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Surface diffusion of astrocytic glutamate transporters
shapes synaptic transmission

Ciaran Murphy-Royal!-3, Julien P Dupuis??3, Juan A Varela>3, Aude Panatier’>2, Benoit Pinson4,
Jérome Baufreton®3, Laurent Groc?>7 & Stéphane H R Oliet!>”

Control of the glutamate time course in the synapse is crucial for excitatory transmission. This process is mainly ensured by
astrocytic transporters, high expression of which is essential to compensate for their slow transport cycle. Although molecular
mechanisms regulating transporter intracellular trafficking have been identified, the relationship between surface transporter
dynamics and synaptic function remains unexplored. We found that GLT-1 transporters were highly mobile on rat astrocytes.
Surface diffusion of GLT-1 was sensitive to neuronal and glial activities and was strongly reduced in the vicinity of glutamatergic
synapses, favoring transporter retention. Notably, glutamate uncaging at synaptic sites increased GLT-1 diffusion, displacing
transporters away from this compartment. Functionally, impairing GLT-1 membrane diffusion through cross-linking in vitro

and in vivo slowed the kinetics of excitatory postsynaptic currents, indicative of a prolonged time course of synaptic glutamate.
These data provide, to the best of our knowledge, the first evidence for a physiological role of GLT-1 surface diffusion in shaping

synaptic transmission.

Glutamate is the major excitatory transmitter in the CNS. At the
majority of glutamate synapses in the forebrain, neurotransmitter
clearance is ensured by GLT-1, a highly specific glutamate transporter
that is expressed on astrocytes!. Each quantal event is believed to result
in the release of 4,000 molecules of glutamate?, transiently increasing
the concentration of this neurotransmitter to 1 mM before returning
to basal concentrations®. As there are no extracellular enzymes to
degrade glutamate, this brief transient can only be attributed to the
diffusion of glutamate in the extracellular space combined with its
efficient uptake by transporters. Taking into consideration the slow
transport cycle of this family of transporters (from 12 to 70 ms per
cycle)*, relative to the time course of glutamate in the synaptic cleft?,
it has been hypothesized that thousands of transporters must be
present near synapses to efficiently remove this neurotransmitter on
arapid timescale®’. Given that glutamate transporters and receptors
have similar affinities for glutamate$, it is currently believed that
transporters curtail receptor activation by effectively competing
for glutamate at the synapse, thereby maintaining point-to-point
transmission and preventing excitotoxic neuronal cell death®.

The molecular mechanisms regulating intracellular trafficking,
endocytosis and exocytosis, and surface expression of GLT-1 have
been under high scrutiny!%-13, as these processes are likely important
in synaptic physiology. Although the role of glutamate transporters
in controlling the time course of synaptic glutamate!4-16 and limiting
heterosynaptic spillover!”-18 has been clearly defined, evidence for a
contribution of GLT-1 surface trafficking in the physiological regula-
tion of glutamatergic neurotransmission remains unexplored.

It was recently demonstrated that glutamatergic neurotransmission
is partly regulated by lateral diffusion of receptors on hippocampal
neurons!®. In addition, surface trafficking of receptors is not solely
a neuronal phenomenon, but also occurs on glial cells?®?!. Thus, we
hypothesized that surface diffusion of GLT-1 on astrocytes could con-
tribute to the regulation of excitatory neurotransmission. We found that
GLT-1 diffused on the surface of astrocytes in an activity-dependent
manner. By recording neuronal activity in cultures and in hippo-
campal brain slices while immobilizing GLT-1, we implicate surface
diffusion of GLT-1 in the physiological regulation of the time course
of synaptic glutamate in vitro and in vivo. Our results indicate that
surface diffusion of the glutamate transporter GLT-1 has an active
role in shaping glutamate transmission in synapses, likely through
providing sufficient numbers of transporters to compete with recep-
tors for synaptically released glutamate.

RESULTS

GLT-1 is highly mobile on the surface of astrocytes

We employed a GLT-1 transporter with a flag tag (DYKDDDDK)
inserted into the second extracellular loop of the protein (GLT-1l2g;
Supplementary Fig. 1a). Using radio-labeled glutamate, we first con-
firmed that the transport function of GLT-1128 expressed in COS-7
cells and mixed primary hippocampal cultures was not affected by
the insertion of this flag tag (Fig. 1a). To observe surface diffusion of
GLT-1 in live hippocampal cultures and explore its behavior in syn-
aptic areas, we used a single nanoparticle (quantum dot, QD) tracking
technique. Single nanoparticle imaging provides, among others, two
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Figure 1 Characteristics of GLT-1 surface diffusion. (a) GLT-1f12€ retained glutamate ’
uptake capacity in COS-7 cells and mixed hippocampal cultures (disintegrations per TTX 150 4 *xk

minute (d.p.m.); mean £ s.e.m., n = 8 cell cultures in each condition, P> 0.05, n.s.
indicates not significant in all figures; ***P < 0.001). (b) eGFP-expressing astrocytes with
50-s-long QD trajectories overlaid. Scale bar represents 5 um. (¢) Cumulative distribution

of GLT-1 diffusion coefficients. Inset, instantaneous GLT-1 diffusion coefficient distribution
(median + I1QR, n = 720 trajectories). (d) Representative single trajectory of GLT-1fl28 surface
diffusion. Scale bar represents 0.5 um. (e) MSD versus time for GLT-1. (f) Representative
single trajectories of GLT-17128 surface diffusion. Scale bar represents 0.5 um. (g) Normalized
instantaneous GLT-1 diffusion coefficients in control (mean = s.e.m., n = 720 trajectories),
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main advantages: identify the behavior of subpopulations of GLT-1,
if they exist, and localize single nanoparticles molecules with sub-
wavelength precision. The use of nanometer-sized particle complexes
make even possible to track GLT-1 within confined cellular compart-
ments, such as the glutamate synapse environment. The precision by
which a surface GLT-1 can be tracked and placed in a given cellular
compartment comes from the pointing accuracy of the single nano-
particle, which acts as a single emission point. In our imaging device,
the pointing accuracy is in the range of 20-30 nm. Thus, although we
did not perform super-resolution microscopy, the single nanoparticle
tracking allowed us to reconstitute high-precision X-Y trajectories
with a high image acquisition rate (20 Hz)?2.

Single nanoparticle tracking of GLT-1128~transfected astrocytes in
mixed hippocampal cultures revealed that individual GLT-1 trans-
porters were highly mobile on the surface of astrocytes (Fig. 1b-d).
The mean square displacement (area explored over time, MSD) of
GLT-1 transporters showed a negative curvature characteristic of
confined behavior (Fig. 1le), suggesting the presence of regulatory
mechanisms?2. Under basal conditions, GLT-1 had a median instan-
taneous diffusion coefficient of 0.23 um? s~! (interquartile range
(IQR) +£0.12-0.36 wm? s~1; Fig. 1c) and an immobile fraction of only
6% (diffusion coefficient < 0.005 um? s~1; Fig. 1c), showing highly
dynamic properties compared with those reported for neuronal'®-23,
astrocytic?® and microglial?! receptors (immobile fractions comprised
between 25 and 80%). Notably, the majority of QD-tagged GLT-1
was located at the surface during imaging sessions, and not in an
internalized pool (Supplementary Fig. 1b,c). To determine whether
these parameters are specific for GLT-1 or are common for all types of
transmembrane transporters, we characterized the surface diffusion of
another transporter, the dopamine transporter (DAT; Supplementary
Fig. 1d), which has been reported to be expressed on astrocytes,
although the functional relevance of this expression remains unre-
solved?4. We observed that DAT transporters diffused substantially
slower and in a more confined manner than GLT-1 (Supplementary
Fig. 1e-g), demonstrating that GLT-1 and DAT diffusion proper-
ties are different, potentially as a result of the presence of different
interactions or directly by the presence or absence of their substrates
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(glutamate and dopamine). Together, these data indicate that surface
GLT-1 exhibits markedly high and somehow regulated dynamics on
hippocampal astrocytes.

Activity-dependent regulation of GLT-1 surface diffusion

Given that neuronal activity affects expression levels of GLT-1 on astro-
cytes?>26, we investigated the possibility that GLT-1 membrane mobil-
ity is also activity dependent. Monitoring GLT-1 surface trafficking in
neuron-free cultures revealed that GLT-1 was almost immobile, with
a diffusion coefficient 84% slower than in mixed cultures (Fig. 1f,g).
Similarly, blocking action potential firing in mixed cultures using the
voltage-gated sodium channel blocker tetrodotoxin (TTX, 1 uM) also
reduced GLT-1 diffusion (42% decrease; Fig. 1f,g), indicating that neu-
ronal activity is an important regulator of GLT-1 surface trafficking.
We next assessed whether the transport activity of GLT-1 affected its
surface mobility. In the presence of TBOA (30 uM), a specific non-
transportable antagonist of glutamate transporters, GLT-1 diffusion
was reduced by 36% (Fig. 1g,h), suggesting that transport activity does
indeed contribute to GLT-1 membrane diffusion. Moreover, exposing
mixed cultures to glutamate (100 uM), the substrate of GLT-1, induced
an immediate 36% increase in GLT-1 diffusion (Fig. 1f,g).

To elucidate whether this effect is a result of a direct action of
glutamate on the transporter or is mediated through the activation
of glutamate receptors, we repeated this experiment in the presence
of antagonists inhibiting NMDA (AP5, 10 pM), AMPA (NBQX,
10 uM) and metabotropic glutamate receptors (MCPG, 500 uM).
This cocktail alone reduced GLT-1 surface diffusion by 17% (Fig. 1f,g),
further implicating neuronal and possibly astrocytic activity, through
receptor activation, in the regulation of GLT-1 diffusion. Notably, in
these conditions, glutamate still facilitated the membrane diffusion
of GLT-1, but to a lower extent than glutamate alone (13% versus 36%
with glutamate alone; Fig. 1g). These results confirm that neuronal,
glial and the transport activity of GLT-1 contribute to the regulation
of this transporter’s surface mobility.
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Figure 2 GLT-1 diffusion is compartmentalized
on the surface of astrocytes. (a) Single-plane
confocal microscopy image of an astrocyte
stained for GLT-1f128, Scale bar represents

10 um. Inset, magnification of astrocyte
processes showing GLT-1 clusters. Scale bar
represents 2 um. (b) GLT-1fl28-QD trajectories
on an eGFP-expressing astrocyte. Broken line
box, somatic trajectories; continuous line
boxes, trajectories on processes. Scale bar
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represents 5 um. (c) Representative GLT-1flag e f h
trajectories from the soma and processes. T ‘
Scale bar represents 0.5 um. (d) Instantaneous 300 BGLT-1 s‘;:}‘;ﬂgz -:|

GLT-1 diffusion coefficient distribution on

the soma and processes (median + IQR;

soma: 0.059 + 0.042-0.091 um2s-1, n=1,
601 trajectories; processes: 0.043 £ 0.022—-
0.083 um? s~1, n = 416 trajectories; *P = 0.04).
(e,f) Single-plane confocal microscopy

images of a hippocampal culture stained

for surface GLT-1fl2g and the synaptic protein
Shank (green). Scale bar represents 1 um.
Graph, line scan profile showing the correlation
between GLT-1f128 and Shank staining.

(g) Representative trajectory of a single GLT-1l28
entering a synapse, exiting and reaching
another synaptic area. Scale bar represents

0.5 um. (h) Instantaneous GLT-1 diffusion
coefficient distribution at and outside synapses
(at synapse: 0.0013 £ 0.000014-0.0046 x
10-3 um?2 s~1, n = 61 trajectories; outside
synapse: 0.089 + 0.008-0.22 um? s-1,

n =444 trajectories; ***P < 0.001).
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(i) Representative trajectories of a single GLT-1122 at a synapse, before and after uncaging in the presence (top) or absence (bottom) of MNI-caged
glutamate. Scale bar represents 0.32 um. (j) Percentage change in GLT-1 surface diffusion before and after uncaging laser at the synapse (n= 21
trajectories, ***P < 0.001), at nonsynaptic sites (n = 53 trajectories, P=0.27, n.s.) and in the absence of MNI-caged L-glutamate (n = 22 trajectories,
P =0.68, n.s.). (k) Significant decrease in synaptic dwell time for GLT-1 transporters after uncaging (n = 14 trajectories, **P = 0.0013).

Diffusion of GLT-1 varies according to its surface location

Because astrocytes display complex cellular arborization and spe-
cialized domains, we investigated whether GLT-1 surface trafficking
differs according to its cell surface location. Immunostaining con-
firmed that GLT-1 can be found all over the soma and processes,
as previously reported?” (Fig. 2a). Live imaging of surface diffu-
sion revealed that GLT-1 diffusion was slower in the processes
(Fig. 2b-d). We hypothesized that this reduction may result from
the presence of synaptic contacts at astrocytic processes, a location
at which GLT-1 are supposedly anchored. Indeed, immunostaining of
fixed hippocampal mixed cultures revealed a strong positive correla-
tion between GLT-1 and synaptic markers (Fig. 2e). In several cases,
a ring of GLT-1 was observed surrounding clusters of a postsynaptic
scaffold protein, Shank (Fig. 2f). To further tackle this question,

Figure 3 Effect of temperature on GLT-1 a
diffusion and sEPSC kinetics. (a) GLT-1

diffusion was significantly slower at 20-22 °C

than at 37 °C (median £ IQR; 37 °C: 0.23 +
0.12-0.36 um?2 s1, n = 720 trajectories; 20-22 °C l]
20-22 °C: 0.12 +0.08-0.15 um? 571, n =322

we assessed diffusion parameters in the vicinity of excitatory synapses
labeled by electroporation of Homerlc-dsRed, another postsynaptic
scaffold protein. Notably, the surface diffusion of GLT-1 transport-
ers slowed down markedly whenever entering a synaptic site and
recovered after exiting the synapse (Fig. 2g,h), indicating that GLT-1
transporters diffuse in and out of glutamatergic synapses in which
they are stabilized.

As demonstrated above, glutamate application increases the surface
diffusion of GLT-1 transporters. Together with the finding that GLT-1
transporters are stabilized at synaptic sites, one may suggest that
glutamate release from the presynaptic terminal ‘unleashes’ GLT-1
transporters. To directly test this possibility, we determined the effect
of glutamate release on GLT-1 diffusion at or near synapses by mim-
icking synaptic release using caged glutamate. Following glutamate

b c

32°C

d:-

(5]
)

w
EN

*
*
*

Rise time (ms)
N
n

n

o

o
Amplitude (pA)
Decay time (ms)

trajectories; ***P < 0.001). (b) Superimposition 0 01 o2 o3
of SEPSC recorded at 32 °C (black) and 20 °C
(gray) conditions. Scale bars represent 20 pA
and 10 ms. (c) No difference in SEPSC

Diffusion coefficient (um2 s’1)

T 1
0.4 0.5

—, O O
Q

& S

amplitude between 20 °C and 32 °C (mean +s.e.m.; 32 °C: 15.9 + 1.72 pA, n=9 neurons; 20 °C: 18 £ 2.17 pA, n=7 neurons; P=0.13, n.s.).
(d,e) Both rise time (mean +s.e.m.; 32 °C: 1.5+ 0.17 ms, n= 9 neurons; 20 °C: 2.3 £ 0.21 ms, n= 7 neurons; **P=0.003) and decay (mean +s.e.m.;
32°C: 3.7 +0.14 ms, n=9 neurons; 20 °C: 5.0 + 0.21 ms, n = 7 neurons; ***P < 0.001) were increased at 20 °C compared with 32 °C.
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in control and X-link conditions. (d) GLT-1fl2€ retained full uptake capacity in X-link condition (mean + s.e.m.; control: 87,173 + 7,562 d.p.m., n=8
coverslips; X-link: 85,211 + 5,719 d.p.m.; n= 8 coverslips; P= 0.8, n.s.). (e) Saturation analysis of L-glutamate uptake into GLT-1-transfected COS-7 cells
used to calculate the affinity of GLT-1 for glutamate, in control and X-link conditions. Dashed line indicates K, for both control and X-link, which overlap on
graph (control: 40.2 £ 3.0 uM, n=7; X-link: 41.2 £ 4.1 uM, n =7 cell cultures; P=0.9, n.s.). V. is reported on the graph (control: 2.6 + 0.1 pmol per
min per 106 cells, n=7; X-link: 2.5 + 0.1 pmol per min per 106 cells, n=7; P=0.9, n.s.). Data are presented as mean + s.e.m. (f) Maximum projection

of confocal images in Z, showing GLT-1712¢ expression around Homerlc-dsRed-labeled synapses (green) in control (i) and X-link (i) conditions. Scale bar
represents 1 um. (g) Normalized colocalization levels between GLT-1fl2€ and the synaptic marker Homer-1 (mean + s.e.m.; control, n = 46 individual synapses;
X-link, n=31; P=0.5484, n.s.). (h) Example of Alexa-568filled neuron (red) recorded in whole-cell patch-clamp, covered by a GFP/GLT-1f2e-transfected
astrocyte (green). Scale bar represents 3 um. (i) Representative SEPSC recorded from hippocampal neurons in control and X-link conditions. Scale bars
represent 50 pA and 500 ms. (j) Superimposition of SEPSC recorded in control (black) and X-link (gray) conditions. Scale bars represent 10 pA and 10 ms.
(k,I) X-link of GLT-1 increased the rise (mean * s.e.m.; control: 0.87 £ 0.03 ms, n = 8 neurons; X-link: 1.0 + 0.06 ms, n= 10 neurons; *P=0.025) and
decay time (mean + s.e.m.; control: 3.5+ 0.2 ms, n = 8 neurons; X-link: 4.2 + 0.2 ms, n= 10 neurons; *P= 0.04) of AMPAR sEPSCs.

uncaging close to synaptic sites, we observed a rapid increase in GLT-1
diffusion (56% increase; Fig. 2i,j), which was not the case for uncaging
at nonsynaptic sites nor in the absence of MNI-glutamate (nonsyn-
aptic, 0% change; no MNI-glutamate, 2% increase; Fig. 2i,j). Notably,
glutamate uncaging at synapses resulted in the displacement of GLT-1
away from the synapse, with synaptic dwell time strongly reduced
following glutamate uncaging (31% decrease after uncaging; Fig. 2k).
Together, these findings confirm that GLT-1 is indeed anchored at
synapses and can be untethered following exposure to glutamate.
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Surface diffusion of GLT-1 shapes synaptic transmission

On the basis of this dynamic surface mobility, one may propose that
lateral diffusion allows transporters to switch in and out synaptic
areas, enabling glutamate-bound GLT-1 to leave synaptic sites and
naive unbound GLT-1 to reach these confined spaces. This hypothesis
is supported by the fact that if transporters were static, there would
need to be equal or more GLT-1 than glutamate molecules released
at the synapse based on their cycling time*®7. Initially, we tested this
hypothesis by manipulating temperature, as it has been demonstrated
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Figure 5 Surface diffusion of GLT-1 confers synaptic glutamate homeostasis on fast timescale. (a) Representative trajectories of GLT-1f122 in control
conditions and GLT-1¢"d° in control and X-link conditions. Scale bar represents 0.5 um. (b) Instantaneous diffusion coefficients of GLT-1fl28 (median +
IQR; diffusion coefficient: 0.23 + 0.12-0.36 um?2 s-1, n = 720 trajectories) compared with the GLT-1ed° in control (median * IQR; diffusion
coefficient: 0.13 +0.014-0.273 um2 s~1, n = 668 trajectories) and X-link (median * IQR; diffusion coefficient: 0.06 + 0.033-0.105 um? s71,

n = 326 trajectories, ***P < 0.001) conditions. (c) Cumulative distribution of the mobile fraction of GLT-1f12¢ and GLT-1¢"d° in control conditions.

(d) Representative SEPSC recorded from hippocampal neurons in vitro in control and X-link conditions. Scale bars represent 50 pA and 200 ms.

(e) Superimposition of SEPSC recorded in control (black) and X-link (gray) conditions. Scale bars represent 20 pA and 10 ms. (f,g) X-link of GLT-1endo
increased both rise (mean + s.e.m.; control: 1.0 + 0.15 ms, n = 8 neurons; X-link: 1.5+ 0.13 ms, n = 8 neurons; *P = 0.038) and decay time

(mean % s.e.m.; control: 3.3 £ 0.3 ms, n = 8 neurons; X-link: 4.4 + 0.2 ms, n= 8 neurons; *P = 0.028) of SEPSCs.

ADVANCE ONLINE PUBLICATION NATURE NEUROSCIENCE



© 2015 Nature America, Inc. All rights reserved.

&

ARTICLES

n.s.
a b c d e f g 1" -
Intrahipp. g Control IgG 'q;, 8 5 n.s. Control IgG X-link é 80 4 g
= o —_
5 89 - ° ~ 200 uM glutamate 200 uM glutamate 2g
3 Sa < uMg uMg IR
s %_tl) 60 o . R iy 60
< E& ° 2 10 € £3
- & B S 40 ° = 3 T 40 A
2 E3 2 g & 2
£ S~ °
£ g 0 0 0 -
G} = S, & S, & S, & S, &
& & & 3 & & & &
Qo(\\\& +'\\ 00(\\\<§9 ‘\-'\\ Qo(\\\&‘\-'\\ OOQ\\&? +'\\
Figure 6 X-link of endogenous GLT-1 h 2500 NS i x ] k | m
in hippocampal slice preparation ’ o 150 7 control 146 Control 196 30 *
. ontrol ontrol 8
affects both astrocytic GLT-1 currents 2,000 - o s 9 N 25
— o -
and neuronal sEPSCs. (a) Location - ! 7
A (,) Z 1500 4 2 1004 o o 2 50
of stereotaxic injection site of the = < -f_w ey X-link by
endogenous GLT-1 antibody used to & 1,000 - Y - £ 15
. . . . . ’ b= . Q
induce X-link in acute hippocampal brain © g % X-link g 10
. . . i o
slices. (b) Representative synaptically 500 Pre——— 05
elicited GLT-1 currents recorded from 0 o0 eammRY o
hippocampal astrocytes in acute brain N N N NS NS
L : e Lo s Lo R —— Lo Lo &
slices in control and X-link conditions. S F S F 1 S F RO

Scale bars represent 5 pA and 10 ms.

(c) Normalized amplitude of GLT-1 transporter currents (GLT-1 current / fEPSP slope; mean + s.e.m.; control: 39.8 + 4.7, n = 7 astrocytes; X-link:
23.94+3.2,n=9; *P=0.023). (d) Decay time of GLT-1 transporter currents (mean £ s.e.m.; control: 8.1 £ 1.1 ms, n = 7 astrocytes; X-link: 12.1 +
2.3ms, n=9; P=0.18, n.s.). (e) Charge transfer of GLT-1 transporter currents (mean * s.e.m.; control: 95.4 + 26.6 pA ms~1, n = 7 astrocytes;
X-link: 91.2 £ 29.2 pA ms~1, n=9; P=0.74, n.s.). (f) Representative glutamate transport currents recorded from hippocampal astrocytes in presence
of a cocktail of ionotropic and metabotropic receptor antagonists (Online Methods) following glutamate puff application in acute brain slices in control
and X-link conditions. Scale bars represent 100 pA and 500 ms. Note that the glutamate-induced transport current was potentiated by the glutamate
transporter antagonist TBOA, consistent with former observations®. (g) Amplitude of glutamate puff-elicited GLT-1 transporter currents (mean + s.e.m.;
control: 64.9 + 7.5, n =5 astrocytes; X-link: 67.6 + 9.6, n=6; P=0.87, n.s.). (h) Decay time of glutamate puff-elicited GLT-1 transporter current
(mean £ s.e.m.; control: 1,808 £ 191.9 ms, n = 5 astrocytes; X-link: 1,637 + 99.9 ms, n=6; P=0.65, n.s.). (i) Charge transfer of glutamate puff-
elicited GLT-1 transporter currents (mean + s.e.m.; control: 76,480 + 9,121 pA ms~!, n = 5 astrocytes; X-link: 77,025 + 11,169 pA ms-1, n=6;
P=0.87, n.s.). (j) Representative sEPSC recorded from hippocampal neurons in acute brain slices in control and X-link conditions. Scale bars represent

50 pA and 500 ms. (k) Superimposition of SEPSC recorded in control (black) and X-link (gray) conditions. Scale bars represent 20 pA and 10 ms.
(I,m) X-link of GLT-1 increased the rise (mean + s.e.m.; control: 1.53 £ 0.07 ms, n = 10 neurons; X-link: 1.89 £0.13 ms, n=10; *P=0.024) and
decay time (mean + s.e.m.; control: 4.0 + 0.2 ms, n = 10 neurons; X-link: 4.9 £+ 0.3 ms, n=10; *P=0.014) of sEPSCs.

that surface diffusion of receptors, a Brownian process, is temperature
dependent?®. Furthermore, temperature can have a great effect on
GLT-1 function, with cycling time substantially increased at physiolog-
ical temperature compared with 20-22 °C. As expected, QD imaging
of GLT-1 at both 37 °C and 20-22 °C revealed that the speed of diffu-
sion of the transporter was decreased at lower temperatures (Fig. 3a).
Continuing on this line of enquiry, we recorded spontaneous
excitatory postsynaptic currents (SEPSCs) in hippocampal neurons
in acute brain slices at 32 °C and 20 °C and observed that decreasing
temperature affected the kinetics of SEPSCs, increasing both rise
time and decay without affecting the amplitude of individual events
(Fig. 3b-e). Although the change in EPSC kinetics is very likely
related, at least partially, to the modified cycling time of the trans-
porter, it could also reflect the altered GLT-1 membrane diffusion
occurring under these conditions.

Next, we directly tested this hypothesis in neuron-glia networks.
We adapted a cross-linking (X-link) strategy to immobilize GLT-1
at the cell surface using a high concentration of primary antibodies
(200 ug ml~1; Fig. 4a), as previously described!®2*30. X-link con-
sistently reduced the mobility (Fig. 4b) and increased the immobile
fraction of GLT-1 by 36% (Fig. 4c). The X-link procedure did not
affect the transport activity of GLT-1, as attested by glutamate uptake
measurements in GLT-1138—transfected COS-7 cells (Fig. 4d), did
not alter the affinity of GLT-1 for glutamate, with no difference
observed in K, and V,,,, (Fig. 4e), and did not hinder the access of
GLT-1 to the synapse, as revealed by immunostaining in mixed hippo-
campal cultures (Fig. 4f,g) between control and X-link conditions.

Certain that X-link of GLT-1 only affects the diffusion of the trans-
porter, we then evaluated the functional consequences of GLT-1 X-link
on excitatory neurotransmission in vitro by recording spontaneous
excitatory postsynaptic currents (SEPSC) from neurons closely associ-
ated with GLT-1138—transfected astrocytes (Fig. 4h,i) and exposed to
either control (nonspecific) antibodies or specific antibodies induc-
ing the GLT-1 X-link (Fig. 4a). Although sEPSC amplitude (control:
27.5%2.1 pA, n =8 neurons; X-link: 25.7 + 4.2 pA, n = 10 neurons;
P =0.37) and frequency (control: 6.8 = 2.5 Hz, n = 8 neurons; X-link
5.9+ 1.6 Hz, n = 10 neurons; P = 0.38) were unaltered (Table 1), both
the rise time and decay were increased in X-link conditions (118%
and 119% of control, respectively; Fig. 4j-1 and Table 1).

Although GLT-1128 provides high specificity in tracking glutamate
transporters in vitro, it does not allow us to assess the physiological
role of GLT-1diffusion in more intact brain preparations, where the
astrocytic coverage of synapses may differ. To overcome this limitation,
we performed a similar series of experiments using an antibody to
an extracellular epitope of endogenous GLT-1 (GLT-1¢nd0), We first
characterized the diffusion of GLT-1¢"4° jn yitro and observed that
the diffusion coefficient was slower and confinement was higher than
GLT-1128 (Fig. 5a,b and Supplementary Fig. 2a). This finding could
be explained by the fact that this antibody recognizes all isoforms of
GLT-1 that differ only in the intracellular N- and C termini. Indeed, a
direct comparison of the mobile fraction of GLT-1f128 and GLT-1endo
revealed a high similarity regarding the diffusion properties of mobile
transporters (Fig. 5¢). As for GLT-11128, we were able to induce a X-link of
GLT-1¢"d° ysing a high concentration of primary antibodies (Fig. 5a,b).
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Table 1 Electrophysiology results

in the amplitude of synaptically activated

Amplitude (pA) Frequency (Hz)  Rise time (ms)

transporter currents (Fig. 6b,c and Table 1),

Mixed hippocampal culture

GLT-1flag
Control 27.5+2.1 6.8+2.5 0.87 £0.03
X-link 25.7+4.2 59+1.6 1.0+0.06*
GLT-1endo
Control 33.2+4.2 7.5+29 1.0+0.15
X-link 27.3+4.4 6.2+2.4 1.56+0.13*
Acute brain slice
Neuronal recordings (sEPSC)
Control 21.0+1.4 0.84+0.12 1.563+0.07
X-link 25.8+2.8 0.58+0.13 1.89£0.13*
Synaptically activated glutamate transporter currents

Normalized (GLT-1

current/fEPSP slope; a.u.)
Control 39.8+4.7 N/A 3.03+£0.31
X-link 23.9+3.2% N/A 3.03+£0.66
Puff-elicited glutamate transporter currents
Control 64.9+7.5 N/A N/A
X-link 67.6+£9.6 N/A N/A

Decay (ms) n (cells)
whereas no change was observed in the
decay, although a tendency toward an
35+0.2 ] increase was noticed in slices from X-link-
4.0 +0.2% 10 injected animals (Fig. 6d and Table 1).
Notably, the charge transfer of these cur-
3.3£03 8 rents was unchanged between control and
44x02¢ 8 X-link conditions (Fig. 6e), supporting the
conclusion that, although GLT-1 immobili-
zation may delay the uptake of synaptically
4.0x0.2 10 released glutamate, the total amount of gluta-
4.9+03 10 mate taken up is similar under control and
X-link conditions. Finally, to rule out an
effect of in vivo X-link on the transport
activity of GLT-1 itself, we next recorded
12.} iéé ; astrocytic GLT-1 transporter currents in
response to puffs of glutamate (Fig. 6f) that
1808 + 191.9 5 activate a large fraction of astrocytic trans-
1637 +99.9 6 porters and should allow us to observe any

Data are presented as mean + s.e.m.; *P < 0.05.

Notably, we found no difference in the total glutamate uptake in
mixed hippocampal cultures subjected to either the antibody to Flag
or that to endogenous GLT-1 at control and X-link concentrations
(Supplementary Fig. 2b), confirming that the X-link procedure by
itself does not affect the transport function of GLT-1.

We then examined the functional role of surface diffusion of
GLT-1¢"d° on neuronal activity by recording sEPSCs in the presence or
absence of GLT-1¢"d° X-link in vitro. Exactly as observed in GLT-1f128
conditions, induction of GLT-1¢"d° X-link had no effect on the ampli-
tude (control: 33.2 £ 4.2 pA, n = 8 neurons; X-link: 27.3 + 4.4 pA,
n = 8 neurons; P = 0.065) or the frequency (control: 7.5 + 2.9 Hz,
n = 8 neurons; X-link 6.2 +2.4 Hz, n = 8 neurons; P = 0.83) of individual
synaptic events (Fig. 5d,e and Table 1), but the X-link modified sSEPSC
kinetics, increasing both rise (Fig. 5f and Table 1) and decay (Fig. 5g
and Table 1) times. It could be noted that the GLT-1¢2d° X link con-
dition increased the rise and decay times by approximately 44 and
33%, whereas the increases were 18 and 19%, respectively, in GLT-11l2g
condition, as expected by the widespread distribution of the endog-
enous GLT-1. These results validate our previous findings and rule
out the possibility that the effects that we observed using GLT-1128
were a result of overexpression of the transporter. To further address
this question, we carried out immunostaining to quantify the level of
total GLT-1 expression in GLT-138—transfected and non-transfected
astrocytes in mixed cultures. Although expression levels were highly
variable between cells, we did not observe a difference in the total levels
of GLT-1 expression in astrocytes transfected with GLT-1128 compared
to non-transfected astrocytes (Supplementary Fig. 3a,b).

Having validated a procedure to immobilize endogenous GLT-1,
we next investigated whether interfering with GLT-1 diffusion in an
ex vivo brain preparation, that is, acute hippocampal slices, could
also affect excitatory neurotransmission. X-link of GLT-1¢"4° in acute
slices was achieved by in vivo stereotaxic injection of antibody to
GLT-1 into the CA1l area of the hippocampus of anesthetized rats.
Animals were allowed to recover for 1 h before death and slice prepa-
ration (Fig. 6a). Given that we hypothesize that GLT-1 membrane
trafficking at synaptic sites is important to maximize the clearance of
synaptically released glutamate, we first recorded synaptic activity-
elicited glutamate transporter currents from astrocytes in our hippo-
campal slice preparation. X-link of GLT-1 resulted in a decrease

fine changes in glutamate transporter cur-
rent. No modifications were detected either
in amplitude, decay or charge transfer between control and X-link
conditions following 40-ms puffs (10 psi) of 200 pM glutamate
(Fig. 6f-i and Table 1), demonstrating that X-link does not affect the
global glutamate uptake ability of astrocytic GLT-1 ex vivo. Altogether,
our data agree with the proposition that cross-linking does not alter
the transport function of GLT-1 (K}, and V},,y, Synaptically activated
glutamate transporter currents, puff-elicited glutamate transporter
currents), but it does reduce the supply of unbound GLT-1 needed to
diffuse into the synaptic cleft and effectively remove glutamate from
this confined space without inducing undesired effects.

We then turned our attention back to the effect of GLT-1 X-link
on neuronal activity, this time in the hippocampal slice preparation.
X-link was achieved in the same manner as when recording GLT-1
currents from astrocytes, that is, in vivo stereotaxic injection. As in
culture, no change was observed in amplitude (control: 21.0 1.4 pA,
n =10 neurons; X-link: 25.8 £ 2.8 pA, n = 10; P = 0.14) or frequency
(control: 0.84 + 0.12 Hz, n = 10 neurons; X-link 0.58 + 0.13 Hz,
n =10; P =0.5) of sSEPSCs between control and X-link conditions in
the acute brain slice (Fig. 6j,k and Table 1). Notably, X-link elicited
an increase in rise time and decay of sSEPSCs (Fig. 6k-m and Table 1)
equivalent to those observed in vitro. These findings are consist-
ent with a reduced glutamate buffering function, as similar changes
have been observed when glutamate uptake is altered pharmacologi-
cally!41531 Collectively, these data demonstrate that surface diffu-
sion allows GLT-1 to rapidly move between synaptic and nonsynaptic
sites, thereby ensuring glutamate clearance and shaping excitatory
postsynaptic currents (Supplementary Fig. 4).

DISCUSSION

We used a combination of high-resolution live imaging and elec-
trophysiological approaches to assess the role of GLT-1 diffusion at
the surface of astrocytes in the regulation of glutamate clearance
from synapses. We found that GLT-1 transporters are not static,
but are instead highly mobile at the surface of astrocytes, and that
this surface diffusion is dependent on both neuronal and glial cell
activities. Impairment of GLT-1 transporter lateral diffusion through
cross-linking both in vitro and ex vivo in acute hippocampal brain
slices has a direct effect on the kinetics of excitatory postsynap-
tic currents, consistent with an altered glutamate clearance from
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the synapse. These data reinforce the concept that astrocytes are
actively involved in shaping excitatory neurotransmission, and place
surface diffusion of glutamate transporters as a new pivotal feature
of the tripartite synapse.

The importance of astrocytic transporters for glutamate clear-
ance has been widely acknowledged®3233, with undeniable evidence
suggesting that GLT-1 is vital for removing glutamate from the extra-
cellular space3?. Research on the glutamate uptake mechanism(s)
has been very fruitful, demonstrating the complexity in structure3’,
kinetics®> and physiological role”-1¢ of this family of transporters.
It has been estimated that each individual glutamatergic vesicle
carries approximately 4,000 glutamate molecules?. On the basis of
this evidence, and the techniques available at the time, it was sug-
gested that equal numbers of transporters and glutamate molecules
are required for these transporters to efficiently clear this neurotrans-
mitter’. Support for this hypothesis was provided using immunoblots
from lysed brain tissue, from which the concentration of GLT-1 was
calculated to be on the order of 8,500 proteins per Lm? of astrocyte
membrane in the hippocampus®, making GLT-1 one of the highest
expressed proteins in the brain (1% of total brain protein). However,
high expression alone cannot account for the dynamic regulation of
synaptic transmission repeatedly observed in the literature. Recent
evidence has suggested that the precise location of astrocytic pro-
cesses expressing glutamate transporters can directly affect glutamate
uptake36-3%. These studies have demonstrated that GLT-1-containing
astrocytic processes are located approximately in a 400-nm-radius
circle from the core synapse3$3%, with further evidence suggesting that
it is the close apposition of GLT-1-containing astrocytic processes
to the synaptic area that permits astrocytes to control glutamatergic
synaptic transmission®’. Here, we add another layer of complexity to
this glutamate uptake system and shed new light on glutamate uptake
at synaptic sites.

We found that surface trafficking of astroglial GLT-1 features
several characteristics that make it unique: the diffusion coefficient
of GLT-1 was among the highest reported, the fraction of immo-
bile transporters was one of the lowest reported in the literature and
pharmacological manipulations produced rapid bidirectional effects
on GLT-1 diffusion, reflecting an activity-dependent regulation of
transporter dynamics. The sensitivity of GLT-1 to neuronal and its
own functional activity was notable and highlights the importance of
this transporter in regulating glutamate homeostasis in the extracel-
lular space. GLT-1 not only responded to high-activity conditions by
increasing its surface diffusion, but also reacted to low-activity by
reducing surface diffusion. Further observations revealed that GLT-1
surface diffusion was strongly reduced in the vicinity of synapses.
This indicates the presence of a regulatory mechanism that has thus
far remained elusive. On the basis of our most recent understanding
of receptor dynamics at synapses*’, such results could be explained
by the presence of scaffolding and anchoring proteins and/or of a
hindered molecular environment. This is consistent with the existence
of a specialized astrocytic compartment in the vicinity of synapses in
which GLT-1 transporters, and possibly other proteins, could interact
to serve synaptic functions.

The observation that GLT-1 diffusion is reduced in the vicinity of
synapses strengthens our hypothesis that surface diffusion of GLT-1
has a role in removing glutamate from the synapse. We propose that
synaptically localized GLT-1 binds glutamate, increasing GLT-1
diffusion, which then moves away from the synapse, possibly allowing
naive (not bound) extrasynaptic transporters to diffuse into the syn-
aptic cleft. This hypothesis was further strengthened by experiments
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mimicking glutamate release through glutamate uncaging, in which
we found that the presence of glutamate at the synapse reversed
this synaptic stabilization, increasing GLT-1 surface diffusion and
displacement away from the synaptic area.

Surface diffusion of glutamate receptors on neurons has been
recently shown to contribute to the regulation of glutamatergic syn-
aptic transmission!®-30. By artificially immobilizing GLT-1 while fully
preserving its transport function, we found both in vitro and in acute
hippocampal slices that surface diffusion of glutamate transporters on
astrocytes shaped sEPSC kinetics, fueling the hypothesis that it could
also contribute to this regulation by controlling the concentration of
glutamate at the synapse. Furthermore, synaptically evoked glutamate
transporter currents recorded in astrocytes were substantially reduced
in X-link conditions, indicating that, over time, surface diffusion of
GLT-1 influences the size of transporter currents at synaptic sites.
It is also consistent with the assumption that immobilizing GLT-1
through X-link affects glutamate clearance in the cleft, possibly by
preventing naive transporters from entering the synaptic area and
clearing glutamate.

Several studies have consistently found that transporters have an
active role in controlling the time course of synaptic glutamate!4-1°.
However, these studies reported the consequences of pharmacological
blockade of transporters, whereas we merely immobilized GLT-1
surface diffusion without affecting their function. A general con-
sensus is that glutamate transporters have a vital role in controlling
the time course of glutamate in the synaptic cleft, with the strong-
est findings occurring at cerebellar synapses!4#!. In the cerebellum,
Bergmann glia (specialized astrocytes) are believed to completely
ensheath Purkinje cell synapses*?, markedly limiting the implication
of diffusion of glutamate in the clearance of this neurotransmitter
from the cleft. At hippocampal synapses, some studies have stated that
transporters are not important in controlling the time course of
synaptic glutamate as a result of the supposed low level of coverage
of synapses by astrocytes*? and observation of heterosynaptic gluta-
mate spillover3. Since then, further work has shown that the role of
transporters at hippocampal synapses has been underestimated!”-18.
These studies highlighted the importance of experimenting at
near-physiological temperatures, as glutamate uptake, diffusion
of glutamate and glutamate receptor activation are temperature-
dependent processes®1-18. Furthermore, surface diffusion of pro-
teins, including receptors?® and transporters, is also a temperature-
dependent process.

Trafficking of neurotransmitter receptors at the surface of neurons is
important for controlling receptor distribution and synaptic signaling
in physiological as well as pathological processes*+*>. Consequently,
itis not far-fetched to consider the possibility of a failure in the regu-
latory mechanisms controlling glutamate transporter surface diffu-
sion under certain pathological conditions. It has previously been
demonstrated that disruption of this vital neurotransmitter clearance
mechanism contributes to many neurodegenerative diseases, includ-
ing amyotrophic lateral sclerosis, epilepsy, Alzheimer’s, Huntington’s
and Parkinson’s disease0-30. Thus, in addition to improving our
understanding of the contribution of transporters in controlling gluta-
mate at the synapse, this unexpected mechanism opens new avenues
of research for neurological and psychiatric disorders involving a
dysfunction of glutamate transport.

METHODS
Methods and any associated references are available in the online
version of the paper.
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ONLINE METHODS

Cell culture and protein expression. Mixed cultures of hippocampal glia and neu-
rons were prepared from E18 Sprague-Dawley rats following previously described
methods®!-2. Briefly, cells were plated at a density of 60 x 103 cells per ml on poly-L-
lysine precoated coverslips. Cultures were kept in neurobasal medium (Invitrogen)
with 3% horse serum (vol/vol, Invitrogen) for several days before changing to
serum-free neurobasal medium (Invitrogen). Cultures were maintained at 37 °C
in 5% CO, for 20 d in vitro at maximum. Cells were transfected at 7-10 d in vitro
using Effectene transfection kit (Qiagen) with plasmids coding for Enhanced
Green Fluorescent Protein (EGFP) and GLT-11%¢, a GLT-1 transporter with a
flag tag (DYKDDDDK) inserted into the second extracellular loop of the protein
between Pro'® and Pro?® (a gift from M. Rattray, University of Bradford)>3.
To label synapses, neurons were transfected with the postsynaptic protein
Homer-dsRed before imaging.

Immunocytochemistry. For immunostaining, surface GLT-119¢ was stained
using a monoclonal antibody to Flag (1 pg ml~!; Sigma F2555) for 30 min on
live mixed cultures at 37 °C and 5% CO,. Cells were then fixed with 4% parafor-
maldehyde (PFA, vol/vol) for 15 min, washed and then incubated with appropri-
ate secondary antibodies. For synapse labeling experiments, we used secondary
goat antibody to mouse conjugated to Alexa-568 (1 g ml~!, 1 h; Molecular
probes A11004). for GLT-1128, To label Shank, neurons were permeabilized using
0.1% Triton X-100 (vol/vol), incubated with a primary rabbit polyclonal antibody
to Shank (1 ug ml~, 1 h; Abcam 138126) and finally incubated with secondary
goat antibody to rabbit conjugated to Alexa-488 (2 g ml~!, 30 min; Molecular
Probes A1008). For quantification of synaptic content, cells were transfected
with Homer-dsRed before immunostaining for GLT-1128 using a monoclonal
antibody to FLAG antibody (1 ug/ml; Sigma F2555) for 30 min followed by a
secondary goat antibody to mouse FITC (3 ig ml~!; Invitrogen 62-6511) for 1 h.
To quantify total GL-1 expression in transfected versus non-transfected astro-
cytes, cells were incubated for 30 min with antibody to FLAG (to tag transfected
cells, 1 g ml~%; Sigma F2555) before fixation and labeling with antibody to GLT-1
that recognized an intracellular epitope (2 Lg ml~!; Millipore AB1783) and thus
label all GLT-1 (both endogenous and exogenous). Cells were washed, mounted
and preparations were kept at 4 °C until imaging. Fluorescent specimens were
examined under a spinning disk confocal microscope (Leica DMI 6000B, Leica
microsystems) equipped with appropriate lasers and excitation/emission filters,
or with an epifluorescence microscope (Zeiss Axiophot, Carl Zeiss). Images were
analyzed using Metamorph software (Universal Imaging).

COS cells. COS-7 cells were plated in 12 well plates at a density of 30,000 cells per
well in Dulbecco’s Modified Eagle’s Medium (Invitrogen) supplemented with 1%
glutamax (vol/vol, Gibco), 1% sodium pyruvate (vol/vol, Sigma-Aldrich) and 10%
fetal bovine serum (vol/vol, Invitrogen). After 1 day, cells were transfected or not
with GLT-1%%¢ using Lipofectamine 2000 (Invitrogen) and left under humidified
5% CO, atmosphere (37 °C) for 2 d before experimentation.

Single-particle (quantum dot) tracking and surface diffusion calculation.
Single-particle (QD) labeling and microscopy was performed as previously
described>*. Briefly, hippocampal primary cultures were incubated for 10 min
(37 °C) with monoclonal antibodies to FLAG epitope (10 LLg ml~!; Sigma F2555) to
tag GLT- 11128 or DAT!128, Cells were then washed and incubated for 10 min (37 °C)
with quantum dots 655 goat F(ab”)2 antibody to mouse IgG (1 g ml~; Invitrogen).
For QD tracking of endogenous GLT-1 (GLT-1¢"4°), we used a rabbit polyclonal
antibody to GLT-1 antibody which recognizes an extracellular epitope of the
transporter (1 ptg ml~!; NBP1-20136, Novus Biologicals), followed by a QD 655
goat F(ab”)2 antibody to rabbit IgG (1 pg ml~!; Invitrogen). Nonspecific binding
was blocked by the addition of 1% casein or 1% BSA (vol/vol, Vector Laboratories) to
the quantum dots 15 min before use. Cells were again rinsed and mounted in
an aluminum chamber filled with artificial cerebrospinal fluid (aCSF) solution
containing 115 mM NaCl, 1.5 mM KCl, 1.6 mM CaCl,, 1.6 mM MgCl,, 8.5 mM
HEPES and 8.5 mM D-glucose; osmolarity was 250-260 mosmol kg™!; pH 7.4.
Images were acquired using a Nikon microscope (NIKON Eclipse TE2000-U) with
the stage heated to 37 °C using an air blower (World Precision Instruments) and an
objective heater (Bioptechs). Quantum dots were detected using a mercury lamp
and appropriate excitation/emission filters. Images were obtained with an acquisi-
tion time of 50 ms with 1,000 consecutive frames. Signals were detected using

an EM-CCD camera (Quantem, Roper Scientific). Quantum dots were followed
on randomly selected astrocytes expressing GFP and tagged with GLT-1flag,
Quantum dot recording sessions were processed with the MetaMorph software
(Universal Imaging). The instantaneous diffusion coefficient D was calculated
for each trajectory, from linear fits of the first four points of the mean-square-
displacement versus time function using MSD(t) = <r2> (t) = 4Dt. The two-
dimensional trajectories of single molecules in the plane of focus were constructed
by correlation analysis between consecutive images using a Vogel algorithm.
Synaptic dwell time was calculated for exchanging transporters and defined as
the mean time spent in the synaptic area. The two-dimensional trajectories of
single molecules in the plane of focus were constructed by correlation analysis
between consecutive images using a Vogel algorithm.

For the different experimental conditions, drugs were added into the bath to see
whether they had an effect on GLT-1 diffusion. The drugs applied were L-glutamate
(100 uM, Sigma-Aldrich), TBOA (pL-threo-benzyloxyaspartate, 30 UM, Tocris),
TTX (1 uM, Tocris), the glutamate receptor antagonist cocktail comprised AP5
(p-(-)-2-Amino-5-phosphonopentanoic acid, 10 uM, Tocris), NBQX (2,3-dioxo-
6-nitro-1,2,3,4-tetrahydrobenzo[ f |quinoxaline-7-sulfonamide, 10 pM, Tocris)
and MCPG ((RS)-0o-methyl-4-carboxyphenylglycine, 500 uM, Tocris).

MNI-caged 1-glutamate uncaging. Uncaging experiments were carried out in
mixed hippocampal cultures between 14-16 d in vitro. Cells were transfected with
GLT-11128 24 h before uncaging experiments. On the day of experimentation, cells
were incubated with primary and secondary antibodies for quantum dot trafficking
before 30-s incubation with Mitotracker green (1:2,000, Molecular Probes) to mark
mitochondria-rich synapses. Coverslips were imaged in aCSF solution containing
115 mM NaCl, 1.5 mM KCl, 1.6 mM CaCl,, 1.6 mM MgCl,, 8.5 mM HEPES and
8.5 mM D-glucose; osmolarity was 250-260 mosmol kg~'; pH 7.4 with 5 mM
MNI-caged L-glutamate (Tocris). Uncaging experiments were carried out on a
Nikon Ti-Eclipse inverted microscope equipped with a stage heater at 37 °C (World
Precision Instruments), a 100X objective and 405, 491, 561 and 642 nm lasers.
Signals were detected using an EM-CCD camera (Quantem, Roper Scientific).
Regions of interest (ROIs) were chosen arbitrarily at synapses in close apposition
to GLT-1198_transfected astrocytes. Uncaging was performed using a single laser
pulse at 405 nm on ROIs directly beside synapses, with a maximum pulse duration
of 2 ms. Trajectories of GLT-1%28 tagged with QDs were analyzed as described above
for a duration of 30 s before uncaging and 60 s directly after uncaging.

Stereotaxic injections. Surgical procedures were done in accordance with the
guidelines of the ethical committee for animal research in Bordeaux University.
Sprague-Dawley rats (male and female, P16-22) were anesthetized with isofluorane
and mounted on a Kopf stereotaxic frame. The heads were placed in a surgical
mask to maintain the skull stable. A constant flux of an isoflurane/air mixture was
applied inside the surgical mask. 500-1,000 nl of either rabbit polyclonal antibodies
directed against GLT-1 (NBP1-20136, Novus Biologicals) or goat antibody to rabbit
IgG (0.4 ug uI~1, Invitrogen A10533) were dissolved in a phosphate-buffered saline
(0.1 M, pH 7.4) and infused into the dorsal hippocampus (coordinates relative to
bregma, AP: —4.5 mm, ML: £2.2 mm, DV: —2.5 mm at P17) using borosilicate
micropipettes (GC150F-10, Harvard Apparatus) prepared with a vertical micro-
pipette puller (PC-10, Narishige). The solution was injected in the hippocampus at
approximately 250 nl min~! using a Picospritzer (Parker Hannifin). After injection,
the needle was left in situ for a few minutes to reduce reflux up the needle. The
incision was both mechanically and chemically sutured. Rats were then allowed
to recover before being used for slice electrophysiology experiments.

Cell culture. Spontaneous excitatory postsynaptic currents (SEPSCs) were
recorded in whole-cell patch clamp (V},51q = =70 mV) from hippocampal neurons
at 14-16 d in vitro located in the close proximity of GFP/GLT-11¢-transfected
astrocytes. All experiments were conducted under continuous perfusion of extra-
cellular medium containing 145 mM NaCl, 2.5 mM KCI, 10 mM HEPES, 10 mM
D-glucose, 2mM MgCl,, 2 mM CaCl,, adjusted to pH 7.4 with NaOH. All chemicals
were purchased from Sigma-Aldrich unless otherwise stated. The bath was heated
to 32 °C using a temperature control system (Bad controller V, Luigs & Neumann)
and was supplemented in GABA, and GABAp, receptors antagonists SR95531
(10 uM, Tocris) and CGP55845 (5 uM, Tocris), respectively, in order to block
inhibitory neurotransmission. Whole-cell recordings were performed using 1.5 mm
external diameter borosilicate pipettes (GC150F-10, Harvard Apparatus)

doi:10.1038/nn.3901

NATURE NEUROSCIENCE



© 2015 Nature America, Inc. All rights reserved.

&

prepared with amicropipette puller (P97, Sutter Instruments). Electrodes (3.5-5 MQ)
were filled with a solution containing 125 mM CsCH3SO3, 2 mM MgCl,, 1 mM
CaCl,, 10 mM EGTA, 10 mM HEPES, 4 mM Na,-ATP, 0.4 mM Na;-GTP, 5 mM
QX-314, adjusted to pH 7.25 with CsOH. Alexa-568 was added to the internal
solution for further immunodetection.

Recordings were performed using a Multiclamp 700A amplifier and a Digidata
1322A interface controlled by Clampex 10.1 (Molecular Devices). Signals
were sampled at 20 kHz and low-pass filtered at 2 kHz, respectively. sSEPSC
detection and analysis was performed using an in-house software (Detection
Mini, M. Goillandeau). Access resistance and leak currents were monitored
continuously and experiments were discarded if these parameters changed by
more than 15% during recording.

Brain slices. P16-22 Sprague-Dawley rats (male and female) anesthetized
with isoflurane and parasagittal brain slices (350 pm thick) were prepared in
an ice-cold sucrose buffer solution containing 250 mM sucrose, 2 mM KCl,
7 mM MgCly, 0.5 mM CaCly, 1.15 mM NaH,POy, 11 mM glucose and 26 mM
NaHCO; (gassed with 95% O,/5% CO,). Slices were then incubated for 30 min
at 33 °C and subsequently stored at 20-22 °C in an aCSF solution containing
126 mM NaCl, 3.5 mM KCl, 2 mM CaCl,, 1.3 mM MgCl,, 1.2 mM NaH,POy,,
25 mM NaHCO3 and 12.1 mM glucose (gassed with 95% O,/5% CO,; pH 7.35).
Whole-cell voltage-clamp recordings of CA1 pyramidal cells were performed
using infrared differential interference contrast microscopy under continuous
perfusion of heated aCSF (32 °C, except when stated for recordings performed
at 20 °C) saturated with 95% O,/5% CO,. Electrodes (4-5 MQ) were prepared
from borosilicate pipettes (GC150T-10, Harvard Apparatus) with a vertical micro-
pipette puller (PC-10, Narishige) and filled with a solution containing 120 mM
cesium methanesulfonate, 4 mM NaCl, 4 mM MgCl,, 10 mM HEPES, 0.2 mM
EGTA, 4 mM Na,ATP, 0.33 mM Na3;GTP and 5 mM phosphocreatine adjusted
to pH 7.3 with CsOH. sEPSC were recorded using an EPC10 USB amplifier
(HEKA Elektronik) at =70 mV in the presence of bicuculline (20 uM) to block
GABA , receptors. Signals were sampled at 20 kHz and low-pass filtered at 2 kHz,
respectively. SEPSC detection and analysis was performed using an in-house
software (Detection Mini, M. Goillandeau). Access resistance and leak currents
were monitored continuously and experiments were discarded if these parameters
changed by more than 15% during recording.

For astrocyte glutamate transporter current recordings, brain slices (350 pm
thick) were prepared in a choline chloride buffer solution containing 120 mM
CsH,5CINO, 3 mM KCl, 2 mM MgCl,, 0.6 mM CaCl,, 1.25 mM NaH,PO,,
10 mM glucose and 26 mM NaHCOj (gassed with 95% O, / 5% COy; 296 mosmol
kg~1; pH 7.35). Slices were then incubated for 30 min at 33 °C and subsequently
stored at 20-22 °C in aCSF solution containing 120 mM NaCl, 2.5 mM KCI, 2 mM
CaCl,, 1.3 mM MgCl,, 1.25 mM NaH,PO,, 25 mM NaHCO; and 10 mM glucose
(gassed with 95% O, / 5% CO,; 296 mosmol kg~}; pH 7.35). Astrocytes in CA1
stratum radiatum were first identified based on cell size (<10 uM) and shape.
Whole-cell patch-clamp recordings were performed at 32 °C, with a flow of
3.5ml min~!, using pipettes (5-6 MQ) pulled from borosilicate glass (1.5 mm o.d.,
Harvard Apparatus) and filled with a solution containing 124 mM KMeSO3, 10 mM
HEPES, 4 mM MgCl,, 4 mM ATP, 0.4 mM GTP, 10 mM sodium creatine PO,
(pH 7.2-7.3 adjusted with KOH; 292 mosmol kg™!). Astrocytes were character-
ized by a low input resistance, a linear current voltage relationship using a ramp
voltage command from —110 to +100 mV (600-ms duration) in voltage-clamp
mode, and absence of action potentials (current steps) in current-clamp mode.
This relationship was analyzed on-line using pClamp10 (Axon Instruments). For
each experiment, the resting membrane potential was first recorded in current-
clamp configuration and cells with resting potential >~70 mV were automatically
rejected. Then, after a stable baseline, input/output relationship of field excitatory
postsynaptic potentials (FEPSPs) recorded through the astrocyte was performed
before going back to voltage clamp mode to record glutamate transporter cur-
rents. For synaptic stimulation experiments, Schaffer collaterals were stimulated
(100 ps, 10-100 1A, 0.033 Hz) using a bipolar tungsten electrode placed in the
stratum radiatum 300 um away from the recording electrode. At the end of each
experiment, synaptic activity—elicited astrocytic GLT-1-mediated currents were
blocked using TBOA (DL-threo-benzyloxyaspartate, 50 uM; Tocris). For gluta-
mate puff experiments, 200 UM of L-glutamate was puffed for 40 ms at 10 psi using
a Picospritzer (Parker Hannifin) within approximately 70 m of the cell of interest,
as previously reported®. Glutamatergic receptors were inhibited using a cocktail

of the AMPAR antagonist NBQX (10 uM), the NMDAR antagonist AP5 (50 uM),
and the mGluR antagonists MPEP (2-methyl-6-(phenylethynyl)pyridine hydro-
chloride, 50 uM; Tocris) and/or MCPG ((RS)-0i-Methyl-4-carboxyphenylglycine,
500 uM; Tocris) when specified. Recordings were acquired using a Multiclamp
700B amplifier (Axon Instruments), digitized at 20 kHz and filtered at 2 kHz.

3H-glutamate uptake. *H-glutamate uptake assays were performed on either
COS-7 cells or mixed hippocampal cell cultures (astrocytes and neurons).
Incubations with radiolabeled glutamate were performed in HEPES-buffered
saline (HBS) solution (5 mM Tris base, pH 7.4, 10 mM HEPES, 140 mM NaCl,
2.5 mM KCl, 1.2 mM CaCl,, 1.2 mM MgCl,, 1.2 mM K,HPO,, 10 mM glucose)
supplemented with 50 UM L-glutamate. Cells were washed twice with Na*-free
HBS solution (prepared by equimolar replacement of Na* with choline) at 37 °C
then incubated with normal HBS (containing 50 UM 3H-glutamate at
1 uCiml1) at 37 °C for 6 min. Assays were stopped by aspiration of HBS (contain-
ing *H-glutamate) followed by two washes with ice-cold Na*-free HBS and dishes
were also placed on ice. Cells were then lysed in 0.1 M NaOH and accumulated
radioactivity measured by liquid scintillation. K, and Vp,, were determined from
the saturation data using increasing concentrations of glutamate. A minimum of
three independent experiments were performed for each condition.

Acid wash. To investigate how long GLT-112 stays at the surface of a cell, we
used an acid wash protocol®®. For acid wash experiments, we used a low pH
(pH 2) aCSF of the same composition as for live QD imaging at 4 °C. Mixed hip-
pocampal cultures, transfected with GLT-11128 were incubated for 10 min (37 °C)
with monoclonal antibodies to flag epitope (10 pug ml~!; Sigma F2555) to tag
GLT-1f28, Cells were then washed and incubated for 10 min (37 °C) with quantum
dots 655 goat F(ab’)2 antibody to mouse IgG (1 g ml~!; Invitrogen). Following
this step, cells were imaged in exactly the same manner as for QD imaging (1,000
frames, 50 ms per frame acquisition) and cells were left for 10-, 15-, 20- and 30-min
intervals before a 1-min acid wash (incubation with alow pH, cold aCSE pH 2,4 °C)
to break antibody-protein bonds and so the only transporters with QDs still
attached are the ones that have been internalized. This acidic aCSF was
then removed and replaced with normal aCSF (pH 7.4, 37 °C) and another QD
imaging series was acquired. Total numbers of trajectories were compared in
before and after acid wash at different time points to assess the internalization of
GLT-126-QD complexes during these specific time periods.

Data and statistical analysis. For all experiments, recorded cells were randomly
selected, and animals that received injections were also randomly assigned to
any experimental conditions. There was no blinding in our data collection. All
statistical tests were carried out using GraphPad Prism 4.0. Data are presented as
mean * s.e.m. or median = IQR. Normally distributed data sets were compared
using parametric tests (as indicated in Supplementary Table 1). Data not
distributed normally were compared using the appropriate non-parametric tests.
All tests were two-sided. Paired two-tailed Student’s ¢ tests, two-tailed Mann-
Whitney tests and one-way analysis of variance tests (with appropriate post hoc
tests; indicated in Supplementary Table 1) were used for all statistical analysis.
No statistical tests were carried out to predetermine sample sizes, but our sample
sizes are comparable to those previously reported in the literature>!->7-%%,
A Supplementary Methods Checklist is available.
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