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ABSTRACT: The oscillatory interference model (Burgess et al.
(2007) Hippocampus 17:801–812) explains the generation of spatially
stable, regular firing patterns by medial entorhinal cortical (mEC) grid
cells in terms of the interference between velocity-controlled oscilla-
tors (VCOs) with different preferred directions. This model predicts
specific relationships between the intrinsic firing frequency and spa-
tial scale of grid cell firing, the EEG theta frequency, and running
speed (Burgess, 2008). Here, we use spectral analyses of EEG and of
spike autocorrelograms to estimate the intrinsic firing frequency of
grid cells, and the concurrent theta frequency, in mEC Layer II in
freely moving rats. The intrinsic firing frequency of grid cells
increased with running speed and decreased with grid scale, accord-
ing to the quantitative prediction of the model. Similarly, theta fre-
quency increased with running speed, which was also predicted by
the model. An alternative Moiré interference model (Blair et al.,



remainder of the ‘Introduction’ section, we briefly describe the
oscillatory interference model and its predictions [see (Burgess,
2008) for details].

The Oscillatory Interference Model

The oscillatory interference model generalizes the 1D in-
terference model originally proposed to explain the theta
phase precession effect seen in hippocampal place cells
(O’Keefe and Recce, 1993; Lengyel et al., 2003) and recently
also documented in Entorhinal Layer II stellate cells (Hafting
et al., 2008). The effect consists of action potentials being
fired at systematically earlier phases of theta as the animal
moves through the cell’s firing field (or fields) so that firing
phase reflects the distance traveled through the field (O’Keefe
and Recce, 1993; Burgess et al., 1994; Skaggs et al., 1996;
Jensen and Lisman, 2000). The 1D model assumes the cell’s
membrane potential to be the sum of two components: an
oscillatory input at a baseline frequency, fb(t), related to the
EEG theta rhythm, and an active membrane potential oscilla-
tion (MPO) whose frequency, fa(t), increases above the base-
line frequency as the synaptic input to the cell increases. The
synaptic input to the place cell is assumed to be proportional



for the model from intracellular recording includes the voltage-
dependent intrinsic oscillations in medial entorhinal stellate
cells (Alonso and Klink, 1993). The frequency of the intrinsic
MPO of these cells increases with depolarization, and the slope

of this relationship (b



METHODS

Animals and Surgery

Data from seven male Long Evans rats (animals 1–7) and
six male Lister Hooded rats (animals 8–13; 250–470 g at im-
plantation) are reported in this study. Recordings from ani-
mals (1–7) have previously been reported in (Fyhn et al.,
2007), and these data were kindly provided by those authors



The animal’s recorded positions and concomitant spikes were
binned into a 64 3 64 bin array covering the camera’s field of
view; each bin being the equivalent of 8 3 8 pixels, roughly 2
3 2 cm. Unsmoothed rate maps were calculated by dividing
the number of spikes assigned to a bin by the cumulative occu-
pancy of the bin. Smoothed rate maps were constructed as fol-
lows: the firing rate for bin i was the number of spikes in a 5
3 5 kernel centered on i, divided by the cumulative occupancy



Fourier frequency coefficient represents the signal power at that
frequency. The zero-padding produces an interpolated discrete
Fourier transform which artificially increases the resolution of
the peak frequency, but does so in a way that is unbiased with



Inspection of the data for individual trials reveals that the EEG
power spectra consistently show a strong peak in the theta
range (7–11 Hz; for example, see Fig. 3), identified as the
mean theta frequency (fu ) for those runs. A similar peak is
present in the power spectrum of the spike train autocorrelo-
gram, identified as the intrinsic firing frequency (fi) for that



rated by the distance traveled per theta cycle). Superposition of
microgrids with slightly different scale or orientation would
produce a spatial (Moiré) interference pattern corresponding to
the observed (large-scale) grid firing pattern. Under this model,
a grid cell’s intrinsic firing frequency would reflect the rat mov-
ing across the spatial microstructure of the interference pattern.
Thus, the Moiré interference model predicts significantly higher
intrinsic firing frequencies for runs aligned with the principal
axes of the grid than for misaligned runs (by a factor H3 �
1.73) (see Fig. 5). In contrast, the oscillatory interference
model predicts little difference between intrinsic firing fre-
quency for aligned and misaligned runs [see (Burgess, 2008)
for further details], other than that caused by any differences in
running speed in those directions.

Figure 5 shows grid cells’ intrinsic firing frequency during
runs either aligned or misaligned with the axes of their grid-
like firing pattern. Theta frequency during these runs is also
shown for comparison. There was no significant difference in





ment-related components (Buzsaki, 2002; O’Keefe, 2006), as
suggested by Burgess (2008)? If so, how can other contribu-
tions to theta be accommodated, since behavioral variables
other than speed contribute to movement-related theta, such as
acceleration and preparation for acceleration (Whishaw and
Vanderwolf, 1973; Lenck-Santini et al., 2008)?

One limitation of our analysis is that we have to categorize
behavior rather crudely to produce enough runs of at least 0.5 s of
behavior continuously within each category to be able to form a ro-
bust autocorrelogram for each category. Thus, we are restricted to
dividing runs into ‘slow’ or ‘fast,’ rather than performing more
fine-grained analyses. However, we could attempt to predict each
grid’s spatial scale from the frequency data in Figure 4 by estimat-
ing b as the rate of change in intrinsic frequency with speed and
hence estimate grid scale G via Eq. (6). One problem is that dif-
ferences between noisy estimates of frequency are even noisier,
and inverting them [Eq. (6)] can produce infinite or even nega-
tive values for G. We used the three measures of frequency for
each cell (fi for slow and fast runs, and f0, which should corre-
spond to fi at zero speed) to produce three estimates of b (one
for each pair of values) for each of the 48 grid cells. We dis-
carded estimated values b corresponding to grid scales more
than twice the size of the environment (200 cm; of the 3 3 48
5



tively coarse categorizations of running speed and grid scale.
More generally, our findings support a novel model of neuronal
firing and theta, based on interfering oscillatory processes,
extending results in hippocampus (O’Keefe and Recce, 1993;
Lengyel et al., 2003; Maurer et al., 2005; Geisler et al., 2007)


