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We used in vivo amperometry to monitor changes in synaptic
dopamine (DA) release in the striatum induced by overexpression
of human wild-type α-synuclein in nigral DA neurons, induced by
injection of an adeno-associated virus type 6 (AAV6)–α-synuclein
vector unilaterally into the substantia nigra in adult rats. Impair-
ments in DA release evolved in parallel with the development of
degenerative changes in the nigrostriatal axons and terminals. The
earliest change, seen 10 d after vector injection, was a marked,
≈50%, reduction in DA reuptake, consistent with an early dysfunc-
tion of the DA transporter that developed before any overt signs
of axonal damage. At 3 wk, when the first signs of axonal damage
were observed, the amount of DA released after a KCl pulse was
reduced by 70–80%, and peak DA concentration was delayed, in-
dicating an impaired release mechanism. At later time points, 8–16
wk, overall striatal innervation density was reduced by 60–80%
and accompanied by abundant signs of axonal damage in the form
of α-synuclein aggregates, axonal swellings, and dystrophic axo-
nal profiles. At this stage DA release and reuptake were pro-
foundly reduced, by 80–90%. The early changes in synaptic DA
release induced by overexpression of human α-synuclein support
the idea that early predegenerative changes in the handling of DA
may initiate, and drive, a progressive degenerative process that
hits the axons and terminals first. Synaptic dysfunction and axon-
opathy would thus be the hallmark of presymptomatic and early-
stage Parkinson’s disease, followed by neuronal degeneration and
cell loss, characteristic of more advanced stages of the disease.

neurodegeneration | synaptic transmission

In Parkinson’s disease (PD) damage to axons and axonal ter-
minals is likely to precede any overt dopamine (DA) neuron

cell death, suggesting that the disease process may start at the
axon terminal level and progress retrogradely to affect the cell
bodies. Support of this idea comes from autopsy studies of brains
from PD patients, which suggest that the extent of damage to the
DA terminals in caudate nucleus and putamen at the time of
disease onset is more extensive than the loss of DA neurons in
the substantia nigra (see ref. 1 for a recent review). Although
genuine longitudinal data are difficult to obtain in human ma-
terial, available postmortem data indicate that the loss of DA in
the caudate nucleus at the time of onset of symptoms is on the
order of 70–80%, whereas as much as 70% of the nigral DA cell
bodies may still be alive (1–5). Measurement of binding to the
vesicular monoamine transporter (VMAT), which is likely to be
a good measure of the functional integrity of the DA terminals,
has shown severe loss of VMAT in the caudate nucleus early in
the disease in some patients (6).
Together, these data suggest that impairments at the terminal/

synaptic level may be a prominent feature of presymptomatic
and early-stage PD and that impaired DA neurotransmission
may contribute to the functional deficits seen also at more ad-
vanced stages of the disease. Studies in cell culture point to
α-synuclein as a possible mediator of these early changes, including
effects on DA synthesis, storage and release (7–9), and vesicular
trafficking (9, 10). In vivo studies performed in α-synuclein

knockout mice, moreover, have shown that α-synuclein plays a
role in the regulation of transmitter storage and release in DA
neurons (11–13), suggesting that the synaptic release machinery
may be an important target for α-synuclein–induced toxicity.
In the present study we used in vivo amperometry to monitor

changes in synaptic DA release in the striatum in rats over-
expressing human WT α-synuclein in the nigrostriatal DA neu-
rons, induced by injection of an adeno-associated virus type 6
(AAV6)–α-synuclein vector unilaterally into the substantia nigra.
AAV-mediated overexpression of α-synuclein provides an in-
teresting model of PD-like pathology in that the degenerative
changes develop progressively over time, from the early signs of
axonal damage and α-synuclein aggregation, seen at 2–3 wk after
vector injection, followed by neurodegeneration and DA neuron
cell loss which develops over the subsequent weeks (14–18). This
model offers an opportunity to monitor the functional changes
that take place in α-synuclein–overexpressing DA neurons at
stages that match the presymptomatic, early, and advanced
stages of the human disease.

Results
Changes in striatal DA release were studied at five different time
points after vector injection that match progressively more
advanced stages of α-synuclein–induced pathology: at 10 d and
3 wk after vector injection, when α-synuclein is fully expressed
but before any major cell loss has occurred; at 5 wk, when DA
neurodegeneration is well under way; and at 8 and 16 wk, when
DA neuron cell loss is complete and the remaining neurons
survive long-term in a compromised state, characterized by high
levels α-synuclein expression and abundant signs of axonal pa-
thology and loss of terminals (18). Recordings were made bi-
laterally in urethane-anesthetized rats from electrodes implanted
into the center of the caudate putamen (Fig. 1A). With this
design, the noninjected intact side could be used as a reference
in all measurements. The control rats received an intranigral
injection of the control AAV-GFP vector and were analyzed at
10 d, 3 wk, or 5 wk after injection. The extracellular DA con-
centration was monitored using chronoamperometry (1-Hz
recordings). DA release was evoked by short pulse (<1 s) pres-
sure ejection of a fixed amount of KCl adjacent to the recording
electrode. Four measures were taken from the resulting DA
release curves, as indicated in Fig. 1B: peak amplitude, reflecting
the maximal extracellular concentration of DA; reuptake rate,
reflecting the rate by which the released DA was eliminated from
the extracellular space; linear rise rate, which is determined by the
speed by which K+-evoked DA is released from the DA termi-
nals into the extracellular space; and area under the curve (AUC),
which is a measure of the total amount of DA available to act on
the postsynaptic receptors over time.
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Time-Dependent Effects on K+-Evoked DA Release. As illustrated in
Fig. 2, we observed a significant change in the shape of the DA
release curve already at 10 d after injection: the peak was sig-
nificantly broader and shifted to the right (Fig. 2, Left). Further
analysis revealed a significant reduction in the reuptake rate
(Fig. 3B; two-factor ANOVA, time effect P = 0.58, side effect
P < 0.0001, time and group interaction P < 0.0001, Student t test
for 10-d time point, P < 0.05), whereas the peak amplitude was
unaffected (Fig. 3A; two-factor ANOVA and Student t test, P >
0.05). The linear rise rate seemed to be reduced in several of the
animals at 10 d, but this did not reach significance in the group as
a whole (Fig. 3C). From 3 wk onward, DA release amplitude was
markedly reduced at all time points (two-factor ANOVA, time
effect P = 0.0213, group effect P < 0.0001, 3–16 wk α-synuclein
vs. control side; Student t test, P < 0.05). At the early time points,
3 and 5 wk in particular, the peaks tended to be broader and
shifted to the right (red traces in Fig. 2). The peak amplitude was
reduced by 70–80% (average 83%) at 3 and 5 wk, and 80–90%
(average 93%) at 8 and 16 wk, compared with both the intact
control side and the injected side in the AAV-GFP–treated
animals (Fig. 3A). Consistent with the change in the shape of the
release curve, both the reuptake rate (Fig. 3B) and the linear rise
rate (Fig. 3C) were significantly reduced, ranging from 75% to
95% at time points from 3 wk to 16 wk (two-factor ANOVA and
Student t test, P < 0.05). Total DA release, measured as the
AUC (Fig. 1), was similarly affected (Fig. 3D; two-factor

ANOVA, time effect P = 0.87, group effect P < 0.0001, time and
group interaction P= 0.0014; Student t test, P < 0.05 for 3–16 wk
time points vs. control side) and followed closely the changes
seen in peak amplitude (Fig. 3A).

Dose Dependency. The changes summarized in Figs. 2 and 3 were
obtained in rats injected with a vector containing the woodchuck
hepatitis virus posttranscriptional regulatory element (WPRE)
enhancer element. As reported in the parallel study (18) the
α-synuclein expression obtained with this vector construct is high,
approximately four- to fivefold above the endogenous α-synu-
clein level. To explore whether there is a critical threshold of
α-synuclein overexpression for synaptic dysfunction to develop,
we added a group of rats that received an identical intranigral
injection of the AAV–α-synuclein vector lacking the WPRE
enhancer, known to result in a lower level of expression, esti-
mated at two- to threefold above the endogenous one (18). As
illustrated in Fig. 4, α-synuclein expressed at this level resulted in
a reduction of striatal DA release by approximately 20–30%, as
assessed at 3–5 wk after vector injection, suggesting that the
impairment indeed was dose dependent. This reduction, which
was approximately half of that seen in the animals treated with
the WPRE-containing vector (Fig. 3), reached significance for
two of the four parameters, amplitude (Fig. 4A) and DA reup-
take rate (Fig. 4B).

Elimination of Exogenous DA from the Extracellular Space. The data
obtained at 10 d after vector injection suggested that the shift in
the release curve seen at this early time point was mainly due to
reduced elimination of DA from the extracellular space. To
confirm that this indeed was the case, we performed an experi-
ment in a separate group of animals, treated 10 d earlier with the
WPRE-containing vector, whereby a pulse of DA was injected
adjacent to the electrode tip, and the extracellular concentration
of DA was monitored over the subsequent 200 s. As shown in
Fig. 5, the elimination of DA was considerably slower on the
α-synuclein–overexpressing side, and the DA reuptake rate,
calculated as indicated in Fig. 5A, was reduced by 61% compared
with the contralateral intact striatum (paired t test, P = 0.0069).

DA Release in the Presence of Reuptake Blockade. To obtain a more
direct measure of tonic DA release from the α-synuclein–over-
expressing striatal terminals, we performed a series of meas-
urements of the change of basal extracellular levels of DA, in the
absence of any added KCl, which is made possible by the use of
local application of a DA reuptake blocker, nomifensine. These

Fig. 1. (A) Coronal sections through the forebrain and midbrain, stained
with a human-specific α-synuclein antibody, from a rat that received a uni-
lateral 3-μL injection of the AAV–α-synuclein vector just above the substantia
nigra (asterisk) 10 d erlier. Human WT α-synuclein derived from the vector is
expressed in the DA neurons of the substantia nigra and distributed
throughout the ipsilateral caudate-putamen. Inset: Electrode/micropipette
assembly used for recording; the vertical lines mark the bilateral recording
sites. (B) The four measurement parameters—peak amplitude, linear rise
rate, reuptake rate, and AUC—were calculated from the DA release curve, as
indicated.

Fig. 2. Traces showing the change in extracellular DA concentration recorded simultaneously from the noninjected control side (blue) and the AAV–α-
synuclein injected side (red), elicited by the KCl pulse, at four time points after vector injection. Note the pronounced broadening of the DA release curve seen
already at the 10-d time point and the progressive reduction in the peak amplitude. Yellow traces show DA release recorded from animals injected with the
AAV-GFP control vector.
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measurements were performed at four time points: 10 d and 3, 5,
and 8 wk after AAV–α-synuclein (+WPRE) injection.
Local injection of nomifensine resulted in a sharp rise in ex-

tracellular DA concentration, reaching a peak level within a few
minutes, followed by a slow decline over the subsequent 20–30
min, reflecting the elimination of DA by enzymatic degradation
and diffusion (Fig. 6B). The results show an interesting, pro-
gressive decline in DA release, measured as the peak amplitude,

over the 8-wk period on the α-synuclein–overexpressiong side
(Fig. 6A; two-factor ANOVA, time effect P = 0.0007, group
effect P = 0.0001, time and group interaction P = 0.89; Student t
test, P < 0.05 at 3–8 wk vs. control side). Consistent with the K+-
evoked release data (Fig. 3C), there was an overall trend toward
reduced tonic release, by approximately 20%, at 10 d, which
became progressively more pronounced at 3 wk (−50%), 5 wk
(−70%), and 8 wk (−80%).

Histology.Analysis of the immunostained sections confirmed that
the vector injections were well placed and that human α-synu-
clein and GFP was well expressed in the nigral DA neurons and
their axons innervating the head of the caudate-putamen on the
injected side (Fig. 1A). The placement of the amperometry
electrodes in the center of the head of the caudate-putamen was
confirmed. Densitometry performed on the tyrosine hydroxylase
(TH) immunostained sections showed a progressive loss of TH-
positive terminals in the striatum, starting at 3 wk after vector
injection and reaching 60% loss at 8 wk and 80% loss at 16 wk
(Fig. 7L). The first morphological changes appeared between 10
d, when the innervation appeared completely normal (Fig. 7 A
and E), and 3 wk, when single, scattered distorted TH- and
α-synuclein–positive axonal profiles appeared (Fig. 7 B and F).
At later time points, 8 wk (Fig. 7 C and G) and 16 wk (Fig. 7 D
and H), the overall density of TH- and α-synuclein–positive
axons and terminal was progressively reduced, and many of the
remaining terminals showed signs of damage, expressed as TH-
and α-synuclein–containing axonal swellings (arrowheads in Fig.
7), some of them with the appearance of large end-bulbs
(arrows). Analysis at higher power in the microscope revealed
that these swellings contained aggregates of spherical, α-synu-
clein–positive inclusions (see, e.g., Fig. 7G and H) and that some
of them stained positively for VMAT-2 (Fig. 7 I–K), suggesting
that the α-synuclein–containing aggregates had incorporated the
VMAT transporter.
Immunohistochemistry for DA transporter (DAT) and

VMAT-2 showed that the expression of these two proteins was
maintained at normal levels in the individual terminals at both 10
d and 3 wk (Fig. 8 A, B, D, and E). At longer time points, the
swollen, dystrophic axons and terminals stained positively for
VMAT-2 (arrow and arrowheads in Fig. 8F). DAT, by contrast,
was expressed at seemingly normal levels in the remaining ter-
minals, but not in the swollen, dystrophic axonal profiles (Fig. 8C).
In contrast to the results obtained with the WPRE-containing

vector (above), the animals that received injections of the vector
lacking the WPRE enhancer element showed limited loss of TH-
positive axons and cells at 3–5 wk postinjection, which is con-
sistent with the results obtained with the same vector in the
parallel report (18).

Discussion
The results revealed marked changes in DA neurotransmission
already at 10 d and 3 wk after vector injection, before any major
DA neuron cell loss has occurred. The earliest change, seen at
10 d, was a reduction in DA reuptake rate, which resulted in
a broadening of the DA release curve. The rate of elimination of
extracellular DA (delivered as a local injection) was reduced by
approximately 60%, suggesting that the function of DAT was
markedly impaired already at this stage, before any overt signs of
neuronal cell loss have occurred. At 3 wk the first signs of axonal
damage were observed in the form of α-synuclein–filled axonal
swellings and dystrophic terminals that stained positively for both
TH and VMAT-2. The overall reduction in the striatal TH-
positive innervation was minor at this point, only approximately
20%. At this stage, all parameters of DA release—peak ampli-
tude, reuptake rate, linear rise rate, and AUC—were dramati-
cally reduced, pointing to an impairment not only in DA
reuptake but also in the mechanism of release. This was reflected

Fig. 3. Changes in (A) peak amplitude, (B) reuptake rate, (C) linear rise rate,
and (D) AUC, recorded simultaneously at the five time points from the
AAV–α-synuclein injected side (red bars) and the noninjected control side
(blue bars). A significant reduction in the DA reuptake rate is seen already at
10 d. Yellow bars show recordings from separate groups of animals injected
with the AAV-GFP control vector. *P < 0.05; one-way ANOVA followed by
Student t test.
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in a 70–80% reduction in peak amplitude and rate of DA re-
lease, as well as a 50% reduction in the amount of DA accu-
mulating extracellularly after blockade of DAT by local injection
of nomifensine.
These data are consistent with previous studies showing that

the synuclein family of proteins are likely to play a role both in
normal physiological neurotransmitter release (11, 12, 19, 20)
and in the regulation of transporter function (21, 22). In vitro
studies have shown that overexpression of α-synuclein inhibits
the release of catecholamines from adrenal chromaffin and PC12
cells, probably owing to a reduced pool of readily releasable
vesicles (9). Similarly, Nemani et al. (10) have reported impair-
ment of transmitter release, due to a reduction in the size of the
synaptic vesicle recycling pool, in hippocampal and dopaminer-
gic neurons expressing human WT α-synuclein at levels two- to
threefold above normal. Our data are also in line with the
observations of Chung et al. (17) in the AAV–α-synuclein model,
showing significant changes in the levels of proteins involved in
synaptic transmission and axonal transport as early as 4 wk after
AAV–α-synuclein injection.

Studies in α-synuclein–overexpressing transgenic mice have so
far failed to replicate the detrimental effects seen in cell culture
models (23, 24). The results obtained by Yavich et al. in 2005
(23) by in vivo voltammetry, performed in transgenic mice
expressing A30P-mutated human α-synuclein, showed no effect
on either release or reuptake of DA after electrical stimulation
of the nigrostriatal pathway, although the slower rate of decline
seen after repeated stimulations was interpreted as a reduced
DA storage pool in the transgenic animals. The present results
suggest that the detrimental effect of α-synuclein on synaptic

Fig. 4. Changes in (A) peak amplitude, (B) reuptake rate, (C) linear rise rate, and (D) AUC, induced by the WPRE-lacking AAV–α-synuclein vector (n = 3). As in
Fig. 3, the recordings were made simultaneously from the AAV–α-synuclein injected side (red bars) and the noninjected control side (blue bars). (E) Actual
traces from the two sides in one of the recorded rats. *P < 0.05; Student t test.

Fig. 5. Changes in DA reuptake were studied, at 10 d after AAV–α-synuclein
injection, after local injection of DA. (A) A pulse of DA was injected adjacent
to the electrode tip, and the extracellular concentration of DA was moni-
tored over the subsequent 200 s on the AAV–α-synuclein injected side (red)
and the noninjected control side (blue). As shown in B, the elimination of
extracellular DA was considerably slower on the α-synuclein–overexpressing
side (red bar; n = 4), and the DA reuptake rate, calculated as indicated by the
dashed lines in A, was reduced by approximately 60% compared with the
contralateral intact striatum (blue bar; n = 4). *P < 0.05; one-way ANOVA
followed by Student t test.

Fig. 6. (A) Traces showing the change in extracellular DA concentration on
the noninjected control side (blue) and the AAV–α-synuclein injected side
(red), elicited by local application of the DA reuptake blocker nomifensine,
at four time points after vector injection. (B) From 3 wk, onward, there was
a significant reduction in the peak amplitude on the AAV–α-synuclein injected
side (red bars), compared with the simultaneous recording on the noninjected
control side (blue bars), signifying an impaired DA release machinery (n = 4
per group). *P < 0.05; one-way ANOVA followed by Student t test.
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function is dose-dependent and that the high α-synuclein ex-
pression levels obtained with AAV–α-synuclein vector used here,
estimated at two- to threefold above the endogenous level with
the vector lacking WPRE and at four- to fivefold with the
WPRE-containing vector (18), may be needed to induce signif-
icant changes in striatal DA release and reuptake in vivo. Such
high levels may not have been achieved in the nigrostriatal DA
neurons in the transgenic mice studied to date.
The earliest change seen on the AAV–α-synuclein transduced

side was the reduction in DA reuptake, which was reduced by
approximately 50% already at 10 d after vector injection, before
the emergence of any degenerative changes. At 3 wk the re-
duction in DA reuptake, approximately 80–90%, exceeded by far
the extent of loss of striatal TH-positive innervation, approxi-
mately 20%, as judged by TH immunostaining. Interestingly, the
expression of the DAT protein in axons and terminals was
maintained in the surviving DA innervation at all time points,
suggesting that the effect seen on DA reuptake is due to impaired
function, rather than an actual loss, of the DAT protein. This is
in line with previous observations made in α-synuclein–

overexpressing cell lines, showing that increased levels of α-syn-
uclein induce a dose-dependent reduction in DAT function and
that this effect is mediated via an increased trafficking of the
transporter away from the cell surface without any change in the
DAT expression level (21, 22) On the basis of these in vitro
studies it seems likely that the impairment in DA reuptake seen
here is due to an internalization of DAT leading to a reduced
capacity for transport of DA across the membrane.
DAT is an important modulator of DA neurotransmission,

through its ability to regulate the concentration and the spread of
extracellular DA at the synapse. At the early stages after vector
injection the reduction in DA reuptake induced by increased
levels of α-synuclein was accompanied by a marked broadening
of the release curve, indicating that the released DA survived
longer in the extracellular space. This provides an interesting
compensatory mechanism by which the affected terminals can
maintain functional extracellular levels of DA and activation of
postsynaptic DA receptors, also at stages when the release
mechanism of the remaining terminals is impaired. The re-
duction in DA release may thus be compensated for, in part, by
the slower elimination of released DA from the extracellular
space. This compensatory mechanism may explain the delay in
appearance of behavioral impairments in the AAV–α-synuclein
treated animals, which become prominent only at 8–16 wk after
vector injection (18).
An intriguing finding of the present study is that the impair-

ments in DA release evolved in parallel with the development of
degenerative changes in the nigrostriatal axons and terminals,
appearing as α-synuclein- and TH-filled axonal swellings and
truncated, dystrophic axonal profiles. This is consistent with the
idea that impaired DA storage may play a role in the initiation of
the degenerative changes linked to α-synuclein toxicity (7, 25).
There are experimental data to suggest that α-synuclein can act
as a regulator of vesicle recycling at the presynaptic terminal and
that a decreased storage capacity in combination with per-
meabilization of storage vesicles by toxic species of α-synuclein
will lead to increased cytoplasmic levels of DA (7, 21, 26). In-
creased cytoplasmic DA, in turn, will lead to free radical damage
and will also interact with α-synuclein to form toxic forms of the
molecule (27, 28), thus initiating a vicious circle that is detri-
mental to the cell.

Fig. 7. Changes in the striatal DA terminal network induced by over-
expression of human WT α-synuclein, as observed in sections stained for TH
(A–D) and human α-synuclein (E–H). The first pathological changes, observed
as scattered swollen dystrophic axonal segments, appeared at 3 wk after
vector injection (B and F). At 8 wk (C and G) and 16 wk (D and H) the overall
density of TH- and α-synuclein–positive axons and terminal were markedly
reduced, and many of the remaining terminals showed signs of damage,
expressed as TH- and α-synuclein–containing axonal swellings (arrowheads),
some of them with the appearance of large end-bulbs (arrows). Some of
these α-synuclein–positive axonal swellings stained positively for VMAT-2
(I–K). (L) Progressive decline in striatal TH immunorectivity on the vector-
injected side, as measured by densitometry (n = 4–6 per group). *P < 0.05;
one-way ANOVA followed by Student t test. (Scale bar, 10 μm.)

Fig. 8. Sections stained for DAT (A–C) and VMAT-2 (D–F) showed that the
expression of DAT and the vesicular transporter, in individual striatal DA
terminals, was maintained at normal levels at both 10 d (A and D) and 3 wk
(B and E) after AAV–α-synuclein injection. (F) At 8 wk, the swollen, dystro-
phic axons and terminals stained positively for VMAT-2. (C) DAT, by contrast,
was expressed at seemingly normal levels in the remaining terminals but not
in axons with swollen, dystrophic profiles. (Scale bar, 10 μm.)
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In this scenario, the early predegenerative changes in DA re-
lease seen in the AAV–α-synuclein model would represent an
early defect in the handling of synaptic DA that interacts with
α-synuclein to initiate, and drive, a progressive degenerative
process that hits the axons and terminals first. Synaptic dys-
function leading to axonopathy would thus be the hallmark of
presymptomatic and early-stage PD, followed by neuronal de-
generation and cell loss, characteristic of the symptomatic and
more advanced stages of PD. The sequence of degenerative
changes seen in the AAV–α-synuclein treated animals, as sum-
marized in Fig. 9, provides a model of progressive PD. The
changes seen during the first 3 wk after vector injection, which
take place before any behavioral impairment is detectable, rep-
resent a presymptomatic stage, characterized by impaired
transmitter release and reuptake at the synaptic level, a 40–60%
reduction in striatal TH enzyme activity, and early signs of axonal
damage, but without any major cell loss (17, 18). The first signs
of behavioral impairments, representing an early symptomatic
stage, are seen at 5 wk after vector injection. At this stage neu-
rodegeneration is well under way, accompanied by a partial loss
of the striatal dopaminergic innervation, more abundant signs of
axonal damage, and a reduction in striatal DA levels. At 8–16
wk, the degeneration of DA neurons in the SN and the loss of
TH-positive innervation in the striatum are complete and ac-
companied by a significant impairment in both drug-induced and
spontaneous motor behavior. Remaining DA neurons survive
despite that the expression of the vector-derived α-synuclein is
maintained at a high level, partly in the form of inclusions and
aggregates, and most of the remaining axons and terminals in the
striatum show signs of ongoing pathology, including large

α-synuclein and TH/VMAT-2–containing dystrophic axonal
profiles. Our amperometry data suggest that this remaining in-
nervation is dysfunctional but that the severe reduction of DA
reuptake, which far exceeds the magnitude of loss of TH-positive
terminals in the recorded areas, may provide a compensatory
mechanism that will help to maintain DA neurotransmission at
a functional level and thus delay the appearance of more pro-
found motor deficits.

Materials and Methods
Animals and Surgery. The animals used in the present experiments were part
of a larger study designed to investigate the time-dependent degenerative
changes induced by AAV-mediated overexpression of WT human α-synuclein
(18), thus using the same vectors and surgical procedures as described in this
article. The study was performed on adult female Sprague-Dawley rats, 225
−250 g at the time of surgery, housed two to three per cage with ad libitum
access to food and water during a 12-h light/dark cycle. All procedures were
conducted in accordance with guidelines set by the Ethical Committee for
the Use of Laboratory Animals in the Lund-Malmö region and the European
Ethical Committee (86/609 EEC). The stereotaxic surgery was performed
under general anesthesia using a 20:1 mixture of fentanylcitrate (Fentanyl)
and medetomidine hypochloride (Domitor) (Apoteksbolaget) injected i.p.

The vectors were of the AAV6 serotype and produced as described earlier
(18). The expression of the transgenes (humanWT α-synuclein and GFP) were
driven by the synapsin-1 promoter and enhanced using WPRE. Genome copy
titers, as determined by real-time quantitative PCR, were 3.7 × 1012 and 2.5 ×
1012 genome copies/mL for the AAV6–α-synuclein and the AAV6-GFP vector,
respectively. In a separate group of three rats we used a vector lacking the
WPRE sequence (AAV6–CBA–α-synuclein), as detailed in the parallel report
(18). Dilution of the batches was performed so that an equivalent number of
genome copies (3.1 × 108 gc/3 μL) was injected in each animal.

The injections were made unilaterally on the right side, above the sub-
stantia nigra. Three microliters of the AAV6–α-synuclein and AAV6-GFP vec-
tor solutions were infused at a rate of 0.2 μL/min at the following coordinates
(flat skull position): anteroposterior, −5.3 mm; mediolateral, −1.7 mm; dor-
soventral, −7.2 mm below dural surface as calculated relative to bregma
according to the stereotaxic atlas of Paxinos andWatson (29). The needle was
left in place for an additional 3 min before it was slowly retracted.

Electrochemical Detection. High-speed chronoamperometric measurements
(5 Hz) of extracellular DA levels were performed using a Pentium-IV micro-
computer-controlled instrument (FAST-16; Quanteon) as previously described
(30). Briefly, a square wave potential was applied (+0.55 V; resting 0.0 V vs.
Ag/AgCl reference), and the resulting oxidation and subsequent reduction
currents from the microelectrodes were integrated during the final 80% of
each 100-ms pulse. Both oxidation and reduction currents were continually
recorded and integrated over 1 s.

The electrochemical recording electrodes (Quanteon) consisted of single
carbon-fiber electrodes, sealed in a glass capillary (fiber diameter 30 μm;
exposed length 120–150 μm) coated at high temperature with Nafion (three
coats at 200 °C for 5 min; Sigma Aldrich). Before coating was applied, the
electrodes were dried for 5 min at 200 °C. Nafion coating was applied to
prevent detection of anionic substances and thus increase the sensitivity for
DA. The electrode sensitivity and linearity were determined by generating
calibration curves in 0.1 M PBS solutions (pH 7.4) at room temperature for
each recording electrode. Electrode responses were regarded as linear for
2-μM increments of DA when r2 > 0.997. The electrodes showed high sen-
sitivity to DA but were insensitive to ascorbic acid, with an average selec-
tively ratio of DA to ascorbic acid of 2,060:1 (n = 50). Limit of detection,
defined as signal-to-noise ratio of 3:1, was 0.0069 ± 0.0013 μM.

The electrodes were mounted together with two glass micropipettes with
outer tip diameters of 10–15 μm using sticky wax (Kerr Nordic). The distance
between the electrode and micropipettes was 90–110 μm. The micropipette
was filled with KCl (120 mM, pH 7.4) or nomifensine (800 μM) and connected
to a micropressure system (Parker Picospritzer III; Aldax). In the DA uptake
experiment a single pipette was loaded with 200 μM DA (31). The volume
applied was determined and controlled using a stereomicroscope fitted with
a reticule in one eyepiece to measure the movement of the meniscus in the
micropipette (32). An Ag/AgCl electrode used as a reference electrode was
prepared by electroplating an Ag wire in 1 M HCl solution saturated with
NaCl for 1 h.

Electrode Implantation and Recording Procedures. Recordings were made si-
multaneously from electrodes placed bilaterally in the dorsal striatum at 10 d,

Fig. 9. The changes that develop in the striatal dopaminergic innervation
over time make it possible to define distinct stages of damage and impair-
ment that correspond to the presymptomatic, early symptomatic, and ad-
vanced stages of the human disease. The presymptomatic stage, which
develops within the first 3 wk after AAV–α-synuclein injection, is charac-
terized by impaired transmitter release and reuptake at the synaptic level,
and early signs of axonal damage, but without any major cell loss. The first
signs of behavioral impairments, representing an early symptomatic stage,
are seen at 5 wk after vector injection. At this stage neurodegeneration is
well under way, accompanied by a partial loss of the striatal dopaminergic
innervation, more abundant signs of axonal damage, and a reduction in
striatal DA levels. The advanced stage, seen at 8–16 wk, when degeneration
of the nigral DA neurons is complete, is characterized by severe loss of TH-
positive terminals in the striatum, accompanied by significant impairment in
motor behavior. Remaining axons and terminals in the striatum show signs
of ongoing pathology, including large α-synuclein-, TH-, and VMAT-2–con-
taining dystrophic axonal profiles. Our amperometry data suggest that this
remaining innervation is dysfunctional but that the severe reduction of DA
reuptake, which far exceeds the magnitude of loss of TH-positive terminals,
will help to maintain DA neurotransmission at a functional level and thus
delay the appearance of more profound motor deficits.
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3 wk, 5 wk, 8 wk, and 16 wk (n = 4 per group) after AAV–α-synuclein injection
into the right substantia nigra. Injections of AAV-GFP were used as control
(n = 3 per group). The animals were anesthetized with urethane (Sigma
Aldrich) at a dose of 1.25–1.5 g/kg body weight and placed in a stereotaxic
frame. Body temperature was maintained at 37 °C with a constant tem-
perature heating pad connected to a thermostatically controlled water
pump (Micro-Temp LT; Cincinnati Sub-Zero). The skull and dura overlying the
striatum were bilaterally removed. The Ag/AgCl reference electrode was
implanted ≈3 mm into the left hemisphere 4 to 5 mm caudally to bregma.
The electrode/micropipette assembly was lowered into the dorsal striatum
using the following coordinates calculated from bregma (29): ante-
roposterior, +1.0 and 0.0 mm; mediolateral, ±3.2 mm; ventral, −4 to −5.0
mm (three sites of measurement with 0.5-mm separation per track). The
electrode/micropipette assembly was implanted and left in place at ventral
−3.0 mm for 60 min before measurements were initiated. During this time
period the anesthesia level and the baseline are stabilized. Once the elec-
trode was in position, four applications of a calibrated volume of KCl were
applied by pressure ejection (240–260 nL, 15–20 psi for 0.1–1 s) at 10-min
intervals. In each animal extracellular DA levels was monitored after in-
jection of nomifensine (450 nL, 800 μM). Recordings were made simulta-
neously from the left and the right striatum at the coordinates listed above.
The entire measuring procedure lasted for 6 to 7 h starting from the
urethane injection.

Signal Parameter Calculations and Statistical Analysis. All parameters of the
amperometric data were calculated using FAST analysis version 4.0 for
Macintosh (Quanteon). Peak amplitude was calculated as the maximum DA
concentration after KCl ejection minus baseline before KCl injection. Reup-
take rate is the Michaelis-Menten first-order rate constant (slope of natural
log concentration vs. time plot peak maximum) × peak amplitude (μM/s).
Linear rise rate (μM/s) was calculated as peak amplitude (μM)/Trise (s), where
Trise is the time from KCl injection until peak amplitude is reached. Total
amount of extracellular DA is calculated as AUC from KCl injection until the
signal has returned to baseline. To reduce variation due to heterogeneity of
specific recording sites, an average of the four (repeated releases) × three
(depth coordinates) signals in each animal was calculated for all parameters.

Unless stated otherwise, statistical analysis of the amperometric record-
ings at the five time points was made using two-factor ANOVA, with time
point and treatment as factors, followed by Student t test with 95%
confidence interval.

Immunohistochemistry. At the end of the recording session the rats were
deeply anesthetized with 1.2 mL sodium pentobarbital i.p. (Apoteksbolaget)
and perfused through the ascending aorta with 50 mL saline (0.9% wt/vol) at
room temperature, followed by 250 mL ice-cold paraformaldehyde (4% wt/
vol in 0.1 M PBS). The brains were removed, postfixed for 2 h in 4% para-
formaldehyde, cryoprotected overnight in sucrose (25% wt/vol in 0.1 M PBS),
and sectioned on a freezing microtome (Leica). Coronal sections were col-
lected in eight series at a thickness of 35 μm.

Stainings was performed on free-floating sections using antibodies raised
against TH (rabbit, 1:1,000; Chemicon), VMAT-2 (guinea pig, 1:5,000, Sigma),
DAT (rat, 1:500, Chemicon), GFP (rabbit, 1:5,000; Abcam), and human
α-synuclein 211 (mouse, 1:10,000; courtesy of Dr. Virginia M. Lee, University
of Pennsylvania, Philadelphia, PA). Sections were rinsed three times in po-
tassium-phosphate buffer (KPBS) between each incubation period. All in-
cubation solutions contained 0.25% Triton X-100 in KPBS. The sections were
quenched for 10 min in 3% H2O2/10% methanol. One hour of preincubation
with 5% normal goat serum, normal horse serum, and normal rabbit serum
was followed by incubation overnight with the primary antibody in 2%
serum at room temperature and incubation with a 1:200 dilution of bio-
tinylated goat anti-rabbit antibody, rabbit anti-rat, or horse anti-mouse
(Vector Laboratories), followed by avidin–biotin–peroxidase complex (ABC
Elite; Vector Laboratories). Sections were visualized using 3,3-dia-
minobenzidine as a chromogen, mounted, and coverslipped using DePex
mounting medium.
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