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The phase of spikes of hippocampal pyramidal cells relative to the
local field 0 oscillation shifts forward (“phase precession’) over a
full 0 cycle as the animal crosses the cell’s receptive field (“place
field””). The linear relationship between the phase of the spikes and
the travel distance within the place field is independent of the
animal’s running speed. This invariance of the phase-distance
relationship is likely to be important for coordinated activity of
hippocampal cells and space coding, yet the mechanism responsi-
ble for it is not known. Here we show that at faster running speeds
place cells are active for fewer 6 cycles but oscillate at a higher
frequency and emit more spikes per cycle. As a result, the phase
shift of spikes from cycle to cycle (i.e., temporal precession slope)
is faster, yet spatial-phase precession stays unchanged. Interneu-
rons can also show transient-phase precession and contribute to
the formation of coherently precessing assemblies. We hypothe-
size that the speed-correlated acceleration of place cell assembly
oscillation is responsible for the phase-distance invariance of
hippocampal place cells.
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hile animals navigate in an environment, the hippocampal
local field potential (LFP) is characterized by a highly
regular 6 oscillation (8-10 Hz). Principal cells in the hippocam-
pus show place-specific firing by two criteria. First, the firing is
tuned to a particular location (“place field”), showing a bell-
shaped tuning curve centered around its preferred location (1).
Second, the timing of spikes within subsequent 6 cycles system-
atically shifts forward (“phase precession”), ~1 full cycle in total,
as the rat runs through the place field of the neuron (2, 3) (see
also Fig. 1 A and B). Both the firing rate and discharge phase
within a 6 cycle are correlated with the rat’s position. However,
how the rate change and 6-phase precession of spikes are related
is poorly understood. The available experiments support both a
rate-phase interdependence (4—-6) and independence (7).
Several explanations for the place—phase relationship were
put forward (4-6, 8—18). To confront these models, we examined
the relationship among running speed, oscillation frequency of
place cells and LFP 6, and timing of spikes within the 6 cycle. We
show that principal cells oscillate at a frequency faster than the
simultaneously recorded LFP 6 oscillation, and that this oscil-
lation frequency depends on the rat’s running speed. Together
with the place- and speed-dependent oscillation frequencies of
interneurons, the findings support the hypothesis that place
coding results from coordinated network activity. We propose
that the locomotion speed-dependent oscillation of place cell
assemblies may underlie the mechanisms responsible for dis-
tance encoding in the hippocampus.

Results

We recorded the firing patterns of pyramidal cells, interneurons,
and the LFP from the CA1l pyramidal layer of rats as they ran
on a U-shaped or circular track for water reward. Fig. 14 shows
the relationship among LFP 6 oscillation, place cell firing, and
the rat’s position on the track in two selected trials, during which
the average speed of the rat in the place field was slow (31
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cm/sec) and fast (55 cm/sec), respectively. During the slow trial,
it took the rat 12 6 cycles to run through the place field of the
neuron. In contrast, during the fast trial, it took only seven cycles.
The average number of spikes per 6 cycle was higher during the
faster run, but the total numbers of spikes emitted in the place
field are comparable in the two trials (11 spikes during the slow
trials and 12 spikes during the fast trial). This shortening of the
interspike intervals during faster runs leads to a higher average
firing rate within the place field [see ref. 7 and supporting
information (SI) Fig. 7]. Nevertheless, the relationship between
the rat’s position on the track and the 6 phase at which the place
cell emitted spikes (“spatial-phase precession’) was very similar,
as indicated by the distance—phase relationship of the 20%
slowest (11 trials, average speed 24 cm/sec) and 20% fastest trials
(11 trials, average speed 54 cm/sec) (Fig. 1B). The autocorrelo-
gram of the spike phases relative to 6 shows a strong oscillatory
modulation (Fig. 1C). Furthermore, the phase advance of the
spikes relative to 6 was steeper in fast than in slow trials.
Similarly, the autocorrelogram of the spike times oscillated
faster in fast trials compared with slow trials and accelerated
relative to the spike-triggered average of the LFP (Fig. 1D).

Oscillation Frequency of Place Cells Correlates with Running Speed.
Running speed affected the oscillation frequency of place cells
and the relationship between spikes and 6 phase (Fig. 1 C and
D). As illustrated in Fig. 1 C and D, speed exerted a larger effect
on the oscillation frequency of place cells relative to the spike-
triggered LFP so that at a faster speed the cycle-by-cycle phase
advancement of spikes (temporal phase precession) was steeper.

For cell-group comparison, we computed the power spectra of
the spike trains of all place cells during place field crossing,
interneurons during complete trials, and the corresponding LFP
segments separately for fast (upper 50%) and slow (lower 50%)
speed runs (Fig. 2). The oscillation frequency of place cells
increased with speed in 79 of 85 (94%) place fields, and, as
evidenced, the peak in the power spectra of place cells is shifted
to higher frequencies for faster runs (Fig. 24). The speed-
dependent frequency increase was larger for place cells than for
the LFP corresponding to the segments while the rat crossed the
place fields (Fig. 2A4: place cells, 0.9 = 0.7 Hz; LFP, 0.4 = 0.3 Hz;
P = 4e-7, rank-sum test; see also Fig. 2 C and D). Furthermore,
the frequency shift was larger for greater speed differences
between the fast and slow trials. Although interneurons also
oscillated faster at faster running speeds, the speed-dependent
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