0.041; low inactivation: 

0.364 ± 0.063; t(11) = 1.730, n.s.) (Fig. 3, A and C, left) but was significantly reduced at high 

doses of lidocaine (n = 5 cells; baseline: 0.378 ± 0.036; high inactivation: 0.244 ± 0.063; t(4) 

= 4.538, P < 0.05) (Fig. 3, B and C, left). Peak firing rate of HD cells was nonsignificantly 

reduced at low doses (baseline: 7.80 ± 2.37; low inactivation: 4.68 ± 1.19; t(11) = 1.248, n.s.) 

(Fig. 3C, middle) but was significantly reduced at high doses of lidocaine (baseline: 4.89 ± 

1.45; high inactivation: 0.72 ± 0.23; t(4) = 3.006, P < 0.05) (Fig. 3C, middle). When 

analyzed by 5-min blocks across the inactivation session, there was no effect of lidocaine at 

either concentration on mean vector length. However, there was a tendency for decreased 

mean vector length during the first block (low inactivation: baseline 5 min: 0.419 ± 0.056; 

block 1: 0.303 ± 0.065; F(2.308,25.384) = 2.490, n.s.; high inactivation: baseline: 0.394 ± 

0.057; block 1: 0.244 ± 0.066; F(4,16) = 1.050, n.s.) (Fig. 3C, left). In contrast, peak firing 

rate was significantly decreased for the first block with low doses (baseline 5 min: 6.77 ± 

1.52; F(2.063,22.696) = 7.091, P < 0.010.; block 1: 3.17 ± 0.72, P < 0.05; block 2: 5.50 ± 1.25, 

n.s.; block 3: 6.53 ± 1.38, n.s.; block 4: 8.37 ± 1.72, n.s.) and for three blocks with high 

doses of lidocaine (baseline: 7.53 ± 2.25; F(4,16) = 5.167, P < 0.010; block 1: 0.73 ± 0.13, P 
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< 0.05; block 2: 0.60 ± 0.12, P < 0.05; block 3: 1.70 ± 0.70, P < 0.05; block 4: 3.36 ± 1.65, 

n. s.) (Fig. 3C, middle). Lidocaine's effect on peak firing rate likely influenced the measure 

of mean vector length, which is susceptible to reporting high values with few spikes (17). 

Although there were modest effects on HD cell mean vector length, simultaneously recorded 

cells had changes in mean vector length and grid score that were significantly correlated (rs 

= 0.700, P < 0.05) (Fig. 3C, far right). Additionally, the effect of inactivation on grid and 

HD cell peak firing rates was highly correlated across sessions (low: r = 0.933; high: r = 

0.976) and blocks (low: r = 0.828; high: r = 0.970). In cases where it was possible to 

examine the time course of recovery of HD-specific firing for HD cells or conjunctive grid-

by-HD cells, the time of recovery generally correlated well with the time of recovery for 

grid cell characteristics (fig. S11).

Experiment 2 also observed a disruption in HD cell activity in parahippocampal cortices 

after ATN lesions. In lesioned rats, the number of cells that passed the 95th-percentile 

criterion of a shuffled distribution (criterion = 0.292) of mean vector length was not reduced 

for small lesions but was significantly reduced for large lesions [sham: 35 of 102 = 34.3%; 

small lesion: 6 of 31 = 19.4%; n.s.; large lesion: 7 of 97 = 7.2%; χ2(1) = 14.55, P < 0.001] 

(Fig. 3D, left, and E and F). Furthermore, cells that were classified as HD cells in lesioned 

animals showed significantly lower mean vector length (sham: 0.599 ± 0.030; small lesion: 

0.442 ± 0.045, W = 206, P < 0.001; large lesion: 0.421 ± 0.067, W = 89, P < 0.05) (Fig. 3D, 

middle). HD cell peak firing rates were significantly reduced after large but not small lesions 

(sham: 3.13 ± 0.47; smalllesion: 4.34 ± 1.41, n.s.; large lesion: 1.33 ± 0.39, W = 85, P < 

0.05) (Fig. 3D, right).

Theta rhythm oscillations (6 to 10 Hz) in the MEC play a critical role in grid cell generation 

(8, 9). Experiment 1 assessed theta rhythmicity in the local field potential by computing a 

theta ratio (theta power/delta power) (8, 18). There was no significant effect of lidocaine on 

theta ratio at low doses across sessions (low baseline: 0.799 ± 0.123; low inactivation: 0.881 

± 0.114; t(17) = 0.860, n.s.) (Fig. 4, A and B, saline illustrated) or blocks (low baseline: 

0.903 ± 0.156; F(2.424,41.201) = 0.194, n.s.; low block 1: 1.027 ± 0.144; low block 2: 0.987 ± 

0.137; low block 3: 0.937 ± 0.138; low block 4: 1.010 ± 0.175). There was no significant 

effect of lidocaine on theta ratio at high doses across sessions (high baseline: 0.445 ± 0.105; 

high inactivation: 0.373 ± 0.071; t(6) = 1.453, n.s.) or blocks (high baseline: 0.408 ± 0.103; 

F(1.446,8.677) = 1.666, n.s.; high block 1: 0.529 ± 0.121; high block 2: 0.434 ± 0.093; high 

block 3: 0.382 ± 0.067; high block 4: 0.308 ± 0.069). Experiment 2 assessed theta 

rhythmicity in interneurons (firing rate > 10Hz) by computing the depth of modulation 

within spike timing autocorrelograms. There was no significant effect of ATN lesion on 

interneuron rhythmicity (sham: 0.336 ± 0.044; small lesion: 0.275 ± 0.036, n.s.; large lesion: 

0.339 ± 0.048, n.s.) (Fig. 4, C and D, left). There was no effect of lesion on interneuron 

mean firing rate (sham: 21.59 ± 3.26; small lesion: 20.51 ± 7.82, n.s.; large lesion: 32.17 ± 

8.30, n.s.) (Fig. 4D, right).

The present study supports three conclusions. First, manipulation of ATN significantly 

reduced the spatial periodicity of grid cells. High concentrations of lidocaine abolished 

gridlike firing patterns, and large lesions significantly reduced the number of grid cells. 

Second, manipulation of ATN significantly influenced the HD signal. Inactivation reduced 
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direction-specific firing properties, and lesions significantly reduced the number of HD cells 

and their characteristics. Third, ATN manipulation spared theta modulation. These effects 

cannot be attributed to nearby damage from the injections or lesions because the ATN is 

more than 10 mm away from the grid cell areas recorded. Our findings are consistent with 

the hypothesis that HD cell inputs from the ATN are involved in parahippocampal grid cell 

generation; these data are also consistent with the hypothesis that cosine directionally tuned 

theta cells in the ATN are necessary for grid cell generation (19). In addition to HD and 

theta inputs, hippocampal projections from CA1 are necessary for grid cell expression in the 

MEC (17). HD cells in anterodorsal thalamic nucleus (ADN) (20) or MEC (17) remained 

unaffected by CA1 disruption, and many grid cells developed directional tuning even when 

no HD preference was identified before inactivation. This observation suggests that CA1 

input likely does not contribute directional information to grid cells but instead conveys 

some other type of information. Behavioral studies provide support for the importance of 

these signals and brain regions in navigation. Lesions of the ATN produce significant 

deficits on spatial tasks dependent on either environmental (21) or self-movement cues (22). 

Similarly, lesions of the grid cell region of MEC produce significant spatial deficits (23, 24); 

however, self-movement cues appear to be selectively impaired in distance processing (25). 

In contrast, hippocampal lesions produce significant impairments in both distance and 

direction processing (25–27). These results suggest that the functional role of grid cell 

activity may be related to providing a distance metric whose computations are dependent on 

direction inputs rather than supporting path integration, as some models posit.
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Fig. 1. Effects of ATN manipulation on grid cell activity
Grid cell response to (A) saline, (B) low-lidocaine, and (C) high-lidocaine infusions. Row 1: 

rat path and individual spikes (red dots). Row 2: smoothed firing rate map. Row 3: 

autocorrelation map. Column 1: baseline recording. Column 2: recording after infusion. 

Column 3: recording after ~1.5 hours of recovery. M, mean firing rate in spikes/s; P, peak 

firing rate in spikes/s, Grid, sinusoid-grid score. (D) Two grid cells from sham animals. (E) 

Four highest-scoring grid cells from ATN large-lesion animals. (F) Electrode track through 

the parahippocampal cortex (top left), guide cannulae placement (blue line) within ATN 

(bottom left), and representative ATN region from sham (top right) and ATN large lesion 

(bottom right) animals. Minimal healthy ATN tissue [specifically in anteroventral thalamic 

nucleus (AVN)] was observed in the lesioned group (healthy, black; lesioned, red). Only the 

right hemisphere is illustrated; however, this example is representative of bilateral damage 

in animals with ≥85% damage. Scale bars, 0.5 mm. (G) Data for sinusoid-grid score (left) 
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and peak firing rate (right) measures, with asterisks indicating significant difference from 

baseline. (H) Data for percentage of grid cell (left), information content (bits/spike) 

(middle), and sparsity (right) measures. *P < 0.05; ***P < 0.001.
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Fig. 2. Time course of lidocaine inactivation
Grid cell response to (A) saline, (B) low-lidocaine, and (C) high-lidocaine infusions. 

Column 1: last 5 min of baseline recording session. Column 2: Block 1: 0 to 5 min from 

inactivation session. Column 3: Block 2: 5 to 10 min. Column 4: Block 3: 10 to 15 min. 

Column 5: Block 4: 15 to 20 min. Rows are the same as in Fig. 1. (D) Data for sinusoid-grid 

score (top) and peak firing rate (bottom) measures.
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Fig. 3. Effects of ATN manipulation on HD cell activity
HD cell response to (A) low- and (B) high-lidocaine doses for 5-min blocks within the 

inactivation session. Columns are the same as in Fig. 2. Each row is a different cell's polar 

plot of firing rate by direction. r, mean vector length; P, peak firing rate. (C) Data for mean 

vector length (left), peak firing rate (middle), and correlation between grid and HD signal 

change (right). Asterisks indicate significant difference from baseline. (D) Data for 

percentage of HD cells (left), mean vector length (middle), and peak firing rate (right) 

measures. Examples of nine HD cells from sham (E) and ATN large lesion (F) animals. HD 

cells from ATN lesion animals have less robust polar plots, with lower r and P. *P < 0.05; 

***P < 0.001.
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Fig. 4. Effects of ATN manipulation on theta rhythmicity
(A) Local field potential displaying theta rhythmicity from high (top) and low (bottom) 

doses of lidocaine. (B) Data for the measure of theta ratio. (C) Autocorrelation of spike 

timing from inter-neurons of sham (left) and large ATN lesion (right) animals. F, Frequency 

(Hz); R, rhythmicity; M, mean firing rate. (D) Data for rhythmicity (left) and mean firing 

rate (right) measures. Inactivation or lesion of ATN did not disrupt theta rhythmicity in 

parahippocampal cortices.
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