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Basal Forebrain Cholinergic Neurons Selectively Drive
Coordinated Motor Learning in Mice
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Motor control requires precise temporal and spatial encoding across distinct motor centers that is refined through the repeti-
tion of learning. The recruitment of motor regions requires modulatory input to shape circuit activity. Here, we identify a
role for the baso-cortical cholinergic pathway in the acquisition of a coordinated motor skill in mice. Targeted depletion of
basal forebrain cholinergic neurons results in significant impairments in training on the rotarod task of coordinated move-
ment. Cholinergic neuromodulation is required during training sessions as chemogenetic inactivation of cholinergic neurons
also impairs task acquisition. Rotarod learning is known to drive refinement of corticostriatal neurons arising in both medial
prefrontal cortex (mPFC) and motor cortex, and we have found that cholinergic input to both motor regions is required for
task acquisition. Critically, the effects of cholinergic neuromodulation are restricted to the acquisition stage, as depletion of
basal forebrain cholinergic neurons after learning does not affect task execution. Our results indicate a critical role for cholin-
ergic neuromodulation of distant cortical motor centers during coordinated motor learning.
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Significance Statement

Acetylcholine release from basal forebrain cholinergic neuron terminals rapidly modulates neuronal excitability, circuit dy-
namics, and cortical coding; all processes required for processing complex sensory information, cognition, and attention. We
found that depletion or transient silencing of cholinergic inputs to anatomically isolated motor areas, medial prefrontal cortex
(mPFC) and motor cortex, selectively led to significant impairments on coordinated motor learning; disrupting this baso-cort-
ical network after acquisition elicited no effect on task execution. Our results indicate a pivotal role for cholinergic neuromo-
dulation of distant cortical motor centers during coordinated motor learning. These findings support the concept that
cognitive components (such as attention) are indispensable in the adjustment of motor output and training-induced improve-
ments in motor performance.

Introduction
The basal forebrain is one of the principal sites of acetylcholine
synthesis in the brain. Cholinergic projections arising from basal
forebrain subregions innervate distinct targets, modulating func-
tions varying from motor control, sensory and perceptual

coding, attention, memory, to anxiety (Záborszky et al., 2018;
Boskovic et al., 2019). Cholinergic neurons in the nucleus basalis
of Meynert (NBM) have widespread projections to the cerebral
cortex, while neurons in the diagonal band of Broca (DBB) and
substantia innominata (SI) send projections to the prefrontal
cortex (PFC; Boskovic et al., 2019). Basal forebrain cholinergic
neurons are consistently activated at the onset of movement
(Harrison et al., 2016), potentially modulating distant cortical
motor centers. Neuromodulation requires temporal precision to
modulate target area dynamics and synaptic plasticity, as well as
to reinforce cognitive and reward behaviors (Metherate et al.,
1992; Gil et al., 1997; Kruglikov and Rudy, 2008). Nicotinic ace-
tylcholine signaling is required for the maturation of top-down
attentional circuit development and performance on a visual
detection task (Falk et al., 2021). Within humans, numerous
studies have suggested a critical role for external focus of atten-
tion in skilled motor learning (Wulf, 2013; Lohse et al., 2014;
Lewthwaite and Wulf, 2017; Song, 2019). External focus of atten-
tion is tightly linked to practice variability and task improvements
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that occur through movement revision during motor learning
(Chua et al., 2019). Meanwhile, divided attention impairs task
learning by reducing movement adaptations across trials (Song,
2019). The effects of external focus of attention are robust, driving
motor learning both in neurotypical individuals as well as in indi-
viduals with intellectual disabilities (Chiviacowsky et al., 2013).
Cholinergic innervation of cognition-related frontal cortex may be
an attentional mechanism required for the acquisition of coordi-
nated motor behavior.

Cholinergic signaling throughout cortical sensory and motor
regions acts to modulate network properties and enhance gluta-
matergic signaling, driving long-lasting changes in synaptic
strength (Rasmusson, 2000). Within primary motor cortex (M1),
the maturation of motor representations, or maps, depends on
basal forebrain cholinergic input (Ramanathan et al., 2015). In
rats, basal forebrain cholinergic input to M1 has been found to
support the plasticity of these motor maps as well as the remod-
eling of corticospinal neuron dendrite morphology (Conner et
al., 2003, 2010; Wang et al., 2011). Across sensory modalities, the
basal forebrain cholinergic system acts as a rapid and precisely
timed reinforcement signal to support fast cortical activation and
plasticity in associative learning (Hangya et al., 2015; Liu et al.,
2015; Hanson et al., 2021). In primary auditory cortex, pairing
electrical stimulation of NBM with a specific auditory stimulus
leads to circuit remodeling (Bakin and Weinberger, 1996;
Kilgard and Merzenich, 1998). Within S1, increased cholinergic
signaling suppresses slow spontaneous activity and drives the
depolarization of layer 2/3 neurons during whisking (Eggermann
et al., 2014). Modulating the activity of basal forebrain choliner-
gic neurons alters visual and olfactory discrimination capabilities
(Goard and Dan, 2009; Ma and Luo, 2012; Pinto et al., 2013). In
addition to sensory coding, the cholinergic input to primary vis-
ual cortex is also required for the acquisition, but not the expres-
sion, of reward timing in the primary visual cortex (Chubykin et
al., 2013; Liu et al., 2015). Cholinergic neurons also disinhibit
layer 1 interneurons in auditory cortex and mediate associative
fear learning (Letzkus et al., 2011). Here, we have assessed the
role of cholinergic input to M1 and medial PFC (mPFC) in coor-
dinated motor control.

In the present study, we demonstrate a key role for cholinergic
basal forebrain neurons in the acquisition of coordinated motor
behavior. We used targeted toxin-mediated and genetic depletion
of NBM/SI cholinergic neurons and found that the acquisition of
accelerating rotarod behavior was impaired. In order to test the
temporal relationship of NBM/SI activity to task acquisition, we
used chemogenetics to disrupt cholinergic neuron activity and we
observed a similar impairment in coordinated motor perform-
ance. As rotarod task acquisition requires coordinated activity
across distant motor centers, we then tested whether selectively
targeting cholinergic innervation of mPFC or M1 affected per-
formance and found that cholinergic input to both areas was
required for coordinated motor learning. The effects of disrupting
basal forebrain cholinergic input to the cortex was specific to the
acquisition phase of rotarod behavior as we found that cholinergic
depletion after training elicited no effect on task execution. Our
findings demonstrate a critical role for cholinergic neuromodula-
tion in coordinated motor performance.

Materials and Methods
Animals
All animal experiments and procedures were approved by the Weill
Cornell Medicine Institutional Animal Care and Use Committee. All
mice were housed on a 12/12 h light/dark cycle from 6 A.M. to 6 P.M. at

25°C with free access to food and water. For skilled pellet reach behavior,
animals were calorie restricted to 80–90% of their free-feeding body-
weight. Male and female C57BL/6 animals (8–12weeks old) were pur-
chased from The Jackson Laboratory. ChAT-Cre mice were originally
obtained from The Jackson Laboratory and bred in-house. In our study,
hemizygous ChAT-Cre mice were used, which were achieved by back-
crossing the homozygous ChAT-Cre line to C57BL/6 mice. In some
experiments, hemizygous ChAT-Cre::Ai14 mice were used. This mouse
line expresses tdTomato in ChAT-positive neurons.

Cholinergic neuron ablation by p75-saporin
Twenty-eight 10-week-old C57BL/6J mice were anesthetized with 4%
isoflurane, maintained during surgery with 1.5–3% isoflurane, and had
body temperature maintained at 37°C using a SomnoSuite small animal
anesthesia system (Kent Scientific). Subcutaneous injection of buprenor-
phine (0.1mg/kg) and meloxicam (2mg/kg) was given immediately fol-
lowing anesthesia. For global ablation of cholinergic neurons in NBM/SI
basal forebrain, anti-p75-conjugated saporin (p75-SAP) or IgG-saporin
control (IgG-SAP, n=8/group, Advanced Targeting Systems) was
diluted to final concentration of 0.4mg/ml in normal saline. Saporin so-
lution (150 nl/site) was bilaterally injected into NBM/SI areas at a rate of
120 nl/min using a glass micropipette filled with mineral oil and attached
to a programmable Nanoject III (Drummond Scientific). NBM/SI injec-
tion sites: (1) A/P �0.22 mm, M/L 61.25 mm, D/V �4.7 mm; (2) A/P
�0.7 mm, M/L 61.75 mm, and D/V �4.7 mm. Following each injec-
tion, the pipette was held in place for an additional 4min to prevent
backflow. Mice were allowed to recover from surgery for twoweeks
before behavioral experiments.

In order to selectively ablate basal forebrain cholinergic neurons pro-
jecting to specific cortical regions, focal injections were performed in the
target areas. IgG-saporin or p75-saporin was diluted to a final concentra-
tion of 0.08mg/ml in normal saline. Saporin solution was bilaterally
injected into mPFC, motor cortex, or visual cortex at a rate of 40 nl/min.
The following injection volume and coordinates of injection sites were
used: mPFC site 1: 200 nl at A/P 12.3 mm, M/L 60.3 mm, D/V –1.5
mm; mPFC site 2: 200 nl at A/P 11.5 mm, M/L6 0.3 mm, D/V �2.0
mm; motor cortex site 1: 200 nl at A/P 11.5 mm, M/L 61.3 mm, D/V
�0.6 mm; motor cortex site 2: 200 nl at A/P 10.5 mm, M/L 61.5 mm,
D/V �0.6 mm; motor cortex site 3: 200 nl at A/P �0.5 mm, M/L 61.2
mm, D/V�0.6 mm; visual cortex site 1: 250 nl at A/P�2.8 mm, M/L62.3
mm, D/V �0.6 mm; and visual cortex site 2: 250 nl at A/P �3.8 mm, M/L
62.3 mm, D/V�0.6 mm.

Cholinergic neuron ablation by diphtheria toxin (DT)
A targeted genetic approach was used to ablate basal forebrain choliner-
gic neurons. Sixteen eight-week-old transgenic mice expressing Cre
recombinase behind the ChAT promoter crossed with Ai14 Rosa-LSL-
tdTomato in the C57BL/6J background (ChAT-Cre::Ai14) were trans-
duced with AAV encoding Cre recombinase-dependent DT receptor
and the fluorescent reporter eYFP (AAV-DJ/8-EF1A-FLEX-DTR-P2A-
EYFP) by bilateral injection into NBM/SI at a rate of 120 nl/min
(Herman et al., 2016). AAV expressing only Cre-dependent eYFP fluo-
rescent protein (AAV-DJ/8-EF1A-FLEX-P2A-EYFP) was used as con-
trol. NBM/SI was injected with 350 nl of virus (8.73� 1012 VG/ml) at
the following coordinates: site 1: A/P �0.1 mm, M/L 61.25 mm, D/V
�4.7 mm; site 2: A/P �0.45 mm, M/L 61.5 mm, D/V �4.7 mm; site 3:
A/P �0.8 mm, M/L 61.75 mm, D/V �4.7 mm. The pipette was held in
place for an additional 4min. Two weeks after viral injection, DT
(100mg/kg, Sigma D0564) was intraperitoneally injected to ablate cho-
linergic neurons expressing DTR. Two weeks later, behavioral tests were
performed.

Chemogenetic modulation of cholinergic neuron activity
In order to test the role of cholinergic neuron activity during coordi-
nated motor performance, the designer receptor exclusively activated by
designer drug (DREADD) system was used. Twenty hemizygous ChAT-
Cre mice were bilaterally injected with Cre-dependent inhibitory
DREADD fused with mCherry reporter AAV8-hsyn-DIO-hM4Di-
mCherry (1� 1013 VG/ml; Addgene, 44362; Krashes et al., 2011) or
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control virus (AAV8-hsyn-DIO-mCherry; 1� 1013 VG/ml; Addgene,
50459) into three NBM/SI sites (350 nl/site) as with AAV-DTR. After
threeweeks to allow for viral expression, the DREADD ligand JHU37160
(J60; Hello Bio) was administered via intraperitoneal injection at a dose of
1.0mg/kg 30min before rotarod training.

Accelerating rotarod test
Accelerating rotarod is an established behavior to test motor acquisition
using coordinated forelimb and hindlimb movements (Deacon, 2013).
Mice were habituated on the rotarod (Ugo Basile, 47650) at a speed of
4 rpm for 60 s before testing. For each trial, the rotarod accelerated from
5 to 60 rpm over 300 s. In SAP and DT experiments, mice were trained
for three trials per day over 3 d with a 30-min interval between trials. For
DREADD experiments, mice were tested 30min after intraperitoneal
injection of DREADD ligand, three trials per day over 3 d without an
interval between trials. In alternate rotarod training, mice were habitu-
ated at 4 rpm for 60 s on a different rotarod (Med Associates ENV-577
M), with trials accelerating from 4 to 40 rpm over 5min. The latency to
fall after the onset of acceleration during each trial was recorded for each
mouse. Individual trials were stopped, and the duration was recorded if
mice could not run with consecutive rotations or failed to stay on the
rotarod.

Recessed forelimb reach task
In contrast to the rotarod, single pellet reaching is a stereotyped, skilled
behavior used to measure forelimb dexterity of a single forelimb
(Whishaw and Pellis, 1990). Mice were food restricted to 80–90% of
their free-feeding bodyweight before training. An acrylic behavior box
with three slots (7 mm wide) on the left, middle, and right sides of the
front wall was used to train the mice. A recessed hole (3 mm wide, 2 mm
deep) at 12 mm from the inside wall of the box was used to hold a 20-
mg flavored food pellet (Bioserv, F05301). The dominant forelimb for
reaching was identified during one session of pellet reaching. Once the
dominant forelimb was determined, it was trained over a total of 14 daily
sessions consisting of 25 trials each. Mice often become sated and less
likely to perform skilled reach after 25 trials. A trial was counted as a suc-
cess if the mouse successfully grasped, retrieved, and ate the pellet. Only
trials with pellet contact were counted. The success rate was defined as
the percentage of trials with successful retrieval and eating.

Nestlet shredding
This task has been developed to test innate, repetitive, compulsive-like
behaviors in mice (Angoa-Perez et al., 2013); 1.2-g nestlets were placed
into each test cage and the mass of remaining intact nestlet was meas-
ured at several time points over a one-week period.

Open field test
Open field testing allows for an assessment of overall activity and anxiety
levels. Mice were placed in a chamber (length�width � height:
30� 22.5� 25 cm) and allowed to explore for 5min. Behavior was
recorded from the top of the chamber at 48 fps (GoPro, HERO31) and
analyzed by MATLAB software (Autotyping15.04 source code; Patel et
al., 2014). Thigmotaxis was defined as the percentage of time that mice
spent within two inches of the arena walls.

Wire hanging test
Mice were individually placed on a wire mesh grid to test grip strength.
Once the animal grasped the grid with all four paws and appeared stable,
the mesh was inverted and placed atop an open chamber. The duration
that the mice were able to hang from the grid was recorded. A soft blan-
ket was placed at the bottom of the chamber to avoid animal injury.
Each animal was tested three times and the longest duration was used as
the animal’s latency to fall.

Retrograde NBM/SI labeling
Retrograde tracing was performed in eight-week-old C57BL/6J mice
(n= 4) to label basal forebrain neurons projecting to specific cortical
areas. Alexa Fluor 488-conjugated, 555-conjugated, or 647-conjugated
cholera toxin B subunit (CTB; 1% wt/vol, Invitrogen) was bilaterally
injected to mPFC (A/P 11.9 mm, M/L 60.3 mm, D/V �1.5 mm),

motor cortex (10.5 mm, 61.5 mm, �0.6 mm), or visual cortex (�3.3
mm, 62.3 mm, �0.6 mm), respectively. A burr hole was drilled over
each corresponding area and 100-nl tracer was injected at each site at a
rate of 40 nl/min. To prevent backflow, the pipette was left in the brain
for 5min after injection. Mice were killed oneweek later. Transverse
brain sections were cut coronally at 40mm of thickness. ChAT immuno-
staining was performed to label cholinergic neurons. Some sections were
counterstained with DAPI. Sections containing injection sites were
imaged at 10� on a Leica SP8 confocal microscopy with parameters
adjusted based on the intensity of expression and background fluores-
cence (tile scan). Images containing cholinergic neurons were acquired
using 10� objective.

Histology
Mice were anesthetized with ketamine/xylazine cocktail (150mg/kg;
15mg/kg) and transcardially perfused with ice-cold PBS followed by 4%
paraformaldehyde (PFA). Brains were harvested and postfixed in 4%
PFA overnight at 4°C, cryoprotected by immersion in 30% sucrose in 0.1
M PBS for 2 d, and transversely cryosectioned (40mm thick) using a
Leica cryostat. Free floating sections were permeabilized with 0.3%
Triton X-100 in PBS for 30min at room temperature. After blocking
with 10% donkey serum, sections were incubated with primary antibod-
ies for 2 d at 4°C. Primary antibodies used: goat anti-ChAT (1:100,
Millipore, AB144P), rabbit anti-p75 (1:100, Advanced Targeting
Systems, AB-N01AP), rabbit anti-GFP (1:1500, Invitrogen, A6455), rab-
bit anti-DsRed antibodies (1:3000, Takara, 632496). Sections were
washed three times in PBS, followed by incubation with fluorescently
conjugated secondary antibodies (1:200, Jackson ImmunoResearch) for
1.5 h at room temperature. Nuclei were labeled with a 10 min incubation
with DAPI (1mg/ml) in PBS. Images were acquired on a Leica SP8 con-
focal microscope with 10� or 20� objectives under constant imaging
parameters. Total CTB-labeled NBM/SI neurons in serial sections were
manually counted.

Experimental design and statistical analysis
Rotarod, skilled pellet reach, and nestlet shredding behavior tests were
analyzed using two-way repeated measures ANOVA with post hoc
Sidak’s comparison test using GraphPad Prism 9.0. The differences
between two groups were compared by two-tailed t tests, if they met cri-
teria for normality (Shapiro–Wilk test) and by Mann–Whitney test if
not. Two-way ANOVA with post hoc Dunnett’s multiple comparisons
test was used to compare cholinergic fibers among different groups.
One-way ANOVA with post hoc Dunnett’s test was used to compare
body mass among animals with p75-SAP injection into different corti-
ces. All behavior and analysis were performed in a double-blinded man-
ner. For all figures, pp, 0.05, ppp, 0.01, pppp, 0.001.

Results
Ablation of basal forebrain cholinergic neurons impairs
coordinated motor training
In order to ablate basal forebrain cholinergic neurons, we injected
C57BL/6J mice bilaterally with anti-p75-conjugated saporin (p75-
SAP) into the NBM and SI, control mice were injected with IgG-
conjugated saporin (IgG-SAP; Fig. 1A). p75-SAP is an established
approach to target cholinergic neurons in the basal forebrain as
they selectively express the low-affinity nerve growth factor
p75NTR receptor. p75-SAP infusion resulted in nearly complete
loss of NBM/SI cholinergic neurons (n=6, two-tailed t test,
p, 0.001; Fig. 1B,C). Motor coordination was tested using an
accelerating rotarod, a task to test motor acquisition using coordi-
nated forelimb and hindlimb movements (Deacon, 2013). Mice
were trained over nine trials starting at 5 rpm with a constant
acceleration over 5min to 60 rpm (Fig. 1D,J). Both male and
female mice injected with p75-SAP exhibited worse performance
on accelerating rotarod compared with IgG-injected controls, with
significantly shorter latency to fall and no effect of training on per-
formance, indicating that this was a robust effect independent of
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sex differences (n=8/treatment group, four male and four female
animals per treatment group, two-way repeated measures
ANOVA, p=0.004; Fig. 1E,F). These results confirmed the find-
ings from a pilot study in which mice trained under alternate

conditions (4–40 rpm over 5min) on a different rotarod showed
impaired performance and attenuated learning following deple-
tion of basal forebrain cholinergic neurons by p75-SAP injection,
relative to IgG-SAP controls (n=6/treatment group, two-way
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Figure 1. Pharmacological ablation of basal forebrain cholinergic neurons impairs coordinated motor learning. A, NBM/SI basal forebrain cholinergic neuron targeting with anti-p75-conjugated saporin
or control IgG-saporin. B, NBM/SI cholinergic neurons following IgG-SAP or p75-SAP injection (scale bar: 200mm). C, Quantification of ChAT immunostained neurons in NBM/SI basal forebrain in animals
with IgG-SAP (control) or p75-SAP injection (two-tailed t test, pppp, 0.001). D–F, The training paradigm was continuous acceleration from 5 to 60 rpm over 5min (D). Ablation of cholinergic neurons
by p75-SAP severely impaired rotarod training performance (E, repeated measures ANOVA, p=0.0004, F(1,14) = 21.31). p75-SAP effects were independent of sex (F). G–I, In an alternate rotarod training
paradigm, C57BL/6J mice were trained on a Med Associates ENV-577 M rotarod with trials accelerating from 4 to 40 rpm over 5min followed by an additional 5min at 40 rpm (G). Ablation of cholinergic
neurons by p75-SAP severely impaired alternate rotarod training performance (H, repeated-measures ANOVA, p, 0.0001, F(1,10) = 42.74). p75-SAP effects were independent of sex (I). J, Schematic of
rotarod training. K, Nestlet shredding behavior in female and male mice injected with IgG-SAP (control) or p75-SAP. L, Quantification of remaining, intact nestlets over time (n is number of cages, repeated
measures ANOVA, p=0.0003, F(1,8) = 35.79). Data presented as mean6 SEM, n in parentheses is number of mice unless otherwise indicated.
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ANOVA, p, 0.001; Fig. 1G–I). In addition to rotarod deficits,
animals with cholinergic neuron ablation showed a reduction in
nestlet-shredding behavior, a measure of innate, repetitive, com-
pulsive-like behaviors in mice (Angoa-Perez et al., 2013). Control
mice quickly tear up nestlet bedding material placed in their cages
while p75-SAP-injected mice showed dramatically reduced nest-
ing behavior as determined by measuring the mass of nestlets over
7 d (two-way ANOVA, p, 0.003; Fig. 1K,L).

Mice were also trained to perform a recessed version of the
single pellet reach task over twoweeks. In contrast to the rotarod,
single pellet reaching is a stereotyped, skilled behavior used to
measure forelimb dexterity of a single forelimb (Whishaw and
Pellis, 1990). The single pellet reach task is frequently used in rat

models to study motor learning (Zemmar et al., 2015; Bova et al.,
2019); however, many mice fail to show an improvement on the
standard pellet reach task, exhibiting an essentially flat learning
curve across training (Chen et al., 2014). We therefore used a
modified, recessed version of the skilled reach task in which mice
retrieve a food pellet from a concave depression (Fig. 2A,B). On
the standard task, the initial success rate was 276 5%, while after
two weeks of training this had only increased to 376 4% (Fig.
2C). The resulting increase was not statistically significant
(paired t test, p=0.15). Separate mice trained on the recessed
forelimb reach task had a lower initial success rate at 176 3%,
but a more consistent improvement, increasing to 416 3% with
training (paired t test, p, 0.0001). 43% of mice trained on the
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walking trace of one mouse (left panel); outer red rectangle marked the boundary of walking space. The distance between two rectangles is 2 inches. Heat map of walking trace (right panel).
H, Total walking distance was shorter in mice injected with p75-SAP (two-tailed t test, p= 0.042). I, Thigmotaxis was similar between treatment groups. Data presented as mean6 SEM, n in
parentheses is number of mice unless otherwise indicated.
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standard forelimb reach task failed to improve by.15% over the
course of two weeks (Fig. 2D), while 93% of mice trained on
the recessed forelimb reach task demonstrated improve-
ments with training. This recessed version of the single pel-
let reach task allowed us to assess skilled motor learning in
our study. We found that p75-SAP injection did not impair
the learning of the recessed forelimb reach task, as both
groups exhibited a similar improvement in performance
over the course of training (Fig. 2E).

We tested the overall health of mice after cholinergic ablation.
At two weeks after saporin injection, mice injected with p75-SAP

exhibited a slight but significant decrease in the body mass (pre:
21.76 1.3 g; post: 19.86 1.4 g; n= 8, paired t test, p= 0.002).
Overall animal strength was unaffected as determined using a
wire hanging test. Both groups showed a similar time to fall,
regardless of gender (Fig. 2F). General activity was tested in an
open field (Fig. 2G). p75-SAP-injected mice exhibited a reduced
total walking distance compared with IgG-injected controls
(two-tailed t test, p = 0.042; Fig. 2H). As mice navigated the open
field, they largely remained close to the walls (thigmotaxis), in-
dicative of a normal level of anxiety. No difference in thigmotaxis
was observed between groups (Fig. 2I).

Figure 3. Genetic depletion of cholinergic neurons impairs coordinated motor learning. A, Timeline outlining genetic ablation of cholinergic neurons in hemizygous ChAT-
Cre::Ai14 mice followed by behavior tests (top panel). NBM/SI basal forebrain cholinergic neuron transduction with AAV-DTR or control EYFP. B, NBM/SI cholinergic neurons
expressing tdTomato in mice injected with AAV-FLEX-EYFP (control) or AAV-FLEX-DTR-EYFP (scale bar: 200mm). C, Quantification of EYFP or tdTomato-positive neurons in
NBM/SI basal forebrain (EYFP: two-tailed t test; tdTomato: Mann–Whitney test; pppp, 0.001). D, EYFP-labeled cholinergic fibers in motor cortex and mPFC after AAV-
FLEX-EYFP transduction of cholinergic neurons in ChAT-Cre mice (scale bar: 100mm). E, Genetic ablation of cholinergic neurons in basal forebrain severely impaired perform-
ance on rotarod training (repeated-measures ANOVA, p = 0.001, F(1,14) = 17.30). F, Rotarod latencies averaged for three trials each day (repeated measures ANOVA with post
hoc Sidak’s comparison test, ppp, 0.01). G, Quantification of remaining, intact nestlets over time (n is number of cages, repeated measures ANOVA, p, 0.0001,
F(1,8) = 117.4). Data presented as mean 6 SEM, n in parentheses is number of mice unless otherwise indicated.
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Genetic lesion of basal forebrain cholinergic
neurons impairs coordinated motor training
In order to confirm the selectivity of p75-SAP
findings, we next used a targeted genetic approach
to deplete basal forebrain cholinergic neurons.
ChAT-Cre::Ai14mice were bilaterally injected into
NBM/SI with AAV encoding the DT receptor in a
Cre-dependent manner (AAV/DJ8-FLEX-DTR-
EYFP). Control mice were injected with AAV
expressing only Cre-dependent EYFP fluorescent
reporter (Fig. 3A). DT injection ablated nearly all
cholinergic neurons in the NBM and SI areas in
mice transduced with AAV-FLEX-DTR-EYFP
(Fig. 3B,C). Motor cortex and mPFC received
strong cholinergic innervation from NBM/SI
areas, as exhibited in mice injected with control vi-
rus (Fig. 3D). Two weeks after DT injection,
AAV-DIO-DTR-EYFP mice showed a mild but
significant decrease in body mass (pre: 22.46 1.0
g; post: 20.16 1.0 g; n= 8, paired t test, p, 0.001).
DT-injected control animals showed no reduction
in body mass. Similar to the effects of p75-SAP
NBM/SI lesion, DT injection into AAV-DIO-
DTR-EYFP-transduced ChAT-Cre::Ai14 mice
resulted in severely impaired performance on
the accelerating rotarod with a significantly
shifted learning curve (5–60 rpm over 5 min;
n=8, ANOVA, p=0.001; Fig. 3E,F). Furthermore,
ChAT-Cre::Ai14 mice transduced with DTR virus
exhibited dramatically reduced nestlet shredding
behavior after DT treatment (ANOVA, p, 0.001;
Fig. 3G). DT injection had no effect on the learning
of the recessed forelimb reach task (Fig. 4A–C).

Chemogenetic silencing of cholinergic neurons
impairs coordinated motor training
As neuron depletion is a permanent disruption
of the NBM/SI circuit and did not inform us
of the temporal relationship of cholinergic neuron activity
to the acquisition of coordinated motor behavior, we then
used the DREADD system to limit cholinergic neuron activity
during behavior. ChAT-Cre mice were bilaterally injected into
NBM/SI with Cre-dependent inhibitory DREADD AAV-DIO-
hM4Di-mCherry or control virus (AAV-DIO-mCherry; Fig.
5A). After threeweeks to allow for viral expression (Fig. 5B),
rotarod training was performed 30min after intraperitoneal
injection of the DREADD ligand J60 (1mg/kg). A total of nine
trials were performed on the accelerating rotarod (5–60 rpm over
5min). Inactivation of cholinergic neurons during behavior sig-
nificantly impaired rotarod performance and shifted the learning
curve (n=10, ANOVA, p=0.0033; Fig. 5C,D).

Cholinergic projections to both motor cortex and mPFC are
required for coordinated motor training
Basal forebrain cholinergic neurons project extensively through-
out the cortex; therefore, we selectively targeted cholinergic
inputs to distinct cortical areas to determine the target locus of
acetylcholine action during coordinated motor learning. We
injected p75-SAP directly into motor areas required for coordi-
nated motor learning, mPFC and motor cortex, as well as into
visual cortex, which is not anticipated to be involved in the task
(Fig. 6A–C). Control animals were injected with IgG-SAP into
mPFC, motor, or visual cortices. IgG-SAP injection into different

targets had no effect on rotarod behavior and data from these
animals were pooled. Two weeks after SAP injections, mice were
trained on the accelerating rotarod. Depletion of cholinergic
input to both mPFC and motor cortex produced significant defi-
cits in rotarod performance, compared with control IgG-SAP-
injected animals (ANOVA, p=0.0011; Fig. 6D,E). Visual cortex
injection of p75-SAP had mild but not significant effects on
behavior. Injection of p75-SAP into mPFC or motor cortex had
no impact on body weight (IgG-SAP, 27.26 0.5, n=6; p75-SAP
mPFC, 29.26 1.0, n= 5; motor cortex, 27.16 0.6, n=5; one-way
ANOVA, p= 0.122, F(2,13) = 2.485). These data indicate that cho-
linergic basal forebrain neurons regulate motor coordination
through modulation of both primary and associative motor cir-
cuits (Fig. 6C).

In order to determine whether collateral branches of NBM/SI
neurons innervate the anatomically isolated regions tested above,
we injected unique fluorescently conjugated retrograde tracer
CTB into mPFC (488nm), motor cortex (555 nm), and visual
cortex (647nm; Fig. 7A,B). Overall, 58% of labeled neurons in
basal forebrain were ChAT-positive. The majority of CTB-la-
beled basal forebrain input to motor and visual cortices were
from cholinergic neurons at 71.26 6.1 and 57.26 2.0%, respec-
tively. In mPFC, the percentage of cholinergic neurons was
49.46 1.4% (Fig. 7C). Retrogradely labeled, noncholinergic, ba-
sal forebrain neurons include GABAergic or glutamatergic neu-
rons (Gritti et al., 2003; Henny and Jones, 2008; Kim et al.,
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Figure 4. Learning of the recessed forelimb reach task was unimpaired following DT-induced ablation of DTR-
expressing cholinergic neurons. In a subset of experiments, hemizygous ChAT-Cre mice were co-injected with
AAV8-syn-FLEX-DTR and AAV2-syn-FLEX-EGFP. Two weeks later, mice were injected with DT. Confocal images
showed EGFP expression in mice with or without transduction of DTR virus (A). Scale bar: 200mm. B,
Quantification of the number of EGFP-positive neurons in basal forebrain of animals injected with AAV8-DTR as
compared with control animals (unpaired t test, pppp, 0.001). C, Genetic ablation of cholinergic neurons did
not impair learning of recessed forelimb reach task (repeated-measures ANOVA, p= 0.1429, F(1,11) = 2.49). Data
presented as mean6 SEM.
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2015). The majority of cholinergic neurons (84.46 2.0%) were
labeled with a single CTB tracer, indicating that there was no
overlap in their axonal projections within the labeled regions
(Fig. 7D,E). Although the sites of retrograde tracer injection were
distal to each other, we did observe overlapping labeling of a
small population of basal forebrain cholinergic neurons. Double-
labeled neurons projecting to mPFC and motor cortex repre-
sented 4.16 1.4% of NBM/SI cholinergic neurons, motor and
visual cortices 3.66 1.4%, and mPFC and visual cortex
5.96 2.4%. Cholinergic neurons labeled by three colors of CTB
were observed rarely (2.16 1.5%). The shared innervation may,
at least in part, explain the mild effects of cholinergic input to
visual cortex on rotarod training.

Basal forebrain cholinergic neurons are not required for
execution of previously trained coordinated motor behavior
To determine whether basal forebrain cholinergic neurons are
simply required for the execution rotarod behavior, rather than
for the learning of the coordinated motor task, we trained intact
mice before NBM/SI cholinergic neuron ablation. Mice were
first trained on the accelerating rotarod for nine trials and then
randomly assigned to treatment with either p75-SAP or control
IgG-SAP injection into NBM/SI. Two weeks later, the retention
of trained rotarod behavior was tested (Fig. 8A). Execution of
the previously trained rotarod behavior was unaffected in both
groups, with comparable fall latencies before and after SAP
injection (Fig. 8B,C). Next, we used a genetic approach to test
the effects of cholinergic ablation on coordinated motor task
retention. ChAT-Cre transgenic mice were injected with AAV-
DIO-DTR-EYFP or control virus. Ten days later, mice were
trained through nine trials on the accelerating rotarod before

intraperitoneal injection of DT to ablate
cholinergic neurons (Fig. 8D). DTR and
EYFP control expressing mice exhibited
similar rotarod performance both before
and after DT injection (Fig. 8E,F). These
results demonstrate that basal forebrain
cholinergic signaling is not needed for
the execution of previously learned
coordinated motor behavior.

Discussion
Our findings in this study demonstrate
that basal forebrain cholinergic neurons
exert control over coordinated motor
learning. We used both traditional and
genetic deletion methods to spatially tar-
get and ablate these neurons as well as
chemogenetic approaches to specifically
inhibit activity during behavior, without
the potential inflammatory effects of
ablation. Ablation or inhibition of these
cholinergic neurons impairs coordinated
task acquisition, dramatically reducing
performance and shifting the motor
learning curve. This down-shift in learn-
ing may represent an attenuated process
of strengthening motor circuits in the ab-
sence of refinement of motor networks
by cholinergic input, or it may owe to
compensatory mechanisms in the ab-
sence of cholinergic input. Importantly,
the loss of cholinergic input does not

affect execution of previously learned coordinated behavior,
demonstrating that depletion of cholinergic neurons does not
affect the function of the underlying motor circuits. This is con-
sistent with the role for cholinergic neuromodulation in the
training of forelimb motor behaviors, which have demonstrated
a dissociation between M1 and movement execution. On simple
tasks, M1 appears to be dispensable as complete ablation does
not alter trained movements (Kawai et al., 2015); however, more
dexterous motor tasks require M1 activity for the appropriate
execution of fine motor control (Lemke et al., 2019). Modulated
motor control arises during skilled training with M1 and dorso-
lateral striatum (DLS) contributing to gross movement, while
only M1 inactivation disrupts fine movements (Lemke et al.,
2019). Neuromodulation of M1, but not mPFC, via cholinergic
input from basal forebrain has been shown to be a key mecha-
nism that supports the cortical plasticity that occurs during
skilled motor learning in the rat (Conner et al., 2010).
Acetylcholine release rapidly modulates neuronal excitability,
circuit dynamics, and cortical coding; all processes required for
processing complex sensory information, cognition, and atten-
tion (Metherate et al., 1992; Goard and Dan, 2009; Ballinger et
al., 2016; Villano et al., 2017). Our study raises the possibility
that baso-cortical cholinergic input could be a mechanism to
rapidly modulate the active state of motor networks during coor-
dinated motor learning.

The learning of coordinated motor behavior requires recruit-
ment of distinct motor centers throughout the central nervous
system. Coordinated task acquisition drives dynamic patterns of
neuronal activity and synaptic plasticity in the cortex and stria-
tum. Within the striatum, there is a progressive shift in regional
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influence, with dorsomedial striatum (DMS) critical in early
stages, followed by a shift to DLS later in task acquisition (Yin et
al., 2009). Coherence develops within corticostriatal motor net-
works with precise timing of M1 and DLS activity in support of

motor performance across learning (Koralek et al., 2012, 2013;
Lemke et al., 2019). During accelerating rotarod training, asso-
ciative mPFC connections to DMS are recruited concurrently
alongside motor circuits projecting from M1 to DLS
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(Kupferschmidt et al., 2017). Early in learning, mPFC-DMS and
M1-DLS circuits show parallel activation, while these patterns
diverge as animals master the motor skill (Kupferschmidt et al.,
2017). Cholinergic neuromodulation of cortical networks shape
circuit plasticity and the widespread projections of the basal fore-
brain cholinergic system may provide a circuit for modulating
distant motor centers during coordinated motor learning.

In addition to mPFC and sensorimotor cortex, learned motor
movements rely on the coordinated output of thalamus, basal
ganglia, cerebellum, and brainstem motor centers. Training
drives a shift in the contributions of cortical and subcortical
motor circuits, with an early instructional role for motor cortex
supporting the development of independent movement initia-
tion by the basal ganglia (Kawai et al., 2015). Indeed, the contri-
bution of the motor cortex to learned movements appears to
decline over time with continued training (Hwang et al., 2019).
We demonstrate clearly that basal forebrain cholinergic signaling
is critical for the early instructional phase of coordinated motor
learning. As we found that cholinergic inputs to both mPFC and
motor cortex are required for coordinated motor acquisition, it
is likely that cholinergic neuromodulation plays a critical role in
the coactivation of mPFC-DMS and M1-DLS circuits during
early stage rotarod learning (Kupferschmidt et al., 2017). As
training progresses and instructional input from cortical projec-
tions is no longer driving experience-dependent refinement of

striatal motor circuits (Wolff et al., 2019), cholinergic neuromo-
dulation of cortical motor centers may no longer be required.
This could be why ablation of cholinergic neurons after rotarod
training elicited no effect on performance of the previously
trained task.

Basal forebrain cholinergic input to M1 has been shown to be
a key modulator of the cortical plasticity mechanisms that under-
lie skilled forelimb reach training in rats (Conner et al., 2003).
Several lines of evidence implicate cholinergic neuromodulation
in the large-scale cortical changes that occur following injury or
motor learning in other species (Juliano et al., 1991; Conner et
al., 2005). While we did not assess cortical reorganization in our
studies, our data showed that skilled motor learning on a
recessed version of the single pellet reach task was unaffected fol-
lowing cholinergic ablation in mice. These results may owe to
species differences in the refinement of cortical mechanisms, or
perhaps to differences in the acetylcholine-dependent develop-
ment of cortical motor representations (Ramanathan et al.,
2015). In fact, mice often fail to demonstrate the learning curves
exhibited by rats in the standard single pellet reach task used in
earlier studies. Typically a large percentage of mice will exhibit a
high proficiency on the task on the first days of training and
show no subsequent improvement, or even a decline in perform-
ance over time (Fig. 2; Chen et al., 2014). The modified, recessed
forelimb reach task appears to be more difficult for mice, and

Figure 7. Retrograde labeling of NBM/SI cholinergic projections to cortex. A, Illustration of retrograde tracing strategy: CTB conjugated to Alexa Fluor 488, 555, or 647 was bilaterally injected
to mPFC (cyan), motor cortex (red), or visual cortex (purple), respectively. B, CTB injection sites: mPFC (cyan), motor cortex (red), and visual cortex (purple). Sections were stained with DAPI
(gray; scale bar: 1 mm). C, Quantification of cholinergic and noncholinergic neurons projecting to cerebral cortices. D, Retrograde labeling of NBM/SI with CTB conjugates. Neurons 1, 2, and 3
projected to one of these three cortices. Neuron 4 projected to mPFC and motor cortex. Neuron 5 projected to mPFC and visual cortex. Neuron 6 is noncholinergic (scale bar: 40mm). E,
Quantification of total CTB-labeled cholinergic NBM/SI neurons.
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reliably results in performance improve-
ments with training. Another critical dif-
ference observed was that our studies
showed a role for mPFC cholinergic inputs
in coordinated motor task acquisition,
while p75-SAP targeting of mPFC had no
effect on forelimb reach training in rats
(Conner et al., 2010). It may be that cho-
linergic input is required for the refine-
ment of activity across mPFC and M1 that
others have shown to occur during rotarod
training (Kupferschmidt et al., 2017) and
that rotarod behavior requiring forelimb-
hindlimb coordination and postural con-
trol requires a distinct set of motor circuits
than forelimb reach training, which
involves the use of an isolated forelimb
during learning of the stereotyped fore-
limb reach movement requires. Whether
there are specific effects of basal forebrain
circuits on distinct motor circuits that dif-
ferentially regulate the acquisition of coor-
dinated and skilled tasks in mice is a
critical question that requires further
study.

Beyond the effects on cortical plasticity,
acetylcholine signaling plays a key role in
cognitive processes by mediating attention
(Thiele and Bellgrove, 2018; Sarter and
Lustig, 2019). Within the visual cortex,
attention drives increased firing rates via
acetylcholine signaling throughmuscarinic
receptors in nonhuman primates (Herrero
et al., 2008). The central role of attention
in the acquisition of motor skills supports
the idea that cognitive components are
indispensable in the adjustment of motor
output and training-induced improve-
ments in motor performance (McDougle
et al., 2016; Gallivan et al., 2018). The
current behavioral readouts are relatively
simple and cannot isolate contributions
of cognition and attention. Further study
of the circuit responses to cholinergic
modulation in mPFC and M1 during
coordinated motor learning may allow
for discrimination of cognitive compo-
nents when combined with nonmotor
assays sensitive to attentional deficits. As
we observed a critical role for cholinergic
input to mPFC in coordinated motor
learning, it may be that disruption of cir-
cuit level mediators of attention impair
motor learning. PFC in primates medi-
ates top-down attentional control over
sensory systems through direct input to inferotemporal cortex
(Petrides, 2000; Monosov et al., 2010; Baluch and Itti, 2011).
Within mPFC, attention drives increases in synchronous activity
of fast-spiking parvalbumin inhibitory interneurons and
increased g oscillations (Kim et al., 2016). Acetylcholine sig-
naling through muscarinic receptors in mPFC is required for
cue-mediated increases in g oscillations (Parikh et al., 2007;
Howe et al., 2017). On a cued discrimination task,

optogenetic activation of basal forebrain cholinergic neurons
has been shown to enhance sensitivity to short duration cues
but also to increase incorrect attempts in the absence of cues
(Gritton et al., 2016). In contrast, silencing of cholinergic
inputs impairs cue detection (Gritton et al., 2016). A role
for cholinergic modulation of attention during coordinated
motor learning may, in part, explain motor deficits in neu-
rologic disorders otherwise characterized by cognitive
dysfunction.

0

50

100

150

200

250

AAV-control AAV-DTR

La
te

nc
y 

to
 fa

ll 
(s

)

IgG-SAP

p75-SAP
0.0

0.5

1.0

1.5

2.0

P
os

t/P
re

 ra
tio

A

B

D

E F

C
rotarod training SAP injection rotarod retesting

d1 d2 d3 d4 d18

AAV-DTR
AAV-control

rotarod training DT injection rotarod retesting

d1 d11 d12 d14 d28d13

IgG-SAP p75-SAP
0

50

100

150

200

250

La
te

nc
y 

to
 fa

ll 
(s

)
Pre
Post

IgG-SAP

p75-SAP
0.0

0.5

1.0

1.5

2.0

P
os

t/P
re

 ra
tio

Figure 8. Basal forebrain cholinergic neurons are not required for execution of previously learned coordinated motor
behavior. A, Timeline outlining experimental details of cholinergic ablation by p75-SAP following rotarod training. Retention
testing was performed two weeks after saporin injection. B, Pharmacological ablation of cholinergic neurons did not affect
the performance on the previously learned rotarod behavior (paired t tests, p. 0.05 for both groups). C, The ratio of laten-
cies to fall before and after cholinergic ablation (post/pre; two-tailed t test, p= 0.34). D, Timeline outlining experimental
details of cholinergic ablation by AAV-DTR following rotarod training. Rotarod retention testing was performed two weeks af-
ter DT injection. E, Genetic ablation of cholinergic neurons did not affect the performance on the previously learned rotarod
behavior (paired t tests, p. 0.05 for both groups). F, The ratio of latencies to fall before and after DT-induced cholinergic
ablation (post/pre; two-tailed t test, p= 0.24). Data presented as mean6 SEM.
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