18.

19.
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21.
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23.

24.

25.

26.

reliable measurements of both optical and behavioral
signals were obtained simultaneously (26).

The monkey was required to maintain fixation within
2° of a spot of light (0.1° by 0.1°) for 4 to 5 s to
receive a reward (a drop of juice). Stimulation was
applied in 66 to 80% of the trials. Only on stimula-
tion trials could the monkey break fixation before the
fixation spot disappeared (after stimulation onset)
and still receive the reward. The fixation point disap-
peared immediately after the monkey broke fixation.
In 77% of the stimulation sites the fixation point was
positioned at the center of the screen; in the remain-
ing sites it was positioned between 5° and 13° from
the center of the screen toward the ipsilateral direc-
tion. Eye position was monitored by an infrared eye
tracker (provided by Dr. Bouis Devices, Karlsruhe,
Germany) and sampled at 250 Hz.

E. Shtoyerman, A. Arieli, H. Slovin, I. Vanzetta, A.
Grinvald, J. Neurosci. 20, 8111 (2000).

Most stimulation sites were located in the superficial
cortical layers (first 700 wm). The spatiotemporal
dynamics in response to microstimulation in the
deeper layers was similar to that seen in response to
stimulation in the superficial layers, consistent with
previous in vitro imaging studies (32, 33).

E. Seidemann, D. E. Glaser, A. Arieli, A. Grinvald, Soc.
Neurosci. Abstr. 25, 784 (1999).

E. Seidemann, H. Slovin, A. Arieli, A. Grinvald, Soc.
Neurosci. Abstr. 26, 1075 (2000).

The fast signals that we measure (both depolarization
and hyperpolarization) are present only in the wave-
length of fluorescence emission. Thus, these signals
are not likely to be contaminated by mechanical
artifacts or fast intrinsic signals. In addition, it has
been shown recently, using intracellular recording in
vivo, that the dye signal measures membrane-poten-
tial changes precisely [see figure 23 in (75); similar
results were obtained in a recent in vitro study using
the same dye (34)]. Furthermore, an in vitro study
had previously demonstrated that microstimulation-
evoked activity measured using real-time optical im-
aging is highly correlated with neural activity mea-
sured intracellularly (32).

Eye movements that had the typical bell-shaped velocity
profile and peak velocity above 100°/s were considered
saccades. In most stimulation sites the major component
of the evoked saccade was horizontal; we therefore
focused our quantitative analysis on the horizontal com-
ponent of the evoked saccades (but see supplementary
figures). To combine saccade peak velocity measure-
ments across experiments (Fig. 4), we first normalized
the peak velocity of each saccade relative to the maxi-
mal peak velocity obtained under all stimulation condi-
tions at that site. The peak velocity of saccades in the
contralateral direction was defined as positive, and in the
ipsilateral direction as negative. Similarly, the average
optical signal for each stimulation site was first normal-
ized relative to the maximal depolarization observed at
this site across all stimulation conditions before being
combined to yield the grand mean shown in Fig. 4.
The properties of stimulation-evoked saccades ob-
served here are consistent with those observed in
previous studies (6-8, 37, 35). In particular, Stanford
et al. (35) found that, following a short stimulation
train in the superior colliculus, saccade amplitude
becomes shorter with increasing saccade latency. No
other study, to our knowledge, reported the existence
of short ipsilateral saccades that occur during early
hyperpolarization. This may not be surprising given
that these saccades are comparatively rare (5% of
the first saccades in Fig. 4) and, therefore, could
easily have been overlooked by researchers who did
not have access to the time course of depolarization
and hyperpolarization. FEF stimulation can evoke ip-
silateral saccades in the “colliding saccade” paradigm
(36), when microstimulation is applied during an
ongoing natural saccade. It remains to be determined
whether the observed hyperpolarization plays a role
also in the “colliding saccade” effect.

A correlation was computed between the normalized
peak horizontal velocity for individual saccades (red
and cyan x’s in Fig. 4) and the mean normalized
optical response at the time of saccade initiation
(green curve in Fig. 4). To compute the correlation
coefficient (Pearson’s r), we paired each saccade peak
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velocity with the level of the average optical signal at
the time of saccade initiation. The statistical signifi-
cance of each correlation coefficient was assessed
using an F test with 1 and (n — 2) degrees of
freedom, where n is the number of evoked saccades.
The high correlation observed in Fig. 4 remains un-
affected if we (i) select only the stimulation sites for
which both behavioral and optical measurements
were obtained simultaneously (77); (ii) select only
stimulation sites in which stimulation current was
=50 p.A; (iii) select only stimulation sites that were
likely to fall within the FEF; (iv) compute the corre-
lation between the optical signals and the normalized
saccade amplitude (see supplementary figures); or (v)
compute the correlation between the optical signals
and the normalized peak vertical eye velocity for
saccades with a large vertical component (37).
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Chaperone Suppression of
a-Synuclein Toxicity in a
Drosophila Model for
Parkinson’s Disease

Pavan K. Auluck,” H. Y. Edwin Chan,2* John Q. Trojanowski,?
Virginia M.-Y. Lee,? Nancy M. Bonini’-24}

Parkinson's disease is a movement disorder characterized by degeneration of do-
paminergic neurons in the substantia nigra pars compacta. Dopaminergic neuronal
loss also occurs in Drosophila melanogaster upon directed expression of
a-synuclein, a protein implicated in the pathogenesis of Parkinson’s disease and a
major component of proteinaceous Lewy bodies. We report that directed expres-
sion of the molecular chaperone Hsp70 prevented dopaminergic neuronal loss
associated with a-synuclein in Drosophila and that interference with endogenous
chaperone activity accelerated a-synuclein toxicity. Furthermore, Lewy bodies in
human postmortem tissue immunostained for molecular chaperones, also sug-
gesting that chaperones may play a role in Parkinson’s disease progression.

Parkinson’s disease (PD) is the second most
common neurodegenerative disorder and is
associated with resting tremor, postural rigid-
ity, and progressive degeneration of dopami-
nergic neurons in the substantia nigra pars
compacta (SNpc). Characteristic pathological
features of PD include Lewy bodies (LBs),
which are juxtanuclear ubiquitinated protein-
aceous inclusions in neuronal perikarya, and
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Lewy neurites (LNs), which are similar pro-
tein aggregates found in neuronal processes
(I). LBs and LNs are also characteristic of
other neurodegenerative diseases, including
the LB variant of Alzheimer’s disease
(LBVAD) and dementia with LBs (DLB).
a-synuclein is a major constituent of inclu-
sions found in these disorders, known as
synucleinopathies (2—4). Moreover, two mis-
sense mutations in the gene encoding
a-synuclein are linked to dominantly inherit-
ed PD, thereby directly implicating
a-synuclein in disease pathogenesis (5, 6).
In Drosophila, directed expression of
a-synuclein induces selective and progres-
sive loss of dopaminergic neurons, as well
as formation of a-synuclein—positive pe-
rinuclear and neuritic filamentous inclu-
sions similar to LBs and LNs (7). Inclusion
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formation and progressive neuronal degen-
eration have also been demonstrated in
Drosophila models of polyglutamine dis-
ease through directed expression of patho-
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Fig. 1. Hsp70 protected against o-synuclein—in-
duced dopaminergic neuronal degeneration. Par-
affin sections of fly brains were stained with
anti-TH antibody to identify dopaminergic neu-
rons. (A) Control fly aged to 20 days. Many
dopaminergic neurons (arrows) were visible in the
DM clusters. (B) Fly expressing a-synuclein, aged
to 20 days. Markedly fewer dopaminergic neurons
(arrows) were observed in the DM clusters. (C)
Similarly aged fly coexpressing Hsp70 with
a-synuclein. Normal numbers of dopaminergic
neurons were observed (arrows). Genotypes:
w;Ddc-GAL4/+, w;Ddc-GAL4/+;UAS-a-syn/+,
and w;Ddc-GAL4,UAS-HspATL/+;UAS-a-syn/+.
(D) Cell counts of dopaminergic neurons within
the DM clusters of flies expressing a-synuclein
alone or together with Hsp70. Values represent
mean * SEM of four independent experiments.
Serial sections through three to five heads were
examined per data point in each experiment.
Blue, a-synuclein alone; red, a-synuclein coex-
pressed with Hsp70. Normally, no loss of dopa-
minergic neurons is observed in aged flies (7, 78).
Cell numbers between a-synuclein alone at 1 day
and at 20 days (blue, 1 day versus 20 days) were
significantly different (*P =< 0.01, Student's ¢t -
test). No significant difference was present in cell
numbers between a-synuclein alone at 1 day
(blue, 1 day) and a-synuclein with Hsp70 at 20
days (red, 20 days). Bar in (C), 32 um.
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genic human proteins with expanded poly-
glutamine stretches (8-/0). The neuronal
toxicity of abnormal polyglutamine pro-
teins is suppressed by Hsp70 (//), a chap-
erone up-regulated in stress responses that
refolds misfolded protein (/2-14). Given
the pathological similarities between poly-
glutamine- and a-synuclein-mediated neu-
rodegeneration, we investigated whether
Hsp70 could mitigate dopaminergic neuron
loss induced by a-synuclein. Such a finding
would also address whether modifiers of
neurodegeneration in one context (polyglu-
tamine toxicity) might be of therapeutic
benefit in an unrelated context (Parkinson’s
disease).

We used the GAL4/UAS expression sys-
tem (/5) to direct transgene expression. Ex-
pression was targeted to dopaminergic neu-
rons using a driver line with the 3,4-dihy-
droxyphenylalanine (DOPA) decarboxylase
gene promoter (Ddc-GAL4) (7, 16). Neurons
were counted in the dorsomedial (DM) and
dorsolateral-1 (DL-1) dopaminergic neuronal
clusters following immunolabeling for ty-
rosine hydroxylase, which specifically iden-
tifies dopaminergic neurons (/7).

Flies expressing wild-type a-synuclein, or
the two mutant forms pathogenic for familial
PD (A30P and AS3T a-synuclein), in dopa-
minergic neurons consistently exhibited
marked neuronal loss (~50% of normal) in
the DM clusters in flies aged to 20 days [Fig.
1 and Web table 1 (/8)]. Neuron loss did not
progress further in older flies (/9). In DL-1
clusters, dopaminergic neuron loss was more
variable, such that in some experiments no
degeneration occurred, whereas in others as
many as 50% of the neurons were lost [Web
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table 2 (/8)]. No differences were detected in
toxicity conferred by normal a-synuclein
compared to the mutant forms [Fig. 1 and
Web table 1 (/8)]. We also confirmed that
LB- and LN-like inclusions formed in flies
expressing a-synuclein (see below).

We then addressed whether expression of
the molecular chaperone Hsp70 could alter
the neurotoxicity of a-synuclein. We used a
transgenic line encoding human Hsp70 (//)
to coexpress Hsp70 with a-synuclein. We
then reexamined dopaminergic neuron loss in
the DM and DL-1 clusters. Upon coexpres-
sion of Hsp70, we found complete mainte-
nance of normal numbers of dopaminergic
neurons in aged flies. Although a-synuclein
expression in the absence of Hsp70 resulted
in a 50% loss of these neurons in the DM
clusters by 20 days, in the presence of added
Hsp70, the same number of dopaminergic
neurons were present at 20 days as were
present at | day [Fig. 1 and Web table 1 (/8)].
Protection was specific to Hsp70: coexpres-
sion of a control protein, B-galactosidase,
together with a-synuclein did not mitigate
neuronal loss. Immunoblot analysis con-
firmed that levels of a-synuclein were not
altered upon added expression of Hsp70
[Web fig. 1 (/8)]. Thus, Hsp70 ameliorated
the toxicity of a-synuclein to dopaminergic
neurons.

To determine whether suppression of
a-synuclein toxicity was accompanied by a
change in inclusion formation, we examined
LB-like inclusion formation over time, using
antibodies directed against a-synuclein. In
dopaminergic neurons of flies expressing
a-synuclein, inclusions increased in size and
number with age (Fig. 2, A through C). Most

Fig. 2. Hsp70 did not alter the appearance of a-synuclein inclusions in the Drosophila brain. Paraffin
brain sections of flies, coexpressing a-synuclein and Hsp70, were immunostained to visualize
a-synuclein inclusions. Flies coexpressing a-synuclein and Hsp70, aged (A) 1 day and (B) 20 days.
(A) Inclusions (arrows) appeared initially small and weakly stained. (B) Over time, inclusions
became progressively larger and more immunoreactive for a-synuclein, and pathology in the
neuropil (arrowheads) became evident. (C) Fly expressing a-synuclein alone, aged to 20 days.
Genotypes: w;Ddc-GAL4/+;UAS-a-syn,UAS-HspATL/+ [(A) and (B)], w;Ddc-GAL4/+;UAS-a-syn/+
(C). (D through F) LB-like inclusions were immunoreactive for Hsp70 and ubiquitin. Paraffin brain
sections of 20-day-old flies expressing a-synuclein were immunostained with (D) 7FB antibody
[specific to the stress-induced form of Hsp70 (27)] and (E) ubiquitin. (F) Coexpressed human Hsp70
protein also localized to inclusions. Genotypes: w;Ddc-GAL4/+;UAS-a-syn/+ (D and E) and
w;Ddc-GAL4/+;UAS-a-syn,UAS-HspATL/+ (F). Bar, 63 um in (A) to (C) and (F), 50 um in (D), and

40 pm in (E).
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inclusions were in DL-1 and DL-2 clusters
and only rarely in DM neurons (20). Upon
coexpression of Hsp70 with a-synuclein, no
change in the number, morphology, or distri-
bution of the perinuclear protein inclusions
was discernible (Fig. 2, A through C) (20).
Thus, Hsp70 protected against the toxicity of
a-synuclein, despite the continued presence
of aggregate pathology. The aggregates, how-
ever, immunostained for the exogenous
Hsp70 (Fig. 2F).
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The fact that human Hsp70 protected Dro-
sophila neurons from a-synuclein toxicity,
and was present in the inclusions, raised the
possibility of an interaction between endog-
enous chaperone activity and a-synuclein. To
address this, we immunostained brain sec-
tions with an antibody specific for the stress-
induced form of Drosophila Hsp70 (21).
Hsp70 immunoreactivity was seen in the LB-
like inclusions of flies expressing «-
synuclein (Fig. 2D). As in human disease, the

Fig. 3. Lesions from tissue of human patients with Parkinson’s disease, and other synucleinopathies,
were immunopositive for the molecular chaperone Hsp70 and co-chaperone Hsp40. Paraffin-
embedded brain sections from human patients immunostained for Hsp70 (A, B, D, E, and G) or
Hsp40 (C, F, H, and 1). (A to C) LBs (A and C) and LNs (B) in the SNpc of brain tissue from PD
patients. (D) LB in the amygdala from a patient with DLB. (E and F) LBs in the SNpc (E) and cinglate
cortex (F) of patients with LBVAD. (G through 1) LBs from the amygdala (G), SNpc (H), and globus
pallidus (I) of a patient with NBIA1. Bar, 25 wm in (A), (D) to (G), and (l); 32 m in (B) and (H); and

50 wm in (C).

Table 1. Inhibition of constitutive Hsp70 activity enhanced a-synuclein-induced loss of dopaminergic
neurons in the DM clusters. The UAS-Hsc4.K71S transgene encodes a dominant-negative form of the
constitutive Drosophila Hsp70 protein, Hsc4 (22). Dopaminergic neurons were visualized by immuno-
staining for tyrosine hydroxylase. Serial sections through three to five fly heads were examined for each

time point.
Mean number of dopaminergic
" neurons = SEM
Condition
1 day 20 days
Control 16.5+ 2.5 163 £0.3
(w;Ddc-GAL4/+)
Synuclein 155+ 3.5 8.0+ 0.6
(w;Ddc-GAL4/+;UAS-a-syn/+)
Hsc4.K71S alone 19.5+ 0.5 9.7+18
(w;Ddc-GAL4,UAS-Hsc4.K715/+)
Synuclein and Hsc4.K71S 6.7+23 63+ 17

(w; Ddc-GAL4, UAS-Hsc4.K71S/+;UAS-a-syn/+)
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LB-like inclusions in flies were also immu-
noreactive for ubiquitin (Fig. 2E), further em-
phasizing the conservation of additional path-
ways involved in a-synuclein-related pathol-
ogy between flies and humans.

We further addressed the role of Hsp70 in
a-synuclein toxicity by interfering with en-
dogenous activity of the major constitutively
expressed fly Hsp70 protein, Hsc4. We
coexpressed with a-synuclein a mutant form of
Hsc4 bearing an amino acid substitution in
the adenosine triphosphate-binding domain
(Hsc4.K71S) (22). This transgene produces a
protein that interferes with normal Hsc4 chap-
erone activity in a dominant-negative manner
(22). Upon coexpression of Hsc4.K71S with
a-synuclein, dopaminergic neuronal loss in flies
was accelerated. Whereas neuronal loss induced
by a-synuclein alone occurred by 10 to 20 days,
neuronal loss was now apparent in 1-day-old
flies (Table 1). In older flies, degeneration was
similar to that induced by a-synuclein alone.
However, some dopaminergic cell loss was ev-
ident in the DM clusters in aged flies expressing
the Hsc4.K71S transgene alone (Table 1), sug-
gesting that survival of these neurons was sen-
sitive to the levels of endogenous chaperones.
These studies emphasize the sensitivity of do-
paminergic neurons to chaperone levels and
suggest that endogenous chaperones may nor-
mally protect against a-synuclein toxicity by
delaying the onset of degeneration. These results
also support an alternate hypothesis whereby o~
synuclein mediates neuronal toxicity by interfer-
ing with endogenous chaperone activity.

A role for Hsp70 has been largely unex-
plored in PD; however, stress responses may
be critical to dopaminergic neuronal integrity
in recessive forms of PD (23), which may
also involve a-synuclein toxicity (24). We
therefore investigated whether there was ev-
idence to suggest a role for chaperones in
tissue from patients with PD. To do this, we
immunostained brain sections for Hsp70, as
well as its co-chaperone Hsp40 proteins,
from patients with PD (25).

Staining of postmortem PD brain tissue
from several patients revealed LBs and LNs
that were immunopositive for Hsp70 and
Hsp40 chaperones (Fig. 3, A through C).
These data suggest that altered chaperone
activity may be involved in progression of
PD. We next investigated whether this find-
ing was a common feature of human
synucleinopathies by examining tissue
from patients with DLB, LBVAD, and neu-
rodegeneration with brain iron accumula-
tion type 1 (NBIAI; formerly known as
Hallervorden-Spatz syndrome). As in PD
brains, inclusions in these other diseases
showed immunoreactivity for Hsp70 and
Hsp40 (Fig. 3, D through I). Overall, the
number of immunoreactive lesions was 1 to
5% for Hsp70; in separate experiments, a
similar percentage was immunopositive for
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Hsp40. These data suggest a role for chap-
erones in pathologies involving a-
synuclein in humans, such that Hsp70 may
be a critical part of the neuronal arsenal that
mitigates a-synuclein toxicity. An alterna-
tive interpretation is that the presence of
chaperones in aggregates results in their
cellular depletion, due to sequestration, and
this loss of chaperone function leads to
degeneration.

We present data that implicates the molec-
ular chaperone machinery in the pathogenesis
of PD using a Drosophila model. Augmenta-
tion of Hsp70 activity in vivo suppresses
a-synuclein neurotoxicity, whereas compro-
mising chaperone function enhances o-syn-
uclein-induced dopaminergic neuronal loss.
Thus, chaperone machinery in flies helps to
protect dopaminergic neurons against degener-
ation and attenuates the neurotoxic consequenc-
es of a-synuclein expression. Hsp70 may mit-
igate a-synuclein toxicity by influencing the
conformation of a-synuclein in ways that are
not revealed by the morphology of aggregates
in Drosophila. Altematively, a-synuclein may
be toxic because it interferes with chaperone
activity, possibly by their sequestration, and it is
this effect that is mitigated by added Hsp70.
Our findings suggest a role for chaperones in
human pathology, because human LBs and
LNs in PD and other human synucleinopathies
immunostain for Hsp70 and Hsp40. Chaper-
ones may thus play a role in a-synuclein tox-
icity, such that augmentation of chaperone
stress pathways may be an effective approach
in the treatment of several human neurodegen-
erative diseases including PD.
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Germline Transmission and
Tissue-Specific Expression of
Transgenes Delivered by
Lentiviral Vectors
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Single-cell mouse embryos were infected in vitro with recombinant lentiviral
vectors to generate transgenic mice carrying the green fluorescent protein
(GFP) gene driven by a ubiquitously expressing promoter. Eighty percent of
founder mice carried at least one copy of the transgene, and 90% of these
expressed GFP at high levels. Progeny inherited the transgene(s) and displayed
green fluorescence. Mice generated using lentiviral vectors with muscle-specific
and T lymphocyte—specific promoters expressed high levels of GFP only in the
appropriate cell types. We have also generated transgenic rats that express GFP
at high levels, suggesting that this technique can be used to produce other

transgenic animal species.

The ability to introduce and express exoge-
nous genes of interest in animals has become
an indispensable tool to modern biologists
(/). Transgenic mice are currently generated
by pronuclear injection; however, this tech-
nique is still relatively inefficient, technically
demanding, costly, and impractical in most
other animal species. Another approach to
transgenesis is to use retroviruses as gene
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delivery vehicles because they are able to
stably integrate into the genome of cells.
However, the generation of transgenic ani-
mals with oncoretroviruses such as the Molo-
ney murine leukemia virus (MoMLV) is im-
practical because silencing of the provirus
during development results in low to unde-
tectable levels of transgene expression (2. 3).

Lentiviruses are a class of retroviruses
that cause chronic illnesses in the host organ-
isms they infect. Among retroviruses, lenti-
viruses have the distinguishing property of
being able to infect both dividing and nondi-
viding cells, and this ability has led to their
development as gene delivery vehicles (4
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