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Synucleins are a vertebrate-specific family of abundant neuronal
proteins. They comprise three closely related members, α-, β-, and
γ-synuclein. α-Synuclein has been the focus of intense attention
since mutations in it were identified as a cause for familial Parkin-
son’s disease. Despite their disease relevance, the normal physiolog-
ical function of synucleins has remained elusive. To address this, we
generated and characterized αβγ-synuclein knockout mice, which
lack all members of this protein family. Deletion of synucleins causes
alterations in synaptic structure and transmission, age-dependent
neuronal dysfunction, as well as diminished survival. Abrogation of
synuclein expression decreased excitatory synapse size by ∼30%
both in vivo and in vitro, revealing that synucleins are important
determinants of presynaptic terminal size. Young synuclein null
mice show improved basic transmission, whereas older mice show
a pronounced decrement. The late onset phenotypes in synuclein
null mice were not due to a loss of synapses or neurons but rather
reflect specific changes in synaptic protein composition and axonal
structure. Our results demonstrate that synucleins contribute impor-
tantly to the long-term operation of the nervous system and that
alterations in their physiological function could contribute to the
development of Parkinson’s disease.
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Synucleins are a family of vertebrate-specific proteins with three
closely relatedmembers, α-, β-, and γ-synuclein (1, 2). They are

abundant neuronal proteins and are reported to account for 0.1%
of total brain protein (3, 4). Synucleins have overlapping expres-
sion patterns and are enriched in presynaptic termini (5, 6).
α-Synuclein has been the focus of intense attention since the
identification of dominant mutations and genemultiplications that
link it to familial Parkinson’s disease (PD) (7). Recently, strong
ties between the α-synuclein gene and sporadic PD have emerged
in genomewide association studies, making α-synuclein the most
broadly relevant PD gene (8, 9). Additionally, α-synuclein is the
major component of Lewy bodies, the pathological hallmark of PD
(10). The presynaptic localization and function of synucleins may
also have a bearing on PD, as synapses are lost early in disease
progression (11).
Analysis of α-, β-, and γ-synuclein sequences reveals a shared,

highly conserved N-terminal domain (∼80% identical) with a less
conserved acidic C terminus (2). The N-terminal domain has seven
imperfect repeats of 11 residues with the consensus sequence
XKTKEGVXXXX that binds acidic phospholipid surfaces. Upon
lipid binding, synucleins undergo a dramatic change to an α-helical
conformation (12–14). α-Synuclein adopts either a conformation
consisting of two anti-parallel, amphipathic α-helices with an un-
folded C terminus (13–15) or a single extended α-helical structure
(16, 17). Human β- and γ-synuclein also adopt the two-helix con-
formation upon folding (18, 19). Together, the high sequence ho-
mology, structural conservation, and overlapping expression pat-
tern of synucleins strongly suggest redundant synaptic functions.

To determine the physiological functions of synucleins, we gen-
erated synuclein null mice lacking α-, β-, and γ-synuclein. Using
these mice, we show that synuclein deficiency leads to altered syn-
apse structure and physiology, age-dependent neuronal dysfunc-
tion, and impaired survival. Our data suggest that the normal
functions of synucleins influence the functional decline of the aging
nervous system and impact the development of PD.

Results
Generation of Synuclein Null Mice. αβγ-Synuclein triple KO mice
lack all murine synucleins and allow us to examine loss-of-synu-
clein phenotypes while avoiding complications of redundancy and
compensation that have limited previous KO analyses of synu-
cleins (5, 20–22). Synuclein null mice were generated by breeding
αβ-synuclein double KO (21) to previously generated γ-synuclein
KO mice (22). We maintain synuclein null mice as a congenic
C57BL6/J homozygous KO line. Western blot and immunohis-
tochemical analysis confirmed the deletion of synucleins (Fig. 1 A
and B and Fig. S1D). Synuclein null mice are viable, fertile, and
grossly normal with the expected body weight at 3 mo (Fig. 1C).
Notably, deletion of synucleins results in a striking age-dependent
survival deficit (Fig. 1D). Kaplan-Meier analysis of synuclein null
mice revealed an increased mortality, with 12% dying by 12 mo as
compared with <1% for C57BL6/J mice (23, 24) (The Jackson
Laboratory, Mouse Phenome Project), demonstrating the im-
portance of synucleins for long-term survival.

Brain Architecture of Synuclein Null Mice. We next performed
a morphological analysis of αβγ-synuclein KO brains. As these
mice show a late-onset survival deficit, we analyzed mice at three
ages—3, 12, and 24 mo. We examined the brains of wild-type and
αβγ-synuclein KO mice after Nissl staining. The overall brain
architecture of synuclein null mice is normal, even at 24 mo of
age (Fig. S2). To determine whether subtle neuronal loss occurs,
we stained sections with the neuronal nuclei marker NeuN and
quantified neuronal density in the CA3 and CA1 subfields of the
hippocampus. Again, we observed no difference between synu-
clein null mice and age-matched controls at 3, 12, and 24 mo
(Fig. S3 A–C). We also stained young and aged synuclein null
brains for tyrosine hydroxylase, a marker for dopaminergic
neurons, and saw a mild decrement in staining with age (Fig. S3
E and F). Finally, we stained wild-type and synuclein null brain
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sections for glial fibrillary acidic protein and activated caspase 3,
markers for gliosis and apoptosis, respectively. We saw no evi-
dence for gliosis (Fig. S3D) or apoptosis in synuclein null mice.
Overall, these data strongly suggest that deletion of synucleins
does not alter brain architecture or cause neuronal loss. These
findings are consistent with the fact that aging in itself is not
associated with any significant neuronal loss (25, 26).

Synapse Density and Structure in Synuclein Null Brains. Previous im-
munoelectron microscopic analysis showed that synucleins are
localized to the presynaptic terminal (1). We confirmed this syn-
aptic localization by performing immunocytochemistry on wild-
type and synuclein null neuronal cultures (Fig. 1B). A fraction of
α-synuclein is also localized to axons. We crossed αβγ-synuclein
triple KOs to Thy-1 driven mouse or human wild-type α-synuclein
transgenic mice and determined the localization of α-synuclein
(Fig. S1 and ref. 27). Transgenically expressed α-synuclein is also
colocalized with presynaptic markers (Fig. S1 B and C).
Synucleins have been implicated in both synapse structure and

maintenance, but the precise role they play is not known (20, 27).
To address this in our triple KO mice, we evaluated synapse
density in the hippocampus as a function of age. First, we con-
firmed that synucleins are expressed in the synaptic CA3 and CA1
layers of the hippocampus (Fig. S1D). Then, we quantified synapse
density in the CA3 region of young (3 mo) wild-type and synuclein
null mice by quantitative immunohistochemistry using presynaptic
markers (Fig. S1E) as well as electron microscopy (Fig. 2E). Both
methods revealed that synapse density in young synuclein null
micewas similar to wild-type controls (Fig. 2A andF, andFig. S4A
andB). Older synuclein null mice also had normal synapse density
at 12 and 24mo (Fig. S4A andB), even though synuclein null mice
show a survival deficit at 12 mo. Expanding our analysis, we de-
termined excitatory synapse density in the CA1 stratum radiatum
of 3- and 12-mo-old control and synuclein null mice by electron
microscopy (Fig. 2H and Fig. S4C). The CA1 excitatory synapse
density in 3-mo-old mice was 36 ± 2 synapses/100 μm2 (wild-type)
and 36 ± 1 synapses/100 μm2 (synuclein nulls), identical to pre-
viously published data (28, 29). In addition, we found no decrease

in synapse density in 12-mo-old synuclein null mice (Fig. S4C;
12 mo αβγ-Syn+/+ = 38 ± 2 versus αβγ-Syn−/− = 40 ± 2). These
results suggest that synucleins do not contribute significantly to
controlling synapse number, butmay be important formaintaining
synapse function.
To determine whether deletion of synucleins alters the structure

of presynaptic termini, we examined synapse size and ultrastructure
as a function of age. We first examined CA3 hippocampal synapses
of 3-mo-old wild-type and synuclein null mice by immunohisto-
chemistry using presynaptic markers (Fig. S1E). Interestingly,
synaptic puncta are ∼30% smaller in synuclein null brains com-
pared with age-matched wild-type controls (αβγ-Syn+/+ = 0.38 ±
0.02 μm2 versus αβγ-Syn−/− = 0.26 ± 0.02 μm2; Fig. 2B). We then
performed this analysis on 12- and 24-mo-old mice and determined
that the size reduction of CA3 termini in synuclein null mice per-
sists with age (Fig. S4D). Next, we established that this decrease was
indeed due to abrogation of synuclein function by evaluating syn-
aptic puncta size in synuclein null mice that express a human wild-
type α-synuclein transgene, i.e., “rescued” mice (Fig. S1 A–C).
Overexpression of α-synuclein alone was sufficient to rescue the
deficit in terminal size of synuclein null neurons (Fig. 2C and Fig
S1F), confirming that synapse size is synuclein dependent and that
synucleins are functionally redundant. Lastly, we determined that
dissociated hippocampal neurons of synuclein null mice also have
smaller synapses (Fig. 2D).
We extended our confocal imaging results by quantitative ultra-

structural analysis of CA3 synapses (Fig. 2 E–G). Consistent with
our lightmicroscopic analysis, the presynaptic terminal area of CA3
excitatory synapses is diminished by 28% in synuclein nullmice (Fig.
2G; αβγ-Syn+/+=0.38± 0.02 μm2; αβγ-Syn−/−=0.27± 0.012 μm2).
This change in area was not accompanied by other alterations
in synaptic ultrastructure, such as active zone length or number of
synaptic vesicles (Fig. 2G). Due to the decrease in terminal size, the
packing density of synaptic vesicles was increased (Fig. 2G, right-
most graph). To explore whether these synaptic changes were per-
vasive in synuclein null brains, we examined the ultrastructure of
Schaffer collateral excitatory synapses in the CA1 subfield of the
hippocampus (Fig. 2I). Again, we observed a decrease in the pre-
synaptic terminal area (αβγ-Syn+/+ = 0.203± 0.01 μm2; αβγ-Syn−/−
= 0.153 ± 0.01 μm2), with all other presynaptic ultrastructural
parameters unchanged (Fig. 2I). These in vivo findings strongly
suggest that smaller excitatory synapses are seen throughout the
brain of synuclein null mice.

Electrophysiological Properties of Synuclein Null Synapses. Because
deletion of synucleins has a dramatic effect on synapse structure,
we next examined the electrophysiological properties of these
synapses. We performed hippocampal slice electrophysiology
experiments on synuclein null mice at 3 and 12 mo of age. The
hippocampus was selected due to the abundant expression of
synucleins in the synaptic layers (Fig. S1D) and its well-charac-
terized electrophysiology. Additionally, the effect of aging on
neurotransmission has been well documented, with amplitude of
the field excitatory postsynaptic potentials (fEPSPs) decreasing
with age (25). fEPSPs were used to assess basal synaptic trans-
mission at the Schaffer collateral–CA1 synapses. Young synuclein
null mice show a larger input (stimulus strength)–output (fEPSP
slope) relationship (I/O) compared with age-matched wild-type
controls (Fig. 3A; slope for αβγ-Syn+/+ = 0.0188; slope for
αβγ-Syn−/− = 0.0289). In sharp contrast to young mice, aged syn-
uclein null mice show diminished I/O compared with wild-type
controls (Fig. 3E; αβγ-Syn+/+ slope = 0.0122; αβγ-Syn−/− slope =
0.00773). When the I/O was plotted as a function of fiber volley
amplitude, which represents the action potential firing of the
Schaffer collaterals, younger synuclein null mice still showed
larger I/O (Fig. 3B), whereas there was no difference between the
two genotypes in older animals (Fig. 3F). These results raise the
possibility that in young synuclein null mice, transmitter release

Fig. 1. Generation of synuclein null mice. (A) Western blots of spinal homo-
genates from wild-type, α-, αβ- and αβγ-synuclein KO mice using isoform-
specific antibodies. Valosin-containing protein (VCP) is a loading control.
Samples are loaded in duplicate. (B) Immunostaining of cultured wild-type
and synuclein null hippocampal neurons for α-synuclein (red) and the den-
drite marker MAP2 (green). (C) Body weight of wild-type (αβγ-Syn+/+ blue
bar) and synuclein null (αβγ-Syn−/− green bar) mice at 8 wk of age. (D) Sur-
vival curves for wild-type (blue triangle) and synuclein null mice (green
square). ***P < 0.001.
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could be increased, whereas in older animals this enhancement is
diminished or compounded by changes in action potential con-
duction and/or axonal excitability.
To test the above premise, we repeated these slice recordings in 3-

mo-old synuclein nulls and littermates that express a mouse or hu-
man wild-type α-synuclein transgene. As seen in Fig. 3 I and J,
α-synuclein expression can completely restore the synuclein null I/O
curve to that of wild-type control, confirming that deletion of syn-
ucleins improves basic synaptic transmission in young mice. In-
triguingly, elevated expression of the human α-synuclein transgene
diminishes the I/O ratio below that of wild type (Fig. 3 I and J),
suggesting overexpression of α-synuclein produces a gain of its
normal function and decreases input–output ratios similar to aging
(Fig. 3E and I). Sincemultiplications of the human α-synuclein gene
cause PD (7), alterations in the normal activity of α-synuclein may
play a role in PD.
Todetermine whether the altered I/O curves in the synuclein null

mice are due to a change in the probability of neurotransmitter
release, we measured paired-pulse facilitation, which is inversely
correlated with release probability. The paired-pulse ratio remains
unchanged in young, old, and rescued synuclein null mice (Fig. 3 C
and G and Fig. S1G), suggesting that alterations in release proba-
bility are not contributing to changes in I/O curves.
Are the altered I/O curves in synuclein null mice instead due

to changes in axonal function? To assess this question, we
measured action potential conduction velocity at Schaffer col-
laterals. Interestingly, 12-mo-, but not 3-mo-old, synuclein null
mice show slower action potential conduction velocity (Fig. 3 D
and H and Fig. S1H). Consistent with a decrease in axonal ex-
citability, these agedmice exhibit impaired fiber volley amplitudes
in response to repetitive stimulation (Fig. S5). The reduced con-
duction velocity could explain in part the decreased I/O seen in

aged synuclein null mice (Fig. 3E). To find a structural correlate
for decreased conduction velocity in the aged synuclein null mice,
we measured axon diameter and myelin thickness of Schaffer
collaterals. A comparison of young wild-type and synuclein null
sections found no significant differences in either axon diameter
or myelin thickness (Fig. S6, Left). However, aged synuclein null
mice show an increase in axon diameter (αβγ-Syn+/+ 1083 ± 27
versus αβγ-Syn−/−1224 ± 30 nm) accompanied by a decrease in
myelin thickness (αβγ-Syn+/+ 130 ± 3 versus αβγ-Syn−/− 120 ± 3
nm) compared with age-matched controls (Fig. S6 A and B, Right).
From these measurements, we calculated the ratio g [axon di-
ameter: (axon diameter + myelin thickness)]. Theoretical mod-
eling and experimental data suggest that increases in g (g > 0.6)
are associated with a decrease in conduction velocity (30). Con-
sistent with a decreased conduction velocity, aged synuclein null
mice exhibit higher g values than their wild-type controls (Fig.
S6C). Hence, structural alterations of axons may contribute to the
decrease in action potential conduction observed in aged synu-
clein null mice.

Age-Dependent Retinal Dysfunction in Synuclein Null Mice. How gen-
eral are the roles of synucleins in the nervous system? To de-
termine whether deletion of synuclein leads to age-dependent
neuronal dysfunction in another brain region, we characterized
retinal responses. The advantages of the retina are its accessi-
bility, well-documented degenerative phenotypes, and role in PD.
In addition, all synuclein isoforms are abundantly expressed in the
retinal layers. We assessed retinal function by recording electro-
retinograms (ERG) (31) from 3- and 12-mo-old wild-type and
synuclein null mice. In particular, we measured scotopic a-wave,
b-wave, and oscillatory potential amplitudes as a function of in-
creasing light intensity. The a-wave largely represents activation of

Fig. 2. Morphometric analysis of synuclein null synapses.
(A) Synapse density in CA3 stratum lucidum region of 3-mo-
old wild-type αβγ+/+ (blue bar) and synuclein null αβγ−/−

mice (green bar) as determined by immunohistochemistry
(IHC) with the presynaptic marker synapsin. (B) Presynaptic
bouton area of CA3 synapses in wild-type αβγ+/+ and syn-
uclein nulls αβγ−/−. (C) Presynaptic bouton area of CA3
synapses of synuclein nulls αβγ−/− and rescued littermates
expressing human wild-type α-synuclein [αβγ−/−; human
transgene (htg), red bar]. (D) Presynaptic area of synapses
in dissociated hippocampal cultures from wild-type αβγ+/+

and synuclein nulls αβγ−/− mice. (E–I) Analysis of excitatory
synapses by electron microscopy (EM). (E) Representative
electron micrographs of CA1 synapses from αβγ+/+ and
αβγ−/− brains (Scale bar, 250 nm.) (F) Excitatory synapse
density of CA3 synapses in wild-type and synuclein null
brains. (G) Ultrastructural analysis of CA3 synapses of 3-mo-
old wild-type and synuclein null mice. (H) Synapse density
in CA1 stratum radiatum of wild-type and synuclein null
brains. (I) Ultrastructural analysis of CA1 synapses of wild-
type and synuclein null mice. Student’s t test. **P < 0.001,
***P < 0.0001.
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photoreceptors, the b-wave reports the synaptic activity of rod
bipolar cells and ON cone bipolar cells in the outer plexiform layer
(OPL), and the oscillatory potentials monitor inner retinal activity.
At 3 mo, synuclein null mice show no deficits in ERG recordings
(Fig. 4A; b-wave at highest light intensity αβγ-Syn+/+ = 700 ± 34;
αβγ-Syn−/− = 747 ± 75). In contrast, at 12 mo, synuclein null mice
show diminished responses to even the highest intensity of light,
suggesting that they are visually impaired in an age-dependent
manner. The amplitude of the b-wave was severely decreased
(Fig. 4B; b-wave αβγ-Syn+/+ = 409 ± 46; αβγ-Syn−/− = 138 ± 23),

strongly suggesting a decrement in neuronal function in aged
synuclein null retina.
To assess whether the observed retinal dysfunction (Fig. 4 A

and B) leads to blindness, we used two behavioral tests. The
visual placing test scores the ability of a suspended mouse to see
an approaching rod and reach for it (32). Young mice of both
genotypes could perform this test with ease (Fig. 4C). However,
older αβγ-synuclein KO mice were severely impaired in their
performance, consistent with being blind (Fig. 4C). The inverted
grid test is a behavioral paradigm that requires both vision and
muscle strength, in which mice are placed on an elevated wire
mesh and then overturned. Young synuclein null mice were able
to carry out this task facilely (Fig. 4D). However, aged synuclein
null mice performed poorly in this test and on average could grip
the mesh for only 11 ± 2 s (Fig. 4D), compared with 84 ± 15 s for
age-matched wild-type controls. Collectively, these data dem-
onstrate that deletion of synucleins leads to age-dependent ret-
inal dysfunction and blindness.
Next, we identified morphological correlates for the severely

reduced ERGs in old synuclein null mice, we examined the retina
of the samemice fromwhich we recorded ERGs. Remarkably, the
retinal architecture is unaltered in aged αβγ-synuclein KO mice
(Fig. S7). Quantification of synapse density in the OPL and nuclei
in the nuclear layers revealed no differences between genotypes at

Fig. 3. Hippocampal physiology of young and aged synuclein null mice. (A
and E) I/O curves of Schaffer collateral synapses in 3 mo (A, αβγ-Syn+/+, blue
triangle; αβγ-Syn−/−, green square) and 12-mo-old mice (E). (B and F) Data in
A and E plotted as a function of fiber volley. (C and G) Paired-pulse facili-
tation in Schaffer collateral synapses in the hippocampus of 3- (C) and 12-
mo-old mice (G). (D and H) Action potential conduction velocity of Schaffer
collaterals in 3- (D) and 12-mo-old mice (H). (I and J) I/O curves of Schaffer
collateral synapses as a function of stimulus intensity (I) and fiber volley (J) in
3-mo-old mice. [Wild-type αβγ-Syn+/+, blue triangle; synuclein null αβγ-Syn−/−,
green square; synuclein null rescued by mouse α-synuclein transgene,
αβγ-Syn−/−; mtg, red filled diamond; synuclein null rescued by human
α-synuclein transgene αβγ-Syn−/−; htg, red unfilled diamond.] Student’s t test
*P < 0.05, **P < 0.001, ***P < 0.0001.

Fig. 4. Age-dependent retinal dysfunction in synuclein null mice. ERG
analysis of retinal function in wild-type αβγ-Syn+/+ (blue triangle) and synu-
clein null mice αβγ-Syn−/− mice (green square) in (A) 3 mo and (B) 12 mo.
From the ERG traces, the amplitude of the a-wave, b-wave, and the oscil-
latory potential (OP) was measured (Top, Middle, and Bottom, respectively).
(C) Visual placement behavioral analysis of young (2–3 mo) and old (12–18
mo) wild-type (αβγ-Syn+/+; blue bar) and synuclein null (αβγ-Syn−/−; green bar)
mice. (D) Inverted grid test analysis of vision and strength. Student’s t test
*P < 0.05, **P < 0.001, ***P < 0.0001.
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both 3 and 12 mo. Furthermore, electron microscopic analysis of
wild-type and αβγ-synuclein KO retina at 12 mo showed normal
synaptic ultrastructure (Fig. S8). Hence, neuronal dysfunction in
synuclein null retina is not a result of widespread neuro-
degeneration or synapse loss. These results mirror our findings in
the hippocampus of aged synuclein null mice.

Changes in Synaptic Composition in Synuclein Null Brains. What
molecular changes may underlie the phenotypes of synuclein loss?
Previous findings have suggested that deletion of α-synuclein alters
brain lipid metabolism (33). Therefore, we measured the levels of
total brain lipid by HPLC, but found no significant changes (Fig.
S9). As synucleins are abundantly expressed at synapses (Fig. 1B
and Fig. S1D), we next measured the levels of candidate synaptic
proteins in the brains of wild-type and synuclein null mice (Fig. 5).
Intriguingly, young synuclein null mice exhibit increases in com-
plexin II, synapsin IIb, and 14-3-3 β and ε isoforms (Fig. 5A and
Table S1). This is consistent with the previously noted interaction
between synucleins and synapsins (34) and 14-3-3 proteins (35).
No changes in the other proteins analyzed were observed in young
mice (Table S1). Upon aging we saw dramatic, yet select, changes

in protein composition in the synuclein null mice. Most notably,
the levels of proteins that were up-regulated in young mice were
decreased to wild-type levels or even diminished (Fig. 5B). Aged
synuclein null mice also show changes in the SNARE proteins
SNAP-25 and synaptobrevin 2. These protein changes may con-
tribute to the observed neuronal dysfunction in aged αβγ-synuclein
KO mice.

Discussion
This study demonstrates that synuclein null mice exhibit striking
age-dependent neuronal dysfunction (Figs. 3E andH and 4B) and
decreased survival (Fig. 1D). Aged synuclein null mice show se-
vere neuronal dysfunction in both regions of the CNS that we
examined—the hippocampus and retina (Figs. 3 E andH and 4B).
In the hippocampus, aged synuclein null mice have diminished
I/O curves and conduction velocity compared with wild-type
controls (Fig. 3 E and H). Searching for the causes of these pro-
nounced phenotypes, we determined that they are not due to
a loss of neurons (Figs. S2 and S3) or synapses (Fig. 2 A, F, and H
and Fig. S4 A–C). Instead we see prominent age-dependent
changes in synaptic protein composition (Fig. 5B) and axonal
structure (Fig S6). Particularly, the “g” value (axon diameter:
overall fiber diameter) for Schaffer collaterals is increased in aged
synuclein null mice (Fig S6C) consistent with the observed
decreases in conduction velocity and diminished excitability (Fig.
3H and Fig. S5). The reason why axonal morphology is altered in
aged synuclein null mice is presently unclear but may reflect pu-
tative interactions of α-synuclein with microtubules (36, 37).
Deletion of synucleins has a dramatic effect on synapse struc-

ture and decreased synaptic terminal size (Fig. 2). This effect
could be observed in both the CA1 and CA3 subfields of the hip-
pocampus, as well as in dissociated hippocampal neurons. Inter-
estingly, we found other synaptic parameters such as active zone
length and number of synaptic vesicles to be unchanged. Smaller
terminals indicate that synucleins possibly function in synaptic
vesicle trafficking to control the flow of membrane either as posi-
tive regulators of exocytosis or as negative regulators of endocy-
tosis. Earlier overexpression studies of wild-type α-synuclein largely
support such roles (38–40). Future studies will aim to determine the
exact contribution of synucleins to this phenotype to obtain mo-
lecular insight into their function.
In the hippocampus, young synuclein null mice have aug-

mented electrophysiological responses (Fig. 3 A, B, I, and J), as
seen in the I/O curves of CA1 synapses. Importantly, we could
rescue this phenotype with both mouse and human α-synuclein
transgenes, confirming that synucleins affect basal neurotrans-
mission (Fig. 3 I and J). As phenotypes in young null mice are
likely to reflect immediate effects of loss of synuclein, we in-
vestigated the basis of the enhanced I/O ratios. We determined
that it was unlikely due to changes in release probability or con-
duction velocity (Fig. 3 C and D). However, we found that young
synuclein null mice exhibit increases in key proteins that regulate
synaptic vesicle exo- and endocytosis, including SNAREs, com-
plexins, and synapsins (Fig. 5). Therefore, synucleins may par-
ticipate in steps regulated by these proteins. In line with this
possibility is our previous work showing that α-synuclein cooper-
ates with the presynaptic chaperone CSPα to maintain neuronal
integrity, possibly at a step regulated by SNAREs (27), and a new
study showing that α-synuclein can regulate SNARE complex
levels (41).
Presently, it is unclear whether increased α-synuclein levels

cause PD exclusively by gain of a toxic function or additionally due
to alterations of its physiological function. Our data supports the
latter premise. Modest overexpression of human α-synuclein in
young mice caused a decrement in neurotransmission similar to
aged synuclein null mice (Fig. 3 E and I), indicating that over-
expression disrupts the normal functions of α-synuclein. Intrigu-
ingly, a recent study characterizing human α-synuclein transgenics

Fig. 5. Immunoblotting analysis of wild-type and synuclein null brains.
Quantitation of synucleins and the indicated proteins in (A) 3-mo- and (B)
12-mo-old wild-type (blue bar) and αβγ-synuclein KO (green bar) brains.
Student’s t test *P < 0.05, **P < 0.001, ***P < 0.0001.
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showed that overexpression of α-synuclein decreases I/O curves
and synaptic vesicle density (40), consistent with our results.
Therefore, increased synuclein levels, seen in patients with
α-synuclein gene multiplications, are likely to impact synaptic
transmission. Also noteworthy are the retinal deficits observed in
PD patients, which again suggests a role for the normal function of
synucleins in disease physiology (42). Together, our findings sup-
port that the levels of α-synuclein are a critical risk factor for PD.
In conclusion, our data suggest that the physiological function

of α-synuclein is important for the long-term vigor of the nervous
system and the development of PD.

Materials and Methods
Detailed methods and numbers are provided in SI Text.

Mice. αβγ-Synuclein triple KO mice were maintained on a C57BL6/J back-
ground and compared with wild-type C57BL6/J mice purchased from The
Jackson Laboratory. αβγ-Synuclein triple KOs were crossed to human or
mouse wild-type α-synuclein–expressing transgenics (27) to generate synu-
clein null and rescued littermate mice.

Quantitative Immunohistochemistry. Immunofluorescence of brain sections
was performed as described (43). Blinded confocal images were quantified
using ImageJ software.

Electron Microscopy. Hippocampal sections from 3- or 12-mo-old male mice
were analyzed on a Tecnai Biotwin 12microscope. Electronmicrographs were
analyzed blind to genotype using iTEM software. Only asymmetric synapses
were included for these analyses.

Hippocampal Electrophysiology. Hippocampal slices from 3- and 12-mo-old
mice were used for field recordings as described (23). Frequency-following
experiments were performed as described (44, 45).

ERG Recordings. ERG recordings were performed on anesthetized mice as
described (31).

Behavior. Behavioral tests for vision were performed with age-matched
cohorts, blind to genotype, as described (27).

Quantitative Immunoblotting. Protein levels were quantified from Western
blots using a Li-COR Odyssey infrared imaging system.
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