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Cholinergic regulation of hippocampal theta oscillations has long been proposed to be a potential mechanism underlying hippocampus-
dependent memory encoding processes. However, cholinergic transmission has been traditionally associated with type II theta under
urethane anesthesia. The mechanisms and behavioral significance of cholinergic regulation of type I theta in freely exploring animals is
much less clear. In this study, we examined the potential behavioral significance of cholinergic regulation of theta oscillations in the
object location task in male mice that involves training and testing trials and provides an ideal behavioral task to study the underlying
memory encoding and retrieval processes, respectively. Cholinergic regulation of hippocampal theta oscillations and the behavioral out-
comes was examined by either intrahippocampal infusion of cholinergic receptor antagonists or knocking out cholinergic receptors in
excitatory neurons or interneurons. We found that both muscarinic acetylcholine receptors (mAChRs) and α7 nicotinic AChRs (α7
nAChRs) regulated memory encoding by engaging excitatory neurons and interneurons, respectively. There is a transient upregulated
theta oscillation at the beginning of individual object exploration events that only occurred in the training trials, but not in the testing
trials. This transient upregulated theta is also the only theta component that significantly differed between training and testing trials and
was sensitive to mAChR and α7 nAChR antagonists. Thus, our study has revealed a transient cholinergic-sensitive theta component that
is specifically associated with memory encoding, but not memory retrieval, in the object location task, providing direct experimental
evidence supporting a role for cholinergic-regulated theta oscillations in hippocampus-dependent memory encoding processes.
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Significance Statement

In this study, we made several important findings regarding cholinergic mechanisms regulating hippocampal memory
formation in the object location task. Firstly, both hippocampal muscarinic acetylcholine receptors (mAChRs) and the α7
nicotinic AChRs (nAChRs) regulated the memory encoding process in the object location task by engaging glutamatergic
neurons and interneurons, respectively. Secondly, upregulated theta oscillations were observed in the pre-exploration period
in training trials, but not in the testing trials, suggesting a role in novelty encoding/learning. Thirdly, the upregulated theta
was sensitive to mAChR and α7 nAChR antagonists and receptor knock-outs in neuronal subpopulations. Taken together,
these observations provide direct experimental evidence supporting a role for cholinergic-regulated theta oscillations in
hippocampal memory encoding process.

Introduction
The hippocampus plays a central role in higher cognitive func-
tions, including learning and memory (Neves et al., 2008;
Opitz, 2014; Moser et al., 2015; Raynal et al., 2020). The

hippocampus receives major excitatory inputs from the entorhi-
nal cortex and extensive cholinergic and GABAergic inputs from
the medial septum/diagonal band of Broca (MS/DBB) (Witter
et al., 2000; Amaral et al., 2007). Synchronized rhythmic activities
referred to as theta oscillations emerge among these three regions
during active exploration, which play a critical role in memory
encoding, especially in spatial memory encoding (Buzsaki,
2002, 2005; Buzsaki and Moser, 2013; Lopez-Madrona et al.,
2020; Nunez and Buno, 2021; Qasim et al., 2021; Zheng et al.,
2021). Cholinergic transmission is also known for its role in
memory encoding (Hasselmo, 2006; Micheau and Marighetto,
2011; Easton et al., 2012; Hersman et al., 2017; Newman et al.,
2017; Zhang et al., 2021). Thus, cholinergic regulation of hippo-
campal theta oscillations has long been proposed as a potential
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mechanism for hippocampus-dependent memory encoding
(Hasselmo et al., 2002; Hasselmo, 2005; Douchamps et al.,
2013; Teles-Grilo Ruivo and Mellor, 2013; Gu and Yakel,
2022). However, direct experimental evidence is scarce.
Traditionally cholinergic transmission has been mostly associ-
ated with the regulation of type II theta oscillations that occur
under urethane anesthesia and REM sleep or under stressed
situation, but not the regulation of type I theta oscillations during
active exploration. Type I theta is largely preserved after atropine
application and thus also has been referred to as
atropine-resistant form of theta (Kramis et al., 1975; Montoya
and Sainsbury, 1985; Sainsbury et al., 1987; Buzsaki, 2002).
Some studies suggest that even though cholinergic antagonists
cannot eliminate type I theta generation, cholinergic transmis-
sion may still regulate certain aspects of type I theta oscillations
during active exploration (Yoder and Pang, 2005; Balakrishnan
and Pearce, 2014). Furthermore, many studies have also observed
higher septal cholinergic neuronal firing rate and hippocampal
acetylcholine (ACh) release during both type II and type I theta
states (Marrosu et al., 1995; Giovannini et al., 2001; Bianchi et al.,
2003; Zhang et al., 2010, 2021; Ma et al., 2020). Our recent studies
also suggest that cholinergic transmission can regulate type I
theta power during open-field exploration through both musca-
rinic ACh receptors (mAChRs) and α7 nicotinic AChRs
(nAChRs; Gu et al., 2017, 2020). Therefore, there may coexist
cholinergic-sensitive and cholinergic-resistant theta components
during active exploration (Oddie et al., 1997; Yoder and Pang,
2005).

In this study, we examined the contributions of cholinergic
receptor subtypes and theta oscillations to hippocampal memory
encoding in the object location task (Dere et al., 2007; Vogel-
Ciernia andWood, 2014), which is a test that engages hippocam-
pal spatial memory and is sensitive to cholinergic regulation (Cai
et al., 2012; Okada et al., 2022). Cholinergic antagonists including
mAChRs, α7 nAChRs, and non-α7 nAChRs antagonists, were
infused into the hippocampus before either training or testing tri-
als to examine the roles of these receptors inmemory encoding or
memory retrieval, respectively. The underlying neuronal subpop-
ulations were revealed by knocking out mAChRs or α7 nAChRs
in either glutamatergic neurons or interneurons individually.
Theta power during individual object exploration events was
examined with subsecond precision. We found that both
mAChRs and α7 nAChRs are involved in memory encoding,
but not memory retrieval by engaging excitatory and inhibitory
neurons, respectively. Meanwhile, we observed a transient occur-
rence of significantly upregulated theta oscillations at the begin-
ning of individual object exploration events that only appeared in
the training trials, but not in the testing trials. Furthermore, these
upregulated theta oscillations can be prevented by mAChR and
α7 nAChR antagonists. Thus, this study provides direct experi-
mental observations that strongly support the critical role of
cholinergic-sensitive theta oscillations in hippocampus-
dependent memory encoding process.

Materials and Methods
Animals and materials. Wild-type C57BL/6 mice, floxed M1

mAChR knock-out mice (C57BL/6-Chrm1tm1Stl/J), floxed α7 nAChR
knock-out mice [B6(Cg)-Chrna7tm1.1Ehs/YakelJ], Gad2-cre [B6N.Cg-
Gad2tm2(cre)Zjh/J], and CaMK2a-cre [B6.Cg-Tg(Camk2a-cre)T29–
1Stl/J] transgenic mice were originally purchased from Jackson
Laboratory and then bred at NIEHS. Male mice (4–5-month-old) were
used for experiments. All mice were housed under normal light/dark
cycle. All procedures were approved and performed in compliance

with NIEHS/NIH Humane Care and Use of Animals in Research
protocols.

Selective AChR subtype antagonists were from Tocris or Sigma.
Intrahippocampal infusion guide cannulas (gauge 26, cut to 2.5 mm), cor-
responding internal cannulas (with 0.5 mm protrusion out of guide can-
nula), and dummy cannulas (without protrusion) were from P1
Technologies (formerly Plastics One). Recording electrodes were made
by Microprobes as microwire tetrode bundles consisting of four
polyimide-coated 50 μmstainless steel wires cut to 3 mm length. The wires
were connected to a five-channel Omnetics connector, with an external Ag
ground wire that was also connected to the unused fifth channel. The can-
nula–electrode combo was formed by attaching the microwire tetrode
bundle next to the guide cannula with 0.5 mm protrusion.

Object location task. Before object location tasks, mice were habitu-
ated by being exposed to an open-field arena (36 cm L× 21 cm
W × 18 cm H) with normal bedding on the floor for 10 min/day for 3
consecutive days. An overhead camera and a video recording/tracking
system were used to monitor and record the behaviors for later offline
analyses. On the task day, two identical objects (50 ml conical glass
flasks) were placed symmetrically along the long side of the arena
(∼1 cm away from the long side and 9 cm away from the near short
side). Mice were first exposed to the open-field arena with objects for
8 min and then put back into home cage for 3 h and then exposed to
the open-field arena again for 5 min but this time with one object in
the original place (stationary object) and the other one moved to the
other side (displaced object). Due to the innate curiosity, mice tend to
spend more time on investigating (sniffing) the object with new location
than the object with the familiar location. The object location discrimi-
nation index is calculated as the difference of the time spent on displaced
object and stationary object over the total time spent on both objects.
Discrimination index (%) = (displaced object− stationary object) /
(displaced + stationary) × 100%.

Intrahippocampal cannula and electrode implantation. The proce-
dures were similar as described before (Gu et al., 2017, 2020). To study
the effects of cholinergic receptor antagonists on object location task per-
formance and hippocampal theta oscillations in wild-type mice, adult
male mice (4–5 months old) underwent intrahippocampal cannula and
electrode implantation using sterile surgical techniques 1 week before
theta recording and behavioral testing. Mice were anaesthetized with
ketamine (100 mg/kg) and xylazine (7 mg/kg), and the surgical pain
was further alleviated with one dosage of buprenorphine (0.1 mg/kg,
s.c.). Stereotaxic coordinates navigation was assisted by NeuroDrive
from Neurostar. A guide cannula (for later behavioral test only) or a
guide cannula–electrode combo [for simultaneous local field potential
(LFP) recording] was implanted into the right dorsal hippocampal
area CA1 aiming at hippocampal fissure for strong theta oscillations
(−2.3 mm anteroposterior, 2.0 mm mediolateral, and 1.80 mm dorso-
ventral from bregma). The electrodes were grounded to the skull through
a miniature screw. Implanted cannula–electrode combos were secured to
the skull with dental acrylic. The cannula and electrode locations were
verified by postmortem histological examination of the electrode tracks.
To compare theta oscillations among different mouse strains with
mAChRs and α7 nAChRs knocked out in excitatory or inhibitory neu-
rons, male mice (4–5 months old) from these strains went through the
same surgical procedures as described above for wild-type mice with
the same stereotaxic coordinates, but only with intrahippocampal elec-
trode implantation (without cannula).

Intrahippocampal infusion and hippocampal local field potential
recording. Experiments were done at least 1 week after surgery to allow
mice to recover. Besides the 3 d habituation to the open-field arena
before object location task, the mice also received extra handling that
mimicked intrahippocampal drug infusion and LFP recording the day
before object location task, including the insertion of internal cannula
without drug infusion and the wearing of the wireless headstage for
10 min while freely moving in home cages.
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Figure 1. Continued.
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On the day of object location task and electrophysiological record-
ings, while the mice were under isoflurane anesthesia (1.5% isoflurane
in oxygen), the dummy cannula with the cap was removed and an inter-
nal cannula was inserted into the guide cannula to deliver 0.5 μl of
either saline, the mAChR antagonist atropine (0.1 mM), the α7
nAChR antagonist methyllycaconitine (MLA; 0.2 μM), or the α4β2
nAChR antagonist dihydro-β-erythroidine (DHβE; 0.1 mM), at a rate
of 0.1 μl/min, before the training session to study their effects on mem-
ory encoding. A cocktail including all these three antagonists was
infused before the testing session to study the effects on memory
retrieval. After the drug infusion, a wireless headstage was immediately
connected to the probe connector that was previously implanted. Mice
were then returned to their home cages and allowed to recover for
10 min from isoflurane anesthesia and then placed into the open-field
arena for object location task and LFP recording. For hippocampal LFP
recordings from different neuronal subpopulation mAChR and α7
nAChR knock-out mice, mice only went through a brief isoflurane
anesthesia to plug the wireless headstage into the implanted connector,
without drug infusion procedure. Recordings were also carried out
10 min later to allow recovery from isoflurane anesthesia. Neural activ-
ities were transmitted via the wireless headstage and were acquired with
the Plexon acquisition system (Plexon). Continuous LFP data were
filtered at 1,000 Hz and recorded continuously at a sampling rate of
40,000 Hz. Theta oscillations were analyzed with NeuroExplorer soft-
ware (Nex Technologies).

Data analysis and statistics. Object exploration events were automat-
ically detected with EthoVision software (Noldus), defined by the nose
entering a circle that is 3 cm beyond the object. The discrimination index
between two objects is calculated as the percentage of the difference of the
time over the total time spent on the two objects. Values were presented
as mean ± SEM. Receptor antagonist treatment groups were compared
with saline control group with Student’s t test between two groups or
with ordinary one-way ANOVA in GraphPad Prism and followed by
Dunnett's multiple-comparisons test when there are more than two
groups.

Theta oscillations were analyzed with NeuroExplorer software as
described before (Gu et al., 2017). Specifically, the spectrogram analysis
was performed with 0.5 s sliding window shift, number of frequency
value at 4,096, no preprocessing for each window before computing
FFT, raw power spectrum density without normalization, single taper
with Hann windowing function, and time corresponding to the center
of sliding window. The subsecond theta analysis allows detailed exami-
nation of theta oscillations during different phases in one whole object
exploration event. Individual exploration events were divided into three
subsections, namely, the pre-, mid-, and postexploration periods, pri-
marily based on the speed change. The mid-exploration period is char-
acterized with a moving speed under 2 cm/s while the animal is
sniffing an object. The pre-exploration period is defined as when the ani-
mal is approaching the object within 5 s before sniffing, usually with a
moderate speed. The start of the pre-exploration period is defined by a
speed increase to above 2 cm/s. The postexploration period is defined

as when the animal is leaving the object in the 5 s after sniffing, usually
with a high speed to retreat from the object. The end of the postexplora-
tion period is also defined by a drop of speed to under 2 cm/s. The move-
ment speed is derived by the tracking data in EthoVision and is then used
to define the boundaries of the three subsessions in object exploration
events.

Hippocampal theta power varies greatly in different layers in area
CA1 with the largest amplitude in hippocampal fissure. Due to the inev-
itable varying positions of the recording electrodes in different animals, it
is therefore not ideal to directly compare theta powers across different
animals. To compare theta powers across different animals in different
treatments, we first normalized the peak theta power during the three
periods of an object exploration event to the background activity (aver-
age of all activities between 4 and 12 Hz throughout the whole recording
session). The theta powers in the three periods of the object exploration
events were then compared between different groups with ordinary one-
way ANOVA and followed by Dunnett's multiple-comparisons test in
GraphPad Prism. Values were presented as mean ± SEM and graphs
were drawn with GraphPad Prism.

Results
Hippocampal mAChRs and α7 nAChRs regulate memory
encoding but not retrieval in object location task by engaging
different neuronal populations
To understand the potential contribution of cholinergic regula-
tion of theta oscillations to memory encoding, we first verified
the effective impairment of the object location task performance
by hippocampal infusion of cholinergic receptor antagonists,
including atropine for mAChRs, MLA for α7 nAChRs, and
DHβE for non-α7 (mainly α4β2 in the hippocampus) nAChRs.
The mice were first exposed to two identical objects located sym-
metrically in an open field for 8 min (training trial) and then
returned to the home cage. Three hours later, the mice were
exposed to the same objects for 5 min (testing trial) but with
one object moved to a new location (i.e., displaced) and the other
one kept in the original position (stationary; Fig. 1A). The recep-
tor antagonists were perfused to the hippocampus 15 min either
before the training trial (to examine cholinergic contribution to
memory encoding) or before testing trial (to examine cholinergic
contribution to memory retrieval). The discrimination index was
calculated by dividing the difference of the time spent on explor-
ing the displaced object and the stationary object by the total time
spent on exploring both objects. Hippocampal infusion of either
the mAChR antagonist atropine or the α7 nAChR antagonist
MLA before the training trial significantly impaired the location
discrimination performance in the object location task, while
DHβE had no significant effect on the performance with a similar
discrimination index as in the saline-treated control group

�
Figure 1. Hippocampal mAChRs and α7 nAChRs regulate memory encoding but not memory retrieval in the object location task. A, Object location task setting. In the training trial, mice were
exposed to two identical objects that were symmetrically placed in an open arena for 8 min. In the testing trial 3 h later, one object was placed on the original place (stationary object) and the
other one was placed on a new location (displaced object). B, Hippocampal infusion of mAChR antagonist atropine (p< 0.0001) or α7 nAChR antagonist MLA (p< 0.0001), but not non-α7 nAChR
antagonist DHβE (p= 0.7409) before training trial, significantly reduced discrimination index in testing trial in object location task. Statistics were performed with one-way ANOVA followed by
Dunnett's multiple-comparisons test, n= 6 mice for each group. C, Hippocampal infusion of a cocktail of cholinergic receptor antagonists before testing trial had no effect on discrimination index
in object location task. p= 0.9658; two-tailed t test; n= 6 mice for each group. D, Object exploration time showing that mice with hippocampal saline infusion before training trials spent
significantly less time on stationary object than displaced object during testing trial (p= 0.0004) and the same object during the first 5 min of training trial (p= 0.008), one-way ANOVA
followed by Dunnett's test, n= 6 mice. E, F, Object exploration time showing no significant difference of time spent on displaced and stationary objects during testing trial and the first
5 min of training trial in mice with hippocampal infusion of atropine (E; p= 0.57) or MLA (F; p= 0.37) before training trial, one-way ANOVA, n= 6 mice for each group. G, Mice with
DHβE infusion before training spent less time on stationary object than displaced object during testing trial (p= 0.019) and the same object during the first 5 min of training trial (p=
0.028), one-way ANOVA followed by Dunnett's test, n= 6 mice for each group. H, Mice with saline infusion before testing spent less time on stationary object than displaced object during
testing trial (p= 0.0002) and the same object during the first 5 min of training trial (p= 0.002), one-way ANOVA followed by Dunnett's test, n= 6 mice for each group. I, Mice with a cocktail of
cholinergic receptor antagonists infusion before testing spent less time on stationary object than displaced object during testing trial (p= 0.003) and the same object during the first 5 min of
training trial (p= 0.001), one-way ANOVA followed by Dunnett's test, n= 6 mice for each group. A + M+ D, atropine + MLA + DHβE. Data were presented as mean ± SEM.
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(Fig. 1B). On the other hand, a cocktail containing all three
antagonists given before the testing trial did not significantly
change the discrimination performance, with a similar discrimi-
nation index as in the saline-treated control group (Fig. 1C).
These results are consistent with previous studies showing that
cholinergic receptors are involved in memory encoding, but
not retrieval. Our results further suggest that in addition to
mAChRs, α7 nAChRs can also play an important role in hippo-
campal memory encoding.

To further examine if there is any difference in the discrimi-
nation performance after atropine and MLA treatments, we
then looked at the time spent on exploring the two individual
objects after these receptor antagonist treatments. In pretraining
saline-treated control group (Fig. 1D), the time spent on the sta-
tionary object (second time exposure) during the 5 min testing
trial is not only significantly less than the time spent on the dis-
placed object but also significantly less than the time spent on the
same object during the first 5 min of training trial (first time
exposure), indicating a correct recognition of the stationary
object as a familiar object and thus with reduced interest to
explore. In pretraining atropine-treated group (Fig. 1E) and
MLA-treated group (Fig. 1F), there was no significant difference
of the time spent on the stationary and displaced object during
the testing trial and the time spent on the two objects during
the first 5 min of the training trial, suggesting a lack of recogni-
tion of the objects that the mice had been previously exposed to
during the training trial. In pretraining DHβE-treated group
(Fig. 1G), the mice performed similarly to those in the

saline-treated group, indicating that hippocampal DHβE treat-
ment had no significant effects on the normal memory formation
in the object location task. Mice with the pretesting infusion of a
cocktail containing all three receptor antagonists (Fig. 1I)
performed similarly to the mice treated with saline (Fig. 1H),
with less time spent on the stationary object than the displaced
object, and thus also had no significant effects on the normal
memory formation. Hippocampal infusion of cholinergic antag-
onist before the training trial did not significantly change the
general activities including the object exploration time, the total
distance traveled, the percentage of active time (with a speed
above 2 cm/s), and the velocity when moving around (Fig. 2).
These results suggest that both mAChRs and α7 nAChRs are
involved in memory encoding in the object location task.

We have previously observed that mAChRs and α7 nAChRs
regulate hippocampal theta power and Y-maze performance by
engaging different neuronal subpopulations (Gu et al., 2017,
2020). Specifically, mAChRs expressed in glutamatergic neurons
(but not interneurons) and α7 nAChRs expressed in interneu-
rons (but not glutamatergic neurons) regulate hippocampal theta
power in freely moving mice. Here we further examined the neu-
ronal subpopulations that recruited mAChRs and α7 nAChRs
during the object location task. Consistent with our previous
observations, knocking out mAChRs in glutamatergic neurons
(but not in interneurons) significantly impaired the object loca-
tion task performance (Fig. 3A–D). Mice with mAChRs knocked
out in interneurons (Fig. 3C) performed similarly to the control
mice (Fig. 3B), with significantly less time spent on the stationary

Figure 2. General activity after hippocampal infusion of cholinergic subtype antagonists. No significant difference was observed among groups in (A) object exploration time during training
(p = 0.33), (B) total distance traveled during training (p= 0.52), (C) percentage of active time with a speed above 2 cm/s (p= 0.69), and (D) the average velocity during active time (p= 0.50).
Statistics were done with One-way ANOVA, n= 6 mice for each group. Data were presented as mean ± SEM.
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Figure 3. M1 mAChRs in glutamatergic neurons and α7 nAChRs in interneurons regulate memory encoding. A, M1 mAChR knock-out in glutamatergic neurons (CaMK-M1; p= 0.0038; n= 12)
but not interneurons (GAD-M1; p= 0.9479; n= 9) significantly reduced discrimination index in object location task as compared with floxed M1 control mice (n= 11), one-way ANOVA followed
by Dunnett's multiple-comparisons test. B, Object exploration time showing that floxed M1 control mice spent significantly less time on stationary object than displaced object during testing trial
(p= 0.0003) and the same object during the first 5 min of training trial (p= 0.002), one-way ANOVA followed by Dunnett's test, n= 11 mice. C, GAD-M1 knock-out mice spent significantly less
time on stationary object than displaced object during testing trial (p= 0.001) and the same object during the first 5 min of training trial (p= 0.015), one-way ANOVA followed by Dunnett's
test, n= 9 mice. D, No significant difference of time spent on displaced and stationary objects during testing trial and the objects during the first 5 min of training trial in CaMK-M1 knock-out
mice (p= 0.71), one-way ANOVA, n= 12 mice. E, α7 nAChR knock-out in interneurons (GAD-α7; p= 0.0018; n= 13) but not glutamatergic neurons (CaMKII-α7; p= 0.9941; n= 10) significantly
reduced discrimination index in object location task as compare with floxed α7 nAChR control mice (n= 16), one-way ANOVA followed by Dunnett's multiple-comparisons test. F, floxed α7
nAChR control mice spent significantly less time on stationary object than displaced object during testing trial (p< 0.0001) and the same object during the first 5 min of training trial (p= 0.015),
one-way ANOVA followed by Dunnett's test, n= 16 mice. G, No significant difference of time spent on displaced and stationary objects during testing trial and the objects during the first 5 min of
training trial in GAD-α7 nAChR knock-out mice (p= 0.53), one-way ANOVA, n= 13 mice. H, CaMK-α7 nAChR knock-out mice spent significantly less time on stationary object than displaced
object during testing trial (p= 0.0004) and the same object during the first 5 min of training trial (p= 0.022), one-way ANOVA followed by Dunnett's test, n= 10 mice. Data were presented as
mean ± SEM.
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versus both the displaced object in the 5 min testing trial and the
same object in the first 5 min training trial, indicating a correct
recognition of the stationary object and normal memory

performance). Mice with mAChRs knocked out in glutamatergic
neurons (Fig. 3D) spent similar times on stationary and displaced
objects, indicating a loss of normal discrimination (Fig. 3D). On

Figure 4. General activity in M1 mAChR and α7 nAChR knock-out mice. No significant difference was observed among M1 mAChR knock-out mice in (A) object exploration time during training
(p= 0.43), (B) total distance traveled during training (p= 0.75), (C) percentage of active time with a speed above 2 cm/s (p= 0.45), and (D) the average velocity during active time (p= 0.22),
or among α7 nAChR knock-out mice in (E) object exploration time during training (p= 0.33), (F) total distance traveled during training (p= 0.83), (G) percentage of active time with a speed
above 2 cm/s (p= 0.47), and (H) the average velocity during active time (p= 0.33). Statistics were done with one-way ANOVA, n= 11 for floxed M1, 9 for GAD-M1, 12 for CaMK-M1, 16 for
floxed α7, 13 for GAD- α7, and 10 for CaMK- α7. Data were presented as mean ± SEM.
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the other hand, knocking out α7 nAChRs in interneurons but not
in glutamatergic neurons also significantly impaired object loca-
tion task performance (Fig. 3E–H). Mice with α7 nAChRs
knocked out in glutamatergic neurons (Fig. 3H) performed sim-
ilarly to the control mice (Fig. 3E), with more time spent on dis-
placed versus the stationary object, indicating unimpaired
memory function. On the other hand, mice with α7 nAChRs
knocked out in interneurons spent similar times on stationary
and displaced objects (Fig. 3G). Knocking out either M1
mAChRs or α7 nAChRs in neuronal subpopulations did not
significantly change the general activities including the object
exploration time, the total distance traveled, the percentage of
active time (with a speed above 2 cm/s), and the velocity when
moving around (Fig. 4). These results strongly suggest that
mAChRs and α7 nAChRs may regulate memory formation in

the object location task by engaging glutamatergic neurons and
interneurons, respectively.

Strong correlation between theta oscillations and object
exploration
Cholinergic regulation of hippocampal theta oscillations has
been strongly suggested as a potential mechanism underlying
hippocampus-dependent memory encoding. However, direct
experimental evidence is largely lacking. To test such potential
mechanisms underlying the object location task, we first exam-
ined the dynamics of theta oscillations in individual object explo-
ration events. Individual exploration events were divided into
three sections, including pre-, mid-, and postexploration periods
(Fig. 5 and Extended Data Fig. 5-1). The mid-exploration period
is defined as when the animal is exploring (sniffing) the object

Figure 5. Strong correlation between theta oscillations and object exploration event during training trial. A, B, Track visualization (red lines) showing the travel path of a typical object
exploration event in training trial (A) and testing trial (B), including pre-exploration and postexploration periods. C, Velocity plot showing the speed distribution during the object exploration
event shown in A, with a moderate speed approaching the object, virtually still during exploration (sniffing), and a higher speed leaving the object. D, Velocity plot showing the movement speed
distribution during the object exploration event shown in B. E, Raw LFP recording and spectrogram analysis showing theta intensity during the object exploration event in A. They are time-
aligned with C, showing strongest theta intensity during pre-exploration period. F, Raw LFP recording and spectrum analysis showing theta intensity during the object exploration event in B.
They are time-aligned with D, showing similar theta intensity during pre-, mid-, and postexploration periods. Data were presented as mean ± SEM. Spectrogram analysis showing longer time
course can be found in Extended Data Figure 5-1.
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with a moving speed under 2 cm/s. The pre-exploration period is
defined as when the animal is approaching the object in the few
seconds before sniffing, usually with a moderate speed. The start
of the pre-exploration period is defined by a speed increase to
above 2 cm/s. As shown in Figure 6, the average speed increased
from 1.2 to 6.8 cm/s from the 1 s baseline immediately before the
start of an event to the 1 s immediately after the start. The post-
exploration period is defined as when the animal is leaving the
object in the few seconds after sniffing, usually with a high speed
to retreat from the object. The end of the postexploration period
is defined by a drop of speed to under 2 cm/s.

Spectrogram analysis shows that theta oscillations were the
strongest during the pre-exploration period (Fig. 5E), usually
at the beginning of the period. This theta is also stronger than
both the baseline theta preceding an object exploration event
(Fig. 6) and the theta that occurred during other nonobject
exploration activities (Fig. 7). This elevated theta intensity is
not correlated with speed as the speed during the pre-
exploration period is slower than that during the postexplora-
tion period. In addition, this pre-exploration high theta power
only occurs during the training trial but not the testing trial (for
either displaced or stationary object; Fig. 8A), suggesting a role
in novelty detection/learning. There is also no difference in
theta intensity between the two objects during the training trial,
or between the stationary and the displaced objects during test-
ing trial, suggesting that the theta oscillations may not be
directly responsible for specific spatial information encoding
of the individual objects. There is no significant theta frequency
(Fig. 8B) or speed change between training and testing trials of
either stationary or displaced objects during exploration
(Fig. 8C). The fact that the elevated pre-exploration theta
only occurred in the training (but not testing) trials (regardless
of the spatial positioning) suggests that it may be related to nov-
elty detection or novelty learning and involved in memory
encoding in training trials, but not memory retrieval in testing
trials. This also coincides well with the known cholinergic role
in novelty learning and memory encoding, but not memory
retrieval. To further test this idea, we compared the theta power
during the early (novel) and late (less novel) object exploration
events during training trial (Fig. 9). Indeed, the pre-exploration
theta is significantly stronger in the first events (average of the
first three events) than that in the last events (average of the last
three events), supporting a role for pre-exploration theta in

novelty detection or novelty learning. Theta frequency and
moving velocity were not significantly changed between early
and late events.

Cholinergic regulation of theta power in the object location
task
We then examined the effect of the cholinergic receptor antago-
nists that impaired memory encoding in the object location task
on the elevated theta power during training trials. Both the
mAChR antagonist atropine and the α7 nAChR antagonist
MLA, which impaired memory encoding in the object location
task, also specifically reduced the peak theta power during the
pre-exploration period; neither antagonist had any effect on
the theta power during the mid- or postexploration periods in
training trials as compared with the saline control treatment
(Fig. 10A). The reduced peak theta power after both atropine
and MLA treatment during the pre-exploration period was sim-
ilar to the level in both the mid- and post- exploration periods,
suggesting that there is a cholinergic-independent theta compo-
nent throughout the whole exploration event, and the additive
cholinergic-sensitive theta only occurred during the pre-
exploration period. The non-α7 nAChR antagonist DHβE, which
had no effect on the object location task performance, also had no
effect on the occurrence of elevated theta during the pre-
exploration period in the training trial (Fig. 10A). None of these
three antagonists had any effect on theta frequency (Fig. 10B) or
movement speed (Fig. 10C) during any of the three subsections of
the exploration events, as compared with saline control
treatment.

We also examined the behavioral performance in mice with
wireless recording headstages to see how well the mice under
recording can perform in the object location task. As shown in
Figure 11, mice with headstages can still discriminate displaced
objects against stationary objects. However, this discrimination
may be less robust than that in mice without headstages. When
comparing the time spent on the stationary and displaced objects
in testing trials together with the time spent during the first 5 min
in training trials, the difference was not significant (p= 0.06; one-
way ANOVA; n= 5 mice). The exploration time and distance
traveled are somewhat but not significantly reduced in mice
with headstages. As expected, mice with headstages did have a
significantly lower moving velocity. These results suggest that
mice with recording headstages can still discriminate displaced

Figure 6. Velocity and theta power change at the borderline of the start of the pre-exploration period. Both velocity (A) and theta power (B) during the 1 s period immediately after the start
of an event were significantly higher than those during the 1 s baseline period immediately before the start of an event. p< 0.0001; n= 5 mice; Student’s t test. Data were presented as
mean ± SEM.
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objects against stationary objects, but the discrimination may be
less robust than that in the mice without headstages.

We then further evaluated the effects of mAChR and α7
nAChR knock-out in neuronal subpopulations on the elevated
theta power during the pre-exploration periods in the training
trials. Consistent with their effects on behavioral performance,

knocking out of the mAChRs in glutamatergic neurons, which
significantly impaired the object location task performance,
also specifically reduced the elevated theta power during the pre-
exploration periods in training trials; there was no effect on theta
power during mid- and postexploration periods as compared
with those in control animals (Fig. 12). Furthermore, knocking
out of the mAChRs in interneurons, which had no significant
effects on the object location task performance, also had no sign-
ificant effects on theta power during any of the three subsections
of the exploration events in the training trials (Fig. 12), as com-
pared with control mice. On the other hand, knocking out of the
α7 nAChRs in interneurons, which also significantly impaired
the object location task performance, significantly reduced the
elevated theta power during the pre-exploration periods in train-
ing trials and had no effect on theta power during other times in
the object exploration events (Fig. 13), as compared with control
mice. Knocking out of the α7 nAChRs in glutamatergic neurons,

Figure 7. Theta comparison between object exploration events and general activities.
A, Theta power is significantly stronger during per-exploration than that during nonobject
exploration activities (p= 0.007), while no significant difference between nonobject explora-
tion with either mid-object (p= 0.11) and postobject (p= 0.15) exploration periods. B, No
significant difference of theta frequency between object and nonobject activities (p= 0.39). C,
The velocity during pre- and mid-object exploration is significantly lower than that during
nonobject exploration activities (p< 0.0001), while higher during postexploration period
than that during nonobject exploration activities (p< 0.0005). Statistics were done with one-
way ANOVA followed by Dunnett's multiple-comparisons test. n= 5 mice for each group. Data
were presented as mean ± SEM.

Figure 8. Elevated theta power during pre-exploration period in training trials but not
testing trials. A, Bar graph showing that the peak theta power is the strongest during pre-
exploration period in training trials as compared with mid- (p= 0.0156) and postexploration
(p= 0.0061) periods, while the peak theta power was similar among pre-, mid-, and post-
exploration periods in testing trials for either displaced (p= 0.9318) or stationary object
exploration (p= 0.7933), one-way ANOVA followed by Dunnett's multiple-comparisons
test, n= 5 mice for each group. B, Theta frequency is similar among pre-, mid-, and post-
exploration periods in both training trials (p= 0.8399) and testing trials for either displaced
object (p= 0.8751) or stationary object (p= 0.4982), one-way ANOVA, n= 5 mice for each
group. C, Movement speed is moderate during pre-exploration period, very low during mid-
exploration period, and high during postexploration period. Speed is similar among training
trials and testing trials for either displaced object or stationary object within pre-
(p = 0.5331), mid (p= 0.5111), or postexploration (p= 0.2711) periods, one-way ANOVA,
n = 5 mice for each group. Data were presented as mean ± SEM.
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which had no significant effect on the object location task perfor-
mance, also had no significant effects on theta power during the
exploration periods in training trials (Fig. 13). None of these cho-
linergic receptor knock-outs had any significant effect on theta
frequency (Figs. 12B, 13B) or movement speed (Figs. 12C, 13C)
during any periods of the exploration events, as compared with
control mice. Taken together, these results strongly suggest
that mAChRs and α7 nAChRs both regulated the elevated theta
power during the pre-exploration periods in training trials by
engaging glutamatergic neurons and interneurons, respectively.

Discussion
In this study, we made several findings regarding cholinergic
mechanism in hippocampal memory formation in the object
location task. Firstly, other than the mAChRs, the α7 nAChRs
also play an important role in hippocampal memory encoding

and may contribute to different aspects of memory encoding
from mAChRs by engaging different neuronal subpopulations.
Secondly, elevated theta strength was observed in the pre-
exploration period during early events in training trials.
Thirdly, the elevated theta in the pre-exploration periods was
reduced by mAChR and α7 nAChR antagonists. Taken together,
these observations reveal a potential mechanism for cholinergic
transmission and theta oscillations to contribute to the hippo-
campal memory encoding process.

Cholinergic transmission has long been known to play a crit-
ical role in hippocampal memory encoding (Hasselmo, 2006;
Micheau and Marighetto, 2011; Easton et al., 2012; Newman
et al., 2017; Zhang et al., 2021). The role of mAChRs has been
well established, but the role of nAChRs is less well known
(Ghoneim and Mewaldt, 1975; Broks et al., 1988; Aigner et al.,
1991; Grottick and Higgins, 2000; Ge and Dani, 2005; Levin
et al., 2006; Bitner et al., 2007; Dani and Bertrand, 2007;
Hasselmo and Sarter, 2011). In this study, we observed that α7
nAChRs also participated in the hippocampal memory encoding
process in the object location task. Like mAChRs, α7 nAChRs
also had no significant effect on memory retrieval. However, α7
nAChRs primarily engaged interneurons, while mAChRs pri-
marily engaged glutamatergic neurons. This is consistent with
previous studies showing that hippocampal α7 nAChRs are
highly expressed in interneurons as compared with the low
expression level in pyramidal neurons (Stevens et al., 1996;
Jones and Yakel, 1997; Frazier et al., 1998; McQuiston and
Madison, 1999; Buhler and Dunwiddie, 2001; Adams et al.,
2006; Son and Winzer-Serhan, 2008). Activation of mAChRs
can regulate neuron excitability through G-protein-coupled cel-
lular signaling, while α7 nAChRs may contribute little directly to
neuronal excitability but instead have high calcium permeability
and have been shown to mediate multiple forms of hippocampal
synaptic plasticity (Castro and Albuquerque, 1995; Kenney and
Gould, 2008; Gu and Yakel, 2011; Gu et al., 2012; Yakel, 2014;
Guerreiro et al., 2022; Letsinger et al., 2022). In addition,
mAChRs have high affinity to acetylcholine and are activated
with relatively low levels of acetylcholine release (Kellar et al.,
1985) and thus in a position to constantly regulate the excitability
of the neuronal populations. On the other hand, α7 nAChRs have
low affinity to acetylcholine and thus are only fully activated with
higher levels of acetylcholine release (Alkondon and
Albuquerque, 1993; Castro and Albuquerque, 1995) and more
likely to play a role in encoding information in the presence of
higher acetylcholine release. In summary, the current study
reveals that cholinergic transmission can regulate hippocampal
memory encoding processes through both mAChRs and α7
nAChRs that engaged glutamatergic neurons and interneurons,
respectively.

Hippocampal theta oscillations have long been considered as
a plausible mechanism underlying cholinergic transmission-
mediated hippocampal memory encoding due to the close rela-
tionship between them (Hasselmo et al., 2002; Hasselmo, 2005;
Douchamps et al., 2013; Gu and Yakel, 2022). Theta oscillations
have been particularly associated with hippocampal spatial mem-
ory encoding (Buzsaki, 2010). Therefore, we choose the object
location task that engages hippocampal spatial memory to inves-
tigate the contributions of cholinergic transmission and theta
oscillations to the memory encoding process (Haam et al.,
2018). However, cholinergic transmission has been traditionally
more closely associated with type II theta, and the role of cholin-
ergic transmission in regulating type I theta during active explo-
ration is much less clear (Kramis et al., 1975; Montoya and

Figure 9. Stronger theta expression during pre-exploration period in early events than that
in late events in training trials. A, Peak theta power during pre-exploration period in early
events (average of the first 3 events) is higher than that in late events (average of last 3
events; p= 0.03), while not significantly changed during mid- (p= 0.10) and postexploration
(p= 0.31) periods between early and late events. B, No significant changes of theta frequency
between early and late events during pre- (p= 0.07), mid- (p= 0.10), or postexploration
(p = 0.07) periods. C, No significant changes of theta frequency between early and late
events during pre- (p= 0.56), mid- (p= 0.76), or postexploration (p= 0.84) periods. Data
were presented as mean ± SEM.
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Sainsbury, 1985; Sainsbury et al., 1987; Buzsaki, 2002; Gu and
Yakel, 2022). Nevertheless, septal cholinergic neuronal activity
and hippocampal ACh levels do closely correlate with not only
type II theta, but also type I theta states (Marrosu et al., 1995;
Giovannini et al., 2001; Bianchi et al., 2003; Zhang et al., 2010,
2021; Ma et al., 2020), supporting a potential role for cholinergic
transmission in regulating type I theta and memory encoding.
In this study, we revealed a strong association of a transient
increase of theta power and novelty learning in the object loca-
tion task by examining the detailed theta profile during individ-
ual object exploration events with subsecond accuracy. Theta
oscillations always occurred during individual object exploration
events. However, the theta strength is not evenly distributed

during an object exploration event that typically can be divided
into three subsections including approaching, sniffing, and
quickly retreating from an object. We observed a particularly
strong theta power at the beginning of an object exploration
event during the training trial. Moreover, the pre-exploration
theta is stronger in the early (novel) events than that in the late
(less novel) events; this strongly suggests that this transient theta
increase may be closely related to novelty encoding or learning.
Previous study has reported an ∼23–30 Hz oscillation in the hip-
pocampus in mice exploring novel, but not familiar, environ-
ments (Berke et al., 2008). It is not clear how theta can
enhance memory encoding at the cellular level, but the oscillating
theta activity may provide a mechanism to selectively modulate

Figure 10. Elevated theta power during pre-exploration period in training trials is mediated by hippocampal mAChRs and α7 nAChRs but not by non-α7 nAChRs. A, Elevated theta power
during pre-exploration period in training trials is largely blocked by local hippocampal infusion of atropine (p= 0.0025) or MLA (p= 0.0011) but not by DHβE (p= 0.8606). Atropine or MLA did
not significantly change theta power from saline infusion during mid- (p= 0.9333 for atropine; p= 0.8483 for MLA) or postexploration periods (p= 0.8505 for atropine; p= 0.8698 for MLA),
one-way ANOVA followed by Dunnett's test, n= 5 mice for each group. B, Theta frequency is not significantly changed by AChR antagonists during pre- (p= 0.4841), mid- (p= 0.4678), and
postexploration (p= 0.5839) periods in training trials, one-way ANOVA, n= 5 mice for each group. C, Movement speeds are also not significantly changed by AchR antagonists during pre-
(p = 0.6109), mid- (p= 0.2784), and postexploration (p= 0.4903) periods in training trials, one-way ANOVA, n= 5 mice for each group. Data were presented as mean ± SEM.
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the effectiveness of incoming signals depending on the timing of
the inputs relative to the theta cycle, a mechanism that can effec-
tively increase the signal/noise ratio. Oscillating theta activity
may also facilitate the formation of spike-timing–dependent
plasticity at certain synaptic sites depending on the timing of
the inputs to the theta cycle. The theta strength during the
mid- and postexploration periods was about the same in training
trials and testing trials and between the stationary and displaced
objects in testing trials, suggesting that theta oscillations in object
location task may not be closely associated with the specific spa-
tial information of the individual objects and the subsequent dis-
crimination between the two object locations in the testing trials.

Our study further revealed that there is a cholinergic-sensitive
theta component in this strong theta during the pre-exploration
period in training trials. The cholinergic treatments that
effectively impaired behavioral performance also effectively
blocked the strong theta during the pre-exploration periods in
the training trials. Cholinergic treatments did not eliminate the
strong theta but instead reduced it to the same level as that in
the testing trial, which is also similar to the levels during mid-
and postexploration periods in either training trials or testing
trials. These results clearly show that there is a transient
cholinergic-sensitive theta component that occurred concurrently
with cholinergic-insensitive theta components during the pre-
exploration periods in the training trials. There is no significant
difference in speed in individual exploration events between
training trials and testing trials, and cholinergic treatments did

not have any effect. The transient cholinergic-sensitive theta
thus may not be associated with the individual object exploration
events per se but more likely is associated with cholinergic-
dependent novelty detection and learning that occurred primarily
during the training trials when the mice were exposed to the
objects for the first time. Previous study has shown that rats
with impaired septal cholinergic inputs to the hippocampus
had deficits in forming new spatial presentation in novel environ-
ments (Ikonen et al., 2002), also indicating a role for cholinergic
transmission in novelty learning. Septal cholinergic inputs may
regulate hippocampal spatial presentation through direct target-
ing hippocampal interneurons or indirectly through septal
noncholinergic neurons (Mamad et al., 2015). However,
cholinergic-sensitive theta has been closely associated with type
II theta that can also occur under stress. It is also true that expo-
sure to a novel environment may be stressful to mice. It is there-
fore possible that the cholinergic-sensitive theta observed here is
type II theta in response to the stress of novel environment expo-
sure. Nevertheless, type II theta usually has lower theta frequency,
but the theta frequency of the cholinergic-sensitive component
here is the same as that of cholinergic-resistant type I theta.
Furthermore, this cholinergic-sensitive theta component is very
transient and only specifically occurs at the beginning of a self-
initiated voluntary exploration event. It is therefore more likely
associated with initiating/planning a novel exploration event
instead of being associated with the stress of novel environment
exposure that should be presented constantly. The co-occurrence

Figure 11. Mice with recording headstage were still able to discriminate between stationary and displaced objects in object location task. A, Mice with recording headstages spent significantly
more time on displaced object than stationary object (p= 0.0049) during testing trials. No significant difference between mice without headstage and mice with headstage in object exploration
time during the first 5 min of training trial (B; p= 0.08), the total distance traveled during the training trial (C; p= 0.41), or the percentage of active time (with speed above 2 cm/s) during
training trial (D; p= 0.31). E, The mice with recording headstage had a lower velocity during active time than mice without headstage (p= 0.01). Statistics were done with Student’s t test, n= 6
mice without headstage, 5 mice with headstage. Data were presented as mean ± SEM.
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of cholinergic-sensitive and cholinergic-resistant theta has been
reported previously (Oddie et al., 1997; Oddie and Bland,
1998), where cholinergic-sensitive theta in response to sensory
stimulation precedes and co-occurs with movement-related
cholinergic-resistant theta and plays a role in movement plan-
ning. Together, these studies strongly suggest that even if cholin-
ergic transmission does not directly regulate movement-related
theta (cholinergic resistant) and the movement per se, it can still
regulate the planning, initiation, and selection of the movements
in response to sensory stimulations, including threatening inputs
and novelty exposures.

Taken together, our study reveals that cholinergic transmis-
sion regulates the hippocampal memory encoding process
through both mAChRs and α7 nAChRs on excitatory neurons
and interneurons, respectively. Furthermore, we identified a
cholinergic-sensitive theta component that clearly discriminates

novel events from familiar events and therefore reveals a plau-
sible mechanism to connect cholinergic transmission, theta
oscillation, and hippocampal memory encoding.
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