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Abstract Lewy bodies (LBs), the pathological hallmark

of Lewy body disease (LBD), contain a-synuclein, as well

as other proteins. In this study, we examined the relation-

ship of a-synuclein to two rate-limiting enzymes in

neurotransmitter synthesis, tyrosine hydroxylase (TH) and

choline acetyltransferase (ChAT). Double-labeling immu-

nohistochemistry for a-synuclein and TH revealed TH

immunoreactivity within LBs in catecholaminergic neu-

rons in the substantia nigra and locus coeruleus, but not

within LBs in cholinergic neurons in the pedunculopontine

nucleus and nucleus basalis of Meynert. In contrast, ChAT

immunoreactivity within LBs was detected in cholinergic,

but not within LBs in catecholaminergic neurons. The

amygdala was devoid of TH and ChAT positive LBs,

although a few Lewy neurites contained ChAT immuno-

reactivity. Further analysis revealed two distinct patterns of

neurotransmitter immunoreactivity within LBs. One pat-

tern had diffuse co-localization of TH or ChAT with

a-synuclein as in cortical-type LBs, while the other had

intense TH or ChAT immunoreactivity in the LB core

surrounded by a peripheral rim of a-synuclein as in

brainstem-type LBs. Levels of both TH and ChAT were

higher in brainstem-type LBs than in the cytoplasm of the

same neuron or in neurons from the same case devoid of

LBs. Given the fact that LB-containing neurons have

decreases in cytoplasmic TH and ChAT immunoreactivity,

these results suggest LBs may disrupt cholinergic and

catecholaminergic neurotransmitter production by seques-

tration of the rate-limiting enzymes for acetylcholine and

catecholamine synthesis.
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Introduction

Lewy bodies (LBs), the pathological hallmark of Lewy

body disease (LBD), are intracellular aggregates composed

of over 300 proteins [6], the most well known being

ubiquitin and a-synuclein [5, 20]. Based upon morphology,

LBs can be classified as brainstem- or cortical-type [4, 15,

19]. Brainstem-type LBs are intraneuronal spherical

inclusions with a dense central core surrounded by a pale

staining halo. In contrast, cortical-type LBs lack a dense

central core and halo, and do not have a sharp boundary

from the adjacent cytoplasm. Although these types corre-

late with the location (brainstem-type LBs being common

in vulnerable brainstem nuclei and cortical-type LBs being

common in the cortex), brainstem-type hyaline LBs can be

detected in the cortex [8] and cortical-type LBs can be

detected in subcortical nuclei [4]. This classification is

solely based on morphology and not on biochemical

composition or anatomy.

In addition to a-synuclein and ubiquitin, a number of

other molecules, such as tau, neurofilament, and various

kinases have been noted in LBs [15, 18–20]. This indicates

that the protein composition of LBs is heterogeneous and

dependent upon the specific neuron in which the LB forms.

For example, tyrosine hydroxylase (TH), the rate-limiting

enzyme in catecholamine synthesis has been described in

LBs in catecholaminergic neurons of the brain, especially

noradrenergic neurons of the locus coeruleus (LC) and
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dopaminergic neurons of the substantia nigra (SN) [11, 22].

Choline acetyltransferase (ChAT), the rate-limiting

enzyme in acetylcholine production, has not been studied

in LBs. On the other hand, it is well established that there

are significant cholinergic deficits in LBD [2, 12, 21].

ChAT is markedly reduced in LBD compared with age-

matched normals [2, 13, 14, 21], and there is extensive

neuronal loss and LB pathology in cholinergic nuclei,

including the nucleus basalis of Meynert (nbM) and the

pedunculopontine nucleus (PPN) [7, 10, 17, 23].

The purpose of this study was to determine the rela-

tionship of TH and ChAT to LBs and the cytoplasmic

levels of these neurotransmitter synthetic enzymes in

neurons with and without LBs with single- and double-

labeling immunohistochemistry in the nbM, SN, PPN, and

LC. Results were compared to the amygdala, a region of

the brain highly vulnerable to LBs [16], but lacking in

cholinergic and catecholaminergic neurons. We demon-

strate cell type specificity for TH and ChAT

immunoreactivity within LBs. Furthermore, the intensity of

neurotransmitter enzyme immunoreactivity within LBs,

especially brainstem-type LBs, was greater than the rest of

the cytoplasm.

Materials and methods

Case material

Paraffin-embedded, formalin-fixed brain tissue samples

were obtained from the brain bank for neurodegenerative

disorders at Mayo Clinic in Jacksonville, Florida. The

cases included LBD (N = 16) and age-matched controls

without significant neuropathologic abnormalities

(N = 16). The demographics of cases are summarized in

Table 1. There were no significant differences between

groups with respect to age or sex. Normals had a higher

postmortem interval (PMI) when compared to LBD cases;

however, PMI did not correlate with TH or ChAT staining

intensities. All tissues had been collected with appropriate

consent from brain donors and their legal next-of-kin, and

the brain donation program was approved by the Institu-

tional Review Board of Mayo Clinic.

Brain regions included in this study involved the follow-

ing: basal forebrain, which includes amygdala, hypo-

thalamus, and nbM; rostral midbrain at the level of the third

nerve, which contains the SN; caudal midbrain at the level of

the inferior colliculus, which contains the PPN; and rostral

pons, which contains the LC. Specific nuclei were identified

by immunohistochemistry for TH (SN and LC) and ChAT

(nbM and PPN). The amygdala served as a negative control

for neurotransmitter enzyme immunoreactivity.

Immunohistochemistry was performed using commer-

cially available, well characterized, primary antibodies:

LB509, a mouse monoclonal a-synuclein antibody (1:50;

Zymed, South San Francisco, CA, USA); TH, a rabbit

polyclonal antibody (1:600; Affinity Bioreagents, Golden,

CO, USA); and AB144P, a goat polyclonal antibody to

ChAT (1:200; Chemicon, Billerica, MA, USA).

Immunofluorescent double labeling was performed in

5-lm thick paraffin sections. After removal of paraffin with

xylenes and a graded series of alcohols, tissue sections

were subjected to antigen retrieval by steaming in distilled

water for 30 min and elimination of normal synaptic

a-synuclein immunoreactivity by treatment with proteinase

K [1] (DAKO, Carpinteria, CA, USA) for 5 min. All sec-

tions were incubated in Protein Block Serum-Free (DAKO,

Carpinteria, CA, USA) for 1 h, washed in 0.1 M phos-

phate-buffered saline (PBS), then incubated in a cocktail

containing the a-synuclein antibody (LB509) with either

rabbit anti-TH or goat anti-ChAT overnight at 4�C. The

following day, sections were washed in 0.1 M PBS and

incubated with specific secondary reagent pairs—goat anti-

rabbit (for TH) and goat anti-mouse (for a-synuclein) or

donkey anti-goat (for ChAT) and donkey anti-mouse (for

a-synuclein) with either Alexa Fluor 488 or 568 fluoro-

chromes (1:500, Molecular Probes, Eugene, OR, USA) for

1 h at room temperature and washed in 0.1 M PBS. To

block autofluorescence, sections were treated with Sudan

black (Sigma-Aldrich, St. Louis, MO, USA) for 2 min,

washed, and coverslipped using VectaShield Mounting

media (Vector Laboratories, Burlingame, CA, USA). To

ensure that there was no preference to a particular fluoro-

chrome, all slides were labeled with each antibody to both

fluorochromes. There was no nonspecific crossover artifact

(data not shown).

Table 1 Demographics of case material

Pathologic group LB type N (females) Median age at death

(range, in years)

Median PMI

(range, in hours)

Median Braak NFT

stage (range)

LBD Diffuse (n = 14);

transitional (n = 2)

16 (2) 78 (61–85) 4 (3–8) III (II–IV)

Controls NA 16 (8) 74 (51–94) 21.5 (5–30) I (0–III)

Diffuse diffuse cortical LBs, Transitional limbic predominant LBs, NA not applicable, NFT neurofibrillary tangle, PMI postmortem interval
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Image acquisition and analysis

Stained sections from each area (LC, SN, PPN, nbM and

amygdala) were evaluated with z-stack images on a Zeiss

LSM 510 META laser scanning confocal microscope

(Zeiss, Heidelberg, Germany) to study the qualitative

aspects of double labeling for ChAT/a-synuclein and TH/

a-synuclein in neurons with and without LBs. At least 20

x–y planar images (2 lm in thickness) were captured per

group at 1009 with oil immersion to create 5 lm z-stack

reconstructions. This permitted representation of the full

extent of signal intensities of TH/a-synuclein and ChAT/a-

synuclein within neurons with and without LBs. Images

were analyzed with the Zeiss LSM 510 META AIM soft-

ware, version 4.0 (Zeiss, Heidelberg, Germany). ChAT- or

TH-positive cells were grouped into one of the three cat-

egories based on a-synuclein and neurotransmitter marker

distribution: none (ChAT or TH positive cells without

LBs), cortical-type (ChAT or TH positive cell with an even

distribution of ChAT or TH within the a-synuclein-positive

LB), or brainstem-type (ChAT or TH positive cell with

ChAT or TH concentrated in the central domain of the LB,

encircled by a-synuclein in its perimeter). Percentages of

brainstem- and cortical-type LBs were determined by

dividing the number of cells with LBs (either cortical or

brainstem) by the total number of cells (the sum of none,

brainstem-, and cortical-type LBs).

The neurons were examined to determine signal intensi-

ties for ChAT and TH within LBs and their subjacent

cytoplasm. For quantitative analyses of intensity of immu-

noreactivity, a subset of neurons from LC, SN, PPN, and

nbM was analyzed in five pure LBD cases (1F:4M; average

age 73.4; range 61–78 years) and five clinically normal

cases (1F:4M; average age 72.7; range 63–81 years). A

minimum of 20 cells per LB subtype and their subjacent

cytoplasm were studied. The analysis included brainstem-

type LBs, cortical-type LBs, neurons with no LBs from

LBD, and neurons with no LBs from normal controls.

Images were acquired using z-stacks with images taken

2 lm apart at 1009 magnification, with a 12-bit data depth,

scan speed of 2, and 512 9 512 pixel frame size to decrease

saturation time. To avoid bias and the confounding variable

of signal intensity bleaching over time, LBD and normal

tissues were alternated during image acquisition. Average

signal intensities in designated areas (cytoplasm and within

LBs) were measured using ImageJ software, version 1.41o

(National Institutes of Health, USA).

Statistical methods

Statistical analyses were preformed with Sigma Plot 11.0

(Systat Software, Inc., San Jose, CA, USA) using Kruskal–

Wallis one way analysis of variance on ranks and Mann–

Whitney rank sum tests, where appropriate, with p \ 0.05

considered significant.

Results

ChAT and TH co-localization with a-synuclein

within LBs is cell type specific

Using double-labeling immunohistochemistry, we noted

ChAT within LBs in PPN and nbM (Fig. 1), but not within

LBs in catecholaminergic neurons of the LC and SN.

Conversely, TH immunoreactivity was present within LBs

in the LC and SN, but not within LBs in cholinergic nuclei

(Fig. 2). All LBs in TH- and ChAT-positive cells had at

least some neurotransmitter immunoreactivity; however,

no LBs in these cells contained only a-synuclein. Given the

double dissociation of TH and ChAT immunoreactivity in

cholinergic and catecholaminergic neurons, it is extremely

unlikely that the results are due to antibody cross-reactiv-

ity. Moreover, in the amygdala, a brain region containing

no perikaryal ChAT or TH immunopositive neurons, there

was no immunoreactivity to either neurotransmitter syn-

thetic enzyme within LBs, although a few Lewy neurites

showed ChAT immunoreactivity (Fig. 3).

Analysis of z-stack images for ChAT (Fig. 1) and TH

(Fig. 2) revealed two distinct patterns of transmitter syn-

thetic enzyme within LBs. The first type resembled cortical-

type LBs and showed equal distributions of a-synuclein and

ChAT or TH throughout the inclusion (Figs. 1a, c, 2a). The

second type was similar to brainstem-type LBs and had

intense staining of ChAT or TH in the center and a-synuc-

lein at the periphery of the LB (Figs. 1b, d, 2b).

ChAT and TH with respect to LB subtypes

To understand if the two patterns indeed correlated with the

profiles of brainstem- and cortical-type LBs, we examined

whether LB types from double-labeling immunohisto-

chemistry (Fig. 4) correlated with distribution of

brainstem- and cortical-type LBs as previously described in

histologic preparations [3, 19]. The nbM contained fewer

brainstem-type LBs compared to the SN, LC, and PPN, but

the difference did not reach statistical significance (Fig. 4).

There were no differences in the percentages of cortical-

type LBs (Fig. 4). All areas contained a greater proportion

of cortical-type LBs than brainstem-type LBs (ps \ 0.009).

Neurotransmitter immunoreactivity in cytoplasm

of neurons with and without LBs

The average intensities of TH and ChAT cytoplasmic

immunoreactivity in LBD neurons without LBs were not
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Fig. 1 a–b z-stack

reconstructions (5 lm) of nbM

cholinergic neurons labeled

with ChAT (green) and

a-synuclein (red; a-syn) to

illustrate the x–y planar

distributions. c–d Two-

dimensional intensity profiles of

ChAT (intensity Ch2-T1, green)

and a-syn (intensity Ch3-T2,

red) throughout the entire

neurons; blue lines indicate the

center of the LBs (blue marker
in images on left) and the red
lines indicate intensities at the

perimeter of the LBs (red
markers in images on left). Inset
tables indicate relative

quantitation of each marker.

a, c A cortical-type LB

distribution of ChAT in a nbM

neuron, noted by equal

distributions of ChAT and a-syn

at the perimeter and core of the

LB. b, d A brainstem-type LB

distribution, where ChAT

intensity is greatest in the core

of LB while a-syn is highest at

the periphery (All 9100

magnification.)

Fig. 2 z-stack reconstructions

(5 lm) of SN dopaminergic

neurons labeled with TH (red)

and a-synuclein (green) to

illustrate the x–y planar

distributions (9100

magnification). a A cortical-

type LB distribution of TH in a

SN neuron and b a brainstem-

type LB distribution of TH in a

SN neuron
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different from TH and ChAT cytoplasmic immunoreac-

tivity in neurons of normal controls in the SN, LC, PPN,

and nbM (Fig. 5). On the other hand, average intensities of

TH and ChAT immunoreactivity were significantly lower

in all areas analyzed (cytoplasm of neurons in normal

brains, cytoplasm of neurons in LBD cases with no LBs,

cytoplasm of neurons with cortical-type LBs and cyto-

plasm of neurons with brainstem-type LBs) compared to

TH and ChAT immunoreactivity within brainstem-type

LBs (Fig. 5; Table 2). When comparing average intensities

of cytoplasmic TH and ChAT in neurons with cortical-type

LBs to average intensities of TH and ChAT within cortical-

type LBs, there were also differences in the SN and PPN,

but not in the LC or nbM (Table 2b). These differences,

however, were not as great as those seen for brainstem-type

LBs. The only other significant difference was lower

intensity of cytoplasmic TH immunoreactivity in SN

neurons with cortical-type LBs compared to TH

Fig. 3 A ChAT positive Lewy

neurite in the amygdala. (9100

magnification)

Fig. 4 Box plots of percentage

of neurons with cortical- (a,

cLBs) or brainstem-type LBs (b,

bLBs) in LC, PPN, SN and

nbM. All counts were done on

5 lm paraffin sections double

labeled for a-synuclein and

either ChAT or TH. (Boxes
show median, 25th and 75th

percentile; whisker plots show

5th and 95th percentile.)

Fig. 5 Box plots of median

signal intensities in relative

units (ru) of TH (a, b) and

ChAT (c, d) in the LC (a), SN

(b), PPN (c) and nbM (d) in

cytoplasm (cyto) (black dots)

and in LBs (white dots) in cells

with cortical-type LBs (cLB),

brainstem-type LBs (bLB) and

no LBs, as well as the

cytoplasm of neurons in normal

controls (normal). See Table 2

for statistical comparisons.

(Boxes show median, 25th and

75th percentile; whisker plots
show 5th and 95th percentile.)
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immunoreactivity in the cytoplasm of SN neurons from

normal controls. A similar trend was also noted in the LC

(Fig. 5a, b; Table 2a).

Discussion

The results of this study demonstrate that both TH and

ChAT are present in a subset of LBs. TH was detected in

catecholaminergic neurons of the LC and SN, and ChAT

was detected in cholinergic neurons of the PPN and nbM.

In a region lacking cholinergic and catecholaminergic

neurons, the amygdala, none of the LBs had ChAT or TH

immunoreactivity. The results are not due to TH or ChAT

antibody cross-reactivity with a-synuclein, since TH was

detected only within LBs in catecholaminergic neurons,

and ChAT was detected only within LBs in cholinergic

neurons.

On a closer examination, two distinct patterns of neu-

rotransmitter enzyme immunoreactivity were detected

within LBs, which we have operationally defined as

brainstem- and cortical-type LBs based upon morphologic

appearance (Figs. 1, 2). In brainstem-type LBs, the neu-

rotransmitter enzyme was concentrated in the center of the

LB, with less co-localization with a-synuclein in the

periphery of the LB, while in cortical-type LBs, there was

uniform co-localization of neurotransmitter enzyme and

a-synuclein throughout the LB. Further investigation showed

that neurotransmitter enzyme levels were increased within

brainstem-type LBs compared to the cytoplasm of the same

neurons, as well as neurons in the same nucleus without

LBs (Fig. 5). This fact was also noted when comparing

neurotransmitter synthetic enzyme levels in cortical-type

LBs to the cytoplasm of the same neurons, although the

difference was not that great (Table 2). These data support

the concept that the composition of LBs is heterogeneous

depending on cell type and that neurotransmitter synthetic

enzymes may be sequestered within LBs in defined neu-

ronal types.

The decrease in neurotransmitter enzyme level in the

cytoplasm of neurons with LBs was most clearly evident in

neurons with brainstem-type LBs in all regions evaluated,

and a similar trend was also detected in neurons with

cortical-type LBs. It is worth noting that in the SN, the

cytoplasm of neurons with cortical-type LBs had signifi-

cantly lower TH than the cytoplasm of SN neurons in

normals (Fig. 5b), with a similar trend in the LC (Fig 5a).

These findings may indicate that with an increased

sequestration within LBs, the neuron is unable to maintain

even basal levels of neurotransmitter synthetic enzymes.

Another issue to consider is the enzymatic efficiency of

a neurotransmitter enzyme within LBs compared to the

normal location in the neuronal cytoplasm. It may be

speculated that access to precursor molecules and proper

disposition of the neurotransmitter would be impeded by

the abnormal granulofilamentous structural properties of

the LB, and thus would contribute to the decrease in neu-

rotransmitter production in LB-containing neurons. This

decrease in neurotransmitter production would contribute

to the abnormal neurotransmitter phenotype characterized

in LBD cholinergic and catecholaminergic neurons. A

limitation of this study is the lack of information on neu-

rotransmitter levels, which we hypothesize would be

reduced in proportion to the degree of neurotransmitter

enzyme sequestration within LBs. Even though TH and

ChAT are rate-limiting enzymes, the net effect of their

sequestration within LBs on tissue transmitter levels would

be difficult to interpret. A means of assessing transmitter

production at the cellular level would be needed to address

this question, but at present such a method is not available

for human postmortem tissues.

Relatively little is known about neurotransmitter

enzyme accumulation within LBs. As far as we could

discern, this has been previously reported only for TH

[9, 11, 22]. The current study is the first to show ChAT

Table 2 Statistical comparisons of TH and ChAT immunoreactivity

(a) Four-way comparison of cytoplasmic neurotransmitter enzyme

intensity in normal controls to neurons with no LBs to neurons with

cLB and to neurons with bLBa

TH

LC (p = 0.057)

SN (p = 0.019)

cLB cytoplasm vs. normal

ChAT

PPN (p = 0.158)

nbM (p = 0.301)

(b) Comparison of neurotransmitter enzyme intensity in cytoplasm to

LB by typeb

TH

LC

bLB vs. bLB cytoplasm (p \ 0.001)

cLB vs. cLB cytoplasm (p = 0.365)

SN

bLB vs. bLB cytoplasm (p \ 0.001)

cLB vs. cLB cytoplasm (p \ 0.001)

ChAT

PPN

bLB vs. bLB cytoplasm (p \ 0.001)

cLB vs. cLB cytoplasm (p = 0.003)

nbM

bLB vs. bLB cytoplasm (p \ 0.001)

cLB vs. cLB cytoplasm (p = 0.056)

a ANOVA on ranks with Dunn’s method for pairwise comparisons
b Mann–Whitney rank sum test
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immunoreactivity within LBs. The present results also

suggest that sequestration of neurotransmitter synthetic

enzymes may have adverse effects on the neuronal phe-

notype in that the relative levels of neurotransmitter

enzyme were decreased in the cytoplasm of the same

neuron, possibly reflecting failure of the cell to compensate

for the enzyme within LBs. It is unclear if the observed

findings are relevant to other neurons vulnerable to LBs.

Sequestration of neurotransmitter synthetic enzymes within

LBs remains to be investigated for serotonergic neurons

(tryptophan hydroxylase), noradrenergic neurons (dopa-

mine beta-hydroxylase), adrenergic neurons (phenyl-

ethanolamine-N-methyl transferase), histaminergic neurons

(histidine decarboxylase), and for GABAergic neurons

(glutamic acid decarboxylase). It remains a possibility that

sequestration of neurotransmitter synthetic enzymes within

LBs may not be restricted to TH and ChAT.

Elucidation of the molecular nature of LBs is crucial to

understand the functional consequences of neurodegenera-

tion in LBD. The results of the current study bring to light a

possible untoward effect of LB pathology, namely, seques-

tration of rate-limiting enzymes responsible for

neurotransmitter production, which may contribute to neu-

rotransmitter deficiencies and abnormal symptoms of LBD.
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