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Fic. 1. a-Synuclein binds to purified DRMs and the A30P mutation associated with PD disrupts the interaction. Increasing
concentrations of recombinant human a-synuclein (wt) (25-500 nM CBP fusion) were incubated at 30 °C for 30 min with DRMs purified from HeLa
cells in the presence of bovine serum albumin (1%) as nonspecific competitor. Bound protein was separated from free by flotation on a sucrose
density gradient, and the resulting fractions immunoblotted for a-synuclein. Numbers above the gels indicate fractions starting at the top of the
gradient. Immunoblotting for the glycosylphosphatidylinositol-anchored protein CD55 identifies the rafts in fractions 4—6. Increasing amounts of
a-synuclein result in increased binding, whereas the A30P mutant shows no binding even at the highest concentration tested (500 nm). DRM-bound
a-synuclein also exhibits a shift in gel mobility similar to that previously observed (24). Numbers on the left indicate size markers (in kDa).

(data not shown), very similar to the results of other in vitro
binding studies (20-23) but different from the lack of mem-
brane association observed for the A30P mutant in vivo (17-19,
24). Supporting the possibility that A30P a-synuclein might
interact nonspecifically with rafts under these conditions, we
have observed substantial adsorption of a-synuclein to a vari-
ety of surfaces including plastic as well as membranes (data not
shown). However, the high protein concentrations present in
the cytoplasm of cells presumably reduce these nonspecific
interactions in vivo. To test this possibility, we added BSA to
the in vitro binding assay. Under these conditions, a substan-
tial proportion of wild type a-synuclein (156% at 250 nm and
~25% at 500 nM) co-migrates in light fractions with CD55, a
glycosylphosphatidylinositol-anchored protein of lipid rafts, in-
dicating association with DRMs (Fig. 1). In contrast, A30P-a-
synuclein does not bind to DRMs in the presence of BSA, even
at the highest concentration of recombinant protein used in
this study (Fig. 1). The association of wild type a-synuclein
with DRMs is dose-dependent, with binding detectable in the
mid-nanomolar range. We also found that varying the salt
(NaCl or KCI), salt concentration (from 50 to 110 mM), or pH
(from 6.5 to 8) has no detectable effect on the binding of
a-synuclein to DRMs (data not shown). Because a-synuclein
depends on lipid rafts for its specific localization to the nerve
terminal, we examined binding to DRMs prepared from synap-
tic vesicles, and observed similar high affinity binding and
sensitivity to the A30P mutation (data not shown). Because the
recombinant protein used for these studies contains a 41-resi-
due CBP fused to the N terminus of a-synuclein, we also re-
moved the CBP tag by proteolytic cleavage with enterokinase
(leaving no additional amino acids), and observed the same
high affinity, specific binding to DRMs from HeLa cells and
synaptic vesicles (data not shown). a-Synuclein bound to DRMs
in vitro migrates more slowly by gel electrophoresis than solu-
ble a-synuclein at the bottom of the flotation gradient (Fig. 1),
indicating the acquisition in vitro of a raft-associated modifi-
cation very similar to that observed in vivo (24). The in vitro
binding assay therefore recapitulates many features observed
for the interaction of a-synuclein with rafts in cells.

We used a competition assay to characterize further the
association of a-synuclein with rafts. In particular, we assessed
the ability of CBP-a-synuclein to compete with GST-a-
synuclein for binding to DRMs. Fig. 24 shows that increasing

amounts of wild type CBP-a-synuclein inhibit binding of 100
nM wild type GST-a-synuclein, indicating that the interaction
with membranes is saturable. Quantification of multiple exper-
iments reveals that concentrations of CBP-a-synuclein, ~0.5
1M, essentially eliminate binding of GST-a-synuclein (Fig. 2B),
indicating an affinity that is at least in the mid-nanomolar
range. Importantly, 2 um A30P-CBP-a-synuclein fails to elim-
inate binding of wild type GST-a-synuclein (Fig. 2), confirming
that this PD-associated mutant binds to DRMs with lower
affinity than wild type (24).

Requirement for the Lipid Component of DRMs—To deter-
mine whether a-synuclein interacts with the protein or lipid
component of rafts, we treated DRMs isolated from HelLa cells
with proteinase K (PK) immobilized on agarose beads. After
digestion for 5-60 min, PK-agarose was removed by sedimen-
tation before adding recombinant a-synuclein. Strikingly, pro-
teolytic digestion with PK did not reduce the interaction of
a-synuclein with DRMs (Fig. 34). However, a substantial pro-
portion of CD55 remains intact even after prolonged incubation
in proteinase K (Fig. 34), raising questions about the extent of
digestion. Resistance to proteolysis could simply reflect the
presence of CD55 on the lumenal face of isolated DRMs, inac-
cessible to PK. Lumenal proteins presumably do not participate
in the interaction with recombinant a-synuclein. We further
confirmed that digestion in PK for 60 min largely eliminates
DRM protein as detected by silver staining (Fig. 3B). In similar
experiments using DRMs isolated from synaptic vesicles, treat-
ment with PK also fails to inhibit binding of a-synuclein (data
not shown). Remarkably, the a-synuclein bound to PK-digested
DRMs still shows retarded electrophoretic mobility (Fig. 34),
indicating that this modification is unlikely to require proteins
such as the raft-enriched kinases known to phosphorylate
a-synuclein (32-34).

a-Synuclein Binds to Artificial Liposomes Resembling Lipid
Rafts—To test further the hypothesis that a-synuclein associ-
ates with rafts through lipid rather than protein interactions,
we prepared artificial membranes that resemble lipid rafts.
Specifically, we used the “canonical” raft mixture composed of
cholesterol, brain sphingomyelin (SM), and brain phospholipid
(1:1:1 molar ratio), which mimics the enrichment of cholesterol
and SM observed in native rafts (25). «-Synuclein binds to
these liposomes and exhibits the same gel mobility shift ob-
served when o-synuclein associates with native lipid rafts (Fig.
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Fic. 2. CBP-a-synuclein competes with GST-a-synuclein for
binding to DRMs. Wild type (wt) GST-a-synuclein (0.1 uM) and either
wild type CBP-a-synuclein (0.1-2 uM) or CBP-A30P-a-synuclein (2 M)
were incubated with DRMs purified from HeLia cells or synaptic vesicles
(LP2), and the raft-bound protein were separated by flotation through a
sucrose density gradient as described in the legend to Fig. 1. A, fractions
were immunoblotted for GST and in the case of HeLa DRMs, CD55.
Increasing concentrations of wild type CBP-a-synuclein block the bind-
ing of wild type GST-a-synuclein to DRMs. In contrast, A30P CBP-a-
synuclein reduces the binding of wild type protein only at high concen-
trations, confirming that the mutant has a lower affinity for DRMs than
wild type a-synuclein. Numbers on the left indicate size markers (in
kDa). B, the chemiluminescent output of Western blots was quantified
by collecting the emitted light and the resulting signal normalized to
the maximal signal obtained in the absence of competitor CBP fusion
protein. The graph shows the mean of at least three independent
experiments, and the error bar indicates S.D.

4A). Consistent with the results obtained from PK-digested
DRMs, lipids alone thus support the binding of a-synuclein.

We varied the composition of the artificial membranes to
identify the components of lipid rafts recognized by
a-synuclein. Removal of cholesterol or SM (with replacement
by brain PC) does not reduce the binding of a-synuclein to
raft-like liposomes (Fig. 4B), indicating that the protein does
not directly interact with these lipids. Indeed, a reduction in
cholesterol content increases the binding of a-synuclein. The
well described disruption of raft integrity by cholesterol deple-
tion, rather than the loss of a direct interaction with
a-synuclein, must therefore account for the effects of choles-
terol depletion in vivo (24). In addition, it has been reported
that the canonical raft mixture resides close to the miscibility
transition temperature where small changes in vesicle compo-
sition have large effects on phase behavior (35, 36). The in-
creased binding observed with decreased cholesterol may thus
reflect an increase in the number of raft domains.

Acidic phospholipids promote the binding of a-synuclein to
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raft-like liposomes (Fig. 4C). PS is particularly effective, but
phosphatidic acid also supports the interaction. In contrast,
neutral phospholipids, such as PC and phosphatidylethano-
lamine, do not support the binding of a-synuclein to raft-like
liposomes, consistent with previous reports using non-raft li-
posomes (20, 37). It is believed that lysines present on the
a-helix induced by membrane association interact directly with
the negatively charged phospholipid head group (20, 21, 23).
However, other observations suggest that head group cannot be
the only feature of raft phospholipid required for the membrane
association of a-synuclein.

a-Synuclein Colocalizes with a Subset of Membrane PS—If
PS confers the specific localization of a-synuclein to the syn-
apse, then PS should exhibit a similar synaptic enrichment. To
determine the distribution of PS, we have taken advantage of
its specific recognition by annexin V (38). Most often used in
live cells as a marker for the appearance of PS on the outer
leaflet of the plasma membrane during apoptosis, annexin V
has also been used in fixed cells to label intracellular compart-
ments (39). Indeed, we observed extensive calcium-dependent
labeling of primary hippocampal neurons with annexin V (Fig.
5A). To test further the specificity for PS, we adsorbed the
annexin V with liposomes containing either PS and PC (1:1) or
PC alone. Adsorption with membranes containing PS com-
pletely eliminated the labeling, whereas membranes contain-
ing PC alone had no effect, confirming the specificity of staining
with annexin V. The extensive labeling of cultured neurons
with annexin V thus reflects the true distribution of PS, which
co-localizes only in part with the labeling for a-synuclein and
the synaptic vesicle glutamate transporter VGLUT1 (Fig. 5B).
Additional determinants must therefore account for the specific
localization of a-synuclein to the nerve terminal.

Role of the Acyl Chain—qa-Synuclein has been reported to
bind monounsaturated free fatty acids such as oleic acid (18:1)
and to form multimers in the presence of polyunsaturated fatty
acids such as arachidonic acid (20:4) and docosahexaenoic acid
(22:6) (40, 41). However, the role of phospholipid acyl chains in
membrane binding of a-synuclein has not been addressed di-
rectly. We therefore varied the acyl chain composition of PS in
liposomes containing cholesterol, sphingomyelin (SM), and PS
(1:1:1). Because the brain PS used for these studies contains a
mixture of acyl side chains (1.1% 16:0, 41.8% 18:0, 33.7% 18:1,
2.4% 20:4, 8.4% 22:6, 12.6% other), we first prepared mem-
branes containing individual, defined synthetic forms of PS
with both acyl chains identical (symmetric). However, none of
the major components of brain PS (18:0, 18:1, 20:4, and 22:6)
supports the interaction with a-synuclein when used alone
(Fig. 64). With large amounts of lipid and recombinant protein
(8 times higher than the standard assay described above), we
detected binding of a-synuclein to raft-like liposomes contain-
ing 18:1 PS alone (with cholesterol and SM) (Fig. 6B). Under
these conditions, however, a-synuclein does not undergo the
shift in gel mobility observed with rafts prepared from native
tissue or with raft-like liposomes containing brain PS (Fig. 6B).
We took advantage of this phenomenon to determine whether
the altered mobility reflects a covalent modification. Analysis
of trypsin-digested “shifted” a-synuclein (bound to membranes
containing brain PS) and “unshifted” protein (bound to mem-
branes with 18:1 PS) by mass spectrometry identified peptides
spanning all of the a-synuclein sequence except the first 10
amino acids (MDVFMKGLSK) (data not shown). All peptides
were detected only in an unmodified state, ruling out any
stoichiometric covalent modifications of this part of the protein.
Because we did not identify peptides spanning the first 10
residues of a-synuclein, we cannot exclude their potential mod-
ification. However, despite there being multiple studies dem-
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Fic. 3. Binding of a-synuclein to DRMs does not require protein. HeLa DRMs pretreated with PK for 5~60 min at 30 °C were incubated
with recombinant human a-synuclein (50 nmM CBP fusion) and subjected to flotation through a sucrose gradient as described above. Raft fractions
are identified as CD55-positive. A, Western analysis of a-synuclein shows no effect of PK digestion on the raft association of a-synuclein. In
addition, digestion with PK does not affect the shift in gel mobility of raft-bound a-synuclein. B, silver staining of raft extracts treated with PK for
0, 5, 20, and 60 min (lanes 1-4) shows a progressive loss of detectable raft protein. Numbers on the lefi indicate size markers (in kDa).

onstrating the post-translational modification of a-synuclein,
none have reported modifications on any of the first 10 residues
of the protein (32-34, 42—-45). Together with the appearance of
the gel mobility shift after binding to artificial membranes with
no additional protein, the shift seems very unlikely to reflect a
covalent modification.

Because no individual form of synthetic PS alone confers
binding to «-synuclein, we combined PS with defined acyl
chains in proportions mimicking those found in brain PS. Very
similar to brain PS, this combination supports binding (Fig. 74,
upper row, middle panel). To determine the specific acyl chain
requirements, we examined various mixtures of synthetic PS,
focusing on simpler combinations with PS containing saturated
or monounsaturated acyl chains and polyunsaturated side
chains. To mimic the physiological proportions found in brain
PS, we used more of the saturated or monounsaturated PS, and
less of the polyunsaturated PS. Fig. 7A (lower row, middle
panel) shows that 18:0 PS with either 20:4 or 22:6 PS exhibits
weak binding. In contrast, 18:1 PS confers robust binding when
combined with 20:4 or 22:6 PS (Fig. 74, lower row, left and right
panels), similar to that seen with brain PS and the reconsti-
tuted mixture of synthetic PS. «-Synuclein thus specifically
requires both 18:1 PS and PS containing polyunsaturated acyl
chains for its interaction with raft-like liposomes.

We further determined the proportion of 18:1 and 20:4 PS
optimal for the interaction of a-synuclein with raft-like lipo-
somes. Fig. 7B (upper row, right panel) shows that an equimo-
lar combination of 18:1 and 20:4 PS (17% each) confers binding
to raft-like liposomes. A 4-fold excess of 18:1 PS over 20:4 PS
also promotes the binding of a-synuclein (Fig. 7B, lower row,
left panel), but an excess of 20:4 PS over 18:1 PS (upper row,
middle panel) does not. Further increases in the proportion of
either 18:1 or 20:4 PS, with proportionate decreases of the
other, completely abolish association of a-synuclein with the
liposomes (Fig. 7B). Because 18:1 PS predominates over poly-
unsaturated PS in native membranes, o-synuclein apparently
recognizes a physiologically relevant combination of fatty acid
side chains.

Role of Phase Transition—Although lipid rafts have been
shown to contain polyunsaturated fatty acids (46), they are
generally thought to be enriched in long chain saturated acyl
chains (47). The mechanism by which polyunsaturated phos-
pholipid promotes the binding of a-synuclein to lipid rafts thus
remains uncertain. o-Synuclein may interact with the PS con-

taining polyunsaturated acyl chains inside raft domains. Alter-
natively, polyunsaturated acyl chains may promote a phase
transition between raft and non-raft membranes. Indeed, the
requirement of a-synuclein binding for both 18:1 and 20:4 PS
supports a role for phase transition (Fig. 7). If phase transition
is important for membrane association, the addition of any
lipid that induces phase transition, including a lipid incapable
by itself of binding «-synuclein, should support binding pro-
vided that at least some PS is present. We therefore supple-
mented the cholesterol/SM/18:1 PS liposomes, which cannot
alone bind a-synuclein (Fig. 64) with 20:4 PC, which also
cannot by itself bind. The addition of 20:4 PC leads to a re-
markable increase in the binding of a-synuclein (Fig. 8, middle
row, left panel). Similarly, liposomes containing 18:1 PC and
20:4 PS, which fulfill both the head group and phase transition
requirements, also support the binding of a-synuclein (Fig. 8,
middle row, middle panel). However, membranes with the
polyunsaturated acyl chain on the PS head group seem to bind
with higher affinity than those with the monounsaturated acyl
chain on PS within the context of brain PC (Fig. 8, bottom row).
In addition to a requirement for phase transition, a-synuclein
thus binds preferentially to PS containing polyunsaturated
acyl chains.

DISCUSSION

To understand how the interaction with lipid rafts localizes
a-synuclein to the nerve terminal, we have developed an in
vitro assay for membrane binding by a-synuclein that recapit-
ulates many features of the interaction observed in vivo (24).
Using this assay, we show that a-synuclein binds saturably
and with high affinity to DRMs isolated from HeLa cells or
synaptic vesicles. The interaction is resistant to digestion of the
rafts with proteinase X, suggesting a requirement for lipid and
not protein. Confirming a direct interaction with lipid,
a-synuclein binds to artificial liposomes that mimic rafts. Al-
though other groups have previously shown that a-synuclein
binds to liposomes in vitro (20-23), the assay described here
differs in its sensitivity to the PD-associated mutation A30P.
The A30P mutation disrupts the membrane interactions of
a-synuclein in cells (17-19, 24), but has had little effect on
binding to artificial membranes in vitro (20-23). Sensitivity to
the A30P mutation thus supports the physiological relevance of
this assay and of raft binding. The specificity of the assay
presumably reflects the use of nonspecific competitor protein as



Requirements for Membrane Binding by a-Synuclein

Birding {normatized)

0.0+

chalesteral {36} 33 20 18 ] 33 [
bram S8 (%) 33 33 33 33 & ]
hrainPS{%) 33 33 R 33 3 32
brain PC{% 0 13 23 3% X 67

C

1.8

$.5+

binding (normalized}

.04
brain PS (%) 3 Q [ 2
agy PARS) 4 33 g i}
brain PC {24} 24 24 ¥ 24
prain PE {%) Q Q 53 33

Fic. 4. a-Synuclein binds to artificial membranes mimicking
lipid rafts. A, recombinant a-synuclein (100 nM CBP fusion) was incu-
bated for 30 min at 30 °C with 25 uM artificial membranes containing
cholesterol:brain sphingomyelin:brain PS (1:1:1 molar ratio), the bound
protein was separated as described in the legend to Fig. 1, and the
fractions immunoblotted for a-synuclein. a-Synuclein binds to these
artificial membranes, and the bound protein exhibits a shift in gel
mobility similar to that observed with rafts prepared from native tissue.
B, the lipid composition of artificial membranes was modified by sub-
stituting cholesterol, brain SM, or brain PS with brain PC. After the
binding assay and flotation gradient, the fractions were immunoblotted
for human a-synuclein, the immunoreactivity was quantified and ex-
pressed as the ratio of bound (fractions 3—5) to unbound (fraction 9-10)
a-synuclein, with normalization of the ratios to the maximal binding
observed with cholesterol:SM:brain PS:brain PC (10:33:33:23). The re-
sults shown are the mean of three independent experiments = S.D. C,
a-synuclein (100 nM CBP fusion) was incubated with 25 uM artificial
membranes prepared from 10% cholesterol, 33% brain SM, 24% brain
PC, and various phospholipids. The binding assay, flotation gradient,
and Western analysis were performed as in A. a-Synuclein binds only to
lipids containing either the acidic PS or phosphatidic acid (PA), but not
the neutral PC or phosphatidylethanolamine (PE). Data shown are the
mean of three experiments = S.D.

well as the raft-like nature of the membranes.

We previously observed that the a-synuclein associated with
lipid rafts exhibits a shift in gel mobility (24). o-Synuclein
indeed undergoes a conformational change from unstructured
to o helical on binding to a variety of membranes in vitro (20,
23, 37, 48). However, other studies do not report an alteration
in electrophoretic mobility of a-synuclein upon membrane
binding. In general, these studies have used artificial mem-
branes containing only synthetic phospholipid, suggesting that
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Fic. 5. a-Synuclein co-localizes with a small subset of neuro-
nal PS. A, fixed hippocampal neurons were stained for PS using an-
nexin V-Alexa 647 (non-adsorbed). The annexin V conjugate binds to all
neuronal processes without enrichment in any particular compartment.
Removal of calcium (no Ca®*) and adsorption with liposomes containing
PC:PS (1:1; PS adsorbed) but not PC alone (PC adsorbed) abolishes
labeling with annexin V, confirming the specificity for PS. Size bar, 10
pm. B, a~synuclein co-localizes with only a subset of PS at synaptic sites
that also label for synaptic vesicle glutamate transporter VGLUT1.
a-Synuclein thus requires more than the PS head group for localization
to the nerve terminal. Arrowheads point to synapses labeling for
a-synuclein (green in merged image), PS (blue in merged image), and
VGLUT1 (red in merged image). Size bar, 2 um.

Fic. 6. a-Synuclein does not bind to raft-like artificial mem-
branes containing synthetic PS with a single defined fatty acyl
chain. 4, a-synuclein (100 nM CBP fusion) was incubated with 25 M
artificial membranes containing equimolar ratios of cholesterol (chol),
brain SM, and the indicated brain or synthetic PS. Binding, separation,
and Western analysis were performed as described in previous figures.
a-Synuclein (a-syn) binds strongly only to liposomes containing brain
PS. B, a-synuclein interacts with raft-like liposomes containing 18:1 PS
when protein and lipid are present at higher concentrations (here 8 um
a-synuclein and 1 mu lipid). Under these conditions, the gel mobility of
a-synuclein (including soluble protein at the bottom of the gradient as
well as membrane-bound protein in higher fractions) is retarded when
interacting with brain PS (/eff), but not when interacting with 18:1 PS
(right). Numbers on the left indicate size markers (kDa).

native membranes contain an activity missing from artificial
membranes, which is required for the modification. The phos-
phorylation of a-synueclein by tyrosine kinases associated with
lipid rafts raised the possibility that the observed gel shift
reflects a post-translational modification (32—34, 44). However,
extensive proteolysis of purified lipid rafts with proteinase K
does not reduce either the binding or gel shift of a-synuclein.
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Fic. 7. a-Synuclein binding requires PS with both mono- and polyunsaturated fatty acyl chains. A, a-synuclein (a-syn) (100 nmM CBP
fusion) was incubated with liposomes containing equimolar concentrations of cholesterol, brain SM, and the indicated PS. Brain PS and a mixture
that mimies brain PS (16% 18:0, 13% 18:1, 1% 20:4, 3% 22:6 PS) support the binding of a-synuclein. The minimal requirement for membrane
association is 18:1 PS in the presence of a polyunsaturated PS (either 20:4 or 22:6). 18:0 PS cannot substitute for 18:1 PS. B, binding of a-synuclein
to raft-like membranes containing different ratios of 18:1 and 20:4 PS shows that although equimolar concentrations of 18:1 and 20:4 PS (17% each)
support membrane association, a larger proportion of 18:1 than 20:4 PS confers more binding than a larger proportion of 20:4 PS. Numbers on the

left indicate size markers (kDa).

The altered gel mobility also persists when using artificial
membranes that mimic lipid rafts, confirming that no addi-
tional protein is required for the modification or for binding.
Interestingly, one previous report has shown a similar shift in
the electrophoretic mobility of a-synuclein when using native
brain rather than synthetic phospholipid (40). Mass spectrom-
etry analysis of gel-shifted a-synuclein now reveals only un-
modified peptides covering >90% of the o-synuclein sequence,
which are identical to peptides derived from the unshifted
protein. Taken together, these observations strongly suggest
that the shift in gel mobility reflects a conformational change
rather than a covalent modification. Raft-like membranes con-
taining anionic brain phospholipid thus reproduce features of
the interaction with native lipids not previously observed with
synthetic liposomes.

What confers the specific binding and modification of
a-synuclein by raft-like membranes? Cholesterol does not ap-
pear required. In fact, a-synuclein binds more strongly to mem-

branes containing low or no cholesterol than the 33% classi-
cally used to produce raft-like membranes. The ability of
cholesterol depletion to eliminate the raft association and syn-
aptic localization of a-synuclein thus reflects the dependence of
raft integrity on cholesterol, not a direct interaction of choles-
terol with a-synuclein. Although it promotes binding to
a-synuclein in the absence of cholesterol, sphingolipid also does
not appear crucial for the interaction. Similar to previous re-
ports, we find that a-synuclein binding requires acidic phos-
pholipid, in particular PS. However, individual synthetic forms
of PS do not support binding. Rather, we find that a very
specific combination of 18:1 PS and PS with polyunsaturated
acyl chains is required both to bind and shift the electro-
phoretic mobility of a-synuclein. Supporting the physiological
relevance of this combination, ratios reflecting the preponder-
ance of 18:1 over polyunsaturated acyl chains in native mem-
branes are optimal for binding to «-synuclein. Furthermore,
the addition of 18:1 PC to 20:4 PS confers binding to
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Fic. 8. Phase transition is required for the binding of
a-synuclein to raft-like liposomes. Top row, a-synuclein (100 nM
CBP fusion) was incubated with liposomes containing an equimolar
mixture of cholesterol (chol), brain SM, and the indicated phospholip-
ids, and analyzed as described above. Brain PS but not brain PC or
synthetic PC (1:1 ratio of 18:1 and 20:4 PC) support the binding of
a-synuclein. Middle row, the addition of either 20:4 PC (left) or 18:1 PC
(middle) to 18:1 or 20:4 PS confers binding to a-synuclein. Because the
PC head group alone does not support binding, the synthetic forms of
PC presumably act by promoting a phase transition between monoun-
saturated and polyunsaturated fatty acyl chains. Bottom row, when
added to brain PC, 20:4 PS confers substantially more binding to
a-synuclein than 18:1 PS, suggesting specific recognition of the PS head
group in the context of polyunsaturated fatty acyl chains. Numbers on
the left indicate size markers (kDa).

a-synuclein even though PC cannot by itself support binding.
Conversely, the addition of 20:4 PC to 18:1 PS also promotes
binding. The requirement for both mono- and polyunsaturated
acyl chains strongly suggests that the interaction of
a-synuclein requires membrane with two distinet phases. The
requirement for a phase transition may indeed account for the
specific association of a-synuclein with rafts, which are consid-
ered a liquid-ordered phase distinct from the rest of the liquid-
disordered cell membrane (47). Again, previous work has not
shown such stringent requirements for the membrane associ-
ation of a-synuclein, presumably because the specificity ob-
served here depends on the high concentration of nonspecific
competitor protein that mimic physiologic conditions in the
cytoplasm.

In addition to the requirement for acidic head group and
phase transition, we find that a-synuclein binds more strongly
to membrane when the polyunsaturated acyl chain of the phos-
pholipid resides on the PS head group. This remarkable spec-
ificity presumably reflects an interaction of a-synuclein with
both acyl chain and head group. Consistent with the specificity
for a particular combination of PS, a-synuclein colocalizes with
only a small subset of the PS labeled by annexin V in neurons.
Interestingly, the analysis of a-synuclein knock-out mice has
shown increases in the level of polyunsaturated fatty acids (49),
but the relationship of these changes to the membrane associ-
ation of a-synuclein remains unclear. In addition, a-synuclein
has been reported to bind free oleic acid in vitro (50) and to
multimerize in the presence of polyunsaturated fatty acids (40),
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but a specific role for these acyl chains in the membrane asso-
ciation of a-synuclein has not been appreciated before.
a-Synuclein has also been reported to bind lipid droplets pro-
duced by treatment of cells with oleic acid (18). However, it has
remained unclear whether oleic acid simply induces lipid drop-
lets to which a-synuclein can bind. Our results suggest the
alternative explanation that a-synuclein interacts directly with
the oleoyl side chain of phospholipid in the droplets.

In conclusion, we find that the membrane association of
a-synuclein depends on the recognition of phospholipid head
group and acyl chain, including phase transition and specific
side chain composition. The assay we used to identify these
requirements was designed to reproduce the interaction be-
tween a-synuclein and native membranes. Thus, the combina-
tion of membrane properties identified using this assay pre-
sumably contributes to the specific presynaptic localization of
a-gsynuclein. To understand the normal function of this protein
as well as its role in PD, future work will need to evaluate the
membrane association of a-synuclein in the physiological con-
text of the nerve terminal.
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Dopaminergic dysfunction in unrelated,
asymptomatic carriers of a single parkin mutation

To the Editor: We read with interest the article by Khan et al.!
The authors studied asymptomatic parkin heterozygotes by 18F-
dopa PET and found a significant reduction of uptalke in putamen,
caudate, dorsal and ventral midbrain. An interesting observation
relates to the subtle extrapyramidal symptoms in four of these
“asymptomatic” carriers. The authors recommended follow-up to
verify whether they develop parkin disease.

One of our patients with a single parkin mutation developed
parkin disease 23 years after the manifestation of tremor as the
only symptom. This 56-year-old man is the only child of noncon-
sanguineous parents of European Jewish origin. At age 13, left
hand tremor was noticed. Tremor severity remained unchanged
for 23 years (without treatment), until the age of 36, when he
experienced prominent rest tremor and bradykinesia of the left
limbs.

Five years later, L-dopa was initiated with excellent response.
Dyskinesias occurred 3 years after L-dopa onset, necessitating a
left pallidotomy 18 years later. Brain MRI was normal. Genetic
testing revealed a heterozygous C to T transition at nucleotide
position 1197 of parkin gene (exon 10).

Parkin disease presents as slowly progressive parkinsonism.??
Even if significant dopaminergic dysfunction appears in PET stud-
ies of single parkin mutation carriers, other mechanisms and the
amount of intact dopamine store at a young age might be compen-
satory to prevent early clinical expression.!

However, this explanation may only relate to some patients. Oth-
ers might develop parkin disease earlier, as occurred in another of
our sporadic patients who carries a single parkin mutation. This
36-year-old woman is the only child of nonconsanguineous parents of
European Jewish origin. At the age of 31, she experienced left foot
dystonia, slowing of her left hand accompanied by rest tremor, which

Correspondence

Iater progressed to bilateral parkinsonism. Response to L-dopa given
5 years after disease onset was excellent. Brain MRI was normal A
heterozygous deletion of exon 7 of parkin was found*

Haploinsufficiency (reduction in normal protein function) and
dominant negative effects (nonfunctional polypeptide physically
interferes with normal protein) proposed as causes of dopaminer-
gic cell dysfunction? or the inhibition of parkin’s ubiquitin 3 ligase
activity by S-nitrosylation® are probably not the only explanations.
Other genetic or environmental factors might predispose carriers
of a single parkin mutation not only to late-onset but also to
young-onset Parkinson disease.

Rivka Inzelberg, MD, Nobutaka Hattori, MD, Yoshikuni Mizuno,
MD, Hadera, Israel

Editor’s Note: The authors had the opportunity to respond to
this Correspondence but declined.

Copyright © 2005 by AAN Enterprises, Inc.
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fMRI reveals large-scale network activation in
minimally conscious patients

To the Editor: We read Schiff et al’s article with great interest.’
We conducted a case study regarding the application of fMRI to a
patient in a minimally conscious state? The Schiff et al. article
appears to corroborate our findings of multisensory and cognitive
fMRI BOLD responses in an overtly unresponsive brain-injured
patient. These initial reports probing the minimally conscious
state with imaging methods offer intriguing possibilities, and in-
deed the 2001 fMRI case study closely correlated with the pa-
tient’s eventual recovery. Further research in this area is
warranted.

Chad H. Moritz, PhD, Madison, WI

To the Editor: Schiff et al! reported that two severely brain-
injured patients monitored with fMRI showed brain responses to
auditory personal narratives but not when the input was pre-
sented in reverse, meaningless form. A similar study® with equally
remarkable results was carried out more than 20 years earlier,
ironically also by researchers at Columbia University. That it was
overlooked by Schiff et al. is an indication of the obscurity into
which this study has undeservedly fallen.

In the earlier report of Boyle and Greer, three brain-injured
patients with disabilities at least as severe as those in the Schiff
et al. study were examined. In place of monitoring by fMRI, oper-
ant conditioning was used to increase small spontaneous re-
sponses made by each patient including eyelid, finger, or mouth
movements. The reinforcer in each case was the playing of a
15-second sample of music identified as the patient’s favorite,
presented contingent on an occurrence of the target response. A
multiple-baseline design with reversal,! a technique of the field of
applied behavior analysis, was used to assess causal relationships.
The authors reported good evidence of learning for the first pa-
tient, lesser but suggestive evidence for the second, and little
evidence of learning for the third.

JUNTENDO DAIGAKU LIBRARY

The first patient subsequently recovered from the vegetative
state to a limited extent, the second did not recover, and the third
died within 1 week after the end of testing. Thus successful oper-
ant conditioning may possibly predict recovery and may even help
produce it.

Schiff et al. concluded in their later study that their findings of
changes in brain activity in response to meaningful auditory input
“raise important questions related to whether MCS [minimally
conscious state] patients have a greater capacity to experience
subjective states but also to benefit from therapeutic interven-
tion.” The results of the Boyle and Greer study raise the same
questions, but go one step further by showing an actual change in
behavior in response to reinforcement by emotionally meaningful
stimuli.

Although the methods differ, the results of the two studies
complement each other. Both methods should be exploited as valu-
able tools towards the goals of understanding and enhancing the
capabilities of the brain-injured, minimally conscious patient.

Stephen L. Black, PhD, Lennoxville, Canada

Editor’s Note: The authors had the opportunity to respond but
declined.

Copyright © 2005 by AAN Enterprises, Inc.
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Abstract: We performed ['**I] MIBG myocardial scintigra-
phy in two of three patients with PARK2 from unrelated
families and examined the heart tissues from the three
patients immunohistochemically using an antibody against
tyrosine hydroxylase (TH) to see whether cardiac sympa-
thetic nerve is involved. Cardiac uptake of MIBG was
normal except for a slight decrease in the late phase in one
of the patients. Postmortem examination revealed that TH-
immunoreactive nerve fibers in the epicardium were well
preserved in all three patients. The present study confirmed
that cardiac sympathetic nerve is well preserved in PARK?2
with a homozygous exon deletion, which accounts for nor-
mal cardiac uptake of MIBG. Moreover, normal cardiac
uptake of MIBG might be of potential diagnestic value to
indicate the absence of Lewy body pathology, even in pa-
tients with levodopa-responsive Parkinsonism, as in
PARK?2. © 2005 Movement Disorder Society
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PARK?2 is an autosomal recessive inherited form of
familial Parkinsonism caused by mutations of parkin,' a
gene that maps to chromosome 6q25-q27,% and is char-
acterized by early onset of the disease usually before the
age of 40 years, dystonia, hyperreflexia, sleep benefit,
early complications from levodopa treatment, and slow
progression.? Neuropathological findings of PARK?2 are
characterized by generalized loss of neurons in the sub-
stantia nigra pars compacta and locus coeruleus with no
Lewy bodies.#~¢ PARK?2 can be differentiated from id-
iopathic Parkinson’s disease (PD) by means of early
onset of the disease and other characteristics described
above. However, it is sometimes difficult to differentiate
PD from PARK?2, because some patients with PARK2
develop clinical features after the age of 40 years.”8

Decreased cardiac uptake of meta-iodobenzylguani-
dine (MIBG) on ['*I] MIBG myocardial scintigraphy,
which indicates cardiac sympathetic denervation, has
been reported in patients with PD. This imaging ap-
proach might be a new diagnostic tool to differentiate PD
from other movement disorders with similar symptom-
atology such as multiple system atrophy (MSA), progres-
sive supranuclear palsy (PSP), and corticobasal degen-
eration (CBD).?-13 Cardiac sympathetic denervation in
PD was also reported by means of decreased cardiac
uptake of 6-['®F] fluorodopamine on positron emission
tomography.'* Recently, we reported depletion of car-
diac sympathetic nerve in patients with PD but not in
patients with MSA, which accounted for the difference in
cardiac uptake of MIBG between PD and MSA.'51¢ In
contrast, cardiac uptake of MIBG has been reported to be
normal in patients with autosomal recessive juvenile
Parkinsonism!’ and a single patient with PARK2.'8
Therefore, ['**I] MIBG myocardial scintigraphy might
be a useful diagnostic tool to differentiate PARK?2 from
PD.

In the present report, we studied three genetically and
pathologically confirmed patients with PARK?2 from un-
related families to see whether cardiac sympathetic nerve
was involved by means of ['**I] MIBG myocardial scin-
tigraphy and pathological examination.

PATIENTS AND METHODS

Patient 1

A 73-year-old man with PARK2 with a homozygous
exon 4 deletion in the parkin gene developed a tremor in
both hands at the age of 24, followed by gait disturbance.
These features responded well to levodopa. He had no
autonomic symptoms, and he had no signs such as or-
thostatic hypotension (OH), severe constipation, and fre-
quency of urination. His parents were consanguineous
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and his younger brother and two younger sisters had
been diagnosed as having PARK?2. A single photon com-
puted tomography (SPECT) of ['**1] MIBG myocardial
scintigraphy at the age of 70, 46 years after the onset,
showed normal cardiac uptake of MIBG in both the early
(Fig. 1A) and the late phase. Heart-to-mediastinum
(H/M) ratio of the early and late phase was 2.28 and 2.30,
respectively. That of the early and late phase of age-
matched control (8 men and 6 women; 59-81; 71.9 =
6.6 years of age) was 2.20 = 0.15 and 2.14 = 0.19,
respectively. Postmortem examination 3 hr after death
revealed loss of pigmented neurons and gliosis in the
substantia nigra pars compacta and locus coeruleus with
no Lewy body pathology.

Patient 2

A 66-year-old man with PARK2 with a homozygous
exon 4 deletion in the parkin gene developed a tremor,
rigidity, and gait disturbance at the age of 28. These
features responded well to levodopa. He had no auto-
nomic symptoms or signs. He had hypertension with no
antihypertensive medications. A SPECT of ['**I] MIBG
myocardial scintigraphy at the age of 63 years, 35 years
after the onset, showed normal cardiac uptake of MIBG
in the early phase (Fig. 1B) and a slight decrease in the
late phase. H/M ratio of the early and the late phase was
1.98 and 1.69, respectively. Postmortem examination 2
hr after death revealed loss of pigmented neurons and
gliosis in the substantia nigra pars compacta and locus
coeruleus with no Lewy body pathology. The weight of
the heart was 400 gm and a histological examination was
unremarkable.

Patient 3

A 70-year-old man with PARK?2 with a homozygous
exon 4 deletion in the parkin gene had been reported
clinically and neuropathologically elsewhere.® Briefly,
he developed a dystonic gait at the age of 32, followed by
hand tremor, rigidity, bradykinesia, and postural insta-
bility. These features responded well to levodopa. He
had no OH but had constipation and frequency of urina-
tion 2 years before his death. Postmortem examination 4
hr after death revealed loss of pigmented neurons and

A B C

gliosis in the substantia nigra pars compacta and locus
coeruleus with no Lewy body pathology.

Methods

We immunohistochemically examined the heart tis-
sues using an antibody against tyrosine hydroxylase
(TH), a rate-limiting enzyme of catecholamine biosyn-
thesis. The anterior wall of the left ventricle of the heart
was selected based on previous studies!>'¢ because TH-
immunoreactive nerve fibers were more numerous in the
anterior than in the posterior wall of the ventricle!® and
cardiac uptake of MIBG is mainly observed in the left
ventricle. The blocks from Patients 1, 2, and 3 and three
patients with neuropathologically confirmed Lewy body
pathology-positive PD as well as three control subjects
(Table 1) were fixed with formalin and embedded in
paraffin. Deparaffinized sections were stained with he-
matoxylin and eosin (H&E) or immunostained with a
monoclonal antibody against TH (Sigma, St. Louis, MO;
dilution 1:5,000) by the avidin—biotin—peroxidase com-
plex method with Vectastain kit (Vector, Burlingame,
CA). The peroxidase labeling was visualized with dia-
minobenzidine-nickel as chromogen. The number of TH-
immunoreactive nerve fibers in the epicardium was as-
sessed according to a semiquantitative rating scale: —,
absent or nearly absent; +, sparse; +-+, moderate;
+++, numerous.

RESULTS

The clinical characteristics and TH immunopositivity
are shown in Table 1. On routine HE staining, no abnor-
mal findings were found in either the myocardium or the
epicardium of each patient and control subjects. There
were moderate to numerous TH-immunoreactive nerve
fibers in the epicardium from all the patients with
PARK?2 (Fig. 2A-C, Table 1) as well as from control
subjects (Fig. 2E, Table 1). In contrast, the number of
TH-immunoreactive nerve fibers was absent or nearly
absent in the epicardium from all the patients with PD
(Fig. 2D, Table 1).

FIG. 1. Long axis of SPECT images of
two patients with PARK2, a patient with
PD (67 years of age; female; duration of
illness, 3 years) and a control subject (64
years of age; female). Cardiac uptake of
MIBG of the patients with PARK?2 is nor-
mal (A and B) as well as that of the control
subject (D). In contrast, that of the patient
with PD is severely decreased (C).

Movement Disorders, Vol. 20, No. 10, 2005



1352 S. ORIMO ET AL.

TABLE 1. Clinical characteristics, H/M ratio, and TH immunopositivity

Age Duration Type of mutation H/M
Patient Diagnosis (yr) Sex (yr) (deletion) (early) TH

1 PARK2 73 M 49 Exon 4 2.28 + 4~
2 PARK?2 66 M 38 Exon 4 1.98 +++

3 PARK2 70 M 38 Exon 4 + 4+~
4 PD 70 M 10 -

5 PD 82 F 10 -

6 PD 91 F 15 -

Cl Peritonitis 81 F A+
C2 Colon cancer 86 M +++
C3 Esophageal cancer 89 F + 4+

TH, tyrosine hydroxylase; PD, Parkinson’s disease.

DISCUSSION

The present patients had typical PARK?2 clinical char-
acteristics such as early onset, effectiveness of levodopa
treatment, and long duration of illness. Autonomic symp-
toms and signs were absent or very mild in all the
patients. They all had the parkin gene mutation, a ho-
mozygous exon 4 deletion, and were diagnosed as having
PARK2.

Decreased cardiac uptake of MIBG or fluorodopamine in
PD has been reported.®~'4 Cardiac uptake of fluorodopam-
ine is also decreased in patients with familial Parkinsonism
as seen in PARK (linked to a mutant form of a-synuclein)
or in PARK4 (overproduction of normal a-synuclein) pa-
tients, who have OH and Lewy body pathology.?® Our
patients with PARK2, who have neither OH nor Lewy body
pathology, showed normal cardiac uptake of MIBG except
for a slight decrease in the late phase in one of the patients,
in spite of the fact that the duration of this patient’s was over
30 years. Although this slight decrease in the late phase may
represent early involvement of cardiac sympathetic
nerve,!®12 it is attributable to increased exocytosis due to
hypertensive heart disease.?! The present findings and a
previous report,'s even considering the limited number of
patients, strongly suggest that cardiac uptake of MIBG is a

useful diagnostic marker to differentiate PARK2 from PD.
Moreover, the present findings indicate that normal cardiac
uptake of MIBG is associated with the absence of Lewy
body pathology and that, in turn, the decease in cardiac
uptake of MIBG is closely related to the presence of Lewy
body pathology. This assumption is further supported by
well-preserved TH-immunoreactive nerve fibers, which is
presumably cardiac sympathetic nerve,'® in the epicardium
of our three patients with PARK?2. This is in sharp contrast
with patients with PD, who have decreased cardiac uptake
of MIBG, depletion of cardiac sympathetic nerve, and
Lewy body pathology. It might be worth mentioning that
patients with familial Parkinsonism caused by inherited
a-synucleinopathies had OH from sympathetic failure,
whereas none of the patients with PARK2 had OH. This
finding provides indirect support for a contribution of sym-
pathetic denervation to OH in PD.

In conclusion, the present study confirmed that car-
diac sympathetic nerve is well preserved in PARK2
with homozygous exon deletion, which accounts for
normal cardiac uptake of MIBG. Moreover, normal
cardiac uptake of MIBG might be of potential diag-
nostic value to indicate the absence of Lewy body
pathology.

FIG. 2. Tyrosine hydroxylase (TH) immunostaining of the epicardium in the patients with PARK2 (A-C), the patient with PD (D), and the control
subject (E). TH-immunoreactive nerve fibers are well preserved in the epicardium from the patient with PARK2 (A~C) and control subject (E),
whereas those from the patient with PD (D) are absent. Scale bar = 20 pum.
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Abstract We previously identified frequent deletion/
insertion polymorphisms in the 20-alanine homopoly-
mer stretch of PHOX2B (PMX2B), the gene for a
transcription factor that plays important roles in the
development of oculomotor nerves and catecholamin-
ergic neurons and regulates the expression of both
tyrosine hydroxylase and dopamine B-hydroxylase
genes. An association was detected between gene poly-
morphisms and overall schizophrenia, and more specif-
ically, schizophrenia with ocular misalignment. These
prior results implied the existence of other schizophrenia
susceptibility genes that interact with PHOX2B to in-
crease risk of the combined phenotype. ASCLI was
considered as a candidate interacting partner of
PHOX2B, as ASCL1 is a transcription factor that co-
regulates catecholamine-synthesizing enzymes with
PHOX2B. The genetic contributions of PHOX2B and
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ASCLI were examined separately, along with epistatic
interactions with broader candidate phenotypes. These
phenotypes included not only schizophrenia, but also
bipolar affective disorder and Parkinson’s disease (PD),
each of which involve catecholaminergic function. The
current case-control analyses detected nominal associa-
tions between polyglutamine length variations in ASCLI
and PD (P=0.018), but supported neither the previously
observed weak association between PHOX2B and gen-
eral schizophrenia, nor other gene-disease correlations.
Logistic regression analysis revealed the effect of ASCL!
dominant x PHOX2B additive (P =0.008) as an epistatic
gene—gene interaction increasing risk of PD. ASCLI1
controls development of the locus coeruleus (LC), and
accumulating evidence suggests that the LC confers
protective effects against the dopaminergic neurode-
generation inherent in PD. The present genetic data may
thus suggest that polyglutamine length polymorphisms
in ASCLI could influence predispositions to PD through
the fine-tuning of LC integrity.

Introduction

Paired-like homeobox 2b (PHOX2B, also known as
PMX2B or NBPhox) is a homeodomain transcription
factor, and is known to determine noradrenergic phe-
notype (Pattyn et al. 2000) and play a role in the
development of cranial motor nerves, including the
oculomotor (nIIl) and trochlear (nIV) nerves (Pattyn
et al. 1997) controlling ocular alignment and movement.
As a transcription factor, PHOX2B regulates the
expression of tyrosine hydroxylase (TH) and dopamine
B-hydroxylase (DBH) genes. TH catalyzes the conver-
sion of r-tyrosine to t-dihydroxyphenylalanine (L-
DOPA), a precursor of dopamine, and DBH catalyzes
the conversion of dopamine to noradrenaline. The pro-
tein structure of PHOX2B is characterized by two



Fig. 1 Schematic
representation of the PHOX2B
(NM_003924) (above) and
ASCLI (NM_004316) genes
(below). Exons are boxed, and
initiation and stop codons and

PHOX2B
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polyalanine (9)

homeodomain
polyalanine (20)

protein domains are indicated

833 bp

Exont
(601 bp)

ASCL1
polyalanine (13)

homopolymeric stretches of alanine residues: one con-
sisting of nine alanines located downstream of the
homeodomain; the other comprising 20 alanines (Ala20)
on the C-terminal side (Fig. 1). Our prior genomic
screening of PHOX2B identified frequent length varia-
tions in the Ala20 stretch in the general population,
representing an unusual phenomenon compared with
other polyalanine-containing transcription factors
(Toyota et al. 2004). Variations included —3Ala, —5Ala,
—7Ala, —13Ala and + 2Ala. These alterations in alanine
length resulted in decreased transcriptional ability of the
protein and represented the only functional polymor-
phisms found in the gene. In accordance with the known
function of PHOX2B and the functional consequences
of these variations, associations between the polymor-
phisms and general schizophrenia were detected, par-
ticularly for schizophrenia manifesting with strabismus
(ocular misalignment) (Toyota et al. 2004). That study
also raised a possibility of interactions between
PHOQOX2B and other schizophrenia-precipitating factors
(genes) for increased risk of the combined phenotype
(Toyota et al. 2004).

Human achaete-scute homologue 1 (HASH!; ASCLI
in HUGO nomenclature), a human orthologue of mouse
Mashl, is a basic helix-loop—helix (bHLH) transcription
factor that is known to co-regulate differentiation of the
autonomic system along with PHOX2B (Pattyn et al.
2000). Cross-regulation by the Phox2 and Mashi genes,
and the importance of the HASHI-PHOX pathway in
the development of neurons in the noradrenergic lineage
have been demonstrated in both mice (Pattyn et al. 1999,
2000), and a human disease mechanism (De Pontual
et al. 2003). We therefore speculated that PHOX2B and
ASCLI may affect predispositions to broad catechol-
amine-related diseases both separately and in combina-

1026 bp

Exon2 Exon3

(188 bp) (2240 bp)
polyglutamine (12)
bHLH domain
3

Exon2

17 bp) (1148 bp)

tion. The present study examined genetic associations
between PHOX2B and ASCLI and schizophrenia,
bipolar disorder and Parkinson’s disease (PD).

Materials and methods
Study subjects

Subjects included 715 schizophrenic patients (394 men,
mean age 48.3412.3 years; 321 women, mean age
50.7413.3 years), 249 bipolar disorder patients (118
men, mean age 52.6£13.2 years; 131 women, mean age
55.84+12.9 years), 100 PD patients (32 men, mean age
67.3£7.8 years; 68 women, mean age 67.8+7.0 years)
and 801 healthy controls (369 men, mean age 40.9=%
11.4 years; 432 women, mean age 41.3413.7 years).
Compared with the prior study (Toyota et al. 2004), the
number of schizophrenia patients was increased by 369
and the number of controls was increased by 260, but
these newly added subjects were not screened for stra-
bismus. All subjects were recruited from a geographic
area located in central Japan. Diagnosis of schizophre-
nia and bipolar disorder was based on the Diagnostic
and statistical manual of mental disorders (American
Psychiatric Association 1994). PD was diagnosed
according to the standardized criteria. All PD patients
underwent brain computed tomography examination to
exclude organic abnormalities. Control subjects were
recruited from hospital staff and company employees
who were documented as free of psychoses or any kind
of neurodegenerative disorder. None of the current
subjects displayed mental retardation or congenital
central hypoventilation syndrome (De Pontual et al.
2003). This study was approved by the Ethics Commit-
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tees of RIKEN, Hamamatsu University and Juntendo
University, and all subjects provided written informed
consent to participate.

Mutation screening of ASCLI

ASCLI is located on human chromosome 12q22-q23
(Renault et al. 1995) and comprises two exons, with the
first exon including both the initiation and stop codons
(Fig. 1). The protein-coding region contains a poly-
alanine stretch comprising 13 alanines, and a polyglu-
tamine tract of 12 glutamine residues (GInl2), in
addition to the bHLH. The two exons and their
flanking genomic stretches were screened using poly-
merase chain reaction (PCR) amplification and sub-
sequent direct sequencing of genomic DNA from 24
randomly chosen patients. Sequencing was performed
using a DYEnamic ET terminator cycle sequencing kit
(Amersham, Piscataway, N.J., USA). Information on
primer sequences and PCR conditions employed in this
study is available on request. Screening detected the
insertion of three CAG repeats (coding glutamine) into
the polyglutamine stretch. This was the only non-syn-
onymous polymorphism identified, and we therefore
focused on this GInl2 length polymorphism in sub-
sequent analyses.

Genotyping

Genotyping of Ala20 length variations in the PHOX2B
was performed according to the methods described
elsewhere (Toyota et al. 2004). To genotype GInli2
polyglutamine length variations in ASCLI, template
DNA was amplified using fluorescently labeled forward
(5-AGCTCTGCCAAGATGGAGAG; 3 end at nt
c.26) and reverse (5- gtttcttTTGCTTGGGCGC-
TGACTTGT; 3’ end at nt ¢.236) primers. The underlined
tail sequence was added because Taq DNA polymerase
catalyzes the non-templated addition of adenosine to the
3" end of PCR products to varying degrees. This phe-
nomenon is primer-specific and represents a potential
source of genotyping error. Placing the gtttctt sequence
at the 5" end of reverse primers produces nearly 100%
adenylation of the 3’ end of the forward strand, facili-
tating accurate genotyping (Brownstein et al. 1996; I-
tokawa et al. 2003). PCR products were run on an ABI
3700 genetic analyzer (Applied Biosystems, Foster City,
Calif., USA), and the resulting data were analyzed using
GeneScan software (Applied Biosystems). Genotypes
were confirmed by subcloning the amplicons into a TA
vector (Invitrogen, Carlsbad, Calif., USA) and
sequencing. Primers were designed to produce a 249-bp
DNA fragment for the wild-type allele (Glnl2), but
GeneScan analysis yielded a band approximately 14 bp
shorter than expected (Fig. 2a), with occasional incon-
sistent genotype results compared with those obtained
by subcloning, which could not be resolved by applying

a
235 bp
238 bp
b
245 bp
c
J L__
249 bp
252 bp

Fig. 2a—¢ GeneScan migration patterns of ASCLI GInl2 length
polymorphisms. DNA fragments with Gln12 or GInl3 genotypes
were run after PCR under varying concentrations of ¢’ dGTP.
Exact sizes of the Glnl2 and Ginl3 alleles were 249 and 252 bp,
respectively. a The ¢’ dGTP was not added to the PCR mixture.
Note that displayed allele sizes were 14 bp shorter than actual sizes.
b Addition of ¢’ dGTP to 25% resulted in fusion of the two peaks.
¢ When all dGTP in the PCR reaction mixture was replaced with
¢"dGTP, peaks appeared at expected sizes with good separation of
the two adjacent alleles

the constant 14-bp difference to GeneScan results. This
phenomenon was attributed to the secondary DNA
structure generated by abundant GCs in the PCR
products (Toyota et al. 2004). When 7-deaza-2’-deoxy-
guanosine triphosphate (¢! dGTP) was added to the
PCR reaction mixture (¢’ dGTP:dGTP=1:3) to break-
down hydrogen bonds in the GC-rich templates, Gene-
Scan peaks were broadened and two adjacent peaks
merged (Fig. 2b). We replaced all dGTP in the PCR
reaction mixture with ¢’ dGTP, and obtained sharp and
correctly sized bands, enabling accurate genotyping
(Fig. 2¢).

Statistical analysis

Associations of either PHOX2B or ASCLI polymor-
phisms with each neuropsychiatric disorder were evalu-
ated using the Monte—Carlo method implemented in the
CLUMP program (T1-T4 modes; number of simula-
tions set to 10,000; random number seed, 100) (Sham
and Curtis 1995) or Fisher’s exact test when appropriate.
Rare alleles or genotypes showing frequencies of <1%
in both comparison groups were removed from the
analysis. Hardy—-Weinberg equilibrium was evaluated
using Arlequin software (http://lgb.unige.ch/arlequin/)
(Schneider and Excofier 2000). Logistic regression
analysis in the SPSS Regression Models software (SPSS
Japan, Tokyo, Japan) was performed to test the joint



effects of the two genes. Letting P represent the proba-
bility of an individual being a case rather than a control,
we modeled P as

4 2 4
logit(P) = fo + D _ B+ D> B
i=1 i=1 j=3

where x;, x», x3 and x4 represent covariants depending
on the genotypes of the individual, By is the intercept,
and f; and P are coefficients to be estimated. When
applied to the formula, genotypes were dichotomized
into two groups: wild-type (w); and mutant (m). Fol-
lowing the approach of Cordell and Clayton (2002) for
the possible genotypes of w/w, m/w and m/m, we coded
—1, 0 and 1, respectively, to represent the additive effects
of allele m and —0.5, 0.5, —0.5, respectively, to represent
the dominant effect of allele m over allele w.

Results

Table 1 shows the results of association analyses be-
tween PHOX2B Ala20 length polymorphisms and the
three disease categories. We detected six different geno-
types, and distributions of genotypes in each group were
all in Hardy—Weinberg equilibrium. None of the modes
T1-T4 on CLUMP analysis displayed significant asso-
ciations for any disease groups. The number of different
alleles observed in this study was the same as in our
previous study (Toyota et al. 2004), although much
larger cohorts were examined here. Again, no allelic
associations were detected for any of the three neuro-
psychiatric disorders.
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Tables 2 and 3 show the results of genotypic and
allelic analyses of ASCLI GlInl12 stretch polymorphisms,
respectively. Analysis of the 1,866 subjects yielded 13
different length variations in the Glnl2 homopolyer re-
peat region of ASCLI. These polymorphisms were not
genotypically associated with schizophrenia or bipolar
disorder, but displayed associations with PD (P <0.05 in
T2, T3 and T4) (Table 2). Allelic analysis demonstrated
that the allele containing 12 glutamine repeats, the most
common of these alleles, was more frequent in PD than
in the control group (2x2 Fisher’s exact test, two-sided,
P=0.015; odds ratio=1.68, 95% CI=1.10-2.54), while
the allele containing 15 glutamine repeats, as the second
most common allele, exhibited an opposite distribution
pattern (P=0.011; odds ratio=0.57, 95% CI=0.36-
0.89) (Table 3). These results suggest that the ASCLI
allele harboring 15 glutamine repeats may play a pro-
tective role against PD manifestation.

Logistic regression analysis was then performed to
test the joint effect of the two genes on PD. The Ala20
allele of PHOX2B and the Glnl2 allele of ASCLI were
classified as w, with the remaining alleles as ». As a
result, only the effect of ASCLJ dominant X PHOX2B
additive was found to be significant (P=0.008), among
the effects of all possible interaction modes (Table 4).

Discussion
PHOX2B/ASCLI and psychiatric disorders

We have previously reported genotypic associations
between Ala20 polymorphisms in PHOX2B and overall

Table 1 Genotypic and allelic distributions of the PHOX2B Ala20 repeat polymorphism

Schizophrenia (n=715)

Bipolar disorder (n=249)

Parkinson’s disease (1= 100) Controls (n=2802)

Genotype® Genotype counts (% frequency)

15/15 0 (0) 0(0)

20/7 1(0.2) 0 (0)
20/13 6 (0.9) 2(1.2)
20/15 57 (8.8) 14 (8.4)
20/20 579 (89.8) 151 (90.4)
20/22 2(0.3) 0 (0)

Pb.c

Tt 0.35 0.81

T2 0.50 0.76

T3 0.54 0.83

T4 0.46 0.89
Allele® Allele counts (% frequency)

7 1(0.1) 0

13 6 (0.5) 2 (0.6)

15 57 (4.4) 14 (4.2)
20 1224 (94.9) 318 (95.2)
22 2(0.2) 0 (0)

poe 0.64 0.88

1 (1.0) 3(0.4)

0 (0) 0 (0)

0 (0) 7(0.9)

9 (9.3) 59 (7.4)
87 (89.7) 727 (91.2)
0 (0) 1 (0.1)
0.50

0.71

0.60

0.79

0 (0) 0 (0)

0 (0) 7(0.4)

11 (5.7) 65 (4.1)
183 (94.3) 1521 (95.4)
0 (0) 1(0.1)
0.34

Number of alanine repeats

Minor genotypes and alleles with frequencies (< 1% in both comparison groups were omitted from analyses

“Calculated using the Monte Carlo method
dCalculated using Fisher’s exact test
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Table 2 Genotypic distribution of the ASCLI Glnl2 repeat polymorphism

Schizophrenia Bipolar disorder Parkinson’s Controls
(n=1715) (n=249) disease (n=100) (n=802)
Genotype® Genotype counts (% frequency)
6/12 1 (0.1) 0(0) 0(0) 0 (0)
6/15 1(0.1) 0(0) 0 (0) 0 (0)
7/12 00 0(0) 0(0) 1(0.1)
8/12 0(0) 0 (0 0 () 1(0.1)
9/12 1 (0.1) 0 (0) 0 (0) 2(0.3)
9/15 1(0.1) 0(0) 0(0) 0 (0)
11/12 1(0.1) 0(0) 00) 1(0.1)
12/12 429 (61.5) 144 (60.0) 74 (75.5) 481 (61.0)
12/13 21 (3.0) 8 (3.3) 3.1 2127
12/14 2 (0.3) 0(0) 1 (1.0) 1(0.1)
12/15 186 (26.6) 66 (27.5) 16 (16.3) 232 (29.4)
12/16 6 (0.9) 4 (1.7) 0(0) 8 (1.0)
12/17 2 (0.3) 0 (0) 0 (0) 1(0.1)
12/18 0(0) 0(0) 0 () 1(0.1)
12/19 1 (0.1 0 (0) 0(0) 1(0.1)
13/13 1.1 0 (0) 0(0) 0 (0)
13/15 9(1.3) 3(1.3) 1(1.0) 3(0.4)
14/15 1¢0.1) 0(0) 0 (0) 0(0)
15/15 34 (4.9) 14 (5.8) 3.1 31 (39
15/16 1(0.1) 0(0) 0(0) 3(0.4)
15b/17 0 (0) 1(0.4) 0 (0) 0(0)
P WC
T1 0.41 0.50 0.052
T2 0.28 0.33 0.016
T3 0.25 0.61 0.010
T4 0.33 0.39 0.046

4 Number of glutamine repeats

® Minor genotypes and alleles with frequencies < 1% in both comparison groups were omitted from analyses
¢ Calculated using the Monte Carlo method

schizophrenia (P=0.012), with a more prominent asso-
ciation for schizophrenia with strabismus (P=0.004)
(Toyota et al. 2004). However, the present study did not
detect this association in a larger case-control panel with
a 2.2-fold increase in the schizophrenia population and a

1.6-fold increase in control samples. This discrepancy
may be partly due to the fact that prior control samples
had undergone ocular examinations, and only those
subjects who did not suffer from strabismus were cho-
sen, while the present study used control samples with-

Table 3 Allelic distribution of the ASCL/ GInl2 repeat polymorphism

Schizophrenia (n=715)

Bipolar disorder (n=249)

Parkinson’s disease (n=100)

Controls (n=2802)

Allele counts (% frequency)

2(0.1)

0 (0)

0 (0)
2(0.1)
1(0.1)
1079 (77.3)

0.27

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)
366 (76.3)
11 (2.3)
0 (0)

98 (20.4)
4 (0.8)
1(0.2)

0 (0)

0 (0)

0.40
0.40
0.51
0.51

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

168 (85.7)
4 (2.0)
1(0.5)
23 (11.7)
0 (0)

0 (0)

0 (0)

0 (0)

0.036
0.022
0.018
0.026

“Number of glutamine repeats

"Minor genotypes and alleles with frequencies < 1% in both comparison groups were omitted from analyses
“Calculated using the Monte Carlo method
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Table 4 Logistic regression analysis of effects of PHOX2B and ASCL]J genes on Parkinson’s disease

Variable B SE®

Wald® ad P Exp (B) 95% CI'

ASCLI dominant by PHOX2B additive 0.71 +0.27

7.0 1 0.008 2.0 1.2-3.4

“Logistic regression coeflicient in the model
PStandard error of the coefficient
“Wald statistic to test significance of the coefficient

out determining the presence of ocular misalignment.
The newly added schizophrenic samples in this study
were also not screened for ocular misalignment. While
the genetic contributions of PHOX2B Ala20 variations
to general schizophrenia are more likely to be very weak
or even negligible, even by considering genetic interac-
tions with ASCL/ (data not shown), these contributions
may be evident only in a subset of schizophrenia (i.e.,
schizophrenia with strabismus). As might be expected
according to this hypothesis, no association was appar-
ent between PHOX2B and schizophrenia without stra-
bismus (P=0.076) in our previous study (Toyota et al.
2004). We also tested here ASCLI as a singleton or
PHOX2B-ASCL! epigenetic interaction (data not
shown) for altered risk of another major psychosis,
bipolar disorder, but no significant signals were de-
tected. As a whole, the current results do not support
these genetic mechanisms in the manifestation of func-
tional psychoses.

PHOX2BJ/ASCLI and Parkinson’s disease

PD is a common neurodegenerative disorder, charac-
terized clinically by resting tremor, rigidity and brady-
kinesia. Neuropathological studies have revealed
degeneration of the dopamine-producing substantia ni-
gra and various other regions, including the basal gan-
glia, brainstem, autonomic nervous system and cerebral
cortex (Dekker et al. 2003). Clinically defined PD rep-
resents an etiologically heterogeneous group of condi-
tions encompassing a small population of individuals
with Mendelian-type inheritance and a larger population
of apparently sporadic cases (Hattori et al. 2003).
Accumulating evidence has suggested that genetic pre-
dispositions exist even for sporadic PD (Marder et al.
1996). Dopamine deficiency is a primary pathomecha-
nism in PD, and genes involved in dopamine neuro-
transmission, such as those for dopamine transporter,
dopamine receptors, tyrosine hydroxylase, catechol-it
O-methyltransferase and monoamine oxidase, have
been examined in population-based association studies
over the past decade. However, few of these genes
have been definitively established as conferring suscep-
tibility to sporadic PD (reviewed in Warner and
Schapira 2003).

Perturbation of PHOX2B and ASCLI function has
the potential to disturb catecholaminergic neurons, as
these genes control the expression of the TH and DBH
genes, which encode enzymes for the biosynthesis of

“Degrees of freedom for the Wald chi-square test
“Exponentiation of the § coefficient (odds ratio)
'95% confidence interval of exponentiation (B)

dopamine (TH) and noradrenalin (TH and DBH) bio-
synthesis. Ludecke et al. (1996) reported a female infant
who manifested i-dopa responsive Parkinsonism and
carried a Leu”®Pro mutation in exon 5 of the TH gene,
reducing the catalytic ability of TH. The current study
identified a positive association between PD and ASCLI
polymorphisms. However, whether these ASCL! vari-
ants result in a predisposition to PD through direct ef-
fects on dopamine neurons remains unclear, as ASCL/
expression in the human substantia nigra has not yet
been confirmed. In contrast, expression of ASCL/ in
developing noradrenergic neurons in the human brain-
stem (locus coeruleus: LC) has been reported (De Pon-
tual et al. 2003). The LC is known to play an important
role in the pathophysiology of PD (reviewed in Gesi
et al. 2000). Zarow et al. (2003) found more severe
neuronal loss in the LC than in the substantia nigra in a
postmortem examination of brains from PD patients.
Mavridis et al. (1991) demonstrated that monkeys with
LC lesions displayed impaired recovery from Parkin-
sonism induced using l-methyl-4-phenyl-1,2,3,6-tetra-
hydropyridine (MPTP). Other studies have also shown
that animals with LC lesions exhibit marked dopamine
loss on administration of MPTP or methamphetamine
(Bing et al. 1994; Fornai et al. 1997). These data suggest
a protective role of the LC against the development of
PD. Indeed, Srinivasan and Schmidt (2004) reported
that the enhancement of noradrenergic transmission in
the LC by Br-adrenoceptor antagonists exerts a pro-
phylactic effect against 6-hydroxydopamine-induced
Parkinsonism. The present finding that the ASCL] allele
containing 15 glutamines is less represented in PD than
in controls might suggest that the 15-repeat allele could
confer protective benefits compared to the most com-
mon 12-repeat allele, perhaps allowing the development
of a well-functionalized L.C that in turn helps to protect
the substantia nigra from various insults.

Because of the presumed multigenic nature of com-
plex traits, it would be desirable to analyze several
polymorphisms jointly and investigate their effects and
possible interactions on disease outcome (Ott 2001). One
of the statistical methods that can be used to resolve this
problem is logistic regression analysis. When applied to
the current data, this analysis indicated that the domi-
nant effect of ASCLI with the additive effect of
PHOX2B was positive. The biological consequences
resulting from the interaction between ASCLJ and
PHOX2B might thus offer useful insights into the
pathogenesis of PD. Further studies elucidating the de-
tailed mechanisms of this interaction are thus warranted.
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Polyglutamine length variations in ASCL]I

Polyglutamine expansion has been found in various
neurodegenerative disorders, including Huntington’s
disease, spinocerebellar ataxia types 1, 2, 3 and 7, den-
tatorubral-pallido-luysian atrophy and spinobulbar
muscular atrophy (Lipinski and Ywuan 2004). The
aggregation or accumulation of proteins with expanded
polyglutamine sequences is considered to represent a
critical contribution to neurodegeneration in these dis-
eases. Generally these aggregate-forming proteins dis-
play more than 30 glutamine repeats, while ASCLI
displays repeats of less than 20 glutamines. None of the
GInl2 length variations for ASCLI detected in this
study are thus likely to exert deteriorative effects on
neurons. However, the functional consequences evoked
by variations of the polyglutamine stretch in ASCL/ are
yet to be examined.

In summary, we performed an association study for
PHOX2B and ASCLI, genes that are functionally clo-
sely related and display imperative roles in the devel-
opment of neurons in the noradrenergic (dopaminergic)
lineage, in three major neuropsychiatric diseases. Sig-
nificant contributions of ASCLI and ASCLI-PHOX2B
interactions to PD were detected. These results require
genetic replication studies in different populations and
further biological investigations to clarify the precise
mechanisms and effects.
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