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Cognitive symptoms, complex movement deficits, and increased propensity for falls are interrelated and levodopa-unresponsive symp-
toms in patients with Parkinson’s disease (PD). We developed a test system for the assessment of fall propensity in rats and tested the
hypothesis that interactions between loss of cortical cholinergic and striatal dopaminergic afferents increase fall propensity. Rats were
trained to traverse stationary and rotating rods, placed horizontally or at inclines, and while exposed to distractors. Rats also performed
an operant Sustained Attention Task (SAT). Partial cortical cholinergic and/or caudate dopaminergic deafferentation were produced by
bilateral infusions of 192 IgG-saporin (SAP) into the basal forebrain and/or 6-hydroxydopamine (6-OHDA) into the caudate nucleus,
respectively, modeling the lesions seen in early PD. Rats with dual cholinergic– dopaminergic lesions (DL) fell more frequently than SAP
or 6-OHDA rats. Falls in DL rats were associated with incomplete rebalancing after slips and low traversal speed. Ladder rung walking and
pasta handling performance did not indicate sensorimotor deficits. SAT performance was impaired in DL and SAP rats; however, SAT
performance and falls were correlated only in DL rats. Furthermore, in DL rats, but not in rats with only dopaminergic lesions, the
placement and size of dopaminergic lesion correlated significantly with fall rates. The results support the hypothesis that after dual
cholinergic– dopaminergic lesions, attentional resources can no longer be recruited to compensate for diminished striatal control of
complex movement, thereby “unmasking” impaired striatal control of complex movements and yielding falls.

Introduction
Research using animal models of Parkinson’s disease (PD) has
focused on reproducing the motor deficits that result from exten-
sive loss of nigrostriatal dopaminergic neurons, on evaluating
treatments for this deficit, and on the modeling and treatment of
levodopa-induced dyskinesia (Zigmond and Stricker, 1989;
Montoya et al., 1991; Lundblad et al., 2002, 2004; Meredith and
Kang, 2006; Simola et al., 2007). However, up to two-thirds of PD
patients suffer from a range of nonmotor symptoms that include
cognitive impairments and deficient control of complex move-
ments, gait and balance (Langston, 2006; Cools et al., 2010; Litvan
et al., 2012). These patients are also prone for falls (Balash et al.,
2005). Falls and related movement errors, including the freezing

of gait, have been associated with attenuated attentional capaci-
ties (Balash et al., 2005; Wood et al., 2002; Allcock et al., 2009;
Lord et al., 2010; Naismith et al., 2010). These levodopa-
unresponsive symptoms often are disabling (Johnell et al., 1992),
yet their underlying neuronal mechanisms are not well under-
stood (McDowell and Chesselet, 2012).

In PD, decreases in cholinergic terminals may occur as early as
the degeneration of midbrain dopaminergic neurons (Nakano
and Hirano, 1984; Bohnen and Albin, 2009; Shimada et al., 2009).
Cholinergic cell loss progresses most severely in PD patients
developing dementia (Bohnen et al., 2003, 2012). Importantly,
reduced levels of cortical and thalamic acetylcholinesterase
(AChE), which reflects cholinergic terminal integrity, but not of
nigrostriatal dopaminergic terminal integrity, differentiated PD
fallers from nonfallers (Bohnen et al., 2009; Bohnen and Albin,
2011). We hypothesized that an animal model of fall propensity
in PD would need to reproduce loss of cortical cholinergic as well
as striatal dopaminergic projections. The former is well estab-
lished to cause impairments in attention (McGaughy et al., 1996;
Turchi and Sarter, 2000; Dalley et al., 2004; Botly and De Rosa,
2009), whereas the latter interferes with the execution of repeti-
tive, automated action patterns (Graybiel, 2008; Redgrave et al.,
2010). We further hypothesized that enhanced attentional super-
vision of complex movements, gait and balance compensates for
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deficits in striatal functions (Stam et al., 1993; Lord et al., 2010).
As a result of dual cholinergic– dopaminergic damage, such com-
pensatory supervision may no longer be available, thereby in-
creasing the risk for severe movement errors and falls (Yarnall et
al., 2011; van Schouwenburg et al., 2012).

To test this hypothesis, we determined the effects of partial
striatal dopaminergic, cortical cholinergic, and combined cholin-
ergic– dopaminergic deafferentation on the performance of a
newly developed test for the assessment of complex movements,
gait and balance, and falls (see Materials and Methods for the
development of the apparatus and justification of lesions). Ani-
mals also performed a Sustained Attention Task (SAT) (Mc-
Gaughy and Sarter, 1995; Demeter et al., 2008, 2011, 2013; Howe
et al., 2013). The present evidence indicates that dual cholin-
ergic– dopaminergic lesions increase the rate of falls in situations
requiring the attentional control of complex movements, that
attentional impairments and fall propensity are correlated, and
that cholinergic deafferentation unmasks the contributions of
dorsal striatal dopamine to complex movement, balance, and gait
control.

Materials and Methods
Animals and animal housing. Adult male Sprague Dawley rats (Harlan),
3– 6 months of age and weighing between 275 and 475 g at the beginning
of the experiments, were used. Animals were individually housed in
opaque single standard cages (27.70 cm � 20.30 cm) in a temperature-
controlled (23°C) and humidity-controlled (45%) environment under a
12 h light/dark (12:12 LD) schedule. Animals were handled extensively
before the beginning of task training. Rats were water-deprived by lim-
iting access to a 15 min period after each SAT training session. Water was
also provided as a reward for correct responses during SAT performance
(see below). On days not tested, the duration of water access was in-
creased to 30 min. Food (Rodent Chow; Harlan Teklad) was available ad
libitum. Body weights were recorded weekly. All procedures were con-
ducted in adherence with protocols approved by the University Commit-
tee on Use and Care of Animals at the University of Michigan and in
laboratories accredited by the Association for Assessment and Accredi-
tation of Laboratory Animal Care.

Number of animals and experimental timeline. The evidence reported
here is based on N � 44 rats (n � 11 rats per group [sham-lesioned;
striatal 6-hydroxydopamine (6-OHDA)-lesioned; basal forebrain 192
IgG-saporin-lesioned; rats with lesions of both striatal dopaminergic and
cortical cholinergic neurons; these groups henceforth are termed
“shams,” “6-OHDA,” “SAP,” and DUAL, “DL”]). These rats underwent
the entire battery of the Michigan Complex Motor Control Test
(MCMCT) and met histological verification criteria. The average body
weights of these animals, recorded during the final week of postlesion
MCMCT testing, were as follows (mean � SEM): sham, 372.00 � 10.24
g; 6-OHDA, 380.09 � 5.18 g; SAP, 344.27 � 12.24 g; DL, 361 � 11.28 g
(F(3,43) � 2.08, p � 0.12). An additional 7 rats of the original 51 animals
(4 shams, 3 DL) were added to the group of rats tested in the vermicelli
test (total number of animals used for this test: 8 shams, 7 DL).

Table 1 provides a survey of the timeline of experiments. Rats were
housed in their individual home cages for at least 2 weeks with ad libitum
access to water before 1 week of gradual restriction to 15 min of water
access (successive reduction to 22, 12, 8, 5, 3, 1, and 0.25 h). SAT training

then started and occurred daily until a performance criterion was
reached (see below; �1.5 months). Prelesion MCMCT training began
when the animals reached the final stage of SAT. SAT training continued
daily while animals underwent testing of the prelesion MCMCT
sequence.

Pilot experiments indicated that MCMCT performance is unaffected
by the presence or absence of water deprivation; therefore, rats were
trained or tested on SAT on the same days that testing on the MCMCT
and ladder tasks took place. SAT sessions were scheduled daily between
10:00 A.M. and 2:00 P.M. Rats were given ad libitum access to water for 15
min immediately after the completion of the SAT session. MCMCT and
ladder testing occurred between 3:00 P.M. and 6:00 P.M. on the same
days (beginning at least 1 h after completion of SAT). Data from SAT
sessions on the final 3 d of MCMCT practice before surgery were used for
prelesion analysis of performance. After receiving lesions, the animals
recovered for 2 weeks. During the first 7 d of recovery, rats were given ad
libitum access to water followed by 7 d of gradual water deprivation to 15
min of daily access (as described above). Postlesion SAT and MCMCT
testing then resumed. The MCMCT postlesion test sequence consisted of
20 d of trials and is described below (Table 2). All animals completed this
sequence in 25–35 d. SAT performance data from during the final 3 d of
MCMCT testing were used for postlesion analyses. Upon finishing the
MCMCT sequence, rats were given ad libitum access to water (with no
further SAT testing). The vermicelli test was conducted between 1 and 2

Table 1. Timeline of experiments

Prelesion

Lesion recovery: 45– 60 d

Postlesion

1–30 d 30 – 45 d 60 –95 d 95–125 d 125–140 d

Water delivery regimen Restricted Restricted Ad libitum Restricted Ad libitum Ad libitum
Daily SAT training/practice 10:00 A.M. – 2:00 P.M. 10:00 A.M. – 2:00 P.M. NA 10:00 A.M. – 2:00 P.M. NA NA
Daily MCMCT testing NA 3:00 P.M. – 6:00 P.M. NA 3:00 P.M. – 6:00 P.M. NA NA
Vermicelli test NA NA NA NA NA 3:00 P.M. – 6:00 P.M.

NA, Not applicable.

Table 2. Postsurgery MCMCT testing sequence

Day Trial type
Rotating
(10 rpm cc or cw)

Incline
(°) Distractor

No. of
trials

1 Plank shaping 0 2
Plank 0 3

2 Rod shaping 0 2
Rod 0 3

3 Plank 22.5 3
Rod 22.5 3

4 Rod cc 0 3
Rod cc 22.5 3

5 Rod/door frame shaping cc 0 Door frame 2
Ladder task 3

6 Rod cw-cc-cw-cc 0 4
7 Rod cw-cc-cw-cc 22.5 4
8 Rod cc 0 Door frame 2

Ladder task 3
9 Plank 35 3

Rod 35 3
10 Rod cc 35 4
11 Rod cw-cc-cw-cc 35 4
12 Rod/froot Loop distractor

shaping
0 Froot Loop on right side 3

13 Rod/froot Loop distractor
shaping

cc 0 Froot Loop on right side 3

14 Rod cc 0 Froot Loop on right side 3
15 Rod cw-cc-cw-cc 0 4
16 Rod cw 0 Froot Loop on right side 3
17 Rod cw-cc-cw-cc 22.5 4
18 Rod cc 0 Froot Loop on left side 3
19 Rod cw-cc-cw-cc 35 4
20 Rod cw 0 Froot Loop on left side 3
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months later. These animals were given ad libitum access to water
throughout vermicelli testing. Vermicelli testing was conducted between
3:00 P.M. and 6:00 P.M.

SAT. Evidence in support of the validity of the SAT, in terms of gen-
erating measures of sustained attentional capacity in mice, rats, and hu-
mans, has been previously described (McGaughy and Sarter, 1995;
Demeter et al., 2008, 2013). The SAT also taxes the ability to shift between
states of perceptual attention and cue-directed behavior (Howe et al.,
2013). Tonic and phasic components of right-hemispheric cholinergic
activity mediate attentional control and attentional mode shifts, respec-
tively, during SAT performance (Demeter et al., 2011; St Peters et al.,
2011; Howe et al., 2013).

Apparatus. Training and testing were conducted using 12 operant cham-
bers (MED Associates) housed within individual sound-attenuating cubi-
cles. Each chamber was equipped with two retractable levers, a central panel
white light (2.8 W), and a water dispenser located on the same wall as the
panel lights and levers capable of administering 45 �l of water per delivery.
Signal presentation, lever operation, reinforcement delivery, and data collec-
tion were controlled by a Pentium PC and Med-PC for Windows software
(version 4.1.3; MED Associates).

Acquisition. Water-deprived rats were initially trained to press a lever
for a water reward in accordance with a modified fixed ratio-1 (FR1)
schedule for water reinforcement. During this phase of training, any lever
press resulted in the delivery of water. Typically, the animals do not
exhibit a side bias with regard to which lever is pressed; however, if one
lever was pressed �5 times in succession, the FR1 schedule is modified to
require the animal to press the opposite lever before the next reward can
be obtained. After 3 consecutive days with �120 reinforced lever presses
each, the rats began training to discriminate between a signal (1 s illumi-
nation of the central panel light) and a nonsignal (no illumination) event.
Two seconds (s) after a signal or nonsignal event, both levers were ex-
tended into the operant chamber and remain extended for 4 s or until a
lever was pressed. If no press occurred after 4 s, the levers retracted and an
omission was scored. Immediately after a response (either correct or
incorrect), both levers were retracted and the variable intertrial interval
(ITI; 12 � 3 s) was reset. On signal trials, a response on the left lever was
reinforced and termed a “hit,” whereas a response on the right lever was
not reinforced and termed a “miss.” On nonsignal trials, a response on
the right lever was reinforced and termed a “correct rejection,” whereas a
response on the left lever was not reinforced and termed a “false alarm.”
Animals received water rewards only for correct responses (40 – 45 �l for
each hit and correct rejection), whereas incorrect responses (misses and
false alarms) were not rewarded. To eliminate the possibility of a selec-
tion bias, half of the animals were trained with the opposite pattern.
Signal and nonsignal events were presented in pseudorandom order for
81 trials each (total of 162 trials) per session. During this phase of train-
ing, incorrect responses were followed by correction trials in which the
trial was repeated. After three consecutive incorrect responses on correc-
tion trials, the animal underwent a forced trial in which the lever was
extended for 90 s or until the animal made a response. If the forced-
choice trial was a signal trial, the signal light remained illuminated for as
long as the lever was extended. The house light was not illuminated
during this training stage. Animals progressed to the subsequent step of
shaping if they responded correctly to �59% of both signal and nonsig-
nal trials for 3 consecutive days.

During the third phase of shaping, multiple signal durations (500, 50,
and 25 ms) were introduced and the ITI was reduced to 9 � 3 s. Correc-
tion and forced-choice trials were also eliminated. Sessions were divided
into three blocks of 54 trials each with all signal durations occurring
randomly 9 times per block. Trial type and signal duration continued to
be pseudorandomly determined for each trial. Session length was set at
40 min to allow for post hoc analysis of performance over five blocks (8
min per block). The pseudorandom selection of trial type (signal vs non-
signal) and signal duration was designed to ensure that approximately
one-half of the trials per block were signal trials and that equivalent
numbers of 500, 50, and 25 ms signals were presented during each block.
After at least 5 d of stable performance, defined by at least 70% hits to 500
ms signals, 70% correct rejections, and � 20% omissions, animals began
training in the final version of the task. The final version was identical to

the previous training stage except that the house light was illuminated
throughout the session. The addition of the illuminated house light rep-
resents a crucial element of testing sustained attention as it requires the
animal to constrain its behavior and focus on the central panel light
during task performance.

Criterion performance for advancement to receiving lesions was de-
fined as an average of �60% hits to 500 ms signals, �70% correct rejec-
tions, and �20% omissions for three consecutive sessions. Rats reached
this criterion either by the time prelesion MCMCT training was complete
(which commenced once the animals reached the final stage of SAT
training) or within 5 d after completion of MCMCT training.

Measures of SAT performance. The following behavior measures were
recorded during each SAT session: hits, misses, false alarms, correct re-
jections, and omissions. Misses and false alarms are the inverse of hits and
correct rejections, respectively. The relative number of hits (hits/hits �
misses) (percentage hits) were calculated for each signal length as well as
the relative number of correct rejections (correct rejections/correct re-
jections � false alarms). In addition, an overall measure of attentional
aptitude, the SAT score, that integrates both the relative number of hits
(h) and the relative number of false alarms (f), was also determined at
each signal duration. The SAT score was calculated using the following
formula: (h � f)/[2(h � f) � (h � f) 2]. This index differs from the
sensitivity index (Frey and Colliver, 1973) in that the former is based on
the relative number of hits and false alarms as opposed to the probabili-
ties for hits and false alarms. Thus, SAT scores are not confounded by
errors of omission. SAT scores ranged from 1.0 to �1.0, with 1.0 indi-
cating that all responses were hits and correct rejections, 0 indicating an
inability to discriminate between signal and nonsignal events, and �1.0
indicating that all responses were misses and false alarms. Errors of omis-
sion were recorded separately. Performance measures were calculated for
each of the five task blocks.

MCMCT
Rationale guiding the development of the apparatus. The attentional causes
of falls in PD patients and the elderly concern primarily the limited
attentional resources available for the supervision of complex movement
and the shift of attentional resources away from assisting subjects to
move across complex surfaces, such as stairs. Such attention shifts may be
triggered by unexpected events and competing tasks (e.g., LaPointe et al.,
2010). In PD patients, freezing of gait and loss of balance often initiate a
sequence of events that begins with attentional distraction and ends with
a fall (e.g., Allcock et al., 2009; Lord et al., 2010; Naismith et al., 2010). PD
patients prone to falls also exhibit postural control deficits when confronted
with complex surfaces, such as stairs, and they generally exhibit slower walk-
ing speeds, shorter strides, and other kinematic weaknesses compared with
patients not prone to falls (Cole et al., 2010, 2011; Nilsson et al., 2012). In the
presence of a limited attentional capacity for assisting movement, interac-
tions between postural instability and inefficient compensatory postural
control in response to mishaps contribute to falls (Hall et al., 2011;
O’Halloran et al., 2011). This apparatus was intended to reveal interactions
between impairments in complex movement, gait and balance, and atten-
tional control deficits, yielding freezing of movement, loss of balance and
poor rebalancing skills after movement errors, and, thus, falls.

The design of the MCMCT was inspired by established beam traversal
or elevated platform tests (Wallace et al., 1980; Drucker-Colín and
García-Hernández, 1991; Fleming, 2009). Such tests reveal the efficiency
of movement across runways with limited width and often placed at an
incline. For example, mice with dopaminergic depletions, or expressing
disease-associated genes found in familial PD, traverse beams at a slower
rate and require more steps (Hwang et al., 2005; Lu et al., 2009). How-
ever, established beam traversal tasks do not seem to generate falls as they
do not sufficiently tax control of complex movements or attentional
supervision of movement, and they lack explicit distractors. Our appa-
ratus (Fig. 1) specifically taxes the ability to rapidly correct movement
errors when traversing complex rotating surfaces (square rods). Travers-
ing rotating rods requires exquisite gait control, carefully timed and pre-
cisely placed weight-shifting steps, and nearly perfect limb coordination.

Apparatus. The apparatus consists of a U-shaped central rib with a
start platform on one end and a cradle for a home cage on the other. The
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distance between the center of the start platform and the home cage was
2 m. To travel from the start platform to the home cage, the apparatus
accommodates interchangeable beam elements 1.8 m in length. For the
present experiment, we used a flat plank 13.3 cm wide and a 2.54 cm 2

square-shaped rod. The ends of the beams are held in sockets that allow
the beams to be rotated by a gear motor (Cramer, 800 series, 10 RPM)
coupled to one end of the beam element. A pulse frequency modulator
allows adjustment of the rotational speed. The lower central section of
the U frame is held in a support saddle that allows the upper section to
pivot and incline the beam elements. This allows the traversal beams to be
adjusted to any angle from 0° to 45°. Hand clamps secured the rig at the
intended angle. The start platform was hinged and could be adjusted to
accommodate the incline angle. The upper ends of the U-shaped frame
also supported a rectangular frame for securing a safety net (0.7 � 0.2 m)
section of a badminton net (generic), placed 20 cm below the beam
element. The net frame also serves as a mounting point for the various
cameras, mirrors, and distractor elements described below.

Four cameras (KT&C; model KPCS190SH Black/White Bullet Camera
with 1/3” SONY Super HAD CCD; resolution 600 TVL; scanning fre-
quency 15.734 kHz (H), 59.94 Hz (V); pixels 795 (H) � 596 (V), power
DC12 V (�10%), maximal 80 mA) with rotatable bases were fastened to
the outer support frame of the outer side of the apparatus by hand
clamps. The four cameras were aligned in parallel, clamped �50 cm
apart, and adjusted so that the entire length of the beam (including the
start platform and edge of the home cages) was filmed. The images were
relayed to four grids by a splitter (Panasonic; WJ-420 Quad Unit; 120
V/60 Hz) displayed on a monitor (Panasonic CT-51390). The monitor
was able to display the images from all four cameras simultaneously and
also zoom on images captured from each individual camera. The travers-
als were recorded using a DVD-R (DR430; Toshiba) and Verbatim
DataLifePlus DVRs, and the recordings were converted to MPEG-4 Part
14 (mp4) using HandBrake software (free open source; version 0.9.8).
Two rectangular-shaped mirrors (78.0 cm � 15.5 cm) separated by �20
cm were fastened by hand clamps to the side of the apparatus opposite of
the cameras to allow for visualization of the animals’ movements on the
side of the apparatus opposite to the cameras. All trials were recorded for
further detailed analyses of performance measures.

Distracting devices were fastened into place by hand clamps connect-
ing to the support frames on either side of the apparatus and could be
presented at any distance along the beams (Fig. 1). The door frame dis-
tractor surface was 46.0 cm � 39.4 cm (with a door frame-shaped cutout
of 20.0 cm � 10.0 cm) made of foam core. The door frame distractor was
placed at the 100 cm mark of the rod with the side jambs 3.5 cm from the

rod surface on either side and the top border of the door frame cutout
11.0 cm above the flat rod surface. For the Froot Loops (FL) retrieval
distractor, the cereal was placed on a platform (4.9 cm diameter) that was
presented at the 100 cm mark, with 2–3 cm separating the rod and the
platform (Fig. 1; see below for justification of distractors).

General testing procedure. Rats were brought to the testing room inside
of their individual home cages. Typically, 3– 6 trials (detailed below) were
conducted on each rat during a session, depending on the type of trials.
At the start of a session, the lid of the rats’ home cage was removed and
the cage (containing the rat) was placed inside the holder at the end of the
apparatus and given an FL (Kellogg’s; 1.8 cm in diameter, 6 mm height,
�230 mg). Subsequent runs were rewarded by delivering an FL to the rat
upon returning to the home cage. During initial shaping trials, the rat was
placed directly on the plank or rod with their hindpaws situated on the
intended interval mark. The experimenter released rats when all four
paws were placed firmly to the beams’ surface and the animal had at-
tained an upright and symmetrical body positioning. Subsequently, rats
were placed on the start platform facing the direction of traversal. Rats
were given a maximum of 60 s to initiate traversal. Falls and other per-
formance measures were only scored after the rat initiated independent
forward movement on the rod with the hindpaws situated at the 5 cm
interval mark or beyond. A complete traversal was considered when the
rats traveled to within 5 cm of the home cage at the end of the plank or
rod (measured from the front of the rat), at which point the rats’ hind-
paws were typically located at the 160 cm interval mark. Thus, perfor-
mance measures were extracted only during traversal of the first 160 cm
of the beam.

Prelesion practice and test sequence. Rats were first required to complete
a series of shaping and test trials using the plank surface. This beam
allowed the animals to become acclimated to the traversal procedure.
Initially, rats learned to traverse the plank at 0° incline. After completion
of the third traversal, the plank was adjusted to a 22.5° incline and rats
again were required to complete three traversals. Upon completion of the
plank trials, a second shaping sequence was performed using the station-
ary (nonrotating) square-shaped rod. Rats were given as many attempts
as necessary to complete a first rod run after being released from the 150
cm mark. When a fall occurred, the rat was placed into its home cage for
60 s before the trial was reinitiated. Shaping was considered complete
after a rat successfully completed one trial from the 150 cm mark fol-
lowed by one successful traversal from the 90 cm mark in three attempts.
For subsequent trials, rats were placed on the start platform and required
to complete three full traversals (stationary rod; 0° incline). After three
complete traversals from the start platform in a condition, practice of the

Figure 1. The test apparatus (MCMCT) consists of various runways (plank, round, and square rods, placed horizontally or, as shown in a, at inclines), and with rods rotating (10 rpm) while
distractors were presented. Cameras and mirrors generate a complete record of each trial. b, Rat with cortical cholinergic and striatal dopaminergic deafferentation (DL) traversing a rotating, square
rod (note alternating rod surfaces across the 4 shots taken over 5 s; time in seconds indicated on top of each frame). Attentional distraction was triggered by the door frame and caused a fall of this
rat (into a net). Control animals exhibit a brief orientation response but rapidly recover control of movement and thus avoid falling (c). d, Control rat retrieving an FL while traversing a rotating rod.
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next condition in the sequence was initiated. The conditions were as
follows: stationary rod/0° incline, stationary rod/22.5° incline, counter-
clockwise rotating rod (10 rpm)/0° incline, and 22.5° incline. Rats were
given as many trials as necessary to successfully complete all conditions
(three completed runs). The ladder walking task (further described be-
low) was tested as a component of the MCMCT. The rats underwent
three ladder trials following completion of the rod traversals. Rats were
given a maximum of five trials each day and tested for 2 consecutive days
followed by 1 d of no testing. All animals in the study completed the
prelesion sequence within 8 test days.

Postlesion test sequence and distractor conditions. The objective of the
postlesion MCMCT test battery was to provide a progressively more
demanding sequence of conditions and to tax demands on attentional
control of gait, balance, and complex movement (Table 2).

Rats were tested between 4 and 6 d per week. Animals completed the
entire sequence within 35 d. Unlike during prelesion MCMCT testing,
consecutive falls did not result in reacclimation trials. Rats were advanced
to the next condition (Table 2) regardless of performance on the previous
condition. The postlesion MCMCT testing sequence included a number
of conditions that the rats had not previously encountered in prelesion
testing, including consecutive trials during which the rotation direction
was alternated (Table 2, counterclockwise– clockwise) and, importantly,
the door frame distractor and the FL retrieval task.

The door frame distractor was adopted based on findings that such a
distractor slows and freezes movement in PD patients (Cowie et al.,
2012). Pilot experiments indicated that the efficacy of this distractor
decreases upon multiple exposures; thus, it was presented only during
the postlesion testing. To assess the impact of a more efficacious distrac-
tor on MCMCT performance, we introduced the FL retrieval task. Re-
trieving an FL while traversing a rotating rod was thought to introduce a
“secondary task,” which diverts attention from the primary task of tra-
versing the rod. Such dual-task conditions have been demonstrated to
cause movement errors and falls in older adults (Hall et al., 2011;
O’Halloran et al., 2011) and PD patients (LaPointe et al., 2010; Yarnall et
al., 2011).

To habituate rats to retrieving an FL during traversal, they first under-
went 2 d of shaping, during which rats were offered FL on the right side,
at the �100 cm mark, and while traversing the stationary rod (day 12)
and the counterclockwise rotating rod (day 13). If a rat did not retrieve
the FL when first presented the experimenter continued to offer it as the
rat began its dismount into the cage. During the actual test trials on the
effects of this distractor, the FL were placed on a circular platform
mounted to the support frame and presented �1.5 cm to the side of the
surface of the rod (Fig. 1d). FL were placed on the left or right side of the
rod (Table 2).

Measures of MCMCT performance. The primary measures of MCMCT
performance were traversal time, slips, and falls, all extracted from trials
on rods (Table 3). For trials using the plank, only traversal time was
measured. Within each test trial, quantification of these measures began
after the rat achieved an upright, stable body posture and initiated for-

ward movement. Behavior near the very end of the beam (within 5 cm
from the end and while rat returned to the home cage) was not included.
For trials ending with a fall, traversal time and slips were quantified for
the performance before the fall and prorated by multiplying the ratio of
the distance of a full traversal to the distance where the hind limbs lost
contact of the rod during the fall.

Traversal time was defined as the latency to traverse the beam, from
the point when the rat first initiated independent forward movement
until the limbs of rats reached the 160 cm mark. When a fall occurred,
traversal time was counted up to the point where the rat first ceased
forward momentum leading to the fall and then prorated for the entire
length of the beam. A slip was scored when any of the rats’ paws lost
contact with the surface of the rod and extended below the lower hori-
zontal border of the rod during traversal. Slips were counted individually
for each paw (hind and front limbs) regardless of the extent of each slip.
After a slip of an individual paw, the paw that slipped needed to be
repositioned securely on the rod before another slip was counted from
the same paw. When a fall occurred, two slips were always counted (one
for each hindlimb) in addition to any front limb slips that may have
occurred shortly before the fall. If during a fall a rat hung from the rod by
both front paws, only two slips were counted (one for each hindpaw).

A fall was scored in the following instances: when both of the rats’ hind
limbs lost contact with the rod, causing a rat to either dismount into the
netting below the rod or hang from the rod by its front paws, when a rat
ceased forward momentum and adhered to (“hugged”) the rod while it
rotated (thus rotating upside down with it), or when an animal stopped
forward traversal and perched its body perpendicularly on the rod for �2
s. When a fall occurred, the trial was immediately ended and the rat was
placed back into its home cage for at least 60 s before the subsequent trial
commenced. Falls were not counted if a rat fell from the starting platform
or stepped off the platform and fell before establishing an upright posture
on the rod (in this case, the experimenter assisted the rat in beginning
traversal).

Performance during trials involving the FL retrieval distractor was
scored by counting the number of falls and successful retrievals and by
recording the time to traverse. The traversal times in these trials were
compared with the traversal times of the same animal during their most
recent performances on the rod in the absence of this distractor (day 15
on Table 2) to determine distractor-induced changes in traversal time.

Ladder task. We adopted the ladder rung walking test and the scoring
scheme (Metz and Whishaw, 2009) as a control task. Because of our focus
on attention-dependent movement control and falls, this task allowed us
to test the potential contributions of impairments in place-object work-
ing memory. Rats are “front-wheelers” (Schallert and Woodlee, 2005),
meaning that hindlimb movement is informed by forelimb movement
and vibrissae-based information. Hindlimb slips may indicate impaired
transfer of information about rung gaps to circuitry controlling hindlimb
movement (Whishaw et al., 2009).

Apparatus. The apparatus consists of a runway 1 m in length and 7 cm
in width with Plexiglas walls 20 cm in height. The floor is made of 3-mm-

Table 3. Stationary and rotating rod performance: synopsis of ANOVA results and multiple comparisons

Traversal time Slips Falls

0 rpm 10 rpm cw 0 rpm 10 rpm cw 0 rpm 10 rpm cw

Group *** ** ** *** NS ***
DL slower than all other

groups
DL slower than all

other groups
DL slip more often than

all other groups
DL slip more often than all

other groups
DL fall more frequent than

all other groups
(Fig. 4c)

Incline *** *** * * *** **
Slower at 35° than 0°

and 22.5°
Slower at 35° than 0°

and 22.5°
More slips at 35° than 0°

and 22.5°
Fewer slips at 22.5° than 0°

and 35°
More falls at 0° than 22.5° and 35°;

more falls at 22.5° than 35°
More falls at 0° than 22.5°

and 35°
Group � incline NS NS NS NS ** NS

At 0° DL fall more than all other
groups

(Fig. 4d)

(Fig. 4b)

NS, Not significant.

*p � 0.05; **p � 0.01; ***p � 0.001 (mixed-model ANOVAs).
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diameter rungs that are interchangeable to allow for a variable inter-rung
distance (1–5 cm). The ladder has removable pegs at the start point and
end point that allow the ladder to be tilted left or right at angles up to 35°.
In the current study, a 0° incline was used in all trials. The home cage of
the animals fits into a holder at the end of the apparatus. The starting
platform has dimensions (24.3 � 19.0 cm). The ladder rests 0.7 m above
the ground. Four cameras (KT&C; model KPC-EX20B Black/White Bul-
let Camera; resolution 420 TVL; scanning frequency 15.734 kHz (H),
59.94 Hz (V); 37 (H) � 505 (V), power DC12 V (�10%), maximum 100
mA) were adhered to a metal rod that extended underneath the ladder
rungs to film the movement and paw placements of the rats.

Trial procedure. The purpose of the ladder task was to assess traversal
speed, immobility, and step misplacements as the rats traversed on irreg-
ularly placed ladder rungs. Similar to the MCMCT, rats were trained to
leave a start platform, traverse the length of the ladder apparatus, and
climb into to their home cages placed inside of a holder at the opposite
end of the apparatus. The ladder rungs were inserted so that the distances
between successive rungs were irregular (inter-rung distances ranged
from 1 to 5 cm). Rungs remained in the same pattern for all rats through-
out the experiment. Rats were placed on the ladder start platform with
the head placed within the vertical Plexiglas walls that surrounded both
sides of the ladder rungs and with the front paws placed approximately
on the second ladder rung. The first trial conducted during postlesion
testing was considered a shaping trial and not used for data analysis. Data
from five trials postlesion (of six) were used for analysis.

Measures of ladder performance. We recorded traversal time, immobil-
ity time, slips, and paw misplacements. Traversal time commenced once
both hind limbs of the rats left the start platform and all four paws had
established firm contact on the rungs. The time was stopped once both
forelimbs left the rungs at the far end of the apparatus and grasped the
edges of the wooden cage holder. Recording of traversal time was also
stopped when an animal that had already begun a traversal ceased for-
ward movement for at least 0.5 s, at which point immobility time was
measured. Individual paw slips or misplacements were counted for every
instance that a paw (generally a hindpaw) either completely slipped off a
rung or failed to establish contact of a rung as the rat engaged in a forward
step. Slips or paw misplacements were counted individually for each paw
regardless of the degree of the slip or misplacement. A maximum of one
slip was counted for each paw on the same rung. However, a paw that had
slipped or was misplaced was not required to reestablish contact on any
particular rung in order for another slip or paw misplacement to be
scored for the same paw.

Vermicelli handling test. We adopted the vermicelli handling test (All-
red et al., 2008; Tennant et al., 2010) as a control test to determine
dexterous forepaw function. Rats were tested using raw enriched vermi-
celli pasta (1.18 mm diameter, 0.11 g/piece; Spartan). Individual pieces of
raw vermicelli pasta were cut into lengths of 7 cm using a razor blade and
marked with an ultrafine tip marker at 1.75 cm increments to aid in the
visualization of the handling of the pasta piece during video analysis.

The testing box was made of clear Plexiglas (24.0 cm width � 24.0 cm
length � 28.0 cm height) with a floor mirror to aid visualization during
analysis. A camera was placed in the front of the chamber, allowing for a
parallel recording of the subject during trials. The camera used was
a CVC-13OR B/W Weatherproof Bullet Camera (Speco Technologies).
A 40-watt lamp directed upward was placed next to the testing chamber
to provide enhanced illumination of the testing environment and allow
for clear visualization of the subjects’ digit movements.

Subjects were given five pieces of vermicelli in their home cages for at
least 5 d before testing to familiarize rats with the testing areas, pasta
handling, and taste (Tennant et al., 2010). Additionally, subjects were
habituated to the testing conditions to become acclimated to eating in the
test chamber during recording. Data were collected from two test ses-
sions/d, each one consisting of five trials. Of the 10 test trials conducted
over 2 d, only trials that allowed for clear visualization of the forepaws
were used for analysis. Between three and five trials were analyzed for all
rats in the study.

Measures of pasta handling performance. Rats typically hold a pasta
piece in both paws and move it toward the mouth using a coordinated
asymmetrical holding pattern (Allred et al., 2008). This “grasp” limb is

normally placed in a lower position from the mouth than the other paw,
to fully grasp the pasta and push. The other paw is referred to as the
“guide” paw, which is typically held closer to the mouth than the grasp
paw and pushed the pasta toward the mouth with one or two digits and
the thumb nub rather than the entire paw. As the rat eats the pasta piece,
the paws slowly come together with the piece becoming more perpendic-
ular to the mouth and one paw placed directly above the other, eventually
resulting in an interposing of the digits (Allred et al., 2008). We recorded
time needed for consumption, length of pauses, forepaw adjustments,
drops, and atypical handling behavior. Forepaw adjustments were de-
fined as any visible release or regrasp of the pasta piece or reformation of
the paw hold on the pasta piece using extension–flexion and/or abduc-
tion–adduction of the digits (Allred et al., 2008). An atypical behavior
was considered in the following instances: (1) when paws were held
together in a symmetrical fashion while the pasta piece was 3.5 cm in
length or greater; (2) when there was a change in the roles of the “grasp”
and “guide” paws after eating had commenced; (3) when the mouth was
used to pull the piece through the paws; (4) when there was a failure of the
paws to be placed in the typical symmetrical holding pattern before the
pasta piece was completely consumed; and (5) when the pasta piece was
held in the mouth at an extreme angle while tilting the head (Allred et al.,
2008).

Video-based scoring of performance. Performance measures for the
three tasks were extracted from video analysis. Video playback was
slowed down to 50% real time or frame-by-frame as needed, and zoom-
ing features allowed detailed analysis of body positioning and paw place-
ments. The mirrors on the opposite side of the beams allowed for analysis
of both sides of the plank and rods. Several trained undergraduate stu-
dents blind to the lesion status of the rats conducted video analyses.

Surgery and lesions. Justification of lesions. (1) Limited cholinergic
deafferentation (SAP). AChE-PET imaging indicated that, in PD pa-
tients, moderate decreases in cortical and thalamic cholinergic terminal
integrity were significantly correlated with attentional and other cogni-
tive impairments, and importantly, increased fall propensity (Bohnen et
al., 2009; Bohnen and Albin, 2011). PET measures of AChE likely under-
estimate the loss of cholinergic terminals, as indicated by decreases in
ChAT, but not AChE, in the same cortical tissues of patients with Alzhei-
mer’s disease (Ikonomovic et al., 2005), and the finding that cholinergic
functions are only mildly affected in mice with a heterozygous deletion of
the AChE gene (Mohr et al., 2013). Postmortem measures of ChAT
activity in the cortex of PD patients indicated a 50 – 60% decrease (Mat-
tila et al., 2001). In rats, a minimum loss of 40 – 60% of cholinergic inputs
to the anterior half of the cortex is required to produce significant im-
pairments in SAT performance (McGaughy et al., 1996; McGaughy and
Sarter, 1998; Burk et al., 2002). (2) Limited dopaminergic deafferentation
(6-OHDA). A main goal of this experiment was to model the synergistic
deficits that result from DA and non-DA circuit dysfunction, causing
movement control deficits and increased fall propensity. It was not the
goal of this research to model the primary motor symptoms of PD that
result from extensive midbrain dopaminergic cell loss. Indeed, the pres-
ence of such motor deficits after large dopamine lesions would severely
confound the ability to study complex movement control and fall pro-
pensity as a separate cluster of symptoms. Therefore, removal of dopa-
minergic projections was restricted to the dorsal striatum, as such lesions
were previously demonstrated to disrupt habitual actions (Graybiel,
2008; for review, see Redgrave et al., 2010) and to contribute to early
cognitive impairments in PD (Sawamoto et al., 2008). Moreover, as we
wished to test the significance of cholinergic prefrontal dopaminergic
striatal interactions, we targeted the medial prefrontal projection field of
the prelimbic cortex (Mailly et al., 2013). Despite the limitations of the
6-OHDA lesion model to reproduce the neuropathological process and
other neuronal hallmarks of PD, this model remains highly useful for
studying the specific hypothesis that dorsal–striatal dopamine loss inter-
acts with cortical cholinergic deafferentation to produce attentional im-
pairments and the associated increase in fall propensity, as well as for the
preclinical evaluation of treatments for these symptoms (Beal, 2010). (3)
Dual cholinergic– dopaminergic lesions (DL). As a result of cortical cho-
linergic and striatal dopaminergic deafferentation, attentional control
mechanisms were hypothesized to no longer be available for compensat-
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ing for poor habitual control, yielding impaired complex movement
control and increased fall propensity.

Methods. Surgeries were conducted in rats that reached criterion per-
formance on SAT (defined above) and successfully completed the
MCMCT prelesion training sequence. Surgeries were performed under
aseptic conditions. The animals were first placed in vaporization cham-
bers and anesthetized with 4 –5% isoflurane (delivered at 0.6 L/min O2)
using a SurgiVet Isotec 4 Anesthesia Vaporizer. The animals were then
mounted to a stereotaxic instrument (David Kopf Instruments). Isoflu-
rane was maintained at 1–3% for the remainder of the procedure. The
animals’ temperature was maintained at 37°C using Deltaphase isother-
mal pads (Braintree Scientific). Rats were given an intraperitoneal injec-
tion of an antibiotic (amikacin; 100 mg/kg). Ophthalmic ointment was
provided for lubrication of the eyes. To prevent hypovolemia and hemo-
dynamic instability during prolonged surgeries, 1 ml/100 g 0.9% of NaCl
(s.c.) was administered to the animals. Animals also received an injection
of an analgesic (buprenorphine; 0.01 mg/kg; s.c) during surgery and
repeated injections once daily beginning the day after surgery. Except for
SAP lesions, rats were also injected with desipramine hydrochloride (10
mg/kg; i.p.; Sigma-Aldrich) 30 min before the surgery for protection of
noradrenergic neurons (Breese and Traylor, 1971). Bilateral infusions
were made using a 30 gauge needle attached to a 1 �l Hamilton syringe.
The cholinotoxic immunotoxin 192 IgG-saporin (SAP; Advanced Tar-
geting System) was suspended in aCSF. The toxin (or aCSF in shams) was
infused bilaterally (200 ng/�l; 0.8 �l/hemisphere) into the region of the
nucleus basalis and substantia innominata of the basal forebrain (relative
to bregma: anteroposterior, �0.5 mm; mediolateral, �2.9 mm; dorso-
ventral, �7.5 mm from skull). 6-OHDA (Sigma-Aldrich; 4.0 �g/�l; 1
�l/hemisphere) was dissolved in 0.9% NaCl with 0.01% ascorbic acid
and infused bilaterally into two sites of caudate nucleus (anteroposterior,
�1.7 mm; mediolateral, �2.8 mm; dorsoventral, �5.0 mm; and antero-
posterior, �0.6 mm; mediolateral, �3.5 mm; dorsoventral, �5.0 mm
from skull). Infusions were intended to primarily deplete dopamine in
the region innervated by prelimbic cortical efferents (Mailly et al., 2013).
For dual (DL) lesions and sham surgeries, rats received three infusions
per hemisphere. The needle was left in position for 5–10 min to foster
absorption of the toxins. Nonabsorbable sutures were used to close the
incision and a topical antibiotic (Neosporin) was applied to the wound.

Histology. After completion of the experiments, animals were deeply
anesthetized and transcardially perfused with phosphate buffer solution
followed by 4% paraformaldehyde in 0.15 M Na-phosphate buffer with
15% picric acid, pH 7.4. Brains were removed and postfixed for 2– 6 h at
4°C, and then rinsed in 0.1 M PBS and stored in 10% sucrose PBS solution
overnight, followed by 30% sucrose PBS solution the following day and
allowed to sink. Coronal sections (40 �m) were sliced using a freezing
microtome (CM 2000R; Leica) and stored in 0.1 M PBS or antifreeze
solution until additional processing. The sections were mounted onto
gelatin-coated glass slides and allowed to dry completely. Parallel sec-
tions were processed for the immunohistochemical visualization of
ChAT or striatal TH-immunostained sections. An orbital shaker was
used throughout incubation and rinse periods. For both types of stains,
omission of the primary antibody resulted in no specific staining dem-
onstrating substrate specificity for these protocols.

ChAT immunostaining. ChAT immunostaining was accomplished us-
ing a Vectastain Elite ABC kit (PK-6105; Vector Laboratories) and a
primary antibody (polyclonal goat anti-ChAT; Millipore). Sections were
first rinsed three times for 5 min each in 0.1 M phosphate buffer, pH 7.4,
and then incubated in 0.3% peroxide for 30 min. They were rinsed again
in 0.1 M phosphate buffer two times for 5 min each. After rinsing, sections
were incubated for 1 h in a 1.5% normal blocking serum with 0.2%
Triton X. After blocking, tissue was immediately transferred to incubate
in the primary antibody (goat anti-ChAT made in rabbit; 1:250) over-
night at 4°C. The next day, tissue was rinsed three times for 5 min each in
0.1 M PBS with 0.2% Triton X. They were then incubated in the biotin-
ylated secondary antibody (biotinylated rabbit anti-goat; 1:200; supplied
in the Vectastain Elite ABC kit) for 2 h. After being rinsed three times for
5 min each in 0.2% Triton � in 0.1 M phosphate buffer, the sections were
incubated with the avidin– biotin complex (1:25) for 30 min. They were
then rinsed three times for 5 min each in 0.1 M phosphate buffer and then

developed in a peroxidase substrate solution of 0.4% DAB and 0.19%
nickel (II) chloride in 0.1 M phosphate buffer. A total of 10 �l of 30%
hydrogen peroxide was added immediately before the rinse. Once sec-
tions reached a desired color (�1–5 min), they were rinsed with 0.1 M

phosphate buffer three times for 5 min each. Sections were mounted on
gelatin-coated slides and allowed to dry overnight. The following day,
slides were dehydrated in an ascending alcohol series (70%, 90%, and
100%) and defatted in xylene before coverslipping.

TH immunostaining. TH immunostaining was performed using a Vec-
tastain Elite ABC kit (PK-6100; Vector Laboratories; rabbit IgG) and a
primary antibody (ab112; Abcam; polyclonal rabbit anti-TH). Sections
were first rinsed in 0.1 M phosphate buffer three times for 3 min each
before a 30 min incubation in 0.3% peroxide. The sections were rinsed
for 3 min 3 times in 0.1 M phosphate buffer with 0.3% Triton X and then
incubated in a 1.5% normal goat serum (blocking serum) with 0.3%
Triton X for 1 h. The sections were then washed three times for 5 M in 0.1
M phosphate buffer with 0.3% Triton X before incubation in primary
antibody (rabbit anti-TH made in goat; 1:1000) overnight at 4°C. After
�24 h, the sections were rinsed three times (3 min each) in 0.1 M PBS with
0.3% Triton X and then were incubated in the secondary antibody (bio-
tinylated rabbit anti-goat; 1:200; supplied in the Vectastain Elite ABC kit)
for 30 min. After three rinses for 3 min each in 0.3% Triton X in 0.1 M

phosphate buffer, the tissue was incubated with the avidin– biotin com-
plex (1:25) (no Triton) for 30 min. The sections were then rinsed three
times in 0.1 M phosphate buffer (3 min each) and then developed for
�1–5 min using a Vector Laboratories DAB Peroxidase Substrate Kit
(SK-4100). Sections were rinsed in 0.1 M phosphate buffer three times for
3 min each. The sections were mounted and coverslipped the following
day using the same procedure as described above.

Estimates of residual basal forebrain cholinergic neurons. To determine
potential relationships between cholinergic cell loss and measures of per-
formance, a semiquantitative estimate of the number of cholinergic neu-
rons was generated. Photographs of the ChAT-stained basal forebrain of
the two hemispheres were taken at 10� magnification using a Leica
DM400B digital microscope. Cell count estimates were taken from the
area of the nucleus basalis of Meynert (nbM) and substantia innominata
(SI) within a 680 �m � 680 �m region, and from the horizontal nucleus
of the diagnonal band/preoptic area within a 970 �m � 1340 �m region,
as shown in Figure 8f. The “count” function Photoshop CS6 was used to
quantify the number of ACh cells. This feature also tags each neuron
location noticed to prevent double-counts and allow for review by a
second counter. These semiquantitative estimates from the two hemi-
spheres were averaged to yield a single estimate per rat.

6-OHDA lesion rating. TH-immunostained sections were used to gen-
erate a single score depicting the placement and size of the bilateral
lesions. Placement accuracy ratings were based on the degree to which
the center of the lesions was in the medial striatal projection region of the
medial prefrontal (prelimbic) cortex (adopted from Mailly et al., 2013)
(see Fig. 9a). Lesions centered in and largely limited to this region re-
ceived the highest score (5), whereas lesions that remained lateral from
this prefrontal projection region received placement scores of �3, with 1
assigned to lesions not affecting the target area. Second, for each hemi-
sphere, the size of the lesions was scored, with lesions �2.00 mm (dor-
soventral) � 0.5 mm (mediolateral) � 0.5 mm (anteroposterior;
maximum extensions), or 0.5 mm 3, rated highest (5) and lesions smaller
than 0.1 mm 3 receiving the lowest score (1). The placement and size
scores (2 per hemisphere, 4 per brain) were averaged to yield the
6-OHDA lesion score for an individual rat.

Composite lesion score for DL rats. To determine the relationships be-
tween the degree of the two lesions in DL rats and measures of perfor-
mance, a composite score, reflecting the severity of the two lesions, was
generated for each individual DL rat. For this purpose, the degree of
cholinergic cell loss of two basal forebrain counting areas per hemisphere
(see Fig. 8f ) was also rated from 5 to 1 (5: �90% cell loss relative to the
grand mean from control rats; 4: �80%; 3: �70%; 2:�60%; 1: 30 –50%
loss). Thus, a rat exhibiting a near-complete cholinergic lesion as well as
large and accurately placed dopaminergic lesions would receive a com-
posite lesion score of 5 � 5 � 25.
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Confocal microscopy. Separate sections were processed for immunoflu-
orescence examination of the effects of cholinergic and dopaminergic
lesions using confocal microscopy. Free-floating sections were incubated
overnight with 1/3000 diluted rabbit anti-vesicular acetylcholine trans-
porter (VAChT; Synaptic Systems) antibody or with 1:5000 diluted
mouse anti-TH (DiaSorin; in PBS containing 0.2% Triton X-100 and 2%
normal goat serum, 4°C). On the next day, sections were washed and
incubated for 30 min in a 1/1000 dilution of Alexa-488-conjugated anti-
body against rabbit IgG (Invitrogen) and a 1/500 dilution of CY3-
conjugated antibody against mouse IgG (Jackson ImmunoResearch
Laboratories). Immunofluorescence was visualized by confocal micros-
copy (LSM 710; Zeiss).

Statistical analyses. Within-subjects repeated-measures ANOVAs and
mixed-model ANOVAs were used to determine differences between the
lesion groups (sham, 6-OHDA, SAP, or DL) on each behavioral task (for
a definition of main factors and designs, see Results). Mixed-model
ANOVAs for SAT data tested the main effects and interactions of signal
duration (where applicable: 500, 50, and 25 ms) and trial block (five 8
min blocks of trials) on percentage hits, percentage correct rejections,
SAT score, and percentage omissions. For MCMCT analyses, repeated-
measures ANOVAs were used to test for main effects and interactions of
traversal condition (stationary rod, regular rotating rod, or reverse rotat-
ing rod), incline (0°, 22.5°, or 35°), rotation (stationary rod or rotating),
and direction of rotation (clockwise or counterclockwise) on measures of
performance (detailed above). Pearson product-moment correlation
coefficients were computed between measures of SAT and MCMCT per-
formance. Post hoc analyses for within-subjects comparisons were per-
formed using t test and the Least Significant Difference (LSD) test.
Statistical analyses were performed using SPSS for Windows (version
17.0; SPSS). In cases of violation of the sphericity assumption, Huyhn–
Feldt-corrected F values, along with uncorrected degrees of freedom, are
given. Alpha was set at 0.05. As detailed in Results, lower � levels are used
for individual analyses to account for the separate analysis of dependent
performance measures. Exact p values are reported as was recommended
previously (Greenwald et al., 1996).

Results
Prelesion SAT and MCMCT performance
Prelesion performance was analyzed to verify that performance
did not differ between rats scheduled to receive one of the four
types of surgery (factor: “group”). Mixed-model ANOVA on the
effects of group (between-subject factor), signal duration
(within-subject factor), and block of trials (within-subject factor)
on SAT scores indicated the absence of a main effect of group
(F(3,40) � 1.55, p � 0.22). As was expected, performance varied by
signal duration (F(2,80) � 573.98, p � 0.001). Performance did
not differ across block of trials (F(4,160) � 1.87, p � 0.20). All
interactions involving the factor group were not significant (all
F � 1.01, all p � 0.43). Post hoc comparisons confirmed higher
SAT scores for longest signals compared with 50 ms signals (500
ms, 0.66 � 0.01; 50 ms, 0.23 � 0.01; p � 0.001) and 25 ms signals
(25 ms, 0.07 � 0.01; p � 0.001). Errors of omission remained
generally low (0.60 � 0.06%) and were also not affected by group
(F(3,40) � 0.39, p � 0.76).

The analysis of prelesion MCMCT performance was based on
trials requiring traversal of the rotating (counterclockwise) rod at
0° and 22.5° inclines (three trials at each incline). There were no
main effects of group on falls, slips, and traversal time (falls,
F(3,40) � 0.12, p � 0.95; slips, F(3,40) � 0.64, p � 0.59; traversal
time, F(3,40) � 1.43, p � 0.25). Unexpectedly, the steeper incline
produced less falls than traversing the rod at 0° incline (main
effect of incline [within-subject factor]: F(1,40) � 17.89, p � 0.001;
0°, 17.73 � 3.86%; 22.5°, 0.75 � 0.75%) and less slips (F(1,40) �
16.59, p � 0.001; 0°, 2.31 � 0.23; 22.5°, 1.18 � 0.13). Traversal
time was not affected by incline (F(1,40) � 0.56, p � 0.46; 4.58 �
0.14 s). Importantly, the effects of group and incline did not

interact on any measure of performance (all F � 0.77, all p �
0.52). Thus, neither SAT nor MCMCT performance differed be-
tween rats assigned to the four groups.

Postlesion SAT performance
SAT score
Mixed-model ANOVA on the effects of group (between-subject
factor), signal duration (within-subject factor), and block of trials
(within-subject factor) on SAT scores indicated main effects of all
three factors (group: F(3,40) � 9.36, p � 0.001; signal duration:
F(2,80) � 211.17, p � 0.001; block of trials: F(4,160) � 3.39, p �
0.01). Multiple comparisons (LSD) between groups (main effect)
indicated that both SAP and DL rats performed at lower levels
than shams and 6-OHDA rats (LSD, all p � 0.01). SAT scores did
not differ between shams and 6-OHDA rats or between SAP and
DL rats. The main effect of signal duration was based on all rats
scoring more hits to longest signals compared with 50 ms (SAT
scores based on hits to 500 ms duration: 0.49 � 0.03; 50 ms:
0.13 � 0.02; p � 0.001) and 25 ms signals (25 ms: 0.04 � 0.02; p �
0.001). The main effect of blocks of trials reflected a general de-
cline in performance during the last (fifth) and fourth blocks of
trials compared with the first block of trials (SAT score for block
1: 0.26 � 0.02; block 5: 0.18 � 0.03, p � 0.001; block 4: 0.20 �
0.03, p � 0.02).

The effects of group and signal duration on SAT scores inter-
acted significantly (F(6,80) � 5.67; p � 0.001; Fig. 2a), whereas all
other two- and three-way interactions involving group remained
insignificant (all F � 1.20, all p � 0.29). Post hoc analyses of the
interaction first indicated significant effects of group separately
for each signal duration (all three: F � 5.69, p � 0.002). Multiple
comparisons (Fig. 2a) indicated mainly that SAT scores calcu-
lated over hits to the longest signal duration were lower in SAP
and DL rats than in shams and 6-OHDA rats. Unexpectedly, SAT
scores for the two shorter signals were higher in 6-OHDA rats
than in all other groups. Collectively, the SAT scores from the
four groups indicate that cholinergic lesions impaired SAT per-
formance and that additional 6-OHDA lesions (DL) did not aug-
ment this impairment.

Hits, correct rejections, omissions
The significant interaction between the effects of group and sig-
nal duration found in the analysis of SAT scores (above) was
reproduced in the analysis of hits (group: F(3,40) � 2.06, p � 0.12;
duration: F(2,80) � 194.61, p � 0.001; group � signal duration:
F(6,80) � 7.60, p � 0.001; Figure 2b). The interaction between
group and signal duration was explored by post hoc one-way
ANOVAs on the effects of group for hits to individual signal
durations. This analysis indicated a significant effect for only hits
to longest signals (F(3,44) � 4.55, p � 0.008; medium and short
durations: both F � 2.58, both p � 0.06). Multiple comparisons
found that the hits in DL rats were significantly lower than in
sham and 6-OHDA rats (Fig. 2b). The analysis of correct rejec-
tions did not indicate the effects of group (F(3,40) � 1.82, p � 0.16;
Fig. 2c). Finally, omissions remained low and did not differ be-
tween groups (F(3,40) � 0.75, p � 0.53; Fig. 2d).

Thus, together, postlesion SAT performance was character-
ized by a decrease in hits in animals with loss of cholinergic neu-
rons (SAP and DL). Striatal dopamine loss did not augment the
impairment in SAT performance that resulted from cholinergic
lesions. These findings also confirm that the integrity of the cor-
tical cholinergic input system is necessary for SAT performance
(McGaughy et al., 1996; Howe et al., 2013).
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Postlesion MCMCT performance
Effects of repeated MCMCT testing
As detailed in Table 2, rats were tested on
the MCMCT for 20 consecutive days/ses-
sions, using increasingly complex and
presumably progressively demanding
conditions (e.g., from stationary rods to
rotating rods to alternatingly rotating
rods, from horizontal rods to 22.5° and
35° inclines, and with the addition of dis-
tractors). This sequence was designed to
counteract potential performance bene-
fits resulting from repeated testing while
reliably revealing the expected perfor-
mance deficits of animals with lesions. To
quantify the impact of repeated testing
and to verify the overall efficacy of this
design, fall rates from all sessions/condi-
tions using the rotating rod, but not in-
volving the plank, stationary rod,
distractor shaping, and distractor tests,
were analyzed using a mixed-model
ANOVA on the effects of group (between-
subject factor) and condition (within-
subject factor). The main effect of group
(F(3,40) � 16.12, p � 0.001) reflected that
DL rats fell more frequently than all the
other three groups and that SAP rats fell
more often than shams and 6-OHDA rats
(Fig. 3). The main effect of condition also
reached significance (F(8,320) � 4.56, p �
0.001). Multiple comparisons generally
indicated lower falls in later when com-
pared with earlier conditions (1 vs 2, 5, 7,
and 8; 2 vs 8; 3 vs 4, 5, 7, and 8; 4, 5, 6, and 7 vs 8; all p � 0.05). The
interactions between the effects of group and condition were not
significant (F(24,320) � 1.00, p � 0.46), indicating that, although
all animals improved their performance with repeated MCMCT
testing, DL and SAP rats consistently fell more frequently
throughout the testing sequence, presumably reflecting the
implementation of progressively more demanding traversal
conditions.

Individual test conditions
Plank traversal. Postlesion plank traversal tests were conducted at
0°, 22.5°, and 35° incline (different inclines were tested on sepa-
rate days; see Materials and Methods). The analysis of the effects
of group (between-subject factor) and incline (within-subject
factor) on traversal time yielded a trend for a main effect of group
(F(3,40) � 2.79, p � 0.053), a main effect of incline (F(2,80) � 18.00,
p � 0.001), and a significant interaction between the two factors
(F(6,80) � 3.42, p � 0.005). Post hoc multiple comparisons of the
main effect of group indicated that DL rats were significantly
slower than the other three groups (all p � 0.03). Furthermore,
and as expected, all animals were slower traversing the plank at
22.5° and 35° incline compared with 0° (both p � 0.006), and also
slower at the steepest compared with the 22.5° incline (p � 0.003;
Fig. 4a). Post hoc one-way ANOVAs over the effects of group per
incline level indicated a significant effect for the 35° incline
(F(3,43) � 4.95, p � 0.005). DL rats were slower than all other
groups at the 35° incline (all p � 0.01; Fig. 4a).

Stationary and rotating rods. All remaining MCMCT tests were
based on rod beam performance. Distractor conditions (door

frame and FL retrieval) were interspersed within these trials and
analyzed separately (below). We first determined the rats’ ability
to traverse the stationary (nonrotating rod) at the three inclines.
Table 3 and Figure 4 provide an overview over main findings
from ANOVAs and illustrate main results, respectively. This sec-
tion will summarize, and where possible condenses, the main
findings, focusing on results that, given the analysis of three de-
pendent measures (traverse time, slips, and falls), are significant
at an � of 0.05/3 � 0.016. Except for one condition (falls on
stationary rod), DL rats performed worse than all other groups
(main effect of group: all F(3,40) � 7.04, all p � 0.001; Fig. 4c,f).
Multiple comparisons did not indicate differences between
shams, 6-OHDA, and SAP rats. At the steepest incline, animals
were generally slower and committed more slips than at 22.5° or
0° inclines. Rotating the rod did not worsen the effects of incline
(Table 3), and the effects on incline did not interact with group
(Table 3).

The analysis of falls from rods at steeper inclines generated
unexpected results. Although DL rats produced more falls on the
rotating rod than the other three groups (above), all rats gener-
ated more falls when traversing the flat rod (0° incline) compared
with steeper inclines (regardless of stationary or rotating; main
effects of incline on falls; both F(2,80) � 5.37, p � 0.006). More-
over, on the stationary rod, DL rats fell more often than the other
three groups but only at 0° incline (group � incline: F(6,80) �
3.17, p � 0.008; Fig. 4b). Rotating the rod abolished this interac-
tion, with DL rats falling more often than all other rats at all
inclines (main effect of group; Table 3; Fig. 4d). In summary,
these analyses indicated that DL rats were impaired traversing the

Figure 2. Postlesion SAT performance (N �44, n �11 per group). a, Overall SAT performance, as illustrated by SAT scores, was
impaired in SAP and DL rats compared with shams and 6-OHDA rats. The effects on SAT scores were partly reproduced in the
analysis of hits (b), whereas correct rejections (c) remained unaffected by the lesions. “Floor” effects may have limited the
demonstration of significant differences between DL, SAP, and shams for SAT scores and hits to the two shorter signal durations.
Unexpectedly, SAT scores of 6-OHDA rats were higher than those of the other three groups. Omissions were low and did not differ
between groups (d). Consistent with prior evidence, these findings indicate that (partial) cholinergic lesions impair SAT perfor-
mance. Additional striatal dopamine loss (DL rats) did not increase the severity of the effects of cholinergic cell loss. Multiple
comparisons that were based on significant main effects or interactions resulting from ANOVAs that are described in Results: *p �
0.05; **p � 0.01; ***p � 0.001.
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rod, but even DL rats’ performance was relatively better when
traversing the stationary rod at steeper inclines.

Reverse rotation effects. Animals were trained traversing the
rotating rod using counterclockwise rotation (Table 2). Clock-
wise rotation rod traversal performance was assessed on selected
days as indicated in Table 2. Performing this unfamiliar version
of the task was thought to tax traversal performance and thus
limit the activation of performance reserves by steeper inclines,

thereby revealing more falls in lesioned
rats and for steeper inclines. Omnibus
ANOVA confirmed that rotation direc-
tion affected falls (main effect of rotation
direction: F(1,40) � 35.01, p � 0.001;
counterclockwise, 9.66 � 1.92% falls;
clockwise, 31.63 � 3.47%). Furthermore,
DL as well as SAP rats fell more frequently
than shams and 6-OHDA rats (main effect
of group: F(3,40) � 12.44, p � 0.001; shams,
6.82 � 2.20% falls; 6-OHDA, 10.61 �
2.42%; SAP, 26.14 � 3.91%; DL, 39.02 �
4.52%; multiple comparisons indicated
that DL and SAP rats fall more often than
shams and 6-OHDA rats, both p � 0.02
and DL rats also fall more often than SAP
rats, p � 0.04). Moreover, the effects of
group and rotation direction interacted
significantly (F(3,40) � 4.07, p � 0.01).
As illustrated in Figure 5a, DL rats fall
more often than SAP rats in the coun-
terclockwise condition, but when tested
in the rarer clockwise condition, both
SAP and DL rats fall in approximately
half of these trials. However, contrary to
our expectation, steeper inclines again
failed to worsen the performance of le-
sioned rats (no interaction between
group, rotation direction, and incline;
Fig. 5b).

Distractor-induced falls. Subgroups of PD patients exhibit
freezing if presented with passive distractors, such as doorways
(Cowie et al., 2012), thereby increasing the risk for gait distur-
bances, movement errors, and falls (Cole et al., 2010, 2011; Plot-
nik et al., 2012). Furthermore, distractors that compete more
actively for attentional resources, acting as secondary tasks if co-
inciding with ongoing demands on gait control and complex

Figure 3. Fall rates across the MCMCT sequence shown in Table 2, except for plank trials, rod shaping, distractor shaping, and distractor trials (N �44, n �11 per group). The distractor trials were
designed to generated higher fall rates and thus were not included in this analysis of the effects of repeated testing on the MCMCT. ANOVA (see Results) confirmed that all rats improved across these
sessions/conditions but that DL and SAP rats fall consistently more often than 6-OHDA and shams (multiple comparisons indicated).

Figure 4. Postlesion MCMCT performance (see also Table 4; N � 44, n � 11 per group). a, DL rats required more time to
traverse the plank at 22.5° and 35° inclines than the rats of the other three groups (see Results for ANOVAs). b, DL rats also
committed more falls while traversing the stationary rod; unexpectedly, all animals fall less at steeper inclines (group name instead
of bar indicates no falls). c, d, Rotating the rod counterclockwise again revealed the greater fall propensity of DL rats compared with
all other animals (main effect of group in c), but rotating the rod prevented the performance benefits of steeper inclines seen on the
stationary rod (because there was no interaction between the effects of group and incline, d does not indicate multiple
comparisons).
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movement (primary task), trigger falls in
PD patients (LaPointe et al., 2010; Lord et
al., 2010).

The door frame distractor was pre-
sented four times, on days 5 (familiariza-
tion) and 8 (Table 2), to rats traversing the
rotating rod (counterclockwise) at 0° in-
cline. Performance was analyzed based on
falls from three trials on day 4 (no distrac-
tor but using identical testing conditions)
and on three trials in the presence of the
distractor (second trial on day 5 plus two
trials on day 8). Because we observed that
repeated exposure to this passive distrac-
tor lessened its impact, this analysis also
included the factor trial (three trials). This
analysis confirmed the efficacy of the dis-
tractor in triggering falls (main effect:
F(1,40) � 7.73, p � 0.008; no door, 32.52 �
4.85% falls; door, 53.03 � 5.55%). More-
over, DL rats fell more frequently com-
pared with all other rats (main effect of
group: F(3,40) � 3.32, p � 0.029; shams,
31.82 � 8.06% falls; 6-OHDA, 36.27 �
8.47%; SAP, 40.86 � 6.58%; DL, 62.09 �
7.39%; multiple comparisons indicated
DL fell more often than shams and
6-OHDA rats; both p � 0.03). Repeated
testing (within a daily session) markedly
reduced fall frequency (main effect of tri-
al: F(2,80) � 5.00, p � 0.009; trial 1,
57.97 � 5.13% falls; trial 2, 39.77 �
5.29%; trial 3, 29.55 � 5.22%; more falls
in trial 1 than in 2 and 3; both p � 0.05),
but this improvement did not interact
with the effects of groups and distractor
(both two-way and one three-way inter-
action: all F � 0.93, all p � 0.49; Fig. 6a).

The FL was presented during traversal
of the rotating rod (0° incline). The direc-
tion of rotation as well as the side of the
rod on which the food reward was placed
was changed between test days to persis-
tently challenge traversal performance
(days 14, 16, 18, and 20; Table 2). To sim-
plify this analysis, the effects of group and
distractor were analyzed over averaged fall
scores from these 4 d; control data were taken from day 15 (alter-
nating rotation direction, no distractor). This distractor likewise
increased the number of falls (F(1,40) � 8.09, p � 0.007; no FL,
18.75 � 3.55% falls; FL, 28.91 � 3.48%). Also, as before, a main
effect of group (F(3,40) � 7.43, p � 0.001) indicated that DL rats
fell more often than shams and 6-OHDA rats (both p � 0.001)
but, in this case, SAP rats also fell more frequently than shams and
6-OHDA rats (both p � 0.03). However, mirroring the effects of
the door frame distractor, the group � distractor interaction
failed to reach significance (F(3,40) � 1.33, p � 0.28; Figure 6b).

The absence of a greater impact of the distractor on falls in
lesioned rats raised the possibility that, as a result of specifically
loss of cortical cholinergic inputs (SAP and DL), the processing of
information about the distractor was attenuated, thereby dimin-
ishing the impact of the distractor (see the diminished distractor
effects in SAP rats in McGaughy et al., 1996). To test this hypoth-

esis, we predicted that distractors, presented in trials not leading
to falls, slow traversal time less in SAP and DL rats than in the
other two groups. Thus, we analyzed traversal time for those trials
during which the door frame or FL distractor was presented,
which did not end in falls and, regarding the FL distractor, in
which the animals did not attempt to retrieve the FL (as falls and
retrievals would invalidate traversal time comparisons between
trials with and without distractors). The analysis confirmed that
presentation of both distractors slowed traversal time (main ef-
fects: door frame, F(1,32) � 22.36, p � 0.001; no door, 5.55 �
0.27 s; door, 6.80 � 0.30 s; FL, F(1,37) � 35.54, p � 0.001; no FL,
4.76 � 0.28 s; FL, 5.97 � 0.29 s). DL rats were again generally
slower, although the main effect of group reached significance
only in the analysis of the effects of the door frame distractor
(F(3,32) � 3.43, p � 0.03; FL, F(3,37) � 1.94, p � 0.14). Further-
more, the effects of group and distractor on traversal time inter-

Figure 5. Clockwise rotation of the rod was tested occasionally (see Table 1) to assess whether this less familiar rotation
direction revealed more falls in lesioned rats as well as interactions with the effects of incline (N � 44, n � 11 per group). a, The
more severe effects of clockwise rotation in SAP and DL rats than in shams and 6-OHDA rats (see Results for omnibus ANOVA), with
SAP rats now producing as many falls as DL rats. b, Steeper inclines did not reveal more severe effects of the lesions (because of the
absence of significant interactions between the effects of group, rotation direction, and incline, multiple comparisons are not
indicated in b).
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acted significantly for the analysis of the FL distractor (F(3,37) �
5.33, p � 0.004) but not for the door frame distractor (F(3,32) �
1.31, p � 0.29). Inspection of the traversal times for these nonfall/
nonretrieval trials indicated that the presence of the distractor
slowed the traversal speed of shams and 6-OHDA rats but not of
SAP and DL rats (Fig. 6c,d). As shown in Figure 6d, shams and
6-OHDA rats required 61% and 36% more time to traverse the
rod in the presence of the FL distractor, whereas SAP and DL rats
added only 9% and 7%, respectively. Post hoc one-way ANOVAs
further indicated that, in the absence of a distractor, DL rats
required more time to traverse the rod than all other rats (F(3,37)

� 4.10, p � 0.013), whereas in the presence of the distractor this
difference was abolished (F(3,47) � 1.14, p � 0.35; see Fig. 6d).

Microbehavioral analysis of falls in DL rats
DL rats consistently fell more frequently than the other groups,
specifically on the rotating rod. They were also generally slower in
traversing rods (and planks) and generated more slips (see fur-
ther below for correlations between measures of performance).
We inspected falls as well as completed runs in DL and sham rats
(counterclockwise, 0° incline) to identify putative overt behav-
ioral correlates associated with slips and falls, and with prevent-
ing recovery from slips. Although the speed and resolution of the
available recording technique limited this video-based analyses,
several salient features were extracted that contributed to the
greater fall propensity in DL rats and their more limited ability to
recover form slips.

Slower traversal speed, lower step frequency and “slouched
posture” in DL rats
As already described, DL rats are generally slower; and as will be
described below, traversal speed and falls are significantly corre-

lated in DL rats. DL rats traveled less dis-
tance per step (sham, 15.97 � 0.43 cm per
step; DL, 14.79 � 0.30; t(21) � 4.91, p �
0.04), and this required more time to
complete a stride cycle (sham, 0.41 �
0.04 s; DL, 0.56 � 0.05; t(21) � 6.47, p �
0.02). A relatively lower forward momen-
tum may less effectively counteract the
perpendicular (leftward) force exerted by
the counterclockwise rotating beam. DL
rats often attempted to compensate for
this by “overreaching” with their front
paws in an attempt to cover more distance
per stride; however, relatively slow
hindlimb movement often resulted in
overextension, lowering of their bodies
onto the rod, and thereby hindering
hindlimb replacement when slips oc-
curred. This “slouched posture” was also
associated with the tail pointing down-
ward and limp (see Less effective rebal-
ancing after slips in DL rats). We
quantified the frequency of such postures
during the 50 cm preceding a fall (DL,
68.97 � 8.74% of falls preceded by
“slouched posture”; shams, 27.27 �
14.08%; t(39) � 2.28, p � 0.02).

More micropauses in DL rats
Shams are faster, and they appear to gen-
erally exhibit a more fluid run across the
rod. An estimate of the number of micro-

pauses, defined as a momentary freezing of forward movement
lasting no longer than 1 s, indicated a significantly greater num-
ber of such pauses in completed runs in DL rats (shams, 0.64 �
0.15 micropauses per trial; DL, 1.36 � 0.25; t(21) � 2.91, p �
0.02). On the rotating rod, micropauses enhance the risk for slips
and impose balance corrections, thereby increasing the risk for
falls (falls of category 2; see above).

Less effective rebalancing after slips in DL rats
After a slip on the rotating rod counterclockwise, shams appeared
to use active tail motion to assist rebalancing associated with
rapid reinitiation of forward movement. In contrast, tail motions
in DL rats were often absent, and reinitiation of forward move-
ment was delayed (see also “slouched position,” above). We an-
alyzed trials in which slips caused a pause, but not a fall, and
counted the proportion of trials in which active tail motion and
forward movement immediately followed the slip, as opposed to
triggering a prolonged stoppage and a slow recovery (DL, 68.75 �
11.97% of trials with slow recovery; shams, 30.77 � 13.33%;
t(28) � 4.56, p � 0.04). In these cases, DL rats recovered forward
movement by a sudden push up from a “slouching position” and
in the forward direction.

Correlations between SAT and MCMCT performance
We hypothesized that the relatively poorer MCMCT perfor-
mance of SAP and DL rats was associated with poorer SAT per-
formance. Moreover, relationships between MCMCT measures
(falls, slips, traversal time) were analyzed. Correlations with SAT
performance were calculated using the relative number of hits to
500 ms signals because “floor” effects in the hits to shorter signals
prevent the demonstration of lesion effects.

Figure 6. DL rats again generally fell more frequently than all other rats, and the door frame (a) as well as the FL (b) distractor
increased falls in all rats (see Results for main effects; N � 44, n � 11 per group). As we hypothesized that the distractors were less
effectively processed in rats with loss of cholinergic neurons (SAP and DL), we also analyzed traversal time in trials in which the
distractors did not produce falls and, in case of the FL distractor, did not generate retrieval attempts (c,d). Traversal speed slowed
in the presence of distractors in shams and 6-OHDA rats, yielding a significant interaction between distactor and group in the
analysis of the effects of the DL distractor. d, Results of post hoc one-way ANOVAs indicating that shams, 6-OHDA, and SAP rats were
faster than DL rats in the absence of the distractor but that distractor-induced slowing of the traversal speed of shams and 6-OHDA
rats abolished this difference.
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The number of falls in the MCMCT
(averaged per animals over all rod condi-
tions not involving distractors and shap-
ing conditions) was higher in DL rats that
missed more signals in the SAT (hits aver-
aged per rat based on the three sessions
that took place during the last 3 d of MC-
MCT testing). Such a correlation was not
found in the data from the other three
groups (Fig. 7a). Notably, inspection of
the data in Figure 7a indicates that the hit
rates of several SAP rats were as low as for
DL rats, yet these rats did not fall as often
as DL rats. In contrast, slips and hits were
correlated in both SAP and DL rats (Fig-
ure 7b). Together, these observations sug-
gest that increases in slips reflect the
(attentional) impact of cholinergic lesions
(SAP and DL), but for slips to reliably pro-
duce falls, additional striatal dopaminer-
gic damage is required. Falls are also
correlated with traversal time, except for
6-OHDA rats (Fig. 7d), and slips and tra-
versal time were positively correlated in all
four groups (data not shown; all R 2�
0.40; all p � 0.05). Thus, lower traversal
speed, slips, and falls are interrelated mea-
sures of MCMCT performance, but low
hit rates in the SAT predicted falls only in
DL rats.

Sensorimotor control tests
As noted in Materials and Methods, the
ladder task and the vermicelli pasta han-
dling tests were used to assess potential
effects of the lesions on primary sensori-
motor skills, specifically hindlimb control
and dexterous forepaw function, respec-
tively. DL rats were slower than all the other three groups in
traversing the ladder (F(3,43) � 5.92, p � 0.002; shams, 6.48 �
0.40 s; 6-OHDA, 6.92 � 0.33 s; SAP, 6.81 � 0.43 s; DL, 8.50 �
0.28 s; DL vs all other groups, all three, p � 0.005). However,
neither immobility time nor the number of slips differed between
groups (both F(3,44) � 2.64, both p � 0.06).

After completion of the MCMCT sequence, 8 shams and 7
DLs were tested on the vermicelli pasta handling test. Group-
based comparisons of latency to eat, duration of pauses during
consumption, number of left and right paw adjustments, drops,
and number of atypical consumption behaviors (defined in Ma-
terials and Methods) did not yield any significant differences
(with � adjusted to 0.05/6). Rats required 26.14 � 1.74 s to con-
sume one piece of pasta, paused for a total of 2.23 � 0.85 s, made
12.57 � 1.82 right and 11.67 � 1.17 left paw adjustments,
dropped the pasta 0.082 � 0.035 times, and exhibited 3.49 � 1.23
atypical consumption behaviors.

Histological analyses
Generally, SAP lesions resulted in variable levels of cholinergic
cell loss (losses ranging from 20% to �90% based on estimates of
residual ChAT-positive neurons in the basal forebrain and
ChAT- or VAChT-immunoreactive puncta in the cortex; Fig. 8).
As previously observed (McGaughy et al., 1996, 1999; Turchi and
Sarter, 2000; Burk et al., 2002), SAP diffuses readily and thus

reliably deafferented medial, dorsal, and parietal cortical regions,
resulting in minor variations of the lesion space. Semiquantita-
tive estimates of residual ChAT-positive neurons in the two
counting regions (Fig. 8f) were as follows: nbM: shams, 23.13 �
4.48; SAP, 7.22 � 1.40; DL, 5.72 � 1.18; F(2,25) � 13.14, p � 0.001;
post hoc comparisons indicated lower numbers on SAP and DL
compared with shams; HDM: shams, 137.38 � 15.54; SAP,
50.44 � 8.85; DL, 58.83 � 16.28; F(2,25) � 11.50, p � 0.001; post
hoc comparisons indicated lower numbers on SAP and DL com-
pared with shams. The estimates from the two counting regions
were significantly correlated (SAP and DL rats; R 2 � 0.39; p �
0.0007), reflecting the diffusion of the immunotoxin into the
dorsal and ventral counting region. Estimates taken from the dorsal
(nbM) but not ventral counting area (HDB; Fig. 8f) correlated with
hits (nbM: R2 � 0.24; p � 0.041), confirming that prefrontal and
frontoparietal deafferentation causes SAT impairments (Luiten et
al., 1987; McGaughy and Sarter, 1998). Residual cholinergic cell es-
timates did not correlate with falls (all R2 � 0.03).

Infusions of 6-OHDA into the caudate nucleus generated re-
liable, �90% reductions in TH immunoreactivity (Fig. 9g,h) yet
resulted in more variable lesion spaces. Thus, 6-OHDA lesions
were scored on the basis of their location (higher scores for place-
ments in the terminal field or medial prefrontal projections; see
Fig. 9a) and extension (Fig. 9a–f; see Materials and Methods).
6-OHDA lesion scores ranked from 1 to 5 (best placed and larg-

Figure 7. Correlations between SAT performance and falls and slips in the MCMCT (a, b) and between measures of MCMCT
performance (c, d); square correlation coefficients for the relationship between the measures and for individual groups are
indicated, together with levels of significance (as indicated in the legend of Fig. 2). In DL rats only, lower hits in the SAT predicted
more falls in the MCMCT (a). In contrast, cholinergic cell loss, including in DL rats, appears to be specifically correlated with slips (b).
Falls are correlated with slips and traversal time in all groups, except 6-OHDA rats (c, d), and traversal time and slips were
significantly correlated in all groups (data not shown; see Results).
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est), with median scores of 2.50 for 6-OHDA rats and 2.75 for DL
rats (interquartile ranges: 1.5. and 1.13, respectively).

As described in Materials and Methods, a composite cho-
linergic– dopaminergic lesion score was generated to analyze
the relationship between the two lesions in DL rats and falls.
This combined lesion score correlated significantly with falls
(R 2 � 0.48; p � 0.037). In contrast, individual cholinergic cell
estimates in DL rats did not correlate with falls (nbM and HDB
estimates; both R 2 � 0.03; p � 0.73). Importantly, in DL rats,

the dopaminergic lesion score alone correlated significantly
with falls (R 2 � 0.58; p � 0.017). Analyzing the individual
components of the dopaminergic lesion score indicated that
the more the 6-OHDA lesions were placed in the prefrontal
projection field and the larger they were the greater the num-
ber of falls (both R 2 � 0.47, both p � 0.04). This finding
contrasts with the absence of a correlation between the lesion
score and falls in rats with 6-OHDA lesions only (R 2 � 0.02;
p � 0.68).

Figure 8. a, b, Cholinergic neurons and varicosities, visualized by confocal microscopy (1– 4 are consecutive slices) of VAChT immunofluorescence, in the intact basal forebrain (a; 20.43 �m/slice)
and the same region of a SAP-lesioned rat (b; 3.77 �m/slice; scales in 1– 4 are 40 �m). e, Localization of cholinergic neurons in the nucleus basalis of Meynert (nbM), the substantia innominata (SI),
and the horizontal nucleus of the diagonal band and the magnocellular preoptic region (HDB/MCPO). GP, Globus pallidus, CPu, caudate–putamen. Green square represents the location of the slices
1– 4 in a and b in the ventral nbM. There are two residual neurons in b (arrows). c, d, VAChT-positive varicosities in the parietal cortex of the same rat (e, green square for location of the consecutive
slices 1– 4 shown in c [5.66 �m/slice] and d [5.30 �m/slice]). Analysis of immunoreactive puncta in the cortex indicted a 75% loss in cholinergic innervation relative to control cortex. f,
ChAT-positive neurons on a coronal section from a sham rat brain. Red arrows indicate the needle tract from the sham surgery. The three regions of cholinergic neurons are indicated by lightly shaded
areas (see also e). The two framed regions represent the areas used to generate estimates of the density of (residual) cholinergic neurons (see Materials and Methods).
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Discussion
Our experiments demonstrated that rats
with combined cortical cholinergic–stria-
tal dopaminergic deafferentation (DL)
exhibited an increased propensity for falls,
assessed by a new behavioral apparatus,
that fall rate and SAT performance corre-
lated in DL rats, but not in rats with only
cholinergic or dopaminergic lesions (SAP
or 6-OHDA), that cholinergic cell loss
correlated with SAT performance, and,
importantly, that in DL rats the placement
and size of the dopaminergic lesions cor-
related with fall rates. Here we discuss the
validity of the behavioral test apparatus in
terms of revealing fall propensity and the
evidence in support of the conclusion that
the increased fall rate in DL rats reflects
the loss of attentional capacities to com-
pensate for impairments in the striatal
control of complex movement.

Across all MCMCT testing conditions
involving rods, whether stationary or ro-
tating, SAP and DL rats fell more fre-
quently than shams and 6-OHDA rats.
MCMCT performance by 6-OHDA rats
did not differ from shams. In SAP rats, fall
rates were only moderately increased over
shams and when compared with the high
rates in DL rats. Moreover, SAP rats did
not fall more frequently than shams when
traversing the stationary rod, but they
reached fall rates that corresponded to
those seen in DL rats when traversing
the rod rotating at the less familiar
clockwise direction (Fig. 5b). Traversing
the clockwise-rotating rod presumably re-
quired major adaptions of gait and bal-
ance control, including counteracting the
now reversed perpendicular (rightward)
force of the rod. Moreover, performing
this task required rats to modify the kine-
matic mechanisms used to rebalance after
slips, including a shifting of the center of
mass into the opposite direction than on
the more familiar leftward turning rod.
The finding that, in SAP rats, the number
of slips was correlated with SAT perfor-
mance (Fig. 7b) supports the hypothesis that impairments in
attention contributed to errors in complex movement, gait and
balance, and therefore likely also to impaired rebalancing after slips
(Allcock et al., 2009; LaPointe et al., 2010; O’Halloran et al., 2011;
Yarnall et al., 2011; see also Martin et al., 2013).

DL rats fell more frequently across all MCMCT testing condi-
tions. Slower forward movement, micropauses, “slouched” posi-
tions, and impaired rebalancing after slips were associated with falls.
These symptoms in DL rats may model the postural instabilities and
gait control deficits that are associated with falls in PD patients
(Wood et al., 2002; Balash et al., 2005; Cole et al., 2011; Galna et al.,
2013). Unexpectedly, traversing rods did not enhance fall rates if
placed at inclines; indeed, when stationary and placed at inclines, rod
performance improved over stationary, flat rod performance. It is

not clear whether this beneficial effect of incline represents an advan-
tage of quadrupedal locomotion or whether this particular task ac-
tivated cognitive–behavioral resources to benefit performance.
However, when rotating the rod, this benefit of incline was abolished
(Fig. 4c), suggesting that it was not merely the result of the kinematic
effects of uphill locomotion (e.g., Arnold et al., 2013).

We hypothesized that the greater propensity for falls in DL
rats reflected a loss of attentional compensation of the deficits in
the striatal control of the complex movements required to tra-
verse stationary and rotating rods. First, a significant correlation
between fall rate and the relative number of hits in the SAT was
found only in DL rats (Fig. 7a; SAP and DL rats’ SAT perfor-
mance did not differ statistically). Furthermore, correlations be-
tween slips and hits, slips and falls, and falls and traversal speed
were all significant in DL rats (Fig. 7), consistent with the view

Figure 9. 6-OHDA-induced loss of TH immunoreactivity in the caudate nucleus. a, Striatal projection region of the medial
prefrontal cortex, which was the target region for infusions of 6-OHDA (reproduced from Mailly et al., 2013, their Fig. 4c). b, c,
Representative extensions of loss of TH immunoreactivity and rating of placements (5 [best] to 1; see Materials and Methods). The
yellow and pink lesions received highest ratings for placement, whereas the deafferentation of the blue and green examples was
only partly placed in the target region and thus received lower ratings. d–f, Sections showing TH immunoreactivity in the caudate
of lesioned hemispheres. Scale bars, 500 �m. To further exemplify the ratings of these lesions, d was rated 5 for placement and 5
for size (for definition, see Materials and Methods), e was rated 5 for placement and 2 for size, and f received a 4 for placement and
a 2 for size. g, h, TH immunofluorescence in the caudate nucleus (confocal microscopy) of an intact rat (g; 1– 4 are consecutive
slices; 4.71 �m/slice) and a 6-OHDA-lesioned rat (h; 3.77 �m/slice; scales in slices are 40 �m). Morphometric analyses of residual
TH puncta indicated a consistently near complete (�90%) reduction of TH immunofluorescence in the center of 6-OHDA lesions.
In DL rats, the placement and size of the dopaminergic lesions correlated with fall rates.
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that the impairments in MCMCT performance were associated
with their attentional deficits.

The second argument in support of this hypothesis is based on
the analysis of the lesions and the relationships between the le-
sions and SAT and MCMCT performance. Dopaminergic lesions
alone (6-OHDA rats) impaired neither SAT nor MCMCT per-
formance. As shown in Figure 2a, 6-OHDA rats’ SAT perfor-
mance to the two shorter signals indeed was better than in all
other groups. We speculate that the intact cholinergic system of
6-OHDA rats permitted such an overcompensatory attentional
control in response to impaired habitual (striatal) control of per-
formance (Redgrave et al., 2010; see also van Schouwenburg et al.,
2012). Thus, the striatal deficit was “masked” by attentional
mechanisms. However, in DL rats, fall rates were not correlated
with cholinergic cell loss but with the placement and size of the
dopaminergic lesions. In other words, dopaminergic deafferen-
tation, that per se (6-OHDA rats) did not affect MCMCT perfor-
mance, became the sole predictor of fall rates when combined
with cortical cholinergic deafferentation. We interpret this find-
ing as indicating that, in the presence of attentional control def-
icits, impairments in the striatal control of complex movements,
gait and balance, are “unmasked.” If correct, this hypothesis
would predict upregulated tonic cholinergic mediation of SAT
performance in 6-OHDA rats (Sarter and Paolone, 2011; see also
St Peters et al., 2011; Paolone et al., 2013).

Once “unmasked” by cholinergic lesions, slow traversal per-
formance, lower step frequency, “slouched posture,” and im-
paired rebalancing after slips, and thus falls, characterized the
MCMCT performance of rats with striatal dopamine loss (see
comparable effects on posture and step size in rats with large
dopamine lesions treated with an anticholinergic drug) (Pellis et
al., 1987). These observations are consistent with evidence indi-
cating that striatal circuitry integrates the cognitive–motivational
aspects of goal-oriented behavior (Kim et al., 2013; Wang et al.,
2013), including the sequencing of current versus future move-
ment plans (Bhutani et al., 2013), with habitual support for such
behaviors (see also Graybiel, 2008; Smith et al., 2012). The un-
masking of these functions by cortical cholinergic deafferenta-
tion, as well as the seemingly paradoxical enhancement of SAT
performance in 6-OHDA rats, is broadly consistent with the pro-
posal that prefrontal–striatal systems are competitive, albeit in-
teracting, systems for flexible, experience-based performance
and for computationally more simplistic, habit-based perfor-
mance, respectively (Daw et al., 2005).

We expected that the door frame and FL distractors would
disproportionally increase the number of falls in DL rats. This
was not the case. The distractors increased falls in all animals but
more so in shams and 6-OHDA rats than in SAP and DL rats,
abolishing statistical differences seen in the absence of distrac-
tors. As described in Results, in trials not ending with falls and, in
case of the FL distractor not involving FL retrieval, the distractors
slowed traversal time in shams and 6-OHDA rats, but not in SAP
and DL rats. We interpret these data as suggesting that, as a result
of cholinergic lesions, processing of the distractors was dimin-
ished. Our previous finding supports the view that prefrontal
cholinergic deafferentation attenuates the frequency and ampli-
tude of distractor-evoked prefrontal neuronal activity (Gill et al.,
2000). Alternatively, and as DL rats fell in close to 60% of trials in
the absence of distractors, we cannot rule out that “ceiling effects”
for falls limited the demonstration of even greater fall rates in
response to distractors.

As discussed, the present lesions were guided by evidence in-
dicating that decreases in cholinergic activity in the cortex of PD

patients are associated with increased fall risk (Bohnen and Albin,
2009; Bohnen et al., 2009) and the intent to reproduce the limited
striatal dopamine loss seen early in PD (Sawamoto et al., 2008).
Although it may be considered more valid to study the mecha-
nisms of fall propensity in a full model of PD, the primary senso-
rimotor consequences of large or even unilateral dopamine
lesions (for review, see Meredith and Kang, 2006; Simola et al.,
2007) would enormously complicate the neuronal, behavioral,
and cognitive interpretation of changes in fall propensity. The
goal of this research is to determine specifically the cognitive–
behavioral symptoms associated with loss in multiple neuronal
systems (Langston, 2006), rather than focusing on developing a
comprehensive model of the disease. It will be important to also
assess the contributions of another cholinergic pathway, origi-
nating in the pendunculopontine nucleus and projecting to the
dopaminergic midbrain and thalamus, to complex movement
dysfunctions and falls (Bohnen et al., 2009; Karachi et al., 2010;
Grabli et al., 2013).

An interesting corollary prediction from our results is that
anti-cholinergic agents may have particularly adverse effects
on postural stability in PD patients, especially under demand-
ing gait conditions or when confronted with distractions.
Anti-muscarinic cholinergic agents are used, albeit with decreas-
ing frequency, primarily to treat tremor in PD. The contribution
of anticholinergic drugs to falls in the elderly is well established
(Aizenberg et al., 2002). Similar studies have not, however, been
performed in PD patients. Studying the effects of cholinergic
agents on gait and postural control under demanding conditions
in PD subjects may be useful in further dissecting the role of
cholinergic systems in gait and balance functions. Nicotinic drugs
have been demonstrated to benefit SAT performance (Howe et
al., 2010) and, thus, in interaction with potentially relatively low
doses of L-DOPA, may benefit the nonmotor symptoms of PD
(Schneider et al., 1998, 1999, 2003; Decamp and Schneider,
2009).
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