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The Basal Forebrain Cholinergic System Is Required
Specifically for Behaviorally Mediated Cortical Map
Plasticity

Dhakshin Ramanathan,' Mark H. Tuszynski,? and James M. Conner'
'Department of Neurosciences, University of California, San Diego, La Jolla, California 92093-0626, and ?Veterans Affairs Medical Center, San Diego,
California 92161

The basal forebrain cholinergic system has been implicated in the reorganization of adult cortical sensory and motor representations
under many, but not all, experimental conditions. It is still not fully understood which types of plasticity require the cholinergic system
and which do not. In this study, we examine the hypothesis that the basal forebrain cholinergic system is required for eliciting plasticity
associated with complex cognitive processing (e.g., behavioral experiences that drive cortical reorganization) but is not required for
plasticity mediated under behaviorally independent conditions. We used established experimental manipulations to elicit two distinct
forms of plasticity within the motor cortex: facial nerve transections evoke reorganization of cortical motor representations independent
of behavioral experience, and skilled forelimb training induces behaviorally dependent expansion of forelimb motor representations. In
animals that underwent skilled forelimb training in conjunction with a facial nerve lesion, cholinergic mechanisms were required for
mediating the behaviorally dependent plasticity associated with the skilled motor training but were not necessary for mediating plasticity
associated with the facial nerve transection. These results dissociate the contribution of cholinergic mechanisms to distinct forms of
cortical plasticity and support the hypothesis that the forebrain cholinergic system is selectively required for modulating complex forms

of cortical plasticity driven by behavioral experience.

Introduction
Extensive evidence has implicated the basal forebrain cholinergic
system in regulating cortical plasticity. Pairing a sensory event
with a cholinergic input selectively induces cortical plasticity as-
sociated with the paired stimulus (Kilgard and Merzenich, 1998;
Weinberger, 2003; Ma and Suga, 2005). Likewise, lesions of the
basal forebrain cholinergic system prevent cortical plasticity from
occurring in many experimental paradigms (Juliano et al., 1991;
Webster et al., 1991; Sachdev et al., 1998; Conner et al., 2003;
Prakash et al., 2004; Conner et al., 2005). Together, these results
suggest that acetylcholine is an essential substrate for mediating
cortical map plasticity in the adult animal. This theory was chal-
lenged by a recent study (Kamke et al., 2005) demonstrating the
reorganization of tonotopic representations within auditory cor-
tex after cochlear injury, even after the elimination of cholinergic
innervation to that area. Despite some caveats (Kilgard, 2005),
this study clearly indicated that the prevailing theory—that the
basal forebrain cholinergic system is essential for cortical map
plasticity—needed revising.

In the present study, we postulate that the cholinergic system
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is essential only for cortical map plasticity driven by behavioral
experience [specifically that portion of behavioral training when
cortical reorganization takes place (Conner et al., 2003)] and is
not essential for plasticity that occurs independent of behavioral
activity. In this model, acetylcholine does not gate all forms of
plasticity; rather, it plays an essential role in the execution of the
selective attention, learning, and memory required for plasticity
mediated during behavioral training, a role for acetylcholine al-
ready substantiated by a wealth of evidence (Wilson and Rolls,
1990; Richardson and DeLong, 1991; Bakin et al., 1996; Bakin
and Weinberger, 1996; Butt et al., 1997; Sarter and Bruno, 1997;
McLin et al., 2002; Sarter et al., 2005).

Because the motor cortex exhibits plasticity in both behavior-
ally dependent and behaviorally independent contexts, it is ide-
ally suited to test this hypothesis. Extensive reorganization of
motor cortical representations occurs rapidly and without any
behavioral activity following transection of the facial motor nerve
(Semba and Egger, 1986; Sanes et al., 1988). Furthermore, the
acquisition of a skilled motor behavior, or skilled motor training
after an injury, results in a significant expansion of the cortical
motor representation for the trained body part (Nudo and Mil-
liken, 1996; Nudo et al., 1996b; Kleim et al., 1998; Liepert et al.,
1998; Conner et al., 2003; Nelles, 2004; Conner et al., 2005; Ra-
manathan et al., 2006). Using these two paradigms, we now assess
the role of the basal forebrain cholinergic system in mediating
both behaviorally dependent and behaviorally independent
forms of cortical motor map plasticity.

In this study, we first investigate the effects of cholinergic-



Ramanathan et al. e Cholinergic Mechanisms in Cortical Plasticity

Experiment 1

SAP or ACSF
Injection

6 weeks

Map - FNL - Map

Experiment 2

SAP or ACSF 2 weeks ENL 4 weeks

Injection Mop
Experiment 3

s gy ot
Figure 1.  Experimental paradigm. Three experiments were conducted in this study. Exper-

iment 1, An initial experiment (10 rats) determined whether cholinergic mechanisms were
required for mediating plasticity of cortical motor representations acutely following facial nerve
transections (FNL), whereby plasticity is induced rapidly (within minutes to hours) and occurs
independent of behavioral activity. Experiment 2, A second experiment (23 rats) examined
whether the long-term maintenance of cortical plasticity following a facial nerve transection is
dependent on cholinergic mechanisms. Experiment 3, A final experiment (32 rats) examined
the effects of selective cholinergic depletion on cortical plasticity mediated concurrently by
nonbehavioral (facial nerve transection) and behavioral (skilled motor training) paradigms
within the same animal. See text for detailed methods use in each experiment.

specific lesions of the basal forebrain on the induction and main-
tenance of behaviorally independent cortical motor map plastic-
ity after transection of the facial motor nerve. Next, we examine
the effects of cholinergic depletion in animals with a facial nerve
transection that also underwent skilled motor training. Thus, the
requirement of cholinergic inputs was concurrently assessed for
both behaviorally and nonbehaviorally mediated cortical reorga-
nization, within the same cortical domain and in the same ani-
mal, allowing us to test the hypothesis that cholinergic inputs are
specifically required for cortical map plasticity associated with
behavioral experience.

Materials and Methods

Experimental paradigm. A total of 65 adult Fischer 344 rats (following
exclusion of 6 animals described below) were examined in three separate
experiments (Fig. 1). To examine the role of basal forebrain cholinergic
mechanisms in each paradigm, animals underwent either bilateral cho-
linergic depletion using the 192-IgG-saporin (SAP) immunotoxin (Ad-
vanced Targeting) or received similar control injections of artificial ce-
rebral spinal fluid (ACSF). In all cases, the extent of cholinergic depletion
was quantified by assessing the degree of loss of acetylcholinesterase
(AChE)-positive afferent terminals innervating the motor cortex. Only
animals with >95% depletion of cholinergic fibers were included for
additional analysis. The specificity of the immunotoxin for the cholin-
ergic component of the basal forebrain was also confirmed by assessing
potential loss of GABAergic components of the basal forebrain, as de-
scribed previously (Heckers et al., 1994; Baxter et al., 1995; Pang et al.,
2001; Conner et al., 2003).

Experiment 1 (Fig. 1) was designed to specifically examine cortical
map reorganization occurring independent of behavioral activity. For
this purpose, we used an established paradigm in which plasticity is rap-
idly induced within the motor cortex after facial motor nerve transection.
For this portion of the study, 10 animals initially received injections of
either SAP (n = 5) or ACSF (n = 5) into the basal forebrain. Six weeks
after these injections, acute plasticity induced by a facial nerve lesion was
assessed in a single surgical session by comparing pretransection and
posttransection maps from within the same animal. To achieve this goal,
animals were anesthetized and mapped bilaterally using a modified in-
tracortical microstimulation (ICMS) technique (see below). Immedi-
ately after the initial mapping procedure, while animals remained anes-
thetized in the stereotaxic frame, the facial motor nerve was transected
bilaterally. Two hours after the transection, animals were remapped to
examine acute cortical map plasticity. These postlesion maps were com-
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pared with the prelesion maps in both SAP-injected and vehicle-injected
animals using paired  tests.

Experiment 2 (Fig. 1) examined the long-term maintenance of plas-
ticity in the motor cortex imposed by a facial motor nerve transection. In
this experiment, 28 animals initially received SAP (n = 13) or ACSF (n =
15) injections. Two weeks later, all animals underwent bilateral facial
motor nerve transections. Intracortical mapping was then carried out 4
weeks after the facial motor nerve transaction using standard ICMS tech-
niques (see below). To assess plasticity after long-term facial nerve lesion,
maps derived from these animals were compared with the acute prelesion
and postlesion maps from animals in experiment 1, using multivariate
ANOVA. Five animals were excluded from this portion of the study
because of incomplete cholinergic lesions (<95% cholinergic depletion).

Experiment 3 (Fig. 1) examined the effects of cholinergic lesions on
behaviorally dependent and behaviorally independent forms of cortical
plasticity induced simultaneously within the motor cortex. In this exper-
iment, 33 animals initially received either SAP (n = 16) or ACSF (n = 17)
injections into the basal forebrain. Two weeks later, all animals were
given bilateral facial motor nerve transections. One week after the facial
nerve lesions, one-half of the animals began a 3-week regimen of skilled
motor training, while the remaining animals served as untrained (caged)
controls. At the completion of the 3-week training period, all animals
were mapped using ICMS techniques (see below). Multivariate ANOVA
was used to compare mapping data obtained from SAP-injected and
vehicle-injected animals within this portion of the study, along with
mapping data obtained from experiments 1 and 2. In this way, it was
possible to determine the requirement for cholinergic mechanisms in
mediating both behaviorally dependent and independent forms of cor-
tical map plasticity. One animal was excluded from experiment 3 because
of an incomplete cholinergic lesion.

Selective cholinergic depletion. Selective ablation of the basal forebrain
cholinergic system was carried out according to previously described
procedures (Conner et al., 2003). The immunotoxin 192-1gG-SAP (Ad-
vanced Targeting Systems), diluted to a concentration of 0.375 mg/ml in
ACSF, was injected bilaterally into the nucleus basalis magnocellularis/
substantia inominata using a 1.0 ul Hamilton syringe. The following sites
and volumes were injected: site 1 (0.3 ul each side), R/C = —1.4 mm,
M/L = £2.5mm, D/V = —8.0 mm; site 2 (0.2 ul each side), R/C = —2.6
mm, M/L = £4.0 mm, D/V = —7.0 mm. Control animals were similarly
injected with vehicle (ACSF) alone.

Facial motor nerve transactions. Facial motor nerve transections were
carried out using previously described techniques (Semba and Egger,
1986; Sanes et al., 1988). After anesthesia, skin incisions were made ap-
proximately two-thirds of the distance from the ear to the eye. The facial
motor nerve was dissected from fascia as it emerged from the parotid
gland. Three branches of the facial nerve were transected (the buccal,
marginal mandibular, and zygomatic branches) to ensure elimination of
whisker movements. A 2 mm section of each nerve was removed to
ensure that peripheral nerve regeneration would not occur within the
time span of these experiments.

Functional ICMS mapping. In most cases, standard microelectrode
stimulation techniques were used to derive maps of the motor cortex
(Kleim et al., 1998; Conner et al., 2003). Animals were anesthetized with
ketamine hydrochloride (70 mg/kg i.p.) and xylazine (5 mg/kg i.p.) and
received supplemental doses of the anesthesia mixture as needed. Pulled-
glass-stimulating electrodes (input impedance ~0.5 MOhm at 300 Hz)
filled with 3 M NaCl were used. Microelectrode penetrations were made
at 500 wm intervals at a depth of ~1700 um (corresponding to cortical
layers V-VI). Stimulation consisted of a 30 ms train of 200 ws duration
monophasic cathodal pulses delivered at 333 Hz from an electrically
isolated, constant—current stimulator (AMPI Isoflex) under the control
of a programmable pulse generator (AMPI Master-8). Two pulse trains
were delivered 1.2 s apart, and evoked movements were examined with
the animal maintained in a prone position and the limbs supported in a
consistent manner. At each site, the current was gradually increased until
a movement was detected (threshold current), and the movement type
was recorded. If no movement was detected at 200A, the site was de-
fined as “nonresponsive.”

A modification to the standard ICMS protocol was used in experiment
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1 to investigate acute changes in plasticity mediated by facial nerve tran-
section. This modification was used to control for a potential caveat in
interpreting ICMS-derived data following peripheral nerve lesions. Nor-
mally, using standard ICMS techniques, only movements evoked by the
minimum stimulation threshold are recorded (Nudo et al., 1996b; Kleim
et al,, 1998; VandenBerg et al., 2002; Conner et al., 2003). After a facial
nerve transaction, however, cortically evoked vibrissa movements are no
longer possible at any stimulus intensity. Thus, simply increasing the
stimulation current may evoke nonvibrissal movements, either by un-
masking other movements represented in the same cortical area or by
enabling additional current spread and evoking movements from adja-
cent cortical areas. Map changes arising from either of these two scenar-
ios do not require electrophysiological changes to take place and do not
represent genuine plasticity. To control for both of these possibilities
when examining acute map plasticity after a facial nerve transection, we
modified the routine ICMS mapping procedure. During prefacial nerve
lesion mapping, stimulation currents at all vibrissal sites were increased
to the maximum ICMS stimulus intensity (200 pA) to identify any sec-
ondary nonvibrissal movements that could be evoked (see Fig. 34, B).
Vibrissal sites at which neck or forelimb movements were elicited at
higher stimulation currents were then included in the calculation of the
prelesion area of neck and forelimb representations (see Fig. 3B). Use of
this modification permits identification of genuine shifts in the somato-
topic maps (plasticity) as a consequence of the facial nerve lesion. In all
cases, the area of the forelimb and neck representations was determined
by multiplying the number of responsive sites evoking a movement of the
forelimb or neck (including those that existed at higher thresholds within
the vibrissal area of untransected animals), respectively, by 0.25 mm?
(i.e., the distance between electrode penetration sites was 0.5 mm).

Skilled motor training. Motor training was carried out using single-
pellet retrieval boxes as described in detail elsewhere (Conner et al., 2003,
2005). Rats were tested for a total of 12 d, during which total reaches,
accuracy, and limb use was recorded. 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 and consumed it. Test-
ing order was randomized daily.

Histology. After electrophysiological mapping, rats were perfused with
75 ml of phosphate buffered saline and 250 ml of 4% paraformaldehyde
in 0.1 M phosphate buffer. Coronal sections (40 wm) were cut on a sliding
microtome, and a series of sections, spaced 240 pwm apart, were processed
for [AChE histochemistry using the modified Tago method (Di Patre et
al., 1993)]. Free-floating sections were washed briefly in 0.05 m Tris-
maleate buffer, pH 5.7, incubated for 10 min in Tris-maleate buffer con-
taining 6 ug/ml promethazine, and washed two additional times in Tris-
maleate buffer. Sections were incubated for 30 min in a 32.5 mm Tris-
maleate buffer solution containing 5 mm sodium citrate, 3 mm cupric
sulfate, 0.5 mm potassium ferrocynide, and 0.52 mg/ml acetylthiocholine
iodide, then rinsed five times in 50 mm Tris-HCL, pH 7.6. Sections were
incubated for 5 min in 50 mm Tris-HCl containing 0.25 mg/ml diamino-
benzidine tetrahydrochloride and 3 mg/ml nickel ammonium sulfate.
Hydrogen peroxide (0.006% final concentration) was added, and sec-
tions were allowed to incubate for 2-3 more minutes. The reaction was
stopped by washing sections three to four times in 50 mwm Tris-HCl
buffer. Sections were mounted on to gel-subbed slides, dehydrated in a
graded series of alcohols, cleared, and coverslipped.

Unbiased sampling techniques were used to estimate the degree of loss
in cholinergic innervation to the sensorimotor cortex after SAP injec-
tions (Geula and Mesulam, 1996; Conner et al., 2001). The density of
cholinergic innervation to the sensorimotor cortex was estimated by
counting the number of AChE-positive fibers crossing the two inclusion
boundaries of a 15 wm counting frame. A stereology computer program
(StereolInvestigator) controlled placement of the counting frame within a
proscribed sampling area that included cortical layers II-III of sensori-
motor cortex (Zilles, 1985). The distance between sampling sites was 150
wm. The average area sampled per animal was 1.67 = 0.08 mm 2. Previ-
ous studies have indicated that SAP lesions result in >989% loss in cho-
linergic innervation to the sensorimotor cortex (Conner et al., 2003).
Lesions producing a loss in cortical cholinergic innervation of <90%
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were considered incomplete, and these animals were excluded from ad-
ditional analysis.

The specificity of the 192-IgG-immunotoxin for cholinergic neurons
of the basal forebrain was evaluated using previously reported criteria,
wherein SAP lesions should not deplete parvalbumin-positive GABAer-
gic cells within the basal forebrain (Heckers et al., 1994; Baxter et al.,
1995; Pang et al., 2001; Conner et al., 2003). Parvalbumin-positive
GABAergic neurons were examined in tissue sections from both SAP and
vehicle-injected animals using immunohistochemical techniques (MAB-
1572, Millipore Bioscience Research Reagents used at 1:10,000 dilution).

Results

Cortical plasticity is rapidly induced following facial nerve
transection and is independent of cholinergic mechanisms
Initially, ICMS mapping techniques were used: 1) to characterize
the plasticity of cortical motor representations within the first 2 h
after a facial nerve transection and 2) to determine whether cho-
linergic mechanisms are required to enable cortical plasticity in
this paradigm, which is devoid of behavioral activity. Based on
previous studies (Sanes et al., 1988, 1990), we postulated that
within 2 h of a facial nerve transection, a loss of cortically excit-
able sites associated with vibrissal movements would occur, to-
gether with an increase in the number of sites capable of evoking
eye, neck, or forelimb movements. In addition, we predicted a
reduction in stimulation thresholds for evoking these new move-
ments (Sanes et al., 1988, 1990).

Cortical cholinergic innervation was selectively eliminated in
5 of the 10 animals by injecting the cholinergic-specific toxin
192-IgG-SAP bilaterally into the nucleus basalis (Book et al.,
1992; Conner et al., 2003, 2005); control animals received injec-
tions of ACSF. SAP injections reduced cholinergic innervation to
the sensorimotor cortex by 98 * 2% relative to ACSF-injected
subjects ( p < 0.0001) (Fig. 2), consistent with previous reports
(Conner et al., 2003, 2005), but resulted in no detectable deple-
tion of GABAergic neurons in the same region (Fig. 2E, F).

Six weeks after SAP or ACSF injections, cortical plasticity fol-
lowing facial nerve transections was assessed using a modified
ICMS mapping approach, as described in detail in Materials and
Methods. Initial motor maps obtained before the facial nerve
transection indicated that ACSF-injected and SAP-injected ani-
mals had comparable neck representations (Fig. 3) (area in
ACSF-injected subjects = 1.0 = 0.3 mm? SAP-injected sub-
jects = 0.9 = 0.2 mm?; p = 0.8; unpaired ¢ test). Two hours after
a facial nerve transection, the size of the neck representation in-
creased significantly in both ACSF-injected (to 1.6 * 0.2 mm?)
and SAP-injected (to 1.9 * 0.3 mm?) animals compared with
their respective pretransection baselines (Fig. 3; p < 0.01 for both
vehicle and SAP groups compared with pretransection maps,
paired ¢ test). The size of the neck representation following a
facial nerve transection did not differ significantly in ACSEF-
injected and SAP-injected groups ( p = 0.2; unpaired  test), in-
dicating that cholinergic mechanisms were not required for this
aspect of plasticity. No significant change in the size of the fore-
limb representation occurred in either SAP-injected or ACSF-
injected animals following a facial nerve transection ( p = 0.7 for
both groups compared with pretransection baseline; paired ¢ test)
(Fig. 3).

Mean stimulation thresholds to evoke neck movements de-
creased by 12 * 6 A following facial nerve transection relative to
threshold levels before transection ( p < 0.05; one-sided paired ¢
test), consistent with previous studies (Donoghue et al., 1990).
However, stimulation thresholds did not differ significantly com-
paring SAP-injected and ACSF-injected subjects posttransection
(p = 0.3; unpaired ¢ test), again suggesting that cholinergic
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Figure 2.

of the basal forebrain.

mechanisms were not required for this aspect of plasticity. Nota-
bly, the mean stimulation threshold to evoke forelimb move-
ments did not change following facial nerve transection in either
group (p = 0.8; one-sided paired t test), suggesting that the
change in threshold observed for neck movements was likely a
specific consequence of plasticity within neck representations,
rather than a nonspecific state change within the brain as a result
of surgery, general anesthesia, or other nonspecific effects.

Long-term maintenance of cortical plasticity following facial

nerve transection is independent of cholinergic mechanisms

Results from the preceding experiment demonstrate that basal
forebrain cholinergic mechanisms are not required for the imme-
diate reorganization of motor representations following a facial
nerve transaction. Previous studies have indicated that this be-
haviorally independent form of map plasticity persists for weeks
to months following transection of the facial nerve (Donoghue et
al., 1990; Sanes et al., 1990). To determine whether distinct neural
mechanisms underlie the acute induction of plasticity following

Injection of 192 IgG-saporin into the nucleus basalis selectively eliminates cholinergicinnervation to the sensorimo-
tor cortex. A, Normal acetylcholinesterase cholinergic fiber histochemistry within layer 2/3 of motor cortex. B, Following injections
of the cholinergic-specific immunotoxin 192-IgG-saporin into the nucleus basalis and substantia inominata, there is almost a
complete loss of afferent cholinergic innervation to the cortex. Within the nucleus basalis and substantia inominata, 192-1gG SAP
injections eliminate nearly all ChAT-positive cholinergic neurons (D) when compared with ACSF-injected controls (C). Immuno-
histochemical staining for parvalbumin (parv), amarker for basal forebrain GABAergic neurons, indicated nearly identical patterns
in animals receiving either ACSF (E) or SAP (F), thus confirming the selectivity of the immunotoxin for the cholinergic component
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facial nerve transection, versus its long-
term maintenance, we conducted addi-
tional studies examining the persistence
and cholinergic dependence of long-term
motor map changes following facial nerve
transection. For this purpose, 13 animals
received SAP injections into the nucleus
basalis, and 15 animals received compara-
ble ACSF injections. Two weeks after the
injection procedure, animals were given
bilateral facial motor nerve lesions and
were returned to their home cage. After an
additional 4 weeks, animals were mapped
bilaterally using standard ICMS tech-
niques. SAP injections in this group of rats
resulted in a 97 £ 1.0% reduction in cho-
linergic innervation to the sensorimotor
cortex relative to vehicle-injected rats
(p < 0.001; unpaired ¢ test).

Facial nerve transections resulted in a
significant long-term expansion of neck
representations in both ACSF-injected
and SAP-injected animals compared with
representations from  control, pre-
transected animals (Fig. 4; neck map
area = 1.7 = 0.2 mm? in ACSF-injected
and 1.8 = 0.2 mm? in SAP-injected ani-
mals). The size of neck representations in
both groups of chronically lesioned ani-
mals was comparable to that observed im-
mediately following facial nerve transec-
tion (1.9 * 0.2 mm?) and was significantly
larger than the mean area of neck repre-
sentations before the nerve transection
(0.9 = 0.2 mm?* ANOVA p < 0.01 across
all four groups; Tukey—Kramer HSD, p <
0.05 comparing pretransection and all
other groups; no significant differences in
any other comparisons).

Consistent with observations from
acute transection experiments, there was
no difference in the size of the caudal fore-
limb representation 4 weeks after a facial
nerve injury when comparing ACSF- and
SAP-treated animals (Fig. 4B; ANOVA, p = 0.13 across all
groups). Four weeks after facial nerve lesions, the mean size of the
forelimb region was 5.1 £ 0.2 mm? in ACSF-injected rats and
5.3 = 0.2 mm~ in SAP-lesioned rats. The size of the caudal fore-
limb area in both long-term lesioned groups was also not statis-
tically different from that of pretransected animals (4.8 = 0.2
mm?) or acutely lesioned animals (4.7 = 0.2 mm?).

Cholinergic mechanisms are essential for behaviorally
mediated motor cortex plasticity

The previous experiments demonstrate that motor cortex plas-
ticity following a facial nerve transection, which occurs indepen-
dent of behavioral experience, does not require cholinergic
mechanisms. To further distinguish the contribution of cholin-
ergic mechanisms required for mediating distinct forms of corti-
cal plasticity, an additional experiment was conducted using a
paradigm in which behaviorally dependent and behaviorally in-
dependent forms of cortical plasticity were concurrently ex-
pressed within a single cortical region. Previous studies have in-
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dicated that skilled motor training is

associated with the expansion of the cau- A
dal forelimb representation (Kleim et al.,
1998; Conner et al., 2003), while our
present results indicate that facial nerve
transection selectively drives plasticity of
neck representations. On the basis of the
proposed hypothesis, it was predicted that
eliminating the basal forebrain cholinergic
system would selectively abolish plasticity
of the caudal forelimb representation that
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bilateral facial nerve transections. After
one additional week of recovery, subjects

underwent 3 weeks of skilled forelimb mo-
tor training (Conner et al., 2003; Whishaw
et al., 2003). After completion of skilled
forelimb reaching, animals were mapped
using standard ICMS techniques. SAP in-
jections in these subjects resulted in elim-
ination of 98 * 0.7% of cortical cholin-
ergic afferent innervation relative to
ACSF-injected subjects ( p < 0.001).

In agreement with previous reports
(Conner et al., 2003, 2005), SAP-injected
animals exhibited significant deficits in be-
havioral acquisition on the skilled fore-
limb reach task, with a 57 = 5% impair-

Figure3. Plasticity following an acute facial motor nerve transection does not require the basal forebrain cholinergic system.
Amodified ICMS approach was used to characterize cortical plasticity acutely following a facial nerve lesion. 4, A typical map from
anintact animal, derived using standard ICMS techniques, wherein movements evoked with the lowest stimulation threshold are
recorded. B, High amplitude stimulation within the vibrissa region in the same animal, using currents up to 200.A, reveals
additional movements of the neck or forelimb, potentially revealing inputs that may be “unmasked” by a subsequent facial nerve
transection (see Materials and Methods for details). At some vibrissa sites, high amplitude stimulation elicited only vibrissa
movements, whereas at other vibrissa sites (crosshatch area), additional neck and forelimb movements were evoked at higher
stimulus intensities. Calculation of pretransection representational areas was made based on high amplitude stimulation to
control for the potential confound of unmasking in measurements of map expansion after facial nerve lesions. €, Following a facial
nerve transection, the neck representation expands, but the forelimb representation does not. D, Quantification of changes in
motor maps across all groups reveals that no significant plasticity of caudal forelimb representations occurs in either SAP-injected
or ACSF-injected groups following facial nerve transection ( p = 0.8; unpaired t test comparing SAP and ACSF groups). E, In
contrast, facial nerve transection results in significant plasticity of neck representation in both SAP- and ACSF-injected animals
(overall ANOVA, p << 0.001; individual paired ¢ tests p << 0.01 for both ACSF and SAP groups). The extent of plasticity occurring in
the neck representation does not differ between SAP-injected and ACSF-injected subjects ( p > 0.2 unpaired  tests). Thus, the
behaviorally independent plasticity that occurs immediately following a facial nerve transection is not cholinergic-dependent.

ment in motor performance across the

final 3 d of testing relative to ACSF-

injected controls (Fig. 5; repeated measures ANOVA, p < 0.001
across all days; p < 0.01 Student’s ¢ test comparing SAP-injected
to ACSF-injected subjects on mean performance during last 3 d
of testing; ACSF-injected subjects exhibited 58 = 5% reaching
accuracy, and SAP-injected subjects exhibited 25 = 5%).

Facial motor nerve transections did not alter the ability of
animals to acquire the skilled reaching task, nor did it affect the
predicted expansion of caudal forelimb representation that oc-
curs following skilled motor training (Fig. 6). Skilled motor train-
ing in rats with facial motor nerve transections resulted in a sig-
nificant expansion of the caudal forelimb representation (6.0 =
0.2 mm?) relative to nontrained, facial motor nerve-transected
rats (5.2 = 0.2 mm?% ANOVA, p < 0.0001; post hoc Tukey—
Kramer HSD test, p < 0.05). Importantly, subjects with specific
depletion of cholinergic afferents to the cortex (SAP-injected rats
with facial nerve transections) failed to show expansion of the
caudal forelimb representation following skilled motor training
(caudal forelimb area, 4.8 = 0.2 mm?; post hoc Tukey—Kramer
HSD, p < 0.001 compared with trained animals with ACSF in-
jections; p = 0.3 compared with animals with facial nerve lesions
that did not undergo skilled motor training). Thus, cholinergic

ablation completely blocked this behaviorally dependent aspect
of cortical plasticity.

However, in the same groups of motor trained subjects, cho-
linergic depletion had no effect on behaviorally independent mo-
tor map plasticity associated with the facial nerve transection.
Neck representations were significantly larger in all facial nerve-
transected groups, both with and without cholinergic depletion,
compared with intact animals (Fig. 6; ANOVA, p <0.01; Tukey—
Kramer HSD post hoc, p < 0.05 for all groups of animals relative
to pretransection controls). Once again, the extent of neck rep-
resentation expansion did not differ significantly between SAP-
injected and ACSF-injected subjects after facial motor nerve
transection ( p = 0.8, Tukey—Kramer HSD post hoc test).

Discussion

Results of the present study provide clear evidence that acetyl-
choline is not essential for all forms of cortical map plasticity
in the adult animal. Cholinergic-dependent and cholinergic-
independent forms of cortical map plasticity can occur in the
same animal and within the same cortical domain, demonstrat-
ing that neural mechanisms underlying map plasticity vary ac-
cording to the experimental paradigm. Moreover, these findings
support the hypothesis that cholinergic mechanisms are essential
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Figure 4.  Long-term maintenance of plasticity following a facial motor nerve transection
does not require hasal forebrain cholinergic mechanisms. 4, Significant plasticity of neck rep-
resentations is chronically sustained 6 weeks after facial nerve transection (ANOVA p << 0.01; all
groups differ from pretransection group on Tukey—Kramer post hoc, p << 0.01). Moreover,
depleting cholinergicinnervation to the cortex does not affect the expression or maintenance of
facial nerve transection-induced plasticity: the extent of neck representation plasticity at long-
term time points does not differ between SAP-injected and ACSF-injected subjects ( p = 0.8,
post hoc Tukey—Kramer). B, As was observed acutely following a facial nerve transection, plas-
ticity of the caudal forelimb representations did not occur at long-term time points (ANOVA,
p>0.05).

for plasticity driven by a behaviorally relevant experience (skilled
motor training) but are not required for map plasticity that oc-
curs independent of behavioral experience. This study validates
previous reports of cholinergic-independent cortical map plas-
ticity (Kamke et al., 2005) and contributes to the development of
atheoretical framework for understanding those results. Further-
more, this study demonstrates that the neural mechanisms un-
derlying cortical map reorganization can differ based on the ex-
perimental paradigm used to evoke the plasticity.

In the present study, cholinergic lesions blocked plasticity of
forelimb motor representations driven by behavioral training but
did not block behaviorally independent plasticity of neck motor
representations. Although these findings are consistent with the
hypothesis that acetylcholine is specifically related to behaviorally
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Figure 5.  Basal forebrain cholinergic ablation impairs acquisition of skilled forelimb reach-
ing. Ablation of cortical cholinergicinnervation results in a significantimpairment in acquisition
of skilled forelimb grasping (repeated measures ANOVA, p << 0.001; *significant differences in
performance on individual days, p < 0.01). All subjects underwent facial nerve transactions
before beginning skilled forelimb reach training.

driven plasticity, it is alternatively possible that the observed plas-
ticity is modality specific, that is, that neck areas of motor cortex
can undergo plasticity without cholinergic innervation, while
forelimb areas of motor cortex cannot. The latter possibility is
unlikely, however. Experimental evidence indicates that motor
representations are quite fluid, and a site evoking forelimb move-
ments at one time can evoke neck movements subsequently
(Merzenich et al., 1988; Donoghue et al., 1990, 1995; Sanes and
Donoghue, 2000). These shifts in representations occur rapidly
and are mediated by changes in the balance of excitatory and
inhibitory connections that give rise to motor outputs
(Jankowska et al., 1975; Jacobs and Donoghue, 1991). Given the
fluidity of representations across forelimb and neck regions of
motor cortex, it seems unlikely that forelimb motor representa-
tions would selectively require acetylcholine for plasticity while
neck representations would not. Moreover, afferent cholinergic
terminals are distributed similarly across the entire motor cortex,
further suggesting acetylcholine is likely to play a comparable role
in all areas.

Our present findings substantiate the recent work of Kamke
and colleagues (Kamke et al., 2005), demonstrating that cortical
map reorganization following peripheral injury can occur inde-
pendent of cholinergic mechanisms. These results appear to di-
rectly contradict earlier studies (Juliano et al., 1991; Webster et
al,, 1991) reporting that basal forebrain cholinergic mechanisms
were required for behaviorally independent somatosensory map
plasticity following peripheral nerve lesions. Importantly, tech-
niques used in those earlier studies to ablate the basal forebrain,
including electrolytic and excitotoxic lesions, nonselectively
damage noncholinergic basal forebrain systems and fibers of pas-
sage, including GABAergic, peptidergic, serotonergic, noradren-
ergic, and dopaminergic projections (Gritti et al., 1997, 2006).
Thus, the impact of nonselective basal forebrain lesions on cor-
tical plasticity cannot be attributed specifically to cholinergic
substrates. Indeed, previous studies are consistent with the no-
tion that basal forebrain GABAergic substrates are a more likely
candidate for modulating rapid cortical reorganization after in-
jury. Pharmacological modulation of intracortical GABAergic
mechanisms can mediate shifts in cortical motor representations
within minutes (Jacobs and Donoghue, 1991). Moreover, basal
forebrain GABAergic neurons selectively innervate cortical
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GABAergic neurons and can directly influ- A
ence cortical GABAergic mechanisms
(Freund and Meskenaite, 1992). These ac-
tions are consistent with recent reports
implicating the basal forebrain GABAergic
corticopetal system in rapidly mediated
aspects of higher cognition, such as encod-
ing behavioral salience (Lin and Nicolelis,
2008) and enabling the rapid switching be-
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Previous studies using highly selective
ablation of the basal forebrain cholinergic
system have also demonstrated that cho-
linergic mechanisms are essential for me-
diating sensory plasticity associated with
whisker pairing (Baskerville et al., 1997;
Sachdev etal., 1998; Zhu and Waite, 1998).
Selective blockade of cholinergic signaling
within the barrel cortex similarly impairs
whisker pairing plasticity (Maalouf et al.,
1998). Although the contribution of be-
havioral experience in these studies of so-
matosensory plasticity was not specifically controlled for, recent
evidence strongly suggests that sensory stimulation is only effec-
tive at inducing plasticity in the context of sensory-guided behav-
ioral learning (Blake et al., 2006), requiring attentional mecha-
nisms (Recanzone et al., 1992). Sensory stimulation in the
absence of attention and behavioral engagement fails to induce
plasticity of cortical representations (Recanzone et al., 1992;
Blake et al., 2006). Thus, it is likely that plasticity associated with
whisker pairing may require cholinergic mechanisms that are
engaged in the context of increased attentional demand.

It is not completely understood why cholinergic input would
only be required for cortical plasticity driven by behavioral par-
adigms. However, it may be postulated that the basal forebrain
cholinergic system influences cortical plasticity during behav-
ioral training specifically through its role in modulating atten-
tional mechanisms. Indeed, previous studies have indicated that
the basal forebrain cholinergic system becomes most relevant in
tasks in which attentional load is increased (McGaughy et al.,
1996; Turchi and Sarter, 1997). The cholinergic system may be
necessary for the normal allocation of attention to specific corti-
cal domains or may enable cortical activity arising from afferent
sensory inputs during a relevant learning experience to drive
plasticity of cortical representations (Gu, 2002). Additional work
will be required to delineate the exact role this system plays in
modulating plasticity.

Acetylcholine, with other neuromodulatory systems, has pre-
viously been reported to exert a role in modulating ocular dom-
inance plasticity, a form of plasticity that occurs in the developing
visual cortex (Kasamatsu and Pettigrew, 1976; Hubel et al., 1977;
Daw et al., 1983; Shirokawa et al., 1989; Gu and Singer, 1993,

Figure 6.
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Cholinergic ablation selectively abolishes plasticity associated with behavioral experience. A-D, Representative
motor maps of different animals from each experimental group (intact animal, long-term postfacial nerve lesion, and animals
with facial nerve lesions with training, with and without a lesion of the basal forebrain cholinergic system). These maps demon-
strate that cholinergic ablation prevents experience-dependent plasticity (expansion) of the caudal forelimb representation
associated with skilled motor training but does not affect plasticity of neck representations generated by a facial nerve transection.
E, F, Quantification of map plasticity across all experimental subjects. E, Skilled motor training results in significant expansion of
caudal forelimb representations compared with all other groups (ANOVA, p << 0.0001; Tukey—Kramer HSD post hoc tests, p <
0.05; comparing trained animals to all other groups), and this behaviorally mediated plasticity is blocked by selective ablation of
cortical cholinergic innervation ( p = 0.35 Tukey—Kramer HSD post hoc comparing animals with a facial nerve lesion alone to
trained animals with SAP lesions and facial nerve lesions). F, In contrast, cholinergic ablation has no effect on behaviorally
independent plasticity of neck representations induced by a facial nerve transection (ANOVA, p << 0.01; p << 0.05, Tukey—Kramer
HSD post hoc comparing intact to all facial nerve transected subjects. No other significant differences were seen.).

1995). Ablation of either cholinergic or noradrenergic systems
alone in developing visual cortex was not sufficient, however, to
completely block ocular dominance plasticity; instead, both cho-
linergic and noradrenergic systems must be abolished concur-
rently to block this form of plasticity (Bear and Singer, 1986). In
contrast, we find that isolated elimination of cholinergic systems
abolishes behaviorally dependent motor cortex plasticity in the
adult brain. Although cholinergic lesions alone do not abolish
behaviorally independent plasticity associated with facial nerve
transection in the adult, it is possible that abolishing multiple
neuromodulatory systems (such as cholinergic along with norad-
renergic and/or serotonergic systems) would abolish such plas-
ticity. Additional studies are necessary to understand how multi-
ple neuromodulatory systems contribute to distinct forms of
sensory and motor plasticity.

Previous studies have documented various aspects of neuro-
nal plasticity associated with chronic peripheral nerve damage in
conjunction with the reorganization of cortical sensory and mo-
tor representations. Over very long time periods (years), periph-
eral lesions result in dramatic reorganization of dendritic and
axonal arbors at both cortical and subcortical levels in somato-
sensory regions (Florence and Kaas, 1995; Florence et al., 1998).
Although the present findings, and those of others (Kamke et al.,
2005), indicate that cortical map reorganization following pe-
ripheral damage occurs without behavioral involvement and in-
dependent of cholinergic mechanisms, it remains to be deter-
mined whether long-term changes in anatomical plasticity
require behavioral activity or a cholinergic substrate. Evidence
indicating that phantom limb pain following limb amputation
may be related to aberrant plasticity (Flor et al., 1995) emphasizes
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the importance of elucidating mechanisms of plasticity following
peripheral nerve injury.

The present study suggests that mechanisms underlying mo-
tor cortex plasticity following peripheral nerve injury differ from
plasticity mechanisms engaged by behavioral experience. Inter-
estingly, CNS injuries have been associated with both automatic,
nonbehaviorally mediated forms of plasticity, as well as plasticity
driven specifically by behavioral interventions such as motor re-
habilitation (Nudo et al., 1996a; Dijkhuizen et al., 2001; Dijkhui-
zen et al., 2003; Frost et al., 2003; Dobkin, 2004; Ramanathan et
al,, 2006). On the basis of the present results, it is hypothesized
that cholinergic mechanisms would be required for aspects of
plasticity that are behaviorally dependent but not for those that
are behaviorally independent. Previous studies investigating the
role of basal forebrain cholinergic mechanisms in modulating
plasticity following central lesions have indeed demonstrated that
specific rehabilitative motor training of the forelimb following a
focal cortical injury resulted in cortical plasticity only in the pres-
ence of an intact basal forebrain cholinergic system (Conner et
al., 2005). More importantly, functional recovery following focal
cortical injury was associated specifically with the behaviorally
driven and cholinergic-dependent aspects of plasticity (Conner
et al.,, 2005). Together, these past and present findings support
the hypothesis that cholinergic mechanisms are a critical compo-
nent for enabling behaviorally driven plasticity of cortical circuits
and raise the possibility that rehabilitative strategies that specifi-
cally evoke greater attentional demand, and subsequently recruit
cholinergic mechanisms, may promote cortical plasticity and im-
prove functional outcomes.

Although most studies have implicated the basal forebrain
cholinergic system in mediating the reorganization of motor,
sensory, or auditory cortical maps, such plasticity can occur in the
absence of cholinergic mechanisms under certain circumstances
(Kamke et al., 2005). To date, no unifying concept has emerged to
account for differing demands for cholinergic systems to achieve
cortical plasticity in various experimental paradigms. The present
study presents a new theoretical framework for the involvement
of basal forebrain cholinergic mechanisms in cortical plasticity
within adult animals, indicating that cholinergic dependency of
cortical plasticity varies as a function of the behavioral demands
of a task. Using experimental paradigms to evoke distinct forms
of plasticity in the same brain region, and within the same animal,
we demonstrate a unique dependency for cholinergic inputs only
under conditions in which plasticity is driven by behavior. These
novel findings reconcile apparent discrepancies in the field and
establish a unifying model in which basal forebrain cholinergic
mechanisms are required specifically for behaviorally mediated
facilitation of cortical map plasticity.
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