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The cholinergic basal forebrain projects throughout the neocortex,
exerting a critical role in modulating plasticity associated with
normal learning. Cholinergic modulation of cortical plasticity could
arise from 3 distinct mechanisms by 1) “direct” modulation via
cholinergic inputs to regions undergoing plasticity, 2) “indirect”
modulation via cholinergic projections to anterior, prefrontal
attentional systems, or 3) modulating more global aspects of
processing via distributed inputs throughout the cortex. To
segregate these potential mechanisms, we investigated choliner-
gic-dependent reorganization of cortical motor representations in
rats undergoing skilled motor learning. Behavioral and electrophys-
iological consequences of depleting cholinergic inputs to either
motor cortex, prefrontal cortex, or globally, were compared. We
find that local depletion of cholinergic afferents to motor cortex
significantly disrupts map plasticity and skilled motor behavior,
whereas prefrontal cholinergic depletion has no effect on these
measures. Global cholinergic depletion perturbs map plasticity
comparable with motor cortex depletions but results in significantly
greater impairments in skilled motor acquisition. These findings
indicate that local cholinergic activation within motor cortex, as
opposed to indirect regulation of prefrontal systems, modulate
cortical map plasticity and motor learning. More globally acting
cholinergic mechanisms provide additional support for the acqui-
sition of skilled motor behaviors, beyond those associated with
cortical map reorganization.
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Introduction

Numerous studies implicate the basal forebrain cholinergic
system as a key substrate associated with cortical map
reorganization. The basal forebrain cholinergic system is
essential for mediating the reorganization of cortical motor
representations in association with skilled motor learning
(Conner et al. 2003; Ramanathan et al. 2009) and with recovery
of motor function following cortical injury (Conner et al.
2005). Specifically, global depletion of corticopetal cholinergic
innervation abolishes behaviorally mediated cortical map
reorganization and impairs acquisition of skilled motor
behaviors (Conner et al. 2003; Ramanathan et al. 2009).
Cholinergic mechanisms also modulate sensory cortical plas-
ticity associated with whisker pairing (Baskerville et al. 1997;
Maalouf et al. 1998; Sachdev et al. 1998; Zhu and Waite 1998)
and discriminatory olfactory conditioning (Linster et al. 2001).
Within auditory cortex (AUD), map reorganization is enabled
by nucleus basalis activity (Bakin and Weinberger 1996;
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Bjordahl et al. 1998; Kilgard and Merzenich 1998; Dimyan and
Weinberger 1999), and learning-induced auditory plasticity and
associated memory formation is blocked by pharmacological
disruption of muscarinic signaling (Miasnikov et al. 2001,
2008). Together, these prior studies clearly indicate an
essential role for cholinergic systems in mediating plasticity
associated with cortical processing. However, prior studies
have not identified the specific locus of cholinergic action
mediating these effects.

In the case of skilled motor learning, it is postulated that
cholinergic systems could potentially regulate motor cortex
plasticity and learning via 3 distinct mechanisms: 1) through
direct projections to the cortical region undergoing plasticity
(motor cortex), 2) via modulation of prefrontal attentional
systems that, in turn, project to the cortical region undergoing
plasticity, or 3) through cholinergic actions in targets (e.g.,
sensory cortex or visual cortex) distinct from either the
prefrontal cortex (PFC) or motor cortex that in turn converge
on motor cortex to influence plasticity and motor learning.
Prior experiments provide some support for each of these
possibilities.

The dorsolateral PFC is strongly activated during the initial
phase of learning a complex motor task in humans (Debaere
et al. 2004), presumably due to high attentional demands in
initial learning (Puttemans et al. 2005). PFC ablation in rats
causes chronic impairments in coordinated forelimb activity
(Kolb and Whishaw 1983). Behaviors that tax attention
increase acetylcholine (AChE) release within PFC (McGaughy
and Sarter 1998; Dalley et al. 2001; Himmelheber et al. 2001),
and removal of prefrontal cholinergic inputs impairs perfor-
mance in tasks requiring high attentional demand (Gill et al.
2000; Dalley et al. 2004). In addition, sensory stimulation
induces cortical map reorganization only in the context of
sensory-guided behavioral learning (Blake et al. 20006), likely
requiring attentional mechanisms (Recanzone et al. 1992).
Together, these data argue that prefrontal attentional systems,
and the cholinergic modulation of attentional mechanisms, may
facilitate skilled motor learning and enable associated cortical
map reorganization.

There is also evidence that AChE, acting locally within
cortical regions undergoing plasticity, can directly modify
cortical processing and plasticity. Iontophoretic application of
AChE directly within the cortex may facilitate processing of
sensory information as reflected by potentiating sensory
evoked responses (Donoghue and Carroll 1987; Metherate
et al. 1988; Rasmusson and Dykes 1988), increasing neuronal
firing rates (Metherate et al. 1988), producing shifts in neuronal
receptive fields (Metherate and Weinberger 1989), and re-
ducing activation thresholds (Metherate et al. 1990). Impor-
tantly, AChE release is selectively increased within activated



sensory areas (Fournier et al. 2004), under the control of
prefrontal mechanisms (Rasmusson et al. 2007). Moreover,
cortical AChE release is significantly increased in association
with new learning, in comparison to sensory experience devoid
of learning (Butt et al. 2009). Thus, cholinergic mechanisms,
acting locally within sensory and motor cortices, may enable
cortical reorganization and behavioral performance during
motor learning.

Finally, some evidence supports a role for more global and
diverse cholinergic projections in collectively supporting
cortically mediated plasticity and learning. Skilled motor
learning is presumed to occur through the integration of
information arising from distributed cortical systems, including
visual and somatosensory regions (Pavlides et al. 1993;
Shadmehr and Krakauer 2008). It has been postulated that
cholinergic mechanisms act globally to facilitate the integration
of distributed information by increasing coherence across
distributed networks (Holschneider et al. 1998; Xiang et al.
1998; Borgers et al. 2008).

To gain insight into the parcellation of cholinergic contribu-
tions to cortical plasticity, we selectively depleted cholinergic
inputs to either the motor cortex, the PFC, or global cholinergic
projections, in rats learning a skilled forelimb reaching task.
We then examined resulting effects on cortical map plasticity
and behavior. Comparison was made with rats that underwent
selective cholinergic denervation of a cortical region pre-
sumably unrelated to skilled motor acquisition, the AUD. We
now demonstrate that direct cholinergic inputs to motor
cortex are essential for enabling cortical map plasticity and
facilitating the acquisition of a skilled motor behavior.

Materials and Methods

Experimental Design

To determine which aspects of cortical cholinergic innervation
mediate cortical map reorganization and improvements in performance
during acquisition of a skilled reaching behavior, site-specific cholin-
ergic lesions were performed by direct intraparenchymal injection of
the immunotoxin 192-IgG-saporin (SAP; Holley et al. 1994) into
adult male F344 rats (~275 g). Focal lesions were targeted to either
motor cortex (7 = 10), dorsolateral PFC (7 = 10), or AUD (as a control
irrelevant to motor function; # = 10). In addition, 10 animals were
given global cholinergic lesions by injecting the immunotoxin
directly within the nucleus basalis/substantia inominata as previously
described (Conner et al. 2003, 2005), thereby eliminating cholinergic
projections throughout most of the cortical mantle (Berger-Sweeney
et al. 1994; Conner et al. 2003). To control for potential injury
resulting from the injection procedure alone, additional rats received
vehicle (artificial cerebral spinal fluid) injections into either the
prefrontal (n = 3), motor (7 = 7), or auditory (n = 8) cortices. Two
weeks following SAP or vehicle injections, rats underwent a 3-week
period of training in a skilled forelimb reaching task (Whishaw 2000;
Conner et al. 2003), and reaching performance was assessed daily.
Following behavioral testing, intracortical microstimulation (ICMS) was
used to assess plasticity of motor representations as a consequence of
training, comparing ICMS-derived maps from groups of trained animals
with those obtained from untrained controls. Immediately following
ICMS, rats were perfused and a quantitative assessment of cholinergic
lesion effectiveness was made using established histological approaches
(AChE staining) (Conner et al. 2001). Quantitative results throughout
the study are expressed as the mean * standard error of the mean.

Bebavioral Training
All procedures and animal care adhered strictly to institutional
guidelines for experimental animal health, safety, and comfort. Motor
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training was carried out using single pellet retrieval boxes as previously
described (Whishaw 2000; Conner et al. 2003). All rats underwent food
restriction to increase motivation to perform the task. Food was
restricted for a period of 5 days before training, bringing animals to
a weight of 80-85% of their free-feeding body weight. Once animals
began forelimb reach training, their weights were increased back to
90-95% free-feeding weight for the duration of the study. During
acquisition training, rats performed 60 reaches per day, 5 days per
week, for 3 weeks. On the first 2 testing days, rats were taught to orient
to the slot and were encouraged to reach for pellets by adding a small
amount of peanut butter to the surface of pellets placed on the tray.
Thus, accuracy measures in the skilled reaching task were first
recorded on the third training day. Each day, rats were placed into
the test box for 10 min or until the rat had made 60 reaches. A “reach”
was scored when the rat extended its forelimb through the slot. A “hit”
was scored if the rat successfully brought the pellet back to his mouth.
The time to complete all 60 trials and the limb used by each animal was
recorded each session. The order of testing was randomized each day.

Basal Forebrain Cholinergic Depletion

Specific destruction of the basal forebrain cholinergic neurons
innervating the cortex was achieved using the SAP (Advanced
Targeting Systems, San Diego, CA) (Torres et al. 1994; McGaughy
et al. 2002; Conner et al. 2003). “Global” lesions of the corticopetal
cholinergic system were achieved by injecting the immunotoxin
directly within the nucleus basalis/substantia innominata using
a Hamilton syringe equipped with a 33 gauge blunt needle (WPI,
Sarasota, FL) as previously described (Conner et al. 2003, 2005). For
global cholinergic lesions, the immunotoxin was injected at a concen-
tration of 0.375 pg/pL at 2 rostrocaudal locations site #1 (0.3uL)—R/C
=-14 mm, M/L = * 2.5 mm, and D/V =-8.0 mm; site #2 (0.2 pL)—R/C =
-2.6 mm, M/L = * 4.0 mm, and D/V = -7.0 mm. Injections were made at
0.1 pL/min, and the needle remained in place for 4 min after each
injection to allow for diffusion of the injected fluid into the
parenchyma. Local depletion of discrete cortical areas was made using
procedures similar to those described by others (Holley et al. 1994;
McGaughy and Sarter 1998). For focal cortical depletion, the
immunotoxin was injected at a concentration of 0.075 ug/uL into the
following sites: “prefrontal depletion™ site #1 (0.25 pL)—R/C = +3.7
mm, M/L = £ 0.5 mm, and D/V =-3.5 mm; site #2 (0.25 pL)—R/C = +2.2
mm, M/L = £ 0.5 mm, and D/V =-4.0 mm; “motor cortex depletion”: site
#1 (0.25 pL)—R/C = 0 mm, M/L = * 3.5 mm, and D/V =-1.5 mm; site #2
(0.25 pL)—R/C = +1.5 mm, M/L = * 3.5 mm, and D/V = -1.5 mm; “AUD
depletion™ (0.5 pL)—R/C = -4.8 mm, M/L = * 4.5 mm, and D/V = -3.0
mm from cortical surface with the electrode carrier set 28° from
vertical. In all cases, cholinergic depletions were carried out bilaterally.

Electrophysiology

Standard microelectrode stimulation techniques were used to derive
maps of the motor cortex both ipsilateral and contralateral to the trained
paw (see Nudo et al. 1996; Kleim et al. 1998 for further details). The side
of cortex mapped first was randomly determined without prior
knowledge of the animal’s paw preference during behavioral training.
Because untrained animals did not have a “preferred paw,” the size of the
forepaw representation obtained from both hemispheres was averaged.
Pulled glass electrodes (input impedance ~0.5 M-Ohm at 300 Hz), filled
with 3 M NaCl, and containing a 125-um chlorided silver wire, were used.
Microelectrode penetrations were made at 500-um intervals at a depth of
~1700 pm (corresponding to cortical layers V and VI). Stimulation
consisted of a 30-ms train of 200-ps duration monophasic cathodal pulses
delivered at 333 Hz from an electrically isolated, constant current
stimulator (AMPI, Jerusalem, Israel) under the control of a programmable
pulse generator (AMPI). Two pulse trains were delivered 1.2-s apart, with
additional pulse trains delivered as needed to assess body movements
evoked by the stimulation. Evoked movements were examined with the
animal maintained in a prone position and the limbs supported in
a consistent manner. At each penetration site, the stimulating current
was gradually increased until a movement could be detected (threshold
current). If no movement was detected at 200 PA, the site was defined as
“nonresponsive.” The size of the forelimb representation for each animal



was determined by multiplying the number of responsive sites evoking
a movement of the forelimb by 0.25 mm?.

Histology

At the end of behavioral and/or electrophysiological testing, rats
were perfused with 75 mL phosphate-buffered saline and 250 mL 4%
paraformaldehyde in 0.1 M phosphate buffer. Coronal sections (40 pm)
were cut on a sliding microtome and a series of sections, 240 pm apart,
were processed for AChE using a modified Tago method (Di Patre et al.
1993), and an adjacent series of sections (also 240 pm apart) were
processed for the p75 receptor using the 192-IgG monoclonal antibody
(Taniuchi and Johnson 1985) according to previously described
methods (Conner et al. 1992). In brief, sections were rinsed for 30
min in 0.1 M Tris-buffered saline (TBS), blocked for 60 min in TBS
containing 5% normal horse serum and incubated for 40 h (at 4 °C) in
primary antibody (2.5 pg/mL for the 192 IgG). Bound antibodies were
detected by sequentially incubating sections for 3 h in 1.5 pg/mL
biotinylated horse antimouse IgG (Vector Labs, Burlingame, CA) and
for 90 min in an avidin-biotin peroxidase reagent (1:250 dilution ABC
Elite, Vector Labs). Sections were rinsed and treated with a solution
containing 0.04% diaminobenzidine tetrahydrachloride, 0.06% nickel
chloride, and 0.06% hydrogen peroxide in 0.1 M Tris-HCl buffer (pH =
7.4). AChE-stained and p75-labeled sections were mounted on to gel
subbed slides, dehydrated in a graded series of alcohols, cleared, and
coverslipped. To assess p75 immunoreactive fibers within the PFC, the
immunohistochemical protocol was further modified to include a
tyramide signal amplification step (TSA-biotin system; Perkin Elmer,
Wellesley, MA) between processing with the secondary antibody and
the ABC complex.

Assessment of Cortical Cholinergic Depletion

Histological assessment of cortical cholinergic innervation was carried
out using previously described, unbiased quantitative methods (Conner
et al. 2003). Sampling sites for prefrontal, motor, and auditory cortices
are illustrated in Figure 4. For each cortical region, quantitative analysis
was carried out within layers II/III, in 2 different brain sections spaced
240 pum apart. In addition, a qualitative assessment of the extent of
cortical volume depleted by each lesion condition was made. In all
cases, the experimenter conducting the analysis was blinded to group
identity.

Results

Effects of Site-Specific Cortical Cholinergic Depletion on
Skilled Motor Performance

Animals receiving vehicle injections into either the PFC, motor
cortex, or AUD did not differ significantly from one another in
behavioral performance, ICMS maps, or cortical cholinergic
innervation density, and these groups were combined into
a single “vehicle” group (7 = 18) for further analyses. Animals
that received vehicle injections exhibited significant improve-
ments in reaching performance over the 3-week training
period, comparable with levels of performance observed
previously in unoperated animals (Conner et al. 2003, 2005;
Ramanathan et al. 2009). Across treatment groups, significant
differences in performance were not found on the first day of
testing (P = 0.1, analysis of variance [ANOVA]; Fig. 1) but were
apparent across most of the subsequent 3-week training
period. Significant group differences were observed in overall
acquisition of the skilled motor task over 3 weeks of testing
(P = 0.008; repeated measures ANOVA, group x time; Fig. 14),
and in the final asymptotic level of reaching performance,
measured as the average accuracy over the final 3 testing days
(P <0.0001; ANOVA; Fig. 1B). Consistent with previous reports

(Conner et al. 2003; Ramanathan et al. 2009), animals with
global cholinergic depletion exhibited significant impairments
in acquiring the skilled motor task relative to vehicle-injected
rats (P < 0.0001; post hoc Fisher’s; Fig. 14) and were
significantly impaired in their final level of reaching perfor-
mance (P < 0.0001; post hoc Fisher’s; Fig. 1B). Acquisition of
the skilled motor task was not impaired following site-specific
depletion of cholinergic inputs to either the auditory (P = 0.6,
post hoc Fisher’s compared with vehicle-treated rats) or the
prefrontal (P = 0.9, post hoc Fisher’s compared with vehicle-
treated rats) cortices. Similarly, the final asymptotic level of
performance assessed over the last 3 days of testing was
not altered following cholinergic depletion of either auditory
(P = 0.7, post hoc Fisher’s compared with vehicle-treated
rats) or prefrontal (P = 0.5, post hoc Fisher’s compared with
vehicle-treated rats) cortices. Site-specific of depletion of
cholinergic inputs to motor cortex, however, resulted in
significant impairments in both task acquisition (P < 0.05;
post hoc Fisher’s; Fig. 14) and in final levels of reaching
performance (P < 0.005; post hoc Fisher’s; Fig. 1B) compared
with vehicle-treated animals. Animals with global cholinergic
lesions exhibited the greatest impairment in behavior, demon-
strating significantly poorer performance relative to all other
groups, including subjects with motor cortex cholinergic
depletion (“acquisition”™ P < 0.005; post hoc Fisher’s comparing
motor-depleted and globally depleted animals; “asymptotic
performance™ P < 0.05; post hoc Fisher’s comparing motor-
depleted and global-depleted animals; Fig. 1). Additional
between group comparisons are reported in supplementary
Table 1.

To further explore possible mechanisms contributing to
differences in overall skilled motor performance among
treatment groups, we subsequently analyzed motor learning
(rates of task acquisition) across distinct phases of training.
Prior studies have suggested that skilled motor learning is
associated with 2 distinct phases; an early phase in which
rapid improvements in reaching performance are typically
observed and a late phase whereby more subtle refinements
in distal forelimb movements take place (Karni et al. 1998;
Kleim et al. 2004). Rates of motor learning were calculated in
2 ways: either by determining the slope of the acquisition
performance curve over a specified time period or by
determining the absolute change in performance over a given
period. We separately analyzed learning (rates of task
acquisition) as a function of regional cholinergic depletion
during “early” (days 1-4) and “late” (days 5-10) phases of
skilled motor acquisition (days 11-13 of training were
typically associated with asymptotic levels reaching perfor-
mance). Regardless of the method of analysis, animals with
cholinergic lesions of either the PFC or AUD were in-
distinguishable from vehicle-treated controls in both early
and late phases of motor learning (Figs. 1 and 2). In contrast,
rates of learning during the early phase of acquisition were
significantly altered in animals with either selective motor
depletions or global cholinergic lesions (Fig. 24,B). Learning
rates during later phases of skilled motor acquisition did not
differ across treatment groups (Fig. 2C.D). In spite of
comparable rates of learning between the motor-lesioned
and global-lesioned groups during both early and late phases of
acquisition, animals with global cholinergic lesions performed
significantly poorer than motor cortex lesioned animals
throughout the acquisition period (P = 0.003 post hoc Fisher
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Figure 1. Effects of site-specific depletion of basal forebrain cholinergic corticopetal
inputs on skilled motor learning. (A) Global depletion of cortical cholinergic innervation
(filled diamonds) following 192-SAP injections into the nucleus basalis/substantia
innominata significantly impaired acquisition of a skilled forelimb reaching behavior (P
< 0.0001, overall repeated measures ANOVA; P < 0.0001 post hoc Fisher's
comparing global SAP-lesioned animals to vehicle-injected controls). Focal depletion
of cholinergic inputs to the motor cortex (filled circles) also resulted in significant
impairments in task acquisition relative to vehicle-treated controls (P < 0.05 post hac
Fisher's). However, animals with selective depletion of the motor cortex performed
significantly better than animals with global cholinergic depletions (P < 0.005 post
hoc Fisher's). (B) Final levels of reaching performance, determined as the average
reaching accuracy over the last 3 days of training, were also significantly reduced in
rats with either global cholinergic lesions (P < 0.0001, overall ANOVA; P < 0.0001
post hoc Fisher's) or cholinergic depletion of the motor cortex (P < 0.005, post hac
Fisher's) relative to vehicle-treated controls. Animals with global depletion of cortical
cholinergic innervation performed significantly worse than animals with focal
cholinergic depletion of the motor cortex (P < 0.05, post hoc Fisher's). Focal
cholinergic depletion of either PFC or AUD had no significant effect on either skilled
motor acquisition (4) or final reaching performance (B) relative to vehicle-treated
animals.

comparing global and motor cortex lesioned animals, overall
ANOVA P < 0.0001) and had significantly poorer levels of
asymptotic performance over the final 3 testing days. Taken
together, these findings suggest that cholinergic depletion of
motor cortex results in significant deficits in final asymptotic
levels of reaching performance, possibly by impairing learning
during the early phase of acquisition. Additional impairments
in skilled reaching performance are attributable to more
globally acting cholinergic mechanisms.
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Effects of Site-Specific Cortical Cholinergic Depletion on
Cortical Plasticity
Prior studies have indicated that skilled motor learning is
associated with significant plasticity of cortical motor repre-
sentations (Nudo et al. 1996; Kleim et al. 1998; Conner et al.
2003). Consistent with prior reports, skilled forelimb training
in vehicle-treated animals resulted in a significant expansion of
the caudal forelimb representation (P < 0.0001, overall ANOVA;
P < 0.0001, post hoc Fisher’s comparing trained, vehicle-
injected rats to caged, untrained animals [n = 6]; Fig. 3).
Moreover, the present results confirm prior reports (Conner
et al. 2003; Ramanathan et al. 2009) indicating that global
depletion of cholinergic corticopetal innervation completely
blocks the training-mediated expansion of forelimb represen-
tations (P < 0.0005, post hoc Fisher's comparing global-
depleted and vehicle-injected trained animals). Depletion of
cholinergic innervation to either the AUD or PFC did not
significantly affect plasticity of the forelimb representation
associated with skilled motor training (p = 0.7, post hoc Fisher’s
comparing auditory-SAP and vehicle-injected groups; P = 04,
post hoc Fisher’s comparing prefrontal-SAP and vehicle-injected
groups; Fig. 3). Depleting cholinergic afferents specifically to the
motor cortex completely blocked learning-mediated cortical
plasticity (P <0.0001 post hoc Fisher’s comparing motor-SAP and
vehicle-injected trained animals), thereby eliminating any differ-
ences in cortical representations from untrained animals (P= 0.7
post hoc Fisher’s comparing motor-SAP and untrained animals
Fig. 3). The loss of learning-mediated cortical motor plasticity
was equivalent in subjects with local motor cortex cholinergic
lesions and global cholinergic lesions (Fig. 3). Analysis of the
cortical forelimb representation was also carried out for the
cortical hemisphere associated with the untrained forelimb (Fig.
3H). Prior studies have demonstrated that unilateral skilled
forelimb training can impart bilateral increases in dendritic
complexity (Withers and Greenough 1989) and bilateral
expansion of forelimb motor representations (Conner et al.
2003). Although the basis for bilateral plasticity following
unilateral motor training is not known, it is postulated that
information related to plastic changes induced in one hemi-
sphere may be transferred to the contralateral hemisphere by
way of extensive callosal projections between hemispheres of
the rat primary motor cortex (Donoghue and Parham 1983). The
present results confirm prior reports demonstrating significant
group differences in the size of the caudal forelimb representa-
tion of the untrained hemisphere (ANOVA P = 0.0008; Fig. 3H).
Training resulted in a significant increase in the size of the caudal
forelimb representation of the untrained hemisphere in vehicle-
injected animals and in rats with local cholinergic depletion of
cither the PFC or AUD. Plasticity of the caudal forelimb
representation in the untrained hemisphere was completely
and significantly blocked in rats with either global cholinergic
depletion or selective depletion of the motor cortex (Fig. 3H).
Cortical representations did not differ in size, comparing the
trained and untrained hemispheres within any treatment group
(P >0.05inall cases, paired #test). Taken together, these results
indicate that the reorganization of motor representations
observed in association with skilled motor training can be
accounted for by cholinergic mechanisms acting directly within
the motor cortex.

Even though expansion of the caudal forelimb area with
training was completely blocked by either global cholinergic
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Figure 2. Effects of site-specific depletion of basal forebrain cholinergic corticopetal inputs to early and late phases of skilled motor learning. Motor learning (rates of
task acquisition) were analyzed across 2 distinct phases; an “early” phase (days 1-4) in which rapid improvements in reaching performance are typically observed, and a late
phase (days 5-10) whereby more subtle refinements in performance occur. Rates of motor learning were calculated either by determining the slope of the acquisition
performance curve (4,C), or by determining the absolute change in performance over the given analyzed period (B,0). Animals with cholinergic lesions targeting either PFC or AUD
had no significant effect on early or late phases of learning relative to vehicle-treated controls (P > 0.7 for all post hoc comparisons). In contrast, rates of learning during the
early phase of acquisition were significantly altered in animals with either selective motor depletions or global cholinergic lesions (4,8; **P < 0.005 in all cases). Animals
subjected to selective cholinergic depletion of the motor cortex exhibited comparable deficits in the rate of learning during early phase acquisition relative to global cholinergic
lesioned animals (post hoc Fisher's, P = 0.89 [for slope] and P = 0.96 [for absolute change in performance] comparing motor-lesioned and global-lesioned animals). Learning
rates during late phase skilled motor acquisition did not differ across treatment groups (C,0, P = 0.68 overall ANOVA for “slope” and P = 0.91 overall ANOVA for absolute

change in performance).

depletion or by selective depletion of motor cortex, it is
possible that more subtle changes may have occurred
specifically with respect to cortical areas associated with
control of fine distal forelimb movements. Prior studies have
indicated that skilled forelimb training can selectively increase
the proportion of distal forelimb movements, even when
overall expansion of the caudal forelimb area does not occur
(Kleim et al. 1998). To examine this possibility, the percentage
of the entire caudal forelimb representation associated with
distal movements was compared across treatment groups. No
significant group differences were observed (P = 0.35, ANOVA)
indicating that cholinergic lesions did not selectively affect
distal forelimb representations.

Quantitative Assessment of Focal Immunotoxic Lesions

To verify the effectiveness of focal intraparenchymal SAP
infusions for selectively depleting cholinergic innervation to
distinct cortical sites, unbiased sampling techniques (Conner
et al. 2003) were used to quantify the density of cholinergic
innervation to motor, prefrontal, and auditory cortices (Fig. 4).
AChE histochemistry was used to identify cholinergic terminals

within motor and auditory cortices. p75 immunohistochemis-
try, which selectively labels cholinergic terminals arising from
basal forebrain cholinergic afferents to the cortex, was used to
identify cholinergic innervation to the PFC. p75 labeling was
necessary due to high levels of cellular and background AChE
staining present within the PFC, which prevented clear
visualization of individual AChE- positive fibers in this region.
Cholinergic innervation density in control, vehicle-injected
animals was 412 * 18 fibers/mm? in PFC, 370 % 19 fibers/mm?
in AUD, and 110 % 13 fibers/mm? in sensorimotor cortex. As
seen in Table 1 and Figs. 4 and 5, SAP injections into the
nucleus basalis/substantia innominata resulted in a complete
loss of cholinergic innervation to both motor cortex and AUD,
and a 85.3 = 24% loss of innervation to the PFC. Direct
intraparenchymal injection of the SAP immunotoxin into
distinct cortical sites depleted cholinergic innervation to the
targeted regions to levels comparable with those seen
following global cholinergic depletions (Table 1 and Fig. 5)
and did not affect nontargeted cortical sites (Table 1 and
Fig. 5). For instance, SAP injections into the motor cortex
depleted cholinergic innervation within motor cortex by
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Figure 3. Effects of site-specific depletion of basal forebrain cholinergic corticopetal inputs on behaviorally mediated cortical map reorganization. (A-F) Representative ICMS-
derived motor maps demonstrating the effects of site-specific cholinergic lesions on plasticity of the caudal forelimb representation of the preferred hemisphere (CFA). Skilled
forelimb training in vehicle-treated animals (B) resulted in the expansion of the caudal forelimb representation (yellow) relative to untrained controls (4). Focal depletion of
cholinergic inputs to the motor cortex (D) completely blocked the behaviorally mediated expansion of the CFA, to the same extent as was observed following global cholinergic
lesions (£). Focal depletion of either the PFC (C) or AUD (F) had no effect on the behaviorally mediated plasticity of the CFA. (G) Quantitative analysis of cortical plasticity across all
animals confirms that training-mediated plasticity in the preferred hemisphere is blocked by either global cholinergic depletion or site-specific depletion of cholinergic inputs to the
motor cortex, but behaviorally mediated plasticity was not altered by site-specific cholinergic depletion of PFC or AUD (overall ANOVA P < 0.0001; * indicated P < 0.001 relative
to caged contrals). (H) Skilled forelimb training in vehicle-treated animals also led to an expansion of the caudal forelimb area “within the primary motor cortex associated with the
untrained limb (nonpreferred hemisphere).” As observed in the preferred hemisphere, plasticity is completely blocked following either global cholinergic depletion (P = 0.25
relative to caged controls) or site-specific depletion of cholinergic inputs to the motor cortex (P = 0.72 relative to caged controls), but behaviorally mediated plasticity was not
altered by site-specific cholinergic depletion of PFC or AUD (overall ANOVA P < 0.001; * indicates P < 0.005 relative to caged controls). Yellow—forelimb; Red—vibrissa;
Green—neck; Pink— jaw/tongue; Purple—hindlimb; Blue—shoulder; and Gray— unresponsive.

>98%, but immunotoxin injections into either the PFC or AUD and highly site-specific cholinergic depletion of distinct
failed to reduce cholinergic innervation to motor cortex (Table cortical regions.

1 and Fig. 5). Following injections of the SAP immunotoxin into
the motor cortex, cholinergic fibers were completely elimi-

nated from a region extending rostrally +3.5 mm from bregma  Discussion

and caudally -1.0 mm from bregma and extending medially 1.5- The present findings demonstrate that cholinergic inputs
2.0 mm from the midline and laterally 4.5-6.0 mm from the directly to motor cortex enable local cortical plasticity and
midline. Thus, immunotoxic lesions targeting the motor cortex modulate performance on a skilled motor task. Although
completely depleted cholinergic innervation from the entire previous studies clearly implicate a possible role for pre-
forelimb, vibrissa, jaw, and neck region and most of the frontal attentional systems in modulating cortical plasticity
hindlimb region of primary motor cortex. These results and resulting behaviors, it appears that dynamic cholinergic
indicate that targeted immunotoxic lesions produced complete modulation of prefrontal function is not a necessary feature
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Figure 4. Histological analysis of site-specific cholinergic lesions. (A) Series of line drawings demonstrating the extent of cholinergic depletion following focal intraparenchymal
injections of the immunotoxin SAP into either the PFC, mator cortex, or AUD. Quantitative analysis of the extent of loss in innervation is presented in Table 1. Site-specific lesions
depleted cholinergic inputs to the targeted region, creating a well-defined demarcation with adjacent cortical structures. For instance, injections of the immunotoxin into the
dorsolateral PFC resulted in near complete loss of cholinergic fibers from within the prelimbic and cingulated cortices but did not affect innervation of the adjacent motor cortex
(B). Following focal injections of the immunotoxin into motor cortex, a sharp demarcation was observed between the depleted motor cortex and the unaffected PFC (C). Global
cholinergic lesions, generated by injecting the immunotoxin directly within the nucleus basalis/substantia innominata, depleted cholinergic innervation to both the prefrontal and
motor cortices (D). Panels B-D were taken at the level indicated by the box in the line drawings in panel (4).

Table 1
Quantitative analysis of cortical cholinergic depletion following site-specific cholinergic lesions

Cholinergic depletion (% loss relative to intact)

PFC Motor cortex AUD
Targeted lesion site PFC 93.7 + 3.0 75 + 91 ND
Motor cortex 95 =55 98.7 = 0.6*** 202 = 7.6*
AUD 14.0 = 3.6% —49 + 43 98.1 = 1.2%**
Global 853 = 2.4*** 997 = 0.3*** 100 = 0.0***

Note: Values in the table represent the percentage loss in innervation relative to vehicle-treated
(intact) controls. Site-specific injections of the immunotoxin within the cortical parenchyma
reduce cholinergic innervation to a level comparable with that seen following global depletion but
only within the region targeted by the lesion. In most cases, cortical sites not targeted by the
lesion showed no significant loss of cholinergic innervation density. *P < 0.05; ***P < 0.001;
ND: not determined.

for enabling the efficacy of these attentional mechanisms in
the context of skilled motor learning. The present results
also suggest that functional improvements made during early
phases of skilled motor learning are required to optimize
final levels of performance on a skilled motor task. Thus, the
loci of cholinergic modulation of cortical plasticity and
motor learning are intrinsic to the motor cortex (to generate
map plasticity and optimal performance), although choliner-
gic mechanisms extrinsic to the motor cortex appear
necessary to support additional aspects of behavioral
performance.

Interestingly, although cholinergic inputs to motor cortex
are required for normal motor map plasticity and for optimal

acquisition of skilled motor learning, partial learning can still
occur when these forms of plasticity are abolished. This is
consistent with a previous suggestion by Kargo and Nitz (2003,
2004) that a significant portion of skilled motor learning takes
place independent of the motor cortex and involves the
selection and adaptation of existing motor synergies. It is
postulated that motor map reorganization, which is mediated
by cholinergic mechanisms acting locally within the region
undergoing synaptic reorganization, serves to optimize acqui-
sition of skilled motor learning (Karni et al. 1998; Kleim et al.
2004) but is not required for some degree of learning to occur.

The present findings also demonstrate that global choliner-
gic lesions, which blocked plasticity to the same extent as
motor cortex depletions, result in significantly greater deficits
in functional performance compared with motor cortex
depletions alone. An analysis of behavioral performance
indicates that rate of learning was comparable among animals
with motor cortex cholinergic depletion and global cholinergic
depletion but that the final performance level of globally
lesioned animals was inferior to animals with cholinergic
lesions restricted to the motor cortex. The physiological basis
for this relative deficit in globally lesioned animals is not
known, but the results suggest that cholinergic mechanisms,
acting outside the motor cortex and independent of cortical
map reorganization, contribute significantly to aspects of
skilled motor performance. One possible explanation for the
significant differences in behavioral performance between
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Figure 5. Site-specific cholinergic lesions result in restricted depletion of cortical chalinergic innervation. Normal patterns of cholinergic innervation to PFC (4), mator cortex (B),
and AUD (C). Injections of the SAP immunotoxin directly within the nucleus basalis/substantia innominata depletes cholinergic innervation to all 3 regions (0-F). Focal injections of
the immunotoxin into either the PFC (G-/), motor cortex (J-L), or AUD (M-0) selectively depleted cholinergic innervation to the targeted region but did not affect innervation to

nontargeted regions. Scale bar in (0) = 50 pm and applies to all panels.

motor cortex-lesioned and global-lesioned animals is that local
injections of the immunotoxin failed to deplete cholinergic
innervation over the full extent of the motor cortex, resulting
in only partial behavioral deficits. This explanation is unlikely,
however, because histological evaluations demonstrated that
focal immunotoxin injections resulted in a complete loss of
cholinergic fibers (>98%) across a region that would typically
encompass the full extent of the forelimb motor representation
and most of the adjacent vibrissa, neck, jaw, and hindlimb
representations. Furthermore, motor cortex cholinergic lesions
abolished cortical plasticity to the same extent as global
cholinergic lesions. In addition, although the present results
clearly indicate that cholinergic projections to prefrontal
attentional systems do not modulate either motor map
plasticity or skilled motor learning, cholinergic mechanisms
acting in other cortical regions, such as the posterior parietal
cortex, could influence motor learning by disrupting atten-
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tional mechanisms. Posterior parietal mechanisms are not
associated directly with sensory or motor deficits, but damage
to this cortical region can result in sensory neglect across
multiple modalities (Bucci 2009). In addition, selective
cholinergic depletion of posterior parietal cortex can impose
deficits in incremental attentional processing of sensory
information (Bucci et al. 1998). Thus, although prior studies
have indicated that global cholinergic lesions do not impair
basic sensorimotor coordination per se (Conner et al. 2003),
such lesions may impair higher order processing involving the
integration of multimodal information relevant for skilled
motor learning (such as the integration of visual and
somatosensory information; Pavlides et al. 1993; Shadmehr
and Krakauer 2008).

In the present study, cholinergic depletion of motor cortex
disrupted early phases of motor learning and resulted in
persistent deficits in skilled motor performance. This finding is



intriguing in light of the fact that cortical reorganization, which
is dependent upon cholinergic mechanisms acting locally
within motor cortex, has been shown to occur during later
phases of skilled motor acquisition (Kleim et al. 2004). Previous
investigators have suggested that the appearance of cortical
reorganization at later stages of learning, following synaptic
(Rioult-Pedotti et al. 2007) and structural (Kleim et al. 2004)
modifications, may indicate that this aspect of plasticity is
involved in encoding the learned behavior rather than serving
as a substrate for enabling refinements to occur. Based upon
this interpretation, the present result would suggest that
aspects of early phase learning serve as a critical substrate for
later cortical map reorganization and optimal acquisition of
skilled motor performance.

In summary, site-specific depletion of cholinergic inputs to
the motor cortex abolishes learning-mediated plasticity of
cortical motor maps and impairs skilled motor learning. Global
depletion of cortical cholinergic inputs further impairs skilled
motor performance through mechanisms that are likely
extrinsic to motor cortex and independent of cortical map
reorganization. Dynamic cholinergic modulation of prefrontal
attentional mechanisms is not required either to acquire a new
skilled motor behavior or to elicit plasticity of cortical motor
representations. These findings contribute to our understand-
ing of the parcellation of effects of neuromodulatory systems in
support of cortical plasticity and learning.
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