
R E P O R T S  

43. M. Naraghi, Cell Calcium 22, 255 (1997). 
44. Supplemental Web material is available at Science On- 

line at www.sciencemag.org/feature/datall052156.shl. 
45. R. Heidelberger, J. ten. Physiol. 111, 225 (1998). 
46. A. L. Hazard, 5. C. Kohout, N. L. Stricker,1. A. Putkey, 

J. 1. Falke, Protein Sci. 7, 2451 (1998). 
47. 	1. C. C. Borst and B. Sakmann, J. Physiol. 506, 143 

(1 998). 
48. Simulated delays were measured between the [Ca2+], 

jump and the time when the integral of the release 
rate equaled one vesicle. Delays predicted by the 
model were about 250 ys faster than the measured 
delays. Ca2+ uncaging is too fast (10 to 20 ~ s )  to 
contribute substantially to this additional delay 
(77, 72). Therefore, i t  probably originates from 
processes downstream of Ca2+ binding, including 
vesicle fusion, glutamate diffusion, and activation 
of AMPA receptors. 

Uptake of Glutamate into 
Synaptic Vesicles 

Inorganic Phosphate 
Transporter 
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Robert H. Edwards? 

Previous work has identified two  families of proteins that transport classical 
neurotransmitters into synaptic vesicles, but the protein responsible for ve- 
sicular transport o f  the principal excitatory transmitter glutamate has remained 
unknown. We demonstrate that a protein that is unrelated t o  any known 
neurotransmitter transporters and that was previously suggested t o  mediate 
the Nat-dependent uptake of inorganic phosphate across the plasma mem- 
brane transports glutamate into synaptic vesicles. In addition, we show that this 
vesicular glutamate transporter, VGLUT1, exhibits a conductance for chloride 
that is blocked by glutamate. 

Synaptic transmission involves the regulated 
exocytotic release of neurotransmitter. Be-
cause most classical transmitters are synthe- 
sized in the cytoplasm, they require transport 
into the secretory compartment for exocytotic 
release, and synaptic vesicles exhibit multiple 
distinct transport activities (1, 2). All of these 
active transport processes depend on the pro- 
ton electrochemical gradient (Ay,,) across 
the vesicle membrane generated by the vac- 
uolar Ht-dependent adenosine triphos-
phatase (H+-ATPase) (3) and involve the 
exchange of lumenal protons for cytoplasmic 
transmitter. In particular, the transport of 
monoamines and acetylcholine (ACh) de-
pends primarily on the chemical component 
(ApH) of AyH+ (4, 5), whereas the transport 
of glutamate-depends predominantly on the 
electrical component (AT) (6, 7). Accumu- 
lation of the inhibitory transmitters y-ami- 
nobutyric acid (GABA) and glycine relies on 
both ApH and A T  (8, 9). Consistent with the 
observed differences in mechanism, the ve- 
sicular transporters for monoamines and ACh 
belong to a family of proteins distinct from 
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the vesicular GABA transporter (VGAT) (2). 
VGAT shows greater dependence on A T  
than do the vesicular monoamine and ACh 
transporters (lo), suggesting that the vesicu- 
lar glutamate transporter, which depends pre- 
dominantly on AT, might belong to the same 
family of proteins defined by VGAT. Al- 
though several other proteins related to 
VGAT appear to have a role in the recycling 
of glutamate through glutamine at excitatory 
synapses (11-14), none have been implicated 
in vesicular glutamate transport. 

The brain-specific Na+-dependent inor- 
ganic phosphate transporter (BNPI) belongs 
to a family of proteins that use the inwardly 
directed Nat gradient across the plasma 
membrane to cotransport inorganic phosphate 
(P,). Originally identified as a sequence up- 
regulated by the exposure of cerebellar gran- 
ule cells to subtoxic concentrations of N-
methyl-D-aspartate, BNPI mediates the Nat- 
dependent accumulation of Pi in Xenopus 
oocytes (15). Additional work has implicated 
BNPI in adenosine 5'-triphosphate (ATP) 
production by neurons and protection against 
excitotoxic injury (16, 17). However, BNPI 
is only expressed by glutamatergic neurons 
(IS), militating against a general metabolic 
role in all neuronal populations. In Caenor- 
habditis elegans, genetic screens for multiple 
behavioral defects have identified mutants in 
the BNPI ortholog eat-4 (19, 20), and recent 
studies indicate a specific role for eat-4 in 
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glutamatergic neurotransmission (21). The 
glutamatergic defect in eat-4 mutants ap- 
pears to be presynaptic, consistent with the 
localization of BNPI to excitatory nerve 
terminals (21, 22). The accumulation of 
cytoplasmic Pi mediated by BNPI may ac- 
tivate the phosphate-activated glutaminase 
responsible for biosynthesis of the bulk of 
glutamate released as a neurotransmitter 
(22-25). However, the family of proteins 
including BNPIIEAT-4 may have functions 
in addition to Pi transport. 

BNPI shows sequence similarity to type I 
but not type I1 Na+lPi cotransporters. In con- 
trast to the type I1 transporters that exhibit 
robust Nat-dependent P, uptake, the accumu- 
lation of P, by type I transporters is less 
striking (26-28). Rather, the type I transporter 
NaPi-1 transports organic anions, including 
phenol red and penicillin G, with substantial- 
ly higher apparent affinity than Pi (28). Hu- 
man genetic studies have shown that muta- 
tions in another protein closely related to 
BNPI and NaPi-1 account for disorders of 
sialic acid storage (29). In these conditions, 
sialic acid accumulates in lysosomes because 
of a defect in proton-driven export (30-33). 
Although the sialin protein (29) has not been 
demonstrated to mediate sialic acid transport, 
these observations together with the report 
that NaPi- 1 accumulates organic anions with 
high apparent affinity suggest that BNPI 
might also transport organic anions. Local- 
ization to glutamatergic nerve terminals rais- 
es the possibility that it transports glutamate. 
In addition, BNPI is localized to synaptic 
vesicles in the brain (22) and to intracellular 
membranes in transfected cells (34), suggest- 
ing a role for BNPI in the transport of gluta- 
mate into synaptic vesicles for regulated exo- 
cytotic release. To determine whether BNPI 
mediates the transport of glutamate into syn- 
aptic vesicles, we transfected the rat BNPI 
cDNA into rat pheochromocytoma PC12 
cells ( 3 9 ,  which lack detectable endogenous 
BNPI protein (34). We then prepared a pop- 
ulation of light membranes, including synap- 
tic-like microvesicles, from the transfected 
and untransfected cells (10) and tested their 
ability to accumulate 3H-glutamate in the 
presence of 4 mM chloride and ATP (36), 
conditions that optimize glutamate accumu- 
lation by native synaptic vesicles (6, 7). 
Membranes from the transfected cells exhib- 
ited an uptake of glutamate that was two to 
four times the uptake by membranes from 
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untransfected cells (Fig. lA), a signal very 
similar to that obtained for GABA transport 
by VGAT (10). 

Glutamate transport into synaptic vesicles 
exhibits a number of properties that distin- 
guish it from glutamate uptake by other trans- 
port systems. First, in contrast to plasma 
membrane glutamate uptake (37. 38). the ac- 
cumulation of glutamate in synaptic vesicles 
does not rely on a Na' electrochemical gra- 
dient. Consistent with this, glutamate was 
transported by BNPI in the absence of Na' 
(Fig. 1). Second, vesicular glutamate trans- 
port has a substantially lower apparent affin- 
ity (K,,, of -1 mM) than the plasma mem- 
brane excitatory amino acid transporters (Km 
of -10 to 100 kM).  Glutamate transport by 
BNPI is saturated with a Kt" of -2 mM (Fig. 
1B). in the same range as transport by syn- 
aptic vesicles. The slightly lower apparent 
affinity relative to synaptic vesicles may re- 
flect a reduced driving force for transport in 
the PC12 membranes. Third. plasma mem-

brane glutamate transporters recognize both 
aspartate and glutamate as substrates, where- 
as vesicular glutamate transport does not rec- 
ognize aspartate (6, 7). Although 10 mM 
L-glutamate inhibited the uptake of 'H-gluta- 
mate by membranes from BYPI-expressing 
cells, 10 mM L-aspartate did not (Fig. 2). 
D-Glutamate partially inhibited the transport 
of %-glutamate, and L-glutamine had no ef- 
fect, also consistent with prior work (39). 
Fourth, low micromolar concentrations of the 
dye Evans blue inhibited the transport of 
glutamate into both synaptic vesicles (40) and 
membranes expressing BNPI (Fig. 2). 

Vesicular glutamate transport has a bipha- 
sic dependence on chloride concentration that 
may reflect the presence of an anion binding 
site distinct from the site of substrate recog- 
nition (41). Chloride concentrations of -3 to 
10 mM appear optimal for transport. with 
substantially lower activity detected at higher 
and lower levels (6, 7) .  Thus. we tested the 
chloride dependence of glutamate transport 
mediated by BNPI. Maximal uptake of 'H- 
glutamate by BNPI was conferred by 2 to 4 
mM chloride, with much less activity detect- 
ed at 0 and 25 mM (Fig. 3A). Variation in the 
chloride concentration, as well as other ma- 
nipulations including the addition of L-gluta- 
mate and Evans blue, had little effect on the 
background glutamate uptake obsen ed in 
membranes from untransfected cells (Fig. 

3A). In addition. the anion transport blocker 
4.4'-diisothiocyanatostilbene-2.2 '-disulfon~c 
acid (DIDS) inhibits glutamate transport by 
synaptic vesicles with a median inhibitory 
concentrat~on of -0 7 kM, apparent11 b> 
mteracting with the d~stinct chlor~de recogni- 
tlon slte, here. 1 k M  DIDS ~nh~b l t ed  -60Uo 
of the 'H-glutamate transport med~ated b\ 
BNPI (Fig 2) The dependence of BhPI on 
the proton electrochem~cal gradlent dl\o 
strongly resembled that obsened for gluta- 
mate transport Into slnaptlc ~ e s ~ c l e h  

Glutamate transport mto synaptlc \es~cle \  
rel~es p r~mar~ ly  on the electr~cal component 
I T  of the 1p,+ across the Les~cle mem- 
brane (6  ' 42 43) To assess the dependence 
of transport med~ated by BhPI  on AT. \4e 
used membranes preloaded w ~ t h  3 mC1 KC I 
and the Kf ~onophore \almomycm Vv~th4 
mM KC1 In the reactlon solut~on as well a\ In 
the membranes, valmomycm d~ss~pa te \  11P 
(43) and substantially reduces glutamate up- 
take by BNPI (Fig 3B) The ~onophore nl- 
gericin. w h ~ c h  exchanges K- for H ' and 
d~ss~pa tesI p H ,  increases both I T  and glu- 
tamate uptake by synaptic ves~cles at lo\\ 
chlor~de concentrations and subsaturat~ng 
amounts of glutamate (43 4 4 )  Under thew 
same conditions. nigericin increased the LIP-

take of 'H-glutamate by BNPl (Fig. 3B). Thc 
add~tion of both nigerlcln and \allnom\c~n 
essentially abol~shed glutamate uptake b! n'r-
tlve synaptic ves~cles and BNPl (Fig 3B) 
presumably because the Increase In 1'V pro-
duced by nigerlcln IS bqe l~m~na ted  \allno-

0-- mycm The res~dual actlllty present In \all- 
~ 0 2 4 6 8 1 0 

time (min) 

Fig. 1. BNPl expression confers saturable glu- 
tamate uptake in PC12 cell membranes. (A) 
Membranes prepared from transfected PC12 
cells (lines 2, 16, and 45, solid symbols) accu- 
mulate two to four times the 3H-glutamate 
(glu) that membranes from untransfected cells 
accumulate [wild type (wt), open squares; prot, 
protein]. (B) The initial maximal rate of trans- 
port by BNPI at 1 min (V,) saturates with 
increasing concentrations of 3H-glutamate. The 
uptake by untransfected cell membranes was 
subtracted as background uptake. (Inset) Line- 
weaver-Burke analysis indicates a K, of -2 
m M. 

nomycln that was abol~shed bq the a d d ~ t ~ o n  
of nigericm also suggests that the transporter 
can use the outuardly d~rected I p H  to drl\ c 
transport in the absence of AT. 

Native synaptic vesicles acidify during 
glutamate uptake (6) Glutamate presumabl~ 
serves as a countenon for protons and d~ss~pates 
I*, enabhng the vacuolar H--ATPase to gen- 
erate a larger IpH.  but cotransport of H \\ ~ t h  
glutamate remalns an altematne poss~b~l~t\i  To 
determine whether ac~d~ficat~on also accompa- 
nles glutamate transport by BNPI \+e used the 
quenching of acndlne orange fluorescence to 
measure keslcle pH (45) In the presence of 
4TP and 4 mM KC]. the add~tion of 10 m'LI 
glutamate reduced the lumenal pH of mem-
branes expressing BNPl but not of membranes 
from untransfected cells (Fig. 4A). Hou-e\.er. 
we also noted that 90 mM KC1 produced acid- 
ification of the BNPI-expressing membranes 
that was considerably greater than that of the 
control membranes. suggesting that BNPl ex- 
hibits a conductance for chloride as well as 
hansport activity for glutamate. To characterize 
fbrther the chloride conductance, we examined 
the effect of a range of chloride concentrations 
on vesicle pH in the absence of glutamate. 
Membranes from multiple cell lines expressing 
BNPl all exhibited substantially greater aciditi- 

inhibitor 

Fig. 2, Inhibition of BNPl transport by amino 
acids and other compounds. L-Glutamate (L-
glu), but not L-aspartate (asp) or L-glutamine 
(gln) (all 10 mM), markedly inhibits the uptake 
of 3H-glutamate at 5 min by membranes ex- 
pressing BNPI. gl glut am ate (D-glu) (10 mM) 
partially inhibits the uptake. Evans blue (EB) (5 
pM) also inhibits BNPl activity dramatically, 
whereas 1 p,M DIDS blocks transport only part- 
ly, and 10 mM P, has little effect. Uptake by 
membranes from untransfected PC12 cells 
(also for 5 min) was subtracted from that ob- 
served in the transfected cell membranes, and 
the results were normalized to uptake by trans- 
fected cell membranes in the absence of inhib- 
itors. The compounds had no significant effect 
on the background uptake by untransfected cell 
membranes. The results represent the average 
from at least two experiments performed in 
duplicate, and the error bars represent the stan- 
dard deviation. 
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cation than wild-type membranes did, particu- 
larly at higher chloride concentrations (Fig. 4, B 
and D). To assess the relation of the chloride 
conductance to glutamate transport, we pre- 
treated the membranes with 10 rnM glutamate 
and found that this decreased the acidification 
produced by chloride (Fig. 4, C and D). Be- 
cause the membranes evidently express chlo- 
ride conductances in addition to BNPI, the in- 
crease in conductance due to BNPI appears 
large, and the inhibition by glutamate is sub- 
stantial. The nontransported amino acid aspar- 
tate (10 mM) failed to reduce. the acidification 
by chloride (Fig. 4, C and D), supporting the 
relevance of the glutamate effect on chloride- 

valinomycfn 

- nigericln 

valinomycin 
+ nlgericln 

n h 
4 - 
m wt transfected 

Fig. 3. Ionic dependence of transport by BNPI. 
(A) Transport of 3H-glutamate at 5 min by 
membranes expressing BNPl shows a strong 
dependence on chloride concentration, with an 
optimum of -2 to  4 mM. The experiments 
were performed with varying proportions of 
0.14 M potassium gluconate and 0.14 M KC1 in 
the standard reaction buffer (35) without su- 
crose to produce the different concentrations 
of chloride and to  maintain constant osmolar- 
ity. The uptake by untransfected as well as 
transfected cells was normalized to  maximal 
uptake by the transfected cells. (B) With mem- 
branes preloaded with 4 mM KCL, the proton 
ionophore nigericin (5 p,M) increases the up- 
take of 3H-glutamate by membranes from 
transfected cells, whereas valinomycin (20 
ELM), which eliminates the membrane potential 
(AT), reduces uptake; the combination essen- 
tially eliminates transport mediated by BNPI. 
The results are presented as a percentage of 
uptake by transfected cells in the absence of 
ionophore and represent the average of at least 
two experiments performed in duplicate on 
different membrane preparations. The error 
bars indicate the standard deviation. 

induced acidification for glutamate transport. 
Further, glutamate had no effect on the acidifi- 
cation produced by chloride in nontransfected 
cell membranes (Fig. 4D), supporting the spec- 
ificity of the interaction with BNPI. 

BNPI transports glutamate with all of the 
functional characteristics previously reported 
for glutamate transport into native synaptic ves- 
icles from the brain. It also localizes to synaptic 
vesicles (22), and the C. elegans mutation eat-4 
reduces glutamate release (21). BNPI thus func- 
tions as a vesicular glutamate transporter, 
VGLUT1. Only a subset of glutamate neurons 
expresses VGLUTl (18, 22), but a closely re- 
lated sequence. has recently been identified and 
appears to be expressed in brain regions that 
lack VGLUTl (46). The two isoforms together 
may therefore account for the uptake of gluta- 
mate by synaptic vesicles from all glutamater- 
gic neurons. 

The structural similarity of VGLUTl to 
sialin and NaPi-1 may reflect similarities in 
the ionic dependence of transport. The extru- 
sion of sialic acid from lysosomes, which 
appears to be defective in sialic acid storage 
diseases, depends on cotransport with H+ 
(30-33), and vesicular glutamate transport 
may involve a proton exchange mechanism 
(44).  The expression of NaPi-1 in Xenopus 
oocytes confers a large chloride conductance 
blocked by the organic anions that are recog- 
nized as substrates for transport (28). We 
found that the closely related VGLUTl ex- 

Fig. 4. Role of BNPI in 
acidification by glutamate 
and chloride. (A) The 
quenching of acridine or- 
ange fluorescence shows 
that glutamate (10 mM) 
acidifies membranes ex- 

hibits a substantial chloride conductance in 
addition to the unusual biphasic dependence 
on chloride previously reported for glutamate 
transport into synaptic vesicles. Glutamate 
blocks this chloride conductance, suggesting 
that the two anions compete for permeation. 
It remains unknown whether glutamate and 
chloride share a common pathway for perme- 
ation through VGLUTl, but a channel-like 
mode or anion exchange mechanism may 
enable the rapid filling necessary to keep up 
with the high rates of transmitter release and 
synaptic vesicle recycling observed at gluta- 
matergic synapses. 

The relation between glutamate and Pi 
transport by VGLUTl remains unclear. High 
concentrations of Pi did not inhibit glutamate 
transport by VGLUTl (Fig. 2). In addition, 
the related sialin protein apparently functions 
to transport sialic acid rather than Pi (29). 
NaPi-1 also recognizes organic acids with 
higher affinity than Pi (28). Further, Pi trans- 
port does not correlate with other activities, 
such as the chloride conductance induced by 
NaPi-1 expression in Xenopus oocytes, and 
has properties similar to endogenous oocyte 
Pi uptake (47).  Nonetheless, previous work 
has demonstrated the Na+-dependent uptake 
of Pi by NaPi-1 and BNPI (15,27) .  VGLUTl 
may thus function as both a phosphate trans- 
porter, presumably at the plasma membrane, 
and a glutamate transporter in synaptic vesi- 
cles. The localization of VGLUTl to synaptic 

pressing BNPI (black trac- 
es) but not membranes 'L L L  from untransfected cells @ P* 

(wt, gray traces). A high Smm b.~.1.ohd t.. :.p 

concentration of chloride 
(90 mM) also produces more acidification of D $ 
BNPI-expressing vesicles than control vesi- B IW control 

cles. Arrows indicate the times of addition of E E  Ow 
glularnah 

ATP to  a final concentration of 4 mM and of wo aspartate 

KCl to  the final concentrations shown. (B) - C 

Membranes expressing BNPl (black traces) 8 3  100 

show more acidification with increasing con- i; 

centrations of chloride than do control mem- d IW 

branes (gray traces). BNPI-containing mem- 0 
KC$(M)  4 20 50 140 I 10 50 140 

branes also reach a steady-state pH early in 11 I 
wlld l y p  trnnst~cted 

the course of the experiment, whereas con- 
trol membranes show a declining pH, even at late times. Arrows indicate the addition of ATP and 
KCl as described in (A). (C) Glutamate (10 mM) (black traces), but not aspartate (10 mM) (gray 
traces), reduces the acidification of BNPI-expressing membranes by chloride. Arrows indicate the 
additions, as in (A). (D) Quantitation of the chloride conductance. Acridine orange fluorescence 
quenching shows that transfected cell membranes (open bars, right) exhibit a substantially greater 
rate of chloride-dependent acidification than untransfected cell membranes exhibit (open bars, left) 
at higher concentrations of KCL (20, 50, and 140 mM). Glutamate (10 mM) (black bars) reduces the 
rate of acidification in transfected cell membranes (right) but not in untransfected cell membranes 
(left). In contrast, the nontransported aspartate (10 mM) (gray bars) has little effect on the 
acidification of membranes expressing BNPl (right). The rate of fluorescence quenching was 
determined by averaging the change in fluorescence units over 12 consecutive 5-s intervals 
beginning 15 s after each addition of KCI. Error bars indicate the standard error of the mean. 
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vesicles, the phenotype of the eat-4 mutant, 
and the biochemical evidence presented here, 
however, strongly suggest that vesicular glu-
tamate transport is its primary role. 
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