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Abstract
Encoding of spatial information in the superficial layers of the medial entorhinal cortex (sMEC) involves theta-modulated
spiking and gamma oscillations, as well as spatially tuned grid cells and border cells. Little is known about the role of the
arousal-promoting histaminergic system in the modification of information encoded in the sMEC in vivo, and how such
histamine-regulated information correlates with behavioral functions. Here, we show that histamine upregulates the neural
excitability of a significant proportion of neurons (16.32%, 39.18%, and 52.94% at 30 μM, 300 μM, and 3mM, respectively) and
increases local theta (4–12Hz) and gamma power (low: 25–48 Hz; high: 60–120Hz) in the sMEC, through activation of
histamine receptor types 1 and 3. During spatial exploration, the strength of theta-modulated firing of putative principal
neurons and high gamma oscillations is enhanced about 2-fold by histamine. The histamine-mediated increase of theta
phase-locking of spikes and high gamma power is consistent with successful spatial recognition. These results, for the first
time, reveal possible mechanisms involving the arousal-promoting histaminergic system in the modulation of spatial
cognition.
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Introduction
Recent decades have witnessed breakthroughs in the charac-
terization of spatial information encoding in the superficial
layers of the medial entorhinal cortex (sMEC). During spatial

exploration, the firing of putative principal neurons in the
sMEC is tightly locked to local theta oscillations (Chrobak and
Buzsaki 1994), and belongs to the underlying mechanism for
temporal coordination between the entorhinal cortex and the
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hippocampus (Mizuseki et al. 2009). Additionally, local gamma
(40–100 Hz) oscillatory power is modulated by the theta
(4–12 Hz) phase (Chrobak and Buzsaki 1998; Quilichini et al.
2010). Recently, neurons carrying spatial cues have been found
in the sMEC, especially the typical grid cells (Fyhn et al. 2004;
Hafting et al. 2005) and border cells (Solstad et al. 2008). The
activity of grid cells, but not border cells, is tightly regulated by
theta phase-locking and theta–nested gamma oscillations
(Pastoll et al. 2013; Ray et al. 2014; Tang et al. 2014).

It is well known that neural excitability and synaptic trans-
mission are modified by arousal-promoting systems, such as the
cholinergic, histaminergic, noradrenergic, and dopaminergic sys-
tems (Xiao et al. 2009a, 2009b; Cilz et al. 2014; He et al. 2016).
Histaminergic neurons are exclusively located in the tuberomam-
millary nucleus of the hypothalamus (Thakkar 2011; Panula and
Nuutinen 2013; Zha and Xu 2015), and project fibers throughout
the brain, playing an important role in maintaining wakefulness
(Lin et al. 2011). The activity of histaminergic neurons is high dur-
ing wakefulness, but extremely low during sleep (Lin 2000).
Disruption of histaminergic neurons or their receptors impairs
arousal (Thakkar 2011; Panula and Nuutinen 2013). The impor-
tance of arousal-promoting systems in cognition has been exten-
sively studied in respect to the hippocampus and medial
prefrontal cortex (Otani et al. 2015; Wang et al. 2015; Ballinger
et al. 2016). By contrast, how the encoding of spatial information
in the sMEC and corresponding behavioral functions are modu-
lated by arousal systems is poorly understood. The arousal-
promoting systems project dense fibers to the sMEC, and their
receptors have also been detected. In vitro studies demonstrated
a role for these neurotransmitters in the regulation of neural
activities in the sMEC (Xiao et al. 2009b; Cilz et al. 2014; He et al.
2016). These earlier evidences strongly suggested that the ongo-
ing encoding of information in the sMEC is probably modulated
by arousal-promoting systems. Indeed, the encoding of grid cells
relies on cholinergic input. Systemic blocking of muscarinic
receptors disrupts the spatial tuning of grid cells (Newman et al.
2014), and specifically reduces the strength of theta modulation
of trough-locked grid cells (Newman and Hasselmo 2014).
Moreover, cholinergic input enhances the coupling between theta
phase and gamma amplitude, which in rats is correlated with
high-speed modulation (Newman et al. 2013). At present,
whether these individual arousal-promoting systems play differ-
ent roles in information processing in the sMEC and its related
functions remains unknown.

The histaminergic system is critical for spatial learning and
memory (Haas et al. 2008; Panula and Nuutinen 2013), and hista-
minergic fibers have been detected in the sMEC (Airaksinen and
Panula 1988; Panula et al. 1998). Our previous studies demon-
strated superficially enriched expression of histamine receptors
in the MEC, and histamine in vitro increases neuronal excitability
and facilitates synaptic transmission, which is involved in accurate
spatial learning (He et al. 2016). However, the role of the histamin-
ergic system (especially in comparison with the cholinergic sys-
tem) in regulating information encoded in the sMEC in vivo, and
how this histamine-modulated information processing corre-
lates with behavioral functions, needs to be further clarified.

In the present study, we used multichannel recordings and
neuropharmacological techniques to explore the role of the his-
taminergic system in modulating the encoding of information
in the sMEC, as well as modulation of sMEC-related behaviors.
Compared with traditional single-unit electrophysiology, the mul-
tiple electrode array recording technique has several advantages
in studies of neuroscience: (1) simultaneous recording of large-
scale neural activities; (2) available mathematics to analyze

massive neural data sets; and (3) it allows investigation of the
relationship between neural activities and behaviors, and can
reveal functional cells or oscillatory activities at behavioral levels
(Buzsaki 2004). During spatial exploration, unlike with cholinergic
input, histamine does not influence the encoding of grid cells and
border cells. However, it enhances the theta phase-locking of
putative principal neuronal firing and local high gamma oscil-
lations via types 1 and 3 histamine receptors (H1Rs and H3Rs).
Histamine-mediated theta modulation of spiking and high
gamma power is correlated with successful spatial recognition.
These results provide new insights into the regulatory role of
the arousal-promoting histaminergic system during spatial
learning and memory.

Materials and Methods
Subjects

A total of 37 male Sprague–Dawley rats (350–450 g at the time of
surgery and behavioral tests) were used in this study. Two of
these rats were implanted with a drug cannula at 30° in the sag-
ittal plane (the tip of the cannula pointed to the posterior direc-
tion), and an electrode array perpendicular to the horizontal
plane in the left sMEC. In 21 rats, a drug cannula and electrode
were implanted in the left sMEC, as well as an additional vertical
drug cannula in the right sMEC. In 14 rats, 2 drug cannulas were
vertically implanted in the left and right sMEC. The rats were
group-housed with food and water available ad libitum before
surgery. The housing environment was kept on a 12h light/dark
cycle. All the experiments were conducted in the dark phase
from 20:00 h to 24:00 h and were in strict accordance with the
Third Military Medical University Guide for the Care and Use of
Laboratory Animals. Only rats with stable recording during
experiments, low baseline noises, and no 50Hz power line inter-
ference were included in the analysis. During the recording of
the free moving and spatial exploration test, the data from 3 rats
were discarded because of unacceptable baseline noise.

Surgical Procedure

All surgical procedures were performed under aseptic condi-
tions. Rats were anesthetized with 3% sodium pentobarbital
(2.5mL/kg, i.p.), with an additional dose (0.15mL/h) being
injected 2 h after the first administration.

For implantation of the drug cannula and electrode array in
the left sMEC in 2 rats, the head of the rats was first fixed on a
stereotactic frame (RWD Life Technology Co., Ltd). The incision
site was cleaned using iodine and medical alcohol. The scalp
and the periosteum were carefully removed to expose the skull
surface. Then, with the help of a microscope, a bone window
(1.5 × 1.5mm) with a center at AP −8.3mm and ML −4.6mm (left
side) and a small burr hole at AP −4.4mm and ML −4.6mm (left
side) were made for implantation of electrode and guide can-
nula, respectively. In 21 rats, in addition to implantation of the
drug cannula and electrode array in the left sMEC, another small
burr hole at AP −8.3mm and ML +4.6mm (right side) was drilled
for cannula implantation. After having carefully removed the
dura in the small burr hole of both sides, the drug cannula was
lowered to the sMEC (left: 5.2mm, 30° in the sagittal plane with
the tip of the cannula pointed to the posterior direction; right:
4.4mm, vertical to the horizontal plane) at a speed of 5 μm/s,
controlled by an automatic micromanipulator (IVM-1000,
Scientifica, USA). Dental acrylic was used to preliminarily fix the
cannulas. The electrode array was then slowly implanted into
the sMEC from the center of the cranial window at a speed of
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1 μm/s (depth: 4–4.5mm). Once the electrode reached the tar-
geted sMEC with a high signal-to-noise ratio of spike activities, a
drop of agarose gel was carefully injected into the bone window
to protect the brain tissue. Finally, the cannulas and electrodes
were firmly fixed to the skull with dental acrylic.

The surgical steps for bilateral implantation of drug cannu-
las in the sMEC in 14 rats were similar to the aforementioned
cannula implantation procedures. After carefully exposing the
skull surface, 2 small holes were drilled with coordinates of AP
−8.3mm and ML ± 4.6mm (left and right). The 2 drug cannulas
were simultaneously lowered to the left and the right sMEC
(depth: 4.4mm) with the help of an automatic micromanipula-
tor (IVM-1000, Scientifica). Dental acrylic was used to fully fix
the cannulas to the skull.

Behavioral Recording

Freely Moving Test
After surgery, all rats were allowed 7–10 days for recovery,
including 3–4 days of gentle acclimatization. Eleven freely
behaving rats underwent in vivo recording of sMEC neural
activities in a black open field (100 × 100 cm) polarized with a
square white cue on one of the walls. After a baseline of 10min
of recording, drugs were slowly and unilaterally infused into
the left sMEC. Another 30–40min were recorded immediately
after drug infusion to continuously investigate the effects of
the drugs on neuronal activities in the sMEC. Ethanol (15%) was
used to eliminate the influence of smell across different rats.

Spatial Exploration Test
After recovery from the surgery and before testing, rats under-
went a food deprivation schedule until their body weight was
approximately 85% of the initial free-feeding weight; this is a
frequently used protocol in studies of spatial exploration
(Sargolini et al. 2006; Solstad et al. 2008). This protocol took
about 3–5 days, during which the rats received 3 g of food/day
under food deprivation until they were approximately 85% of
their initial weight. During the recording days, a fixed 10 g/day
of food was given to maintain the 85% body weight. After 3
days of adaptation to the open field, the rats could freely
explore the 2D environment with randomly scattered food. As
for spatial exploration, we defined the periods only when rats
actively explore the 2D environment with a running speed
>5 cm/s for the data analyses (Tang et al. 2014, 2015). Data
recorded during low-speed and immobility epochs were
excluded from this study. First, rats underwent 15min of run-
ning to record the baseline neural activities in the sMEC during
spatial exploration in the open field. Then, drugs were slowly
and bilaterally injected into the sMEC through the cannula.
After 10min of drug diffusion, rats were allowed to explore the
open field for a second session of 15min.

Spatial Recognition Task
Two spatial recognition tasks, which were used in previous stud-
ies (Van Cauter et al. 2013), were applied to investigate the role
of the histaminergic system in spatial recognition. (1) One-trial
recognition task: the 2D environment was the aforementioned
open field. As illustrated in Figure 6a, rats were familiarized to
the open field for 10min on day 1. In the presentation phase on
day 2, two objects were placed in the apparatus. Rats could freely
explore the objects for 5min. After a 5min interval in the home
cage, a 5min test phase followed. In this test phase, the spatial
position of one object was changed, and rats were allowed to re-
explore the 2 objects. Similar to the spatial recognition test on

day 2, rats underwent a novel object recognition task on day 3.
All procedures were the same as in the spatial recognition task,
except that one of the objects was replaced by a novel object in
the test phase. (2) Object exploration task: in this task, rats were
first acclimatized with one trial of adaptation to the open field.
The subsequent 6 trials for exploration of 4 objects in the appara-
tus allowed the rats to recognize the initial spatial configuration
of these 4 objects. In trial 8, the spatial position of one object was
changed, and rats were allowed to explore the new spatial
arrangement of these objects. The following trial replicated the
former trial to allow the rats to reacclimatize to the new spatial
configuration. In trial 10, one object in trial 9 was substituted by
a novel object to test the performance of rats in novel object rec-
ognition. Every trial in this task lasted 5min, with a 5min inter-
val between trials.

Data Acquisition and Analysis

The electrode array (Plexon) consisted of 8 insulated nichrome
wires (30 μm in diameter, 100–250 kΩ). The distance between indi-
vidual wires was 200 μm. Electrodes were connected to an 8-
channel headstage with a preamplifier and an omniplex neural
data acquisition system (Plexon). The neural activity was digitized
at 40 kHz and band-pass filtered from 250Hz to 6 kHz for spike
analysis. The neural data recorded before and after drug infusion
were merged by using PlexUtil version 4 (Plexon), to ensure that
the analyzed effects on spikes were from the same single unit.
Single-unit sorting was accomplished using standard sorting rou-
tines in the software Off-Line Sorter version 3 (Plexon), according
to the methods used in previous studies (Lu et al. 2016; Yang
et al. 2016). The template sorting method was used to finely dis-
tinguish every single unit under each channel. First, recorded sig-
nals less than 5 times the standard deviation (SD) were detected
as spike events. According to the characteristics of detected
waveforms, principal component (PC) analysis (Dejean et al. 2016)
was performed by orthogonal transformation to extract the first 3
linearly uncorrelated PCs of these waveforms. The 3 PCs for every
waveform were plotted in 3D coordinates. A supervised k-means
clustering algorithm operating on the first 3 PCs was used to dis-
tinguish different single units. Waveforms with isolated clusters
in the 3D space were considered as a single-unit recorded from
the same neuron. This sorting result with a −5 SD detecting
threshold was set as a template. Then, the spike events in the
same channel were redetected with a threshold of −4 SD, and
sorted with the −5 SD template. Neurons with a refractory period
of spikes less than 2ms were excluded (Harris et al. 2000). The
local field potential (LFP) was digitized at 1 kHz and then low-pass
filtered with a cutoff at 250Hz. The motion of the rats in the open
field was simultaneously recorded with a video camera (sampling
rate, 30Hz), and the trajectory was obtained by offline tracking of
the rat in the video. All analyses of electrophysiology and video
data were conducted offline using software custom-written in
MATLAB 2014a (Mathworks).

Firing Rate and Power Spectral Density Analysis
In our experiments, 2 kinds of waveforms were detected as previ-
ously described: those emanating from the putative principal
neurons with large spike width (trough to peak) and low firing fre-
quency, and those from the interneurons with narrow waveforms
and high firing rate (Frank et al. 2001; Fyhn et al. 2004; Solstad
et al. 2008). Only the putative principal neurons were focused on
in this study. The criteria to identify principal neurons were
defined following previous study with spike width >0.4ms and
firing rate <16Hz (Frank et al. 2001). For spike and LFP data, a
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firing rate histogram and power spectral density (PSD) were first
extracted using the software NeuroExplorer vision 4 (Plexon),
before being analyzed using the MATLAB code. A drug response
on firing rate was considered to be present when the change in
the rate was larger than twice the SD of the baseline for at least
3 consecutive minutes, according to the rate–time curve
(Haghparast et al. 2010). The PSD for each frequency band (delta:
0.5–4Hz, theta: 4–12Hz, beta: 12–25Hz, low-frequency gamma
[L-gamma]: 25–48Hz, and high-frequency gamma [H-gamma]:
60–120Hz) was normalized to the total power of the baseline
trials. The division of gamma bands was based on previous stud-
ies (Colgin et al. 2009; Newman et al. 2013) and the results of
theta–gamma coupling described below.

Grid Cell and Border Cell Analyses
The analyses of grid cells and border cells were performed
according to previous studies (Fyhn et al. 2004; Solstad et al.
2008). Only spikes during running with a speed >5 cm/s and
cells with a firing rate >0.5 Hz were included in the analyses
(Tang et al. 2014, 2015). The 2D open field was divided into 2.5 ×
2.5 cm bins (40 × 40 grid). The firing rate of individual neurons
in each bin was calculated as follows:
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In the above equation, n is the number of spikes, si is the
position of the ith spike, y(t) is the location at time t, [0, T] is the
recording period, and g and h are the smoothing kernel and the
smoothing factor, respectively. Here, a Gaussian kernel was
used and h = 5 cm.

If a region was detected with an area >200 cm2 and a firing
rate >30% of the peak rate, it was defined as a firing field. The
following parameters were used to evaluate the firing fields: (1)
average rate, the mean firing rate during each trial; (2) peak rate,
the maximal firing rate in the rate map; (3) mean field size, the
average of all firing fields; and (4) the spatial information rate,
indicating the contrast of the neuronal firing fields to the back-
ground. A neuron with a higher spatial information rate has
higher spatially tuned firing fields. Sparsity implies the spacing
of firing field distribution. A higher sparsity value means a more
discrete spatial distribution of the firing fields. These 2 para-
meters were calculated according to the following formulas:
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In the above formulas, pi is the probability of rat running in
the ith bin (time in the ith bin/recording duration); λi is the
average rate in the ith bin; and λ is the mean firing rate during
the whole trial.

According to the spatial firing maps, the autocorrelograms
were calculated using Pearson’s product moment correlation:
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where λ (x, y), τx, and τy are the average rate and spatial lags at
location (x, y), respectively.

To calculate the gridness score, the central peaks of the
autocorrelogram were first sampled, and then the autocorrelo-
gram was rotated for 60° and 120° (on peak), as well as 30°, 90°,
and 150° (off peak). Pearson correlation was evaluated for the
autocorrelogram and its rotations. The grid score was calcu-
lated as the minimum difference between the “on peak” and
“off peak” rotations. A permutation test was performed to clar-
ify the grid cells according to a previous study (Newman et al.
2014). The spiking times for each neuron were randomly
assigned to the tracking position of the rat for 200 times, and
thus generated a set of 200 permutated spike–trajectory maps.
The grid scores for all of these 200 firing rate maps were calcu-
lated and a distribution of grid scores was obtained. Only neu-
rons whose grid score for the original rate map exceeded the
95-percentile value of the permutated distribution of grid
scores were considered as grid cells.

The borderness scores were defined by the following:
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In this formula, cm is the maximum coverage of a firing field
to 1 of the 4 walls of the open field, and dm is the mean firing
distance of a firing field. After normalizing the firing rate by the
total pixels in the field, dm was then normalized to half the
length of the closest boundary. Similar permutation analysis
was used to detect the threshold for border cells.

Theta Phase-Locking and Phase-Amplitude Coupling Analyses
Similar to the analyses in grid cells and border cells, spikes
and LFP epochs for theta phase-locking and theta–gamma
coupling analyses were included only when rats running with
a speed >5 cm/s (Tang et al. 2014, 2015). The analyses of theta
phase-locking and phase-amplitude coupling (PAC) were per-
formed in accordance with widely used procedures (Tort et al.
2008, 2009; Tang et al. 2014, 2015). Briefly, the LFP was theta
(4–12Hz) band-pass filtered with a zero-phase filter, and then
the instantaneous theta phase was extracted with a Hilbert
transform. Every spike was assigned to its corresponding theta
phase. Rayleigh’s test for circular uniformity was applied to test
the significance of phase-locking. The preferred phase and the
locking strength were the argument and modulus, respectively,
of the average vector of all spike events corresponding to the
theta phase.

The PAC analyses were computed using direct PAC mea-
sures (Ozkurt and Schnitzler 2011) implemented in Brainstorm
toolbox (Tadel et al. 2011) and defined as follows:
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In this formula, N is the data length, n is a signal time sam-
ple, a is the signal amplitude at the high-frequency fa, and φ is
the signal phase at the low-frequency fφ. The signal phase and
amplitude were computed using the chirplet transform, follow-
ing a similar methodology to that of a previous study (Canolty
et al. 2006). In the current analyses, the direct PAC was calcu-
lated from all frequency pairs, with fφ∈ [2, 20] Hz and fa∈ [20,
150] Hz, with the frequency step of fφ and fa set to 0.75 Hz.

A modulation index (MI) was applied to compute the modu-
lation of gamma power by the theta phase, as performed in
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previous studies (Tort et al. 2008, 2009). The mean amplitude of
gamma power at each phase bin (18°) was determined and
then normalized to the total gamma power. Kullback–Leibler
distance was calculated to quantify the phase-amplitude distri-
bution deviating from the uniform distribution, and then
divided by a constant factor to obtain the MI value.

Histological Identification

After the collection of electrophysiological data, rats were anes-
thetized with 3% sodium pentobarbital and a direct current of
8mA was applied for 20 s through the electrode for electrolytic
lesion. Thereafter, rats were transcardially perfused with saline
followed by 4% paraformaldehyde. The brains were removed
and stored in 30% sucrose and 4% paraformaldehyde solution
for dehydration. Continuous frozen sections of entorhinal cor-
tex were prepared (60 μm) and stained with Nissl’s dye. The
locations of the cannula and electrode were examined by visu-
alizing the sections with a microscope.

Immunohistochemistry for c-fos Protein

Twelve rats with 1-trial recognition task training and 2 control
rats were anesthetized with 3% sodium pentobarbital and per-
fused with saline, which was followed by a 4% paraformalde-
hyde perfusion. Brains were stored in phosphate-buffered
solution (PBS) with 4% paraformaldehyde for one night, and
then stored in 30% sucrose solution for 3 days. Brains were con-
tinuously sectioned (20-μm thick) from dorsal to ventral ento-
rhinal cortex with a freezing microtome (CM 3050S, Leica). First,
the last slice containing the drug injection site was identified,
and then the next 3 slices were selected for c-fos immunohis-
tochemistry. Slices were first washed 3 times in PBS for 5min
each, and then blocked with 5% donkey serum (Jackson
ImmunoResearch) containing 1% Triton X-100 (Sigma-Aldrich)
for 1.5 h at room temperature. The sections were then incu-
bated in primary antiserum (Santa Cruz Biotechnology) for 48 h
at 4°C, washed 3 times in PBS, and finally incubated in Alexa
Fluor 488 donkey antirabbit IgG (H+L; Invitrogen) for 2 h. After
immunostaining with DAPI and washing 3 times with PBS, the
slices were mounted on slides. The number of c-fos positive
neurons was analyzed by fluorescence microscopy (VS-120,
Olympus), and featured images were obtained from an inverted
laser scanning confocal microscope (FV1000, Olympus).

Drug Administration

Histamine, triprolidine, ranitidine, and clobenpropit were pur-
chased from Sigma-Aldrich. All drugs were stored as stock
solutions at −20°C until use. Before injection, the drugs were
freshly diluted to the required concentrations in artificial cere-
bral spinal fluid. The stainless-steel drug cannulas were com-
posed of a guide cannula (o.d., 0.64mm and i.d., 0.45mm) and a
mandril. An infusion cannula (o.d., 0.41mm and i.d., 0.25mm)
with a 200-μm protrusion from the tip to the guide cannula was
used for drug administration. At the time of injection, drugs
were administered by syringe pump (KD Scientific), at an infu-
sion rate of 0.5 μL/min. The drug (1 μL) was injected on each
side of the sMEC, and the injection cannula was left for 2min
in the sMEC after infusion. In the freely moving test, animals
received 10 sessions of drug administration, including vehicle,
histamine, triprolidine, ranitidine, clobenpropit, triprolidine
plus histamine, ranitidine plus histamine, and clobenpropit
plus histamine. For the spatial exploration test, 7 sessions of

drug infusion were performed, including vehicle, histamine, tri-
prolidine, ranitidine, and clobenpropit. In the spatial recogni-
tion test, 4 sessions of drugs were administered to the rats,
including vehicle, triprolidine, ranitidine, and clobenpropit. The
order of drug administration was selected by generation of
random numbers. The animals were allowed 48 h to recover
between test sessions with different drugs. The drug concen-
trations used in this study were histamine 30 μM, 300 μM,
and 3mM, triprolidine 10 μM, ranitidine 100 μM, and cloben-
propit 10 μM, which are comparable to those used in our pre-
vious experiments (He et al. 2016) and other studies (Song
et al. 2006; Yu et al. 2006; Zarrindast et al. 2010; Kraus et al.
2013).

Statistical Analysis

All values were presented as means ± SEM. Chi-square tests
and partition of Chi-square tests were used for multiple com-
parisons (McDonald 2014). Student’s paired t-test, one-way
analysis of variance (ANOVA), two-way repeated-measures
ANOVA, and Tukey’s post hoc test were used for statistical
analyses. Significant differences were accepted as P < 0.05.

Results
Histamine is Essential for Upregulating the Excitability of
Putative Principal Neurons via H1Rs in the sMEC In Vivo

For drug delivery and simultaneous recording of the neural
activity, we implanted the cannula into the sMEC and the elec-
trode array was placed to the side. The electrode traces are
shown in Figure 1a, indicating the recording sites in the sMEC.
The distance from the electrodes to the tip of the drug cannula
was 572 ± 136 μm. Figure 1b–e shows 2 separated units recorded
from 1 electrode wire. The stability of the waveforms was illus-
trated by plotting the waveform shape over the recording dura-
tion (see Supplementary Fig. 1a).

We first investigated the role of histaminergic system in
sMEC neural activities in freely moving rats. Indeed, histamine
increased the firing rate of a significant proportion of neurons
in the sMEC (Fig. 1f,j). We calculated the excitatory ratio, which
was used to illustrate the percentage for the number of respon-
sive neurons to the number of totally recorded neurons (Yang
and Hatton 1997; Sun et al. 2015), for different levels of hista-
mine by the formula (number of histamine-excited neurons)/
(total number of neurons recorded during the test). A dose-
dependent effect on the excitatory ratio was observed when
the concentration of histamine was administrated from 30 μM
to 3mM (Fig. 1j, Chi-square test, Chi-square = 119.08 with 3
degrees of freedom, P < 0.001, partition of Chi-square test for
multiple comparisons: Pvehicle vs. histamine 30 μM < 0.01, Phistamine

30 μM vs. histamine 300 μM < 0.01, Phistamine 300 μM vs. histamine 3mM <
0.01; nvehicle = 154 neurons, nhistamine 30 μM = 190 neurons,
nhistamine 300 μM = 194 neurons, nhistamine 3 mM = 153 neurons).
Our previous studies revealed a role for H1Rs in mediating the
postsynaptic excitatory effects of histamine on sMEC principal
neurons (He et al. 2016). In vivo, we consistently found that a
histamine-induced increase in putative principal neuronal firing
was mediated by H1Rs, because administration of the H1R
antagonist triprolidine (10 μM; Fig. 1g), but not H2R antagonist
ranitidine (100 μM; Fig. 1h) or H3R antagonist clobenpropit
(10 μM; Fig. 1i), significantly decreased the firing rate of sMEC
neurons (Fig. 1k, Chi-square test, Chi-square = 193.77 with
2 degrees of freedom, P < 0.001, partition of Chi-square test
for multiple comparisons: Ptriprolidine vs. ranitidine < 0.001,
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Ptriprolidine vs. clobenpropit < 0.001, Pranitidine vs. clobenpropit > 0.05; ntri-
prolidine = 192 neurons, nranitidine = 189 neurons, nclobenpropit = 196
neurons). To further confirm the receptor mechanisms, we
investigated the effects of histamine in the presence of the
receptor antagonists triprolidine, ranitidine, or clobenpropit.

Similarly, triprolidine at 10 μM (see Supplementary Fig. 1b), but
not ranitidine (100 μM; see Supplementary Fig. 1c) or clobenpropit
(10 μM; see Supplementary Fig. 1d), significantly blocked the
histamine-mediated elevation of firing rate and the response
ratio of putative principal neurons (see Supplementary Fig. 1e;

Figure 1. Histamine dose-dependently upregulates the neuronal excitability via activation of type 1 histamine receptors (H1Rs) in the sMEC. (a) Nissl’s staining show-

ing the recording sites (red asterisk) and implantation of drug cannula (red dot) in the sMEC. Representative waveforms (b), PCs (c), and autocorrelograms (d,e) of 2

separated units recorded from a single wire. (f) Histamine (3mM) increased the firing rate of putative principal neurons in the sMEC. Arrow indicates the administra-

tion of histamine. (g) The antagonist of H1Rs (triprolidine, 10 μM) inhibited excitability of putative principal neurons with a decreased firing rate. (h,i) The antagonist

of H2Rs (ranitidine, 100 μM, h) or H3Rs (clobenpropit, 10 μM, i) has no effects on the firing rate of putative principal neurons. (j) Histamine at concentrations from 30 μM
to 3mM dose-dependently increased the excitatory ratio of putative principal neurons. (k) Inhibitory ratio of triprolidine (10 μM), ranitidine (100 μM), and clobenpropit

(10 μM) on putative principal neuronal firing in the sMEC. **P < 0.01, ***P < 0.001.
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Chi-square test, Chi-square = 126.19 with 4 degrees of freedom, P
< 0.001; partition of Chi-square test for multiple comparisons:
Pvehicle vs. histamine < 0.001, Phistamine vs. (triprolidine + histamine) < 0.001;
nvehicle = 154 neurons, nhistamine = 153 neurons, ntriprolidine+histamine

= 65 neurons). No significant difference was observed between
groups for the response ratio of histamine, histamine plus raniti-
dine, or histamine plus clobenpropit (see Supplementary Fig. 1e;
Chi-square test, Chi-square = 2.175 with 2 degrees of freedom,
P > 0.05; nhistamine = 153 neurons, nranitidine+histamine = 59 neurons,
nclobenpropit+histamine = 54 neurons). These results demonstrated
that, in vivo, activation of H1Rs increases the neuronal excitabil-
ity of putative principal neurons in the sMEC.

H1R and H3R Activation Mediates Histamine-Induced
Increases of Theta and High Gamma Power in the sMEC
In Vivo

We previously reported that in addition to the H1R-mediated
postsynaptic effects, histamine activated the presynaptic H3Rs
and inhibited gamma-aminobutyric acid (GABA) release in the
sMEC, which was observed as decreased mini-inhibitory post-
synaptic currents (mIPSCs) (He et al. 2016). The excitatory post-
synaptic currents (EPSCs) or IPSCs were contributors of local
oscillatory activities, especially the theta and gamma oscilla-
tions. In the analysis of LFP, we found that histamine signifi-
cantly increased the power of theta (Fig. 2a) and gamma
oscillations (Fig. 2b,c) in the sMEC when rats were freely moving
in the open field. We calculated the PSD for different frequency
bands after injection of vehicle (Fig. 2d) and histamine (Fig. 2g).
Statistical analyses showed that histamine at 30 μM increased
high gamma power and reduced delta power, with no effects
on the theta and low gamma oscillations (Fig. 2f, paired t-test,
Pdelta < 0.01, Ptheta > 0.05, Plow gamma > 0.05, Phigh gamma < 0.001,
n = 11 rats). Both theta and high gamma power were increased
after administration of 300 μM and 3mM histamine (Fig. 2g,h,i,
paired t-test, 300 μM: Pdelta < 0.001, Ptheta < 0.01, Plow gamma > 0.05,
Phigh gamma < 0.001, n = 11 rats; 3mM: Pdelta < 0.001, Ptheta < 0.001,
Phigh gamma < 0.001, n = 11 rats). Moreover, histamine at 3mM
enhanced the power of low gamma (Fig. 2i, paired t-test,
Plow gamma < 0.001, n = 11 rats). In the next step, we explored the
roles of H1Rs and H3Rs in sMEC neural oscillatory activities.
Both H1Rs and H3Rs were involved in modulating local theta
and high gamma oscillations (Fig. 2j–l). The administration of
triprolidine (10 μM, j) or clobenpropit (10 μM, l) significantly
decreased theta and high gamma power, while infusion of ra-
nitidine (100 μM, k) did not change the local power of theta
and high gamma in the sMEC (Fig. 2m–o, paired t-test, triproli-
dine, Pdelta < 0.001, Ptheta < 0.001, Pbeta < 0.01, Plow gamma < 0.05,
Phigh gamma < 0.001, n = 11 rats; ranitidine, all comparisons
P > 0.05, n = 11 rats; Clobenpropit, Pdelta < 0.001, Ptheta < 0.001,
Phigh gamma < 0.001, n = 11 rats). Together, our results indicate
roles for H1Rs and H3Rs in the histaminergic modulation of
theta and high gamma power in the sMEC.

Histaminergic Input Does Not Affect the Encoding
of Gridness or Borderness

Because histamine plays an important role in enhancing neuro-
nal excitability, local theta, and high gamma oscillations, it
remains largely unknown whether the histaminergic system
can influence the neuronal spatial encoding in the sMEC.
During the test of spatial exploration, scattered food was ran-
domly spread in the open field. Rats were motivated by the
food to explore the entire open field. Our data here showed that

neither histamine (300 μM, 3mM; Fig. 3a,b, see Supplementary
Fig. 2a,d–i) nor its receptor antagonists, including triprolidine
(10 μM; Fig. 3a,b), ranitidine (100 μM; see Supplementary Fig. 2b,
d–i), or clobenpropit (10 μM; see Supplementary Fig. 2c,d–i),
affected the encoding of gridness, including the gridness score,
average rate, peak rate, information rate, sparsity, or mean field
size of grid cells (Fig. 3b, see Supplementary Fig. 2d–I; paired t-test,
all comparisons P > 0.05, nvehicle = 12 neurons, nhistamine 3 mM = 17
neurons, nhistamine 300 μM = 13 neurons, ntriprolidine = 14 neurons,
nranitidine = 16 neurons, nclobenpropit = 15 neurons). Moreover,
there was no statistically significant difference in the border-
ness score between baseline and vehicle (Fig. 3c,d; paired t-test,
P > 0.05, nvehicle = 13 neurons). Infusion of histamine (300 μM) or
triprolidine (10 μM) had no effect on the borderness score
(Fig. 3c,d; paired t-test, 2 comparisons P > 0.05, nhistamine = 14
neurons, ntriprolidine = 13 neurons).

Theta Phase-Locking of Putative Principal Neurons and
Theta–High Gamma Coupling in the sMEC are
Enhanced by Histamine During Spatial Exploration

During spatial exploration, theta oscillations were found to be
the temporal code for local calculation in the entorhinal–
hippocampal circuits (Mizuseki et al. 2009). The typical encod-
ing patterns of information in the sMEC were the followings:
theta phase-locking; the firing of neurons was concentrated at
a relatively fixed theta phase (Mizuseki et al. 2009; Tang et al.
2014), and theta–gamma coupling; the maximal gamma power
was coupled tightly with the theta cycle (Chrobak and Buzsaki
1998; Colgin et al. 2009). Although the histaminergic system did
not influence the encoding of gridness and borderness, we spec-
ulate that it probably plays a role in regulating the theta phase-
locking and theta–gamma coupling in the sMEC. Surprisingly,
unlike the vehicle (Fig. 4a–c; paired t-test, Ppreferred phase > 0.05,
Plocking strength > 0.05, n = 132 neurons), histamine (3mM)
increased the strength of theta-modulated spiking of putative
principal neurons (Fig. 4d,f; paired t-test, P < 0.001, n = 112 neu-
rons), with no effect on the preferred locking phase (Fig. 4d,e;
paired t-test, P > 0.05, n = 112 neurons). Administration of tri-
prolidine (10 μM; Fig. 4g,i), but not ranitidine (100 μM; Fig. 4j,l) or
clobenpropit (10 μM; Fig. 4m,o), decreased the locking strength
(paired t-test, Ptriprolidine < 0.001, Pranitidine > 0.05, Pclobenpropit > 0.05,
ntriprolidine = 119 neurons, nranitidine = 136 neurons, nclobenpropit = 142
neurons), suggesting a role for H1Rs in histamine-induced
enhancement of theta phase-locking. Neither triprolidine
(Fig. 4g,h) nor ranitidine (Fig. 4j,k), nor clobenpropit (Fig. 4m,n)
influenced the preferred phase of theta locking (paired t-test,
all comparisons P > 0.05, ntriprolidine = 119 neurons, nranitidine =
136 neurons, nclobenpropit = 142 neurons). Furthermore, H1R
antagonists (see Supplementary Fig. 3a), but not the H2R or H3R
antagonists (see Supplementary Fig. 3b,c), significantly inhibited
the histamine-elicited enhancement of the theta phase-locking
strength of putative principal neurons (see Supplementary Fig. 3g–I;
paired t-test, Ptriprolidine vs. (triprolidine+histamine) > 0.05, Pranitidine vs. (raniti-

dine+histamine) < 0.001, Pclobenpropit vs. (clobenpropit+histamine) < 0.001, ntripro-
lidine = 129 neurons, nranitidine = 101 neurons, nclobenpropit =
99 neurons), with no effect on preferred phase (see Supplementary
Fig. 3d–f; paired t-test, all comparisons P > 0.05).

During spatial exploration, the amplitude of low gamma
(25–48 Hz) and high gamma (60–120 Hz) was locked to the theta
(4–12 Hz) phase (Fig. 5a–e). Interestingly, histamine (3mM) spe-
cifically enhanced the coupling between theta phase and high
gamma power (Fig. 5c,e,g; paired t-test, P < 0.001, n = 11 rats).
Injection of histamine has no effect on the theta–low gamma
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coupling (Fig. 5c,d,f; paired t-test, P > 0.05, n = 11 rats). In the
investigation of receptor mechanisms underlying the enhanced
theta–high gamma coupling, we found that the MI was
decreased in the presence of either triprolidine (10 μM; Fig. 5g;
paired t-test, P < 0.001, n = 11 rats) or clobenpropit (10 μM;

Fig. 5g, paired t-test, P < 0.05, n = 11 rats), but not ranitidine
(100 μM; Fig. 5g, paired t-test, P > 0.05, n = 11 rats), indicating
that both H1Rs and H3Rs are involved in modulation of
histamine-elicited enhancement of theta–high gamma cou-
pling in the sMEC.

Figure 2. H1Rs and H3Rs are involved in histamine-induced increase of local theta and high gamma power. The spectrogram of theta (a), low gamma (b), and high

gamma (c) oscillatory power in the sMEC during baseline (top panel) and histamine (3mM, bottom panel) sessions, when rats were freely exploring the open field.

Traces of PSD during baseline and vehicle (d) or histamine (3mM, g) sessions. Statistical results of the effects of vehicle (e) or histamine at 30 μM (f), 300 μM (h), or

3mM (i) on normalized delta, theta, beta, low gamma, and high gamma power in the sMEC. Traces of PSD during baseline recording and administration of histamine

receptor antagonists triprolidine (10 μM, j), ranitidine (100 μM, k) and clobenpropit (10 μM, l). Both H1R antagonist triprolidine (m) and H3R antagonist clobenpropit (o)

reduced the theta and the high gamma power in th sMEC while H2R antagonist ranitidine (n) has no effects. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 3. Histaminergic input does not affect the encoding of grid cells and border cells. (a) Representative spike (red dots)–trajectory (gray lines) plot (upper row), fir-

ing rate map (middle row), and spatial autocorrelation map (bottom row) of grid cells during baseline and vehicle, histamine (3mM), and H1R antagonist triprolidine

(10 μM) sessions. The corresponding maximal firing rate and gridness score were marked above the maps. (b) Statistics of gridness score, average firing rate, peak rate,

information rate, sparsity, and mean field size of grid cells in baseline and vehicle, histamine (3mM), and triprolidine (10 μM) groups. (c) Spike–trajectory plot, rate

map, and autocorrelation map of representative border cells in the sMEC during baseline and histamine (300 μM), or triprolidine (10 μM) sessions. (d) Histamine

(300 μM) or H1R antagonist triprolidine (10 μM) did not influence the value of borderness score.
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Histaminergic System in the sMEC Regulates Spatial
Recognition Performance

Recent evidence highlights the essential role of the sMEC in
spatial recognition (Van Cauter et al. 2013; Reagh and Yassa
2014). We demonstrated that histamine enhances the theta
modulation of spiking and high gamma oscillations in the
sMEC. Whether these effects contribute to sMEC-related func-
tions should be further clarified. We applied 2 similar para-
digms to investigate the role of histamine in spatial
recognition, a 1-trial recognition task and an object exploration

task (Fig. 6a, see Materials and Methods). Rats had to recognize
either a changed spatial configuration or a novel object.
Blocking of the histaminergic system in the sMEC did not influ-
ence the cumulative distance or the speed of rats during these
2 spatial recognition tasks (Fig. 6b,c, and see Supplementary
Fig. 4a–d; 2-way repeated-measures of ANOVA, distance: habit-
uation trial, group effect, F3,167 = 1.003, P > 0.05, spatial changed
trial, group effect, F3,167 = 1.153, P > 0.05, interaction effect, P >
0.05, n = 6 rats; speed: habituation trial, group effect, F3,143 =
0.755, P > 0.05, spatial changed trial, group effect, F3,143 = 1.074,

Figure 4. Histamine enhances the strength, but not the preferred phase, of theta phase-locking in the sMEC. Examples of theta phase histogram of spikes in baseline

and vehicle (a) or histamine (3mM) sessions (d). Vehicle (b) or histamine (3mM, e) did not influence the preferred phase of theta locking. Histamine (3mM, f), but not

vehicle (c), significantly increased the locking strength of putative principal neurons at theta phase. Plots of theta phase-modulated spiking of putative principal neu-

rons in the sMEC during baseline, triprolidine (10 μM, g), ranitidine (100 μM, j), and clobenpropit (10 μM, m) sessions. Dot plots of preferred locking phase of each puta-

tive principal neuron in baseline, triprolidine (h), ranitidine (k), and clobenpropit (n) groups. The H1R antagonist triprolidine (i), but not H2R antagonist ranitidine (l) or

H3R antagonist clobenpropit (o), reduced the locking strength of theta-modulated spiking in the sMEC. ***P < 0.001.
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P > 0.05, interaction effect, P > 0.05, n = 6 rats). A dramatically
decreased re-exploration score of the displaced object was
observed after administration of the H1R antagonist triprolidine
(10 μM), but not the H2R antagonist ranitidine (100 μM), or the
H3R antagonist clobenpropit (10 μM), suggesting that the hista-
minergic system in the sMEC is essential for spatial recognition

(Fig. 6d; two-way repeated-measures of ANOVA, effects of
drugs, F3,47 = 3.756, P < 0.001; effects of displaced object and
nondisplaced objects, P < 0.001; interaction effect, P > 0.05; Tukey’s
test for multiple comparisons: vehicle, Pdisplaced vs. nondisplaced < 0.001,
triprolidine, Pdisplaced vs. nondisplaced > 0.05, ranitidine, Pdisplaced vs.

nondisplaced < 0.001, clobenpropit, Pdisplaced vs. nondisplaced < 0.001;

Figure 5. Histamine increases theta–high gamma coupling in the sMEC through activation of H1Rs and H3Rs in the sMEC during spatial exploration. Raw traces for

overlay of filtered theta and low gamma (a), theta and high gamma (b) oscillations during the baseline session. (c) Examples of phase-amplitude comodulograms in

the sMEC during baseline (top panel) and histamine (3mM, bottom panel) sessions. Representative histograms of normalized low gamma (d) and high gamma (e)

amplitude as a function of theta phase during baseline (top panel) and histamine (bottom panel) sessions. (f) Histamine and its receptor antagonists have no statisti-

cally significant effects on the MI of theta–low gamma coupling. (g) Histamine increased, while H1R antagonist triprolidine (10 μM) and H3R antagonist clobenpropit

(10 μM) decreased, the MI of theta–high gamma coupling in the sMEC. The H2R antagonist ranitidine (100 μM) did not influence the theta phase nested high gamma

power. *P < 0.05, ***P < 0.001.
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displaced object, Pvehicle vs. triprolidine < 0.001, Ptriproline vs. ranitidine <
0.001, Ptriprolidine vs. clobenpropit < 0.001, nondisplaced object, all com-
parisons, P > 0.05, n = 6 rats; see Supplementary Fig. 4e; 1-way
ANOVA, P < 0.05, Tukey’s test for multiple comparisons: Pvehicle vs.

triprolidine < 0.05, Ptriproline vs. ranitidine < 0.05, Ptriprolidine vs. clobenpropit <
0.05, n = 6 rats). To further confirm that neuronal activities in the
sMEC were involved in histamine-modulated spatial recognition, we
analyzed the c-fos expression after the 1-trial recognition test.
Compared with the baseline (see Supplementary Fig. 5a), c-fos
expression was significantly increased after training in the spatial
recognition task (see Supplementary Fig. 5b). Blocking of H1Rs, but
not H2Rs or H3Rs, inhibited the increase of c-fos expression after
training (see Supplementary Fig. 5c–f; 1-way ANOVA, P < 0.001,
Tukey’s test for multiple comparisons: Pbaseline vs. vehicle < 0.001,
Pbaseline vs. ranitidine < 0.001, Pbaseline vs. clobenpropit < 0.001, Ptriprolidine vs.

vehicle < 0.001, Ptriprolidine vs. ranitidine < 0.001, Ptriprolidine vs. clobenpropit <
0.001, baseline group: n = 8 slices from 2 rats, all other groups: n = 9
slices from 3 rats). However, disruption of the histaminergic system

did not affect the performance of rats in the recognition of novel
objects (Fig. 6e and see Supplementary Fig. 4f; 1-way ANOVA, all
comparisons P > 0.05, n = 6 rats), which is consistent with previous
studies showing the different roles of medial and lateral entorhinal
cortex in spatial recognition and object recognition, respectively
(Van Cauter et al. 2013; Morrissey and Takehara-Nishiuchi 2014).
These data revealed that the histaminergic system is essential for
the successful execution of sMEC-related spatial functions at behav-
ioral levels.

Histamine-Modulated Spatial Recognition is Closely
Linked to Theta Phase-Locking and Theta–High Gamma
Coupling

To clarify whether the histamine-induced theta modulation of
spiking and high gamma oscillations in the sMEC are correlated
with spatial recognition performance, we investigated the theta
phase-locking of putative principal neurons and theta–high

Figure 6. Histaminergic system in the sMEC contributes to spatial recognition. (a) Paradigms of 1-trial recognition task (top panel) and object exploration task (bottom

panel). During the object exploration task, the cumulative distance (b) and the speed (c) were not different between trial 7 (left column) and trial 8 (right column) dur-

ing the vehicle, triprolidine (10 μM), ranitidine (100 μM), and clobenpropit (10 μM) groups. (d) H1R antagonist triprolidine, but not H2R antagonist ranitidine or H3R

antagonist clobenpropit, significantly reduced the re-exploration score of changed spatial configuration, with no statistical differences between the displaced object

and the nondisplaced object. (e) As for the exploration for novel object, inhibition of histamine receptors by its antagonists did not affect the re-exploration score dur-

ing the 10th trial. ***P < 0.001.
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gamma coupling in the sMEC during behavioral tests. Interest-
ingly, compared with the habituation session, a significant por-
tion of putative principal neurons in the sMEC showed an
increased theta phase-locking strength, but not the preferred
phase, during the exploration of changed spatial configuration
(Fig. 7a,e,i,m; paired t-test, preferred phase: P > 0.05, locking
strength: P < 0.001, n = 62 neurons; see Supplementary Fig. 6a,e,
i; paired t-test, preferred phase: P > 0.05, locking strength: P <
0.001, n = 59 neurons). Blocking the H1Rs significantly
decreased the strength of theta phase-locking during habitua-
tion and the elevation of the locking strength during spatial
recognition (Fig. 7b,f,j,n; paired t-test, 2 comparisons, P > 0.05,
n = 85 neurons; see Supplementary Fig. 6b,f,j; paired t-test,
2 comparisons, P > 0.05, n = 53 neurons). In line with the afore-
mentioned behavioral results, the microinjection of H2R or H3R
antagonists has no effects on the elevation of theta phase-
locking of putative principal neurons during spatial recognition
(Fig. 7c,d,g,h,k,l,o,p; paired t-test, preferred phase: 2 comparisons
P > 0.05, locking strength: 2 comparisons, P < 0.001, nranitidine =
61 neurons, nclobenpropit = 68 neurons; see Supplementary
Fig. 6c,d,g,h,k,l; paired t-test, preferred phase: 2 comparisons

P > 0.05, locking strength: 2 comparisons, P < 0.001, nranitidine =
48 neurons, nclobenpropit = 55 neurons).

Similar to the increased theta phase-locking strength, we
found that the theta–high gamma coupling was also elevated
during spatial recognition. The elevated theta–high gamma
coupling was blocked by the H1R antagonists, rather than the
H2R or H3R antagonists (Fig. 8a,b; 2-way repeated-measures of
ANOVA, effect of habituation-spatial-change, F1,47 = 124.57, P <
0.001, effects of drugs, F3,47 = 152.46, P < 0.001, interaction
effect, P > 0.05; Tukey’s test for multiple comparisons: vehicle,
Phabituation vs. spatial-change < 0.001, triprolidine, Phabituation vs.

spatial-change > 0.05, ranitidine, Phabituation vs. spatial-change < 0.001,
clobenpropit, Phabituation vs. spatial-change < 0.001; habituation,
Pvehicle vs. triprolidine < 0.01, Pvehicle vs. clobenpropit < 0.05, P triprolidine

vs. ranitidine < 0.01, Pranitidine vs. clobenpropit < 0.05; spatial-change,
Pvehicle vs. triprolidine < 0.001, Ptriprolidine vs. ranitidine < 0.001,
Ptriprolidine vs. clobenpropit < 0.01, n = 6 rats; see Supplementary
Fig. 7a–c; effect of drugs, F3,47 = 84.2, P < 0.001, effect
of presentation-test, F1,47 = 58.87, P < 0.05, interaction effect,
P > 0.05, Tukey’s test for multiple comparisons: vehicle,
Ppresentation vs. test < 0.01, triprolidine, Ppresentation vs. test > 0.05,

Figure 7. Histamine-modulated theta phase-locking of putative principal neurons is consistent with spatial recognition performance. Examples of histograms for neu-

ronal spike counts as a function of theta phase during the habituation trial (top panel) and spatial-change trial (bottom panel) in the vehicle (a,e), triprolidine (10 μM,

b,f), ranitidine (100 μM, c,g), and clobenpropit (10 μM, d,h) groups. Vehicle (i), triprolidine (j), ranitidine (k), and clobenpropit (l) did not influence the preferred phase of

theta phase-locking in the habituation trial and changed spatial configuration trial. Dot plots showing the theta locking strength for each neuron in the sMEC during

habituation and spatial-change trials in vehicle (m), triprolidine (n), ranitidine (o), and clobenpropit (p) groups. ***P < 0.001.
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ranitidine, Ppresentation vs. test < 0.05, clobenpropit, Ppresentation vs.

test < 0.01; presentation trial, Pvehicle vs. triprolidine < 0.001,
Ptriproline vs. ranitidine < 0.001, Ptriprolidine vs. clobenpropit < 0.05, test
trial, Pvehicle vs. triprolidine < 0.001, Ptriproline vs. ranitidine < 0.001,
Ptriprolidine vs. clobenpropit < 0.05, n = 6 rats). It is worth noting that
the H3R antagonist clobenpropit (10 μM) significantly decreased
the theta–high gamma coupling during habituation, but that the
elevation of theta–high gamma coupling during spatial explora-
tion was not affected. All these data show that the histamine-
enhanced theta modulation of spiking and high gamma oscilla-
tions is strongly consistent with successful execution of spatial
recognition, which indicates possible in vivo mechanisms for
histaminergic regulation of spatial recognition.

Discussion
The entorhinal cortex is the gateway for information flow
between hippocampus and other cortices, and encodes the spa-
tial representations in the brain (Witterand Moser 2006;

van Strien et al. 2009). Accurate spatial representation relies on a
satisfactory arousal state. The present study, using multichan-
nel recordings and neuropharmacological methods, reveals
that histaminergic input increases the neuronal firing rate and
power of local theta and high gamma oscillations in the sMEC.
Although the encoding of grid cells and border cells was not
shown to be regulated by histamine from our data, the theta
locking strength of spiking and high gamma oscillations were
enhanced. The histamine-mediated increase of theta modula-
tion of neural activities is strongly consistent with proper spa-
tial recognition (Fig. 9).

Role of H1Rs and H3Rs in Histamine-Mediated Neural
Excitability and Local Oscillatory Activities in the sMEC
In Vivo

In the central nervous system, H1Rs and H2Rs are mainly
expressed in the postsynapses, while H3Rs are considered to
be located presynaptically, which is important for regulating
the release of other neurotransmitters or histamine itself
(Panula and Nuutinen 2013). With consideration of our
in vitro results, we speculate that, in vivo, the activation of
postsynaptic H1Rs mainly depolarizes the membrane poten-
tial. Depolarization facilitates the excitation of principal neu-
rons, which is reflected by the increased firing rates, and,
therefore, information can be easily integrated into the sMEC.
The role of H3Rs in the sMEC seems more complex. Previous
studies identified diverse functions of presynaptic H3R activa-
tion in the central nervous system. In addition to the inhibi-
tion of presynaptic histamine release (Giannoni et al. 2010;
Flik et al. 2011), H3Rs also mediate the decreased release of
glutamate (Molina-Hernandez et al. 2001), acetylcholine
(Medhurst et al. 2007), noradrenaline (Di Carlo et al. 2000), and
dopamine (Fox et al. 2005). In the sMEC slice, we found that
the activation of H3Rs inhibits presynaptic GABA release,
which is consistent with findings in slices of substantia nigra
pars reticulata (Garcia et al. 1997) and striatum (Arias-
Montano et al. 2001). In vivo, the sMEC receives various types
of excitatory inputs, such as the above-mentioned acetylcho-
linergic, noradrenalinergic, dopaminergic, and serotoninergic
inputs; however, whether activation of H3Rs in the sMEC
would influence the activities of other arousal-promoting sys-
tems needs to be further clarified.

Neuronal activity generates a diversity of local oscillations
(Buzsaki and Wang 2012; Pignatelli et al. 2012; Xu et al. 2016). The
local theta and high gamma oscillations are representations of
information encoded in the sMEC. Previous studies demonstrated
that theta oscillations set the temporal window for information
transmission between entorhinal cortex and hippocampus
(Mizuseki et al. 2009). Our results showed that histamine
increased the theta and the high gamma power, indicating a role
of the histaminergic system in enhancing the encoding of infor-
mation in the sMEC. The local high gamma oscillations are also
closely linked to information flow between entorhinal cortex and
hippocampus, which is consistent with successful spatial work-
ing memory (Colgin et al. 2009; Yamamoto et al. 2014).
Interestingly, the local delta power was decreased after histamine
infusion in the sMEC. Delta oscillations are prominent during
inactivity and slow wave sleep, while theta or gamma oscillations
are dominant during active wakefulness (Chrobak and Buzsaki
1998; Hahn et al. 2012). The decreased delta power and increased
theta and high gamma power indicated the transformation from
slow oscillatory activities to faster oscillations in the sMEC, which
is beneficial for the encoding of spatial information. This

Figure 8. Theta–high gamma coupling strength is correlated with histaminergic

modulation of spatial recognition in the sMEC. (a) Representatives of phase-

amplitude comodulograms during the habituation trial (top row) and spatial-

change trial (bottom row) in vehicle, triprolidine (10 μM), ranitidine (100 μM),

and clobenpropit (10 μM) groups. (b) Statistical analyses of MI of theta–high

gamma coupling during the habituation trial and spatial-change trial in vehicle,

triprolidine, ranitidine, and clobenpropit groups. ***P < 0.001.
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phenomenon further supports the role of histamine in up-
regulating neuronal excitability and promoting entorhinal
arousal. Both H1Rs and H3Rs are involved in histamine-induced
elevation of theta and high gamma power. At present, the precise
mechanisms underlying the H1R and H3R mediated elevation of
theta and high gamma oscillations remain largely unknown, and
should be clarified in the future.

Interestingly, during the freely moving test, we did not
observe behavioral changes, such as the duration of grooming,
number of rearing actions, movement distance, and speed of
rats, or any other obvious abnormal behavior after administra-
tion of histamine or its receptor antagonists. Even so, we could
not rule out the possibility that histamine regulates specific
behaviors, because no standards or designs for defining specific
behaviors were used in these tests. To verify the role of the his-
taminergic system in the sMEC, the aforementioned spatial rec-
ognition tests were applied in this study.

Histaminergic Input and Activity of Spatially Tuned
Neurons in the sMEC

Since the discovery of grid cells and border cells (Fyhn et al. 2004;
Hafting et al. 2005; Solstad et al. 2008), substantial effort has been
made to uncover the underlying mechanisms of grid cells or bor-
der cells, and factors that regulate the activity of these neurons.
Especially for grid cells, an apparent membrane potential theta
oscillation was observed during spatial navigation (Schmidt-
Hieber and Hausser 2013), and the firing of grid cells was tightly
phase-locked to local theta oscillations (Tang et al. 2014). Thus,
theta oscillations are probably a basis for grid cell activity.
Inactivation of medial septum (MS) (Brandon et al. 2011; Koenig
et al. 2011), blocking the cholinergic inputs (Newman et al. 2014),
or hippocampal excitatory inputs (Bonnevie et al. 2013) signifi-
cantly decreased the local theta power in the sMEC and disrupted
the firing fields of grid cells. In our study, we found negative
effect of histamine on the spatial firing of grid and border cells

although an increase in the theta power. This finding reflects a
distinct neuromodulatory role of histaminergic system compared
with other inputs in the sMEC. The response ratio of histamine
was about 76% in vitro (He et al. 2016) and 51% in vivo. It is possi-
ble that histaminergic system preferentially innervates the non-
grid cells, and avoids targeting the grid cell group which occupies
only about 10% of neurons in the sMEC (Tang et al. 2014). Under
this condition, it is possible that histamine induces a general
increase in the theta power reflecting its regulation of nongrid
cells without affecting the grid properties. As for the MS-
projecting system, it might target on both the grid cell and non-
grid cell types. Thus, inactivation of MS altered theta power con-
tributed by both cell types and was always accompanied by
changes in functional properties of grid cells. Comparison of the
differences between the cholinergic and histaminergic systems
implies distinctive mechanisms of the arousal-promoting sys-
tems in the integration of the information in the sMEC.
Moreover, the protocol of food deprivation was used in our
experiments; this could probably enhance the arousal state and
bias the results. However, if food deprivation increased arousal,
the histaminergic tone would be much higher than that in non-
food deprivation conditions. Under this condition, administration
of histamine receptor antagonists would be much more effective.
Because we found no significant effects of histamine receptor
antagonists on the encoding of grid cells and border cells, it is
speculated that the negative effects of the histaminergic modula-
tion of spatial coding were unlikely to be due to the fact that the
food deprivation treatment compromised the results.

Histamine-Enhanced Theta Phase-Locking of Spikes
and Theta–High Gamma Coupling during Spatial
Recognition

The theta phase-locking of spiking (Siapas et al. 2005; O’Neill
et al. 2013; Spellman et al. 2015) and theta–gamma coupling
(Sirota et al. 2008) in spatial learning and memory have been

Figure 9. A schematic illustration of how the histaminergic system contributes to theta-modulated spiking and high gamma oscillations, and its correlation with spa-

tial recognition performance. Up panel: if there is no histaminergic input, the spikes and high gamma oscillations in the sMEC are loosely locked to theta oscillations,

leading to impaired spatial recognition performance. Bottom panel: by activation of H1Rs and H3Rs, histamine up-regulates neural excitability and facilitates synaptic

transmission in the sMEC, the spikes and high gamma oscillations are tightly locked to theta phase, thus ensuring the intact ability of spatial recognition.
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identified in many other brain regions, especially the hippocam-
pus and the prefrontal cortex. In the early 1990s, theta-modulated
spiking and gamma oscillations were observed in the sMEC dur-
ing spatial exploration (Chrobak and Buzsaki 1994, 1998). Because
theta phase provides the temporal code in entorhinal–hippocam-
pal circuits (Hafting et al. 2008; Mizuseki et al. 2009; Climer et al.
2013), it is speculated that histaminergic inputs in the sMEC may
facilitate the information flow (enhanced theta power and locking
strength) within these circuits, concentrating the spikes in the
preferred phase, and, therefore, playing a role in elevating infor-
mation processing efficiency. It is worth noting that infusion of
the H1R antagonist triprolidine decreased the theta phase-locking
of putative principal neurons. Because triprolidine itself reduced
the local theta power, one reasonable explanation for the reduced
theta phase-locking of putative principal neurons is due to the
histaminergic modulation of the theta oscillation. In the present
study, the oscillation signal was not preselected according to the
oscillation amplitude when conducting the analysis of the spike
phase-locking to theta. Thus, we cannot exclude other factors
affecting neuronal firing might also affect spike phase-locking
to theta, and future studies with preselecting signals would be
helpful to clarify this issue. The decreased theta power could
also be attributed to reduced activity. However, in our experi-
ments, the activity of rats was not affected by triprolidine treat-
ment. In any circumstance, the final effect of blocking H1Rs is
decreased theta phase-locking of putative principal neurons,
which implies lower efficiency of information encoding. Theta–
nested gamma oscillations are thought to be the coding patterns
of coordinated activity within the sMEC, or between the sMEC
and hippocampus (Colgin et al. 2009; Buzsaki and Wang 2012).
Interestingly, Hasselmo et al. recently found a role for theta–
gamma coupling in high-speed encoding (Newman et al. 2013).
The inhibition of cholinergic input by scopolamine decreased
the coupling between the theta phase and the gamma ampli-
tude, as well as the proportion of high speed during move-
ment. The histaminergic system in the sMEC also enhances
the strength of theta–high gamma coupling. However, we did
not find a significant change in rats’ speed during 2D spatial
explorations.

Spatial recognition requires integration of diverse spatial
information, in which the sMEC plays a major role (Van Cauter
et al. 2013). Consistent with previous studies (Van Cauter et al.
2013; Morrissey and Takehara-Nishiuchi 2014), our results
showed that the histaminergic system in the sMEC is involved
in spatial recognition, but not novel object recognition.
Interestingly, during the recognition of a changed spatial config-
uration, the strength of theta-modulated neuronal spiking and
high gamma oscillations increased, suggesting that theta-
regulated sMEC neural activities are strongly linked to spatial
recognition. Blocking the histaminergic input with H1R antago-
nists resulted in decreased theta phase-locking of spikes among
a significant proportion of neurons, and reduced theta–high
gamma coupling in the sMEC, along with impaired spatial recog-
nition. In the presence of H1R antagonists, the increased theta
modulation of neural activities during spatial recognition was
diminished, further supporting the assumption that histamine-
mediated enhancement of theta phase-locking of spikes and
theta–high gamma coupling in the sMEC are probably the in vivo
mechanisms underlying histaminergic modulation of spatial
recognition. Considering the role of H3Rs, it is intriguing that
their inhibition decreased the theta-modulated high gamma
oscillations, but failed to affect the spatial recognition perfor-
mance and the corresponding elevation of theta–high gamma
coupling. We speculated that in the sMEC, H1Rs, but not H3Rs,

play a major role in histamine-mediated effects. They determine
the final contribution of histaminergic input and its functional
relevance in the sMEC. The H3Rs are possibly local regulators of
the histaminergic system or other arousal-promoting systems
involved in the encoding of information in the sMEC.

It is well known that animal behaviors are modulated by
arousal states. Our results provide new insights into the role of
arousal-promoting systems in the modulation of cognitive
functions. On one hand, the activity of the histaminergic sys-
tem maintains sufficient wakefulness and attention, while, on
the other hand, the histaminergic neurons provide sustained
excitatory inputs to the sMEC and enhance information encod-
ing, which is strongly linked to intact behavioral functions.
Impairments of the histaminergic system, which are observed
in cognitive dysfunctions (Arrang 2007; Yanai and Tashiro 2007;
Hu et al. 2017), probably lead to disrupted ongoing information
encoding, and eventually to disturbed behavioral performance.
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