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Abstract

The synaptic vesicle glycoprotein 2C (SV2C) is an undercharacterized protein with enriched
expression in phylogenetically old brain regions. Its precise role within the brain is unclear, though
various lines of evidence suggest that SV2C is involved in the function of synaptic vesicles
through the regulation of vesicular trafficking, calcium-induced exocytosis, or synaptotagmin
function. SV2C has been linked to multiple neurological disorders, including Parkinson’s disease
and psychiatric conditions. SV2C is expressed in various cell types—primarily dopaminergic,
GABAergic, and cholinergic cells. In mice, it is most highly expressed in nuclei within the basal
ganglia, though it is unknown if this pattern of expression is consistent across species. Here, we
use a custom SV2C-specific antiserum to describe localization within the brain of mouse,
nonhuman primate, and human, including cell-type localization. We found that the
immunoreactivity with this antiserum is consistent with previously-published antibodies, and
confirmed localization of SV2C in the basal ganglia of rodent, rhesus macaque, and human. We
observed strongest expression of SV2C in the substantia nigra, ventral tegmental area, dorsal
striatum, pallidum, and nucleus accumbens of each species. Further, we demonstrate
colocalization between SV2C and markers of dopaminergic, GABAergic, and cholinergic neurons
within these brain regions. SV2C has been increasingly linked to dopamine and basal ganglia
function. These antisera will be an important resource moving forward in our understanding of the
role of SV2C in vesicle dynamics and neurological disease.

1. INTRODUCTION

The synaptic vesicle glycoprotein 2C (SV2C) is one of three proteins within the SV2 family,
which also includes SV2A and SV2B. SV2B is expressed at moderate levels throughout the
nervous system, and particularly within the retina. SV2A is the most widely expressed and
most extensively characterized of this family of proteins. SV2A is present throughout the
nervous and endocrine systems and, in fact, antibodies for SV2A are often used as molecular
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markers for axon terminals (Bajjalieh et al. 1994). Additionally, as it is the molecular target
for the commonly used antiepileptic drug levetiracetam, SV2A is particularly relevant to the
epilepsy research community (Lynch et al. 2004). Dysregulation of SV2A expression leads
to seizures in mice and humans (Douaud et al. 2011; Feng et al. 2009; Gorter et al. 2006;
Nowack et al. 2011; Ohno et al. 2009; Serajee and Hug 2015; Shi et al. 2015; van Vliet et al.
2009; Wang et al. 2014). SV2A is known to regulate neuronal excitability, synaptotagmin
trafficking, calcium sensitivity, and vesicular mobilization (Chang et al. 2009; Crowder et al.
1999; Custer et al. 2006; de Toledo et al. 1993; lezzi et al. 2005; Janz et al. 1999a; Lazzell et
al. 2004; Schivell et al. 2005; Wan et al. 2010; Xu and Bajjalieh 2001; Yao et al. 2010). The
functions of the individual members of the SV2 family of proteins are thought to be similar,
though not interchangeable, as any two isoforms do not compensate for the loss of any one
isoform.

SV2C is distinguished from SV2A and SV2B by its enriched expression within the basal
ganglia. Previous rodent studies have demonstrated that S\V2C is most highly expressed in
the substantia nigra (pars compacta, SNc; pars reticulata, SNr), ventral tegmental area
(VTA), caudoputamen (CPu), nucleus accumbens (NAc), globus pallidus (GP) and ventral
pallidum (VP), with minimal expression in cortical regions (Dardou et al. 2010; Janz and
Sudhof 1999b). This expression pattern is consistent with midbrain dopamine somata and
striatal terminal regions; indeed, previous reports have estimated that S\V2C localizes to
approximately 75% of midbrain dopamine neurons and their striatal terminals. SV2C also
appears to have a high degree of localization to GABAergic regions of the basal ganglia, and
is present in about 30% of cholinergic interneurons within the CPu (Dardou et al. 2010).
SV2C has been increasingly linked to dopamine-related disorders, including Parkinson’s
disease (PD) (Hill-Burns et al. 2012; Dardou et al. 2013; Dunn et al. 2017; Altmann et al.
2016) and psychiatric conditions (Ramsey et al. 2013). In particular, polymorphisms
upstream of the SV2C gene mediate the neuroprotective effect of smoking, response to L-
DOPA, as well as response to atypical antipsychotics.

Antibodies previously used to characterize SV2C localization are not commercially
available (Dardou et al. 2010; Janz and Sudhof 1999b), and other commercially-available
SV2C antibodies have not been well-characterized in their usage in immunoblotting or
immunohistochemistry. Thus, we designed and optimized two specific rabbit-anti-SV2C
sera corresponding to both mouse and human SV2C, respectively. We have previously used
both the human SV2C (hSV2C) and mouse SV2C (mSV2C) antisera to (1) characterize
protein localization with both fluorescent and 3-3’-diaminiobenzidine (DAB)
immunohistochemistry, (2) quantify protein expression with immunaoblotting from brain
homogenate and tissue culture lysate, and (3) investigate protein complexes with
immunoprecipitation from brain homogenate and tissue culture lysate. Additionally, these
SV2C antisera do not recognize either SV2A or SV2B (Dunn et al. 2017).

Here, we provide further characterization of these antibodies and demonstrate the utility of
both the mSV2C and hSV2C antibodies to demonstrate S\V2C expression in mouse, rhesus
macaque, and human tissue using immunohistochemistry and immunoblotting. In intact
postmortem tissue, SV2C localizes to terminals and somata in mouse, macaque, and human
brain. In accordance with previous reports, we found that in mice, SV2C is expressed
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primarily in the basal ganglia and colocalizes with markers of dopaminergic, GABAergic,
and cholinergic neurons. Similarly, SV2C expression in the macaque brain is consistent with
expression patterns in mice, with the greatest expression in the midbrain, pallidum, and
striatum. In humans, SV2C immunoreactivity is present throughout the dorsal striatum
including in GABAergic medium spiny neurons (MSNSs) and/or interneurons, as well as in
the substantia nigra and VTA.

While SV2C expression is largely consistent across species, there is some variability in the
degree of immunoreactivity in certain cell types. Given the growing importance of SV2C to
PD in particular, a greater understanding of SV2C expression within the basal ganglia and
elsewhere in the brain across species will be important in future studies hoping to translate
rodent studies to human disease relevance.

2. RESULTS
2.1. Validation of SV2C antibodies

We performed immunoblotting and immunohistochemistry on positive and negative
controls. For immunoblotting, we evaluated immunoreactivity in (1) WT and SV2C-KO
mouse striatal homogenates, (2) HEK293 cells (human-derived) and PC12 cells (rat-derived)
transfected to express human SV2C, and (3) N2A cells (mouse-derived), which
endogenously express SV2C (Fig. 1). HEK293 and PC12 cells were transfected with a
pcDNA3.1 DNA vector containing either human SV2C or no additional DNA construct
(“Vector”) (Fig. 1A). We sought to compare immunoreactivity between the mSV2C and
hSV2C antibodies in recognizing the converse species’ protein. Human and mouse SV2C
have 97% sequence identity, and the antigen sequences chosen for the immunizing peptide
are >88% similar between mouse and human. Therefore, we expected some cross-reactivity
between the antisera. Indeed, we observed similar immunoreactivity in mouse tissue
homogenate (Fig. 1A) and in mouse-derived (N2A) cell lysate with the mSV2CpAb and the
hSV2CpAb (Fig. 1B). Similarly, the hSV2C expressed in transfected HEK293 and PC12
cells was recognized by both hSV2CpAb and mSV2CpAb (Fig. 1A). As expected, with both
the hSV2CpAb and mSV2CpAb we observed a loss of SV2C-specific immunoreactivity in
the SV2C-KO striatal homogenates as compared to WT (Fig. 1A), as well as a reduction in
immunoreactivity following SV2C-knockdown with ShRNA in N2A cell lysates (Fig. 1B).

The mSV2CpAb shows strong immunoreactivity in WT striatal mouse homogenates and in
hSV2C-transfected HEK293 cells. Lighter immunoreactivity was observed in hSV2C-
transfected PC12 cells, possibly due to lower transfection efficiency. The hSV2CpAb shows
strong immunoreactivity around the expected molecular weight of SV2C (~90kD) in the
transfected but not the mock-transfected HEK293 cell lysates, with less immunoreactivity in
transfected PC12 cells. There are nonspecific bands in both the vector- and SV2C-
transfected lysates from all species-derived cells, as well as in mouse striatal homogenates.
These nonspecific bands, particularly the darkest nonspecific band at ~70kD, are generally
lighter when using the hSV2C antibody and are of unknown origin but may be expected as
polyclonal antibodies generally have higher heterogeneity and nonspecific background
reactivity compared to monoclonal antibodies (Lipman et al. 2005).
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2.2. SV2C localization in mouse

We found SV2C expression in a variety of brain regions within the basal ganglia consistent
with previously-published rodent studies. In particular, SV2C was localized to the neuropil
of the CPu, VP, GP, and SNr (Fig. 2A, 3), and the cell bodies of the VTA and the SNc (Fig.
3). We previously published delineation of the VP, demonstrating high expression of SV2C
in the VP (Stout et al. 2016). Outside of the basal ganglia, we observed light SV2C
immunoreactivity in the polymorphic layer of the dentate gyrus in the hippocampus (HC)
(Fig. 2A). There is also light staining for SV2C in the cortex (Ctx). In SV2C-KO tissue, we
see a general ablation of SV2C immunoreactivity throughout the brain (Fig. 2A).

Within the basal ganglia, SV2C shows a similar pattern of expression as dopaminergic
markers such as tyrosine hydroxylase (TH). SV2C and TH are highly colocalized in the
dopamine terminal regions of the CPu, as well as in dopaminergic cell bodies in the VTA
and SNc (Fig. 3). Previous reports have indicated that SV2C is localized to striatal
GABAergic neurons, with SV2C preferentially localizing to GABA cells over glutamatergic
cells (Dardou et al. 2010; Gronborg et al. 2010). We found that SV2C is highly expressed in
GABAergic regions of the basal ganglia, including terminal regions of the GP, VP and
midbrain (MB) and fibers in the SNr (Fig. 4A). We also evaluated whether the GABAergic
marker VGAT is altered following genetic deletion of SV2C. We found no difference in
expression level of VGAT in SV2C-KO animals compared to their WT littermates (WT:
464+66.1 AU, KO: 472+57.8 AU, £P=0.93, /= 10-12). Similarly, we did not see
differences in pattern of expression of VGAT within the striatum of SV2C-KO animals (Fig.
4B).

Given previous indications that SV2C may be a mediator of the neuroprotective and
neurochemical effects of nicotine (Hill-Burns et al. 2016; Dunn et al. 2017), as well as a
previous record showing colocalization between SV2C and markers for acetylcholine
(Dardou et al. 2010), we also examined SV2C expression in cholinergic cells. We found
limited co-expression of SV2C and markers of cholinergic cells, choline acetyltransferase
(ChAT) and the choline transporter (hCHT), indicating that SV2C is present in some striatal
cholinergic cells (Fig. 5). We additionally evaluated potential alterations to the striatal
cholinergic system following genetic ablation of SV2C. We did not observe any alterations
to expression patterns of striatal ChAT, though we observed a slight but statistically
insignificant increase in striatal VAchT expression levels in SV2C-KO animals compared to
WT (WT: 2906305 AU; KO: 35204414, N = 3, P = 0.3) (Fig 5B).

2.3. SV2C localization in macaque

SV2C followed a similar pattern of expression in rhesus macaques as has been reported in
rodents. Specifically, SV2C is strongly expressed in the basal ganglia, particularly the
caudate nucleus (Cd), putamen (Pu), NAc, GP, SNc, and SNr, with some cortical
immunoreactivity (Fig. 6A—E). The expression pattern of SV2C in macaques, as in mice, is
consistent with a neuropil distribution throughout the basal ganglia. SV2C appears to
localize to some cell bodies within the midbrain (both the SNc and VTA, see Fig. 6F-G) and
neuropil throughout the striatum, pallidum, and SNr. Additionally, there is slightly lighter
SV2C immunoreactivity in the cortex and thalamus (Thal) of the macaque brains.
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2.4. SV2C localization in human

SV2C expression in humans follows a similar, though not identical pattern of expression as
compared to rodents and nonhuman primates. Similar to rodents and nonhuman primates,
SV2C expression in human tissue was present throughout the basal ganglia (Fig. 7). SV2C is
expressed in the SNr and SNc, as well as in terminal and cell body regions of the striatum. In
contrast to unstained tissue, SV2C immunoreactivity is diffusely expressed within the SN
(Fig. 7A-B). There appears to be some SV2C immunoreactivity in neuromelanin-containing
cells of the SNc, as contrasted to a mock-stained (no primary antibody) control SNc section
where only neuromelanin is visible in the cell bodies. SV2C immunoreactivity appeared
greater in the putamen than in the caudate nucleus, particularly diffusely in the neuropil (Fig.
7D-E). SV2C is strongly expressed in cell bodies throughout the striatum, including in the
caudate nucleus, putamen and globus pallidus (Fig. 7D-F). In the striatum, SV2C
colocalizes with VGAT, indicating expression of SV2C within GABAergic striatal medium
spiny neurons, the principle cell type in the striatum, and/or GABAergic interneurons (Fig.
7G).

3. DISCUSSION

SV2C is a vesicular protein with a distinct basal ganglia expression pattern. Previous
immunological investigations into its localization focused exclusively on the rodent brain.
Given the limited availability of well-validated SV2C antibodies, we designed and optimized
two distinct polyclonal SV2C antisera recognizing both mouse and primate SV2C. Further
clarification of the expression pattern of SV2C, particularly with respect to similarities
across species, should be considered when interpreting future experimental results and their
translatability to human relevance, and this pair of novel antibodies for SV2C will be
important tools in these studies.

3.1. Specificity of the SV2C antibody

We previously demonstrated that the hSV2CpAb is specific to SV2C and does not recognize
other proteins within the SV2 family (SV2A, SV2B) (Dunn et al. 2017). Here, we further
demonstrate that these antibodies recognize SV2C by immunaoblot of cell culture lysates and
striatal homogenates, as well as by immunohistochemistry of mouse tissue. SV2C protein
expression patterns were consistent with previous investigations, and we observed a loss of
SV2C immunoreactivity throughout the brain of SV2C-KO animals that corresponded to an
expected lack of SV2C protein (Fig. 1-2). This antiserum produces a relatively strong
nonspecific band corresponding to an unknown antigen at approximately 70kD when
immunoblotting denatured protein samples (Fig. 1). This nonspecific binding does not
appear to substantially interfere with specific immunohistochemical staining, as the
immunoreactivity is low in stained SV2C-KO tissue sections (Fig. 2B). Across several
experiments in our laboratory, we have observed a loss of SV2C immunoreactivity in
immunoblotting and/or immunohistochemistry in tissue from at least 50 SV2C-KO animals.
Similarly, we have repeatedly overexpressed SV2C /n vitro and confirmed SV2C
immunoreactivity in subsequent cell lysates in over a dozen experiments. Anecdotally,
SV2C immunoreactivity in immunoblots is highly consistent, though S\V2C
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immunoreactivity in immunohistochemistry can be more variable depending on tissue
fixation, antibody aliquot freeze-thaw history, and other factors.

3.2. Anatomical and subcellular distribution of SV2C in mice

SV2 is frequently used as a marker for synaptic terminals, and SV2A and SV2B are
generally not expressed in the cell body (Bajjalieh et al. 1994; Stockburger et al. 2015).
There is some evidence for mitochondrial SV2 expression (Stockburger et al. 2015). SV2C
expression specifically varies from the observed terminal-only expression pattern of the
other SV2s, and based on previous reports, we expected to detect SV2C expression in
synaptic terminals and cell bodies. In tissue sections, SV2C was expressed in a diffuse
pattern throughout various nuclei in the basal ganglia, suggesting localization to synaptic
terminals of dopaminergic and GABAergic neurons. We also observed localization of SV2C
to the somata of various cell types, including midbrain dopamine neurons, and striatal
GABAergic and cholinergic cells. The contrast of subcellular and cell-type specific
distribution of SV2C versus what has been reported for SV2A and SV2B suggests a distinct
role of SV2C within these cells. The observation that GABAergic markers are unaltered in
SV2C-KO animals suggests that no compensatory changes occur in response to a lack of
SV2C within the GABA system; however, closer analysis may interrogate potential changes
to GABA cell activity or function.

3.3. SV2C and cholinergic cells

Similar to previous investigations into the localization of SV2C, we found that S\V2C
localizes sparsely to cholinergic cells in the mouse striatum. The observation that the
cholinergic transporters VAchT and ChAT are unaltered in SV2C-KO animals suggests that
genetic deletion of SV2C does not induce changes to basal ganglia cholinergic pathways;
however, closer investigation into potential alterations in cholinergic signaling may be
valuable.

3.4. SV2C distribution in macaque brain

We evaluated SV2C distribution throughout the rhesus macaque brain using the hSV2C
antibody. As in mice, we observed a basal-ganglia enriched expression pattern of S\V2C in
the macaque brain. We observed strong SV2C expression in the macaque midbrain and
striatum, as well as some additional immunoreactivity in the hippocampus, cortex and
subcortical regions such as the thalamus (Fig. 6).

The areas of highest expression in mice and primates were the SN, the VTA, the Cd and Pu
(or CPu), the GP and the VP. There was some SV2C expression in the cortex of all species.
The similar expression patterns of SV2C across species suggests a preserved function and
role for SV2C in these brain regions. S\V2C was previously found to regulate dopamine
expression and basal ganglia function in mice, and because SV2C expression is in similar
brain regions, it is likely that SV2C also regulates dopamine release in primates. This
provides support to the translatability and human relevance of experimental results of SV2C
function in mice.
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3.5. Key differences of SV2C expression in humans versus other species

Immunohistochemistry in human brain tissue, particularly aged cases, presents several
human-specific staining problems. In particular, human tissue is susceptible to nonspecific
antibody binding to various cellular components and antigen masking through formalin-
based fixation (Sun et al. 2010; Buchwalow et al. 2011; Alelu-Paz et al. 2008) and
inconsistent postmortem intervals prior to fixation. Nonspecific binding may be largely
prevented with proper blocking solutions, and antigen-retrieval steps may enhance specific
antibody binding. To combat these issues, we optimized antigen retrieval using a hot citric
acid buffer incubation, and performed each wash and blocking step in Triton-X100 to
minimize nonspecific antibody binding. To ensure that we were not observing nonspecific
secondary antibody binding, we also performed staining without the presence of primary
antibody. These precautions allow us to evaluate the observed immunoreactivity as specific
antibody binding in human tissue, though some inherent limitations of working with human
tissue may still be present.

SV2C immunoreactivity was observed in GABAergic cell bodies throughout the striatum of
humans (Fig. 7D-F). This contrasts with what we and others have observed in rodent tissue,
and suggests an elevated importance of SV2C in GABA transmission in humans. However,
the SV2C antibody strongly labels the SNr in all species examined. Given that the main
GABAergic input to the SNr are the MSNs from the dorsal striatum, it is possible that only
the relative expression in the somata versus the synaptic terminals is the primary difference.
Overall, data from the present experiments strongly suggest consistent SV2C expression
across species. Nonetheless, it will be important to consider the possible differences in the
contribution of SV2C in neurotransmission in humans, particularly in GABA cells, when
interpreting mouse data.

Overall, we demonstrate that SV2C expression is relatively consistent throughout various
species, with a basal-ganglia enriched distribution. We introduce two distinct SV2C antisera
that can be used in a variety of immunological methods in various species. These data will
be useful tools in future investigations into the function of SV2C and its relevance in
associated neurological diseases.

4. EXPERIMENTAL PROCEDURES
4.1. Antibodies

Polyclonal SV2C antibodies were designed by our lab and custom-produced by Covance as
described previously (Dunn et al. 2017). Immunizing peptides corresponding to amino acids
97-114 of SV2C (mouse SV2C: STNQGKDSIVSVGQPKG; human SV2C:
SMNQAKDSIVSVGQPKG) were mcKMH-conjugated and injected into rabbits. Each
antibody recognizes SV2C in mouse, nonhuman primate and human tissue (Fig. 1), though
only the mouse SV2C antiserum (mSV2CpAb) was used for immunohistochemistry in
mouse tissue, and only human SV2C antiserum (hSV2CpAb) was used for
immunohistochemistry in human and nonhuman primate tissue in these studies.

Antibodies against TH (cat. AB152) were purchased through Millipore (Caudle et al. 2007;
Dunn et al. 2017; Lohr et al. 2014). Antibody against VGAT (cat. 131-011) was purchased
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through Synaptic Systems (Tafoya et al. 2006). Antibody against ChAT was purchased
through Chemicon (cat. AB144P) (Abdi et al. 2015), and antibody against VAchT was
purchased through Novus Biologicals (cat. NB100-91347). Monoclonal hCHT antibody
(clone 62-2E8) was generously provided by the Emory Center for Neurodegenerative
Diseases (Ferguson et al. 2003).

Secondary antibodies were purchased through Jackson ImmunoResearch (biotinylated,
HRP-conjugated) or ThermoFisher (AlexaFluor; fluorescent). Category numbers are as
follows. Biotinylated (DAB immunohistochemistry): goat-anti mouse (cat. 115-065-003),
goat-anti rabbit (cat. 111-065-144); fluorescent (immunofluorescence): goat-anti mouse 594
(cat. A11005), goat-anti rabbit 488 (cat. A11034), goat-anti rabbit 594 (A11012); HRP-
conjugated (immunoblots): goat-anti rabbit (111-035-003), goat-anti mouse (115-035-003).

Adult male wildtype C57BL/6J mice were used for all mouse immunohistochemistry (age
4-10mos). SV2C-KO animals were generated as described previously (Dunn et al. 2017;
Skarnes et al. 2011). Briefly, animals were generated using the EUCOMM “knockout first
allele” construct. These animals contained a /acZIneomyecin resistance cassette flanked by
FRT sites inserted into the Sv2c gene. Animals were crossed with a line globally expressing
Flp-recombinase to excise the cassette, resulting in a line of mice containing a floxed exon 2
of the Sv2c gene. These mice were then crossed with a line containing a NMestin-driven Cre-
recombinase in order to achieve a pan-neuronal knockout of SV2C. Saline-treated control
male rhesus macaques from 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
treatment experiments were used for all macaque immunohistochemistry.

4.3. Tissue culture

HEK?293 cells were cultured according to standard protocols and maintained in DMEM with
10% fetal bovine serum (FBS) + 1% penicillin/streptomycin. N2A cells were cultured in 1:1
DMEM:EMEM and 10% FBS with 1% penicillin/streptomycin. PC12 cells were cultured in
RPMI medium with 10% FBS and 1% penicillin/streptomycin. Transfections of SV2C in a
pcDNAS.1 vector were performed with Lipofectamine 2000 (Invitrogen) according to
manufacturer’s protocols. sShRNA constructs were transfected using a nucleofector (Amaxa)
according to standard protocols. Cells were harvested 24 hours post-transfection, lysed in
RIPA buffer and total protein extraction was achieved through differential centrifugation
(Dunn et al. 2017).

4.4. Western blotting

Western blots were performed as previously described (Dunn et al. 2017). Briefly, samples
were homogenized and underwent differential centrifugation to achieve a crude protein
extraction. Samples were run through SDS-PAGE and transferred to a PVDF membrane.
Membranes were blocked with 7.5% nonfat dry milk and incubated in primary antibody
(SV2C, 1:2,500; actin, 1:5,000) overnight at 4°C with gentle agitation. Secondary antibodies
(HRP-conjugated, 1:5,000) were incubated at room temperature for 1 hour. Signal was
amplified using chemiluminescence (Thermo) and visualized using a BioRad UV imager.
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4.5. Immunohistochemistry

4.5.1. Immunohistochemistry in mouse tissue—Muice were either transcardially
perfused with 4% paraformaldehyde or sacrificed by rapid decapitation. Brains were
removed and placed in 4% paraformaldehyde for 24 hours (perfused) or seven days (drop-
fixed) days at 4°C for post-fixation. Brains were then transferred to sucrose and allowed to
equilibrate for an additional 48 hours, at which point they were frozen and sectioned to
40pm. Sections were stored in cryoprotectant at —20°C until staining. For
immunohistochemistry, sections were rinsed with 1X PBS containing 0.02% Triton X-100
(PBST). Sections underwent antigen retrieval using Citra Antigen Retrieval Buffer
(Biogenex) for one hour at 70°C. Endogenous peroxidase activity was quenched with a 12-
minute incubation in 3% hydrogen peroxide at room temperature. Nonspecific antibody
binding was blocked using a 3% Normal Horse Serum (NHS) in PBST solution for one hour
at room temperature. Sections incubated in primary antibody solution (1:1,000 in PBST for
all antibodies, except SV2C, which was used at a concentration of 1:2,500) overnight at 4°C
with gentle agitation, followed by incubation in secondary antibody (1:1,000 for
biotinylated; 1:800 for fluorescent) for one hour at room temperature.

For biotinylated secondaries, the signal was amplified using an avidin-biotin complex
(VectaStain Elite, Vector Laboratories) for one hour at room temperature. Biotinylated
secondary antibodies were visualized using a 3-3’-diaminobenzidine (SIGMAFAST DAB
tablets, Sigma) reaction for approximately 1 minute; reaction was quenched with PBST.
Sections were mounted to charged slides, dehydrated in ethanol, cleared with xylenes and
coverslipped.

For immunofluorescence, autofluorescence was quenched with a 7-minute incubation in a
0.1% Sudan Black B solution in 70% ethanol at room temperature. Slides were treated with
hard-set mounting medium (\Vector Laboratories) and coverslipped.

4.5.2. Immunohistochemistry in rhesus macaque tissue—We performed
immunohistochemistry in rhesus macaque tissue using a protocol modified to optimize
staining in nonhuman primate tissue. Vibratome-cut sections (60um) from five macaques
underwent antigen retrieval using a low-pH glycine buffer (0.5M glycine, pH 2.0) for one
hour at room temperature. Endogenous peroxide activity was quenched with a 10%
hydrogen peroxide solution for 20 minutes at room temperature. Nonspecific antibody
binding was blocked using a solution of 1% NHS and 1% bovine serum albumin (BSA) in
PBST. Sections were incubated in primary antibody solution (1:1,000) overnight at 4°C with
gentle agitation. Sections were then incubated in biotinylated secondary antibody (1:200) for
1 hour at room temperature. Secondary antibodies were visualized as described above for
mouse tissue.

4.5.3. Immunohistochemistry in human tissue—Paraffin-embedded sections (8um)
were obtained through the Alzheimer’s Disease Research Center Brain Bank at Emory
University. Tissue from seven aged, non-demented controls (5 male, 2 female) were
observed, ranging in age from 61-88 years. Slides were deparaffinized using xylenes and
rehydrated in decreasing concentrations of ethanol in water. Sections underwent antigen
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retrieval using a hot citric acid buffer at 95°C for 1 hour. Endogenous peroxidase activity
was quenched with a 12-minute incubation in 3% hydrogen peroxide at room temperature.
Nonspecific antibody binding was blocked using 3% NHS in PBST for one hour at room
temperature. Sections were incubated in primary antibody (1:1,000 in PBST) overnight at
4°C with gentle agitation. Sections were then incubated in secondary antibody solutions
(1:1,000 biotinylated or 1:800 fluorescent). Secondary antibodies were visualized as
described above for mouse tissue.

4.5.4. Micrograph visualization—Immunohistochemistry was visualized using a Zeiss
AX10 microscope equipped with a MicroBrightField camera. Micrographs were captured
using Stereolnvestigator software. Full-field images of macaque sections were captured
using an 8-megapixel camera equipped on an iPhone 5s (Apple). Micrographs directly
comparing staining between groups (e.g. SV2C-WT vs. KO) were visualized with identical
microscope settings.
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glycoprotein 2C (SV2C) in mouse, macaque, and human basal ganglia”

Highlights for “Immunochemical analysis of the synaptic vesicle

SV2C is expressed in distinct nuclei within the brains of mouse, macaque,
and human

Dopaminergic and GABAergic cells have enriched expression of SV2C, with
a high degree of colocalization between SV2C and markers for both
dopamine and GABA.

Similar expression of SV2C across species supports the translational
relevance of rodent studies into the function of the protein and its role in
human disease.
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Figure 1. Validation of the polyclonal SV2C antibodies with immunoblotting
(A) Both the polyclonal human SV2C antibody (hSV2CpAb) and mouse SV2C antibody

(mSV2CpAb) recognize human SV2C in transfected cell lines (HEK293 and PC12, neither
of which endogenously express SV2C) and in endogenously-expressed mouse SV2C in
mouse striatum homogenates and N2A cell lysates (B). Partial knockdown of endogenous
SV2C using SV2C-targeted shRNA results in reduced immunoreactivity as compared to
scrambled shRNA (“scram”) or control lysate with no shRNA transfection. The specific
band is at the expected molecular weight of 90kD. Immunoreactivity at the specific band is

Brain Res. Author manuscript; available in PMC 2020 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Dunn et al.

Page 16

eliminated in striatal homogenates from mice lacking SV2C (SV2C-KO). The unidentified
nonspecific band at ~70kD remains in KO tissue and in untransfected cell lysate.
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Figure 2. SV2C localization within the mouse brain
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(A) SV2C is expressed at high levels in the dorsal striatum (CPu), the ventral pallidum (\VVP),
and the globus pallidus (GP), as well as in the cortex (Ctx) and hippocampus (HC). (B)
Immunoreactivity of the mouse SV2C polyclonal antibody is ablated in tissue from SV2C-

KO animals in all brain regions. Scale bar = 500um
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Figure 3. SV2C colocalizes with the dopamine marker TH in the mouse basal ganglia
SV2C is expressed in dopamine terminal fields in the caudoputamen (CPu), as well as in

dopaminergic neurons in the ventral tegmental area (VTA) and substantia nigra pars
compacta (SNc). Scale bars = 500 um (low magnification), 20 um (insets)
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Figure 4. SV2C expression in GABAergic regions of the mouse basal ganglia
(A) SV2C and vesicular GABA transporter (VGAT) immunoreactivity is highly localized in

the neuropil of GABAergic nuclei within the basal ganglia including the globus palldius
(GP), ventral pallidum (VP), midbrain (MB) and substantia nigra pars reticulata (SNr). (B)
Striatal VGAT expression is unchanged in SV2C-KO animals. Scale bars = 500 um (MB),
100 um for all others
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Figure 5. SV2C localization in cholinergic cells within the mouse basal ganglia
(A) SV2C partially colocalizes with markers for acetylcholine (choline acetyltransferase,

ChAT, and the choline transporter, hCHT) in the midbrain (MB) and caudoputamen (CPu).
(B) Striatal expression of acetylcholine markers is unchanged following genetic ablation of
SV2C. Scale bars = 500 um (A, MB; B), 100 um (A, CPu).
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Figure 6. SV2C is expressed in the basal ganglia of nonhuman primates
(A-D) SV2C is expressed in the caudate nucleus (Cd), the putamen (Pu), globus pallidus

(GP), nucleus accumbens (NAc), thalamus (Thal), and cortex of rhesus macaques. SV2C
expression is also observed in the neuropil of the midbrain (E), with possible expression in
the cell bodies (black arrows) of the substantia nigra pars compacta (SNc) and the ventral
tegmental area (VTA) (F-G). Scale bars =1 mm (B-E), 20 um (F-G)
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Figure 7. SV2C is localized to the basal ganglia in the human brain
(A) SV2C is expressed in the substantia nigra pars compacta (SNc) and pars reticulata

(SNr). (B) We observed light SV2C immunoreactivity in the somata of neuromelanin-
containing SNc cells, which is contrasted to the lack of immunoreactivity in an unstained
SNc section. Neuromelanin is visible in the unstained tissue (C). (D) SV2C is expressed in
the somata and neuropil of the putamen (Pu) and, to a lesser extent, the caudate nucleus (Cd,
E). We also observed immunoreactivity in the somata within the globus pallidus (GP, F). (G)
SV2C is highly colocalized with the vesicular GABA transporter (VGAT) within the
putamen. Scale bars = 500 um (A, D-F), 20 um (C-B, D-E insets, G).
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