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Pathogenic a-synuclein (aS) gene mutations occur in rare familial
Parkinson’s disease (PD) kindreds, and wild-type aS is a major
component of Lewy bodies (LBs) in sporadic PD, dementia with LBs
(DLB), and the LB variant of Alzheimer’s disease, but B-synuclein
(BS) and y-synuclein (yS) have not yet been implicated in neuro-
logical disorders. Here we show that in PD and DLB, but not normal
brains, antibodies to aS and BS reveal novel presynaptic axon
terminal pathology in the hippocampal dentate, hilar, and CA2/3
regions, whereas antibodies to yS detect previously unrecognized
axonal spheroid-like lesions in the hippocampal dentate molecular
layer. The aggregation of other synaptic proteins and synaptic
vesicle-like structures in the «S- and BS-labeled hilar dystrophic
neurites suggests that synaptic dysfunction may result from these
lesions. Our findings broaden the concept of neurodegenerative
“synucleinopathies” by implicating S and 45, in addition to aS, in
the onset/progression of PD and DLB.

perforant pathway | mossy fibers

he synucleins are a family of soluble presynaptic proteins that

are abundant in neurons and include a-synuclein (aS) (also
known as the nonamyloid component of plaques precursor
protein or NACP) (1, 2), B-synuclein (BS) (also known as
phosphoneuroprotein 14 or PNP14) (3, 4), and y-synuclein (yS)
(also known as breast cancer-specific gene 1 or BCSG1 and
persyn) (5, 6). Although they are homologous, each synuclein is
encoded by a different gene on chromosomes 4q21.3-q22 (aS) (7,
8), 5935 (BS) (9), and 10923 (yS) (10).

The functions of synucleins are poorly understood; however,
mutations in the aS gene are linked to familial Parkinson’s
disease (PD) in rare kindreds (11, 12). oS is a major component
of Lewy bodies (LBs) and Lewy neurites in sporadic PD,
dementia with LBs (DLB) and a subtype of Alzheimer’s disease
(AD) with abundant neocortical LBs known as the LB variant of
AD (13-15). Further, LBs have been described in familial AD
caused by presenilin and amyloid precursor protein gene muta-
tions (16) and Down’s syndrome (17). In addition, oS is a major
component of glial cytoplasmic inclusions (GCIs) in multiple
system atrophy (MSA) (18, 19) as well as the neuronal inclusions
and GCIs in Hallervorden-Spatz disease (18). Heretofore, BS
and yS have not been implicated in neurodegenerative disease
(15, 18), although S may play a role in breast cancer progres-
sion (5).

Here, we report the identification of axonal pathology with
antibodies to S and S in the hippocampus of PD and DLB
brains, but not in control brains, thereby implicating 8S and 7S,
in addition to aS, in neurodegenerative disease.

Methods

Case Materials. Brains of autopsy proven PD (n = 5), DLB (n =
5), AD (n = 5), MSA (n = 2), Pick’s disease (n = 2), and normal
controls (n = 5) were examined and compared after postmortem
assessment in the Center for Neurodegenerative Disease Re-
search at the University of Pennsylvania School of Medicine to
establish a neuropathological diagnosis in each case (15-18, 20).
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Immunohistochemistry. Immunohistochemistry was performed on
6-pm thick serial sections of paraffin-embedded blocks of hip-
pocampus from brains fixed in 10% neutral buffered formalin,
Bouin’s solution, or 70% ethanol/150 mM NaCl as described
(15, 18, 20). Briefly, sections were deparaffinized in xylene and
rehydrated, and alternate sections were treated with 88% formic
acid for 1 min followed by a wash in distilled water for 5 min.
After treatment with methanol/H,0,, sections were immersed
in Tris-buffered saline (TBS), pH 7.4, blocked in TBS/0.08%
Triton X-100/2% horse serum and incubated overnight at 4°C
with antibodies to: aS (LB509 and Syn208; refs. 15 and 18), BS
(Syn207; ref. 18), 7S (antisera 20; ref. 18), ubiquitin (1510,
Chemicon; ref. 21), synaptophysin (SY38, Boehringer Mann-
heim; ref. 22), synapsin I (Molecular Probes; ref. 23), and
synaptobrevin (MAB335, Boehringer Mannheim; ref. 24). Sec-
tions were developed by using the avidin-biotin complex method
(Vector Laboratories) with diaminobenzidine as the chromogen
and evaluated, and then images of regions of interest in the
sections were captured with a Nikon X-100 microscope and
imported into Northern Exposure (Empix, Glen Mills, PA).
Double-label immunofluorescence studies were performed with
species-specific anti-Ig antibodies conjugated to FITC and Texas
red fluorochromes (Jackson ImmunoResearch) as described (15,
18, 20).

Electron Microscopy. Electron microscopy was performed on DLB
brain as described (15, 16, 18). Briefly, small blocks of hippocam-
pus were removed from three frozen DLB brains and immersed
immediately in a phosphate-buffered (pH 7.4) solution contain-
ing 0.1% glutaraldehyde and 4% paraformaldehyde for fixation
overnight. The blocks were sectioned at 50 um and probed with
antibodies to &S and S to identify immunoreactive structures by
light microscopy for pre-embedding immuno-electron micros-
copy. To do this, sections were washed in PBS, blocked with 2%
horse serum, and incubated with primary antibody overnight at
4°C after which they were washed with PBS, incubated with
biotinylated anti-mouse IgG (Vector Laboratories) for 1 hr,
washed again, and then developed by using the avidin-biotin
complex method (Vector Laboratories) with diaminobenzidine
as a chromogen. Adjacent sections were further processed with
a silver enhancement procedure as described (25). Control
sections were processed in parallel with the exception of the
primary antibody. Sections were dehydrated and embedded in
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Fig. 1.  This series of low-power images depicts aS, BS, and yS immunoreactivity in hippocampus and entorhinal cortex of normal control (Top), DLB (Middle),

and PD (Bottom) brains. The first column demonstrates the normal oS neuropil staining pattern (A) compared with the DLB (B) and PD (C) entorhinal cortex with
aS-positive LBs using the LB509 antibody to aS. The second column shows the normal aS neuropil staining pattern (D) and dystrophic Lewy neurites in the CA2 /3
region of hippocampus in the DLB case (E) and to a lesser extent in PD (F) by using LB509. The third column shows the normal aS neuropil staining pattern (G)
and degenerate mossy fiber terminals around hilar neuronsin DLB (H) and PD (/) by using LB509. The fourth column shows the normal aS neuropil staining pattern
(/) as well as degenerate mossy fibers in DLB (K) and PD (L) by using the Syn207 antibody to 8S. The final column shows the normal oS neuropil staining pattern
(M) and depicts degenerate terminals in the stratum moleculare of the dentate gyrus in DLB (N) and PD (O) by using antisera 20 to 7S. All panels are at the same

magnification, and the scale bar in O = 20 um.

epoxy resin. Ultrathin sections were prepared and viewed as
described (15, 16, 18).

Similar samples also were examined by postembedding im-
muno-electron microscopic methods. Briefly, 50-um thick sec-
tions were washed with PBS, dehydrated, and embedded with
LR white (Electron Microscopy Sciences, Fort Washington, PA).
Ultrathin sections were cut, blocked with horse serum, incubated
with primary antibodies at 4°C overnight, then washed in PBS
and incubated with anti-mouse IgG conjugated with 10-nm gold
particles (Electron Microscopy Sciences). After light staining
with uranyl acetate (Electron Microscopy Sciences), the immu-
nogold-labeled structures were examined as described (15,
16, 18).

Results

Light Microscopy of Synuclein Pathology in PD And DLB Hippocampus.
Consistent with previous reports (13, 15), oS immunoreactivity
in the normal hippocampus was homogeneously distributed
throughout the neuropil (Fig. 1 4, D, G, J, and M), and the most
striking hippocampal lesions were abundant aS-positive Lewy
neurites in the CA2/3 region in all PD and DLB cases (Fig. 1
E and F), in addition to aS-positive LBs in entorhinal cortex (Fig.
1B and C). However, these lesions were not seen in control cases
(Table 1) even when oS immunoreactivity was greatly enhanced
by pretreating sections with formic acid (26). In addition, many
hilar neurons in both PD and DLB cases were surrounded by
accumulations of aS-positive punctate or vesicular profiles (Figs.
1 H and [ and 2A4). This pathology was not seen in normal control
(Fig. 1G) and AD brains (Table 1), nor was it seen in the MSA
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or Pick’s disease cases (Table 1). Notably, the marked abundance
and variable size of these profiles in the PD and DLB brains
suggest that they reflect pathological aggregates of aS in axon
terminals of dentate mossy fiber projections to hilar neurons.

Table 1. Synuclein-immunoreactive hippocampal pathology in
neurodegenerative disorders

aS
Total
Diagnosis cases LBs Mossy fiber Other* BS S
PD 5 5/5 5/5 0/5 5/5  5/5
DLB 5 5/5 5/5 0/5 5/5  5/5
Normal 5 0/5 2/5 0/5 0/5 0/5
AD 5 0/5 2/5 0/5 0/5 0/5
Pick’s 2 0/2 0/2 2/2 0/2 0/2
MSA 2 0/2 0/2 2/2 0/2 0/2

aS, BS, and 7S pathology was consistently seen in all PD and DLB cases. In
normal and AD cases, no LBs or Lewy neurites were seen; however, a few hilar
neurons demonstrated aS immunoreactivity suggestive of degenerating axon
terminals. This immunoreactivity was similar, though substantially reduced,
when compared to the LB disorders. No S or 7S pathology was noted in the
normal or AD cases. The Pick’s disease cases demonstrated Pick bodies immu-
noreactive for «S in the dentate and parahippocampal gyrus; however, no
degenerating axon terminals were seen. No 3S or yS pathology was noted. In
the MSA cases, multiple GCls immunoreactive for aS were noted in the white
matter of the hippocampus; however, few degenerating axon terminals were
noted. No S3S or yS pathology was seen.
*Non-LB pathology.
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Fig. 2. This series of higher-power images depicts degenerate terminals
labeled with antibodies to S, 8S, and ySin PD (A, G, and E) and DLB (B, D, and
F) compared with AD (G) and Pick’s disease (H) where these lesions are not
seen. (A) Degenerate mossy fiber terminals surrounding a hilar neuron with
LB509 (arrow). (B) Lewy neurites and degenerate terminals on CA2 /3 neurons
(small arrowhead) with LB509. (C and D) Degenerating mossy fibers terminat-
ing on hilar neurons (arrow) with Syn207. (E) A high-power view of the S
immunoreactive terminals (large arrowheads) in the stratum moleculare of
the dentate gyrus. (F) ¥yS pathology in the CA1 region of the hippocampus
(large arrowhead). (G) The absence of S hilar pathology in AD. (H) Absence
of yS pathology in Pick’s disease. A-F are at the same magnification (scale bar
in A =5 pum), and G and H are at the same magnification (scale bar in H =
20 pm).

The abundance of these vesicles appeared to parallel that of
aS-positive LBs in entorhinal cortex and Lewy neurites in the
CA2/3 regions of the PD and DLB cases (Figs. 1 and 2).
Notably, these vesicles were 8S-positive but yS-negative (Figs. 1
K and L and 2 C and D) in PD and DLB brains, but they were
not detected in normal control (Fig. 1J) or AD brains (Fig. 2G).
However, axonal spheroid-like lesions were identified in the
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stratum moleculare of the dentate gyrus of PD and DLB cases
with antibodies to S, but not with anti-aS or anti-BS antibodies
(Figs. 1 N and O and 2 E and F). These axonal spheroids were
most apparent after pretreatment with formic acid; otherwise,
they were difficult to distinguish from normal neuropil staining.
Although similar yS-positive spheroids were seen in the CAl
region, they were most abundant in the PD and DLB dentate
molecular layer (Fig. 2 E and F), but they were not seen in
controls (Fig. 1M), Pick’s disease (Fig. 2H), AD, or MSA (Table
1). To determine whether other synaptic proteins were present
in these lesions, we performed immunohistochemical studies
that showed accumulations of synapsin, synaptophysin, and
synaptobrevin in the hilar vesicular profiles, suggesting that these
pathologically altered axon terminals or their corresponding
synapses may be dysfunctional (Fig. 3 A-C). The +yS-positive
spheroids in the dentate molecular layer may be a site of more
proximal axonal pathology, and they were positive only with
antibodies to synaptobrevin and not to the other synaptic
proteins (Fig. 3D). Double-label immunofluorescence studies
demonstrated colocalization of synaptobrevin and synaptophy-
sin with oS (Fig. 3 E-G) and S (Fig. 3 H-J). Finally, although
other regions of PD and DLB brains (e.g., substantia nigra,
striatum) contained aS-positive LBs and dystrophic Lewy neu-
rites, none of these regions showed degenerating axon terminals
similar to those described above in the hippocampus (data not
shown).

Electron Microscopy of Synuclein Pathology in PD and DLB Hippocam-
pus. Pre-embedding methods revealed that oS was localized to
various neuronal processes (with and without myelin sheaths)
and to terminal complexes of mossy fiber rosettes. The rosettes
appeared to be predominantly surrounding the hilar neurons as
identified by light microscopy (Fig. 24). The oS immunoreac-
tivity appeared to be greatest on the vesicle-like structures
densely accumulated within presynaptic axon terminals (Fig. 4 A
and B). This pathology also was demonstrated with silver-
enhancement methods (Fig. 4C), and some filament bundles
were associated with the vesicle-like structures in the terminal
segments of axons (data not shown). The morphology of the
aS-immunoreactive vesicles is shown in a higher-power pho-
tomicrograph (Fig. 4C Inset), although, as expected with autopsy
brain, the preservation of vesicular membranes was not optimal.

Discussion

The abnormal aggregation of proteins into fibrillar lesions is a
neuropathological hallmark of several sporadic and inherited
neurodegenerative diseases (27). For example, LBs appear to be
composed primarily of aS, but other proteins, including neuro-
filament subunits, are present in many LBs (20, 27-29). Although
LBs are hallmark lesions of PD, they also are the predominant
cortical lesions of DLB, and they define the most common
subtype of sporadic AD, i.e., the LB variant (27-30). In addition,
aS is a major component of the GCIs of MSA (18, 19), and
antibodies to aS reveal LBs in the brains of more familial AD
(16) and Down’s syndrome (17) patients than previously re-
ported. Five familial PD kindreds were reported to have mis-
sense mutations in the oS gene (11, 12), but the majority of
familial PD kindreds do not have aS gene mutations, whereas
PD and DLB are predominantly sporadic (31-34).

Although BS and S are abundant in brain, they have not been
implicated previously in any neurological disease. Thus, the
present study is significant because it describes brain abnormal-
ities in a neurodegenerative disease (i.e., PD and DLB) that
contain pathological accumulations of BS and yS. Accordingly,
we conclude that BS and vS, in addition to «S, may play
mechanistic roles in the onset and progression of several neu-
rodegenerative disorders. Indeed, because S pathology may be
seen in other neurodegenerative diseases and in a few normal

Galvin et al.



Fig. 3. Shown are degenerating mossy fiber terminals in PD and DLB cases
with the presynaptic proteins synapsin, synaptophysin, and synaptobrevin.
Degenerate mossy fiber terminals are labeled with antibodies against synap-
sin (A), synaptophysin (B), and synaptobrevin (C) identical to pathology seen
with antibodies to «S and gS. (D) Degenerate terminals in the stratum mo-
leculare stained by antibody against synaptobrevin similar to that seen with
antisera 20 (yS). (E-G) Double-label immunofluorescence of aS (green channel
only in E) and synaptophysin (red channel only in F) terminals surrounding a
hilar neuron (arrowheads), which colocalize to the same profiles in G (yellow
immunofluorescence). (H-J) Double label immunofluorescence of S (green
channel only in H), synaptobrevin (red channel only in /), and their colocal-
ization in J (yellow immunofluorescence identified by small arrows) in the
molecular layer of the dentate gyrus (dg). A-C and E-J are at the same
magnification (scale bars in Cand J = 5 um). In D the scale bar = 20 pm.

controls (see Table 1), BS and S pathology may be more specific
to LB disorders.

Because the aS- and BS-positive lesions appear to be predom-
inantly localized to abnormal aggregates in the mossy fiber
terminals that synapse on hilar neurons, and the neuritic pa-
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Fig. 4. The electron microscopic appearance of degenerate mossy fiber
terminals. (A) The accumulation of S immunoreactive vesicles in the presyn-
aptic terminal of a mossy fiber rosette. (B) A control of a similar representative
view without diaminobenzidine. (C) The «S immunoreactive vesicles demon-
strated with silver enhancement technique. (Inset) A higher magnification of
the oS immunoreactive synaptic vesicle. Arrows demonstrate synaptic clefts.
Magnifications: x45,000 for A-C; X96,000 for /nset in C.

thology labeled by antibodies to aS is most likely in axon
terminals of CA2/3, these abnormal processes may impair
synaptic transmission in hippocampal perforant pathway projec-
tions critical to memory and behavior as schematically illustrated
in Fig. 5 (35). Indeed, this notion is supported by studies of the
effects of botulinum toxin on the presynaptic terminals of the
giant squid (36). This resulted in a 3-fold increase in the vesicular
content of presynaptic terminals by interfering with the docking
and/or fusion properties of the synaptic proteins (i.e., synapto-
physin, synaptobrevin, and synapsin I) and blocking the release
of vesicles as well as their neurotransmitter contents (36-38).
This toxin-induced accumulation of synaptic vesicles resembles
that described in Fig. 4. Thus, the aggregation of synuclein-
labeled vesicles and filaments in presynaptic terminals might
reflect impaired synaptic vesicle release and synaptic dysfunction
(36). Similar impairments also could result from the yS pathol-
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Perforant pathway and synuclein pathology. (A) The components of the hippocampal perforant pathway that play a critical role in behavior and memory.

Neurons in entorhinal cortex send information in a unidirectional manner to dendrites in the molecular layer of neurons dentate gyrus (at 1), followed by hilar
and CA2/3 neurons (at 2), and then to neurons in CA1 and presubicular (at 3) regions of the hippocampus. CA1 neurons then project back to the subiculum (at
4) and then to the entorhinal cortex (at 5) to complete this loop of interconnected neurons. (B) The perforant pathway in schematic form to illustrate the
involvement of «S, BS, and yS pathology throughout this critical pathway in the PD and DLB hippocampus where synaptic transmission might be impaired by
one or more synuclein lesions. EC, entorhinal cortex; SU, subiculum; DG, dentate gyrus; F, fornix.

ogy localized to the molecular layer of the dentate gyrus (see Fig.
5), which resembles pathology detected in frontotemporal de-
mentias by using antibodies to synaptophysin (39). Notably,
whereas LBs and Lewy neurites were recognized with antibodies
to ubiquitin (40, 41), none of the pathological synaptic lesions
described here were labeled by antiubiquitin antibodies. As
illustrated in Fig. 5, the addition of yS pathology in the molecular
layer demonstrates that all components of the perforant pathway
(35) are affected by aggregation of synuclein proteins. The
absence of the degenerating axon terminals in other regions of
the PD and DLB brain suggests that this pathology is specific to
hippocampal projections.

The function of the synucleins is poorly understood but they
are soluble presynaptic proteins that may play a role in synaptic
transmission. However, aS becomes less soluble in neurodegen-
erative disease, which may lead to the formation of fibrillar
aggregates (15, 18) in the form of LBs and GClIs. Significantly,
the hippocampal aS pathology appears to localize primarily on
vesicular structures in the mossy fiber axon terminals but also
may aggregate as filamentous structures. The hippocampal
synuclein pathology described here also may contain insoluble
BS and 7S because it was seen better after pretreatment with
formic acid, which is known to enhance S immunoreactivity
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Although it is unknown whether the transformation of normal
soluble synuclein proteins into insoluble pathological proteins
that form aggregates (e.g., LBs) causes neurodegenerative dis-
eases, it seems increasingly likely that these events compromise
the function and viability of neurons. For example, LB-
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could interfere with the unidirectional flow of information in the
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