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Quantal neurotransmitter release at excitatory synapses depends
on glutamate import into synaptic vesicles by vesicular glutamate
transporters (VGLUTSs). Of the three known transporters, VGLUT1
and VGLUT2 are expressed prominently in the adult brain, but
during the first two weeks of postnatal development, VGLUT2
expression predominates. Targeted deletion of VGLUT1 in mice
causes lethality in the third postnatal week. Glutamatergic neuro-
transmission is drastically reduced in neurons from VGLUT1-defi-
cient mice, with a specific reduction in quantal size. The remaining
activity correlates with the expression of VGLUT2. This reduction in
glutamatergic neurotransmission can be rescued and enhanced
with overexpression of VGLUT1. These results show that the
expression level of VGLUTs determines the amount of glutamate
that is loaded into vesicles and released and thereby regulates the
efficacy of neurotransmission.

Vesicular release of glutamate is the major pathway of
excitatory neurotransmission in the mammalian brain. Glu-
tamatergic neurons express at least one of three known vesicular
glutamate transporters, VGLUT1, VGLUT2, or VGLUTS3.
These transporters mediate glutamate uptake into synaptic
vesicles and are driven by a proton electrochemical gradient
generated by the vacuolar H*-ATPase (1-9). VGLUTSs were
initially identified as members of the type I Na'/inorganic
phosphate transporter family (10, 11). Although other vesicular
neurotransmitter carriers also depend on the activity of the
vacuolar H*-ATPase, they belong to distinct protein families,
one containing the vesicular y-aminobutyric acid (GABA)/
glycine transporter and the other the vesicular monoamine
transporters as well as the vesicular acetylcholine transporter
(12). Expression of VGLUTs may define glutamatergic pheno-
types in neurons, given that forced expression of VGLUT1 and
VGLUT? in inhibitory neurons induces quantal glutamate re-
lease (2, 3).

In addition to their close resemblance at the sequence level,
VGLUTI1, VGLUT2, and VGLUT3 are highly similar with
respect to substrate specificity, kinetics, and pharmacology
(1-9). Glutamate transport by all three isoforms shows a char-
acteristic biphasic dependence on chloride concentration (1, 5,
8, 9), that was first identified in the glutamate uptake activity of
native synaptic vesicles (13-15).

In contrast to these similarities, the three VGLUTs differ in
their expression profiles. In the adult brain the two predominant
isoforms, VGLUT1 and VGLUT?2, display roughly complemen-
tary expression patterns. For instance, VGLUT1 predominates
in the cerebral and cerebellar cortices and hippocampus,
whereas VGLUT?2 expression is prominent in diencephalon,
brainstem, and spinal cord (5, 6, 8). However, none of these brain
regions exclusively express one isoform, and although the ma-
jority of glutamatergic neurons express either VGLUT1 or
VGLUT?2, several studies describe coexpression of both iso-
forms, for example, in cerebellar mossy fiber terminals (16, 17)
and cerebellar unipolar brush cells (18). Most remarkably, a
developmental switch from VGLUT2 to VGLUT1 occurs in the
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hippocampus, cortex, and cerebellum (19). The third isoform,
VGLUTS, is less widely expressed than the other two. Surpris-
ingly, this transporter is not expressed in bona-fide glutamatergic
neurons but is rather found in cholinergic, serotoninergic, and
even GABAergic neurons. VGLUT3 may therefore play a
unique role in nonconventional glutamatergic neurotransmis-
sion (7, 9, 20). Although no differences in the transport char-
acteristics of VGLUT1 and VGLUT2 have been identified to
date, it is conceivable that they are associated with different
modes of synaptic glutamate release, such as high- and low-
fidelity synaptic transmission (5, 8, 21).

To investigate the role of VGLUTs in glutamatergic trans-
mission, we generated and analyzed mice deficient for VGLUT1.
We show that VGLUT1 expression becomes essential for sur-
vival at the time of the developmental switch from VGLUT2 to
VGLUT]I. Furthermore, although release probability does not
seem to be controlled by the VGLUT isoform, the quantal size
of glutamate release depends on the VGLUT expression level.

Methods

Generation of VGLUT1~/~ Mice. The coding region of the VGLUT1
gene between the start codon and a Bg/II site in the fifth coding
exon was replaced with a synaptobrevin 2-enhanced yellow
fluorescent protein minigene followed by a loxP flanked neo-
mycin resistance cassette through homologous recombination in
embryonic stem cells (129/0ola). Expression of synaptobrevin
2-enhanced yellow fluorescent protein was not detected before
or after excision of the neomycin resistance cassette. Genomic
regions used in construction of the targeting vector were cloned
from a 129/Sv mouse genomic library in AgJI (Stratagene).

Protein Analysis and Morphology. Protein levels in crude synapto-
somes were assessed by immunoblotting with commercially
available primary (Chemicon and Synaptic Systems, Gottingen,
Germany) and secondary antibodies (Bio-Rad), followed by
visualization through enhanced chemiluminescence (Amersham
Pharmacia). Paraformaldehyde perfusion, fixation, cryoprotec-
tion of brains, and subsequent sectioning and immunofluores-
cence analysis were performed as described (6, 7). Brain sections
and cultured neurons were stained by using commercially avail-
able antibodies (Chemicon and Synaptic Systems), followed by
detection with IgG-coupled Alexa Fluor dyes (Molecular
Probes). False-color images of brain sections were obtained with
a conventional epifluorescence microscope (Olympus BX61),
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Fig. 1. Targeting of VGLUT1. (A) Targeting vector and VGLUT1 locus before
and after homologous recombination. The horizontal arrow indicates the
start codon. Coding exons 1-5 were replaced by a synaptobrevin 2-enhanced
yellow fluorescent protein neomycin resistance (syb2-EYFP-neo) cassette, the
positions of Asel restriction sites and 5’ Southern probe are marked. (B)
Genomic Southern blot with 5’ probe after Asel digest of stem-cell DNA. The
replacement of 6.2 kb of the VGLUT1 locus with the 2.5-kb synaptobrevin
2-enhanced yellow fluorescent protein neomycin resistance cassette results in
a shift of the 8.4-kb WT band to 15.6 kb. (C) Genomic PCR with 280 bp for WT
and 357 bp for targeted locus.

and single plane images of cultured neurons were acquired with
a Zeiss Axiovert 200-LSM510 laser scanning microscope.

Electrophysiology and Cell Culture. Microisland cultures of mouse
postnatal-day-0 hippocampal neurons were prepared according
to published procedures (22). Experiments were performed with
hippocampal neurons between day in vitro 10 and 20, except for
FM1-43 imaging experiments, for which neurons were assayed
on day in vitro 15-24 according to published protocols (23).
VGLUT!1 rescue and overexpression experiments with Semliki
Forest virus infection were performed with a modified VGLUT1
construct as published (2, 23, 24). Detection of the amplitudes
of —/— evoked excitatory postsynaptic currents (EPSCs), which
in most cases were extremely small, was confirmed by application
of 30 uM AMPA receptor antagonist (2,3-dihydroxy-6-nitro-7-
sulfamoylbenzo(f)quinoxaline). Recordings of miniature EPSCs
(mEPSCs) were done in the presence of 300 nM tetrodotoxin,
and for subtraction of noise, 3 mM kynurenic acid was applied.
Exogenous GABA and kainate were applied at concentrations
of 30 uM. Data acquisition and analyses were done as described
(22), with values expressed as mean * SE. Statistical significance
of the release probability was assessed by an unpaired Kolmog-
orov—Smirnov test.

Results

VGLUT1 Knockout (KO) Mice. We generated mice deficient for
VGLUT1 through gene targeting in embryonic stem cells (Fig.
1A4). Of 200 screened clones, one clone with the desired homol-
ogous recombination was identified by Southern blot analysis
with a 5’ external probe (Fig. 1B). The recombination event was
confirmed with a 3" external probe and an internal probe (data
not shown), and the clone was injected into C57BL/6 blastocysts.
The offspring of chimeric males and subsequent generations
were genotyped by PCR (Fig. 1C). VGLUT1/~ animals were
born at the expected Mendelian frequency and were indistin-
guishable from their VGLUT1/* and VGLUT1*/~ littermates
at birth. The mutant animals displayed normal movements and
feeding behavior for the first two weeks of postnatal develop-
ment. However, at the beginning of the third week a failure to
thrive became apparent. The VGLUT1 ™/~ animals started lag-
ging behind in their growth and began to differ noticeably from
their littermates in their movements and behavior. The
VGLUT1 /" animals developed a hunched posture and, al-
though they continued to feed, became increasingly emaciated
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Fig. 2. Protein and morphological analyses. (A) Parasagittal Nissl-stained
brain sections of a P17 —/— animal and a +/— littermate. (B) Western blot of
+/4 and —/— synaptosomes. VGAT, vesicular GABA transporter. SNAP-25,
synaptosomal-associated protein 25. GluR, glutamate receptors. (C and D)
Immunofluorescence analysis of VGLUT1 (green) and VGLUT2 (red) in P17 +/+
and —/— cerebellum. (C) VGLUT1*/* staining is found throughout parallel
fibers in the molecular layer (ML). VGLUT2 staining is weak, except in climbing
fibers. PL, purkinje layer. GL, granular layer. (D) VGLUT2 staining alonein +/+,
for comparison with VGLUT2 staining (E) in —/— cerebellum. (Scale bar,
40 pm.)

and less responsive toward the end of the third week, and they
died between P18 and P21.

We chose animals at P17 to investigate whether the lack of
VGLUT!1 protein (Fig. 2B) causes defects in brain development.
Comparison of Nissl-stained parasagittal sections of P17 —/—,
+/+ and +/— brains revealed no morphological abnormalities
in the —/— animals, although a general delay in growth and
development was apparent (Fig. 24). We then examined the
protein levels of the synaptic marker proteins synaptophysin,
Synaptosomal-associated protein 25, and Rim by Western blot-
ting, but we found no signs of altered expression (Fig. 2B). In
addition, we detected no changes in the amount of VGLUT2,
VGLUT3, vesicular GABA transporter, several glutamate re-
ceptor subunits (GluR2/3, GluR1, NR1, NR2A/B, mGluR2/3),
and the plasma membrane glutamate transporters GLAST and
GLT-1 (Fig. 2B), indicating that the absence of VGLUT1 did not
induce compensatory changes in other proteins required for
glutamatergic neurotransmission. Immunofluorescence analysis
of VGLUT2 (Fig. 2) and VGLUT3 (Fig. 7 A and B, which is
published as supporting information on the PNAS web site)
revealed no obvious differences in the expression patterns in
+/+ and —/— brains. Particularly, the developmental down-
regulation of VGLUT?2, which has been studied in most detail in
the parallel fibers of the cerebellar cortex (19), was not changed
in VGLUT1 "/~ mice (Fig. 2 D and E and data not shown). At
P17, when VGLUT1 is found in parallel fibers throughout the
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Fig. 3. VGLUT1 and VGLUT2 expression in autaptic neurons. (A) VGLUT1+/*
neuron with strong staining for VGLUT1 (green) and VGLUT2 (red). Colocal-
izationisshown in yellow. (Scale bar: 25 um.) (B) VGLUT1~/~ neuron with small
EPSC that is weakly positive for VGLUT2 (red), apparent at higher magnifica-
tionin D. Synapses are stained for synapsin (green). (Scale bar, 25 um.) (C) High
magnification of VGLUT1 (green) and VGLUT2 (red) colocalization (yellow) in
the +/+ neuron from A. (Scale bar, 5 um.) (D) High magnification of —/—
synapses labeled for synapsin (green). Some synapses are also positive for
VGLUT2 (red). Clearly VGLUT2-positive synapses are marked with arrows, and
colocalization with synapsin is shown in yellow. (Scale bar, 5 um.)

molecular layer of the cerebellum in +/+ animals (Fig. 2C),
both +/+ and —/— animals showed similar weak parallel fiber
and bright climbing fiber VGLUT?2 labeling (Fig. 2 D and E).

Expression of VGLUT1, VGLUT2, and VGLUT3 in Neuronal Cultures. To
determine whether VGLUT1~/~ glutamatergic neurons are
completely silent or can still release residual glutamate, we used
electrophysiological whole-cell recordings from individual au-
taptic hippocampal neurons grown on astrocyte microislands
(22,25). As VGLUT1 and VGLUT? are coexpressed in vivo, we
examined the degree of coexpression of VGLUT1 and VGLUT2
in the cultures used for electrophysiological recordings. Immu-
nofluorescence analysis showed that in +/+ cultures the ma-
jority of neurons were positive for VGLUT]I. In both +/+ and
—/— cultures, ~12% of neurons gave a strong signal for
VGLUT2. In +/+ cultures, the VGLUT?2 positive cells coex-
pressed VGLUT1 (Fig. 34 and C). However, closer examination
of the VGLUT2 staining in both +/+ and —/— cultures
revealed that, in addition to the strongly labeled VGLUT2-
positive cells we had originally counted, many neurons showed
weak synaptic VGLUT?2 staining apparent only at higher mag-
nification (Fig. 3 B and D). In the neurons with weak VGLUT2
staining, not all synapses were stained for VGLUT?2 equally well
(Fig. 3D), indicating that in those neurons VGLUT2 protein
levels were at the detection limit. VGLUT3-positive neurons
were rare in our cultures, accounting for <1% of cells (Fig. 7 C
and F).

Reduced Evoked Release in VGLUT1 KO Neurons. When we recorded
evoked responses (EPSCs) from the VGLUT1~/~ autaptic cul-
tures, in 12% of cells no EPSCs were detectable. The majority
of cells produced small EPSCs, with the largest fraction in the
0.0-0.5 nA range (Fig. 44). In contrast, amplitudes recorded
from +/+ or +/— cultures were consistently >0.9 nA (Fig. 44).
Because +/+ and +/— cultures were indistinguishable from
each other, we pooled +/+ and +/— data, designating them as
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Fig. 4. EPSC amplitudes and release probability. (A) Sample traces from WT
and small response KO cells and distribution of EPSC amplitudes from WT
(gray) and KO neurons. (Inset) Mean amplitudes of WT, KO, and KO neurons
rescued with a VGLUT1 Semliki Forest virus. (B) Release probabilities calcu-
lated from the ratio of EPSC and readily releasable pool size. (C) EPSC ampli-
tudes during a 10-Hz stimulation, normalized to the size of the first response.

WT and —/— as KO (Figs. 4, 5, and 6). The overall shift of EPSC
amplitudes to significantly smaller sizes resulted in mean KO
EPSC amplitudes of 0.9 = 0.1 nA compared with mean WT
EPSC amplitudes of 5.6 £ 0.3 nA (Fig. 44 Inset). We also
performed immunofluorescence analysis of neurons used for
EPSC recording. Of six KO cells with small amplitudes,
VGLUT?2 staining was weak in five cells (Fig. 3 B and D) and
below detection limit in one cell. These data indicate that the
expression of VGLUT?2 is responsible for the majority of small
EPSCs recorded from VGLUT1 KO autaptic neurons.

Rescue of KO cells by overexpressing VGLUT1 through
infection with Semliki Forest virus restored the KO EPSC
amplitudes to values comparable with WT amplitudes (rescued
KO, 5.8 = 0.6 nA) (Fig. 44 Inset). However, even without rescue,
VGLUT1 KO cultures contained some cells with WT-like
amplitudes (Fig. 44), which presumably corresponded to the
cells expressing high levels of VGLUT?2 or to cells with weak
VGLUT?2 expression but a large number of synapses.

To test whether the development of autapses under the
influence of reduced glutamate release results in alterations of
postsynaptic ionotropic receptor expression, we examined re-
sponses to exogenously applied kainate (at a concentration
sufficient to activate AMPA receptors) and GABA. Responses
in VGLUT1 KO cells were indistinguishable from WT responses
(kainate: WT, 1.9 = 0.2 nA; KO, 2.0 = 0.2 nA, and GABA: WT,
67.6 £ 6.3 nA; KO, 63.0 = 4.9 nA), indicating that postsynaptic
changes are unlikely to contribute to the reduced KO EPSC
amplitudes.

Release Probability in VGLUT1 KO Neurons. VGLUT1 and VGLUT2
expression in vivo has been associated with neurons that display
low and high release probabilities, respectively (5, 8, 21). To
determine whether VGLUT?2 expression is associated with high
release probability, we assessed the ratio between average EPSC
charge and size of the vesicle pool released in response to
application of hypertonic sucrose solution, which is a measure of
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release probability. VGLUT1 KO cells with sufficient amplitude
sizes had slightly smaller average release probabilities than WT
cells, but the difference was statistically not significant (Fig. 4B).
Another measure of release probability is the direction of change
in amplitude size during high frequency stimulation. During a
10-Hz stimulation protocol, the EPSC amplitude steadily de-
creased in WT cells, whereas in KO cells the second EPSC
during the train exceeded the size of the first response, and
responses only then fell to values smaller than the first EPSC
(Fig. 4C). This transient facilitation indicates that the VGLUT1
KO cells have a slightly lower initial release probability. Thus,
VGLUT?2 expression as such is not sufficient to determine an
increase in release probability.

Reduced Spontaneous Release and Quantal Size in VGLUT1 KO Neu-
rons. Because most VGLUT1 KO cells showed reduced EPSC
amplitudes, we determined whether the reduced evoked re-
sponses were produced through the release of normal numbers
of partially filled vesicles, release of a reduced pool of completely
filled vesicles, or a combination of both. For that purpose, we
recorded the release frequency and amplitude of spontaneous
events (mEPSCs). From 26% of KO cells, no mEPSCs were
recorded. KO cells with detectable mEPSCs showed both a
drastically reduced release frequency (WT, 9.2 = 1.1 Hz; KO,
0.8 £ 0.2 Hz) (Fig. 5B) and a significant shift of mEPSC
amplitude sizes to smaller values (Fig. 54), which is best seen if
the amplitude distribution is plotted cumulatively (Fig. 54 Inset).
This shift in mEPSC amplitude size is at least a partial expla-
nation for the reduction in mEPSC frequency, because events
smaller than noise level escape detection. Because we were
concerned about the validity of mEPSC signals detected in KO
cells, experiments comparing KO with WT mEPSCs were done
in the presence and absence of kynurenic acid (Fig. 54) to
achieve a reversible block of the AMPA receptor-mediated
mEPSCs. Background noise recorded during the kynurenate
blockade was then subtracted for each individual recording.
Sorting of VGLUT1 KO cells according to EPSC amplitude size
revealed that KO cells with WT-like evoked responses also
showed mean mEPSC amplitudes of WT size (WT, 20.5 = 2.0
pA; KO, 20.1 = 2.5 pA) (Fig. 5C). In remarkable contrast to this
finding, the mean mEPSC amplitude of KO cells with small
evoked responses was reduced to ~60% of WT size (KO, 11.9 =
0.8 pA) (Fig. 5C).

Increased Quantal Size in Neurons Overexpressing VGLUT1. Given the
weak VGLUT2 immunostaining in the majority of neurons in
VGLUT1 KO cultures, we assumed that the levels of VGLUT2
in these cells falls short of the protein levels usually achieved by
the presence of VGLUT1 in combination with VGLUT2. Be-
cause removal of VGLUT1 resulted in a reduction of both
mEPSC size and frequency, we speculated that the total level of
VGLUTs present in a given neuron controls quantal size of
vesicular release. Remarkably, rescue of KO cells with Semliki
Forest virus mediated overexpression of VGLUT1 resulted in a
shift in the mEPSC amplitude distribution to sizes larger than
WT values (Fig. 5D). The same effect was apparent in WT cells
overexpressing VGLUT1 (Fig. 5E), confirming the hypothesis
that levels of VGLUTs determine quantal size.

Synaptic Exocytosis and Endocytosis in Silent VGLUT1 KO Neurons.
The influence of VGLUT levels on quantal size indicated that
partially filled vesicles undergo fusion and that WT vesicles are
not necessarily filled to their maximal capacity. Because of the
severe reduction in mEPSC frequency in KO cells, we deter-
mined whether neurons have a checkpoint mechanism to prevent
fusion of empty or minimally filled vesicles. For that purpose, we
measured activity-dependent recycling of synaptic vesicles by
using the lipophilic dye FM1-43. EPSC amplitudes were deter-
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Fig.5. mEPSC frequency and amplitude. (A) Sample traces of mEPSC record-
ings in WT and KO neurons in the presence and absence of kynurenic acid. A
KO mEPSC is magnified, and distribution of mEPSC amplitudes in WT (gray)
and KO neurons is shown. (Inset) Cumulative representation of mEPSC distri-
bution. (B) mEPSC frequency, silent KO neurons not included. (C) Mean mEPSC
amplitudes with KO neurons sorted according to evoked EPSC size. (D) Rescue
of KO cells with VGLUT1 (dark gray) shifts mEPSC amplitudes to larger values.
(E) VGLUT1 overexpression in WT cells (dark gray) shifts mEPSC amplitudes to
sizes larger than WT (gray) amplitudes.

mined, and the synapses were then loaded with FM1-43 and
subsequently unloaded under high frequency stimulation. The
difference in fluorescence signals before and after unloading was
used as a measure of specific endocytosis and exocytosis and
integrated for each neuron. As seen previously, mean EPSCs of
KO cells were drastically reduced compared with WT (Fig. 6D).
The cells were sorted according to genotype and EPSC size,
which resulted in three groups: WT cells (Fig. 6 4 and E), KO
cells with a measurable response (Fig. 6 B and E), and silent KO
cells (Fig. 6 C and E). There was no significant difference in the
specific FM1-43 staining and destaining of WT cells, KO cells
with measurable EPSCs, and silent KO neurons, indicating that
there was no difference in exocytotic and endocytotic activity of
WT and KO synapses.

Discussion

The survival of the VGLUT1-deficient mice to the end of the
third postnatal week and their normal development during the
first two weeks underscore the predominance of VGLUT2-
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Fig. 6. FM1-43 staining and destaining. The fluorescence difference before
and after specific destaining is shown. Synaptic FM1-43 uptake and release is
indistinguishable between WT neurons (A), KO neurons with small EPSCs (B),
and silent KO neurons (C). (D) Mean EPSC sizes of imaged WT and KO neurons.
(E) Mean integrated FM1-43 fluorescence differences in WT cells and KO cells
with small evoked responses and no response. (Scale bar, 20 um.)

driven glutamatergic transmission during early brain maturation.
The VGLUT1 KO mice die at the age when a strong up-
regulation of VGLUT1 through newly emerging VGLUT1 syn-
apses as well as a replacement of the previously predominant
VGLUT?2 isoform in cerebellar, hippocampal, and cortical neu-
rons occur (19, 26). This down-regulation of VGLUT?2 is inde-
pendent of VGLUT1 up-regulation and biological activity, given
that it occurs in VGLUT1 KO mice. Although the cause of death
of the VGLUT1 KOs is unclear, the progressive lack of gluta-
matergic transmission in many areas of the developing brain and
peripheral systems may lead to the shutdown of multiple organ
systems. Given that VGLUT1 is also expressed in pancreas,
where glutamate may influence hormone secretion (27, 28), the
emaciated appearance of the older KO mice despite continuing
feeding indicates a role of glutamatergic transmission in control
of nutrient uptake and metabolism.

To determine the function of VGLUT1 in excitatory synaptic
transmission, we concentrated on the synaptic effects in indi-
vidual neurons lacking VGLUT1. KO cells fell into three groups
with respect to their EPSC amplitudes. Cells in the first two
groups, which represent the majority, were either silent or
showed drastically reduced evoked responses. The normal syn-
aptic FM1-43 uptake and release activity of these cells, combined
with the fact that spontaneous mEPSCs were either detected at
very low frequencies and amplitudes or not at all, are indicative
of exocytosis of empty or partially empty synaptic vesicles.

Cells in the third group showed EPSC sizes similar to those in
WT cultures. This finding was not unexpected, because strongly
VGLUT2-positive cells were present in our cultures. However,
the high number of weakly VGLUT2-positive cells was surprising
and provides the most likely explanation for the small EPSCs we
measured. VGLUT?2 is the predominant isoform in neonates,
from which the hippocampal neurons were prepared; whereas, in
the adult hippocampus, VGLUT1 is more prevalent (8, 9, 19).

7162 | www.pnas.org/cgi/doi/10.1073/pnas.0401764101

Given that in WT cultures all VGLUT2-positive cells also
expressed VGLUT], the switch from VGLUT2 to VGLUT1 was
at least partially recapitulated during maturation in vitro but was
incomplete at the time of analysis. Although it is not possible to
quantify VGLUT1 and VGLUT?2 protein levels in individual
cells, the correlation between weak VGLUT?2 staining and small
EPSC amplitudes indicates that VGLUT?2 expression in these
cells was too low to sustain complete filling of all vesicles.

The residual presence of VGLUT2 in VGLUT1 KO cells
allowed us to assess the effects of VGLUT protein levels on
vesicle filling status. In the absence of VGLUTI, the mEPSC
amplitude distribution was shifted to smaller values. However,
mEPSC mean amplitude size was not reduced in all cells but
rather specifically in the group of KO cells that also showed
reduced EPSC size. This result indicates that only in those cells,
VGLUT?2 levels were inadequate for filling individual vesicles to
WT levels. Even more strikingly, overexpression of VGLUT1 in
KO and WT cells enhanced mEPSC amplitudes to sizes larger
than WT values. Taken together, our data indicate that the
number of VGLUT molecules per synaptic vesicle has a major
impact on quantal size in glutamatergic neurons. Thus, the
number of VGLUT molecules per vesicle not only determines
the filling rate but also the maximal filling level. Dynamic
changes in filling rates would be important under conditions of
maximal synaptic activity but have not been shown to occur in
vivo. However, the change in quantal size of spontaneous release
as a function of VGLUT expression levels seen here indicates
that dynamic changes in the maximal filling level of vesicles do
occur in vivo.

A scenario in which the number of VGLUT molecules per
vesicle controls the maximal vesicular glutamate concentration
is best explained by a dynamic equilibrium between transporter-
mediated uptake and efflux by a mechanism that is at least
partially independent of VGLUTs. Indeed, glutamate is known
to leak from synaptic vesicle preparations, but the mechanism of
this leak and the bioenergetics of vesicular glutamate transport
remain to be clarified (12, 29). Although glutamate uptake is
known to be chloride-dependent and to stimulate acidification of
vesicles (13-15), it is not clear how pH, net charge, and osmotic
balance are maintained (30), whether cotransport or antiport of
other ions takes place, or whether the regulatory mechanisms are
partially independent of VGLUTs. Nonetheless, our data sup-
port a model according to which the maximal vesicular glutamate
concentration, rather than having a fixed set-point, reaches a
variable steady-state defined by uptake and efflux rates (31),
with uptake depending not only on the properties of the trans-
porter but also on the number of transporter molecules per
vesicle. Variations in either VGLUT expression levels or syn-
aptic delivery of VGLUTs could therefore have significant
impact on synaptic transmission.

The strength of a synaptic connection is defined by the size of
the postsynaptic response, but both postsynaptic and presynaptic
factors determine response size and contribute to short-term and
long-term forms of synaptic plasticity (32-34). On the presyn-
aptic side, changes in release probability are one source of the
variability of synaptic efficacy. However, variations in quantal
size represent a second major contributing factor (21). For
instance, variability in EPSC size in hippocampal neurons is to
a large degree due to variations in the glutamate concentration
reached in the synaptic cleft (35), although quantal variance
appears to undergo developmental down-regulation at some
CNS synapses (36). Even though several factors, such as the site
of release, may play a role in such effects, the present study shows
that vesicular content at glutamatergic synapses is variable and
therefore a potential control point in presynaptic plasticity.

Although it remains to be seen how exactly and on what time
scale vesicular transporters affect modulation of neurotransmit-
ter content, several other studies also suggest a general role for
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vesicular transporters at least in the long-term control of quantal
size (37). At the frog neuromuscular junction, the vesicular
acetylcholine transporter expression level seems to be the lim-
iting factor for cholinergic quantal size (38), and the same
appears to be true for vesicular packaging of monoamines, which
is enhanced by vesicular monoamine transporter 2 overexpres-
sion in PC12 cells and ventral midbrain neurons, whereas total
monoamine stores are reduced in the brains of vesicular mono-
amine transporter 2+/~ mice (39-41). In vivo, demands made on
the vesicular filling rate are likely to differ between vesicular
acetylcholine transporter, vesicular monoamine transporter, and
VGLUT, and they might be particularly high for VGLUT.
Because of the small pool of recycling vesicles at glutamatergic
synapses, rapid refilling has to occur (42, 43), and differences
between synapses in the number of transporter molecules
present per vesicle are likely to affect the efficacy of synaptic
transmission. In this context, it should be noted that vesicular
neurotransmitter transporters have been shown to be regulated
by heterotrimeric G proteins (44), hence both filling rate and
filling levels might be controlled by multiple mechanisms.
Given the similar properties of VGLUT1 and VGLUT2, it is
likely that the absolute number of VGLUTs per vesicle and not
subtle kinetic differences between the two transporters are
responsible for the effects on quantal size in VGLUT1 KOs.
Thus, the question of the functional significance of the expres-
sion of three different isoforms remains unresolved. Based on
their expression patterns, a functional correlation between ex-
pression of VGLUT?2 and high fidelity neurotransmission and
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between VGLUT1 and connections with lower release proba-
bilities (and therefore higher plasticity) has been postulated (5,
8, 21). However, in contradiction to the apparent association
between VGLUT2 and neurons with presumably high release
probabilities in vivo, our analysis of VGLUT1 KO cultures
revealed a slightly lower release probability for VGLUT2-
expressing cells. Our data therefore argue against the possibility
that the VGLUT isoform expressed by a glutamatergic neuron
is a major factor in determining release probability.

Nonetheless, whether a neuron expresses VGLUT1 or
VGLUT2 may still be of relevance to the type of synaptic
connection, because the transporters may for instance have
distinct synaptic interaction partners. Moreover, they may differ
in the control of their transcription levels or synaptic delivery. A
detailed assessment of the degree to which VGLUTI1 and
VGLUT?2 are functionally interchangeable could be achieved
through genetic replacement of one isoform with the other. For
example, VGLUT?2 in place of the VGLUT1 locus might not
fully rescue the VGLUT1 KO phenotype and could aid in the
uncovering of subtle differences between VGLUT1 and
VGLUT?2 expressing neurons.
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