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Protective effect of SV2C on MPTP-induced 
neurotoxicity in WT and SV2C-KO mice 
To evaluate whether ablation of SV2C results in 
heightened vulnerability to MPTP and its active 
metabolite MPP+, we administered a 5x20mg/kg dose 
of MPTP (Sigma or MedChemExpress) consisting of 
five injections (s.c.) over five days with an inter-
injection interval of 24hr in SV2C knock-out (SV2C-
KO) mice and wild-type littermate controls. 
Immunohistochemistry of tyrosine hydroxylase (TH) 
revealed enhanced loss of immunoreactivity in the 
striatum and substantia nigra (Figure 7). To determine 
if there was an exacerbation of dopaminergic cell body 
loss following MPTP, we performed stereological cell 
counting of TH-positive cells in the substantia nigra 
pars compacta (SNc) (Figure 8a). Baseline 
dopaminergic cell count was equivalent between 
SV2C-KO and WT animals (WT: 6221 cells ± 1049; 
SV2C-KO: 5939 cells ± 698, p =0.97). Although there 

was a trend toward fewer neurons in WT animals 
following MPTP administration, this did not reach 
significance (p =0.27); however, SV2C-KO animals 
demonstrated a significant loss of 37.1% fewer TH-
positive neurons in the SNc following MPTP (p 
<0.005) (Two-way ANOVA with Tukey’s multiple 
comparisons test, n = 6-12.) Quantification of TH 

Figure 6. SV2C increases vesicular uptake and retention of [#H]-
MPP' . A. Vesicles were isolated from HEK-VMAT2 and HEK-
VMAT2-SV2C cells before undergoing uptake assay. Vesicles 
isolated from HEK-VMAT2 cells averaged 1390.31fmol/ug of 
tritiated MPP'  uptake compared to HEK-VMAT2-SV2C cells 
which averaged 2010.14fmol/ug of tritiated MPP'  uptake. 
Unpaired t-test, n = 12, p =0.0106. B. SV2C increases vesicular 
retention of [#H]-MPP' . Values were transformed into percent 
control of the average time"  value within cell line. Non-linear 
regression performed using one-phase decay to calculate half-life 
values for each cell line. HEK-VMAT2 t$%& = 3.5m; n = 10-12 for 
each time-point. HEK-VMAT2-SV2C t$%& = 4.3m; n = 10-12 for 
each time-point. Comparison of non-linear regressions 
determined the curves of best fit were significantly different for 
each cell line (F(3, 107) = 6.712, p =0.0003). 
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Figure 7. Genetic ablation of SV2C enhances dopamine 
vulnerability to MPTP. Representative TH 
immunohistochemistry of the striatum and midbrain of wild-type 
and SV2C-KO animals treated with saline or MPTP demonstrates 
that the lesion to the basal ganglia is enhanced in both the dorsal 
striatum and substantia nigra of SV2C-KO animals (bottom) as 
compared to wild-type controls (top). 

A. 

B. 
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expression in the striatum performed by Western blot 
revealed a significant loss of TH expression in both 
wild-type and SV2C-KO controls exposed to MPTP in 
comparison to within genotype controls (Figure 8b, 
Two-way ANOVA with Tukey’s multiple comparisons 
test, n = 6-12. WT:saline vs. WT:MPTP p <0.001; 
SV2C-KO:saline vs. SV2C-KO:MPTP p <0.0001).  

Discussion  
Our previous in vivo work in SV2C knockout mice 
implicated SV2C as a modifier of vesicular dopamine 
function.36 We have previously shown that HEK293 
cells expressing human VMAT2 accumulate FFN206 
within subcellular components that colocalize with 
VMAT2.44 Here, we introduce HEK293 cells that 
stably express both human VMAT2 and human SV2C 
(Figure 1), which show colocalization of VMAT2 and 
SV2C on subcellular compartments and enhanced 
accumulation of FFN206 (Figure 2) and radiolabeled 
dopamine (Figure 4). Additionally, we present the first 
evidence that SV2C exerts its effects on the vesicular 
storage of dopamine and the dopamine analogues 
FFN206 and MPP+ by enhancing total vesicular uptake 
and promoting vesicular retention. 

The use of the fluorescent VMAT2 substrate 
FFN206 further allows for real-time visualization and 
monitoring of vesicular dynamics, which we utilized to 
develop a novel assay to monitor vesicular retention. 
Because vesicles are inherently permeant or leaky, it is 
possible to measure the retention of substrates within 
vesicles over time. FFN206 fluorescence is 
visualizable and measurable only when it is 
accumulated within subcellular compartments; thus, 
diffuse and dilute FFN206 is not detected by 
fluorescent plate reader or  microscopy. This property 
of FFN206 allows for calculation of vesicular retention 
by measuring the fluorescence of accumulated FFN206 
at baseline and tracking fluorescent values over time. 
We developed a plate reader-based assay using cells 
seeded on 96-well plates that measures the 
fluorescence of each well over time. Values can be 
corrected for background fluorescence by including 
cells receiving the same treatments (e.g., DMSO and 
tetrabenazine) that were not incubated with FFN206 
each time the assay is run and performing a background 
subtraction using the average values calculated from 
these wells. This background subtraction is applied at 
each time-point that the plate is scanned over the course 
of the assay and the resulting fluorescent value can be 
expressed as a percent of its baseline (e.g., time-point 
0m) fluorescence. Plotting the percent of baseline 
fluorescence over time allows for regression analysis to 
measure the loss of fluorescence over time.  

Measuring vesicular retention of FFN206 
identified that HEK293 cells expressing both human 
VMAT2 and human SV2C (HEK-VMAT2-SV2C) 
retain FFN206 within vesicles better than cells only 
expressing VMAT2 (HEK-VMAT2) (Figure 3). 

 
 
Figure 8. Genetic ablation of SV2C results in loss of nigral TH+ 
neurons following mild MPTP treatment regimen. A. 
Quantification of intact dopaminergic cells of the SNc using 
unbiased stereological cell counting confirms a significant loss 
dopaminergic nigral cells in SV2C-KO, but not WT animals 
following MPTP. Nigral TH+ neuronal counts: Two-way 
ANOVA with Tukey’s multiple comparisons test. Effect of 
genotype (F(1, 33) = 3.487, p = 0.0707); effect of treatment F(1, 
33) = 16.47, p = 0.0003); effect of interaction (F(1, 33) = 1.429, p 
= 0.2405). n = 6-12 animals per genotype:treatment group. 
WT:saline vs. WT:MPTP p =0.2713; WT:saline vs. SV2C-
KO:MPTP p =0.0017; SV2C-KO:saline vs. SV2C-KO:MPTP p 
=0.0011; WT:MPTP vs. SV2C-KO:MPTP p =0.1055. B. 
Quantitation of TH expression from striatal lysate by Western blot 
shows significant loss of TH expression following MPTP 
compared to within genotype control. Striatal TH expression: 
Two-way ANOVA with Tukey’s multiple comparisons test. 
Effect of genotype (F(1, 37) = 0.00526, p = 0.9246); effect of 
treatment F(1, 37) = 74.39, p < 0.0001); effect of interaction (F(1, 
37) = 3.795, p = 0.0590). n = 6-12 animals per genotype:treatment 
group. WT:saline vs. WT:MPTP p =0.0007; WT:saline vs. SV2C-
KO:MPTP p <0.0001; WT:MPTP vs. SV2C-KO:saline p 
<0.0001; SV2C-KO:saline vs. SV2C-KO:MPTP p <0.0001. 
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Although this is a modest effect in cells treated with 
DMSO as a control treatment, it is made more apparent 
by adding the VMAT2 inhibitor TBZ at a saturating 
concentration (1μM). The vesicular packaging of 
substrates is a dynamic process involving leakage and 
reuptake of vesicular contents, and active transport of 
components in and out of the vesicles to maintain 
vesicular pH and achieve a functional equilibrium. 
While measuring FFN206 fluorescence over time, in 
the DMSO condition, it is possible that as FFN206 
leaks out of the vesicle it diffuses beyond the local 
vesicular environment and is unable to be 
resequestered by VMAT2 or otherwise undergoes 
degradation. By adding TBZ, the resequestration by 
VMAT2 of FFN206 that leaks out of the vesicle can be 
prevented. As an added consequence, the application of 
TBZ also precludes the active export of FFN206 out of 
the vesicle by VMAT2. Thus, the observed decay in 
fluorescence over time is due to FFN206 leaking out of 
the vesicle in a non-VMAT2 dependent manner and is 
indicative of how much FFN206 remains sequestered 
within vesicles.  

Although FFN206 was designed as a dopamine 
analogue and substrate for VMAT2, we sought to 
confirm that the effect of SV2C on vesicular dynamics 
using FFN206 were replicated using dopamine 
directly. Vesicles isolated from HEK293 cells 
expressing human VMAT2 or both human VMAT2 
and SV2C underwent uptake assays using radiolabeled 
dopamine ([3H]-dopamine) and demonstrated 
enhanced uptake and retention of [3H]-dopamine 
(Figure 4). Retention, or leakage, assays were 
performed in a similar manner to FFN206 retention 
assays where vesicles were incubated with [3H]-
dopamine before sequestration was blocked with the 
VMAT2 inhibitors TBZ or reserpine and the amount of 
[3H]-dopamine remaining within the vesicles was 
measured at multiple time-points. However, because 
HEK293 cells are non-neuronal and do not contain all 
of the same factors as neurons, we next determined if 
these functions occur in vesicles isolated from mouse 
brain.  

While uptake of FFN206 is increased in whole 
HEK-VMAT2-SV2C cells, and uptake of and [3H]-
dopamine is increased in vesicles derived from HEK-
VMAT2-SV2C cells, vesicles isolated from mice with 
genetic ablation of SV2C (SV2C-KO) do not show a 
difference in total vesicular uptake of [3H]-dopamine 
(Supplemental Figure 1). This may be due to 
differences in the nature of the compartments within 
HEK293 cells on which VMAT2 and SV2C localize 

compared to the composition of synaptic vesicles. For 
example, in HEK293 cells, these compartments may 
have increased capacity for the total amount of 
substrate uptake based on size or number of copies of 
VMAT2 expressed on each compartment, or increased 
uptake due to increased pool of protons within the 
compartments providing the proton-motive force by 
which VMAT2 loads substrates. Despite there being no 
difference in the baseline amount of [3H]-dopamine 
uptake, synaptic vesicles derived from the brain of 
SV2C-KO mice displayed enhanced rate of [3H]-
dopamine leak compared to those from wild-type 
animals (Figure 5).   

HEK-VMAT2-SV2C cells appear to be 
resistant to the effects of the VMAT2 inhibitor 
tetrabenazine (TBZ) when measuring FFN206 uptake 
(Figure 2C). It is possible that the presence of SV2C 
renders VMAT2 more functional in taking up 
dopamine or more resistant to the inhibitory effects of 
TBZ. Furthermore, it is possible that SV2C enhances 
vesicular dopamine uptake and retention through direct 
transport of dopamine itself. However, if SV2C could 
transport dopamine, we would expect to see a 
significant difference in FFN206 uptake in cells 
expressing both VMAT2 and SV2C compared to cells 
only expressing VMAT2 when uptake by VMAT2 is 
fully inhibited (e.g., with pre-treatment of >1μM TBZ) 
(Figure 2C). Further experiments will be necessary to 
determine whether the shift in inhibition is due to an 
SV2C-mediated decrease of TBZ binding or efficacy at 
VMAT2. However, the results may also be a result of 
the initial non-specific accumulation within HEK293 
cells observed with FFN206, which can enter HEK293 
cells that do not express the plasmalemmal dopamine 
transporter (DAT). Initial accumulation within the cell 
is not dependent on dopamine transporters (e.g., DAT 
and VMAT2); however, once FFN206 has reached 
diffuse equilibrium throughout the cell, its 
accumulation within vesicles is dependent upon 
VMAT2. Thus, SV2C may be acting to retain the 
FFN206 that has accumulated within vesicles in a non-
VMAT2 dependent manner, thereby resisting the 
effects of TBZ. 

It has been well-established that MPTP toxicity 
can regulated by dopaminergic synaptic vesicles.11,25,50-

54 In animal models MPTP administered systemically 
results in dopaminergic neuron degeneration in the 
brain due to the toxic metabolite MPP+ acting as a 
substrate for the plasmalemmal dopamine transporter 
(DAT), allowing for accumulation within 
dopaminergic neurons. When dopamine vesicles have 
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a greater capacity to store dopamine and sequester 
toxicants from the cytosol, neurons are resistant to 
degeneration, and when this process is impaired, 
neurons are vulnerable to enhanced cellular damage 
and death. This has been demonstrated repeatedly by 
our laboratory in models of varying VMAT2 
expression.47,51 In fact, VMAT2 was originally 
identified for its role in sequestering the active 
metabolite of MPTP, MPP+, and protecting against 
MPTP toxicity.55  

Our evidence from experiments evaluating the 
effect of SV2C on FFN206 and [3H]-dopamine uptake 
and retention suggests that SV2C may similarly 
interact with the neurotoxicant, and VMAT2 substrate, 
MPP+. Here, we provide the first evidence that another 
vesicular protein, SV2C, may promote the vesicular 
retention of the neurotoxicant MPP+ and mediate the 
toxic effects of MPTP. By isolating vesicles from 
HEK293 cells expressing VMAT2 and SV2C, we were 
able to directly interrogate the effect SV2C has on 
uptake and retention of radiolabeled MPP+ ([3H]-
MPP+). Similar to the results from [3H]-dopamine 
experiments, we found that cells expressing both 
VMAT2 and SV2C had enhanced uptake and retention 
of [3H]-MPP+ (Figure 6). Interestingly, while the extent 
of increased uptake in vesicles from cells containing 
both VMAT2 and SV2C was comparable, with a 48.1% 
increase in [3H]-dopamine uptake and a 44.6% increase 
in [3H]-MPP+ uptake, the raw values of uptake were 
much higher for [3H]-dopamine than [3H]-MPP+, with 
uptake values of 4369 fmol/μg protein and 2010.14 
fmol/μg protein respectively. Furthermore, the rate of 
leakage is different between [3H]-dopamine and [3H]-
MPP+, with a t1/2 equal to 12.7m and 4.3m respectively. 
Other studies have reported similar affinities of 
VMAT2 for dopamine and MPP+.56 The design of the 
experiments conducted in this study provide interesting 
data warranting deeper investigation in future studies 
looking at competition between dopamine and MPP+ as 
substrates. 

Following the data from radiolabeled uptake 
and retention experiments, we next investigated the 
biological implications in vivo with experiments 
exposing wild-type and SV2C-KO animals to MPTP. 
As a result, we present data that showing that SV2C is 
protective against chemically-induced 
neurodegeneration. Mice with genetic ablation of 
SV2C demonstrate a greater effect of MPTP on nigral 
and striatal tyrosine hydroxylase (TH) 
immunoreactivity, indicating increased vulnerability 
(Figure 7). While there is no significant difference in 

striatal TH expression as determined by Western blot 
quantitation (Figure 8b), SV2C-KO mice treated with 
MPTP have significantly fewer TH-positive neuronal 
cell bodies in the substantia nigra compared to control 
treated SV2C-KO mice, whereas wild-type mice 
treated with MPTP do not show a significant difference 
in the number of TH-positive neuronal cell bodies in 
the substantia nigra compared to control treated wild-
type mice (Figure 8a). Impairment of vesicular function 
as a result of SV2C-KO may result in higher cytosolic 
concentrations of dopamine and/or MPP+. Cytosolic 
dopamine can act as an endogenous neurotoxicant, and 
cytosolic MPP+ is free to act as a mitochondrial 
complex I inhibitor, both of which may contribute to 
neuron vulnerability.  

Although HEK293 cells are non-neuronal and 
do not contain all the proteins involved in vesicular 
sequestration that can be found in brain tissue, 
experiments in these cells that display proton gradient 
dependent storage of dopamine in a vesicle-like 
compartment allow for isolation of the factors involved 
to include only the effect of VMAT2 and SV2C. The 
comparable results seen with multiple VMAT2 
substrates (e.g., FFN206, [3H]-dopamine, and [3H]-
MPP+) in multiple experimental systems (e.g., whole 
HEK293 cells, isolated vesicles from HEK293 cells, 
and brain derived vesicles from mouse brain) provides 
additional evidence, additionally supported by the 
work of other groups49, in support of using FFN206 as 
an appropriate proxy for evaluating dopamine 
dynamics.57 This validation can be applied to future 
experiments to reduce animal use, experiment cost, and 
exposure to radiolabeled compounds by instead 
initially performing experiments in cells with FFN206.  
There are several unanswered questions with regard to 
the function of SV2C. For instance, SV2 proteins are 
highly glycosylated and the intraluminal loops of SV2s 
are thought to comprise the intra-vesicular 
proteoglycan “gel” matrix, which can be visualized by 
electron microscopy.27 The proteoglycan matrix within 
vesicles has been demonstrated as capable of directly 
adsorbing ATP as visualized by atomic force 
microscopy and is hypothesized to regulate the release 
of transmitter molecules into the synaptic cleft upon 
endocytosis.27,58-60 In future experiments, the role of 
glycosylation in SV2C function can be evaluated with 
site directed mutations of the glycosylation sites on 
SV2C.  

Overall, these data further support the 
emergence of SV2C as a relevant player in dopamine 
neuron and vesicle function. We establish SV2C as a 
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mediator of MPTP toxicity, and suggest that SV2C 
function and expression is inversely correlated with 
vulnerability to degeneration. These data point to a role 
for SV2C in mediating chemically-induced 
dopaminergic degeneration, and future studies will 
investigate whether this neuroprotective function of 
SV2C may extend to additional models of cell death. 
Additionally, these data may suggest that enhanced 
SV2C could be neuroprotective, which could have 
significant implications for the development of 
Parkinson’s disease therapeutics. 
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