Journal of Cerebral Blood Flow & Metabolism (2012) 32, 1609-1617
© 2012 ISCBFM All rights reserved 0271-678X/12 $32.00

www.jcbfm.com

Heterogeneity of cholinergic denervation in
Parkinson’s disease without dementia
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Parkinson’s disease (PD) is a multisystem neurodegenerative disorder. Heterogeneous clinical
features may reflect heterogeneous changes in different brain regions. In contrast to the
pronounced nigrostriatal denervation characteristic of PD, cholinergic changes are less marked.
We investigated cholinergic innervation activity in PD subjects relative to normal subjects.
Nondemented PD subjects (n=101, age 65.3+7.2 years) and normal subjects (n=29, age
66.8 + 10.9 years) underwent clinical assessment and [''C]methyl-4-piperidinyl propionate acetyl-
cholinesterase and [''C]dihydrotetrabenazine monoaminergic positron emission tomography (PET)
imaging. Cholinergic projection changes were heterogeneous for 65 out of 101 PD subjects who
had neocortical and thalamic acetylcholinesterase activity within the normal range. The remainder
had combined neocortical and thalamic (13/101), isolated neocortical (18/101), or isolated thalamic
(5/101) acetylcholinesterase activity below the normal range. The low neocortical acetylcholin-
esterase activity subgroup had significantly lower global cognitive performance compared with the
normal range subgroup (F =7.64, P=0.0069) with an independent effect for nigrostriatal denervation
(F=7.60, P=0.0074). The low thalamic acetylcholinesterase activity subgroup did not differ from
the normal thalamic acetylcholinesterase activity subgroup in cognitive performance or motor
impairments except for a history of falls (P=0.0023). Cholinergic denervation is heterogeneous with
reduced neocortical and/or thalamic acetylcholinesterase activity in 36% of nondemented PD
subjects with corresponding clinical phenotypic variation. Results also show independent cognitive
effects for both cholinergic and dopaminergic system changes in nhondemented PD subjects.
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Introduction

Parkinson’s disease (PD) is viewed traditionally as a
motor syndrome arising from nigrostriatal dopami-
nergic denervation. Abundant data, however, indi-
cate that PD is a multisystem neurodegenerative
disorder. PD is clinically heterogeneous with differ-
ences in the severity of clinical features among
individual PD patients. In the early stages, PD
exhibits severe nigrostriatal degeneration of rela-
tively uniform magnitude and distribution. Variation
in clinical features may result from deficiency of
other neurotransmitter systems and pathologies
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(Cumming and Borghammer, 2012). In addition to
the well-known reductions in dopaminergic path-
ways, there is also evidence for alterations in
cholinergic pathways in PD (Arendt et al, 1983).
Previous studies found cognitive correlates of cor-
tical cholinergic denervation (Bohnen et al, 2006b;
Shimada et al, 2009), whereas subcortical (pontine
tegmentum projection system) denervation is asso-
ciated with a history of falls and gait problems in
PD (Bohnen et al, 2009; Gilman et al, 2010).

In contrast to severe striatal dopaminergic terminal
losses, exceeding 50% to 80% in PD subjects with
clinically manifest motor symptoms (Frey et al, 1996;
Guttman et al, 1997), in vivo acetylcholinesterase
studies show cholinergic projection losses in the
magnitude of 5% to 25% in PD subjects without or
with dementia (Bohnen et al, 2003; Hilker et al, 2005;
Shimada et al, 2009; Shinotoh et al, 1999). The more
limited and variable cholinergic losses suggest
the presence of overlap in cholinergic projection
system integrity between PD and control groups.
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Effectiveness of cholinergic augmentation therapy as
a strategy to manage cognitive or mobility problems
in PD is expected to be greater in the subset of
patients with significant cholinergic denervation
compared with patients with relative integrity of
cholinergic projections.

We set out to examine the heterogeneity of
cholinergic denervation in patients with PD relative
to a normal comparison group using acetylcholines-
terase positron emission tomography (PET). There
are two major brain cholinergic projection systems.
The first arises in the basal forebrain complex,
providing the principal cholinergic input of the
cortical mantle and is known to degenerate in PD.
The second arises in the pedunculopontine nucleus,
a brainstem locomotor center, and provides choli-
nergic inputs to the thalamus, cerebellum, basal
ganglia, other brainstem nuclei, and the spinal cord
(Heckers et al, 1992a). Acetylcholinesterase PET
imaging assesses cholinergic terminal integrity with
cortical uptake reflecting largely basal forebrain and
thalamic uptake principally reflecting pedunculo-
pontine nucleus integrity. We explored differences in
clinical features in the subsets of PD patients with
below normal versus normal range -cholinergic
projection integrity. Significant clinical phenotypic
variations between the cholinergic subgroups were
further assessed while controlling for the degree of
nigrostriatal denervation.

Subjects and methods
Subjects and Clinical Test Battery

This cross-sectional study involved 101 subjects
with PD (76 men and 25 women), mean age
65.3.£7.2 (range 50 to 84) years, and 29 control
non-PD and cognitively normal subjects (16 men and
13 women), mean age 66.8+10.9 (range 50 to 84)
years. PD subjects met the UK Parkinson’s Disease
Society Brain Bank clinical diagnostic criteria
(Hughes et al, 1992). The diagnosis of PD was
confirmed by the presence of nigrostriatal dopami-
nergic denervation as revealed by (+)-["'Cldihydro-
tetrabenazine vesicular monoamine type 2 (VMAT2)
PET. In all, 34 PD subjects were taking a combination
of dopamine agonist and carbidopa-levodopa medi-
cations, 50 were using carbidopa-levodopa alone, 9
were taking dopamine agonists alone, and 8 were not
receiving dopaminergic drugs. No subjects were
being treated with anticholinergic or cholinesterase
inhibitor drugs. Most subjects had moderate severity
of disease: 4 patients in stage 1, 6 in stage 1.5, 24 in
stage 2, 49 in stage 2.5, 16 in stage 3, and 2 in stage 4
of the modified Hoehn and Yahr classification
(Hoehn and Yahr, 1967). Mean duration of disease
was 5.9+ 3.9 (range 0.5 to 19) years.

The Movement Disorder Society-revised Unified
Parkinson’s Disease Rating Scale (UPDRS) was per-
formed in the practically defined ‘off’ state (Goetz
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et al, 2007). A history of falls was also documented.
Subjects receiving dopaminergic medications were
examined and imaged first with the (+)-[''C]di-
hydrotetrabenazine VMAT2 ligand in the morning
after dopaminergic medications had been withheld
overnight. All patients completed the VMAT2 and
acetylcholinesterase PET scan on the same day
except for four patients because of scheduling or
radiosynthesis reasons. Patients on dopaminergic
drugs were allowed to resume their medications
during a rest break between the VMAT2 and
acetylcholinesterase PET scan. Magnetic resonance
imaging (MRI) scans for most subjects were also
performed on the same day after a rest break in the
afternoon except in 13 patients because of schedul-
ing reasons. For these subjects, MR imaging was
performed within several days to few weeks.

Each patient underwent a neuropsychological exa-
mination as follows: neuropsychological tests evaluat-
ing multiple cognitive domains were used for analysis
following the approach previously reported for cogni-
tive impairment in PD (Aarsland et al, 2009). These
tests included measures of verbal and nonverbal
memory: California Verbal Learning Test (Delis et al,
2000) and Benton Visual Retention Test (Benton, 1974);
executive/reasoning functions: WAIS I Picture
Arrangement test (Wechsler, 1997), and Stroop Color
Word Interference test together with a switching
version of the Stroop 3 test in which subjects name
the ink, unless the word is surrounded by a box, in
which case they read the word itself (Stroop 4).
Performance of this task makes an additional demand
on cognitive flexibility (Bohnen et al, 1992). Stroop
Color Word Interference Test scores were calculated as
the time difference for completion of the interference
measures minus the noninterference tasks; attention/
psychomotor speed as absolute times on the Stroop 1
and 2 subtests; and visuospatial function: Benton
Judgment of Line Orientation test (Benton et al,
1975). Composite z-scores were calculated for these
different cognitive domains (memory, executive, atten-
tion, and visuospatial functions) based on normative
data. A global composite z-score was calculated as the
average of the four domain z-scores. Patients with
evidence of dementia as defined by a global composite
z-score of less than —2 and significant impairments of
instrumental activities of daily living were not eligible
for the study.

The study was approved by and study procedures
were followed in accordance with the ethical
standards of the Institutional Review Boards of the
University of Michigan and Veterans Affairs Ann
Arbor Health System for studies involving human
subjects. Written informed consent was obtained
from all subjects.

Imaging Techniques

All subjects underwent brain MRI and [*'Clmethyl-
4-piperidinyl propionate (acetylcholinesterase) and



(+)-[""Cldihydrotetrabenazine VMAT2 PET. MRI was
performed on a 3Tesla Philips Achieva system
(Philips, Best, The Netherlands) using an 8-channel
head coil and the ‘ISOVOX’ exam card protocol
primarily designed to yield isotropic spatial resolution.
A standard T1-weighted series of a three-dimen-
sional inversion recovery-prepared turbo-field-echo
was performed in the sagittal plane using TR/TE/
TI=9.8/4.6/1,041ms; turbo factor=200; single aver-
age; field of view =240 x 200 x 160 mm; acquired
matrix =240 x 200. A total of 160 slices were recon-
structed to 1 mm isotropic resolution. This sequence
maximizes contrast among gray matter, white matter,
and cerebrospinal fluid and provides high-resolution
delineation of cortical and subcortical structures.

The ["'Clmethyl-4-piperidinyl propionate and
(+)-[""Cldihydrotetrabenazine PET imaging were
performed in three-dimensional imaging mode using
an ECAT HR+ tomograph (Siemens Molecular
Imaging, Knoxville, TN), which acquires 63 transax-
ial slices (slice thickness: 2.4 mm; intrinsic in-plane
resolution: 4.1 mm full-width at half maximum over
a 15.2cm axial field of view. A NeuroShield
(Scanwell Systems, Montreal, Canada) head-holder/
shielding unit was attached to the patient bed to
reduce the contribution of detected photon events
originating from the body outside the scanner field of
view (Thompson et al, 2001). Before [*'C]dihydrote-
trabenazine and ["*C]methyl-4-piperidinyl propio-
nate injections, a 5-minute transmission scan was
acquired using rotating ®®*Ge rods for attenuation cor-
rection of emission data using the standard vendor-
supplied segmentation and reprojection routines.

The ["'Clmethyl-4-piperidinyl propionate was
prepared in high radiochemical purity (>95%) by
N-[""C]methylation of piperidin-4-yl propionate
using a previously described method (Snyder et al,
1998). Dynamic PET scanning was performed for
70 minutes as previously reported (Bohnen et al,
2010).

No-carrier-added  (+)-[""C]ldihydrotetrabenazine
(250 to 1,000 Ci/mmol at the time of injection) was
prepared as reported previously (Jewett et al, 1997).
Dynamic PET scanning was performed for 60 min-
utes as previously reported (Bohnen et al, 2006a).

Analysis

All image frames were spatially coregistered within
subjects with a rigid-body transformation to reduce
the effects of subject motion during the imaging
session (Minoshima et al, 1993). Interactive Data
Language image analysis software (Research Sys-
tems, Boulder, CO) was used to manually trace
volumes of interest on MRI images to include the
thalamus, caudate nucleus, and putamen of each
hemisphere. Total neocortical volume of interest
were defined using semiautomated threshold deli-
neation of the cortical gray matter signal on the
MRI scan.
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Acetylcholinesterase ["'Clmethyl-4-piperidinyl
propionate hydrolysis rates (k;) were estimated using
the striatal volume of interest (defined by manual
tracing on the MRI scan of the putamen and caudate
nucleus) as the tissue reference for the integral of the
precursor delivery (Nagatsuka et al, 2001). The lower
limit of normal is commonly determined using the
lower 5th percentile or 95% confidence interval
obtained from healthy subjects (White et al, 1988).
Therefore, the 5th percentile cutoff of acetylcholi-
nesterase activity in the cognitively normal non-PD
elderly was used to define activity levels falling
below the normal range.

The (+)-[""Cldihydrotetrabenazine distribution
volume ratios were estimated using the Logan plot
graphical analysis method with the striatal time activity
curves as the input function and the total neocortex
as reference tissue, a reference region overall low in
VMAT?2 binding sites, with the assumption that the
nondisplaceable distribution is uniform across the
brain at equilibrium (Koeppe et al, 1999).

Standard pooled-variance t or Satterthwaite’s
method of approximate t-tests (fupprox) Were used for
group comparisons (SAS version 9.2, SAS Institute,
Cary, NC). Analysis of covariance for cognitive
variables used rank transformation because of non-
normal distribution of z-scores between cholinergic
subgroups. The y* testing was performed to compare
proportions between groups. Logistic regression
analysis was performed to evaluate categorical
dependent variables (history of falls) in relationship
to thalamic cholinergic subgroups and striatal
VMAT?2 activity. Bonferroni correction for multiple
testing was performed for each main analysis.

Results
Acetylcholinesterase PET Imaging

Analysis of the ['"C]methyl-4-piperidinyl propionate
acetylcholinesterase PET data showed reduced mean
neocortical (—10.3%) and thalamic acetylcholines-
terase (—9.5%) activity in the PD group compared
with the control subjects (Table 1).

Although average neocortical and thalamic acetyl-
cholinesterase activities were significantly reduced
in the PD compared with the normal group, a signi-
ficant number of subjects with PD had acetylcholi-
nesterase activities in the normal range for both
neocortical and thalamic regions (Figures 1 and 2).

PD Subjects with Reduced Acetylcholinesterase
Activity

Based on the 5th percentile cutoff for normal range
acetylcholinesterase activity, there were 31 out of
101 (31%) subjects with below normal range neocor-
tical acetylcholinesterase activity and 18 subjects
(18%) with below normal range thalamic acetyl-
cholinesterase activity. Table 2 lists the frequency of
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Table 1 Mean (+s.d.) neocortical and thalamic [**Clmethyl-4-piperidinyl propionate acetylcholinesterase hydrolysis rates (ks; per
minute) and striatal (+)-[*'Cldihydrotetrabenazine VMAT2 distribution volume ratio in Parkinson’s disease and control subjects

Parkinson’s disease
subjects (n=101)

Statistical
significance

Normal subjects
(m=29)

Neocortical acetylcholinesterase ks
Thalamic acetylcholinesterase k;

0.0236 £ 0.0027
0.0542 +0.0056

0.0263 £ 0.0027
0.0599+0.0074

t=4.7; P<0.0001*
fapprox=3.9; P=0.0004"

Striatal VMAT?2 distribution volume ratio 1.93+0.27 3.03+0.31 t=18.7, P<0.0001?*
VMAT2, vesicular monoamine type 2.
Significant variable after Bonferroni correction.
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Figure 1 Group scatter plot of distribution of neocortical
[*1CImethyl-4-piperidinyl propionate acetylcholinesterase activ-
ity (ks hydrolysis rate, per minute) in healthy control (HC) and
Parkinson’s disease (PD) subjects.

combined low versus normal range neocortical and
thalamic acetylcholinesterase activity. Sixty-five
subjects (65%) had both normal range neocortical
and thalamic acetylcholinesterase activity.

Clinical Correlates of Neocortical Acetylcholinesterase
Activity

Out of 101 patients, 31 (31%) had below normal
range neocortical acetylcholinesterase activity.
Patients with below normal range neocortical acetyl-
cholinesterase activity were slightly older (Table 3).
There were no significant differences in striatal
VMAT?2 binding, duration of disease, or the Unified
Parkinson’s Disease Rating Scale scores between
the two groups. Global cognitive performance was
decreased in the patients with below normal versus
normal range neocortical acetylcholinesterase acti-
vity (Table 3).
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ity (ks hydrolysis rate, per minute) in healthy control (HC) and
Parkinson’s disease (PD) subjects.

A post hoc analysis of the cognitive domain
z-scores showed significantly lower performance
for the verbal learning (¢=2.68, P=0.0087), executive
functions (f.pprox=2.76, P=0.0084), and attention
(tapprox=2.96, P=0.0051) domains but not visuo-
spatial domain scores (fpprox=1.91, P=0.064) in the
patients with below normal versus normal range
neocortical acetylcholinesterase activity.

Analysis of covariance was used to compare
cognitive performance scores between the subgroups
of normal range versus low cortical acetylcholines-
terase activity using striatal (+)-[*'Cldihydrotetra-
benazine VMAT2 activity as covariate. The overall
model was significant (F=9.45, P=0.0002), with
significantly lower global cognitive z-scores in the
low compared with the normal range neocortical
acetylcholinesterase group (F=7.64, P=0.0069) and
an independently significant regression for striatal
(+)-["'Cldihydrotetrabenazine =~ VMAT2  binding
(F=7.50, P=0.0074). Results for the specific cogni-
tive domains showed significant cholinergic sub-
group effects for verbal learning, executive functions,
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Table 2 Frequency of combined low versus normal range neocortical and thalamic ['!Clmethyl-4-piperidinyl propionate
acetylcholinesterase activity in Parkinson’s disease without dementia

Neocortical acetylcholinesterase Thalamic acetylcholinesterase Frequency Percent Cumulative frequency
Low Low 13 13% 13%
Low Normal range 18 18% 31%
Normal range Low 5 5% 36%
Normal range Normal range 65 64% 100%

Table 3 Mean (*s.d.) values of clinical, striatal (+)-[*!Cldihydrotetrabenazine VMAT2 distribution volume ratio, and cognitive z-
scores in the subgroup of patients with Parkinson’s disease below versus normal range neocortical [*'Clmethyl-4-piperidinyl

propionate acetylcholinesterase activity

Low neocortical Normal range neocortical Statistical
acetylcholinesterase group acetylcholinesterase group significance
(m=31) (m=70)
Age 69.0+7.0 63.7£6.8 t=3.70; P=0.0004"
Duration of motor disease 7.0%4.3 5.5+3.7 t=1.88; P=0.065
Striatal VMAT?2 distribution volume ratio 1.84+0.22 1.98+0.28 t=2.31, P=0.023
Nonmotor experiences of daily living 6.2414.25 6.63 £4.87 1=0.38, P=0.70
Motor experiences of daily living 9.86 £5.50 7.96+6.31 t=1.45, P=0.15
Motor UPDRS 36.16 £ 13.62 30.30%+13.79 t=1.98, P=0.051
8.5-m walking time 9.48+2.78 8.02+1.82 tapprox = 2.67, P=0.011
History of falls 11 out of 31 (36%) 16 out of 70 (23%) 7?=1.75, P=0.19
Global composite z-score —0.80+1.04 —0.14+0.63 tapprox = 3.16, P=0.0031°

UPDRS, Unified Parkinson Disease Rating Scale; VMAT2, vesicular monoamine type 2.

Significant variable after Bonferroni correction.
Subjects with a history of falls are presented as proportions.

and attention z-scores (Table 4). These domains also
revealed independent striatal dopaminergic effects.
The analysis of covariance model for the visuospatial
domain z-score was not significant.

Clinical Correlates of Thalamic Acetylcholinesterase
Activity

Eighteen patients (18%) had below normal range
thalamic acetylcholinesterase activity. Other than a
history of falls, there were no significant differences
in clinical, striatal VMAT2, motor, or cognitive
variables between groups after correction for multi-
ple testing (Table 5).

There were 27 subjects (27%) who reported a
history of falls. Falls were more frequent in the
subgroup of subjects with low thalamic acetyl-
cholinesterase activity, 56% versus 21% fallers, in
the normal range thalamic acetylcholinesterase
group (x*=9.3, P=0.0023). Logistic regression ana-
lysis using fall history as an dependent variable
and thalamic acetylcholinesterase group and striatal
(+)-["*Cldihydrotetrabenazine VMAT2 activity as
independent variables revealed a significant overall
model effect (likelihood ratio y*=12.1, P=0.0023)
with a significant acetylcholinesterase group effect
(Wald 4?=6.3, P=0.012) and a nonsignificant trend
for striatal (+)-["'C]dihydrotetrabenazine VMAT2
activity (Wald 4*=3.3, P=0.07).

Discussion

Heterogeneity of Cholinergic Denervation in PD and
Clinical Phenotypic Variations

Our data show that the extent of cholinergic
denervation is variable in nondemented PD patients,
with normal range neocortical and thalamic
["'C]lmethyl-4-piperidinyl propionate acetylcholines-
terase activity present in 64% of patients. The
subgroup with below normal range neocortical
acetylcholinesterase is larger (31%) than the sub-
group with below normal range thalamic acetylcho-
linesterase levels (18%). Patients with below normal
range neocortical acetylcholinesterase were slightly
older compared with the normal range subgroup.
The major clinical difference between patients
with below normal versus normal range neocortical
["*Clmethyl-4-piperidinyl propionate acetylcholines-
terase activity was decreased cognitive performance.
Lower performances were seen in all tested cognitive
domains except for visuospatial function measures.
These findings agree with the current concept that
cognitive changes in PD are heterogeneous. A recent
multicenter pooled analysis, for example, disclosed
evidence of cognitive impairments in memory, visuo-
spatial, attention, and executive function domains in
PD without dementia (Aarsland et al, 2010). The lack
of visuospatial function findings in our study may
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Table 4 Analysis of covariance results for rank-transformed cognitive z-scores for the Parkinson’s disease subgroup of low versus
normal range neocortical [*!Clmethyl-4-piperidinyl propionate acetylcholinesterase activity levels using striatal (+)-[*!Cldihydrote-

trabenazine VMAT?2 distribution volume ratio as covariate

Low versus normal cortical
acetylcholinesterase group effect

Striatal VMAT2 distribution
volume ratio covariate effect

Total model

F=7.64, P=0.0069
F=4.78, P=0.031
F=6.25, P=0.014

F=1.55, P=0.22
F=6.67, P=0.011

Global composite z-score
Verbal learning z-score
Executive functions z-score
Visuospatial function z-score
Attention z-score

F=7.50, P=0.0074
F=4.22, P=0.043
F=7.26, P=0.0083
F=0.75, P=0.39
F=5.33, P=0.023

F=9.45, P=0.0002°
F=5.82, P=0.0041°
F=8.42, P=0.0004"
F=1.47, P=0.24
F=7.70, P=0.0008"

VMAT2, vesicular monoamine type 2.
Significant variable after Bonferroni correction.

Table 5 Mean (*s.d.) values of clinical, striatal (+)-[*!Cldihydrotetrabenazine VMAT2 distribution volume ratio and cognitive z-
scores in the subgroup of patients with Parkinson’s disease below versus normal range thalamic [**Clmethyl-4-piperidinyl propionate

acetylcholinesterase activity

Low thalamic Normal range thalamic Statistical
acetylcholinesterase group acetylcholinesterase group significance
m=18) (m=83)
Age 67.3+7.6 64.9+7.0 t=1.29; P=0.20
Duration of motor disease 8.0+3.9 5.5+3.8 t_2.53; P=0.013
Striatal VMAT2 distribution volume ratio 1.82+0.19 1.96+£0.28 t=1.96, P=0.053
Nonmotor experiences of daily living 6.25+3.74 6.56 £ 4.87 1=0.26, P=0.80
Motor experiences of daily living 9.47+5.70 8.341£6.21 t=0.71, P=0.48
Motor UPDRS 33.11%+13.55 31.88+£14.08 t=0.34, P=0.74
8.5-m walking time 9.11+2.48 8.36+2.21 t=1.26, P=0.21
History of falls 10 out of 18 (56%) 17 out of 83 (23%) 7*=9.30, P=0.0023"
Global composite z-score —0.52+0.71 —0.31+0.86 t=0.95, P=0.35

UPDRS, Unified Parkinson Disease Rating Scale; VMAT2, vesicular monoamine type 2.

Significant variable after Bonferroni correction.
Subjects with a history of falls are presented as proportions.

be related to differences in cognitive test battery
between our and other studies.

Our subgroup definition reflects the tail end or
continuum of an apparently normal distribution of
the ["'Clmethyl-4-piperidinyl propionate acetylcho-
linesterase activity in the PD patient group rather
than the existence of two dichotomous groups. We
found that neocortical and thalamic acetylcholines-
terase activity in the PD group showed substantial
overlap with normal range activity, as evidenced by
the small absolute mean difference (~10% decrease)
across all PD patients compared with the control
group for both neocortical and thalamic [*'C]methyl-
4-piperidinyl propionate acetylcholinesterase activ-
ity. This is strikingly different from the typical
complete group separation for nigrostriatal denerva-
tion levels (especially at the level of the posterior
putamen) between PD and control groups (Bohnen
et al, 2006a). Our approach of defining a patient
subgroup with below normal range cholinergic
activity is intended as a more effective strategy to
investigate clinical phenotypic variations because of
cholinergic denervation in PD.

There is increasing evidence that cholinergic
denervation occurs early in a subset of PD patients
and that progressive cholinergic denervation is
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associated with dementia (Shimada et al, 2009).
In vivo imaging studies have also shown that the
presence of dementia in PD is associated with more
severe and widespread cholinergic denervation
compared with PD without dementia (Bohnen et al,
2003; Hilker et al, 2005; Kuhl et al, 1996; Shinotoh
et al, 1999). These imaging results are consistent
with post-mortem evidence that basal forebrain
cholinergic system degeneration appears early in
PD and worsens in parallel with the appearance of
dementia (Ruberg et al, 1986). The cross-sectional
design of our study is a limitation and future
longitudinal research is needed to determine
whether selective cholinergic denervation predicts
development of dementia in PD.

Thalamic cholinergic changes are also described in
PD without dementia and are associated with a
propensity for falls (Bohnen et al, 2009). Although
there were no significant differences in the parkin-
sonian motor scores between the two subgroups of
low versus normal range thalamic acetylcholinester-
ase activity, the subgroup with lower thalamic
acetylcholinesterase activity had a greater proportion
of patients with a history of falls compared with the
normal range subgroup. Gait impairment, falls, and
cognition may be related (Yarnall et al, 2011), as



evidenced by findings that fallers performed less
well on a test of divided attention than did nonfallers
(Allcock et al, 2009). Cholinergic system degenera-
tion may also provide a conceptual framework to
explain why patients with higher postural instability
and gait disturbances in PD are at an increased risk of
developing dementia (Alves et al, 2006; Taylor et al,
2008). However, we did not find a specific associa-
tion between thalamic cholinergic activity and
cognitive performance in our study. A recent post-
mortem study showed that patients with PD and falls
have greater loss of acetylcholinesterase-containing
neurons in the mesencephalon compared with
nonfallers (Karachi et al, 2010). This study also
showed that bilateral lesioning of the cholinergic
part of the pedunculopontine nucleus induced gait
and postural deficits in monkeys (Karachi et al,
2010). These findings raise the question as to
whether acetylcholinesterase inhibitor therapy may
have a role in the treatment of falls in PD as
suggested by the results of a recent small placebo-
controlled clinical trial (Chung et al, 2010).

Mixed Cholinergic and Dopaminergic Correlates of
Cognitive Performance in PD Without Dementia

We found that low cortical acetylcholinesterase is
robustly associated with decreased cognitive perfor-
mance in PD without dementia. We also found that
cognitive performance in PD is independently
related to both neocortical cholinergic and nigro-
striatal dopaminergic denervation in multiple
domains except for visuospatial functions. We did
not find evidence of either exclusive cholinergic
or dopaminergic substrates for specific cognitive
domains to identify neurotransmitter-specific cogni-
tive circuits. Although dopamine has long been
known to modulate cortical striatal circuits and
performance on executive tasks such as working
memory (Goldman-Rakic, 1998) and attentional con-
trol (Williams-Gray et al, 2008), we found evidence
of independent cholinergic and dopaminergic effects
underlying this group of functions. PD is now
recognized as a multisystem neurodegenerative dis-
order and multiple neurotransmitter deficits likely
contribute to cognitive impairment in PD (Kehagia
et al, 2010).

Acetylcholinesterase has been long recognized
as a reliable marker for brain cholinergic pathways
including in the human brain (Selden et al, 1998;
Shute and Lewis, 1966). Acetylcholinesterase is
localized predominantly in cholinergic cell bodies
and axons. In the cortex, acetylcholinesterase is
present in axons innervating it from the basal fore-
brain (Selden et al, 1998). There is also acetyl-
cholinesterase in intrinsic cortical neurons, and low
levels of acetylcholinesterase are probably present in
the noncholinergic structures postsynaptic to the
nucleus basalis innervation (Heckers et al, 1992b).
Our group has shown similar reductions in cortical
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and pedunculopontine nucleus cholinergic activity
levels in PD using the vesicular acetylcholine
transporter and the [**’Iliodobenzovesamicol (IBVM)
radioligand (Kuhl et al, 1996). These data support the
validity of ["*C]methyl-4-piperidinyl propionate PET
as a reliable marker, especially for the forebrain and
midbrain cholinergic projections. A limitation of the
PMP radioligand is that it does not allow accurate
assessment of the high acetylcholinesterase activity
levels in the striatum and cerebellum using non-
invasive analysis technique. Furthermore, acetyl-
cholinesterase activity may be a less robust marker
of cerebellar cholinergic nerve terminals because
cerebellar vesicular acetylcholine transporter levels
are low in this region. Consequently, motor correlates
of cholinergic denervation in these structures cannot
be excluded by our [''C]methyl-4-piperidinyl pro-
pionate PET study (Bohnen et al, 2009; Gilman et al,
2010).

We conclude that cholinergic denervation in PD
without dementia is variable with approximately one
third of patients exhibiting decreased cholinergic
terminals. The presence of variable cholinergic
denervation of basal forebrain and pedunculopon-
tine nuclear projections correlates with important
clinical features of PD and is consistent with the
general hypothesis that the clinical heterogeneity of
PD results from variable involvement of different
brain systems. Our findings also imply that in
cholinergic augmentation therapy, only symptoms
of cognitive impairment or possibly falls should be
selectively targeted.
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