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Abstract

It has been shown that vitamin C (VC) is transported at synaptic boutons, but how this occurs has
not been elucidated. In this study, we investigated the role of the sodium-dependent vitamin C
transporter-2 (SVCT2) in transporting VVC at the cortical nerve terminal. Immunostaining of
cultured mouse superior cervical ganglion cells showed the SVCT2 to be expressed in presynaptic
boutons, co-localizing with the vesicular monoamine transporter-2 and the norepinephrine
transporter. Immunoblotting of enriched cortical synaptosomes demonstrated that the SVCT2 was
enriched in presynaptic fractions, confirming a predominant presynaptic location. In crude
synaptosomes, known inhibitors of SVCT2 inhibited uptake of VVC. Further, the kinetic features of
VC uptake were consistent with SVCT2-mediated function. VC was also found to efflux from
synaptosomes by a mechanism not involving the SVCT2. Indeed, VC efflux was substantially
offset by re-uptake of VC on the SVCT2. The presence and function of the SVCT?2 at the
presynaptic nerve terminal suggest that it is the transporter responsible for recovery of VC
released into the synaptic cleft.

Graphical abstract

The vitamin C (VC) transporter, SVCT2, co-localizes with the vesicular monoamine transporter-2
and the norepinephrine transporter in the presynaptic boutons of cultured mouse superior cervical
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ganglion cells. The SVCT2 is also functional in cortical synaptosomes suggesting that it is
responsible for the recovery of VC released into the synaptic cleft.
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Introduction

Vitamin C (VC), an antioxidant not synthesized in humans, is an essential nutrient in the
central nervous system (CNS) and in neurons in particular (Wilson 1997; Hediger 2002). A
balance of transport into and out of the cells determines the neuronal content of VC.
Neuronal VC uptake appears to be mediated exclusively by the Sodium-dependent Vitamin
C Transporter-type 2 (SVCT2) (Harrison and May 2009), consistent with the observation
that mice lacking the SVCT2 have very low levels of VVC in brain tissue despite the ability to
synthesize the vitamin on their own (Sotiriou et al. 2002). The transporter is sodium- and
energy-dependent, accumulating VC against its chemical gradient by co-transporting sodium
cations into cells down an electrochemical gradient established by the membrane bound
Nat/K*-ATPase (Godoy et al. 2006). This transporter can concentrate VC many-fold. For
example, whereas cerebrospinal fluid VC levels are 200-300 puM, brain tissue levels are in
the low millimolar range (Harrison and May 2009).

Despite its hydrophilicity and negative charge at physiologic pH, VC can efflux from
astrocytes and neurons, especially in response to glutamate uptake (May et al. 2006).
Mechanisms for VC efflux in the brain are unclear, but are mediated in part by channel
proteins (Rice 2000; Wilson 2005). For example, glutamate uptake causes cell swelling that
in turn triggers volume-regulated anion channels (VRACS) to release osmolytes to prevent
swelling-induced cell lysis. VC appears to be one of the substances released on VRACS in
astrocytes (Wilson et al. 2000) and neurons (May et al. 2006).
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Whether and how VC is transported in specialized organelles within neurons is unknown
and has received less attention. Studies in primary cultures of mouse hippocampal neurons
suggested that the SVCT?2 is localized to the plasma membrane of the cell body and punctate
structures in axons (Qiu et al. 2007). These structures might contain mitochondria (Azzolini
et al. 2013; Munoz-Montesino et al. 2014) or even synaptic vesicles headed for synapses.
Indeed, VC uptake and efflux has been described in synaptosomes (Grunewald and Fillenz
1984), but whether either phase involves the SVCT2 is unknown. Therefore, we performed
the studies described in this paper to investigate SVCT2 expression and function in VC
uptake in synaptosomes.

Materials and Methods

Animal Mice, Wild type (Gulo**; SVCT2 */*)

Mice denoted as “wild-type mice” are from C57BL/6J background. These mice were
originally obtained from Jackson laboratories (stock #000664, RRID: IMSR_JAX:000664)
and a colony was maintained in-house. All animals were housed in tub cages in a
temperature- and humidity-controlled vivarium on a 12:12-h light:dark cycle with lights on
at 6 AM. All procedures conformed to Institutional Animal Use Committee guidelines. Mice
had free access to food and water for the duration of experiment and were 4-6 months old.

Superior cervical ganglion (SCG) neuronal preparation and culture

SCGs were cultured as previously described (Matthies et al. 2009). Briefly, superior cervical
ganglia from 1-3 day old wild type pups (C57BI/6J) were dissected and incubated for 30
min at 37°C in collagenase (3 mg/ml; Sigma) and trypsin (0.5 mg/mL/Gibco). The digestion
was terminated by treating for 2 h at 37°C with 10% fetal bovine serum (FBS, Atlanta
Biologicals) in UltraCulture medium (BioWhittaker). Enrichment of neurons was
accomplished by differentially plating for 2 hours on dishes in UltraCulture supplemented
with 3% FBS, nerve growth factor (NGF, 20 ng/mL; Harlan) and 2 mM L-glutamine.
Neurons were collected, centrifuged for 5 min, suspended in supplemented UltraCulture
medium and transferred onto poly-D-lysine and collagen-coated glass-bottomed MatTek
dishes. After 24 h of incubation at 37°C, cultures were treated with 1 uM 5-fluoro-5-
deoxyuridine (FdU; Sigma) and grown for 14-28 days in supplemented UltraCulture
medium prior to examination (Matthies et al. 2009).

Immunostaining and microscopy

Cultured superior cervical ganglion (SCG) neurons were immunostained as previously
described (Matthies et al, 2009). In short, cultured SCG neurons were serum starved for 1 h
in DMEM:F12 and subsequently fixed with PBS containing 0.9 mM CaCl, and 0.049 mM
MgCl, (Ca2*/Mg?*) and 4% paraformaldehyde, washed three times with PBS with Ca2*/
Mg?2*, permeabilized, and blocked with PBS/4% bovine serum albumin (BSA)/0.15%
Tween-20. Cultures were immunostained using the following antibodies, goat polyclonal
anti-SVCT2 (Santa Cruz Biotechnology, SC-9926, RRID: AB_661205), rabbit polyclonal
anti-vesicular monoamine transporter-2 (Santa Cruz Biotechnology, SC-15314, RRID:
AB_2187867), mouse monoclonal anti-norepinephrine transporter (MAb Technologies,
NETO05-2) dissolved in PBS plus 4% BSA and 0.05% Tween-20. Both anti-SVCT2 and anti-
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NET immunoreactivities have been verified using the respective mouse knockouts (Qiu et
al. 2007;Matthies et al. 2009). Primary antibodies were visualized with the appropriate
covalently Alexa-labeled secondary antibody from Invitrogen. Immunofluorescence was
imaged using a PerkinElmer UltraView confocal with a Nikon Eclipse 2000-U microscope
equipped with a 60x lens with a numerical aperture of 1.49. Z-series were taken and shown
are sections at the widest point of boutons (center of the bouton). Image processing was
performed using ImageJ (RRID: nif-0000-30467) and Adobe Photoshop (RRID:
SciRes_000161).

Synaptosome preparations and functional assessments

Before obtaining brain tissue for synaptosome preparation, mice were deeply anesthetized
with isoflurane and killed quickly by decapitation.

Crude Synaptosome Preparation—Crude synaptosomes were prepared as described
by Shirey-Rice, et al. (Shirey-Rice et al. 2013). The whole brain cortex was removed and
added to 9 ml of homogenization buffer (0.32 M sucrose/4.3 mM HEPES solution, 1.54 uM
aprotinin, 10.7 uM leupeptin, 0.948 uM pepstatin, and 200 uM phenylmethylsulfonyl
fluoride, pH 7.4) in a 10 mL glass homogenizer tube. The mixture was homogenized with a
hand-held Teflon pestle (approximately 7 strokes). The homogenate was then transferred to
a 15 mL plastic tube for centrifugation at 1000 g for 5 min at 4°C. The supernatant (S1) was
then transferred to a 15 mL plastic tube and then centrifuged at 12,000 xg for 15 min at 4°C.
The pellet was suspended in assay buffer and then transferred to an Eppendorf tube for
assays.

Enriched Synaptosome Preparation—Enriched synaptosomes were prepared as
described by Betke, et al. (Betke et al. 2014) with modifications. Crude synaptosomes were
obtained similar to protocol above with the following additions for enrichment. Supernatant
(S1) was transferred to 50 ml a conical tube containing S1a. The supernatant was brought to
20 ml with 0.32 M sucrose solution and centrifuged at 10,000 xg at 4°C for 20 min to
produce P2 pellet (contains crude synaptosomes, mitochondria, and microsomes). P2 pellets
were gently suspended in 3.4 ml of 0.32 M sucrose solution and aliquot was taken for
Western blotting. The remaining suspension of the P2 pellet was applied to a discontinuous
sucrose gradient. This was prepared in Beckman 15 ml polycarbonate tubes (Cat. #342080)
in which 3 ml of 0.8 M, 1.0 M and 1.2 M sucrose solutions were slowly layered in that
order. Three milliliters of crude synaptosomes were layered on top of gradient and balanced
with 0.32 M sucrose solution. Samples were centrifuged at 100,000 xg in a Beckman
Optima LE-80K ultracentrifuge using an SW 40 Ti rotor at 4°C for 2 hours. Enriched
synaptosomes were collected from the interface of the 1.0 M and 1.2 M solutions and
transferred to clean 15 ml conical tubes. Fractions were diluted with 3 ml of 0.32 M sucrose
solution and centrifuged in same rotor at 100,000 xg for 30 min at 4°C.

Synaptosome Fractionation—Pre- and post-synaptic fractions of the enriched
synaptosome preparation were obtained by the protocol of Betke, et al. (Betke et al. 2014)
with modifications. The P2 pellet from an enriched or crude synaptosome preparation was
suspended in 4 ml hypotonic lysis buffer (Same as above with the addition of 0.1 mM CaCl,
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and 1 mM MgCly, pH 7.4). This was incubated on ice for 20 min to lyse membranes and
transferred to 5 ml ultracentrifuge tubes (Beckman Ultra Clear, #344057). Samples were
centrifuged at 100,000 xg in a SW 55 Ti rotor in a Beckman centrifuge (Optima LE-80K)
for 120 min at 4°C. The supernatant (S3), which contains cytosolic and perisynaptic proteins
from both pre- and post-synaptic terminals, was transferred to another tube and placed on
ice. Pellet P3 was suspended in 1 ml of Tris buffer (20 mM Tris (pH 8.0), 1% Triton X-100,
1.54 uM aprotinin, 10.7 pM leupeptin, 0.948 pM pepstatin, and 200 UM PMSF). This was
transferred to plastic 2 ml Eppendorf tubes and incubated on ice for 20 min. The samples
were centrifuged at 10,000 xg for 30 min at 4°C, and the supernatant (S4) containing the
presynaptic fraction was transferred to Eppendorf tubes. The pellet (P4) was suspended in
200 ul of 1x PBS/1% SDS and centrifuged at 10,000 xg for 30 min to obtain the supernatant
(S5) containing the postsynaptic fraction as described. To ensure adequate amounts of
cytosolic/perisynaptic protein were studied, samples were concentrated using 3K
concentrator tubes (Amincon Ultra, Millipore) that were centrifuged at 3400 rpm at 4°C
until volumes reached ~250 pl, whereupon membranes were washed with homogenization
buffer, and transferred to new Eppendorf tubes for assays.

Transport assays—All pharmacologic inhibitors including sulfinpyrazone (S9509),
phloretin (P7912), and 3-O-methylglucose (M4879) were purchased from Sigma-Aldrich.
VC (L-Ascorbic acid, Sigma-Aldrich A4403) was added to samples when appropriate. All
uptake and efflux assays with synaptosomes were performed in KRH assay buffer (10 mM
HEPES, 128 mM, 5.2 mM KCI, 1 mM NaH,PQy, 2.2 mM MgSQOy4 1.2 mM CaCl,, 10 mM
glucose, pH 7.4) at 4°C.

Radioactive VC Assays: Crude synaptosomes were transferred to glass reaction tubes and
preincubated for 10 min at 37°C. Transport was started by adding indicated concentrations
of 14C-VC (L-[1-14C] ascorbic acid, 4 uCi/mmol, Perkin Elmer, NEC146050UC). Transport
was stopped at the indicated times by filtrations of synaptosomes over 0.3%
polyethylenimine-coated glass fiber filters (Whatman GF/B; Whatman) using a cell
harvester (Brandel Inc., Gaithersburg, MD) and ice-cold wash buffer (assay buffer without
glucose). Radioactive VC contents accumulated on filters were determined by liquid
scintillation counting (Perkin-Elmer, Tri-Carb 2910 TR). Mean values for specific uptake
(pmol/mg protein = SEM) were determined from at least three experiments.

Background 14C-VC signal was determined by assessing the signal detected after lysing
synaptosomes. This amount was then subtracted from all of the readings.

Unlabeled VC Assays: Assay was started by transferring crude synaptosomes to 1.5 mL
Eppendorf tubes and placing these in a water bath at 37°C for allotted times. Transport was
initiated by adding the indicated concentration of unlabeled VVC. Transport was stopped at
the indicated times with 1 mL of ice-cold wash buffer (assay buffer without glucose).
Synaptosomes were then pelleted by centrifugation at 16,200 xg for 2 min. VC was
measured as ascorbic acid in metaphosphoric acid extracts of tissues as described (Harrison
et al. 2008) using ion-pair HPLC with electrochemical detection.
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Fura Red-AM Assay: Crude synaptosome preparations were pelleted and suspended in 1.3
mL of Fura Red-AM™, (Invitrogen, F3021) solution, containing 5 mM glucose and 4 uM
Fura Red-AM™ dye. The latter is a visible light—excitable Fura-2 analog that can cross cell
membranes but is trapped within cells or sealed synaptosomes (Yates et al. 1992). The
mixture was then incubated in a 37°C bath for 30 min, pelleted and suspended in 1.3 mL of
the assay buffer. Following this, 50 L of the preparation was treated as noted in text at
37°C. Reaction was stopped by addition of 1 mL of ice-cold assay buffer (no glucose),
centrifuged and lysed with 60% methanol in water. 100 pL aliquots of the supernatant were
transferred to a clear plate in a micraotiter plate reader and fluorescence was read at
excitation 420/emission 610 nm.

Western blot analysis—Immunoblotting was performed as previously described in (Qiao
and May 2008). Solubilized protein (5-20 ug) was subjected to SDS-polyacrylamide gel
electrophoresis (7.5% gel) according to Laemmli's method (Laemmli and Favre 1973).
Primary antibodies used for immunoblotting were obtained from several sources. Santa Cruz
Biotechnology provided antibodies to SVCT2 (SC-9926, 1:200), vesicular monoamine
transporter-2 (VMAT2, SC-15314, RRID: AB_2187867, 1:200), actin (SC-1616 RRID:

AB_ 10160631, 1:400), and G-protein § subunit (GpP, SC-378, RRID: AB_631542,
1:10000). Other antibodies included glyceraldehyde 3-phosphate dehydrogenase (GAPDH,
Millipore, MAB-374, 1:20000), N-methyl-D-aspartate-1 (NMDARZ, BD Biosciences,
556308, RRID: AB_396353, 1:2000), and postsynaptic density protein-95 (PSD-95,
Neuromab, 75-028, RRID: AB_ 2307331 1:20000). Secondary antibodies (1:10000-20000)
that were used for immunodetection are the following: anti-rabbit IgG-conjugated
horseradish peroxidase (Santa Cruz Biotechnology, SC-2030, RRID: AB_631747), anti-goat
IgG-conjugated horseradish peroxidase (Santa Cruz Biotechnology, SC-2020, RRID:
AB_631728), goat anti-rabbit IgG-conjugated horseradish peroxidase (PerkinElmer,
NEF812001EA) and goat anti-mouse (PerkinElmer, NEF822E001EA). Antibody detection
was performed with Western Lightening Plus-ECL Enhanced Chemiluminescence Substrate
Kit (Perkin Elmer) and Carestream Kodak BioMax MR Film (Kodak, Rochester, NY). Band
intensity from X-ray film detection was analyzed by densitometry using ImageJ software
from the National Institutes of Health. Antibodies were used as described in Table 1.

Statistics—Graph Pad Prism 6 software, (La Jolla, CA) was used to determine statistical
significance (by one-way ANOVA or unpaired t-testing, as indicated), apparent K, and
Vmax Values (by hyperbolic Michaelis-Menten analysis), and for least-squares fitting of
monoexponential decay. For the latter, data was logarithmically transformed and fitted using
linear regression; with line slopes compared using the extra sum-of-squares test.

Neuronal SVCT2 localization

To determine if the SVCT2 is found in presynaptic compartments in neurons we utilized
cultured mouse SCG, which have large presynaptic boutons (~5 pm in diameter). This
allows determination of presynaptic localization. Using confocal microscopy, it is possible
to take a section through the center of the bouton that forms the presynaptic side of the
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synaptic cleft. Since it shows proteins located in the presynaptic bouton membrane and in
vesicles just below it, this approach can be used to determine whether proteins localize to
this important region. Therefore, SCGs were triple-immunostained with antibodies to the
norepinephrine transporter (NET) (Figure 1A), to the SVCT2 (Figure 1B), and to the
VMAT2 (Figure 1C). NET and VMAT?2 are found in the presynaptic boutons in these
cultured SCGs (Figure 1A, C; (Matthies et al. 2009). Co-localization of the SVCT2 with
either of these two transporters would help to demonstrate that SVCT2 can localize to a
presynaptic compartment. The SVCT2 antibody stained axons where NET was also found
and presynaptic structures including varicosities and boutons that corresponded to the
predominant localization of VMAT (Figure 1D). SVCT?2 localizes to the boutons (Figure 1D
and 1E, insets), overlapping the distribution of both NET and VMAT. This indicates that the
SVCT?2 can be expressed at presynaptic sites most likely at the plasma membrane with NET
and in internal organelles.

SVCT2 expression at the cortical presynaptic terminal

To assess the location of SVCT2 protein within the nerve terminal, we prepared
synaptosomes from cortical tissue of male wild-type mice 4-6 months of age. Enriched
synaptosome preparations were separated into three fractions: (1) cytosolic, which contains
mostly detergent-soluble cytosolic proteins as well as synaptic vesicles and perisynaptic
membrane fragments, (2) presynaptic, and (3) postsynaptic. The relative enrichment of
synaptic proteins was compared to whole synaptosomes (unfractionated preparation) and
assessed by Western blotting (Figure 2A and B). The cytosolic marker glyceraldehyde 3-
phosphate dehydrogenase, (GAPDH, Figure 2C), was enriched in the cytosolic fraction.
VMAT2 (Figure 2D), was also found in the cytosolic fraction, but was more prominent in
the presynaptic fraction. Two proteins located in the postsynaptic terminal, NMDAR1
(Figure 2E) and PSD-95 (Figure 2F) were enriched in the postsynaptic fraction. These
markers confirmed that the fractionation procedure enriches sub-cellular proteins found in
these parts of the synapse. Under these conditions, The SVCT2, although it migrated for
unknown reasons at different locations in the various fractions, was predominantly enriched
in the presynaptic fraction (Figure 2G), suggesting that SVCT2 is indeed localized at the
synapse, at the presynaptic terminal.

SVCT?2 function in crude cortical synaptosomes

Net VC uptake—To determine if the SVCT2 functions at the nerve terminal and in which
direction, we performed experiments to characterize net VC uptake. We found that crude
synaptosomes contained endogenous VC at ~80 nmol/g (Figure 3A). Upon incubation for
30 min with 250 uM unlabeled VC, a two-fold increase in VC content was observed (Figure
3A). Two known SVCT2 inhibitors, sulfinpyrazone and phloretin prevented this uptake
(Figure 3A). Similar results were observed in studies using 0.05 uCi radiolabeled 14C-VC,
which also showed net uptake of 14C-VC uptake at ~80-100 nmol/g when incubated for 30
min (Figure 3B). Radiolabeled VVC uptake was also inhibited by the pre-incubation with
sulfinpyrazone, phloretin, or unlabeled VVC, as well as by replacement of buffer sodium with
choline. It has been shown that the oxidized form of VVC, dehydroascorbic acid (DHA) can
be transported via the GLUT3 in neurons (Duarte et al. 2005; Rumsey et al. 1997).
However, the GLUT transporter competitive inhibitor, 3-O-methylglucose at a concentration
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that will substantially compete for DHA did not affect 14C-VC uptake. Furthermore, in these
experiments 0.5 mM glutathione was added to ensure that VC was not oxidized. This
indicated that 14C-VC uptake was independent of GLUT function.

Kinetic characterization of VC uptake—To determine if the kinetic properties of VC
uptake in synaptosomes were similar to those expected if transport occurred via the SVCT2,
time and concentration curves were performed using 0.05 UCi of radiolabeled VVC. The
uptake of 14C-VC plateaued with time (Figure 3C). Using an incubation time in the linear
phase of uptake (10 min), uptake was saturable with an apparent K, of 18.31 + 4.7 pM and
a Vmax Of 277 £ 28.15 nmol/g/30 min (Figure 3D). These data suggest that the VC uptake in
synaptosomes is consistent with SVCT2 function.

VC efflux from cortical synaptosomes

VC transport is a balance between uptake and efflux (May and Qu 2009). In order to assess
the contribution of VC movement out of synaptosomes to net uptake, a series of efflux
studies were performed to observe the release of endogenous VVC from non-loaded
synaptosomes over time. Spontaneous endogenous VC efflux was measured, since net
uptake would depend on efflux occurring at 37°C.

Temperature dependence and role of the SVCT2 in spontaneous VC efflux—
No VC efflux was observed at 4°C, whereas at 37°C, the endogenous VC concentration
steadily decreased over time and after 30 min had decreased to ~80-100 nmol/g,
comparable to the uptake experiments in the absence of added VVC over the same time frame
(Figure 4A and B). Similarly, when synaptosomes were loaded with Fura Red™ dye for 30
min at 37°C, centrifuged, and suspended in buffer, there was insignificant efflux of the
trapped dye over 30 min at 37°C (results not shown). Together, these results suggest that the
synaptosomes were not damaged or leaky under the conditions of our experiment. To
determine the contribution of SVCT2 function to VC efflux, synaptosomes were incubated
with the SVCT2 inhibitors sulfinpyrazone and phloretin, for 30 min at 37°C. The presence
of these inhibitors did not inhibit efflux but rather enhanced loss of VVC as a consequence of
inhibition of reuptake. This resulted in a decrease of VC content of 50% and 25%,
respectively (Figure 4C and E). This is likely due to the decrease in VC re-uptake caused by
the inhibition of the SVCT2, resulting in an apparent increase of net efflux. This confirms
the unidirectional transport of VC by SVCT2 and that the transporter in its native orientation
is not responsible for VC efflux, but that influx does play a role in VC homeostasis in the
synaptosome.

Discussion

In this work we found that the major neuronal transporter of VC, the SVCT2, is present in
mouse brain synaptosomes and can localize to the presynaptic bouton. Kinetic and inhibitor
experiments suggested that the SVCT2 mediates VC uptake into synaptosomes and opposes
its spontaneous efflux.

The location of the SVCT2 in neurons will reflect areas or organelles with high VC content.
Data from knock-out mice (Sotiriou et al. 2002) and kinetic studies in neuronal cells (Qiu et
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al. 2007) clearly show that the SVCT2 mediates global VC uptake in neurons. As we have
shown in this study, it also is present in nerve fibers and synaptic boutons of SCG neurons in
the peripheral nervous system, where it co-localized with both the NET and VMAT?2 in the
presynaptic bouton. Both NET and VMAT are known to be present in presynaptic areas.
Additionally, our studies confirmed previous results that NET is found on the plasma
membrane and in internal organelles, whereas VMAT is also found in internal organelles
lacking NET (Matthies et al. 2009).

Additional evidence that the SVCT2 is expressed in nerve terminals was obtained in
immunoblots of enriched brain cortical synaptosomes. As predicted by its presence in the
terminal bouton, it was not surprising to find the SVCT2 was localized to the presynaptic
synaptosomal fraction, along with the VMAT2, as suggested by the immunocytochemistry
experiment. The SVCT2 thus likely accounted for endogenous VC found in freshly prepared
synaptosomes. The content of VVC in mouse brain cortical synaptosomes measured in this
study (80-100 nmol per gram of measured protein) was similar to that of 90 nmol/g protein
observed for rat brain synaptosomes (Kuo et al. 1978). When considered relative to protein
content, the synaptosome content of VVC is 3-4-fold higher than that in whole brain (Kuo et
al. 1978). Considering that some VVC will be lost during homogenization, this supports
previous results showing a high neuronal content of VVC relative to other cell types, such as
astrocytes, which do not contain the SVCT2 in vivo (Berger and Hediger 2000; Berger et al.
2003).

The SVCT2 was also expressed in the cytosolic/perisynaptic fraction of synaptosomes. This
may reflect SVCT2 localization in distinct organelles or vesicles, such as neurosecretory
vesicles and mitochondria. As noted above, there may be co-localization of the SVCT2 with
the VMAT?2 in secretory vesicles. It has also recently been shown that mitochondria from
HEK-293 (Munoz-Montesino et al. 2014) and U937 cells (Azzolini et al. 2013) express a
functional SVCT2. Such localization might contribute to the punctate distribution of the
SVCT2 in axons of primary culture hippocampal neurons (Qiu et al. 2007).

As expected from the presence of the SVCT2 in presynaptic membranes of brain cortical
neurons, our studies in synaptosomes showed that \VC was taken up against a concentration
gradient with kinetic and inhibitor properties that match those of the plasma membrane
SVCT2 in other cell types. For example, VC uptake in synaptosomes was saturable, with an
apparent K., of 18 pM which fits with a K, of 20-30 uM determined for this protein when
the human isoform was over-expressed in cultured cells (Daruwala et al. 1999; Takanaga et
al. 2004). Further, transport of radiolabeled VVC was inhibited by VC itself, as well as by
phloretin, sulfinpyrazone, and removal of sodium from the medium, which are known to
impair SVCT2 function (Wilson 2005). Significantly, VC transport was not inhibited by 40
mM 3-O-methylglucose, which at this concentration will substantially inhibit the GLUT-
type transporters. This indicates that radiolabeled VVC uptake occurred on the SVCT2 and
not as radiolabeled DHA on a GLUT-type transporter with subsequent reduction and
retention in the synaptosomes.

VC also effluxed from synaptosomes. Spontaneous VVC efflux occurred at 37°C, but not at
4°C. This, as well as the finding that Fura-Red AM, which will be trapped in cells after
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initial loading and de-esterification (Yates et al. 1992), did not leak out of synaptosomes
indicates that efflux occurred on a transporter or channel and was not due to diffusion or
release from damaged synaptosomes. This conclusion agrees with that of previous studies of
VC efflux from rat synaptosomes (Grunewald and Fillenz 1984). As to the mechanism of
VC efflux, consistent with the literature, VC efflux mediated by SVCT2 was ruled out by
the finding that known SVCT2 inhibitors actually increased net VC efflux, which would be
expected from decreased VC re-uptake on the SVCT2. Thus the main contribution of the
SVCT?2 to synaptosomal VC homeostasis was to retain it via its uptake.

The proteins involved in the mechanism of spontaneous VC efflux, which has been observed
in astrocytes (Siushansian et al. 1996) and neurons (May et al. 2006), remain unknown.
However, there are a few postulated protein-mediated pathways that include hetero-
exchange mechanisms and several types of anion channels such as VRACs (Corti et al.
2010).

In regard to the latter, lack of molecular identification of VRACS is a significant drawback
in the assessment of their role in VVC efflux. Furthermore, as the putative VRAC contribution
accounts for less than 50% of the VC efflux by many of the cells tested, including
hepatocyte-like Hep-G2 cells (Upston et al. 1999), SH-SY5Y neuroblastoma cells (May et
al. 2006), and K562 cells (Lane and Lawen 2008) other release pathways are probably
significant contributors. Further studies will have to be performed in order to characterize
proteins involved in VC efflux. Understanding transport mechanisms for VC are crucial to
understanding VC's role at the synapse.

Efflux and re-uptake of VC likely contributes to its homeostasis in the synapse. It is known
that the extracellular VC concentration in the CNS is maintained homeostatically (Schenk et
al. 1982). For example, Meile and Fillenz (Miele and Fillenz 1996) reported using
voltammetry that extracellular VC levels spontaneously recovered within a few minutes
after induced perturbations in either direction in awake, behaving rats. Further, the level of
behavioral activation in rodents has been correlated with the level of striatal VC release
(O'Neill et al. 1984), the latter mediated by the striatal glutamatergic system (Rebec et al.
2005). Homeostatic regulation of extracellular VC coupled with behavioral responses
suggest that the extracellular compartment of brain tissue might be an important site of
action for VC (Rice 2000). By analogy, spontaneous or induced efflux of VC into the
synaptic cleft could contribute to this homeostasis and provide an anti-oxidative
environment needed to protect certain catecholaminergic neurotransmitters from destruction.

The present results show that mouse brain synaptosomes contain the VC transporter SVCT2
and that this likely mediates their net concentrative uptake of VVC. It follows that the SVCT2
may function to take up VC that has been released into the synaptic cleft. Glutamate has
been shown to increase VC release from rat brain synaptosomes, which we also found in our
studies of mouse brain cortex preparations (Pierce 2014). In addition to maintaining basal
VC levels in the presynaptic nerve terminal, it also may be important to clear VVC that has
been released into the synaptic cleft in response to glutamate stimulation.

J Neurosci Res. Author manuscript; available in PMC 2016 June 01.
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Significance Statement

The vitamin C (VC) transporter, SVCT2, is present and functional at cortical nerve
terminals. These data suggests that SVCT?2 is responsible for the recovery of VC released
into the synaptic cleft. Understanding how VC is transported at important regions of the
neuron helps to clarify the bigger picture of brain health and function. This is crucial for
the advancement of therapeutic options that can combat specific forms of oxidative stress
that are implicated in neurodegeneration.
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Figure 1. Immunostaining of the superior cervical ganglion presynaptic bouton
Top panel: Immunostaining for [A] norepinephrine transporter, [B] sodium-dependent

vitamin C transporter-2 and [C] vesicular monoamine transporter-2. Bottom panel: Co-
localization of transporters, merging of immunostaining images of [D] NET and SVCT2 and
[E] SVCT2 and VMAT?2. Scale bar is 5 microns. Inset comes from lower magnification area
denoted in the white box.

NET, norepinephrine transporter; SVCT2, sodium-dependent vitamin C transporter-2;
VMAT2, vesicular monoamine transporter-2
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Figure 2. SVCT2 is localized in presynaptic synaptosomes
[A] Western immunoblots of cortical synaptosome preparations and fractionated samples.

Samples containing 5 pg of protein were subjected to SDS-PAGE and immunoblotting.
Samples were probed for the cytosolic protein, glyceraldehyde 3-phosphate dehydrogenase;
for the presynaptic protein, vesicular monoamine transporter-2; and for two postsynaptic
proteins, N-methyl-D-aspartate-1 and postsynaptic density protein-95. G-protein 3 subunit
served as a loading control.[B] Samples containing 30 pg of protein were subjected to SDS-
PAGE and immunoblotting under same fractionation conditions and probed for SVCT2.
Bands in each lane [A and B] were normalized by GBP expression in the same blot and
compared to the initial crude synaptosome preparation (first lane). Quantification of [C]
GAPDH, [D] VMAT2, [E] NMDARL, [F] PSD-95 and [G] SVCT2 are represented as the
mean + SEM, N=2. *P<0.05 where fractions are compared to control group (WHOLE) using
two-tailed, unpaired T-test.

GAPDH, glyceraldehyde 3-phosphate dehydrogenase; VMAT?2, vesicular monoamine
transporter-2; N-methyl-D-aspartate-1, NMDARL, postsynaptic density protein-95, PSD-95;
G-protein f subunit, GBP
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Figure 3. Net VC uptake in cortical crude synaptosomes
[A] Crude synaptosomes were incubated for 30 min without (control) and with 250 uM VC

only or 250 uM VC and 10 min pre-incubation with 1 mM sulfinpyrazone and/or 0.1 mM
phloretin. [B] Crude synaptosomes were pre-incubated for 10 min with 1 mM SPZ, 0.1 mM
PHL, sodium-free KRH, 1 mM unlabeled VC, or 40 mM 3-O-methylglucose before the
addition of 14C-V/C (0.05 uCi, 7 uM) and further incubated for 30 min. [C] Crude
synaptosomes were incubated with 14C-VC (0.05uCi, 7uM) for different periods of time or
[D] for 10 min with increasing amounts of unlabeled VVC. The calculated Ky, and V 5y Were
18.3 £ 4.7 uM and 277 £ 28.1 nmol/g/30 min, respectively. The results represent the mean +
SEM (n=3). *P<0.05, compared control bar (far left) by one-way ANOVA with post-hoc
testing.

SPZ, sulfinpyrazone; PHL, phloretin; VC, Vitamin C

J Neurosci Res. Author manuscript; available in PMC 2016 June 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Pierce et al.

Page 17

3 57 B
= 100 B
N E
E LN ]
5 75 B { % 2.&‘:!—'—}—-!—’
£ . 3 = Ty
= - ~— B %
R 3
c
o £ 1.5
$ = i
> L2 =] o4
0ar 3 o3
A o
i > 10
0 10 20 30 0 10 20 30
Time (mins) Time (mins)
T 25
= 100 ¢ s D
g E
- $
5 75 § 2 2.0{e
2N I R S
5 sof %{\ g }}
NN
. 1.5
8 a5 N |
g e § e
OSPZ (1mM) % (5] OSPZ (1mM) *
o . - - S 1,04+ -
0 10 20 30 0 10 20 30
Time (mins) Time (mins)
5
-~ E- F
3 1004 E
£ K
2] : z'h"‘ﬁi\x
b = &
g [
§ 501 § [-
g s
t *
8 £ "
£5)-29] £
s o3 5 o3
O PHL (100uM) (5] OPHL (100uM)
o )
> 40
0 10 20 30 0 10 20 30
Time (mins) Time (mins)

Figure 4. Time-dependent spontaneous VC Efflux
Time course of spontaneous VC efflux. [A] Relative VC content over 30 min at 4°C (closed

circles) and 37°C (open circles). The initial synaptosomal VVC concentration was ~250-300
nmol/g (n=6). [B] Logarithmic transformation of data in panel A. [C] Relative VVC content
over 30 min of efflux at 37°C with (open circles) and without (closed circles) 1 mM
sulfinpyrazone (n=4). [D] Logarithmic transformation of data in panel C. [E] Relative VC
content over 30 mins of efflux at 37°C with (open circles) and without (closed circles) 100
UM phloretin (n=4). [F] Logarithmic transformation of data in panel C. In all the log-
transformed panels, an asterisk (*) denotes a significant difference between the slopes of the
two lines (p<0.05).

SPZ, sulfinpyrazone; PHL, phloretin; VC, Vitamin C
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Antibodies Used in Methods
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Antibody Name

Immunogen Structure

Manufacturer, Catalog #, RRID,
Species, Type (mono- poly- clonal)

Concentration Used

Primary

SVCT2 Epitope mapping near the N- Santa Cruz Biotechnology, SC-9926, 1:200
terminus of SVCT?2 of rat origin RRID: AB_661205, goat polyclonal

VMAT2 Epitope corresponding to amino Santa Cruz Biotechnology, SC-15314, 1:200-400
acids 44-133 mapping near the RRID: AB_2187867, rabbit polyclonal
N-terminus of synaptic vesicle
monoamine transporter 2
(VMAT 2) of human origin

NET Raised against a peptide (amino MADb Technologies, NET05, mouse
acids 05-17) coupled to KLH by monoclonal
the addition of an C-terminal
cysteine

Actin Epitope mapping at the C- Santa Cruz Biotechnology, SC-1616, 1:400
terminus of Actin of human RRID: AB_10160631, goat polyclonal
origin

GpP Epitope mapping at the C- Santa Cruz Biotechnology, SC- 378, 1:10000
terminus of Gg of mouse origin RRID: AB_631542, rabbit polyclonal

GAPDH Antibody clone number 6C5, Milllipore, MAB-374, mouse 1:20000
Glyceraldehyde-3-phosphate monoclonal
dehydrogenase from rabbit
muscle.

NMDAR1 Rat NMDARL1 aa. 660-811 BD Biosciences, 556308, RRID: 1:2000
Recombinant Protein AB_396353, Mouse monoclonal

PSD-95 Fusion protein amino acids Neuromab, 75-028, RRID: AB_2307331, | 1:20000
77-299 (PDZ domains 1 and 2) mouse monoclonal
of human PSD-95 (also known
as Postsynaptic density protein
95, Disks large homolog 4,
Synapse-associated protein 90,
DLG4, DIgh4 and SAP-90,
accession number P78352).
Clone K28/43

Secondary

Anti-rabbit 1lgG-conjugated
horseradish peroxidase

Cruz Marker™ compatible
secondary antibodies recognize
an epitope common to each of
the Cruz Marker™ molecular
weight standards

Santa Cruz Biotechnology, SC-2030,
RRID: AB_631747, Goat polyclonal

1:20000-30000

Anti-goat 1gG-conjugated
horseradish peroxidase

Cruz Marker™ compatible
secondary antibodies recognize
an epitope common to each of
the Cruz Marker™ molecular
weight standards

Santa Cruz Biotechnology, SC-2020,
RRID: AB_631728, donkey polyclonal

1:5000-10000

Anti-Rabbit 1gG-conjugated Rabbit 1gG PerkinElmer, NEF812001EA, goat 1:20000
horseradish peroxidase polyclonal
Anti-mouse IgG- Mouse-1gG PerkinElmer, NEF822E001EA, goat 1:10000-20000

Conjugated horseradish peroxidase

polyclonal
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