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The precursor of the non-AB component of Alzhei-
mer’s disease amyloid (NACP) (also known as
a-synuclein) is a presynaptic terminal molecule
that accumulates in the plaques of Alzheimer’s dis-
ease. Recent studies have shown that a mutation in
NACP is associated with familial Parkinson’s dis-
ease, and that Lewy bodies are immunoreactive
with antibodies against this molecule. To clarify the
patterns of accumulation and differences in abnor-
mal compartmentalization, we studied NACP immu-
noreactivity using double immunolabeling and la-
ser scanning confocal microscopy in the cortex of
patients with various neurodegenerative disorders.
In Lewy body variant of Alzheimer’s disease, diffuse
Lewy body disease, and Parkinson’s disease, NACP
was found to immunolabel cortical Lewy bodies,
abnormal neurites, and dystrophic neurites in the
plaques. Double-labeling studies showed that all
three of these neuropathological structures also
contained ubiquitin, synaptophysin, and neurofila-
ment (but not tau) immunoreactivity. In contrast,
neurofibrillary tangles, neuropil threads, Pick bod-
ies, ballooned neurons, and glial tangles (most of
which were tau positive) were NACP negative. These
results support the view that NACP specifically ac-
cumulates in diseases related to Lewy bodies such as
Lewy body variant of Alzheimer’s disease, diffuse
Lewy body disease, and Parkinson’s disease and
suggests a role for this synaptic protein in the
pathogenesis of neurodegeneration. (Am J Patbol
1998, 152:367-372)

Neurodegenerative disorders are characterized by dam-
age to selective neuronal populations® that could be
followed or preceded by synaptic injury.?2 The mecha-
nisms triggering cell death and synaptic damage in these
disorders might be related to the gain of a toxic property
and/or loss of neuroprotective capacity of a specific neu-
ronal cell protein.® Many of these neuronal molecules
play an important role in the maintenance and functioning
of the synaptic apparatus.*~® Therefore, specific muta-
tions and other alterations of synaptic proteins might
result in particular neurodegenerative diseases. Remark-
ably and in support of this concept, a recent paper by
Polymeropoulos et al” showed that a mutation in the
a-synuclein gene is associated with familial Parkinson'’s
disease. Synuclein was originally cloned and identified
as a synaptic protein in torpedo® and later on the bovine
(PRP-14),° rat,’® human (precursor of the non-AB com-
ponent of Alzheimer’s disease (AD) amyloid (NACP)),""
and song bird (synelfin).’2 Subsequent studies showed
that there are two types of synucleins (a and 8)'® and that
NACP is homologous to a-synuclein.’ NACP was origi-
nally found in human brains from patients with AD as a
19-kd protein precursor of non-AB component of AD
amyloid, a 35-amino acid product found in amyloid
plaques in AD."""'® Furthermore, NACP has been re-
cently found to abnormally accumulate in synaptic termi-
nals and axons in AD plaques'® as well as in the Lewy
bodies (LBs) in Parkinson’s disease.’® This suggests that
accumulation of NACP and/or other synaptic proteins
with amyloidogenic potential might play a role in neuro-
degeneration. To better understand the patterns of NACP
accumulation in neurodegenerative disorders, we stud-
ied (by confocal microscopy and double-labeling tech-
niques) the differences in abnormal compartmentaliza-
tion of NACP in Lewy body variant of AD (LBV), diffuse
Lewy body disease, Parkinson’s disease, AD, Pick’s dis-
ease, corticobasal degeneration, and progressive su-
pranuclear palsy.
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Table 1. Summary of Clinical and Pathological Features

Number of Age Disease duration Brain weight History of
Diagnosis cases (yrs = SEM) (yrs = SEM) (grams * SEM) dementia
Control 3 76.3 + 3.3 0x0 1195+ 79 no
Parkinson’s disease 3 80.7 = 45 47 *15 1284 + 26 no
Diffuse Lewy body disease 3 80.3+ 35 11.7 £ 20 1213 = 98 yes
Lewy body variant of Alzheimer’s disease 6 76.2 =51 82+*20 1156 * 81 yes
Alzheimer’s disease 3 76.3 £ 3.7 14317 940 = 94 yes
Progressive supranuclear palsy 3 75.0x 57 40x1.0 1070 = 44 yes
Pick's disease 3 737+ 44 10.0 = 0.6 1027 = 26 yes
Corticobasal degeneration 2 62.0 = 8.0 9.0*x1.0 972 £ 52 yes

Materials and Methods
Samples

Twenty-six autopsy cases from the Alzheimer’s Disease
Research Center at the University of California, San Di-
ego, were included for this study. Briefly, as previously
described,'” LBV cases (n = 6) were confirmed by the
presence of abundant plaques, occasional neurofibrillary
tangles, and cortical LBs; clinically they presented with
dementia and subsequently developed parkinsonism.
Diffuse Lewy body disease cases (n = 3) had cortical
and subcortical LBs but did not have either plaques or
neurofibrillary tangles; clinically they presented with mild
dementia and parkinsonian features. Parkinson’s disease
cases (n = 3) had subcortical LBs and few cortical LBs
but did not have either plaques or neurofibrillary tangles;
clinically they presented with parkinsonism but without
dementia. Alzheimer’s disease cases (n = 3) had numer-
ous plaques and neurdfibrillary tangles and presented
clinically with dementia but no parkinsonian features.
Pick's disease cases (n = 3) had lobar frontotemporal
atrophy with numerous Pick bodies. Progressive su-
pranuclear palsy cases (n = 3) were characterized by
nigral degeneration and the presence of neurofibrillary
tangles in the basal ganglia and brain stem and had no or
few ballooned neurons. Cases of corticobasal degener-
ation (n = 2) had lateralized cortical and basal ganglial
involvement with many ballooned neurons in the cerebral
cortex. The remaining three cases were clinically and
histopathologically free of neurological diseases and
were considered controls (Table 1). For this study, tis-
sues from superior temporal cortex, middle frontal cortex,
and hippocampus were fixed in 2% buffered-paraform-
aldehyde for 72 hours at 4°C and sectioned at 40 um with
the vibratome (Leica Inc, Deerfield, IL). Paraffin sections
from cortical and subcortical regions of all 24 cases were
stained with hematoxylin and eosin, thioflavine S, and
cresyl violet for routine histopathological examination.

Antibodies

Immunofluorescent studies were done with the affinity-puri-
fied rabbit polyclonal antibodies against the C-terminal
NACP (aa131-140) prepared by inoculating rabbits with a
synthetic peptide as previously described.’ In addition,
mouse monoclonal antibodies against ubiquitin (MAB1510,
Chemicon, Temecula, CA), synaptophysin (SP15),'81®

phosphorylated tau (AT8, BioSource International, Ca-
marillo, CA), and neurofilament (SMI312, Sternberger
Monoclonals, Baltimore, MD)?® were used in combination
with anti-NACP for double-immunolabeling studies.

Double Immunolabeling and Laser Scanning
Confocal Microscopy

Briefly and as described previously,'® 40-um thick vi-
bratome sections were double-immunolabeled with the
following combinations of monoclonal/polyclonal anti-
bodies: 1) ubiquitin (MAB1510) (1:200)/NACP (1:20); 2)
synaptophysin (SP15) (1: 50)/NACP (1:20); and 3) tau
(AT8) (1:100)/NACP (1:20), neurofilament (SMI312) (1:
2000)/NACP (1:20). After overnight incubation at 4°C,
sections were incubated with Texas red-conjugated
horse anti-mouse antibody (1:75, Vector Laboratories,
Burlingame, CA) and fluorescein isothiocyanate-conju-
gated goat anti-rabbit antibody (1:50, Vector Laborato-
ries). The double-immunolabeled sections were mounted
on SuperFrost Plus slides (Fisher Scientific, Temecula,
CA) and analyzed with the Bio-Rad (Richmond, CA)
MRC1024 laser scanning confocal microscope.'®

Results

Patterns of NACP Immunoreactivity in Disorders
with LBs

Consistent with previous studies,'*'® NACP strongly immu-
nostained presynaptic terminals in the neuropil of the cortex
in all LBV, diffuse Lewy body disease, and Parkinson’s
disease cases (Figure 1A). In LBV as well as in diffuse Lewy
body disease and Parkinson’s disease, NACP strongly im-
munolabeled LBs in the neurons of the deeper layers of the
cortex (Figures 1, A, D, and G and 2A). Furthermore, the
C-terminal NACP antibody strongly immunoreacted with vir-
tually all of the LBs in substantia nigra in Parkinson’s dis-
ease, diffuse Lewy body disease, and LBV cases (Figure
2B). Although the cortical LBs showed a diffuse NACP
labeling, the subcortical LBs displayed stronger NACP im-
munoreactivity in the periphery than in their central portion
(Figure 2). Double immunolabeling studies confirmed that
virtually all of the ubiquitin-positive LBs were also NACP-
positive (Figure 1A). Furthermore, NACP-positive LBs were
also synaptophysin- (Figure 1D) and neurofilament-positive
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Figure 1. Patterns of NACP immunoreactivity in diseases with LBs. Sections were double immunolabeled and imaged with the laser confocal microscope. For each
panel, the image to the left corresponds to NACP detected in the fluorescein isothiocyanate channel (green), and to the right, ubiquitin, synaptophysin, or tau
detected in the Texas red channel (red). NACP-immunoreactive LBs were ubiquitin (A) and synaptophysin (D) positive but tau negative (G). NACP
immunoreactive neurites were also ubiquitin (B) and synaptophysin (E) positive but tau negative (H). Furthermore, NACP-immunoreactive dystrophic neurites
in the plaques were ubiquitin (C) and synaptophysin (F) positive but tau negative ().

(not shown). Interestingly, in addition to LBs, NACP also
strongly immunostained fine and tortuous neurites in the
superficial and deeper cortical layers in cases with LBs
(Figure 1, B, E, and H). Double immunolabeling studies
showed that these NACP-positive neurites were also ubig-
uitin- (Figure 1B) and synaptophysin-positive (Figure 1E),
but tau negative (Figure 1H). NACP, ubiquitin, and synap-
tophysin were also colocalized in dystrophic neuritic
plaques in LBV cases (Figure 1, C and F).

Patterns of NACP Immunoreactivity in Other
Neurodegenerative Diseases

In Pick’s disease, tau strongly immunolabeled Pick bod-
ies both in hippocampus (Figure 3A) and in superior

Figure 2. NACP immunoreactivity in LBs. A: In the temporal cortex of the
case with diffuse Lewy body disease, NACP immunoreactivity was diffusely
distributed in the LB. In contrast, in the substantia nigra (B), NACP strongly
labeled the periphery of the LB, and it was less intense in the center.

temporal cortex (Figure 3B). Double immunolabeling
studies showed that r-positive Pick bodies and Pick cells
were NACP negative (Figure 3, A and B) except for
occasional Pick bodies in the hippocampus, which were
faintly immunostained (not shown) in one of three cases
analyzed. No NACP positive neurites were observed in
Pick’s disease (Figure 3B). In AD cases, NACP immuno-
stained presynaptic terminals in the neuropil as well as
some dystrophic neurites in the plagues; however, the
neurofibrillary tangles were negative (Figure 3, C and D).
Furthermore, r-positive neuropil threads were also NACP
negative (Figure 3C). Ballooned neurons in corticobasal
degeneration (Figure 3E) and neurofibrillary tangles in
progressive supranuclear palsy (Figure 3G) were also
NACP negative. Glial tangles such as astrocytic plaques
(Figure 3F), tuft-shaped astrocytes (Figure 3H), thorn-
shaped astrocytes (not shown), glial coiled bodies (not
shown), and argyrophilic threads were as well tau posi-
tive but NACP negative (not shown). In all of these cases,
NACP strongly immunolabeled the synaptic terminals in
the neuropil (Figure 3).

Discussion

The present study showed that NACP consistently immu-
nolabeled the cortical LBs in LB-related diseases such as



370 Takeda et al
AJP February 1998, Vol. 152, No. 2

disease

Alzheimer's disease

Corticobasa eneration

Progressive supranuclear palsy

H

Figure 3. Patterns of NACP immunoreactivity in other neurodegenerative diseases. Sections were double immunolabeled and imaged with the laser confocal
microscope. For each panel, the image to the left corresponds to NACP detected in the fluorescein isothiocyanate channel (green), and to the right, tau was
detected in the Texas red channel (red). ™immunoreactive Pick bodies in the hippocampus (A) and temporal cortex (B) were NACP negative. T-immunoreactive
neurofibrillary tangles (C) and dystrophic neurites in the plaque were also NACP negative in AD. T-negative-ballooned neurons (E) were NACP negative, and a
T-positive astrocytic plaque (F) was NACP negative in corticobasal degeneration. Furthermore, 7-positive neurofibrillary tangles and tufts-shaped astrocytes were
NACP negative in progressive supranuclear palsy (G, H).




LBV, diffuse Lewy body disease and Parkinson's disease
but did not label the pathological intracellular inclusions
in other neurodegenerative disorders. In fact, most of the
ubiquitin positive LBs were NACP positive, indicating that
this synaptic protein is widely involved in the process of
LB formation. These findings are consistent with a recent
report that showed strong labeling of cortical and sub-
cortical LBs in Parkinson's disease and diffuse Lewy
body disease with antibodies against the N- and C-ter-
minal regions of a-synuclein (referred as NACP in this
manuscript) but not with antibodies against
B-synuclein.' The precise role of NACP in the LB forma-
tion or in the neurodegenerative process in disorders with
LBs is unclear. Possible explanations that might be con-
sidered are: 1) NACP actively accumulates and might
even form a center where the LBs are formed and 2)
NACP accumulation in LBs might be related to abnormal
transport of synaptic proteins in LB-bearing neurons and
to entrapment of synaptic vesicles in them. Supporting
the first possibility, previous studies have shown that
NACP is a natively unfolded protein?'22 with highly hy-
drophobic regions'' that aggregate and form amyloid-
like fibrills.2*24 Furthermore, NACP binds amyloid B-pro-
tein and stimulates B-amyloid aggregation.252¢ This
suggests that, in the LBs, NACP might self-aggregate or
form complexes with other components of the LB, includ-
ing amyloid precursor protein, which has been also
shown to be present in the LBs.?” As to the second
possibility, the present study showed that NACP is colo-
calized with other synaptic proteins (including synapto-
physin) in LBs. In fact, previous studies have shown that
LBs not only contain synaptophysin but also chromo-
granin A, which is a major soluble protein in dense core
secretary vesicles.?® Furthermore, detailed ultrastructural
examination has confirmed that synaptic vesicles are
present in LBs.2® Future biochemical and immunoelec-
tron microscopic studies will be necessary to better un-
derstand the subcellular distribution of NACP in the LB-
bearing neurons.

This study also showed that NACP as well as other
synaptic proteins are not only abnormally compartmen-
talized in the LBs but also in ubiquitin-positive neurites.
These NACP-immunoreactive abnormal neuritic pro-
cesses were exclusively present in LBV, diffuse Lewy
body disease, and Parkinson’s disease but not in other
neurodegenerative disorders. NACP-positive neurites
had the same immunocytochemical properties as LBs,
which were synaptophysin- and neurofilament-positive
and r-negative. Ubiquitin-positive neurites were first
noted in the CA2/3 region in diffuse Lewy body disease to
distinguish this disorder from AD with =-positive neu-
rites.2® Furthermore, ubiquitin-positive neurites in the hip-
pocampus have been shown to coexist with cortical
LBs®° and have been found in the brainstem in Parkin-
son’s disease.3' Thus, the formation of ubiquitin-positive
neurites might be closely associated with LBs, and there-
fore, they might share a similar pathogenic substrate.

Other r-positive neuronal structures such as neurofi-
brillary tangles, neuropil threads, ballooned neurons in
Pick’s disease, corticobasal degeneration, and glial tan-
gles were not detected with NACP except for a few Pick
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bodies. Occasional Pick bodies in hippocampus but not
neocortex were faintly positive with NACP. Pick bodies
mainly contain hyperphosphorylated 7, but previous stud-
ies have shown that they are also immunoreactive with
antibodies against Chromogranin A and clathrin,32 which
are proteins that concentrate in synaptic terminals.
Therefore, abnormal accumulation of NACP may be in-
dicative of extensive axonal pathology. Supporting this
possibility, the present study as well as previous studies
showed that NACP abnormally accumulates in synaptic
terminals'®33 in AD and in the round dystrophic neurites
in the plaques of AD and LBV.'53* Taken together, these
findings suggest that both abnormal transport of synaptic
proteins and abnormal compartmentalization of NACP
might play a role during the progression of LBV.
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