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Vesicular Glutamate Transporters (SLCA17 A6, 7, 8)
Control Synaptic Phosphate Levels
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SUMMARY

Vesicular glutamate transporters (VGLUTS) fill synaptic vesicles with glutamate. VGLUTs were originally iden-
tified as sodium-dependent transporters of inorganic phosphate (Pi), but the physiological relevance of this
activity remains unclear. Heterologous expression of all three VGLUTs greatly augments intracellular Pi
levels. Using neuronal models, we show that translocation of VGLUTSs to the plasma membrane during exocy-
tosis results in highly increased Pi uptake. VGLUT-mediated Pi influx is counteracted by Pi efflux. Synapto-
somes prepared from perinatal VGLUT2~~ mice that are virtually free of VGLUTs show drastically reduced
cytosolic Pi levels and fail to import Pi. Glutamate partially competes with sodium (Na*)/Pi (NaPi)-uptake
mediated by VGLUTs but does not appear to be transported. A nanobody that blocks glutamate transport
by binding to the cytoplasmic domain of VGLUT1 abolishes Pi transport when co-expressed with VGLUT1.
We conclude that VGLUTs have a dual function that is essential for both vesicular glutamate loading and

Pi restoration in neurons.

INTRODUCTION

Neuronal communication is mediated by the exocytosis of neu-
rotransmitters stored in synaptic vesicles (SV) of presynaptic
nerve endings. After endocytosis, SVs are pre-loaded with neu-
rotransmitters by specific secondary active transporters de-
pending on an electrochemical proton gradient (AuH") across
the vesicle membrane, generated by a vacuolar proton pump
(V-ATPase).

Loading of SVs with glutamate, the major excitatory neuro-
transmitter of the mammalian central nervous system (CNS), is
mediated by vesicular glutamate transporters (VGLUTs) 1, 2,
and 3 that are differentially expressed in the mammalian CNS
(Anne and Gasnier, 2014; Edwards, 2007). VGLUT1 and 2 are
essential for neurotransmission in all glutamatergic neurons
(Gras et al., 2008; Moechars et al., 2006; Seal et al., 2008; Wojcik
et al., 2004). VGLUT3 is expressed in the sensory inner hair cells
(Seal et al., 2008) and in various non-glutamatergic neurons,
where it contributes to vesicular uptake of other transmitters
(El Mestikawy et al., 2011; Munster-Wandowski et al., 2016;
Seal et al., 2008).

VGLUTs operate as electrogenic glutamate importers during
the initial phase of SV loading, with the negative charge being
balanced by protons pumped in by the V-ATPase (Eriksen
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et al., 2016; Juge et al., 2010; Martineau et al., 2017; Preobra-
schenski et al., 2014). Once the buffering capacity of the SV
lumen is exhausted, protons exit the vesicle by a VGLUT-depen-
dent proton-potassium exchange activity (Preobraschenski
et al., 2014). A sodium-proton exchanger (NHE6) may provide
another exit pathway for protons (Nakamura et al., 2005; Preo-
braschenski et al., 2014).

Despite their central function in loading SVs with glutamate,
VGLUT1 and 2 harbor a second transport activity that is difficult
to reconcile with their critical role in neurotransmission. Indeed,
both transporters were originally identified as Na*-coupled
transporters for inorganic phosphate (Pi) (Aihara et al., 2000; Ni
et al., 1994), although their essential function in glutamate
loading of SVs was recognized later (Bellocchio et al., 2000; Hay-
ashi et al., 2001; Takamori et al., 2000, 2001, 2002). VGLUTs are
structurally related to ubiquitously expressed NaPi transporters
type | that together constitute a subfamily of solute carriers
(SLC17A) (Reimer, 2013; Reimer and Edwards, 2004). Biochem-
ical studies using purified VGLUTs reconstituted in artificial
membranes have confirmed that transport activities for gluta-
mate and Pi reside in the same molecules (Juge et al., 2006; Pre-
obraschenski et al., 2018). Recently, we have shown that the
substrate binding sites overlap, with glutamate being the
preferred substrate in the cytoplasmic orientation and Pi having
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a higher affinity for the transporter in the luminal/extracellular
orientation (Preobraschenski et al., 2018). However, it is still
mysterious as to whether the NaPi transport activity of VGLUTs
contributes to the neuronal Pi balance in a physiologically rele-
vant manner or whether, under physiological conditions, Pi is
mainly recovered by established phosphate transporters, such
as Pi transporter (PiT) 1 and PiT2 present in neurons and astro-
cytes (Chande and Bergwitz, 2018; Inden et al., 2016).

Here, we set out to clarify whether VGLUTs are indeed major
players in regulating intracellular Pi concentrations in neurons.
Although VGLUTs are characterized by a predominantly intracel-
lular localization, they recycle via exo- and endocytosis,
spending time in the plasma membrane. Indeed, we have
recently shown that heterologous expression of VGLUT1 in
secretory vesicles of PC12 cells results in VGLUT-mediated
Na*-dependent Pi uptake that is increased when exocytosis is
stimulated (Preobraschenski et al., 2018). Using a combination
of VGLUT-transfected cell lines and neuronal models, we now
show that all three VGLUTs are potent Na*-dependent Pi trans-
porters that play a role in sustaining cytoplasmic Pi homeostasis.

RESULTS

VGLUT1, 2, and 3 Are NaPi Transporters

Expression of VGLUT1 in PC12 cells significantly increased the
intracellular Pi concentration, which was Na* dependent and
sensitive to VGLUT inhibitors, as shown previously (Preobra-
schenski et al., 2018). This also applies to VGLUT2 and 3, as
seen with several cell lines that stably express each of the three
VGLUT proteins, as confirmed by immunohistochemistry (IHC)
(Figures 1A, S1A, and S1B). Expression of each VGLUT protein
comparably increased cellular Pi content (depolarization depen-
dent: PC12 or independent: COS7 and HEK293A cells) when the
cells were incubated in Pi-containing buffers after a period of Pi
starvation. Pi increases depended on Na* and were sensitive to
the VGLUT inhibitors Rose bengal (RB) or Evans blue (EB) added
during the final uptake step (Figures 1A and S1). Thus, all three
VGLUTs are potent NaPi transporters.

VGLUTSs Are Regulators of the Intracellular Pi Balance in
Neurons
To investigate whether endogenous VGLUTs are involved in
regulating Pi levels in neurons, we preincubated primary neurons
in culture in Pi-free KREBS buffers, followed by an incubation in
Pi-containing uptake buffer to monitor Pi reloading. Under non-
depolarizing conditions, intracellular Pi content slightly increased
abolished by RB added during uptake (Figure 1B). When exocy-
tosis of VGLUT-containing SVs was stimulated by [K*] depolari-
zation, intracellular Pi increased more than 2-fold in a RB-sensi-
tive manner (Figure 1B). Depolarization in the absence of external
Pi did not alter resting cytosolic Pi levels (Figure S2A). Because
VGLUTs are highly concentrated in synapses, we repeated the
experiments using synaptosomes prepared from adult rat brain.
Again, we observed significant NaPi uptake following depolariza-
tion, which was sensitive to VGLUT inhibition by RB (Figure 1C,
left).

To learn more about the role of VGLUTS for the dynamic equi-
librium of Pi concentration, we incubated synaptosomes in
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KREBS buffers containing 10 mM [Pi] and measured cyto-
plasmic versus extracellular Pi levels 2 or 15 min after synapto-
somes were transferred to a Pi-free uptake buffer. As a result,
a considerable Pi efflux was observed, reaching 30% after
2 min and 60% within 15 min. When RB was present, net Pi efflux
increased rather than decreased, suggesting that efflux is
continuous and independent of VGLUT. The intra-synaptosomal
Pi content decreased in parallel (Figure S2B, right). Note that
the intra-synaptosomal content was about 3- to 4-fold higher
in synaptosomes that were incubated with Pi after a period of
Pi starvation than in synaptosomes maintained in Pi-free buffer
(Figure S2B). We conclude that, in neurons and synaptic termi-
nals, VGLUT-mediated NaPi transport activity is essential for
maintaining cytoplasmic Pi levels.

To confirm the relevance of VGLUTs for the synaptic Pi bal-
ance, we measured Pi content and Pi efflux of synaptosomes
derived from VGLUT2™/~ mice. Prenatally, VGLUT2 is the main
transporter in brain, while VGLUT1 expression increases postna-
tally (Boulland et al., 2004). Homozygous VGLUT2 ™'~ mice die at
birth (Moechars et al., 2006; Wallén-Mackenzie et al., 2006) with
no major morphological aberrations in their brains (Wallén-
Mackenzie et al., 2006), providing an opportunity to analyze Pi
regulation in synapses devoid of VGLUTs.

First, we verified the developmental profile of VGLUT expres-
sion reported previously (Boulland et al., 2004) using synapto-
somes isolated from embryonic day 18 (E18) and early postnatal
brains. VGLUT2 was clearly detectable in wild-type (WT) mice at
E18 and increased during the first postnatal days although
VGLUT1 or VGLUT3 expression only became apparent in adults
(Figure 2A, left panel). The SV markers synaptophysin and SV2A
steadily increased, highlighting synaptogenesis (Becher et al.,
1999; Marazzi and Buckley, 1993). The Pi transporters PiT1
and PiT2 were expressed at all developmental stages (Inden
et al., 2016).

When comparing the expression profile of these proteins in
E18 synaptosomes derived from VGLUT2™~ (WT, heterozy-
gous, and homozygous) littermates, only VGLUT2 expression
was lost although the other tested synaptic proteins (with the
exception of PiT2) did not change (Figure 2A, right panel). With
no compensatory expression of VGLUT1 or VGLUTS3, synapto-
somes prepared at E18 from VGLUT2 '~ mice lack all VGLUTS.

Next, synaptosomes from the VGLUT2~/~ strain were depolar-
ized and preincubated in Pi-free KREBS buffers and then shifted
to Pi-free or Pi-containing uptake buffers as described above,
followed by measuring Pi content. As shown in Figure 2B, Picon-
tent was reduced in synaptosomes derived from heterozygous
and even further decreased in synaptosomes derived from ho-
mozygous mice. Application of 10 mM [Pi] in the extracellular
milieu increased Pi content in both WT and heterozygous, but
not in homozygous synaptosomes (Figures 2B and 2C, left
panel). In the presence of the VGLUT inhibitor RB, Pi in all geno-
types reached levels displayed by synaptosomes from
VGLUT2™~ homozygous mice under all tested conditions.
Thus, a potent Pi efflux takes place in embryonic synaptosomes,
which is counteracted by VGLUT2 activity even in the nominal
absence of extracellular Pi (Figure 2C, right panel). This Pi resto-
ration is hardly visible when VGLUT2 is deleted or inhibited by RB
reaching minimal resting Pi value in the absence of VGLUT
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Figure 1. VGLUT-1, -2, or -3 Increase Pi Transport

(A) COSY cells. (Left) VGLUT-1, -2, and -3 are detected in the respective COS7 subclones expressing VGLUT-IRES-EGFP constructs and not in the MOCK clone
expressing only EGFP. (Insets) Twice magnified cells are labeled with DAPI (blue) and the respective VGLUT variant (white). Scale bar, 40 um. (Middle) Pi
concentrations in control condition (Pi starvation in KREBS 4.7 mM [K*] followed by 15 min incubation in Pi-free uptake buffer) given as pmol Pi/10° cells were
comparable between the different COS7 clones. (Right) Pi content of COS7-VGLUTSs cells incubated in uptake buffer containing no or 10 mM [Pi] + 10 uM Rose
bengal (RB) is shown. Values were normalized to the controls (no Pi in all incubation steps; see values in middle panel). Mean values + SEM; n > 10.

(B) Neuronal preparations. (Left) Cultured primary neurons were preincubated for 1 h in Pi-free KREBS 4.7 mM [K*]. One batch of cells was then depolarized with
Pi-free KREBS 30 mM [K*] and 80 1M Dynasore to prevent endocytosis. After washing in Pi-free KREBS 4.7 mM [K*], neurons were incubated for 15 min in uptake
buffer + 10 mM [Pi] + 10 uM [RB]. The presence of Pi caused a RB-sensitive increase in cellular Pi content (light gray bars) that was augmented when cells were
first depolarized to induce exocytosis (dark gray bars). Stimulation did not change resting cytoplasmic Pi concentrations (Figure S2A). (Middle) Pi content of
synaptosomes from adult rat brains after successive depolarization, repolarization (Pi free buffer), and incubation in uptake buffer £ 10 mM [Pi] + 10 uM [RB] steps
(see STAR Methods). The presence of Pi increased synaptosomal Pi content in a RB-sensitive manner. (Right) Synaptosomes subjected to incubation and
repolarization using KREBS buffer containing either 30 or 4.7 mM [K*] plus 10 mM Pi were analyzed after either 2- or 15-min incubation in Pi-free uptake buffer +
RB. Pi efflux increased with time and was enhanced by RB. The intracellular content decreased correspondingly (Figure S2B, right).

Data show mean values + SEM given as % of Pi content observed in Pi-free control (left and middle, samples presented with no Pi) or as % of total Pi (extracellular
and cytoplasmic, right) from at least 4 (left), 14 (middle), or 3 (right) preparations. Significance toward: (1) no Pi added; (2) Pi; (3) 4.7 mM [K*] control; (4) 30 mM [K™]
control; and (9) MOCK.

activity. These data indicate that VGLUTs are crucial for synaptic
Pi homeostasis.

NaPi and H*/Glutamate Transport Activities of VGLUTs
Are Connected at the Molecular Level

Next, we investigated the relation between the two different
transport activities of VGLUTs. First, we examined whether
extracellular glutamate competes with VGLUT-dependent Pi
loading. Second, we tested whether a nanobody shown earlier

to inhibit H*-dependent glutamate uptake by binding to the cyto-
plasmic domain of VGLUT1 also affects its NaPi transport
activity.

Glutamate clearly inhibited NaPi transport in both COS7- and
HEK293A-VGLUT cell lines, irrespective of the VGLUT variant
(apparent Ki in COS7 cells for VGLUT1/2/3: 1.37/1.47/0.96 mM
glutamate, respectively; Figures 3A, left, and S3A), confirming
our previous observation in VGLUT1-expressing PC12 cells (Pre-
obraschenski et al., 2018). To see whether VGLUTSs can also use
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Figure 2. VGLUT2 Is a Key Factor of Synaptic [Pi] Ho-
meostasis during Development

(A) Immunoblots (representative of 3-5 mice) show the
expression of VGLUT1-3, synaptophysin (SyPh) and SV2A,
GAPDH, and NaPi transporters PiT1 and 2 in murine synap-
tosomal preparations from developing (E18, postnatal day 3
[P3], and P5) or adult (P90) wild-type mice (left) or from E18
genotypes of the VGLUT2 mouse strains (right).

(B) Pi content of E18 synaptosomes obtained from the
VGLUT2™~ strain was drastically reduced in the absence of
VGLUTs.

(C) (Left) Normalized data from the experiments displayed in
(B) show a genotype-specific decline of Pi uptake. (Right)
Normalized data from (B) present the RB-mediated decrease
in cytosolic Pi for each genotype as % of the control condition.
In the absence of Pi, VGLUT activity restores Pi loss, a process
inhibited by RB. No restoration of lost Pi takes place in the
absence of any VGLUT, and RB has no effect.

Values represent pmol [Pi]/ug of protein for each genotype (B)
or % of the control condition (no Pi offered; C). Data are the
mean + SEM from at least 6 mice per genotype. Significance
toward: (1) no Pi added; (5) VGLUT2 KO control; (6) VGLUT2
WT; and (7) VGLUT2 Het.
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glutamate under these conditions, we measured intracellular
glutamate using the iGluSnFR sensor (Marvin et al., 2018) in con-
trol and VGLUT-expressing COS7 cell lines, applying a protocol
of glutamate starvation followed by glutamate addition as for Pi
measurements. All our COS7 cell lines accumulated glutamate
when offered, irrespective of the presence of VGLUTs; Pi
(10 mM) did not affect accumulation (Figure 3A, right). Resting
glutamate levels did not depend on the absence or presence
of VGLUTs (Figure S3B). Thus, VGLUTs in plasma membrane
orientation are unable to import glutamate, confirming our previ-
ous observations (Preobraschenski et al., 2018).

Comparably, Pi uptake by synaptosomes was inhibited by
glutamate (apparent Ki: 2.54 mM glutamate; Figure 3B, left).
No such inhibition was seen when we carried out the same ex-
periments using synaptosomes isolated from embryonal (E18)
brain of VGLUT2™~ mice although synaptosomes from WT
and heterozygous littermates were strongly or moderately
inhibited, respectively (Figure 3B, right). Although glutamate inhi-
bition of VGLUT-mediated Pi uptake is probably not physiologi-
cally relevant, the data further confirm that VGLUT-mediated Pi
uptake plays a major role in keeping presynaptic Pi balance.

Using a VGLUT1-specific nanobody known to inhibit AuH*-
driven glutamate uptake (Preobraschenski et al., 2018; Schenck
etal., 2017), we aimed to clarify whether and how the conforma-
tional changes associated with glutamate translocation are con-
nected to NaPi transport at the plasma membrane. To address
this, we transfected COS7-VGLUT1 cells with a construct coding
for the anti-VGLUT1 nanobody NB9 (Schenck et al., 2017) fused
to mCherry under the control of a doxycycline-inducible TetOn

promoter. Without induction, no expression of mCherry was
detectable in either the TetOn:mCherry-NB9 or the TetOn:MOCK
(Luciferase) COS7-VGLUT1 cells serving as control (Figure 4A).
Overnight incubation with 500 ng/mL [doxycycline] initiated a
massive expression of the mCherry-NB9 construct in the Te-
tOn:mCherry-NB9 nanobody cells, whereas no expression
occurred in the MOCK transfected control cells (Figure 4A).
Expression of mCherry-NB9 strongly inhibited Pi uptake in the
VGLUT1-expressing cells, comparable to the VGLUT inhibitor
RB (Figure 4B). The absence of additive effect of NB9 and RB
emphasizes the specificity of both inhibitors toward VGLUT1.
Similar though less-pronounced results were obtained in cells
expressing a fusion construct with swapped positions of NB9
and mCherry (COS7-VGLUT1-TetOn:NB9-mCherry; Figure S4).
We conclude that Pi uptake by VGLUT in the plasma membrane
orientation involves conformational changes that are also required
for glutamate uptake in the cytoplasmic orientation, emphasizing
the link between these two transport modes. We assume that
the nanobody, and perhaps some of the VGLUT inhibitors, prevent
the switching between outward open/inward closed to inward
open/outward closed conformation required for transport.

DISCUSSION

All VGLUTs have a major role in neuronal Pi homeostasis and
therefore may be relevant to the vast majority of neurons in the
CNS. Apparently, a dynamic balance between Pi import and
efflux determines intracellular Pi levels, with VGLUTs making a
significant contribution to uptake. Pi and glutamate may use
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Figure 4. The VGLUT1-Specific NB9 Nano-
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presence of RB (left). No effect of doxycycline was observed in the COS7-VGLUT1-TetOn:MOCK cell line (right).
All values are normalized to control (no doxycycline; no Pi) and represent mean values + SEM from 4-13 experiments. Significance toward: (1) no Pi added; (2) Pi;

and (8) no Dox.

overlapping binding sites for bidirectional transport, with inhibi-
tory drugs and an inhibitory nanobody blocking both transport
modes. During synaptic activity, VGLUTs shuttle between SVs
and the plasma membrane, thereby linking neuronal activity to
the recovery of presynaptic Pi stores.

VGLUTs are bifunctional transporters that physiologically
transport Pi and glutamate in opposite directions, with each
transport activity fueled by a different ion gradient (Preobra-
schenski et al.,, 2018) resembling other members of the
SLC17A Pi transporter subfamily (Jutabha et al., 2010; Reimer,
2013; Togawa et al., 2012, 2015). Glutamate appears not to be
an alternative substrate for Na*-dependent import because
cellular glutamate levels were not affected by additional expres-
sion of VGLUTSs, confirming our earlier data (Preobraschenski
et al., 2018) and supported by the structure (Li et al., 2020).

Besides the SLC17A family of Pi transporters, two other fam-
ilies of secondary active NaPi transporters are known, the SLC34
(NaPilla,b,c) and the SLC20 (PiT1 and PiT2) transporters (Forster
et al., 2012). PiT1 and PiT2 are expressed in brain and consid-
ered to be the main transporters for Piimport by neurons and as-
trocytes (Chande and Bergwitz, 2018; Inden et al., 2016). In
contrast, the mechanisms of Pi efflux are rather obscure. Imbal-
ance between uptake and efflux is thought to cause severe path-
ological calcification of various tissues, including brain (Chande
and Bergwitz, 2018; Giovannini et al., 2013; Yao et al., 2017;
Zhang et al., 2014). In our experiments with synaptosomes a
considerable Pi efflux is counteracted by VGLUT activity, the un-
derlying mechanism remains to be resolved.

Surprisingly little is known about Pi homeostasis in neurons
and in presynaptic nerve terminals. Besides cellular import and
export, Pi levels are modulated by mitochondria and by enzy-
matic conversion, most importantly during synthesis and break-
down of nucleotides and polyphosphates (Chande and Bergwitz,
2018). Remarkably, Pi uptake capacity of neurons increases
upon stimulation of exocytosis, suggesting a tight coupling be-
tween synaptic activity and Pi homeostasis. Presumably, the
high energy demand of synaptic vesicle recycling and vesicle re-
loading with transmitter results in major Pi fluctuations, although
it is not clear whether synaptic activity is directly linked to Pi loss
from the cytoplasm. Because VGLUTs are integrated transiently
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into the plasma membrane during exocytosis (Balaji and Ryan,
2007), Pi uptake is transiently increased. Thus, SVs constitute
a reservoir for Pi-transporting VGLUTs at the plasma membrane
comparable to other “reserve” transporter transiently inserted
into the plasma membrane, like GLUT4 vesicles to recover
glucose (Ashrafi et al., 2017) or GABA transporter vesicles to re-
gain released GABA (Deken et al., 2003). However, VGLUTs
represent unusual examples of a “transporter reservoir” in which
the transporter uses completely different transport modes in the
vesicle and at the plasma membrane.

Intriguingly, several lines of evidence suggest that re-endocy-
tosis of VGLUTSs following SV exocytosis involves unusual path-
ways using endophilin, intersectin (Richter et al., 2018; Voglmaier
et al., 2006), or AP-1 and AP-3 (Li et al., 2017). It is thus conceiv-
able that VGLUTS’ residence in the presynaptic plasma mem-
brane is regulated differently from the bulk of synaptic vesicle
proteins. Indeed, we have shown earlier that VGLUT1 and
VGLUT2 selectively shift to the plasma membrane controlled
by circadian regulation (Darna et al., 2009; Yelamanchili et al.,
2006).

Much is still to be learned about the intracellular balance of Pi,
involved in a myriad of metabolic processes. In particular, the
functional interplay between VGLUTs and the canonical Pi trans-
porters PiT1 and PiT2 remains to be resolved. Although both
PiTs are present in VGLUT2™/~ synaptosomes, they cannot
compensate for the lack of VGLUTSs to correct Pi cytosolic ho-
meostasis. Similarly, though PiT2 expression was decreased in
VGLUT2~/~ synaptosomes (Figure 3A, right), VGLUT inhibitor
RB failed to reduce VGLUT2~~ synaptosomal Pi levels any
further, clearly indicating that VGLUTs play a role in the Pi bal-
ance. PiTs, distributed abundantly, maintain basic Pi balance,
and may also regulate Pi homeostasis in neurons not expressing
any VGLUT.

Taken together, the Pi balance between the cytoplasm and the
extracellular space at synaptic terminals is maintained by two
activities, VGLUTSs undertaking Piimport and an observed efflux,
the nature of which is still unclear. The expression of VGLUTs in
glutamatergic and non-glutamatergic neurons and their function
as Pi transporters is linked to synaptic Pi homeostasis, although
the physiological input needs to be more specified.
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STARXMETHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Rat eGFP Nacalai Tesque 04404-84
Guinea pig VGLUT1 (SLC17A7) Synaptic Systems 135304
Rabbit VGLUT1 (SLC17A7) Synaptic Systems 135302
Guinea pig VGLUT2 (SLC17A6) Synaptic Systems 135404
Rabbit VGLUT2 (SLC17A6) Synaptic Systems 135402
Rabbit VGLUT3 (SLC17A8) Synaptic Systems 135203
Mouse Synaptophysin Synaptic Systems 101011
Rabbit SV2A Synaptic Systems 119003
Mouse GAPDH Millipore MAB374
Rabbit PiT1 (SLC20A1) Gene Tex GTX64727
Mouse PiT2 (SLC20A2) Santa Cruz Biotech. sc-377326
Goat anti-Rat Alexa 488 Abcam ab150157
Goat anti-Guinea pig Alexa 555 Abcam ab150186
Donkey anti-Rabbit Cy5 Jackson Immunoresearch 711-175-152
Goat anti-Rabbit HRP Vector PI-1000
Horse anti-Mouse HRP Vector PI-2000
Guinea pig anti-Mouse (light chain) HRP Dianova 115-035-174
Bacterial and Virus Strains
DH10B Institute for Integrative Neuroanatomy N/A
Stellar E. coli Takara, Nojihigashi Japan 636766
Biological Samples
Synaptosome preparations C57BI6j Institute for Integrative Neuroanatomy N/A
Synaptosome preparations VGLUT2NU"- mouse strain Institute for Integrative Neuroanatomy N/A
Synaptosome preparations Wistar Rats Institute for Integrative Neuroanatomy N/A
Chemicals, Peptides, and Recombinant Proteins
Immumount ThermoFisher Scientific, Waltham USA #10662815
iGluSnFR A184S kindly provided by L. Looger, (HHMI, Janelia N/A
Research Campus USA)
Lipofectamin 2000 ThermoFisher Scientific, Waltham USA # 11668019
Opti-MEM | GIBCO/BRL Life Technologies Eggenstein, Germany. 11058021
Fetal Bovine Serum Sigma S0615
Horse Serum GIBCO 16050-122
Bovine Serum Albumin Roth T844.4
media supplemented with 1% L-glutamine and penicillin/ GIBCO/BRL Life Technologies Eggenstein, Germany. 35050038
streptomycin
Dynasore Sigma D7693-5MG
Glycine Roth 3908.2
NaGluconate Sigma S2054
NaGlutamate Sigma G-1626
NaCl Roth 3957.1
NaH,PO,4 Merck 1.06346.0500
Na,HPO,4 Roth P030.1
KClI Merck 4936.0500
KH,PO, Fluka 60230

(Continued on next page)
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
KoHPO, Fluka 60355
MgSO, Merck 1.05886.0500
CaCl, Roth 5239.1
HEPES Sigma H3375-250G
Glucose Roth HNO06.2
Evans Blue Aldrich E2125-10G
Rose Bengale Aldrich 330000-1G
Critical Commercial Assays
Malachite green/molybdate assay Biomol green, BML BML-AK111
ECL detection system GE Healthcare, Munich Germany GERPN2209
Tet System Approved FBS Takara, Nojihigashi Japan #631106 FBS*
pTetOne backbone inFusion system Takara, Nojihigashi Japan #634301/638916
Deposited Data
STAR*Dataset Institute for Integrative Neuroanatomy N/A
Experimental Models: Cell Lines
COS7-VGLUT1,2,3 or MOCK cell lines, multiple clones Institute for Integrative Neuroanatomy N/A
COS7-VGLUT1-TetOn-NB9-2A-mCherry cell line, 1 clone Institute for Integrative Neuroanatomy N/A
based on COS7-VGLUT1 clone 5
COS7-VGLUT1-TetOn-mCherry-2A-NB9 cell line, multiple Institute for Integrative Neuroanatomy N/A
clones based on COS7-VGLUT1 clone 5
COS7-VGLUT1-TetOn-Luciferase cell line, 1 clone based Institute for Integrative Neuroanatomy N/A
on COS7-VGLUT1 clone 5
HEK293A-VGLUT1,2,3 or MOCK cell lines, multiple clones Institute for Integrative Neuroanatomy N/A
PC12-VGLUT1,2 or MOCK cell lines, multiple clones Lutz Birnbaumer (BIOMED), Catholic University N/A
Buenos Aires, Argentina
Experimental Models: Organisms/Strains
RjOrl:Swiss mice Janvier Saint Berthevin France) N/A
adult RjHan:Wi rats Janvier Saint Berthevin France) N/A
adult C57BI6 mice (C57BI6) Janvier Saint Berthevin France) N/A
VGLUT2VY mouse strain Christian Rosenmund’s lab, Institute for N/A
Neurophysiology, Charité Berlin, Germany)
Recombinant DNA
pcDNA4-anti-VGLUT1 nanobody NB9 Schenck et al., 2017 N/A
Plasmid: pcDNA3-rVGLUT1, G418 resistance, multiple Institute for Integrative Neuroanatomy N/A
clones
Plasmid: pcDNA3-rVGLUT2, G418 resistance, multiple Institute for Integrative Neuroanatomy N/A
clones
Plasmid: pcDNA3-rVGLUT3, G418 resistance, multiple Institute for Integrative Neuroanatomy N/A
clones
Plasmid: pC1-eGFP, G418 resistance, multiple clones Institute for Integrative Neuroanatomy N/A
Used as MOCK in COS7 and HEK293A experiments
Plasmid: pTetOne-NB9-2A-mCherry, no eukaryotic Institute for Integrative Neuroanatomy N/A
resistance (brought by cotransfection, Takara infusion
protocol), multiple clones
Plasmid: pTetOne-mCherry —2A-NB9, no eukaryotic Institute for Integrative Neuroanatomy N/A
resistance (brought by cotransfection, Takara infusion
protocol), multiple clones
Plasmid: pTetOne-Luc, no eukaryotic resistance (brought Takara, Nojihigashi Japan 638918

by cotransfection, Takara infusion protocol), multiple
clones
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact Gudrun
Ahnert-Hilger (gahnert@gwdg.de)

Materials Availability
No new materials were generated for this study, and all materials are commercially available. The new vectors and cell lines gener-
ated during the course of the study are available on request.

Data and Code Availability
Datasets will be made available upon reasonable request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture models

PC12 cell lines stably expressing either murine VGLUT1, VGLUT2 or an empty vector (MOCK) (kindly provided by Lutz Birnbaumer
(BIOMED), Catholic University Buenos Aires, Argentina) were cultivated in DMEM/FBS/HS (fetal bovine serum/horse serum) 85/5/
10 + 800 pg/mL [geneticin] (G418), under 10% CO, at 37°C.

COS7 and HEK293A cells were transfected with pcDNAS.1 vectors containing VGLUT-IRES-eGFP constructs specific for VGLUT1
(rat), VGLUT2 or VGLUT3 (both human) coding data sequences and a G418 resistance gene. A pC1-eGFP vector with similar resis-
tance served as control (MOCK). GFP-expressing cells were selected by the application of 400 ung/mL [G418], followed by FACS.
From each selected and FAC-sorted transfection pool, clones were obtained by extreme dilution and kept under G418 selection
(400 pg/mL). Cells displaying similar, physiological growth rates were chosen for further experiments. All related clones (specific
for either VGLUT-1, —2, —3 or MOCK) showed comparable Pi uptake properties, respectively. COS7 cells were grown in DMEM/
FBS 90/10 + 400 pg/mL [G418], while HEK293A cells were grown in Eagle’s medium/FBS 95/5 + 400 pg/mL [G418], both under
5% CO, at 37°C.

For the experiments involving co-expression of a nanobody specific for VGLUT1, the COS7-VGLUT1 clone used for Pi uptake ex-
periments was further modified. To ensure minimal baseline induction, cells were cultivated using Tet System Approved FBS (FBS*).
VGLUT1-specific nanobody NB9 constructs (kindly provided by S. Schenck and R. Dutzler, Zurich, described in Schenck et al. (2017)
were coupled with a 2A linker to mCherry and then sub-cloned into a doxycycline-inducible pTetOne backbone using the inFusion
system. Inducible vectors containing NB9-mCherry in either orientation (N-terminal NB9 or N-terminal mCherry) were thus obtained
and vector clones (4 mCherry-NB9, 1 NB9-mCherry, 1 unmodified pTetOne-Luc containing luciferase as MOCK) were used to trans-
fect COS7-VGLUT1 cells along with a puromycin resistance sequence to establish stable cell lines as described by the provider.
Transfected cells were then treated overnight with 500 ng/mL doxycycline, and eGFP*/mCherry* expressing cells from each cell
line were selected by FACS and further cultivated and maintained in DMEM/FBS* 90/10 + 400 ng/mL [G418] + 250 ng/mL [puromycin]
under 5% CO, at 37°C. Following FACS, cells were cultivated in such doxycycline-free medium for at least seven days to allow the
doxycycline-induced NB9 expression to recess (checked by immunofluorescence) before performing Pi uptake experiments. For Pi
uptake experiments, NB9 expression was induced in half of the wells seeded with COS7-VGLUT1-TetOn cells by overnight incuba-
tion with 500 ng/mL [doxycycline], the other half was used as control.

Primary neuronal cultures were obtained from fetal (e16) Swiss mice and cultivated as mixed hippocampal/cortical cultures as
described previously (Grosse et al., 2000). Neurons were seeded on a coat of poly-L-lysin/collagen in 24-well plates at 1.5 x 10° cells
per well for measuring Pi-uptake.

All media were supplemented with 1% L-glutamine and penicillin/streptomycin.

Synaptosomes

For synaptosomal preparations adult Wistar rats (female 4-6 months) and mice (C57BI6, femal 3-5 months) were kept until use
under a 12/12 h light/dark cycle with food and water ad libitum. VGLUT2™/~ (NULL allele, either sex) mice (Moechars et al.,
2006) were kindly provided by T. Trimbuch and C. Rosenmund (Charité Berlin, Germany). P2 fractions (synaptosomes) from
adult or fetal brains were isolated according to previous publications (Becher et al., 1999). Briefly, the forebrain from one animal
was homogenized in a glass/Teflon potter system in 3.5 or 7 mL (e18 or adult, respectively) of 300 mM sucrose buffer, incu-
bated 5 minutes with 2 uL. RNase/DNase | V/V solution. This solution was then processed at 4°C for all following steps: cell
debris (P1) were pelleted at 1,350 g and the supernatant containing synaptosomes (S1) further centrifuged at 14,000 g in order
to obtain a synaptosome pellet (P2). The P2 preparation was then used for functional (Pi uptake/release) or biochemical
(western blot) experiments.

The local Animal Welfare Act (LaGeSo Berlin T0O119/11) issued certificate of approval for using animals.

Cell Reports 34, 108623, January 12, 2021 3
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METHOD DETAILS

Pi measurement in cells and synaptosomes

For all cell models, Pi uptake was performed with cultures at 70%-80% cell density. To measure the proportion of Pi uptake mediated
by VGLUTSs, the VGLUT-specific inhibitors Evans Blue (2 uM [EB], PC12 cells) or Rose Bengal (10 uM [RB], all other systems) were
added, at concentrations shown to inhibit VGLUT activity to a comparable degree (Anne and Gasnier, 2014). Inhibitors were always
added after the starvation, depolarization and repolarization steps.

Cultured primary neurons and PC12-VGLUT cell lines (see above) were starved for Piin a modified KREBS Buffer (135.3 mM [Na*] //
4.7 mM [K*]// 140 mM [CI'] // 1 mM [MgSQ,] // 500 uM [CaCly] // 20 mM [HEPES] // 20 mM [Glucose]) pH 7.4 (KREBS 4.7 mM [K*]) for
1 h prior to the experiment. Translocation of VGLUT from vesicular compartments to the plasma membrane was induced by exposing
the cells to high [K*] KREBS buffer (110 mM [Na*]// 30 mM [K*] // 140 mM [CI"] // 1 mM [MgSQ,] // 2.5 mM [CaCly] // 20 mM [HEPES] //
20 mM [Glucose]) pH 7.4 (KREBS 30 mM [K*]) for 10 minutes. Cells were quickly washed and allowed to repolarize in KREBS 4.7 mM
[K*] for 30 min. Endocytosis was blocked by complementing all KREBS buffers with 80 uM [dynasore] to maximize VGLUT localization
at the plasma membrane.

Cells were detached and quickly washed (10,000 g for 30 s at 4°C) twice with glycine buffer (240 mM [glycine], 20 mM [HEPES],
20 mM [glucose], pH 7.0). Uptake (15 min at 37°C) was initiated by adding a physiological salt solution (90 mM [NaCl], 60 mM [glycine],
20 mM [HEPES] and 20 mM [glucose] at pH 7.0 and up to 30 mM [NaGluconate] balanced to 340 mOs for all conditions), called “up-
take buffer” thereafter. Depending on conditions used, all or part of the NaGluconate was replaced by 10 mM [NaPi] and/or 1-20 mM
[NaGlutamate]. EB (2 uM) or RB (10 uM) were added for negative controls.

Following uptake incubation, the reaction was stopped by quickly transferring the samples on ice followed by two fast washing
steps with ice-cold glycine buffer and centrifugation > 10,000 g for 30 s at 4°C. Cell pellets were then lysed in 250 pL sterile ice-
cold water for 20 min while shaking at 1,000 rpom. Samples were transferred into ultracentrifugation tubes and centrifuged at
357,000 g for 10 min at 4°C. The Pi content in the supernatant (diluted cytosol) was determined using a malachite green/molybdate
assay measuring the optical density at 620 nm. During the course of experiments, we found that in all models except PC12 cells (that
do not retain this dye) EB visually interferes with malachite green-based Pi measurement. Thus, RB was preferred in experiments
using COS7, HEK293A and synaptosomes for VGLUT inhibition. For quantification, the Pi content was normalized to the number
of cells per data point.

Pi uptake into COS7 or HEK293A (VGLUT- or MOCK-transfected) was performed as described above except that the depolariza-
tion step (KREBS 30 mM [K*]) was omitted and the Pi starvation period was extended to 2 hours.

Freshly prepared synaptosomes (P2) from either adult rat (4-6 months, female) or adult (3 months, female)/ postnatal (p3-p5)/ fetal
(e18) mouse forebrains (either sex) prepared in sucrose buffer (300 mM), were depolarized by resuspension in KREBS 30 mM [K*]
followed by incubation for 15 minutes and finally spun down. Pelleted synaptosomes were incubated in KREBS 4.7 mM [K*] for
25 min to allow for repolarization, then quickly washed twice in glycine buffer, and finally incubated in 340 mOs uptake buffers as
described for PC12 cell lines. As above, all KREBS buffers contained 80 uM [dynasore] to prevent endocytosis of the VGLUTSs. In
these experiments, the Pi content was normalized to the amount of protein (5 and 1 mg proteins per mL for adult and e18 synapto-
somes, respectively).

To study efflux of Pi, synaptosomes derived from adult brains were preloaded with Pi by incubation for 15 minutes in KREBS 30 mM
[K*] containing 10 mM [Pi] (for depolarization and Pi-loading). Synaptosomes were then pelleted, resuspended and incubated in
KREBS 4.7 mM [K*] supplemented with 10 mM [Pi] for 25 minutes to allow for repolarization and further Pi-loading. Synaptosomes
were then quickly washed twice in glycine buffer and incubated in Pi-free uptake buffer in the presence or absence of RB for either 2
or 15 min at 37°C. Tubes were quickly transferred onto an ice slurry to stop ion transport, then centrifuged for 1 min at > 10,000 g at
4°C. Supernatants were taken to measure Pi content in the external milieu (released Pi), while pellets were washed twice with glycine
buffer and osmotically lysed in ddH,O under shaking as described above. Lysed pellets were centrifuged at 357,000 g for 10 min at
4°C and used for Pi measurements (cytosolic Pi). In order to determine the proportion of Pi released, the amount of Pi (in nmol) from
each compartment (cytosol/extracellular milieu) was calculated using the appropriate dilution factors, then divided by the total
amount of Pi measured in each sample (cytosol + extracellular milieu).

Glutamate uptake

COS7 cells expressing VGLUT 1, 2, or 3 and a MOCK control cell line were cultivated in 10 cm dishes as given above. After reaching
70%-80% of confluence, cells were washed twice and incubated for 20 min at 37°C with KREBS 4.7 mM [K+] (see Pi measurement).
Following incubation, cells were collected and washed twice with glycine buffer (see Pi measurements) using centrifugation steps
900 g for 2 min at RT. Uptake (15 min at 37°C) was initiated by adding or not 10 mM [NaGlutamate] and/or 10 mM [NaPi] in uptake
buffer. The reaction was stopped by quickly transferring the samples on ice, performing two quick washing steps with ice-cold
glycine buffer and centrifugation (> 10,000 g for 30 s at 4°C). Cell pellets were then lysed in 250 L sterile ice-cold water for
20 min while shaking at 1,000 rpm. Samples were centrifuged at 357,000 g for 10 min at 4°C. The glutamate content in the super-
natant was determined by the addition of 2 uM of iGIUSNnFR A184S (a recently developed fluorescent glutamate sensor, kindly pro-
vided by L. Looger, HHMi Virginia USA) and the fluorescence changes were measured under excitation/emission at 495/520 nm,
respectively (Marvin et al., 2018). The glutamate content was normalized to the number of cells per data point.
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Immunofluorescence microscopy and immunoblots

Cell samples were washed twice in phosphate buffered saline (PBS) 0.1M, then fixed with PFA 4% for 10 min at RT. Samples were
then washed three times in PBS/Triton X-100 (99.9/0.1%) and blocked in PBS/goat serum/Triton X-100 (89.9/10/0.1%) for 1h at RT
on an oscillating plate. Incubation with primary antibodies was performed on an oscillating plate in PBS/goat serum/Triton X-100
(98.9/1/0.1%) overnight at 4°C with the dilutions indicated in the table. Cells were then washed three times with PBS/Triton X-100
(99.9/0.1%), and incubated with the secondary antibodies for 1 h at RT under agitation. Cells were washed three times, then mounted
under coverslip using immumount, and stored at 4°C. Image acquisition was performed using a Leica LSM700 confocal microscope.
Settings were adjusted for each antibody using immunopositive samples (e.g., COS7-VGLUT1 for VGLUT1 staining) and then kept for
all samples derived from the same parent cell line (e.g., COS7-VGLUT1/2/3, and COS7-MOCK but not PC12-VGLUT1). PMT (Photo-
multiplier) amplifications were set to provide good signal/background ratio while avoiding pixel saturation.

Dilution of Antibodies

Dilution
Target immunoblot immunohisto
Primary antibodies
eGFP N/A 1/2,500
VGLUT1 (SLC17A7) N/A 1/1,000
VGLUT1 (SLC17A7) 1/5,000 N/A
VGLUT2 (SLC17A6) N/A 1/2,500
VGLUT2 (SLC17A6) 1/2,500 N/A
VGLUT3 (SLC17A8) 1/2,500 1/500
Synaptophysin 1/2,500 N/A
SV2A 1/2,500 N/A
GAPDH 1/4,000 N/A
PiT1 (SLC20A1) 1/1,000 N/A
PiT2 (SLC20A2) 1/1,000 N/A
Secondary antibodies
anti-Rat Alexa 488 N/A 1/500
anti-Guinea pig Alexa 555 N/A 1/500
anti-Rabbit Cy5 N/A 1/500
anti-Rabbit HRP 1/2,000-1/10,000 N/A
anti-Mouse HRP 1/5,000-1/8,000 N/A
anti-Mouse (light chain) HRP 1/2,000 N/A

For immunoblot analysis, synaptosomes were prepared from the forebrain of fetal (e18), juvenile (P3, P5) or adult (P90) mice as
described above. Samples were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and immuno-
blot techniques using the antibodies at dilutions displayed in the table and the ECL detection system.

Image treatment

Images were all acquired at a sensitivity range avoiding saturation and were occasionally enhanced in Photoshop CS6 (Adobe) using
only linear conversions for figure preparation and conserving settings between related samples (e.g., all COS7-VGLUTs and COS7-
MOCK).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are either shown as distribution plot (basal cytoplasmic levels of Pii.e., samples incubated without Pi) or normalized to a control
defined as no Pi for analysis of Pi uptake + VGLUT inhibitor and 10 mM [Pi] in the absence of glutamate in the case of glutamate dose-
response curves (Figures 4 and S4). Graphs present the mean of independent experiments (2 < n < 22), each condition being carried
out in three to four replicates per experiment, and error bars figure SEM calculated from these independent experiments. All values
were normalized to either synaptosomal protein content, cell number (10° cells), and/or standard conditions (no Pi or 10 mM [Pi] for
uptake or inhibition studies, respectively). Inter-experimental variability is presented for each control condition as dot distributions in
basal Pi (Figures 1, 2, S1, and S2) or glutamate content (Figure S3) figures.
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Statistical significance was assessed using 2-tailed homoscedastic Student’s modified t test. Significance is indicated as follows:
***p < 0.001, *p < 0.01, *p < 0.05, ns: not significant.

Numbers given in the figures indicate statistical significance (or not) of differences toward the following conditions:

(1) no Pi or no Glutamate. // (2) Pi. // (3) 4.7 mM [K+] control. // (4) 30 mM [K+] control. // (5) VGLUT2 KO control. // (6) VGLUT2 WT. //
(7) VGLUT2 Het. // (8) no Dox. // (9) MOCK. // (10) Glut.

e6 Cell Reports 34, 108623, January 12, 2021



	Vesicular Glutamate Transporters (SLCA17 A6, 7, 8) Control Synaptic Phosphate Levels
	Introduction
	Results
	VGLUT1, 2, and 3 Are NaPi Transporters
	VGLUTs Are Regulators of the Intracellular Pi Balance in Neurons
	NaPi and H+/Glutamate Transport Activities of VGLUTs Are Connected at the Molecular Level

	Discussion
	Supplemental Information
	Acknowledgments
	Author Contributions
	Declaration of Interests
	References
	STAR★Methods
	Key Resources Table
	Resource Availability
	Lead Contact
	Materials Availability
	Data and Code Availability

	Experimental Model and Subject Details
	Cell culture models
	Synaptosomes

	Method Details
	Pi measurement in cells and synaptosomes
	Glutamate uptake
	Immunofluorescence microscopy and immunoblots
	Dilution of Antibodies
	Image treatment

	Quantification and Statistical Analysis



