
 

Supplementary Figure 1 

Summary of recording site histological data. 

Recordings of subiculum neurons (N=542) were obtained from a total of five four-tetrode bundles in three 

animals. Numbers of total recorded neurons and numbers of neurons with axis-tuned firing are included above 

each figure. Red arrows depict tracks left by the bundles and their approximate endpoints. Three of the 

recording sites were restricted to the subiculum, and two (NS15-left and the lateral bundle in NS16-right) were 

in a transition zone bordering the CA1 subregion. Abbreviations: RCTX (retrosplenial cortex), DG (dentate 

gyrus), SUB (subiculum).  
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Supplementary Figure 2 

Waveform discrimination. 

A. Histogram of isolation distance values, binned in log space, for all 542 neurons in the dataset (blue). 

Overlaid in orange is the histogram of isolation distance scores for the model-defined axis-tuned neurons. B. 

Waveform discrimination for five axis-tuned neurons recorded on the same tetrode from one recording of rat 

NS14. Center: Color-coded clusters of individual waveforms in a 3D plot of peak-valley voltage on wires 2, 3, 

and 4 (wire 1 not recorded). For each cluster, the color-coded waveform plots of all waveforms were included. 

Isolation distance values are reported for each cluster here as well as in C and D. Surrounding polar plots: 

Adjacent polar plots to each waveform plot show the directional tuning of that neuron on the track. C. 

Waveform discrimination of one axis-tuned neuron (red) with all other waveforms recorded (black points) 

shown from rat NS15. The same three plots are included here as in panel A, but the peak-valley voltage plot is 

only of wires 1 and 2. Wires 3 and 4 were not recorded on this tetrode. D. Waveform discrimination for three 

neurons recorded on a single tetrode from rat NS16. Here, two are axis-tuned and one is not. 
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Supplementary Figure 3 

Spike characterization and open arena spatial specificity 

A. Neurons (N=542) plotted based on spike width versus burst index. The distribution is consistent with prior work (Kim et al., 2012). B. Histogram 

of spatial information scores for the entire dataset. Similar to previous studies, the degree of spatially-specific activity among the population varied 

greatly. C. Shown are example neurons whose positional firing rate maps reflect the observed range of high to low specificity as measured by spatial 

information (Skaggs et al., 1993). Selected neurons are the median representatives from each decile of the spatial information value distribution. This 

is done to provide a holistic representation of the range of informativeness of SUB neurons. 
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Supplementary Figure 4 

Open arena spatial correlates 

A. Four sample neurons with strong correlations to ideal place cell templates. 2D arena firing rate maps (larger 

images) are shown using the same color mapping as in supplemental figure 3. Max firing rate listed above and 

to the right of the rate map. Smaller images are the best fitting BVC (top) and place cell (bottom) templates. 

Pearson r values for each is overlaid on the corresponding template. In all four neurons, the place cell template r 

value greatly exceeds that of the BVC template, capturing the patterns seen in the actual rate map. B. Four 

sample neurons with strong correlations to ideal BVC templates, presented identically to those in A. C. Bottom 

panels: Histograms of Pearson r values for all 354 neurons with greater than 250 spikes on the arena (blue) and 

of just the axis-tuned neurons (orange). The left histogram shows the place cell template values while the right 

histogram presents the BVC template values. The red lines show the cutoff value of 0.4 chosen to characterize a 

neuron as well fit by the template. Middle histogram: Histogram of the difference between the best BVC and 

place cell templates for all neurons with either best template Pearson r value over the 0.4 cutoff (blue N = 

114/354) and the axis-tuned neurons meeting the same criteria (N =12/47, orange). This orders neurons having 

spatially specific firing from more place-like on the left to more BVC-like on the right. Top panel: 2D arena 

firing rate maps from an arbitrarily-selected bin where the superior template between the place cell and BVC 

templates are visually identified to be inconclusive. At this juncture, approximately 40 neurons (3 axis-tuned) 

are more BVC-like and 75 (9 axis-tuned) are more place-like.  
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Supplementary Figure 5 

Model schematic. 

A. Example neuron training data and model fits. For all plots, directional tuning data is shown from a randomly-

selected half of the track data used for training (blue rose plots). Von Mises mixture model fits of each order 
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used (0-8) are overlaid (red ellispses). B. Directional tuning plots from the remaining half of data were used for 

cross-validation. Sum-squared-error (SSE) between the cross-validation data and each order model (red, same 

models as in A) is printed above each figure along with its SSE Ratio, the remaining error normalized by the 

amount of SSE of the naïve circular model (order 0). For a model to be considered a ‘best fit’, the SSE Ratio 

must be below 0.5 (<50% error of naïve circular model). Among model orders with SSE Ratios below 0.5, the 

difference between the model and preceding order model must be greater than 0.2 (20% improvement; 

difference value printed above plots, see also supplemental figure 5). For this neuron, the criteria lead to 

selection of the 2nd-order model (red box). C. To be considered as strongly axis-tuned, two more criteria must 

be met. First, the ratio of mean actual data firing rate at model maxima to mean actual data firing rate at model 

minima must exceed 2. Mean peak (maxima) values for this neuron (green lines) were 8.2X mean minima 

values (black lines). Finally, the spatial independence of each model’s maxima must both exceed 50%. For all 

track locations associated with movement in either of the two preferred directions, the neuron was considered 

‘active’ if its mean rate at that position and orientation was at least 50% of the overall mean rate for that 

direction. In the case of this neuron, most of the points in the light green orientation lie along the light green 

arrows on the right panel (see also figure 1B – right panel) and the points in the dark green orientation lie along 

the dark green arrows. Neurons were considered spatially independent if the majority of associated locations 

met this criterion. For this sample neuron, the larger, light green peak had 88% spatial independence and the 

smaller, dark green peak had 58% spatial independence. Because it met all three criteria, this neuron is in the 

axis-tuned subpopulation. 
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Supplementary Figure 6 

Model parameter flexibility. 

To select the best order for the von Mises mixture model for each neuron, we trade off model complexity with 

fit improvement by selecting the most complicated model that yields 20% improvement in sum squared error 

over the preceding order model. The criterion is arbitrary but qualitatively consistent across a wide range of 

values. Here we plot the number of neurons in the population categorized into each order type based on a range 

of criterion values. Criterion values ranged from 2.5-40% by increments of 2.5% (blue lines, dark colors – light 

colors = low to high criterion values). We selected the 20% value for our criteria (red lines). Track model fitting 

data is given in the left panel. From 10-22.5%, more neurons are classified as 2nd-order than any other order. 

This demonstrates that this is a property of the population and not the model parameters, especially when 

compared to arena data (right panel), where no model parameter results in a population bias to 2nd-order 

(bimodal) mixture models. 
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Supplementary Figure 7 

Track axis–tuned neurons in the open arena.  

For each neuron meeting criteria for strong axis-tuned firing during the track running session, the positional firing map for the same neuron is shown 

for the arena foraging session. Peak (arena max) firing rates are given above each, utilizing the same color map from figures 1 and 3 and listed in the 

legend in the top left. 
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Supplementary Figure 8 

Axis-tuned neurons in light versus dark.  

One day of both light and dark recording was obtained which included 3 model-defined axis-tuned neurons. Each panel contains an individual axis-

tuned neuron’s firing rate color-mapped as a function of track position for all time periods associated with travel >3 cm/second for both the light and 

dark conditions, highlighting the similarity in firing without the presence of prominent visual cues. 
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