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Abstract

The synaptic homeostasis theory of sleep proposes that low neurotransmitter activity in sleep optimizes memory
consolidation. We tested this theory by asking whether increasing acetylcholine levels during early sleep would weaken
motor memory consolidation. We trained separate groups of adult mice on the rotarod walking task and the single pellet
reaching task, and after training, administered physostigmine, an acetylcholinesterase inhibitor, to increase cholinergic
tone in subsequent sleep. Post-sleep testing showed that physostigmine impaired motor skill acquisition of both tasks.
Home-cage video monitoring and electrophysiology revealed that physostigmine disrupted sleep structure, delayed non-
rapid-eye-movement sleep onset, and reduced slow-wave power in the hippocampus and cortex. Additional experiments
showed that: (1) the impaired performance associated with physostigmine was not due to its effects on sleep structure, as
1 h of sleep deprivation after training did not impair rotarod performance, (2) a reduction in cholinergic tone by inactivation
of cholinergic neurons during early sleep did not affect rotarod performance, and (3) stimulating or blocking muscarinic
and nicotinic acetylcholine receptors did not impair rotarod performance. Taken together, the experiments suggest that the
increased slow wave activity and inactivation of both muscarinic and nicotinic receptors during early sleep due to reduced
acetylcholine contribute to motor memory consolidation.

Statement of Significance

Altered acetylcholine levels or modified expression of acetylcholine receptors exist in mental/neurological disorders such as Alzheimer’s,
Parkinson’s, and Huntington disease and schizophrenia. Our study contributes to the understanding of the role of low acetylcholine levels
and increased slow-wave EEG sleep for procedural memory consolidation. We show that increasing acetylcholine levels during early sleep
disrupts motor memory consolidation. The main implication of our study is the importance of sleep onset to the timing of the administra-
tion of therapeutic drugs (existing and in development) for diseases that alter acetylcholine levels and impair memory.
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Introduction

Memory formation consists of a number of processes including
encoding which involves stimulus-induced gene-expression
within cells and consolidation which happens through forma-
tion and strengthening of synaptic connections [1-11]. Memory
consolidation can happen in both awake and sleep states, can
last from seconds to years, and might involve different pro-
cesses for different kinds of memory [9, 10, 12]. For example, pro-
cedural memory and episodic memories may be consolidated
during rapid eye movement (REM) or non-REM (NREM) phases/
stages of sleep, respectively [13, 14], or through cyclic succes-
sion of NREM and REM [15-18]. Reactivation of memories during
sleep [11, 19-27], formation and strengthening of spines during
NREM and REM phases of sleep, and synapse pruning during
REM sleep might also play a role [11, 28]. The synaptic homeo-
stasis theory of memory consolidation suggests a mechanism
through which synaptic strengthening might occur. It proposes
that low levels of neuromodulators, such as acetylcholine (ACh),
dopamine, serotonin, during NREM sleep permit overall synaptic
downscaling while allowing recently activated synapses to be
relatively more active. This improved signal-to-noise relation-
ship provides a mechanism for synaptic stabilization, memory
replay, and memory consolidation [19, 29, 30].

Consistent with the synaptic homeostasis theory, low levels
of ACh are reported to allow synaptic pruning/formation and
episodic memory consolidation during NREM sleep [31-34].
Whether motor learning is similarly enhanced by low ACh levels
is unclear. Motor learning is a form of procedural learning that
involves the acquisition of skills and sequences of movements,
such as those involved in rotarod walking and skilled reaching
for food. Studies on the effects of lesions that lower cortical ACh
on motor learning have produced mixed results on these tasks
[35, 36]. Other evidence suggests that increasing cholinergic tone
in humans during post-learning NREM does not affect consoli-
dation of procedural memories [37]. Nevertheless, disrupting
cholinergic levels through sleep deprivation does affect motor
memory. Specifically, reactivation of motor task-specific neurons
during NREM sleep is involved in forming new synapses after
motor learning in mice but consolidation is impaired in sleep
deprived animals [11]. Furthermore, there is a proposed relation-
ship between the amount of slow-wave activity (SWA) during
NREM sleep and motor learning. For example, humans learning
a reaching task display local increases in SWA in the parietal
cortex [38] whereas arm immobilization induces a local decrease
in SWA [39]. SWA also significantly improves visual texture dis-
crimination skills [40]. In mice, performance of a skilled forelimb
reaching for food task increases local SWA in the motor cortex
[41]. In sum, this evidence points to a role for decreased cholin-
ergic tone during NREM sleep in motor memory consolidation,
but a more definitive conclusion requires a direct test of the idea.

Here, we performed a direct test of the role of cholinergic
activity during early NREM sleep in the consolidation of motor
memory with mice performing a rotarod task and a skilled
reaching task. The effects of ACh levels on sleep structure and
phases were then manipulated. We also related ACh levels in
post-training sleep to subsequent motor performance and we
investigated the role of muscarinic and nicotinic ACh receptors
in motor memory consolidation. In sum, the results show that
low ACh level during NREM sleep contribute to the consolidation
of motor memory.

Methods

All experiments were performed in accordance with Canadian
Council of Animal Care and were approved by the University of
Lethbridge Animal Welfare Committee.

Experimental animals

Participants were adult wild-type (WT) mice (C57 Bl/6], Jackson
laboratories), N=109, and transgenic mice (Chat-Cre:CAG-
hM4Di), N =18, 3-6 months old, both male and female, and
weighing 20-30g. Transgenic mice had inhibitory (hM4Di)
DREADDs in cholinergic neurons, which were activated by the
inert molecule clozapine-N-oxide (CNO) to reduce release of
ACh. For generating these mice, CAG-hM4Di mice (B6N.129-
Gt(ROSA)26Sortm1(CAG-CHRM4*,-mCitrine) Ute/]) were crossed
with Chat-Cre mice (B6;129S6-Chattm?2(cre)Lowl/]) to enable ex-
pression of CAG hM4Di in cholinergic neurons of the brain [42,
43]. Mice were housed up to four per cage and were provided
food and water ad libitum. They were kept in a controlled tem-
perature (22°C), humidity, and light with a 12:12 light/dark cycle
(lights on at 7:30 am). All testing and training was performed
during the light phase of the cycle at the same time each day.

Motor learning tasks

Rotarod task

In the rotarod task, mice learn to balance while walking on an
elevated rotating drum whose speed is gradually increasing
(Figure 1, A). As they learn to keep their balance, they can stay
on the rotating drum for longer times at higher drum rotational
speeds. Eighty four C57/BL6 and 17 Chat-Cre::CAG-hM4Dimice
were used and were randomly divided into control and experi-
mental groups. The number of males and females in individual
groups are described below. Because of the constraints on the
availability of mice, the number of males and females are not
always equal in individual groups.

We used the modified version of the rotarod as described by
Shiotuski et al. [44], that emphasizes the learning aspect of the
test. A four lane rotarod with automatic timers and fall sensors
(Med Associates Inc.) within a test chamber (74 cm/84 cm/50 cm)
was used. The diameter of drum was 7 cm and it was covered
with Duct tape to prevent a mouse from gripping the surface.
Animals were placed on the drum 3 min before the start of each
session for habituation. An accelerating rotarod design was
used, in which the rotation speed gradually increased from 4 to
40 rpm over the course of 5 min. The time latency and the ro-
tation speed were automatically recorded by the photo sensors
until the animal was unable to keep up with the increasing
speed and fell. Training and testing took place on separate days:

Training Day. The rotarod training on day 1 consisted of one
session (1-1.5 h) with 10 trials and an inter trial interval of
3-5 min. Performance was measured as the average speed
that animals achieved during the training session [11, 45].
Following Nagai et al. [45], the mean of the top three speed
values and mean of speeds in the last three trials were also
computed.

Probe Day. To evaluate long-term memory, 10 trials were again
given 5 days after the initial session. Performance measures
were similar to those for the training session.



A Rotarod Task - Experimental setup
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1. Immediate substance injection after training
2. Late substance injection 24hrs after training
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Figure 1. Increasing acetylcholine (ACh) levels using physostigmine (physo) in early sleep impairs the consolidation of motor memories induced by the rotarod task.
(A) Experimental setup and behavioral protocol. In the rotarod task, animals learn to run and keep balance on an elevated rotating drum to prevent themselves from
falling. Mice were trained on Day 1 (Training day) and retested on Day 5 (Probe day). (B) Average speeds (over animals) attained on the rotarod on trials for Training and
Probe days. N indicates number of animals in each group. (C) ANCOVA results. Scatter plot of Probe Day vs Training Day speeds for each group and fitted lines according
to Eq. (1). (D) Estimated marginal average speeds on Probe Day for the three groups. Error bars represent SEM.

The handling of animals started at 8:00 am, that is, moving
them from their home cages to the testing room and the rotarod
task was started at 8:30 am. Thus, all sessions were performed
at the same time 8:00-10:00 am in the morning before the ani-
mals were returned to their home cages to allow them to sleep.
Although, the time of training is a non-preferred circadian time,
it was chosen for logistic reasons as is described in previous
studies [11, 45].

Skilled-forelimb reach task

The skilled forelimb reaching task used the single pellet task
procedure [46] to assesses the coordinated movements of fore-
limb, arm, hand, and digits as they work together to retrieve a
food item from a shelf. The animals were placed on food restric-
tion 3-4 days before the beginning of training. Prior to food re-
striction, mice were weighed each day for 3 days to obtain an
average pre-restriction weight. Thereafter they received daily
monitoring during the food restriction period to maintain 85% of
the average prerestriction weight. For the task, 21 C57/BL6 mice
were divided into Control (5 males, 5 females) and Drug (6 males,
5 females) groups by an independent evaluator. On each day of
testing the order of the animals to be tested was randomized by
the independent evaluator. Thus, throughout the procedures the
experimenter was blind to the identity of the two groups.

The test box was a clear plexiglass testing chamber (20 cm
long, 9 cm wide, and 20 cm high) with a slit (1 cm wide) lo-
cated in the center of the front wall. A 3 cm wide shelf with two
divots located aligned with each side of the slot was mounted
1 cm above the floor and outside of the front wall. The divots
served as receptacles in which 14 mg food pellets were placed.
The mice were handled daily and were habituated to the testing
chamber for a week. Two days before training, the mice were
given 10 pellets inside the chamber and then 10 pellets very
close to the slit on shelf before the pellets were placed into the
divots. The training/testing began on the day the mice were pre-
sented with food pellets close to the slit on the shelf. Gradually,
food pellets were placed away from the slit and eventually
placed in the divots located on the shelf. The training/testing
consisted of 10 days with one session each day consisting of 20
trials. A “Reach” was scored each time an animal extended its
forelimb through the slot. A “Success” was scored if the animal
grasped the food, retracted the paw and brought the pellet back
to its mouth and consumed it. On each day, immediately after
training/testing and before sleep, all mice received either physo-
stigmine or saline and were allowed to sleep. On ninth day of
training/testing all mice were filmed with a Panasonic HDC-
SDT750 camera at 60 frames per second with an exposure rate
of 1ms. [llumination for filming was obtained from a two-arm
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cold light source (Nikon Inc.). Quality of reaches was assessed
from the videos using a standard movement scoring scale [46].
Components of each reaching that were scored were: hind feet
position, forefeet position, sniff, lift, elbow in, advance, pro-
nation, grasp, supination I, supination II, release, and replace.
Each movement was scored on a three-point scale; 0, 0.5, and
1; scores representing good, impaired, and absent components
respectively. Thus, a high score indicated inferior performance.

Drugs and solutions

The drugs Physostigmine Salicylate, Scopolamine Hydrobromide,
Mecamylamine Hydrochloride, Oxotremorine M, and Nicotine
hydrogen tartrate salt administered intraperitoneally were used
in the study. The drugs were obtained from Sigma-Aldrich and
were dissolved in saline for administration. Saline was injected
as a control treatment. Physostigmine was first dissolved in
100% ethyl alcohol to make a stock solution of 10 mg/mL and
later diluted 1000 times in saline to obtain a final concentration
of 0.01 mg/mL. All drugs were prepared or diluted from a stock
solution just before use. For the rotarod task, mice were assigned
to six groups. Each group received one of the drugs; physostig-
mine (Physo group), Oxotremorine (Oxo group), Nicotine (Nico
Group), Scopolamine and Mecamylamine (Sco + Mec group), and
Saline (Saline group). For the skilled reaching task, mice were
assigned to two groups with one receiving physostigmine and in
the other saline injected after training.

Pharmacological treatment (rotarod task)

For these experiments, five groups of mice were used, and they
were given a Training Day followed by a Probe Day 5 days later
(see above):

1. Physostigmine group (Physo group). To increase cholinergic tone
during NREM sleep, 14 mice (6 males, 8 females) were ad-
ministered physostigmine (an ACh esterase inhibitor which
indirectly stimulates both muscarinic and nicotinic recep-
tors) intraperitoneally immediately after the first rotarod
training session [37, 47, 48]. Because it was a single dose
study, an acute dose of 0.1 mg/kg physostigmine was used
which is about 10 times the dosage used in a human study
[37]. After the training session and drug administration, the
animals were transferred to their home cages, where they
could sleep. The elimination half-life of physostigmine is
documented to be 1.5-2 h in humans [49] and less than 1 h in
rodents [50]. Therefore, this dose was expected to upregulate
ACh throughout the course of early sleep. No obvious drug
side effects were observed. For the control condition, 14
mice received saline (S group).

2. Physostigmine-late Group (Physo-late 24 h). In order to inves-
tigate the role of the first sleep session on motor memory
consolidation and determine whether or not the perform-
ance of the animals on probe day was a result of enduring
side-effects from the day 1 physostigmine treatment, 6 mice
(all males) were trained on the rotarod on day 1 and injected
with same dose of physostigmine 24 h later just before
testing.

3. Scopolamine/mecamylamine group (Sco + Meca group). To block
cholinergic transmission, we simultaneously administered

the muscarinic receptor antagonist scopolamine (0.4 mg/
kg) and the nicotinic receptor antagonist mecamylamine
(3 mg/kg) intraperitoneally to 8 mice (4 males, 4 females). We
chose relatively low doses of the drugs to avoid strong side
effects of cholinergic blockade and to ensure that the sub-
stances had largely washed out at the time of probe testing.
The half-life in plasma has been estimated at 4.5+1.7 h
for scopolamine [51] and 10.1 + 2 h for mecamylamine [52].
Previous studies have shown that these drugs, if not given in
combination, do not affect declarative memory encoding or
consolidation [53]. The drugs were given after the end of the
rotarod session on day 1.

4. Oxotremorine and nicotine Groups (Oxo and Nico respect-
ively). To observe ACh receptor specificity for mediation
of motor memory consolidation, we administered either
oxotremorine (0.01 mg/kg), a selective muscarinic agonist,
or Nicotine (2 mg/kg), a selective nicotinic ACh receptor
agonist, to two separate groups of mice (oxotremorine n = 8,
5 males, 3 females, nicotine n = 8, 6 males, 2 females) after
the rotarod task. The doses were chosen based on studies
that have examined the effect of nicotine and oxotremorine
on rodents [54]. The half-life has been reported as 100 min
for oxotremorine and 1.5-2 h for nicotine [55, 56]. The drugs
were administered at the end of training on the Training
Day.

5. Transgenic Groups. Seventeen transgenic mice, 9 (4 males,
5 females) in the CNO group (Tg-CNO) and 8 (2 males, 6
females) in the saline group (Tg-Saline), were used. The
CNO, 5 mg/kg [57], was obtained from the Thermo-Fisher
Scientific and was dissolved in 10% DMSO then diluted to
a final concentration of 0.5 mg/mL CNO with saline. As the
onset of the action of CNO begins 1-h post-administration,
CNO was injected just before the rotarod training session so
that the effect of drug would be manifest in post-training
sleep [58-60].

Motion quantification with filming in home cage

In a separate cohort of mice (n = 10), sleep recording was done
by filming the animals in their home cages after the rotarod
training session in order to observe their motion for quantifi-
cation of post-learning motor activity. Five mice were given sa-
line and five received physostigmine. A Pi camera connected to a
Rasp-berry pi computer was attached to the lid of the home cage
and 2.5 h long videos were recorded post-training [61]. Motion
quantification was performed in Matlab® (Mathworks, Natick,
MA) by first identifying differences in consecutive frames and
then calculating the mean difference over pixels, to obtain an
approximation of the overall change in the values of pixels from
one frame to the next. The accuracy of motion estimation was
verified by manual observation.

Sleep quantification using electrophysiology

Four adult C57BL6J mice and one Chat-Cre::CAG-hM4Di mouse
were anesthetized with isoflurane (2.5% induction, 1-1.5%
maintenance) and implanted with cortical, hippocampal,
and muscular electrodes using an aseptic technique. For cor-
tical and hippocampal recording of local field potentials (EEG),



bipolar (vertical tip separation = 0.6 mm) and monopolar elec-
trodes made from Teflon-coated stainless-steel wire (bare
diameter 50.8 pm) were implanted in the neocortex and in the
CA1 hippocampal region using the following coordinates in
mm: Secondary motor cortex (M2), AP: 1.7, ML: 0.6, DV:1.1 mm,
Lip cortical sensory area (LP), AP: 0.75, ML: 3.0, DV: 1.6,
retrosplenial cortex (RS), AP: -2.5, ML: 0.6, DV: 1.1, barrel cortex
(BC), AP: -0.1, ML: 3.0, DV: 1.4, and hippocampus (HPC), AP: -2.5,
ML: 2.0, DV:1.1 mm. For EMG recording, a multistranded Teflon-
coated stainless-steel wire (gauge 40) was implanted into the
neck musculature using a 25 gauge needle. The reference and
ground screws were placed on the skull over the cerebellum.
The other pole of the electrode wires were clamped between
two receptacle connectors (Mill-Max Mfg. Corp.) and the head-
piece was secured to the skull using metabond and dental
cement.

Animals recovered for 10 days after surgery and were then
habituated for 5-7 days to the recording setup. On baseline days,
animals were injected with saline at 8:25 am and moved to the
recording setup where their sleep activity was recorded from 8:30
am until 12:30 pm, via a motorized commutator (NeuroTek Inc.).
This 4 h period of baseline recording was repeated for 3 days.
On fourth day, the same steps and the same recording period
was used except the animals were injected with physostigmine
(dosage 0.1 mg/kg). Local filed potentials and EMG activty were
amplified, filtered (0.1-4000 Hz) and digitized at 16 kHz using a
Digital Lynx SX Electrophysiology System (Neuralynx, Inc.). The
data were recorded and stored on a local PC using Cheetah soft-
ware (Neuralynx, Inc.). In addition to the electrophysiological re-
cordings, a Pi camera was used to record an animal’s behavior
during each session.

Data analysis

The data analyses were performed offline. Sleep scoring was
performed in 6-s long epochs. The raw EMG activity was filtered
between 90 and 1000 Hz and then rectified and integrated using
4-s moving windows. This signal was thresholded to detect
periods of immobility. Slow wave power (0.5-4 Hz) of the cor-
tical LFP was calculated in each epoch using taper spectral ana-
lysis and thresholded using values between 0.04 and 0.1 mV%Hz
(depending on the animal) to detect SWA in cortical recording.
When the animal was immobile and cortical LFP showed SWA,
the epoch was scored as NREM sleep. For detecting REM sleep, the
ratio of theta power (6-9 Hz) to the total power of hippocampal
LFP was calculated in each epoch using taper spectral analysis
and when this ratio was above 0.4-0.6 (different for individual
animals) and the EMG showed immobility, the epoch was scored
as REM sleep. All other epochs were considered as a waking
state. The waking and NREM/REM scores were further confirmed
using video recording. To investigate the effect of physostigmine
on sleep, the duration of each behavioral state in each recording
session was normalized to the recording duration to identify dif-
ferences between physostigmine and saline. NREM sleep latency
was calculated as the time between the onset of recording and
the onset of first NREM sleep epoch longer than 20 s. Moreover,
slow wave power (0.5-4 Hz) of the cortical signal was averaged
across all NREM sleep epochs in the first hour of recording and
then compared between physostigmine and saline. For saline
injection, sleep structure, NREM sleep latency and SW power
were averaged across three baseline days for each animal. Power
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in other frequency bands (theta, alpha, beta, and slow and fast
gamma) was also determined.

For detecting spindle events, following Philips et al. the M2
cortical signal was filtered between 8 and 18 Hz and then rectified
[62]. The envelope of the rectified signal was then calculated using
cubic interpolation of its maxima. Putative spindle events were
detected where the envelope signal was higher than 3.5 standard
deviations (SD) from its mean. The onset and offset of spindle
events were identified when the envelope signal was higher than
2.5 SD from its mean. Spindles shorter than 500 ms or longer than
2 s were rejected. Spindles that occurred within 100 ms of each
other were combined to be considered a single event.

Sleep deprivation

To test the effect of sleep deprivation on motor memory con-
solidation, 16 mice were randomly assigned to Control (n =6, 2
males, 4 females) and sleep-deprived (n = 10, 5 males, 5 females)
groups. Animals in sleep-deprived group were kept awake for
1-h post-training on day 1 while ones in the Control group were
put in their home cages and allowed to sleep. To keep the ani-
mals awake, they were aroused by gently moving them by hand,
rearranging their nest, or lifting and lowering their cage when
they showed signs of sleep featuring little motion and closed
eyes. Animals that were awake were not disturbed.

Statistical analysis

Statistical analysis was done using Matlab R2016b. Data are
presented as mean +the standard error of mean (S.E.M). The
following statistical tests were used; paired and two-sample
Student’s t-test, Kolmogorov-Smirnov test, analysis of covari-
ance (ANCOVA), and analysis of variance (ANOVA) with re-
peated measures. An alpha value of <0.05 was used to determine
significance.

For rotarod experiments, since we measured rotarod per-
formance before and after substance administration (experi-
mental design of pretest-posttest type), we used a one-way
ANCOVA to statistically determine the effect of Treatment (drug
administration) on Probe Day speed by using Training Day speed
as a covariate [63]. We used the following fixed-effects linear
model for ANCOVA;

Yi=p+oi+ %+ aiXi+g Q)

where y is the response variable, that is, rotarod speed on probe
day, subscript i indicates the treatment group, x is training day
speed (covariate), pu is the main intercept, a is the treatment
specific intercept, f is the slope, a.x, is the treatment-training
interaction term, and ¢ is the error term. Using Matlab’s “step”
function on linear regression models, unnecessary terms were
removed for predicting probe day speeds (for all ANCOVA tests).
The step function sequentially adds and eliminates terms in
the model to reduce terms while preserving predictive accuracy.
If the treatment-training interaction term was removed, fitted
lines were parallel otherwise they had different slopes. In our
model, we did not include a term for Sex effects because we had
unequal numbers of males and females in individual groups.
Furthermore, from a preliminary analysis of rotarod perform-
ance for 74 mice (39 males and 35 females), which received
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identical training on Training Day, we found no differences in
performance between males and females. We performed a re-
peated measures ANOVA with Sex as “between-participants”
factor and Trial as “within-participants” factor and found no sig-
nificant effect of Sex (F, ,, = 0.02, p = 0.877) and no significant Sex
by Trial interaction (F,,, = 1.19, p = 0.307).

9,648

Results

Physostigmine injection after a motor learning task
impairs the consolidation of motor memories

Mice successfully completed the rotarod task, which features
rapid motor learning (10-20 trials within a single training ses-
sion), allowing assessment of the effects of manipulations
during immediate post-training sleep [11], and the skilled fore-
limb reaching task, which features more gradual learning (mul-
tiple training sessions each with 20 trials spread over 2-6 days),
with potentially multiple cycles of encoding and post-training
sleep. The following results describe the effect of post-training
and pre-sleep injections of physostigmine, an acetylcholin-
esterase inhibitor that prevents the breakdown of ACh, thus
increasing cholinergic tone [64, 65].

Rotarod task results
In the rotarod task (Figure 1, A), mice displayed improved
balance on the elevated rotating drum as measured by reduced
probability of falling. The maximum speed they attained just
before a fall was used as a measure of learning and subsequent
retest performance. On day 1 (Training Day) mice were given
10 trials of rotarod experience early in the morning (8:30-10:00
am). Immediately after training, one group received saline and
the other physostigmine and they were returned to their home
cages. Mice in a third group (Physo-Late) were also returned to
their home cages but physostigmine was injected 24 h after the
training. On the Training Day, all groups displayed improved
performance across trials by remaining on the rotarod at higher
speeds for progressively longer periods of time (Figure 1, B). To
assess whether the mice retained motor performance acquired
on the Training Day, they again received 10 trials of rotarod
training on day 5 (Probe Day), at the same time of the light/
dark cycle on which initial training had occurred (Figure 1, A).
The Saline and Physostigmine-Late treatment groups displayed
continued improvement in performance across trials but the
Physostigmine group displayed performance that appeared to
be no better than that they had displayed on the Training Day.
These results were confirmed by ANCOVA using the fixed-
effects linear model of Eq. (1)—Figure 1, C. There was a signifi-
cant effect of Treatment (F, ,, = 8.76, p = 0.001) as well as Training
(F,5 = 19.13, p=0.0001). Step function eliminated Treatment-
Training interaction term and hence fitted lines are parallel
(Figure 1, C). Post hoc multiple comparisons with Bonferroni
correction revealed a significant difference in population mar-
ginal means of Saline and Physo-Late groups from that of
Physostigmine group (p=0.003 and p =0.006, respectively for
individual comparisons, Figure 1, D). Saline and Physo-Late
groups were not different from each other (p = 1.0). These results
thus suggest that the Saline and Physostigmine-Late groups
displayed enhanced motor memory for the task relative to the
Physostigmine group and that the immediate post-training
sleep is important for performance retention.

Skilled forelimb reach task results

In the single pellet reaching task (Figure 2, A) animals coordin-
ated their arm and hand movements to reach through a slot to
obtain a food pellet for 10 days, and on each day received either
saline or physostigmine immediately after training (Figure 2,
A). Mice injected with physostigmine were slower in learning
the task, as witnessed by a smaller number of animals learning
the task within the first 5 days compared to those injected with
saline (Figure 2, B, an association between substance injected
and success was observed on days 3 and 4 with Chi square in-
dependence test, y?(1)=10.8315, p=0.00099 and y%3(1) = 4.492,
p = 0.0341, respectively). A successful animal was defined as one
that completed 20 trials on that particular day with at least one
successful reach. Next, we compared the percentages of suc-
cessful reaches (Figure 2, C) using a repeated measures ANOVA
with Treatment (Saline or Physostigmine) and Sex as “between-
participants” factors and Day as a “within-participants”
factor. There was no effect of Treatment (F,, = 3.10, p = 0.096)
and Sex (F,,, = 1.56, p = 0.235) but that of Day was significant
(Fg 136 = 28.83, p < 0.0001). There was also a significant Treatment
by Day interaction (F, .. = 2.51, p = 0.014) but Treatment by Sex
(F,,, = 0.05, p=0.822), Sex by Day (F,,,, = 0.88, p=0.539) and
Treatment by Sex by Day (F; ., = 0.47, p=0.878) interactions
were not significant. Post hoc comparisons (Treatment-by-Day)
with Bonferroni correction revealed significantly smaller per-
centage of successful reaches for the physostigmine group for
days 7 and 8 (p =0.01 and p = 0.02, respectively). These results
show that the administration of physostigmine immediately
after reach training retarded task acquisition and performance
regardless of sex.

To assess the effect of physostigmine injections on the
quality of reaches, 12 components of movements were scored
on a 0, 0.5, and 1 scale (good, impaired, and absent perform-
ance) from the first 3 reaches the video recordings obtained on
day 9. A higher score indicates inferior performance [66, 67]. To
compare scores of the two groups, we performed repeated meas-
ures ANOVA with Treatment (Saline or Physostigmine) and Sex
as “between-participants” factors and Movement Component
as “within-participants” factor. The effect of Treatment was
significant (F,,, = 10.34, p=0.005) as well as that of Movement
Component (F,, .., = 24.07, p < 0.0001) but that of Sex was not sig-
nificant (F, , = 0.82, p = 0.377). There was no significant Treatment
by Component (F, ., = 165 p=0.087), Treatment by Sex
(F,,, = 1.65, p = 0.217), Sex by Component (F =0.38, p =0.962),
and Treatment by Sex by Component (F,,,, = 1.04, p=0.409)
interactions. Post hoc comparisons (Treatment-by-Component)
with Bonferroni correction revealed a higher mean score for
the grasp component for the Physostigmine group relative to
the Saline group (p = 0.004). In addition, a two-sample Student’s
t-test on average component scores (over components and ani-
mals) gave higher scores for the Physostigmine group than for
the Saline group (t,,, = —4.711, p <0.0001, Figure 1, E). These re-
sults thus show that mice in the physostigmine group were im-
paired compared to the saline group on both end point measures
of performance and the movement elements of performance.
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Physostigmine injection after rotarod training

altered sleep structure

To investigate how physostigmine injection post-training im-
paired subsequent motor performance, we asked whether
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Figure 2. Increasing acetylcholine (ACh) levels using physostigmine in early sleep impairs the consolidation of motor memories in the skilled forelimb reach task. (A)
Experimental setup and behavioral protocol. Animals learn to reach through a slot and grasp a food pellet placed on a platform. Mice were trained/tested for 10 days.
They were filmed on 9th day and reaches were scored from the videos. (B) Percentage of successful animal vs days. A “successful” animal completed 20 trials with at
least one successful reach and grasp. (C) Percent single reach successes (averaged over animals) vs days. (D) Quality of reaches was assessed from video recordings
done on day 9 for the 12 component movements of a reaching action. A higher score indicates inferior performance. (E) Average component scores (over animals) for
the physostigmine group were significantly higher than those for the saline group. All Data are presented as Mean + SEM.

physostigmine injection altered post-training activity/sleep by
injecting separate cohorts of mice with saline or physostig-
mine after rotarod training, before being returned to their home
cages. The activity/sleep analysis via video monitoring provided
a motion measure (Figure 3, A) as quantified by the number of
pixels that changed between consecutive video frames [61]. The
record showed that mice in the physostigmine group had in-
creased activity levels and showed delayed onset of rest/sleep.
For each mouse, the cumulative history of motion/rest periods
was determined. The average cumulative duration of motion
for mice in the saline group was significantly smaller and their
immobility periods were significantly longer compared to mice
in the physostigmine group (two-sample Kolmogorov-Smirnov
test, p < 0.0001, Figure 3, B). The physostigmine group’s relatively
higher activity and shorter episodes of rest suggests that physo-
stigmine injections degraded sleep in the mice.

Physostigmine delays NREM sleep onset and
reduces slow wave sleep power

To examine how physostigmine alters sleep structure EEG was
recorded in one group of mice (N = 5). We implanted electrodes
in the trapezius muscle (in the neck), hippocampus (HPC),
secondary motor cortex (M2), cortical lip area (LP), and the
retrosplenial and barrel cortices (RS and BC). Local field poten-
tials (LFPs) were recorded after injecting saline on 1 day and
after injecting physostigmine on a subsequent day (Figure 4,
A). Mice were injected at 8:25 am and signals were analysed
for 4 h post-injection from 8:30 am. In both hippocampal and
cortical spectrograms, we observed reductions in power spec-
tral density (PSD) in the slow wave band within the first hour
after physostigmine injections (Figure 4, A). For further com-
parisons, we first determined sleep structure by finding dur-
ations of wakefulness, REM sleep, and NREM sleep using EMG
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sample Kolmogrov-Smirnov test, p < 0.0001) suggesting reduced motion of mice in Saline group relative to the Physostigmine group.

signals and spectrogram of hippocampal and cortical (from
M2) LFPs (Figure 4, A and B). Compared to saline injections,
sleep structure after physostigmine injections was altered
in the first hour of recording. After the first hour, cumulative
duration curves for saline and physostigmine injections were
the same for awake, NREM sleep, and REM sleep conditions
(Figure 4, B). After physostigmine injections, mice had delayed
onset of NREM sleep (Figure 4, A and B), time spent awake was
increased (paired Student’s t-test, t, = -4.14, p = 0.014, Figure 4,
C), and the NREM sleep period was shorter (paired Student’s
t-test, t, = 4.32, p =0.012, Figure 4, C). REM sleep was min-
imal during the first hour and not different for physostigmine
and saline injections. The percentage of time spent in awake,
NREM and REM sleep conditions was not different during the
2nd, 3rd, and 4th hours. NREM sleep latency was longer after
physostigmine (paired Student’s t-test, t, = -3.52, p =0.024,
31.17 +3.26 min for physo vs 16.70 +2.76 min for saline,
Figure 4, D) and slow-wave power within the first hour after
the onset of NREM sleep was reduced in the hippocampus
(paired Student’s t-test, t, = 6.42, p=0.003, Figure 4, E) and
cortex, (paired Student’s t-test, M2 - t, = 11.74, p = 0.0013, LP -
t,=12.86,p =0.006, RS - t, = 14.09, p = 0.005, and BC - t, = 6.23,
p = 0.008, Figure 4, E). Theta (4-9 Hz), alpha (9-15 Hz), and beta
(15-30 Hz) powers in the hippocampus were also reduced after
physostigmine injections within the first hour after the onset
of NREM sleep but changes were variable in the cortices, that is,
there was reduction in power in alpha, beta, and slow gamma
bands for M2, no changes in power for LP, reduction in power
in alpha and beta bands for RS, and reduction in power in beta
band for BC. Changes in power with physostigmine injections
in all frequency bands were also variable in the 2nd and 3rd
hours after the onset of NREM sleep. Hippocampal alpha and
beta band power was reduced with no effect on slow wave
power and power in other bands, whereas power was reduced
in some frequency bands in cortical areas M2, RS, and LP with
no change for BC. The onset of thalamocortical spindles in M2
was delayed after physostigmine injections and their number
was significantly reduced (Figure 4, F). These results suggest
that physostigmine injection delayed the onset of NREM sleep

and reduced its quality (lower power in slow wave and higher
frequency bands) in the first recording hour.

One-hour sleep deprivation (delayed sleep) after
rotarod training does not impair consolidation of
motor memories induced by the rotarod task

To determine whether the observed differences in rotarod per-
formance were due to the sleep disruptive effects of physostig-
mine vs increasing ACh levels (Figures 3 and 4), separate cohorts
of animals were either sleep deprived for the first hour post-
rotarod training or left undisturbed (Figure 5, A). Performance as-
sessment indicated that mice in both groups improved equally
on the Training and Probe days (Figure 5, B). An ANCOVA (Figure 5,
C) confirmed no effect of Treatment (F, ,, = 0.02, p = 0.886) but
a significant effect of Training (F, ,, = 15.78, p = 0.002) with sig-
nificant Treatment-Training interaction (F, , = 5.67, p = 0.035).
The estimated marginal average speeds for the two groups
were similar on the probe day (Figure 5, D). We also quantified
the motion of animals post-training with home-cage video re-
cording (Figure 5, E) and observed that sleep deprived animals
had lower overall motion (two-sample Kolmogrov-Smirnov test,
p < 0.0005), showing that they slept more compared to controls.
These results suggest that 1-h of sleep deprivation post motor
training does not impair the consolidation of motor memory.

Chemogenetic inactivation of cholinergic neurons
during early sleep does not impair the consolidation
of motor memories

We investigated the effect of further reducing ACh levels during
early sleep on motor memory consolidation using transgenic
Chat-Cre::CAG-hM4Di mice ([102, 103]). These mice express in-
hibitory (hM4Di) DREADDs [68] within cholinergic neurons,
and following the administration of the drug CNO, presynaptic
release of neurotransmitter ACh in cholinergic neurons de-
creases. Since CNO exerts its maximum effects an hour to an
hour-and-half after the administration [58-60], we injected
CNO just before the rotarod training in mice belonging to the
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Figure 4. Increasing acetylcholine (ACh) levels via physostigmine (physo) reduces NREM sleep and slow-wave power in the first hour of sleep post injection. (A)
Representative raw local field potentials and EMG during waking and NREM sleep after saline (left) and physostigmine (right) injections (A1). Representative
hippocampal (HPC) and cortical (CTX—from M2, secondary motor area) local field potentials (LFP), electromyography (EMG) signal, hypnogram, and spectrogram (A2).
In the hypnogram, REM, NREM, and W represent states of animals, that is, REM sleep, NREM sleep, and wake periods, respectively, which were scored from EMG traces
and spectrogram of hippocampal and cortical LFPs. PSD is power spectral density. Note that the hypnogram for physostigmine shows more fragmented sleep structure
compared to that for saline. (B) Cumulative duration vs time of recording for awake, NREM, and REM sleep states. Difference in states between animals injected with
physostigmine and saline lies mostly in the first hour post injection. Mean cumulative curves for all states were significantly shifted between animals injected with sa-
line and physostigmine. (C) Comparison of sleep structure between saline and physo groups in the first hour after injection. Waking activity in physo group was higher
while NREM sleep was reduced. (D) NREM sleep latency increased in physo group compared to saline group. (E) Slow wave power during NREM sleep in the first hour of
recording is reduced in physo group compared to saline group in HPC and cortical areas (M2—Secondary motor area, LP—Lip primary sensory area, RS—retrosplenial
cortex, and BC—barrel cortex) revealed with paired Student’s t-test. N indicates number of samples (total 5 animals). (F) Cumulative number of thalamocortical spindles
identified from M2 cortical LFP during the NREM sleep period was smaller in physo group compared to saline. All Data are presented as mean + SEM.
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Figure 6. Decreasing acetylcholine (ACh) levels in early sleep does not impair motor memories of the rotarod task. (A) Chat-Cre::CAG-hM4Di transgenic animals were
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bars represent SEM.

Chat-Cre::CAG-hM4Di CNO group (Figure 6, A) to compare them effect of Training (F, ,, = 6.52, p = 0.023, Figure 6, D). These results
with a Control group of Chat-Cre::CAG-hM4Di mice injected with show that the action of CNO on transgenic mice during early
saline (Figure 6, A). With ANCOVA (Figure 6, C) we found no sig- sleep did not appreciably affect rotarod performance.

nificant effect of Treatment (F, ,, =2.18,p = 0.161) but a significant

1,14



Individual activation of muscarinic or nicotinic ACh
receptors or their combined blockade during early
sleep does not impair motor memory consolidation

Because post-training physostigmine indirectly activates both
muscarinic and nicotinic ACh receptors, we investigated the
individual involvement of ACh receptors on motor memory
consolidation. Based on the anatomical distribution of ACh re-
ceptors in the brain, we hypothesized that, similar to previous
studies, the muscarinic ACh receptors would play a larger role
in motor memory consolidation than nicotinic ACh recep-
tors [54, 69, 70]. To activate muscarinic and nicotinic ACh re-
ceptors selectively, the respective agonists oxotremorine and
nicotine were injected immediately after rotarod training in
separate groups of mice (behavioral protocol 1, Figure 1, A). In
a third group, Scopolamine and Mecamylamine were injected
for combined blockade of muscarinic and nicotinic ACh re-
ceptors. These three groups were compared with the Saline
group (Figure 7, A). An ANCOVA (Figure 7, B) found no signifi-
cant effect of Treatment (F,,, = 0.40, p = 0.751) but a significant
effect of Training (F, ,, = 7.02, p =0.0123) on Probe Day speeds.
Post hoc comparisons with Bonferroni correction showed no sig-
nificant difference between estimated marginal average speeds
(Figure 7, C). Individually activating muscarinic or nicotinic ACh
receptors or their combined blockade therefore did not impair
rotarod performance.

An ANCOVA on all groups for rotarod experiments to-
gether (Figure 7, D) found a significant effect of Treatment
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Probe Day speeds. Post hoc comparisons with Bonferroni cor-
rection showed that mice in Physo group had lower estimated
marginal average speeds compared to Saline, Physo-late, and
Scopolamine + Mecamylamine groups (Figure 7, E). These results
corroborate our previous findings that physostigmine injections
affect Probe Day rotarod performance.

Discussion

We investigated how altering ACh levels during early sleep
affects motor memory consolidation of rotarod and skilled
reaching tasks. Supporting previous studies of episodic memory
[34, 37, 71], we found that low levels of ACh during immediate
post-training NREM sleep contribute to motor memory con-
solidation. Physostigmine given immediately after training to
increase ACh levels delayed the onset of NREM sleep, reduced
slow-wave power in the cortex and hippocampus, and impaired
post-sleep motor performance. Physostigmine given 24 h after
training as a control procedure, after the first sleep session was
over, did not affect motor performance. To rule out that sleep
disruption by physostigmine might not be the only cause of im-
paired motor performance, supporting experiments confirmed
that 1-h sleep deprivation (or delayed sleep) after training does
not affect motor performance. Furthermore, CNO injection into
transgenic mice, which might be expected to decrease ACh
levels, did not affect motor performance. A comparison of the
effects of agonists and antagonists of muscarinic and nico-
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Figure 7. Individual activation of muscarinic or nicotinic acetylcholine (ACh) receptors or their combined blockade during early sleep does not impair motor memory
consolidation. (A) Average speed improvement (over animals) on the rotarod. N indicates number of animals in each group. Saline group is same as in Figure 1. (B)
ANCOVA results. Scatter plot of Probe Day vs Training Day speeds and fitted lines for the four groups according to Eq. (1). (C) Estimated marginal average speed on Probe
Day for the four groups. (D and E) Same as (B) and (C) but results of ANCOVA for all groups combined. Error bars represent SEM.
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combined blockade during early sleep did not impair motor
performance. Taken together, these experiments show that in-
activation of both muscarinic and nicotinic receptors during the
natural lowering of ACh levels during early sleep contributes to
the consolidation of motor memory.

It is well known that motor skills show the greatest im-
provement if intermittent training is given [72-74]. A learning
pattern, in which daily improvement is preserved and then
enhanced on successive days of training, is likely enabled by
a post training period of consolidation. Our results from ani-
mals injected with saline after training in both the rotarod
and the reach tasks reflect a similar pattern of day to day im-
provement. For the rotarod task, the improvement obtained
on the first day was preserved and augmented on a subse-
quent probe day. Similarly, for the skilled reach task there was
a day to day improvement in performance which eventually
plateaued after a number of days of training. The expectation
underlying the experiments was that post training sleep con-
tributes to the consolidation that underlies daily improvement
in motor performance. Accordingly, for animals injected with
physostigmine to increase ACh activity, motor performance
was expected to be adversely affected. This expectation was
confirmed using the rotarod task, as the performance of the
Physostigmine group on the probe day was similar to that on
the training day suggesting no post training retention of per-
formance. For the skilled reach task, which takes a number of
days to acquire, task acquisition was slower. Thus physostig-
mine injections disrupted post training procedural memory
consolidation on both tasks.

We obtained support for the idea that it is the lower ACh
levels during early sleep (compared to awake and REM states)
that is positively related to enhanced motor performance. We
did not measure ACh levels directly but inferred from post
training sleep changes that cholinergic tone was increased. In
the first hour of sleep, post injection, NREM sleep onset was
delayed and there was a reduction in the power of slow-waves
and an increase in higher frequency bands, consistent with the
expectation that physostigmine would reduce sleep in the first
post training hour [50]. Previous studies have reported similar
changes in sleep and frequency patterns following the manipu-
lation of cholinergic tone [37, 75-80]. We then asked whether
the impairment in motor performance resulting from physo-
stigmine injections was due to an increase in ACh levels or
solely due to sleep disruption. We ruled out the later possibility
by showing that 1 h of sleep deprivation, that is, delayed sleep,
post training does not impair motor performance. Our results
agree with Nagai et al. who showed that 7 h of sleep deprivation
does not affect rotarod performance 24 h later [45]. In contrast,
a study by Yang et al. reported that when animals were sleep
deprived for 7 h after training, rotarod performance is reduced
24 h and 5 days later [11]. Nagai et al. attributed the discrepancy
between their results with Yang et al. to differences in laboratory
environments. The discrepancy between our results and those
of Yang et al. might also be due to differences in the duration
of sleep deprivation and the rotarod apparatus used (large vs
small diameter drums and different accelerations). In our study,
1 h of sleep deprivation might not have been enough to see ad-
verse effects on motor memory consolidation. Nevertheless,
given the results of Nagai et al., we do not attribute the effects of
physostigmine on impaired motor performance solely to sleep
disruption.

We showed that the first sleep session after motor learning
is crucial for memory consolidation, a finding in-line with other
studies supporting the importance of first few hours of sleep
post-training [38, 39, 41, 81, 82]. We supported this conclusion by
showing that physostigmine injections that increased ACh levels
in the first few hours of sleep post training attenuated learning
as opposed to injections 24 h after training. We therefore con-
clude that reduced ACh levels during early sleep are important
for motor memory consolidation. This finding is consistent with
a previous human study related to the consolidation of declara-
tive memory [37] although might not be directly comparable as
the dosage used here was 10 times more. Thus, we propose that
as for declarative memory, ACh levels might function as a switch,
changing brain modes from the processes of memory encoding
to the processes of memory consolidation [34, 53, 71].

We also asked whether further reducing ACh levels during
early sleep would enhance or disrupt motor memory consolida-
tion. Since, reducing ACh levels pharmacologically in WT mice is
a challenging manipulation, we used a chemogenetic approach
utilizing CNO administered to transgenic mice to inactivate cho-
linergic neurons during early sleep [79, 83, 84]. Again, we did not
measure ACh levels directly but inferred from behavior that levels
were reduced. The rotarod speeds of mice on the Probe Day in the
CNO group were slightly lower than those in the saline group (not
significant), suggesting a minimal effect of CNO injection which
might be attributed to side-effects of CNO injections [85-87].
There are mixed findings about whether selective ACh reduction
affects motor performance [35, 36, 88, 89]. Assuming that CNO
had the intended action of reducing ACh levels, we conclude that
such acute manipulation does not affect motor memory consoli-
dation. These results support the idea that low ACh levels in post-
training sleep are related to better memory consolidation but do
not support the idea that still lower ACh levels are more beneficial
for motor memory consolidation.

Finally, we investigated whether it is muscarinic or nicotinic
ACh receptors that are involved in motor memory consolidation.
Post-sleep motor performance was not reduced significantly by
oxotremorine or nicotine, muscarinic and nicotinic ACh receptor
agonists respectively. This finding suggests that both muscarinic
and nicotinic receptor down regulation are related to memory
consolidation during early sleep.

A number of caveats must be made with respect to the pre-
sent studies. All drugs used in this study were injected systemic-
ally and would have acted on the peripheral as well as the central
nervous system. Combinations of drugs could have been used
to avoid peripheral effects of drugs, for example, physostigmine
combined with methylatropine [90] to isolate central effects by
reversing peripheral ones. The action of drugs on the peripheral
nervous system therefore might also have contributed to changes
in motor performance on the probe day. Some effects on fre-
quency patterns, for example, reduction in theta (4-9 Hz), alpha
(9-15 Hz), and beta (15-30 Hz) bands in the first hour might be
in part due to side effects of physostigmine in producing hypo-
thermia, a possibility that was not investigated [91]. Given that
a dose of 0.2 mg/kg physostigmine reduces temperature by 3.5°C
which recovers by 25% in 33 minutes [92], it is likely that with
the smaller dose of physostigmine used in the present study
any temperature reduction would be still smaller. Nevertheless,
since learning and memory formation for motor tasks primarily
involves the central nervous systems, we argue that increase in
ACh in the central nervous system prevented motor memory



consolidation in experiments with physostigmine. In our rotarod
experiments, since the number of males and females was unequal
in different groups, we were unable to determine whether there
were Sex related effects on Probe Day performance or any inter-
actions of Sex with Treatment or Training factors. Nevertheless,
across all of our groups on the Training Day there was no effect
of Sex on rotarod performance. Furthermore, we did not find any
sex related effects on reach task performance when comparing
Saline and Physostigmine groups. We therefore speculate that the
role of cholinergic tone during early sleep in motor memory con-
solidation is similar in males and females. Although future ex-
periments with Sex as a covariate could be undertaken, yet there
have been no reports of sex-related performance differences on
the rotarod or skilled reach tasks.

The findings of the present study are relevant to contem-
porary theories of how sleep contributes to motor memory
consolidation. Our findings are consistent with the synaptic
homeostatic theory of sleep that sleep facilitates memory
consolidation by downscaling synaptic strengths to bring the
synaptic load impacting each neuron to baseline levels, thus
increasing signal to noise ratio of recently activated synapses
[29]. The homeostatic theory also suggests that low levels of
ACh present during NREM sleep might mediate the synaptic
downscaling process [93]. Consistent with the homeostatic
theory, when we increased ACh levels during early sleep, con-
solidation was impaired. Our findings are not inconsistent
with the report that the cyclic succession of NREM and REM
sleep is important for memory consolidation [10, 15, 16, 94].
For example, in our study, physostigmine likely altered sleep
structure disrupting the cyclic succession of NREM and REM
sleep and thus causing impaired consolidation in this way.
Alternatively, instead of disrupting the cyclic succession,
physostigmine might have shifted any NREM sleep to a lighter
phase thus disrupting the strengthening of adaptive memories.
All of these explanations are consistent with the conclusion
that NREM sleep causes selective weakening of non-adaptive
memories (noise) and strengthening of adaptive (useful for
survival) memories more generally. The present results do not
confirm a dual process theory that advocates that NREM sleep
supports the consolidation of episodic memories while REM
sleep facilitates the consolidation of motor memory [37, 95-99]
because our findings show that low ACh levels during NREM
sleep facilitate motor memory consolidation. This conclusion
is consistent with numerous other studies (see above) that
do not support this theory. Perhaps the REM sleep dependent
consolidation of motor memories is dependent on the type of
task, but that assessment is beyond the scope of the studies
described here [1]. In parallel to the synaptic homeostasis hy-
pothesis, our findings also agree with the active system con-
solidation hypothesis for hippocampus-dependent memories
(HPM); in which low cholinergic tone during NREM sleep allows
redistribution of HPM through reactivation while high cholin-
ergic tone during REM sleep allows synaptic consolidation in
neocortex [5]. Perhaps a similar two-stage model for motor
memory involving cerebellum and motor cortex might allow
consolidation of motor memories in the cortex [100] and dis-
ruption of cholinergic tone during NREM sleep might impair
the consolidation process as suggested by our results.

In conclusion, our results suggest that downregulated ACh
levels during early NREM sleep are associated with motor
memory consolidation. We used pharmacological manipulations
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for altering ACh levels, but future studies might use more se-
lective methods. For example, by activating or silencing cholin-
ergic neurons optogenetically with a feedback system to detect
sleep states, one could clamp ACh levels in the desired brain
region and study their role in memory consolidation using be-
havioral measures, electrophysiology, or optical imaging [101].
Furthermore, measurements to observe synaptic and biochem-
ical changes during sleep would allow the study of structural
correlates of memory consolidation.
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