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Brief Communications

Theta Rhythmic Clock-Like Activity of Single Units in the
Mouse Hippocampus

Lu Zhang,'* Xiaoyu Ma,'* Guifen Chen,' Edi Barkai,’ and Longnian Lin'
'Key Laboratory of Brain Functional Genomics (Ministry of Education and Shanghai), Institute of Brain Functional Genomics, School of Life Science and
the Collaborative Innovation Center for Brain Science, East China Normal University, Shanghai 200062, People’s Republic of China, and 2Sagol Department
of Neurobiology, Faculty of Natural Sciences, University of Haifa, Haifa 31905, Israel

Theta rhythmic clock-like activity was observed in a small group of hippocampal CA1 neurons in freely behaving mice. These neurons
were only persistently activated during theta states of waking exploration and rapid eye movement sleep, but were almost silent during
the non-theta state of slow-wave sleep. Interestingly, these cells displayed a theta clock-like simple-spike firing pattern, and were capable
of firing one spike per theta cycle during theta states. This is the first report of a unique class of hippocampal neurons with a clock-like
firing pattern at the theta rhythm. We speculate that these cells may act as a temporal reference to participate in the theta-related temporal

coding in the hippocampus.
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ignificance Statement

Theta oscillations, as the predominant rhythms in the hippocampus during waking exploration and rapid eye movement sleep,
may be critical for temporal coding/decoding of neuronal information, and theta-phase precession in hippocampal place cells is
one of the best demonstrations of such temporal coding. Here, we show that a unique small class of hippocampal CA1 neurons fired
with a theta rhythmic clock-like firing pattern during theta states. These firing characteristics support the notion that these
neurons may play a critical role in theta-related temporal coding in the hippocampus.
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Introduction

Physiological functions of neurons rely on their in vivo firing
patterns. Thus, diverse neurons in different brain regions present
various firing patterns. In the hippocampus of rodents, the most
common neurons observed are place cells. They are pyramidal
cells that become active when animals enter particular places in
the environment (O’Keefe and Dostrovsky, 1971). The dis-
charges of place cells are also characterized by temporal coding
phenomena, such as theta phase locking and theta phase preces-
sion (Huxter etal., 2003). In addition, it was reported that certain
neurons in the hippocampal CA1 encode concept (Quiroga et al.,
2005; Lin et al., 2007), time (MacDonald et al., 2011), and other
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information via their unique firing patterns. As for interneurons
in the hippocampus, their firing activities often show relevance to
hippocampal local field potential (LFP) rhythm, for example, the
theta-locked neurons (Klausberger et al.,, 2003; Zhang et al.,
2012), the gamma-locked neurons (Csicsvari et al., 2003), and the
ripple-related neurons (Klausberger et al., 2003). These various
firing patterns observed in rodent hippocampus in vivo are criti-
cal for describing the principles of hippocampal function and to
reveal the mechanisms of information coding of hippocampal
neurons.

To further study the firing properties of hippocampal neu-
rons, we used drivable microelectrode arrays to record in freely
behaving mice. We performed layer-by-layer recording in the
hippocampal CA1 area (Lin et al., 2006). Previously, we observed
not only the discharge activities of place cells, but also the firing
patterns of a series of cells that had never been reported, including
nest cells (Lin et al., 2007) and theta-driving cells (Zhang et al.,
2012). Here we report a subset of neurons recorded in stratum
oriens of the hippocampal CA1 area in mice. These cells had
unique firing patterns, which were very different from those of
previously reported neurons. These cells were usually active dur-
ing theta states and displayed a clock-like firing pattern at the
theta band. Therefore, we term them “theta clock-spiking cells.”
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Materials and Methods

Animals. Fifteen male C57BL/6] mice (age range, 4—7 months old; weight
range, 25-35 g at implantation) were used for recording. Animals were
singly housed in plastic buckets (55 cm in diameter X 42 cm in height),
with free access to food and water, on a 12 h light/dark cycle. All experi-
mental procedures were conducted in accordance with the Animals Act,
2006 (People’s Republic of China).

Microdrive making. A foundation for a recording microdrive was pre-
pared by positioning three 36-pin connector arrays in parallel, as follows:
the first and second arrays were secured to both sides of the microdrive
base using epoxy glue; and the third array was attached to the second
array by a rectangular plastic spacer. The recording microdrive was de-
signed to implant two independently movable electrode bundles of 12
tetrodes and 24 stereotrodes into both sides of dorsal hippocampi, as
described in our previous work (Lin et al., 2006). The tetrodes were
constructed from four and two, respectively, twisted 13 um nichrome
wires (California Fine Wire) bound together by melting their insulation
(Czurko et al., 2011), with gold-plated tips to reduce the electrode im-
pedance to 500—800 K() at 1 kHz.

Surgery. Mice were anesthetized with pentobarbital sodium (40 mg/
kg), and their body temperature was kept constant by a small animal
thermoregulation device (FHC). The positions for the two bundles of
electrodes (2.3 mm posterior and 2.0 mm lateral to bregma) were mea-
sured and marked, and then holes were drilled in the skull at these posi-
tions. Afterward, two independently adjustable bundles of 12 tetrodes
and 24 stereotrodes were positioned and lowered through the drilled
holes into the cortex above the dorsal hippocampi. The gaps between the
electrodes and holes were filled with softened paraffin, and the wired
microdrive was secured with dental cement.

In vivo recording. Among all 15 animals, 11 were implanted with te-
trode wires and the others with stereotrodes. After surgery, mice were
normally housed in their home cages (plastic buckets) and were allowed
to recover for at least 4 d. Then the connector pin arrays on the micro-
drive were attached to preamplifiers with extended cables to monitor
neuronal signals using a 96-channel Plexon system (http://www.plexon.
com). To enable the mouse to move freely when recording, a helium-
filled Mylar balloon was tied to the cables for alleviating the weight of the
apparatus and cables. Data acquisition started when the tetrode/ste-
reotrode bundles were advanced slowly toward the hippocampal CA1
region in daily increments of ~0.07 mm until the tips of the electrodes
reached the hippocampal CA1, which was deduced from local field po-
tentials and neuronal activity patterns.

The extracellular signals from electrodes were filtered through the
preamplifiers to separate neuronal activity and local field potentials. The
spike signals (sampling at 40 kHz) and the LFP signals (sampling at 1
kHz) were filtered on-line at 400-7000 and 0.7-300 Hz, respectively.
Spike waveforms, time stamps, and LFP signals were saved to Plexon data
files (*.plx).

Most of their behaviors, such as sleeping, eating, and quiet waking,
were recorded in a home cage, while waking exploration was recorded in
a square box (40 X 40 X 20 cm) enriched with toys.

After completion of the experiments, histological staining with 1%
cresyl echt violet was used to confirm the electrode positions.

Spike sorting and cell classification. Individual neurons were identified
and sorted by clustering methods in Offline Sorter version 2.8 software
(http://www.plexon.com), and performed manually in a three-
dimensional parameter space. The following two major criteria were
used to identify interneurons: >5 Hz firing rates and 100—300 us spike
durations (Czurko et al., 2011). Then interspike intervals (ISIs) were
used to further isolate theta clock-spiking cells from the other cells.

Detection of theta, gamma, and ripple oscillations. To detect theta oscil-
lations, the original LFP was bandpass filtered (4—12 Hz). And then a
theta (5-10 Hz)/delta (2—4 Hz) ratio was calculated by sliding a 2 s
window. Epochs with more than three consecutive time windows in
which the ratio was >4 were identified as theta episodes (Csicsvari et al.,
1999).

To detect gamma oscillations, the original LFP was digitally bandpass
filtered (30—80 Hz). The gamma power (root mean square) of the fil-
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tered signal was calculated by sliding a 25 ms window every 1 ms, and the
threshold of detecting gamma episodes was set to 2 SDs above the back-
ground mean power (Csicsvari et al., 2003).

To detect ripple oscillations, the original LFP was digitally bandpass
filtered (100—250 Hz). The power (root mean square) of the filtered
signal was calculated by sliding a 10 ms window every 1 ms. Epochs with
5 SDs above the background mean power were designated as ripple epi-
sodes. And then the time window was moved forward and backward to
look for the beginning and the end of each ripple episode, the threshold
of which was set to 2 SDs above the background mean power (Csicsvari et
al., 1999; Klausberger et al., 2003).

Power spectrum, firing rate analysis. An augmented Dickey—Fuller test
was applied to select stationary data for further analysis. A power spectral
density analysis was performed on both spike and LFP signals using
Welch’s averaged periodogram method with a 512 ms nonoverlapping
Hanning window. The discrete spike signals were converted into contin-
uous signals by firing rate histograms with a 1 ms window.

Theta phase-locking firing analysis. The theta-filtered (412 Hz) LFP,
¥(t), was first decomposed into instantaneous amplitude p(t) and phase
() components, as follows:

(1) = Re(p(1)e*"),

by using a Hilbert transform. Then, given the spike train
{tli = 1,2,..., n}, spike phase was calculated as follows:

@i = o(t;).

To evaluate the presence of phase locking, a Rayleigh test (cells that fired
<50 spikes were excluded) for circular uniformity was performed to
compute the significance (p < 0.01) of phase locking and the corre-
sponding preferred phases (Siapas et al., 2005). The unit phase was fit
with a von Mises distribution.

Spatial firing properties and velocity modulation. Animals were placed
into either a circular box (55 c¢m in diameter X 42 cm in height) or a
square box (40 X 40 X 20 cm in height) with visual cues while recording.
Animal behaviors were captured by a digital camera (20 frames/s), and
positions were tracked in Cineplex version 3.0 software (http://www.
plexon.com). Position data were sorted into 1.5 X 1.5 cm pixels. Firing
rate maps were constructed (Cacucci et al., 2004) to visualize the posi-
tional firing distribution. The spatial information content is defined in
bits/spike according to the following formula:

1= (\/A) log(A/N) P,

where A; is the mean firing rate in each pixel, A is the overall mean firing
rate, and P; is the probability of the animal to be in pixel i (Rochefort et
al., 2011). Locomotion velocity and firing rate were averaged into 1 s
bins. Spearman correlation coefficients were computed between the ve-
locity and firing rate of recorded cells.

Results

Theta rhythmic clock-like activity of hippocampal CA1 theta
clock-spiking cells

We recorded five theta clock-spiking cells in the hippocampal
CALl area in five mice, respectively. These cells fired predomi-
nately in theta states during waking exploration or rapid eye
movement (REM) sleep, but stayed almost silent during slow-
wave sleep (SWS; Figs. 14, 2). These cells normally fired one spike
per theta cycle; therefore, they represented a typical clock-spiking
pattern with theta rhythm (Figs. 1B, 2). The ISI histograms of
these cells are Gaussian distributions centered at the theta fre-
quency (Figs. 1C, 2; false discovery rate (FDR) correction for five
comparisons, g > 0.1; Lilliefors test). Multiple peaks in the auto-
correlograms indicate a periodic firing in the theta frequency
range (Figs. 1C, 2; average interpeak interval, 95.0 = 7.9 ms;
n = 5). However, of the five recorded theta clock-spiking cells,
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Figure 1.  The firing pattern of theta clock-spiking cells. A, A firing rate histogram of a theta clock-spiking cell from a 2000 s recording (top) and a power spectrogram of the
corresponding hippocampal CA1 LFP (bottom). The colored bar at the bottom indicates various behavioral states. B, A zoomed-in representation of the REM sleep state from above. Note
a theta rhythmic clock-like firing pattern. Scales: theta, 0.3 mV; LFP, 0.5 mV; time, 1s. C, ISI histograms of the cell during 20 s of the waking exploration state (left) and 20 s of the REM
sleep state (right). Note the Gaussian distribution in both. Insets are autocorrelograms. D, Significant differences between the average firing rates of the theta clock-spiking cells and the
peak frequencies of the power spectra of the corresponding LFP theta. Error bars represent the SD. *p << 0.05, **p << 0.01; for waking exploration, n = 5; for REM sleep, n = 4. fre.,
Frequency.
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Figure2. The other four theta clock-spiking cells. A-D, Each panel represents one cell. Left panels show the firings of theta clock-spiking cells during waking exploration state. Scales:
theta, 0.2 mV; LFP, 0.4 mV; time, 1. Right panels show firing rate histograms of the cells and power spectrograms of the corresponding hippocampal CA1 LFPs. The colored bars at the
bottom indicate various behavioral states. Insets are ISI histograms with Gaussian fitting and autocorrelograms, both during waking exploration state.
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Spiking properties of four types of CA1 cells. 4, IS distributions of a theta clock-spiking cell, a complex-spiking cell, a theta-locked interneuron, and a theta-unlocked interneuron (top

to bottom); insets are the extracellular waveforms (mean == SD; 500 waveforms were calculated for each cell). ISI bin width, 1 ms. Scales: 0.1 mV, 0.5 ms. B, Autocorrelograms of the corresponding
cells in A. Bin widths: 0.5 ms for the complex-spiking cell; 5 ms for the others. €, Spike phase distributions of the corresponding cells in A related to LFP theta oscillations.

four show no significant phase relationship to LFP theta (FDR
correction for five comparisons, g > 0.05; Rayleigh test).
Additionally, we calculated the firing rates of these theta
clock-spiking cells under different theta states. Interestingly, the
average firing rate during waking exploration was 9.47 = 0.53 Hz
(Fig. 1D; n = 5), which was slightly higher than the peak fre-
quency of the power spectrum of the corresponding hippocam-
pal LEP theta rhythm (8.09 * 0.22 Hz; n = 5; repeated-measures
unbalanced ANOVA: p < 0.05, F, 5, (Measurement) = 29.17;
p < 0.01, F(, 5y (Behavior) = 85.52; p < 0.01, F, 5, (Interac-
tion) = 37.19; p < 0.01, t4, = 6.95, paired ¢ test with Bonferroni
correction). On the other hand, the average firing rate during
REM sleep was 5.18 = 0.66 Hz, which was lower than the peak
frequency of the LFP theta rhythm (7.42 £ 0.18 Hz; n = 4; p <
0.05, t(;y = —6.38, paired ¢ test with Bonferroni correction).

Identification of theta clock-spiking cells from other cells

In addition to the five theta clock-spiking cells, we recorded var-
ious neurons in the CA1 area. Among other 508 well isolated
units, there were 44 theta-locked interneurons and 39 theta-
unlocked interneurons in stratum oriens and stratum pyrami-
dale, as well as 425 complex-spiking cells in stratum pyramidale.

Relatively, the proportion of the theta clock-spiking cells was
extremely low. Usually, more than one neuron could be sepa-
rated simultaneously from a tetrode, but theta clock-spiking cells
were never recorded together with other neurons from one te-
trode. This suggested that these cells might be located in areas
where neurons were sparsely distributed. Furthermore, ripples
and theta oscillations were observed on the tetrodes with theta
clock-spiking cells recorded. Compared with LFPs in stratum
pyramidale, ripples on those five tetrodes were smaller, and theta
oscillations had a 3-24 ms delayed phase, which indicated that
the somata of these theta clock-spiking cells were probably lo-
cated in stratum oriens.

Different from other types of cells in CA1, which showed Pois-
son distribution, theta clock-spiking cells showed Gaussian ISI
distribution (Fig. 3A). Therefore, theta clock-spiking cells could
be easily identified from other types of neurons in CA1, based just
on their peak interval of ISI distributions (Fig. 4; Kruskal-Wallis
test: p < 0.001, x3 = 16.77; p < 0.01, post hoc Dunn’s test). In
addition, firing rates during exploration enabled us to distinguish
theta clock-spiking cells from complex-spiking cells (Fig. 4;
Kruskal-Wallis test: p < 0.001, x5 = 218.7; p < 0.01, post hoc
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Figure 4.

spiking cells, n = 425.

Dunn’s test), and spike durations enabled us to separate theta
clock-spiking cells from interneurons (Fig. 4; Kruskal-Wallis
test: p < 0.001, X5 = 141.7; p < 0.001, post hoc Dunn’s test).

In addition, theta clock-spiking cells were not phase locked to
gamma oscillations (FDR correction for five comparisons, g >
0.1; Rayleigh test) during waking exploration or REM sleep, and
were not correlated to ripple events during SWS sleep. These cells
showed nonspatial preference, with spatial information of <0.15
bit/spike, much lower than those reported in place cells in mice
(Cacucci et al., 2007; Rochefort et al., 2011; Zhang et al., 2014).
However, the firing rates of these cells were significantly related to
locomotion velocity (Bonferroni correction with five compari-
sons, p < 0.005; Spearman’s p test).

Discussion
In this study, we recorded 5 theta clock-spiking cells from among
a total of 513 hippocampal cells in 15 mice. However, these five
cells showed uniform in vivo firing patterns, as they fired almost
exclusively during theta states, fired one spike per theta cycle, and
displayed similar firing rate properties and ISI distribution.
Hence, we recognize these cells as being from the same popula-
tion even though we could not confirm their morphological or
immunological characteristics using the multichannel in vivo re-
cording method. Although five cells may seem to be too small a
sample, considering that the somata of these five cells were prob-
ably scattered in stratum oriens, and they were never recorded
with other neurons from one tetrode, we reason that the total
number of this type of cell in hippocampus is very low. According
to previous studies, interneurons represent only ~10% of the
total number of hippocampal neurons (David et al., 2006) yet
contain diverse cell types (Freund and Buzsaki, 1996). Therefore,
it is highly possible that the population of a specific type of neu-
ron, such as the theta clock-spiking cell, is quite low.
Clock-spiking cells were first reported in the optic lobes of insects
in 1965 (Kuiper and Leutscher-Hazelhoff, 1965). These cells are
characterized by a consistent and repetitive firing pattern at a very
constant rate. As a result, their interspike interval histograms fol-

(lassification of four types of cells recorded in CA1. Each symbol represents one cell. x-axis, Durations of extracellular
waveforms measured at 1/e negative peak; y-axis, firing rates; z-axis, peak intervals of ISI distributions. Insets, Summary data for
firing rate, spike duration, and peak interval of ISI of the four types of neurons. Error bars represent SD. **p << 0.01, ***p << 0.001.
For theta clock-spiking cells, n = 5; for theta-locked interneurons, n = 44; for theta-unlocked interneurons, n = 39; for complex-
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low Gaussian distributions (Kuiper and
Leutscher-Hazelhoff, 1965). However, since
discovery, further relevant studies have been
rare, and the functional understanding of
these cells has been limited because of their
unique and uncommon firing patterns
(Burtt and Patterson, 1970; Moro and Huo-
tari, 1998).

Our encounter with such theta clock-
spiking cells in the hippocampus poses
some questions about the biological roles
of this type of cell. One possibility is that
the firing pattern of these cells contributes
to hippocampal self-generated theta oscil-
lations, since several intrinsic, atropine-
resistant theta generators have been found
in CA1 using isolated rat hippocampal
preparations (Traub et al., 1989; Gout-
agny et al., 2009). However, our recorded
cells show a different frequency of firing
rate from the peak frequency of LFP theta,
suggesting that their involvement in the
theta generation is highly unlikely. Sec-
ond, their activity may contribute to the
theta phase precession in place cells (Sk-
aggs et al., 1996; Huxter et al., 2003). A
recent study on the subthreshold mem-
brane potentials of hippocampal place cells showed that when
animals ran across place fields, the phase precession effect re-
sulted from phase precession of intracellular membrane theta
oscillations in relation to the extracellular LFP theta rhythm
(Harvey et al., 2009; Leung, 2011). In the hippocampus, some of
the cells that represent sequence memories are responsible for
temporal coding (MacDonald et al., 2011). Our observations
demonstrate that the theta clock-spiking cells have a clock-like
periodic firing pattern during the awake theta state, and the
clocking frequency is higher than the theta rhythm of LFPs.
Therefore, we speculate that the activity of these theta clock-
spiking cells may provide an overall time reference for the theta
phase precession of intracellular membrane potential oscillations
in place cells. But, unlike place cells, neither the spike timing nor
the theta phases of theta clock-spiking cells encode spatial infor-
mation. Notably, there are correlations between the firing of
these theta clock-spiking cells and the locomotion speed of ani-
mals. Seeing that the firing of theta clock-spiking cells follows
theta rhythm, this could be caused by the correlation between
theta oscillations and speed, as has been reported in other studies
(Hinman et al., 2011; Newman et al., 2013; Richard et al., 2013).
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