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Theta Oscillations Provide Temporal Windows
for Local Circuit Computation
in the Entorhinal-Hippocampal Loop
Kenji Mizuseki, Anton Sirota, Eva Pastalkova, and György Buzsáki

Supplemental Experimental Procedures
Animals and surgery
Five male Long-Evans rats (250-400 g) were implanted with a 4-shank silicon probe in
the right dorsocaudal medial entorhinal cortex (EC; Hafting et al., 2005) under isoflurane
anesthesia (1-1.5%). In four of the rats, another silicon probe was also implanted in the
right dorsal hippocampus. The individual silicon probes were attached to respective
micromanipulators and moved independently. The silicon probe in EC was moved
gradually to the desired EC locations over the course of 4-12 weeks, while recordings
were also made in the pyramidal layer of CA1 or CA3 or the granule cell layer of the
dentate gyrus (DG). The hippocampal probe consisted of 4 or 8 shanks (200-µm shank
separation). Each shank had 8 recording sites (160 µm2 each site; 1-3 MΩ impedance).
These recordings sites were staggered to provide a two-dimensional arrangement (20 µm
vertical separation; Fujisawa et al., 2008). The shanks were aligned parallel to the septotemporal axis of the hippocampus (45o degrees parasagittal), positioned centrally at
anteroposterior=3.5 mm from bregma and mediolateral=2.5 mm from midline. The EC
probe had 4 shanks and was positioned such that the different shanks recorded from
different layers (Figure 1; Figure S1; mediolateral=4.5mm; 0.1mm anterior to the edge of
the transverse sinus at a 20-25o angle in the sagittal plane with the tip pointing toward the
anterior direction). In rat i01, the EC probe had 4 shanks and was positioned such that all
shanks recorded from the same layers. Two stainless steel screws inserted above the
cerebellum were used as indifferent and ground electrodes during recordings. General
surgical procedures for chronic recordings have been described previously in detail
(Csicsvari et. al., 1998, 1999). All protocols were approved by the Institutional Animal
Care and Use Committee of Rutgers University.
Histological localization of recording sites
Because of the small volume of the silicon probe shank and its sharp profile, in some
cases the track of the shanks cannot be found in histological sections even several weeks
after implantation. To facilitate track identification, DiI was applied to the back of the
shanks before implantation, avoiding the very tip of shank where 8 recording sites exist
(Fujisawa et al., 2008). To identify the depth location of a specific recording site, a small
anodal DC current (2 µA for 10 sec) was passed through the platinum-iridium recording
pad of the probe one or two days prior to sacrificing the animals. The rats were deeply
anesthetized and perfused through the heart first with 0.9% saline solution followed by
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10% formalin solution. The brains were sectioned by a Vibratome (Leica, Germany) at
100 µm in the coronal plane for hippocampus and in the sagittal plane for EC. Sections
were mounted on slides, Nissl-stained, and cover-slipped. The tracks of the silicon probe
shanks were reconstructed from multiple sections. The combination of these labeling and
histological methods, magnitude of silicon probe movement between sessions by
experimenter (~ 20% of shrinkage as the result of histological procedure was considered)
and LFP patterns characteristic to certain layers (Chrobak and Buzsáki, 1996, 1998)
allowed for the postmortem identification of the tracks and recording sites (Figure 1; Fig
S1).
Behavioral testing
After recovery from surgery (~1 week), physiological signals were recorded during four
different types of active waking behaviors. (1) On the elevated linear track (250 cm x 7
cm) the animal was required to run back and forth for 30 µl water reward on both ends.
Animals were water-deprived for 24 hrs prior to the experiment. (2) In the open field task
the rats chased randomly dispersed drops of water or pieces of Froot Loops (~25 mg,
Kellogg’s) on an elevated square platform (180 cm x 180 cm, or 120 cm x 120 cm). (3) In
the rewarded wheel-running task, a wheel (diameter=29 cm) was attached to a
rectangular-shape box (39 cm x 39 cm x 39 cm). The rat was required to run in the wheel
continuously for 10 seconds, after which time a piece of Froot Loop was dropped in the
box as reinforcement. (4) The spontaneous alternation task in the T-maze (100 cm x 120
cm) with wheel running delay was described previously in detail (Pastalkova et al., 2008).
Data collection and analysis
During the recording sessions, neurophysiological signals were amplified (1,000X),
bandpass-filtered (1 Hz – 5 kHz) and acquired continuously at 20 kHz on a 128-channel
DataMax system (16-bit resolution; RC Electronics). After recording, local field potential
(LFP) was down-sampled to 1250 Hz for additional analysis. Positive polarity is up
throughout this paper. For offline spike sorting, the wideband signals were digitally highpass filtered (0.8-5 kHz) and the waveforms were re-sampled (Csicsvari et al., 1999).
Neurophysiological and behavioral data were explored using NeuroScope
(http://neuroscope.sourceforge.net; Hazan et al., 2006). Spike sorting was performed
automatically, using KlustaKwik (http://klustawik.sourceforge.net, Harris et al., 2000),
followed by manual adjustment of the clusters (using “Klusters” software package;
http://klusters.sourceforge.net, Hazan et al., 2006). Only units with clear refractory
periods and well-defined cluster boundaries were included in the analyses (Harris et al.,
2000). The tip of the probe either moved spontaneously between sessions or was moved
by the experimenter. However, we cannot exclude the possibility that some neurons
recorded in different sessions were identical because spikes from sessions recorded on
different days were clustered separately. Thus, the total number of independent neurons
may be less than the numbers shown in Table S1.
Theta periods were detected automatically using the ratio of the power in theta band (511 Hz) to the power of nearby bands (1-4 Hz, 12-14 Hz) of EC3 LFP, followed by
manual adjustment with the aid of visual inspection of whitened power spectra (using a
low-order autoregressive model; Mitra and Pesaran, 1999) and the raw traces (Sirota et
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al., 2008). The manual adjustment was necessary to remove falsely detected short
segments of data and epochs containing movement artifacts. Only theta epochs during
walking/running were used for analyses. Three methods (Hilbert transform, maxima and
minima of theta waves) were used to determine the phase of filtered theta waves y(t)
following Siapas et al. (2005). (1) Instantaneous theta phase was derived from Hilbert
transform of band-pass filtered LFP trace y(t). (2) Peaks (0 o) of theta waves were
identified as the positive to negative zero crossings of the derivative dy/dt, and theta
phase was linearly interpolated between the peaks. (3) Troughs (180o) of theta waves
were identified as the negative to positive zero crossings of the derivative dy/dt, and theta
phase was linearly interpolated between the troughs. A phase value was assigned to each
action potential using linear interpolation. The results obtained by the three theta-phase
detection methods were consistent (Figure S9) and the maxima method was used in all
figures except for Figure S9. Identical methods were used to extract theta waves and
phase from EC3 and hippocampal LFP. For theta phase analyses, peaks = 0, 360 degrees
and troughs = 180 degrees throughout this paper. For the circular statistics of single cells
theta modulation, only neurons with at least 50 spikes and firing rate > 0.1Hz during theta
epochs were included for Rayleigh test (Fisher, 1993). The mean direction and mean
resultant length of theta phases of a given neuron’s spikes are taken as the preferred
phase and modulation depth of that neuron.
To compute the circular statistics of a single cell at different firing rates, first we sorted
the spikes according to their instantaneous firing rate (4Hz, 8Hz, …., ≥40Hz). Then the
preferred phase, modulation depth and p-value of Rayleigh test were calculated for each
firing rate group of that neuron. The circular statistics of a single cell with different interspike intervals were computed in the same way. A spike associated with ISI at least either
before or after that spike smaller than 6 msec was sorted into ISI < 6 msec spike group. A
spike with ISIs both before and after that spike larger than 20 msec was sorted into ISI >
20 msec spike group.
For the detection of ripple events, LFP in CA1 pyramidal layer during non-theta periods
was band-pass filtered (140-230Hz), and the power (root mean square) was calculated in
17 msec time windows and a threshold (7 standard deviation above the mean power) was
applied (Csicsvari et al., 1999).
For tracking the position of the animal, two small light-emitting diodes (10-15 cm
separation) mounted above the headstage were recorded by a digital video camera and
sampled at 30 Hz.
For constructing linearized rate maps on the linear track, the number of spikes fired in a
bin (5 cm) was divided by the time spent by the animal in the bin for each direction. No
smoothing was applied. A cell’s peak rate on the linear track was defined as the highest
firing rate in the bins. The place field on the linear track was first defined as a continuous
region of at least 15 cm (3 bins), in which the firing rate was above 10% of the peak
firing rate in the track. After this initial step, the final size was extended in each direction
until the firing rate increased compared to a preceding bin (signaling another potential
field) or the rate decreased below 1% of the peak rate. Place fields with fewer than 50
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spikes and fields that included the turning position of the track were discarded (Hafting et
al., 2008), and those fields were not included in the total number of place fields in Figure
7A. The spatial coherence of each firing field was defined as the correlation of the firing
rate in each bin of the firing field with the firing rate in its neighbouring bins (Hafting et
al., 2008). Only the place fields with spatial coherence greater than 0.7 were used for
computing correlation of phase and position (Figure 7A) and degree of phase precession
in the fields (Figure S15).
For constructing firing rate map in the open field, the position data were sorted into bins
of 3 x 3 cm, and the firing rate was determined for each bin. Spatial smoothing was
applied using a Gaussian kernel (SD = 3 cm). For constructing head direction tuning
curve of each neuron, head direction data were sorted into bins of 6 degrees, and the
number of spikes was divided by the time spent in that direction bin. No smoothing was
applied. The autocorrelation matrix of 2-D firing rate map, the ‘gridness’ score and
quantification of head direction by U2 statistics (Watson’s U2 test) were described in
detail previously (Johnson et al., 2005, Sargolini et al., 2006).
To correct for the triangular shape of cross-correlograms caused by finite duration data
(Bair et al. 2001), cross-correlogram (CCG) as a function of the time lag t was
normalized using the following equation;
CCG _ raw(t )
, (-T < t < T)
CCG (t ) =
|t |
1−
T
where T is the duration of the spike train segments (theta epochs etc.) used to compute
the cross-correlogram.

Data analysis was carried out by custom-written MATLAB-based software.

Cell Type Classification
Hippocampal principal cells and interneurons were separated on the basis of their autocorrelograms, waveforms and mean firing rates (Skaggs et al., 1996; Csicsvari et al.,
1999). Because there are no generally accepted methods for the segregation of EC
principal cells and interneurons (Frank et al., 2001; Isomura et al., 2006; Hafting et al.,
2005; 2008; Solstad et al., 2008), we sought an alternative approach by taking advantage
of the simultaneously recorded EC cells to physiologically identify the recorded units as
excitatory or inhibitory neurons by their short-latency temporal interactions with other
neurons (Barthó et al., 2004; Sirota et al., 2008). For the identification of excitatory and
inhibitory connections between neurons, short-latency, short-duration sharp
peaks/troughs in the cross-correlograms were used (Csicsvari et al., 1998; Frank et al.,
2001; Constantinidis et al., 2002; Barthó et al., 2004, Maurer et al., 2006b).
Monosynaptic connections between pairs of units were detected by a non-parametric
significance test based on jittering of spike trains as described previously in detail
(Fujisawa et al., 2008). Briefly, for each cell pair, each spike in each neuron in the
original data set was randomly and independently perturbed (or "jittered") on a uniform
interval of [-5,+5] ms, to form a surrogate data set. The process was repeated
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independently 1000 times to form 1000 such surrogate data sets. Then, the crosscorrelograms were constructed for surrogate data sets as a function of latency across the
interval [-20, +20] msec. Global bands at acceptance level 99% were constructed for the
cross-correlogram from the maximum and minimum of each jitter surrogate crosscorrelogram across the interval [-20, +20] msec. The short latency peak in the original
cross-correlogram was determined to be statistically significant (at p<0.01) when the
counts in the cross-correlogram were atypical with respect to the upper global band
anywhere at the latency [1,5] msec (Figure 2; Fujisawa et al., 2008). Similarly, shortlatency significant troughs were considered to be due to inhibition when at least one 1
msec bin was significantly depressed (p<0.01) anywhere at the latency [1,5] msec. For
cell pairs recorded from the same electrode, the 0-1 msec bin was not considered, because
our clustering program cannot resolve superimposed spikes. Figure 2 and S3 show
monosynaptically connected pairs recorded from two different recording shanks. In
principle, short latency correlation of a pair of cells recorded within the same electrode
could be an artifact of poor cluster isolation. In order to avoid this compromise, we used
only well isolated units (Harris et al., 2000). Further, after using the jittering method, all
the cell pairs identified as monosynaptically connected pairs were visually inspected, and
spurious cell pairs (e.g. an erroneously identified pair caused by potential contamination
of spikes between units of the pair) were excluded from the further analysis. In order to
eliminate the same-shank clustering problem conclusively, we also confined the analysis
to pairs recorded with different electrode shanks (Figure S3). The nearly identical spike
shape features of physiologically identified cells in Figure 2C and Figure S3A provide
further support for the reliability of our cell type separation method.
The physiologically identified neurons by the jittering method (Figure 2C, S3A, filled
symbols), in turn, served as a template for exploring other spike features. For each unit,
various parameters were calculated, including trough to peak latency of the filtered (0.8
kHz – 5 kHz) spike waveform, half-amplitude width, asymmetry index (Figure 2C; ratio
of the difference between right and left baseline-to-peak amplitudes and their sum), firing
rate and features of the autocorrelogram. Next, we explored the multi-dimensional space
formed by these parameters for the subset of units identified as inhibitory or excitatory
based on cross-correlogram analysis as described above. As in the neocortex (Sirota et al.,
2008), the combination of trough to peak latency and the asymmetry index of the filtered
(0.8 kHz – 5 kHz) spike waveform provided the best separation between putative
principal cells and interneurons (Figure 2C). We used the hyperplane that divided the two
physiologically identified classes (interneurons and pyramidal cells) to separate units into
putative interneurons and putative pyramidal cells. No attempt was made to distinguish
between the various interneuron types (Markram et al., 2004, Somogyi and Klausberger,
2005).
Neurons in different EC layers were identified by the reversal of ripple-triggered sharp
waves (Chrobak and Buzsáki, 1996) and reversal of theta waves (Figure 1; Mitchell and
Ranck., 1980; Alonso and Garcia-Austt, 1987; Chrobak and Buzsáki, 1998; Hafting et al.,
2008), assisted by histological verification of the recording tracks (Figure 1; Figure S1).
Phase precession analysis
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Only principal neurons with at least 50 spikes and firing rate > 0.1Hz during theta epochs
were used for phase precession analysis. Three different methods were used to detect
phase precession of spikes. The first method quantified the ‘strength’ and degree of phase
precession in place fields on the linear track. The theta phases of spikes were displayed as
a function of the rat’s position, and relationship between phases and positions was
quantified as described by Hafting et al. (2008) to analyze linear track data. Briefly, the
‘strength’ of phase precession was determined by parametrically rotating the phase by
position matrix for each place field with >0.7 spatial coherence. Phase rows were shifted
by 1-degree steps from 0o to 360o. For each rotation, a linear regression curve was fitted.
The correlation between theta phase and the rat’s position (the distance from the start of
the place field on the linear track) at the phase rotation that gave the regression line with
the largest explained variance R2 was used as a quantity of the strength of phase
precession (Figure 7A). The degree of phase advancement was quantified by computing
mean circular phase for each 10% segment of the firing field (Figure S15, Huxter et al.,
2003; Hafting et al., 2008).
In our data sets, only a minority of place fields of EC cells was associated with spatial
coherence greater than 0.7 (a ‘cut-off’ used in Hafting et al., 2008). Further, the firing
fields of many EC cells were difficult to identify (e.g., Figure 6A-G; Figure S14; see also
Hafting et al., 2008), which limited the first analysis to “good” place fields. Assuming
that all spikes carry signals to downstream targets, we performed two additional phase
precession measurements, which did not require identification of place fields. In the
following methods, all the spikes of a neuron during theta state in each behavioral task
were used. In the second method, spectra of spike trains were estimated using direct
multitaper estimators (Jarvis and Mitra, 2001). The frequency difference between a
neuron and LFP in theta band was estimated by cross-correlating the power spectrum (at
5-12 Hz) of the neuron and that of the simultaneously recorded LFP (Figure 7B, Figure
S16, Geisler et al., 2007).
In the case of hippocampal principal cells, place fields are easy to identify, and it is a
reasonable assumption that the frequency of LFP theta is relatively constant within a
given place field (Geisler et al., 2007). However, we encountered many EC cells whose
individual firing fields were difficult to identify (e. g., Figure 6; Figure S14; Hafting et al.,
2008). Given that the instantaneous frequency of theta cycles can vary rapidly as a
function of behavior (Montgomery et al., 2009; Diba and Buzsáki, 2008), we needed a
method for the quantification of phase precession, which is immune to the frequency
changes of LFP theta. The third method (referred to as the ‘spike phase spectrum’) more
directly estimates the oscillatory frequency difference between unit firing and theta LFP
(Figure 6, Figures S17 and S18). The time series of theta phase (in radian) of EC3 LFP,
detected by the maxima method described above, were unwrapped by changing absolute
jumps greater than or equal to π to their 2*π complement, using Matlab function
[unwrap]. The resultant “unwrapped” theta phase trains are monotonic, rather than cyclic
(see Figure S17). The “unwrapped” theta phase value was assigned to each action
potential using linear interpolation. Spectrum of unwrapped theta phase trains of a neuron
was estimated using direct multitaper estimator in the same way as computing ordinary
power spectrum of spiking point process in time. The main difference between the
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ordinary and spike phase spectrum methods is the unit of frequency; the unit is Hz for the
ordinary power spectrum and it is frequency of neuron relative to concurrent LFP theta
oscillation for the spike phase spectrum. Therefore, if a neuron is phase-locked to a
particular theta phase the peak of spike phase spectrum is at 1. Conversely, if the neuron
oscillates faster than the concurrent LFP theta rhythm and the spikes shift to earlier
phases of the LFP theta, the peak of the spike phase spectrum is at >1; the steeper the
phase precession slope the larger the peak shift (Figures 6, S17 and S18; Maurer et al.,
2006a; Burgess et al., 2007; Geisler et al., 2007).
For theta phase precession analyses by the second (cross-correlation of the spectra of
neuron and LFP) and the third (spike phase spectrum) methods, all spikes of a neuron
during theta epochs in each behavioral task were used regardless of the position of the
animal at which discharge occurred. That is, in the case of the T-maze alternation task
and rewarded wheel running task, all spikes of a cell which occurred in the wheel and the
track/box were lumped together and analyzed.
Analysis of temporal relationships
To infer the temporal relationship of neuronal discharge in two different regions, the theta
phase-unit analysis assumes an idealized sinusoidal phase distribution of spiking within
an idealized sinusoidal theta LFP whose frequency is constant. However, both averaged
theta waves (Figure 1; Buzsáki et al., 1986; Montgomery et al., 2009) and the theta phase
histogram of the population discharge (Figure 3A, 3E) deviate from a perfect sinusoidal
pattern. Further the instantaneous frequency of theta cycles can vary rapidly as a function
of behavior (Montgomery et al., 2009; Diba and Buzsáki, 2008), which may not allow for
a valid inference regarding the exact temporal relationships between neurons in different
regions (Siapas et al., 2005). To examine more directly the spike timing relationships
among neuronal groups in the EC-hippocampal system, we also computed group crosscorrelograms between cell pairs of all layers/regions and the temporal offsets of
individual pairs (Figure 4, grey and black histograms, respectively).

For the group cross-correlograms, counts in cross-correlograms of all the pairs in each
category were summed up (Figure 4, grey histograms). Significant peaks of group crosscorrelograms were identified using jittering method (Fujisawa et al., 2008). For each cell
pair, each spike of each neuron in the original data set was randomly and independently
perturbed (or "jittered") on a uniform interval of [-125,+125] ms, to form surrogate data
sets. The cross-correlograms were constructed for original and surrogate data sets as a
function of latency across the interval [-200, +200] msec, and counts in crosscorrelograms of all the pairs in each category were summed up, then smoothed using a
Gaussian kernel (SD = 5 msec). Global bands at acceptance level 99.9% were constructed
for the smoothed group cross-correlogram from the maximum and minimum of each jitter
surrogate smoothed group cross-correlogram across the interval [-150, +150] msec
(Fujisawa et al., 2008). The time bins, in which original smoothed group crosscorrelogram were above the upper global band, were identified as significant bins
(depicted as orange lines above group cross-correlograms in Figure 4, p<0.001). Both
non-smoothed (gray) and smoothed (blue) group cross-correlograms are shown in Figure
4.
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The distributions of temporal offsets of significantly correlated cell pairs were computed
as following. First, significantly correlated cell pairs were identified using jittering
method (Fujisawa et al., 2008). For each cell pair, each spike of each neuron in the
original data set was randomly and independently perturbed (or "jittered") on a uniform
interval of [-125,+125] ms, to form a surrogate data set. The process was repeated
independently 1000 times to form 1000 such surrogate data sets. Then, the crosscorrelograms were constructed for original and surrogate data sets as a function of
latency across the interval [-200, +200] msec and smoothed using a Gaussian kernel (SD
= 10 msec). Global bands at acceptance level 95% were constructed for the smoothed
cross-correlogram from the maximum and minimum of each jitter surrogate smoothed
cross-correlogram across the interval [-150, +150] msec (Fujisawa et al., 2008). If the
peak in the smoothed original cross-correlogram was atypical with respect to the global
band (p<0.05) and number of events in the smoothed original cross-correlogram within [150, +150] msec was larger than 100, the pair was considered significantly correlated.
The peak of smoothed original cross-correlogram within [-150, +150] msec was taken as
the temporal offset of the pair (Figure 4, black histograms). Both non-smoothed
histograms (black histograms) and smoothed histograms (red lines, using a [0.25, 0.5,
0.25] filter for smoothing) of the distribution of temporal offsets are shown. Global
confidence intervals (95%) for smoothed distribution of temporal offsets were
constructed against the null hypothesis of uniform distribution of the temporal offsets.
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Table S1. Distribution of the recorded number of neurons.
EC layer ? ; layer could not be identified by histology. These neurons were excluded
from further analysis.
exciting; physiologically identified principal neurons (identified by cross-correlograms of
pairs recorded from either the same or different shanks)
inhibiting; physiologically identified interneurons (identified by cross-correlograms of
pairs recorded from either the same or different shanks)
exciting other; physiologically identified principal neurons (identified by crosscorrelograms of pairs recorded from different shanks)
inhibiting other; physiologically identified interneurons (identified by cross-correlograms
of pairs recorded from different shanks)
Note: The numbers of total principal cells and interneurons in Table S1 are higher than in
the main text and Figure 2C (2047 principal cells and 590 interneurons). The 6 putative
principal cells and 4 putative interneurons included in Table S1 had unusual waveforms
but could be identified as excitatory and inhibitory cells by their short-latency temporal
interactions revealed by cross-correlograms.
Some cells were tested in multiple sessions of multiple tasks. In those cases, theta phase
and phase precession of a neuron, as well as temporal offsets of neuron pairs were
computed session by session.
9
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Figure S1. Histological verification of recording sites in EC and hippocampus. At the
end of the last recording session, a small amount of anodal DC current (2 µA for 10 sec)
was applied to selected electrode sites. EC is shown in sagittal sections, hippocampus in
coronal sections. Circles indicate inferred recording positions in consecutive recording
sessions and color-coded for EC layers (brown; EC1, light blue; EC2, magenta; EC3,
gray; EC5, yellow, undefined layer – these data were excluded from analyses). The
electrode tracks were reconstructed using multiple consecutive sections. (A) Rat ec013.
(a, b) Same section with and without circles. (c) Consecutive section, which shows clear
tracks of the silicon probe. (d) High magnification of electrolytic lesions (arrowheads) in
section (a) and (b). (e) Electrolytic lesion (arrowhead) in CA3 pyramidal layer. (B) Rat
ec016. (a, b) Same section with and without circles. (c, d) Consecutive sections following
section (a, b), showing electrolytic lesion (arrowhead in c) and electrode traces. (e)
Higher magnification of electrolytic lesions (arrowheads) in the section (a, b). The lesion
site from the 4th shank located in the deepest cell layer is visible on the adjacent section
(c). (f-g) Electrolytic lesion in DG granule cell layer (f) and CA3 pyramidal layer (g). (C)
Four consecutive sections of rat ec012. (b) Inferred recording positions in consecutive
recording sessions are shown by circles. In rat ec12 no hippocampal electrodes were
implanted. In rat i01 the recording positions in EC could not be unambiguously verified
by histology. Inclusion or exclusion of the data from rat i01 did not affect any of the
presented results.
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Figure S2. Sharp wave/ripple-triggered discharge patterns of hippocampal and EC
neurons. For the extraction of sharp wave/ripple events, LFP in CA1 pyramidal layer
during non-theta periods was band-pass filtered (140-230Hz), and the power (root mean
square) was calculated in a 17 msec time window and a threshold (7 standard deviation
above the mean power) was applied (Csicsvari et al., 1999). Neuronal discharges were
aligned to the ripple peak determined by power peak of filtered LFP (140-230 Hz; Figure
1B and 1C), and mean (±SEM) firing rates are shown. n = number of cells. Note
increasing onset and peak delays of both principal cells and interneurons (15-25 msec) in
the CA1-EC5-EC3-EC2 axis. Note also a ~6-fold firing increase of CA1 pyramidal cells
and ~3-fold increase of CA1 interneurons during ripples (a two-fold gain of excitability
in CA1; Csicsvari et al., 1999). In contrast, the sharp wave/ripple recruitment of EC
principal cells is weaker than recruitment of EC interneurons in all layers (gain of
inhibition). This ‘dampening’ mechanism can ensure transferring hippocampal
information to neocortical targets via EC5 cells without reverberating excitation in the
EC-hippocampus loop (Chrobak and Buzsáki, 1994).
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Figure S3. Separation and physiological characterization of entorhinal principal
cells and interneurons. (A) Same display as in Figure 2C. Empty symbols indicate units
identified by multiple criteria, including waveform asymmetry and trough-to-peak
latency parameters (same neurons as in Figure 2C; see supplemental methods, Sirota et
al., 2008). Filled orange and violet symbols correspond to excitatory (n=206 cells) and
inhibitory (n=97) neurons, respectively identified by monosynaptic interactions between
cell pairs recorded by different electrode shanks (as opposed to Figure 2C, where filled
symbols represent excitatory and inhibitory cells identified by monosynaptic interactions
between cell pairs recorded by either the same or different electrode shanks). Note the
waveform features of physiologically identified cells by the two methods are highly
similar. (Compare with Figure 2C). (B) Autocorrelograms and average filtered (0.85kHz) waveforms of a putative EC2 principal cell (a, light blue) and an EC3 interneuron
(b, magenta). c, Cross-correlogram revealed short-latency monosynaptic interactions
between the neuron pair (recorded from two different electrodes). Dashed lines indicate
1% and 99% global confidence intervals estimated by spike jittering on a uniform
interval of [-5,5] msec (Fujisawa et al., 2008). d, Filtered (0.8-5kHz) traces of the neuron
pair from recording sites with the largest amplitude for each neuron. One hundred and
twenty-four events are superimposed, triggered by the spike of neuron 1. Epochs when
spikes from other neurons occurred within the display window have been omitted. Note
high density of spikes of postsynaptic putative interneuron at monosynaptic (0.8-1.3
msec) latency. (C) Short-latency cross-correlograms of representative neuron pairs
recorded from different shanks, showing monosynaptic excitation (left) and inhibition
(right) by the reference (presynaptic) neuron. Dashed lines indicate 1% and 99% global
confidence intervals estimated by spike jittering on a uniform interval of [-5,5] msec
(Fujisawa et al., 2008).

14

15

Figure S4. Spike dynamics of EC and hippocampal neurons during walking (theta
state). (A) Autocorrelograms (mean ± SEM) shown on a log temporal scale. Note
prominent bursting of hippocampal principal neurons, moderate bursting in EC2 principal
cells (<10 msec interspike intervals; peak probability at ~4 msec; arrow) and reduced or
lack of bursting in EC3 and EC5 neurons. Interneurons in all regions tend to fire at 10-25
msec intervals (gamma frequency). All neuron types show a prominent peak at ~125
msec (~8 Hz theta frequency; arrowheads). Note strongest theta rhythmicity in EC2
principal cells and interneurons. (B) Same display as in A but only neurons identified as
excitatory and inhibitory by their monosynaptic interactions (Figure 2) are included in the
analyses. Note similarity of spike dynamics between A and B. (C) Interspike interval
histograms (mean ± SEM). Again, note lack of prominent bursting in the EC3 and EC5
principal neuron groups. (D and E) Distribution of bursting index of single principle cells
(ratio of interspike intervals < 6 msec or 10 msec to all interspike intervals; Ranck, 1973;
Harris et al., 2001). EC2 principle cells have larger bursting index than both EC3 and
EC5 principal cell groups (p<10-116). All EC layers have smaller bursting index than any
hippcampal groups (p<10-50). In the hippocampus, CA1 has smaller bursting index than
CA3 and DG (p<10-12), and CA3 has smaller bursting index than DG (p<0.01). Bursting
index of neuronal group for both ISI<6 msec and ISI<10msec were tested using twosample Kolmogorov-Smirnov goodness-of-fit hypothesis test (one-sided).
These distinct spike dynamics features in EC add to the list of distinct properties of EC
neurons in different layers (Alonso and Klink, 1993; Sargolini et al., 2006; Hafting et al.,
2008; Jeewajee et al., 2008).
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Figure S5. Theta phase modulation of hippocampal and EC neurons. (A) Average
discharge probability of neurons as a function of the phase of the reference theta cycle in
EC3. (top dotted magenta traces in A; idealized reference theta oscillations in EC3). Two
theta cycles are shown to facilitate visual comparison. Principal cells and interneurons in
the hippocampus and EC are shown separately (mean, solid line; standard error of the
mean, broken line; note that some of SEM are too small to be seen). In Figure 3A and 3E,
the theta phase histograms of all spikes from all neurons were summed (higher the firing
rate, the more a single neuron contributes to the group histogram). In this display, theta
phase histogram of each neuron was first normalized by the total number of each
neuron’s spikes, then the resulting histograms of all neurons were averaged. Y axis,
probability of spike occurrence in a given phase bin (bin size = 10 degrees). Note that the
shapes of the phase histograms by the two methods are essentially the same.
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Figure S6. Theta phase modulation of hippocampal and EC neurons. Same layout as
in Figure 3 but in this figure only physiologically identified principal neurons and
interneurons by their monosynaptic interactions (Figure 2) are included. Top dotted
magenta traces in A and B; idealized reference theta oscillations in EC3. (A) Theta phase
modulation of all spikes from all neurons. (B) Distribution of preferred phase of single
neurons. (C) Polar plots of preferred phase and mean resultant length of single neurons
(circles) and group mean (black lines). Each circle is a single neuron. Only neurons with
significant theta modulation (at least 50 spikes and firing rate > 0.1 Hz; Rayleigh test;
p<0.01) are included in (B) and (C). (D) Magnitude of modulation depth by the theta
cycle (mean R ± standard deviation; only significantly theta-modulated neurons are
included) and the proportion of neurons (%) significantly modulated by the theta cycle
(Rayleigh test, p<0.01). **; p < 0.05, *; p < 0.005, red *; p < 10-6, Wilcoxon rank sum
test (mean resultant length) and chi-square independence test (proportion of significantly
modulated cells). (E to H) Same display for physiologically identified interneurons.
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Figure S7. Theta phase modulation of hippocampal and EC neurons in individual
rats. Distribution of preferred phase of single principal cells (top) and interneurons
(bottom) in rats ec13, ec16 and ec14. Data from rats ec12 and i01 are shown in the same
plots. Only neurons with significant theta modulation are included (at least 50 spikes and
firing rate > 0.1 Hz; Rayleigh test; p<0.01). Note consistent theta phase preference of
different neuron groups from different subregions across animals. In rat i01, the recording
positions in EC could not be unambiguously verified by histology. Reference theta LFP is
from EC3, except in rat i01 where CA1 pyramidal layer theta was used.
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Figure S8. Theta phase modulation of hippocampal and EC neurons are similar in
different testing environments. Distribution of preferred phase of single principal cells
(A-D) and interneurons (E-H) during theta epochs recorded on the linear track, square
open field, in the T-maze alternation task and the rewarded wheel-running task. Only
neurons with significant theta modulation are included (at least 50 spikes and firing rate >
0.1 Hz; Rayleigh test; p<0.01). Note consistent theta phase preference of different neuron
groups across testing conditions. The different numbers of neurons recorded in the four
tasks can explain part of the variability.

20

Figure S9. Theta phase modulation of hippocampal and EC neurons using different
theta LFP detection methods. Distribution of preferred phase of single principal cells
(A, B) and interneurons (C, D). Unit discharges were referenced to the peak (shown in
Figure 3) or the trough (minima) of the filtered (5-11 Hz) theta waves, or to the phases
derived from Hilbert transform of band-pass filtered LFP trace (5-11 Hz). Note similar
theta phase preference of neuron groups, independent of the theta phase detection method.
Only neurons with significant theta modulation are included (at least 50 spikes and firing
rate > 0.1 Hz; Rayleigh test; p<0.01).
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Figure S10. Theta phase modulation of hippocampal and EC neurons referenced to
EC3 or CA1 theta LFP. Distribution of preferred phase of single principal cells (A, B)
and interneurons (C, D) using theta LFP from EC3 or the CA1 pyramidal layer as a
reference. Data includes neurons from experiments in which simultaneous recording from
the CA1 pyramidal layer and EC3 was available. Only neurons with significant theta
modulation are included (at least 50 spikes and firing rate > 0.1 Hz; Rayleigh test;
p<0.01). The small but consistent phase shifts between the two reference methods may be
due to the gradual phase shift of LFP theta within EC3. Zero to 80o (CA1 slightly
precedes EC3) phase shifts were observed between the CA1 pyramidal layer and EC3 in
different rats/sessions. These shifts can be due to phase changes of theta in the EC1-EC5
axis or as a function of dorso-ventral axis. Because most of our penetrations in EC were
oblique, the source of shift could not be disambiguated.
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Figure S11. Temporal relationship between neuron groups of hippocampus and EC.
In Figure 4, the group cross-correlograms and the distributions of temporal offsets of
significantly correlated neuron pairs are shown. This figure illustrates the distribution of
time and phase advance/lags of individual neuron pairs. All neuron pairs both of whose
members are significantly modulated by theta (with at least 50 spikes and firing rate > 0.1
Hz; Rayleigh test, p<0.01) and number of events in cross-correlogram within [-150,
+150] msec is larger than 100 are included. Pair numbers are indicated left of the graphs.
Same layout as in Figure 4. (A) principal cell pairs; (B) principal cell-interneuron pairs.
Each row is a color-coded temporal cross-correlogram (time scale shown at the bottom).
Each cross-correlogram was first smoothed using a Gaussian kernel (SD = 10 msec).
Then the mean was subtracted from the computed cross-correlogram and the residue was
divided by the standard deviation. Color scale: +3 to –3 standard deviation. Black line,
difference between preferred theta phases of the neuron pairs (phase lag relative to the
reference neuron is shown on top, assuming that 1 theta cycle = 125 msec). Cell pairs are
sorted by their difference between preferred phases of the pairs. Note close correlation
between results obtained from phase offset and time offset calculations. Note also that
most DG, CA3 principal neurons fire earlier than EC2 principal cells. Similarly, most
CA1 pyramidal neurons fire earlier than EC3 pyramidal cells, and most EC2 principalEC3 principal pairs are time/phase shifted. Relatively straight lines (e.g., EC5-CA1 pairs,
both in principal-principal and principal cell-interneuron pairs) indicate wide distribution
of time/phase advances/lags without a dominant population mean. The stronger theta
time-scale modulation of principal cell-interneuron pairs, relative to principal cellprincipal cell pairs, is also emphasized by the color plots.
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Figure S12. Relationship between instantaneous firing rate of single cells and theta
phase preference. In Figure 5A, all principal neurons with significant theta modulation
in each firing rate category are shown. To examine whether individual principal cells
showed phase shift as a function of instantaneous firing rate, the rate-dependent phase
shifts of single cells whose phases in both firing rate category (4Hz and ≥ 40Hz, or ISI <
6 msec and ISI > 20 msec) were significantly modulated (at least 50 spikes; Rayleigh
test; p<0.01) are shown. (A) Comparison between slow and fast rate effects. Note largest
phase shifts of individual EC2 and CA1 principal neurons between 4 Hz and ≥ 40 Hz. (B)
Comparison between burst firing (interspike interval <6 msec) and interspike intervals >
20 msec. Note that bursting spikes (ISI < 6 msec) and single spikes (ISI > 20 msec) have
different phase preferences in a significant number of neurons in CA1 and EC2.
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Figure S13. Relationship between instantaneous firing rate and theta phase in
interneurons. Same display as in Figure 5. (A) Top row, polar plots of group mean of
preferred phase and mean resultant length of putative interneurons as a function of
instantaneous rate. Instantaneous rate was determined for each spike in ten increments (1,
2, …. or 10 spikes per 250 msec, corresponding to 4, 8, 12,…, ≥ 40 Hz; Harris et al.,
2002). Color code of lines indicates firing rates. Second and third rows, preferred phase
and modulation depth for each significantly modulated interneuron at 4 and ≥ 40 Hz and,
fourth row, for spikes of short interspike intervals (ISI<6 msec; “burst”). Each dot is a
single neuron. Black lines, group mean. Note lack of rate dependent phase-shifts of
putative interneurons. In each firing rate category, only neurons with significant theta
modulation (at least 50 spikes in a given category and Rayleigh test, p<0.01) are shown.
(B) Firing probability of interneuron from different layers as a function of theta phase (as
in Figure 3E), at different instantaneous frequencies (4 Hz, ≥40 Hz), and bursting (ISI < 6
msec). In each category, all spikes from all neurons are included regardless of the
significance of theta modulation. The 4 to 40 Hz rate change and “burst” patterns are not
meaningful criteria for low and high firing rates of interneurons (Harris et al., 2001).
These rates were used only to contrast them with principal neurons (Figure 5).
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Figure S14. Phase precession in EC neurons. In these recordings, grid cells were first
identified on an open platform and neurons from the same recording sites were tested
subsequently on the linear track (as in Hafting et al., 2008). (A) Two simultaneously
recorded grid cells. First column; trajectory of rat (black line) and places at which spikes
occurred (red spots). Second column; firing rate map; Third column; spatial
autocorrelograms of the grid cells and “Gridness” scores (Hafting et al., 2005). Rightmost
column; firing rate as a function of head direction. U2. Head direction index (as in
Sargolini et al., 2006). (B) Theta phase as a function of the rat’s position on the linear
track (two theta cycles are show for clarity). Note phase precession of some but not all
neurons (black). Red, simultaneously recorded two CA1 pyramidal neurons for
comparison. Theta phases derived from LFP recorded in CA1 pyramidal layer were used.
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Figure S15. Range of phase precession in different neuron classes. Mean phases are
shown at 10% increments of distance from the beginning of the field on the linear track;
100% represents the length of the firing field. Field size was calculated as described by
Hafting et al. (2008) (See Methods). Note similar range of phase shift in all regions and
layers, except EC3 where principal cells, in general, did not show phase precession. First,
mean phases of each place field segment were calculated for each place field, then means
of mean phases of each place field segment and 95% confidence intervals are shown.
Only place fields with ≥0.7 spatial coherence are included, to compare the current EC
results with a previous study (Hafting et al., 2008). LFP theta oscillations recorded in
EC3 were used as a reference for all the principal neuron groups.
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Figure S16. Phase precession of principal cells in different testing environments.
Differences between oscillation frequencies of neuron firing and LFP theta, determined
by computing the cross-correlogram of the spectra of the respective neuron and LFP
(Geisler et al., 2007). Each color-coded row represents a single principal neuron, sorted
by the magnitude of frequency shift (black dots) determined by the peak of crosscorrelograms. Cross-correlograms were normalized by their peaks. Data in the left
column (linear track) are the same as shown in Figure 7B, using the same conventions.
Peak at 0 Hz indicates lack of phase precession. Numbers above plots indicate the percent
of neurons with significant theta power (%), and total number of cells tested on the maze
(n=). Theta power was considered significant when the mean of the integrated power at
peak±0.5 Hz was 30% larger than the mean of the integrated power in both the 4-6 Hz
and 12-14 Hz bands. Only neurons with significant theta power are shown. Note smallest
magnitude of phase precession in the open field task (square; see also Huxter et al., 2008).
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Figure S17. Spike phase spectrum method. (A) Simulated LFP oscillation of variable
frequency and unit firing locked to the trough of wave (red ticks, t1 to t11). Note variable
intervals between spikes. Below, phase-normalized LFP with unit firing (p1 to p11).
Spike phase spectrum shows peak power at 1, an indication of identical oscillation
frequency of LFP and unit. (B) LFP oscillation of variable frequency with the unit (red
ticks, T1 to T11) oscillating faster than LFP oscillation. Below, phase-normalized LFP
with unit firing (P1 to P11). Note phase precession of spikes. The peak of the spike phase
spectrum is shifted to the right. X axis, frequency of unit relative to LFP oscillations.
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Figure S18. Phase precession of principal cells in different testing environments.
Same dataset as in Figure S16, but differences between oscillation frequencies of neuron
firing and LFP theta were calculated by the spike phase spectrum method (Figure S17). X
axis, frequency of unit relative to LFP theta (see also Figure 6 rightmost column).
Numbers above plots indicate the percent of neurons with significant theta power (%),
and total number of cells tested on the maze (n=). Theta power of the spike phase
spectrum was considered significant when the mean of integrated power at peak± 0.025
was 50% larger than the mean of integrated power in both the 0.5-0.85 and 1.3-1.8 bands.
Each color-coded row represents a single principal neuron, sorted by the magnitude of
frequency shift (black dots) of the power spectral peak. Power spectra were normalized
by their peaks. Only neurons with significant theta power are shown. Results are similar
to the cross-correlation of the spectra of the respective neuron and LFP (Figure S16).

34

35

Figure S19. Probability of spikes as a function of instantaneous firing rate and theta
phase. In each region, the spiking probability of principal neurons was calculated as a
function of instantaneous firing rate and EC3 theta phase. Instantaneous rate (color
coded) was quantified for each spike of each neuron in ten increments (1, 2, … or ≥10
spikes per 250 msec [~two theta cycles], corresponding to 4, 8, 12,…, ≥ 40 Hz; as in
Figure 5). In each category, all spikes of all neurons are included and contributed to the
histogram equally, regardless of the significance of theta modulation. Probabilities of
spikes of the population (at all firing rates) are also shown in black broken lines (same as
Figure 3A). Note that the distributions of spikes are essentially similar to the distributions
of preferred phase of significantly modulated neurons (Figure 8). Note that spikes at high
firing rate (hot colors) represent a minority in the EC. The category of ≥ 40 Hz includes
all spikes at firing rates equal to or larger than 40 Hz, which accounts for the big jump
between category of 36 Hz and that of ≥ 40 Hz.
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