measured rapid exchange rates for a transcrip-
tion factor on a specific regulatory element in
living cells. It is unclear whether any of the
various factors recruited to a regulatory site
remain statically bound.

The continuous exchange of liganded recep-
tor with genomic targets is likely to have im-
portant consequences for physiologic responses
of the cell. Many receptor responses are mod-
ulated by multiple cellular signaling pathways.
For example, phosphorylation events mediated
through independent protein kinase cascades
can quickly alter the receptor-mediated expres-
sion level at a variety of promoters. Rapid
exchange of a nuclear receptor with regulatory
sites may facilitate the action of these second-
ary pathways because the receptor would be
continuously available for modification, even in
the presence of ligand.

The success of these experiments now
opens the possibility of studying the direct
interaction of many receptor coactivators and
other receptor interaction activities with a
natural gene target in real time in living cells.
Further enhancements of this approach will
likely lead to the ability to directly study
molecular interactions at target regulatory re-
gions through the application of fluorescent
energy transfer (/&) and proximity imaging
of GFP-labeled factors (18).
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Dopaminergic Loss and Inclusion
Body Formation in a-Synuclein
Mice: Implications for
Neurodegenerative Disorders

Eliezer Masliah,-* Edward Rockenstein," Isaac Veinbergs,?
Margaret Mallory,' Makoto Hashimoto," Ayako Takeda,'
Yutaka Sagara,? Abbyann Sisk,? Lennart Mucke*

To elucidate the role of the synaptic protein a-synuclein in neurodegenerative
disorders, transgenic mice expressing wild-type human a-synuclein were gen-
erated. Neuronal expression of human a-synuclein resulted in progressive
accumulation of a-synuclein—and ubiquitin-immunoreactive inclusions in neu-
rons in the neocortex, hippocampus, and substantia nigra. Ultrastructural anal-
ysis revealed both electron-dense intranuclear deposits and cytoplasmic in-
clusions. These alterations were associated with loss of dopaminergic terminals
in the basal ganglia and with motor impairments. These results suggest that
accumulation of wild-type a-synuclein may play a causal role in Parkinson’s

disease and related conditions.

Human a-synuclein is a 140—amino acid mol-
ecule (/) that is encoded by a gene on chromo-
some 4 (2) and has homology to rat and Tor-
pedo a-synuclein and songbird synelfin (3).
Although the precise function of the synuclein
superfamily of peptides is still unknown, sev-
eral lines of evidence suggest potential roles in
synaptic function and neural plasticity (3, 4).
Human a-synuclein was originally isolated
from plaques of Alzheimer’s disease brains as a
19-kD protein precursor of the highly hydro-
phobic 35—-amino acid metabolite, nonamyloid
component (NAC) of plaques (/). The NAC
peptide can self-aggregate into fibrils and in-
duces aggregation of the B-amyloid peptide (5).

a-Synuclein is highly abundant in presynaptic
terminals (4) and in Lewy bodies (6), neuronal
inclusions that are found in diverse human neu-
rodegenerative disorders including the Lewy
body variant of Alzheimer’s disease, diffuse
Lewy body disease, and Parkinson’s disease
(7). Rare cases of familial Parkinson’s disease
have recently been linked to point mutations in
a-synuclein (8); however, most neurodegenera-
tive disorders with Lewy bodies are associated
with abnormal accumulation of wild-type, not
mutant, a-synuclein (6, 9).

To elucidate the role of a-synuclein accu-
mulation in the pathogenesis of neurodegenera-
tive disorders with Lewy bodies, we generated
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and analyzed a-synuclein transgenic mice. In
these mice, wild-type human a-synuclein was
expressed under the regulatory control of the
platelet-derived growth factor—3 (PDGF-B)
promoter (Fig. 1A) (10). This promoter was
chosen because it has been successfully used to
target the expression of other human proteins to
neurons in transgenic models of neurodegen-
erative disease (//). In all lines of transgenic
mice with human a-synuclein mRNA expres-
sion in the brain (Fig. 1, B and C), cerebral
human a-synuclein expression was also detect-

Fig. 1. Characteriza- A
tion of a-synuclein
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ed at the protein level (Fig. 1, E and F). Mice
from line D consistently had the highest levels
of human a-synuclein mRNA (Fig. 1C) and
protein (Fig. 1F). Lines A, B, M, and C had low
to intermediate levels of transgene expression
(Fig. 1, C and F).

To characterize the effects of human
a-synuclein expression in neurons, we com-
pared transgenic mice from lines A (n = 6), B
n=28),C(n=17),D(n=15),and M (n =
6) with age-matched nontransgenic controls
(n = 22). By 2 months of age, transgenic mice
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are shown on the right. (C) Phosphorimager (Becton-Dickinson) analysis of human a-synuclein mRNA signals
(expressed as percent of human control). The highest level of transgene expression was detected in mice from
line D (n = 3) and intermediate to low levels were observed in lines M, A, B, and C (n = 3 mice per line). No
human a-synuclein signal was detected in nontransgenic (Non tg) mice (n = 4). Bars represent means *
SEM. (D) Schematic representation of the a-synuclein region from which the human- and mouse-specific
peptides were selected for generation of polyclonal antibodies. Mismatched amino acids are labeled with an
asterisk. These antibodies were generated by Research Genetics (Huntsville, AL) as described (4) and
affinity-purified with the AminoLink Kit (Pierce, Rockford, IL) with the immunogen. Single-letter abbreviations
for the amino acid residues are as follows: A, Ala; D, Asp; E, Glu; G, Gly; |, lle; K, Lys; L, Leu; M, Met; N, Asn;
P, Pro; Q Gln; S, Ser; V, Val; and Y, Tyr. (E) Westem blot analysis (10 pg protein per lane) with affinity-purified
human- and mouse-specific a-synuclein antibodies was performed as described (4). The human-specific
antibody recognized a 19-kD band, consistent with human a-synuclein, in the transgenic mice and in the
human control. Only minimal cross-reactivity with mouse a-synuclein was seen in nontransgenic mice. In
contrast, the murine-specific antibody recognized endogenous a-synuclein in transgenic and nontransgenic
mice, with only a faint band noted in the human control. (F) Phosphorimager analysis of human a-synuclein
signals (background values subtracted) from semiquantitative Westem blots revealed the highest cerebral
levels of human a-synuclein expression in mice from line D (n = 3) and intermediate to low levels in lines
M, A, B, and C (n = 3 mice per line). The signal obtained in nontransgenic mice (n = 4) was considered
background. Results were expressed as percent immunoreactivity of normal human control (n = 3). Bars

represent means * SEM.

from all lines had prominent intraneuronal in-
clusions (nuclear and cytoplasmic) that were
strongly immunoreactive with antibodies to hu-
man (Fig. 2B), but not mouse (Fig. 2E),
a-synuclein.© The antibody to human
a-synuclein also recognized the character-

-istic intracytoplasmic inclusions found in

Lewy body disease (Fig. 2C). Human a-
synuclein—immunoreactive inclusions were
most abundant in transgenic mice from the
highest expresser line (Figs. 2B and 3A) and
were not detected in nontransgenic controls
(Fig. 2A). In the transgenic mice, the inclusions
were most frequently seen in neurons in the
deeper layers of the neocortex (Fig. 2B), the
CA3 region of the hippocampus, and the olfac-
tory bulb (12) and occasionally in the substantia
nigra (Fig. 2, G and H). These regions are also
typically affected in patients with Lewy body
disease (6).

Degeneration of dopaminergic neurons in
the substantia nigra results in Parkinson’s dis-
ease and is frequently preceded by the forma-
tion of Lewy bodies. To assess whether these
cells develop human a-synuclein-positive in-
clusions in our transgenic mice, we double-
immunolabeled brain sections with antibodies
to human a-synuclein and to tyrosine hydrox-
ylase (TH) (13), which is required for the syn-
thesis of dopamine. TH-positive neurons in the
substantia nigra displayed abnormal accumula-
tions of a-synuclein (Fig. 2H). Consistent with
observations in humans with Lewy body dis-
ease (6, 7), the inclusions in the transgenic mice
were accompanied by occasional human
a-synuclein-immunoreactive neuritic process-
es (Fig. 2I) and were colabeled (/3) with an
antibody to ubiquitin (Fig. 2J).

We then characterized the ultrastructural
features of the human a-synuclein—positive
neuronal inclusions by electron microscopy (4,
14). In contrast to nontransgenic controls (Fig.
4, A and B), neurons of high-expresser human
a-synuclein mice (2 to 3 months of age)
showed electron-dense deposits (0.1 to 0.25 wm
in diameter) associated with the rough endo-
plasmic reticulum (Fig. 4, C and D). Larger
electron-dense deposits (0.5 to 1 wm in diame-
ter) with a dense core were observed in neuro-
nal nuclei (Fig. 4, E and F). Interestingly, other
synaptic proteins also accumulate in neuronal
nuclei in other neurodegenerative conditions.
For instance, fibrillar aggregates of huntingtin
are found in the nucleus of affected neurons in
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huntingtin transgenic mice and in patients with
Huntington’s disease (15).

In 9- to 1l-month-old a-synuclein trans-
genic mice, larger electron-dense cytoplasmic
inclusions (2 to 5 wm in diameter) were identi-
fied that were composed of fine granular mate-
rial and contained clear vacuoles (50 to 100 nm
in diameter) but no fibrillar elements (Fig. 4, G

Fig. 2. Expression of a-synuclein immunoreac-
tivity and neuropathological alterations in hu-
man a-synuclein transgenic mice. Brain sections
from 3-month-old nontransgenic (A and D) and
transgenic (B, E, and G to J) mice from line D and
a human with Lewy body disease (C and F) were
immunostained with an antibody to human
a-synuclein (A to C and G to J) or murine
a-synuclein (D to F) and imaged by light (A to G,
and 1) or confocal (H and J) microscopy. In
nontransgenic mice, no human a-synuclein im-
munoreactivity was observed (A), whereas in the
temporal neocortex of the transgenic mouse (B)
and the human (C) there was intense o-
synuclein immunoreactivity in nerve terminals
and intracytoplasmic inclusions (arrows). The
antibody to murine a-synuclein immunostained
only the neuropil; there was no immunostaining
of inclusions in the mice [(D) and (E)] or of the
Lewy bodies or synapses in the human tissue (F).
(G) Occasional human a-synuclein-immunore-
active structures (arrows) were observed in the
cytoplasm of neurons in the substantia nigra
pars compacta of transgenic mice. (H) Double
labeling for human a-synuclein and TH revealed
inclusion bodies (arrow) in dopaminergic neu-
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and H). Immunogold electron microscopic anal-
ysis confirmed that these structures contained
human a-synuclein immunoreactivity (Fig. 4H,
inset). Control experiments in which sections
from transgenic mice were incubated in the
absence of primary antibody showed no immu-
nogold labeling associated with inclusions (12).
Nuclear or cytoplasmic inclusions such as those

A

depicted in Fig. 4, C to H, were not observed in
nontransgenic controls or transgenic mice ex-
pressing other amyloidogenic proteins directed
by the same promoter (11, 14). _
The cytoplasmic neuronal inclusions in hu-
man o-synuclein transgenic mice resemble
Lewy bodies in humans in some respects but
not in others. Similarities include their locations

rons in the substantia nigra of the transgenic mouse. (I) Human a-synuclein—immunoreactive neuritic processes (arrows) were observed in the CA3
region of the hippocampus in transgenic mice. (J) Double labeling of transgenic brain sections revealed that some human a-synuclein—immunoreactive
inclusions (red) were also ubiquitin-positive (green). Colabeled inclusions are seen in orange-yellow (arrow). Original magpnification, X295 (A to G),

X830 (H to J).

Fig. 3. A high number of
neuronal inclusions are asso-
ciated with the development
of dopaminergic and motor
deficits. (A) The density of
human a-synuclein-immu-
noreactive neuronal inclu-
sions in the cingulate cortex
was determined (73) in 3- to
4-month-old transgenic
mice from lines D (n = 8), M
(n=3),A(n=26),B(n=4),
and C (n = 7) and in age-
matched nontransgenic con-
trols (n = 8). The highest
and lowest numbers of inclu-
sion bodies were found in
the highest expresser (line D)
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genic mice from line D than in
age-matched nontransgenic

controls (n = 8 mice per group; *P < 0.05 by unpaired two-tailed Student’s
t test). (C) Western blot (23) demonstrating striatal TH levels in
transgenic mice from line D and nontransgenic controls at 12 months
of age. (D) Analysis of TH bands with the ImageQuant software (23)
confirmed that striatal TH levels were significantly lower in transgenic
mice than in nontransgenic controls (n = 5 mice per group; *P <
0.005 by unpaired two-tailed Student’s t test).

www.sciencemag.org SCIENCE

NonTg

LineD NonTg

(E) Striatal TH activity
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Line D

(24) was also significantlylower in 12-month-old transgenic mice from line D
than in nontransgeniclittermates (n = 5 mice per group; *P < 0.03 by unpaired
two-tailed Student's t test). (F) Rotorod testing (78) revealed a significant
decrease in motor performance (P < 001 for genotype effect by repeated-
measures analysis of variance) in 12-month-old transgenic mice from line D
compared with nontransgenic littermates (n = 10 mice per group). All
quantitative data represent group means = SEM.

VOL 287 18 FEBRUARY 2000

C

80 e g e sy o o e e

NonTg Line D

2007 mNeonTg
oline D

1504

1001

Time (s)
By
!
\

150+

o

Tal 1 2 3 4 5 6 7

1267



1268

in the deep layers of the neocortex and in
dopaminergic neurons of the substantia nigra
and their reactivity with antibodies to human
a-synuclein or ubiquitin. They differ from hu-
man Lewy bodies in that they are less circum-
scribed, are present in the nucleus, and lack
fibrillar components (6, 7). It is unclear why no
fibrillar structures were detected in association
with the electron-dense inclusions in transgenic
mice. Conceivably, additional stress conditions,
such as formation of oxygen free radicals, are
necessary to promote fibrillar aggregation of
human a-synuclein (/6). This situation may be
similar to that encountered in human amyloid
protein precursor transgenic mice, where there
is no formation of neurofibrillary tangles or
paired helical filaments despite extensive dep-
osition of amyloid (/4).

Because motor deficits in Lewy body dis-
ease are associated with degeneration of ni-
gral dopaminergic neurons projecting to the
striatum (17), we further evaluated the integ-
rity of the dopaminergic system. The density

of TH-positive neurons in the substantia nigra.

was similar in all five lines of transgenic mice
and in nontransgenic controls (12). However,
TH-positive nerve terminals within the stria-

Non-Transgenic

RER RER/inclusion
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tum were significantly reduced in transgenic
mice from the highest expresser line as com-
pared with nontransgenic littermates (Fig.
3B) and lower expresser lines (/2). Trans-
genic mice also had lower striatal TH levels
by Western blot analysis (Fig. 3, C and D)
and lower striatal levels of TH enzymatic
activity (Fig. 3E) than nontransgenic con-
trols. Thus, abnormal accumulation of human
a-synuclein may lead to injury of nerve ter-
minals and synapses in the absence of overt
neuronal loss.

To determine if loss of dopaminergic in-
put to the striatum in transgenic mice is as-
sociated with Parkinson’s disease-related
neurological impairments, we examined the
mice with the rotorod test (18, 19). Compared
with nontransgenic littermate controls, trans-
genic mice from the high-expresser line D
showed significant deficits in motor perfor-
mance (Fig. 3F). The loss of dopaminergic
terminals and motor abnormalities in human
a-synuclein transgenic mice support the gen-
eral hypothesis that intraneuronal accumula-
tion of amyloidogenic synaptic proteins can
elicit morphological and functional impair-
ments of the central nervous system (20).

Human a syn-transgenic

-

intranuclear inclusion cytoplasmic inclusion

Fig. 4. Ultrastructural analysis of neuronal alterations in human a-synuclein transgenic mice (line D).
Upper panels show low magnification (original magnification, X2500) and lower panels high magnifi-
cation (X15,000) views of neurons from the cingulate cortex. Boxed areas in upper panels (E and G)
indicate areas shown in lower panels (F and H). (A and B) Normal appearance of neuronal structures in
a 3-month-old nontransgenic control. RER, rough endoplasmic reticulum. (C and D) Electron-dense
inclusions in the RER in a 3-month-old transgenic mouse. (E and F) Nuclear inclusions in a 3-month-old
transgenic mouse. The dense cores of these abnormal deposits distinguish them from the nuclear
chromatin condensations seen in (A). (G and H) Electron-dense inclusions composed of fine granular
material in the neuronal cytoplasm of an 11-month-old transgenic mouse. Immunogold electron
microscopic analysis (4) of similar deposits in a different transgenic mouse (inset, H) confirmed that
such electron-dense material contained human a-synuclein immunoreactivity (arrows). Bar, 5 pm.

Because the dopaminergic and behavioral
deficits were detected only in the high-ex-
presser line and not in low-expresser lines
(12), these findings will need to be confirmed
in additional high-expresser lines. Although
the highest expresser line clearly had more
human a-synuclein— and ubiquitin-immuno-
reactive neuronal inclusions than the other
transgenic lines, these inclusions were ob-
served in all transgenic lines analyzed (Fig.
3A). It is conceivable that a critical threshold
of a- synuclein accumulation is required for
dopaminergic and behavioral deficits to be-
come detectable. Alternatively, the formation
of neuronal inclusions and the development
of neuronal deficits may not be linked in a
causal chain. Evidence for such a dissociation
has been obtained in models of polyglu-
tamine-induced neurodegenerative disorders
(21). In any case, the similarities between
neurodegenerative diseases with Lewy bodies
and the alterations elicited in human o-
synuclein transgenic mice suggest that in-
creased expression or intracellular accumula-
tion of wild-type a-synuclein may play a key
role in the pathogenesis of these conditions.
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Neuroimaging Evidence for
Dissociable Forms of Repetition
Priming

R. Henson,'?* T. Shallice,>® R. Dolan'#

Repetition priming has been characterized neurophysiologically as a decreased
response following stimulus repetition. The present study used event-related
functional magnetic resonance imaging to investigate whether this repetition-
related response is sensitive to stimulus familiarity. A right fusiform region
exhibited an attenuated response to the repetition of familiar stimuli, both
faces and symbols, but exhibited an enhanced response to the repetition of
unfamiliar stimuli. Moreover, both repetition effects were modulated by lag
between successive presentations. Further experiments replicated the inter-
actions between repetition, familiarity, and lag and demonstrated the persis-
tence of these effects over multiple repetitions. Priming-related responses are
therefore not unitary but depend on the presence or absence of preexisting

stimulus representations.

Repetition priming is one of the basic forms of
memory in higher nervous systems. It has been
studied extensively by cognitive psychologists,
often indexed behaviorally as faster reaction
times or improved identification accuracy fol-
lowing repetition (/). A well-established neuro-
physiological index of repetition priming is a
relative decrease in neural firing with repeated
stimulus presentations, referred to as “repetition
suppression” (2), as found, for example, in in-
ferotemporal regions of the monkey cortex (3).
Analogous decreases in the hemodynamic re-
sponse following stimulus repetition have been
reported within the human extrastriate cortex in
functional imaging studies (4). These imaging
studies have typically used familiar stimuli,

“such as common words or pictures of identifi-

able objects. In the present imaging study, we
examined whether repetition priming effects are
modulated by stimulus familiarity. By familiar-
ity, we refer to whether or not a representation
of the stimulus existed before scanning.

In four experiments conforming to the same
basic paradigm, we used functional magnetic
resonance imaging (fMRI) (5) to measure the
event-related hemodynamic response to brief
visual stimuli (Fig. 1). Participants (6) viewed a
baseline image that was replaced by either a
face (experiments 1 and 3) or a symbol (exper-
iments 2 and 4). Each stimulus was either fa-
miliar (a famous face or a meaningful symbol)
or unfamiliar (a nonfamous face or a meaning-
less symbol) and was presented twice (experi-
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ments 1 and 2) or five times (experiments 3 and
4) in a randomly intermixed design. Partici-
pants were required to press a key only if the
stimulus was a prespecified target, so that the
events of interest, the nontarget stimuli, were
uncontaminated by motor response require-
ments. This use of an indirect task removes any
explicit requirement for differential attention to
stimulus familiarity or repetition. After scan-
ning, participants were shown the stimuli again
and judged which could be identified (i.e., faces
identified as famous or symbols identified as
meaningful). Although the judgments were in
good agreement, the differences allowed anal-
yses to be individually tailored to participants’
prior experience.

Experiments 1 and 2 employed a two-by-
two factorial design in which the events of
interest were first and second presentation of
familiar (F1 and F2) and unfamiliar (U1 and
U2) stimuli. We created statistical parametric
maps of voxels exhibiting increased respons-
es to stimulus presentation versus baseline
(7). These voxels (which comprised mainly
bilateral fusiform, right lateral occipital, and
inferior frontal regions) were then used as a
mask within which to identify brain regions
sensitive to two planned, orthogonal compar-
isons: (i) regions showing greater responses
to familiar than to unfamiliar stimuli, (F1 +
F2) - (Ul + U2), and (ii) regions showing an
interaction between familiarity and repeti-
tion, (F1 — F2) — (Ul - U2).

The only regions exhibiting a greater re-
sponse to familiar than to unfamiliar faces were
in the bilateral fusiform cortex (Fig. 2A), close
to what has been referred to as the “face area”
(8). The present results suggest that this region
is sensitive to whether or not a face is recog-
nized, perhaps reflecting activation of “face
recognition units” (FRUs) (9). Similar bilateral
fusiform regions, however [given the spatial
smoothing of the data (5)], exhibited a greater
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