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Neuronal Glutamate Transporters Regulate Glial Excitatory

Transmission
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In the CNS, excitatory amino acid transporters (EAATs) localized to neurons and glia terminate the actions of synaptically released
glutamate. Whereas glial transporters are primarily responsible for maintaining low ambient levels of extracellular glutamate, neuronal
transporters have additional roles in shaping excitatory synaptic transmission. Here we test the hypothesis that the expression level of the
Purkinje cell (PC)-specific transporter, EAAT4, near parallel fiber (PF) release sites controls the extrasynaptic glutamate concentration
transient following synaptic stimulation. Expression of EAAT4 follows a parasagittal banding pattern that allows us to compare regions
of high and low EAAT4-expressing PCs. Using EAAT4 promoter-driven eGFP reporter mice together with pharmacology and genetic
deletion, we show that the level of neuronal transporter expression influences extrasynaptic transmission from PFs to adjacent Bergmann
glia (BG). Surprisingly, a twofold difference in functional EAAT4 levels is sufficient to alter signaling to BG, although EAAT4 may only be
responsible for removing a fraction of released glutamate. These results demonstrate that physiological regulation of neuronal trans-

porter expression can alter extrasynaptic neuroglial signaling.

Introduction

A family of five sodium-dependent glutamate transporter pro-
teins [excitatory amino acid transporter 1 (EAATI)-EAATS5]
maintain the extracellular concentration of glutamate in the sub-
micromolar range by taking up synaptically released glutamate
into neurons and glia (for review, see Tzingounis and Wadiche,
2007). Knock-out (KO) studies in rodents show that glial trans-
porters (EAAT1/GLAST and EAAT2/GLT-1) are responsible for
recovering the majority of synaptically released glutamate and
thus prevent glutamate excitoxicity (Rothstein et al., 1996;
Tanaka et al., 1997; Huang et al., 2004b; Takayasu et al., 2005).
Neuronal transporters appear to have additional functions. For
example, the retinal transporter EAAT5 acts as a glutamate gated
chloride channel to provide shunting inhibition (Veruki et al.,
2006; Wersinger et al., 2006). Additionally, EAAT3, the trans-
porter expressed by neurons throughout the brain, has been sug-
gested to (1) transport cysteine for subsequent glutathione
synthesis (Aoyama et al., 2006), (2) supply glutamate at inhibi-
tory terminals for GABA synthesis (Sepkuty et al., 2002; Mathews
and Diamond, 2003), and (3) limit glutamate spillover and favor
NMDA receptor-dependent plasticity in the hippocampus (Dia-
mond, 2001; Scimemi et al., 2009). These studies suggest that
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neuronal transporters contribute to multiple aspects of synaptic
signaling as well as to the maintenance of low extracellular
glutamate.

The differential functions of glial and neuronal transporters in
the cerebellum have been studied extensively (for review, see Ta-
kayasu et al., 2009). Cerebellar glial transporters recover the ma-
jority of released glutamate (Brasnjo and Otis, 2004) and EAAT4,
a high-affinity neuronal transporter expressed exclusively in Pur-
kinje cells (PCs), limits activation of extrasynaptic glutamate
receptors and/or silent synapses by recovering the residual gluta-
mate (Brasnjo and Otis, 2004; Takayasu et al., 2004, 2005). These
results are mostly derived from studies in KO animals that lack
the EAAT4 protein or experiments using complete pharmaco-
logical blockade of transporters. The privileged perisynaptic
localization of EAAT4, however, predicts that even subtle dif-
ferences in EAAT4 expression levels could influence the acti-
vation of perisynaptic receptors by synaptically released glutamate
(Dehnes et al., 1998; Wadiche and Jahr, 2005; Zheng et al.,
2008).

In this study, we directly test the hypothesis that physiolog-
ical differences of EAAT4 levels across parallel fiber (PF)-PC
synapses controls the extrasynaptic glutamate concentration
transient. We compare the extracellular glutamate transient
produced by PF stimulation around high- and low-EAAT4-
expressing PCs using EAAT4 promoter-driven eGFP reporter
mice. We find that the EAAT4 expression level alters the ex-
tracellular glutamate concentration profile to regulate the
degree of Bergmann glia (BG) AMPA receptor (AMPAR) ac-
tivation. We conclude that physiological differences of EAAT4
expression have functional consequences at PF-PC synapses,
suggesting that endogenous regulation of transporter levels
shape extrasynaptic glutamate signaling throughout the CNS.
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Materials and Methods

Animals. EAAT4-eGFP mice were acquired from the Mutant Mouse Re-
gional Resource Center (MMRRC) at University of California, Davis
(Davis, CA; MMRRC ID #12845). The transgenic line was originally
created by the National Institute of Neurological Disorders and Stroke
GENSAT BAC Transgenics Project (Gong et al., 2003). EAAT4-KO-
eGFP mice were generated by crossing EAAT4-eGFP mice with
EAAT4-KO mice (Huang et al., 2004a). To differentiate the BAC con-
struct encoding the slc1a6 gene in EAAT4-eGFP mice from the endoge-
nous slcla6 gene, EAAT4 genotypes were identified post hoc by reverse-
transcription PCR of total RNA extracted from cerebellar slices used for
recording with specific primer sets (data not shown).

Slice preparation. Mice [postnatal day 13-20 (P13-P20)] of either sex
were anesthetized by inhalation of isoflurane and killed by decapitation
as approved by Institutional Animal Care and Use Committee of Univer-
sity of Alabama at Birmingham. Horizontal slices (250-300 wm) from
cerebellum were cut (Leica VT1200s; Leica Microsystems) in ice-cold
cutting solution containing the following (in mm): 110 choline CI, 2.5
KCl, 0.5 CaCl,, 7 MgCl,, 1.25 NaH,PO,, 25 NaHCO;, 25 glucose, 11.5
Na-ascorbate, and 3 Na-pyruvate (saturated with 95% O, and 5% CO,,
pH 7.4). Slices were incubated in artificial cerebrospinal fluid (ACSF)
containing the following (in mm): 119 NaCl, 2.5 KCl, 2.5 CaCl,, 1.3
MgCl,, 1 NaH,PO,, 26.2 NaHCO3, and 11 glucose (saturated with 95%
O, and 5% CO,, pH 7.4) at 34°C for 30 min and then kept at room
temperature (RT) for up to 5 h.

Electrophysiology. Slices were visualized using a 60X water immersion
objective on an Olympus BX51W upright microscope equipped with a
contrast imaging gradient (Dodt et al., 2002), a mercury burner, and an
eGFP filter set. Synaptic currents were recorded using a Multiclamp 700B
amplifier and pClamp10 acquisition software (Molecular Devices), and
then filtered at 2 kHz and digitized at 10 kHz using a Digidata 1440
analog-to-digital convertor (Molecular Devices). PCs and BG were iden-
tified by their morphological and electric properties and voltage clamped
at —65 and —75 mV, respectively. The intracellular solution for PC
recordings contained the following (in mwm): 35 CsF, 110 CsCl, 20
HEPES, and 10 CsEGTA, pH 7.3. For BG recordings, the intracellular
solution contained the following (in mm): 82 CsCH;SO;, 40 CsCl, 20
HEPES, 10 HEDTA, and 3 BaCl,, pH 7.3. Pipettes with an open tip
resistance of 1.5-2 and 2-3 M{) were used for PC and BG recordings,
respectively. The recording chamber was perfused continuously with
oxygenated ACSF at a rate of ~3 ml/min at 30 = 2°C using an in-line
heater (Warner Instrument). Picrotoxin (100 um; Sigma) was included
in the ACSF to inhibit GABA , receptors. We stimulated PFs with paired-
pulse stimuli with 50—2000 ms interstimulus intervals (ISIs) to evoke
EPSCs. Stimulating electrodes were made with borosilicate 6 glass
(BT150-10; Sutter Instrument) and placed 50—-150 wm from target cells
in the molecular layer. A constant voltage or current stimulus isolation
unit (20-150 us) of 3090 V or (50 us) 50300 uA, respectively, was
used (Digitimer). Climbing fiber contamination was excluded by adjust-
ing stimulation intensity and electrode location. To record synaptically
evoked transporter currents (STCs) in PCs, the intracellular solution
contained the following (in mm): 130 CsNOs, 10 tetraethylammonium-
Cl, 10 HEPES, 10 CsEGTA, 2 Mg-ATP, and 0.4 Na-GTP, pH 7.3.
SR95531 (5 wm; Ascent), a competitive GABA , receptor antagonist, was
included in the ACSF when NO; ~ -containing intracellular solution was
used. PF-evoked STCs were isolated by applying NBQX (10 um) to block
AMPARs without changing the stimulus intensity. The average PF-
evoked EPSC peak amplitudes in bright and dim PCs from Figure 2 were
488 = 58and 518 = 19 pA (n = 6 each; p > 0.05), respectively. Bright and
dim PCs did not differ in their input resistance (76 = 13 M and 92 = 19
M), respectively; n = 6 each; p > 0.05), and recordings had similar
access resistances (4.7 = 0.6 M) and 4.3 £ 0.4 M{), respectively; n = 6
each; p > 0.05). PF-PC STCs were sensitive to DL-threo-beta-
Benzyloxyaspartate (DL-TBOA, 100 um) inhibition (82 = 6%;n = 4).In
BG recordings, 100 um BaCl, and 100 um cyclothiazide (CTZ) were
included in the ACSF to increase input resistance and enhance AMPA
receptor responses, respectively. BaCl, (100 um) had no significant effect
on three parameters of release: (1) the peak amplitude of climbing fiber-
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evoked PC STCs (93.5 = 2.6% of control; n = 3; p > 0.05), (2) the peak
amplitude of PF-PC EPSCs (101.1 = 3.6% of control; n = 6; p > 0.05),
and (3) the PF—PC EPSC paired-pulse ratio (PPR; 1.7 = 0.09 and 1.7 =
0.08; 50 ms interstimulus interval; n = 6; p > 0.05). To determine the
contribution of the AMPAR (I,;p,) component in the BG recordings,
the BG-STC decay phase was subtracted from the decay of the PF-evoked
responses [extrasynaptic currents (ESCs)] as in the paper by Matsui and
Jahr (2003). The input—output curve (see Fig. 4A, C) was fitted with the
equation y(i) = (I, — Lnin)/ (1 + expt™ = 775) where y(i) is the current
amplitude with intensity i, i5, is the stimulus intensity yielding the half
maximal response, and S is the slope of the curve. We used the 20—80%
of the EPSC rising phase for quantifying the rise time, except in Figure 4
we used the 50-90% of the EPSC rise to avoid contamination due to
stimulation artifacts. Decay times were determined from a single expo-
nential function.

All traces shown are the averages from 5 to 15 responses. Series resis-
tance in PC recordings was compensated to 70—80%. Recordings were
excluded from analysis when the series resistance changed >20% during
the course of experiments. All chemicals were obtained from Sigma,
Fisher Scientific, or Ascent Scientific unless indicated otherwise.

Immunohistochemistry and confocal imaging. EAAT4-eGFP mice
(P17-P18) were perfusion fixed with 4% paraformaldehyde (Sigma), and
40 pm horizontal cerebellar sections were sliced using a Vibratome
$1000. Free-floating slices were treated with 3% hydrogen peroxide and
0.1% Triton X-100 in TBS (0.05 M Tris, 0.15 M NaCl, pH 7.4) for 20 min
at RT and were then incubated with TBS containing 5% normal goat
serum (NGS) and 0.1% Triton X-100 for 1 h at RT. After blocking, slices
were incubated to EAAT4 antiserum (1:50; a gift from Dr. J. Rothstein,
Johns Hopkins Medical University, Baltimore, MD) in TBS with 2%
NGS and 0.1% Triton X-100 at 4°C for 48—60 h. After three washes with
TBS, slices were incubated with Alexa 568-conjugated secondary goat
anti-rabbit antibody (1:500; Invitrogen) in TBS with 0.1% Triton X-100
for 1 h at RT. After wash of the second antibody, slices were mounted
with anti-fade reagent (ProLong Gold; Invitrogen). Digital images were
acquired usinga 20X (NA, 0.85) oil-immersion objective on an Olympus
FluoView laser scanning confocal microscope using 488 nm and 568 nm
excitation wavelengths for collecting eGFP and Alexa 568 fluorescence,
respectively.

Image analysis. Confocal images were processed with ImageJ (NTH)
and Photoshop software (Adobe). Fluorescent signals (eGFP and Alexa
568) from each slice were collected using a region of interest (ROI) from
either a matched region (match) or from different regions for each signal
(random). To calculate the fold difference between high- and low-
EAAT4-expression regions, the average background intensity taken from
the molecular layer of the slice was subtracted from the average fluores-
cence intensities of the ROIL.

Data analysis and statistics. Recordings were analyzed off-line using
Clampfitl0 (Molecular Devices) and AxoGraph X (AxoGraph Scien-
tific). Unless noted, two tailed Student’s t-tests were performed using
Excel (Microsoft) to determine statistical significance at the p < 0.05
level. Curve fitting and ANOVA were performed using GraphPad Prism
(GraphPad Software). Data are reported as the mean *+ SEM.

Results

eGFP expression correlates with EAAT4

We used a line of BAC transgenic mice with eGFP expression
driven by the EAAT4 promoter (EAAT4-eGFP) to monitor
EAAT4 expression in cerebellar slices. In these reporter mice, PCs
showed a parasagittal banding pattern of eGFP expression in hor-
izontal sections (Fig. 1A), consistent with the EAAT4 protein
expression pattern (Nagao et al., 1997; Dehnes et al., 1998). To
determine whether EAAT4-eGFP predicts endogenous protein
expression levels, we compared eGFP expression with EAAT4
protein using EAAT4 antiserum (EAAT4Ab) (Fig. 1 B). Superim-
posed images show parallel expression patterns (Fig. 1C). We
measured the fluorescence intensities from eGFP and EAAT4
sections under an ROI (Fig. 1C,D) spanning the molecular layer
that is rich with PC dendrites. The eGFP fluorescence (green) and
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Figure 1. Expression of EAAT4-eGFP correlates with EAAT4. A, GFP fluorescence confocal
image from a transverse cerebellar slice of a P17 EAAT4-eGFP mouse. B, Anti-EAAT4 staining
from the samesslice asin 4, revealed by Alexa 568 fluorescence. C, Merged images from Aand B;
yellow and gray regions are representative ROIs of the same shape and size used for subsequent
analysis. Scale bar: € (for A-C), 100 em. D, Fluorescence measures in arbitrary units (a.u.) for
eGFP (green) and EAAT4AD (red) signals along the yellow ROI from point a to point b in C; the
dots are the actual values for each data point and the lines show a 10 point moving average. E,
Correlations of the EAAT4Ab versus the eGFP signals (yellow circles) both taken from the yellow
ROl or the eGFP signal from the yellow ROI versus EAAT4Ab signal from the gray ROI (gray circles)
from the image in C. F, Summary of correlation coefficients (R; top graph) from match (yellow
circles) and random groups (gray circles; n = 11 each) as analyzed in D. The bottom graph
shows the fold difference between high and low expression regions of eGFP fluorescence
(green) and EAAT4AD signal (red), respectively (n = 6 slices), as analyzed in D. *p << 0.05.

the EAAT4AD signal (red) were correlated within the same ROI
(Fig. 1C, yellow ROI; E, yellow circles; F, match) (r = 0.49 = 0.04;
n = 11). In contrast, the eGFP fluorescence (from the yellow
ROI) was not correlated to the EAAT4AD signal measured from a
distinct area (Fig. 1C, gray ROI; E, gray circles; F, random) (r =
—0.03 = 0.04; n = 11; p < 0.01). Additionally, there was a 2.4 =
0.2-fold difference in eGFP fluorescence across bright and dim
parasagittal bands (as measured from plots in Fig. 1 D) similar to
the 1.8 * 0.2-fold difference measured with the EAAT4ADb signal
(Fig. 1 D,F) (n = 6slices). This difference in EAAT4 across para-
sagittal bands is consistent with previous reports using immuno-
gold staining (Dehnes et al., 1998) and STCs from PCs in lobules
representing high and low EAAT4 expression (Wadiche and Jahr,
2005).

eGFP expression predicts functional EAAT4 activity

We next determined the relationship between eGFP expression
and functional EAAT4 activity by measuring synaptic transporter
currents (STCs) from PCs with high and low eGFP expression,
hereafter referred to as bright and dim PCs, respectively. Guided
by visual eGFP expression (Fig. 2A1,A2), we recorded PF
AMPAR-mediated (PF—PC) EPSCs with stimulus intensities
adjusted to keep the EPSCs below 500 pA. Without changing the
stimulus intensity, we then added NBQX (10 um) to block AM-
PARs (Fig. 2 B1,B2). Consistent with the differential expression of
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EAAT4, the average peak amplitude of STCs was ~50% greater in
bright PCs compared to dim PCs (STC, 14.2 = 1.6 pAvs 9.5 £ 1.7
pA; n = 6;p <0.05) (Fig. 2BI-D). Even when we normalized for
the stimulus strength across recordings, we found that the ratio of
the STC amplitude to the EPSC amplitude was larger in bright
PCs compared to dim PCs (STC,/EPSC, = 0.014 = 0.003 vs
0.008 = 0.001; n = 6; p < 0.05) (Fig. 2E). As expected, the STC
decay time constant (evoked with paired-pulse stimulation) was
similar in bright and dim PCs (Fig. 2 F, G) (bright vs dim, 26.5 =
2.3vs26.0 * 2.8 ms; one exponential; p > 0.05; n = 6 each), since
the STC response reflects intrinsic transporter kinetics indepen-
dent from the rate of glutamate clearance (Wadiche et al., 2006).
Together, these results show that expression of eGFP correlates
with EAAT4 expression and function, thereby providing a model
to test physiological consequences of endogenous variability in
EAATH4 levels.

Presynaptic properties at PF synapses of high- and
low-EAAT4-expressing PCs

Electrophysiological and anatomical studies show that mossy fi-
bers originating from different nuclei are spatially separated and
innervate granule cells in different Zebrin II-labeled zones
(Voogd et al., 2003; Apps and Hawkes, 2009). This raises the
possibility that PF release sites may also differ between high- and
low-EAAT4-expressing zones, as recently suggested for climbing
fibers (Paukert et al., 2010; but see Wadiche and Jahr, 2005). To
assess PF presynaptic properties at bright and dim PCs, we com-
pared the PF-evoked peak synaptic glutamate concentration us-
ing the low affinity, competitive glutamate receptor antagonist
kynurenate (KYN) (Clements, 1996). We found that 1 mm KYN
inhibited the EPSC measured from bright and dim PCs to the
same extent (EPSC;, 70 * 4% vs 70 = 6%; EPSC,, 60 = 4% vs
61 * 7%; p > 0.05; n = 6 and 5, respectively) (Fig. 3A,B,D), but
affected the PPR (Fig. 3C) as expected (Foster et al., 2005). After
washout of KYN, the high-affinity glutamate receptor antagonist
NBQX (200 nm) blocked PF EPSCs to the same degree in bright
and dim PCs (EPSC,, 72 £ 2% vs 70 = 3%; EPSC,, 70 = 2% vs
68 * 3%; p > 0.05; n = 6 and 5, respectively) (Fig. 3A,B,D)
without changing the PPR (Fig. 3C). The PPR was the same be-
tween bright and dim PCs (1.8 = 0.1 vs 1.9 * 0.1 at 50 ms
interstimulus interval; p > 0.05; n = 6 and 5, respectively) (Fig.
3C) at all ISIs tested between 10 and 2000 ms (n = 8 bright and
n =7 dim; ANOVA; p > 0.05) (Fig. 3E,F). Similarly, the decay
time constants of PF EPSCs from bright and dim PCs were not
different (bright vs dim, single exponential time constant, 4.7 *
0.6vs4.3 = 0.4 ms; p > 0.05; n = 6 and 6, respectively). Together,
these results suggest that PF terminals across regions with differ-
ent EAAT4 expression levels have similar release properties and
that the variation of endogenous EAAT4 expression is not suffi-
cient to alter the time course of EPSCs.

Differences in glutamate spillover between regions of high
and low EAAT4

Endogenous variation in EAAT4 was not sufficient to alter PC
EPSCs (Fig. 3) nor the recruitment of additional parallel fibers
with increased stimulation intensity (Fig. 4A), suggesting that
synaptic receptors were unaffected. However, the perisynaptic
localization of EAAT4 is thought to restrict activation of extra-
synaptic receptors by glutamate that escapes uptake by glial trans-
porters (Dehnes et al., 1998; Takayasu et al., 2005; Wadiche and
Jahr, 2005). Therefore, we wondered whether EAAT4 localiza-
tion and density is sufficient to differentiate extrasynaptic recep-
tor activation between synapses at dim and bright PCs. We used
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Figure2. Functional EAAT4level parallels with GFP level. A7,A2, Fluorescence images taken during recordings made from bright (A7) and dim (42) PCs. B1, B2, Corresponding PF evoked EPSC (black, before
NBQX application) and STC (green, after NBQX application) traces recorded from bright (B7) and dim (B2) PCs. €1, €2, Enlarged STC traces from B7 and B2, respectively. D, Summary of the absolute value of the
STCamplitudes. £, Summary of the ratio of the STCamplitude to the EPSCamplitude, used to account for stimulus intensities. F, Scaled traces from €7 and €2. G, Summary of the STC decay time constant. *p << 0.05.
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Figure3. Parallel fiber release probability is the same between bright and dim PCs. 4, EPSCamplitudes during the application
of KYN and NBQX for representative bright and dim PCrecordings. B, The corresponding EPSC traces in control (a, black), T mmKYN
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conditions for bright (n = 6) and dim (n = 5) PCs. D, Summary of the percentage of inhibition by KYN and NBQX. E, Representative
PF—PCEPSC traces evoked with different ISIs from bright and dim PCs. Traces are scaled to their first response. F, Summary of PPR
at different ISIs from bright and dim PCs. *p << 0.05.

CTZ (100 um) to promote the activation of extrasynaptic PC

kinetics to the same extent between bright
and dim PCs (Fig. 4 B; Table 1) (p < 0.05;
n = 10). Activation of extrasynaptic re-
ceptors contributes to enhanced EPSCs in
CTZ. In addition, CTZ did not alter the
PPR (Table 1) (p > 0.05; n = 10). How-
ever in CTZ, comparison of EPSC peak
amplitudes in bright and dim PCs as a
function of stimulus intensities revealed
that the current required to evoke a half-
maximum response (is,) was significantly
greater in bright PCs (is, = 178 = 6.7 pA
vs 155.8 = 5.7 uA; p < 0.05;n = 6 and 8,
respectively) (Fig. 4C). This difference
may reflect easier activation of extrasyn-
aptic AMPARs in PCs with lower EAAT4
expression and is consistent with the role
of EAAT4 in limiting extrasynaptic recep-
tor activation (Wadiche and Jahr, 2005;
Nikkuni et al., 2007).

EAAT4 regulates extrasynaptic
glutamate concentration

To directly test the idea that EAAT4 ex-
pression levels regulate extracellular glu-
tamate dynamics, we measured synaptic
responses in BG that ensheath PC syn-
apses. We recorded responses from BG
surrounding bright and dim PCs (hereaf-
ter referred to as bright and dim regions).
The PF-evoked extrasynaptic current (ESC)
in BG is composed of an AMPA receptor-
mediated current (I,,;p,) and a glutamate
transporter-mediated current (BG STC)
(Bergles et al., 1997; Clark and Barbour,
1997). The BG AMPAR response is pre-
dominantly due to ectopic release, but
CTZ enables BG AMPARSs to respond to
lower and prolonged glutamate transients
provided by spillover (Matsui and Jahr,
2003). We found that the low-affinity an-
tagonist KYN (1 mm) (Fig. 3) blocked the

AMPARs via prevention of AMPAR desensitization and en- ~ BG ESC in bright regions to a greater degree compared to dim
hanced affinity (Matsui and Jahr, 2003). On average, CTZ in-  regions (block in bright vs dim, ESC,, 62 % 2% vs 53 * 1%; ESC,,
creased the EPSC peak amplitude by ~30% and slowed the EPSC 60 = 1% vs 52 * 2%; p < 0.05; n = 6 and 4, respectively) (Fig.
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PF—PCEPSCs from dim and bright PCs before (black) and after the application of CTZ (100 wm;
dark or bright green) and the peak amplitude scaled (gray). ¢, Normalized EPSC peak ampli-
tudes of the first EPSCs from bright and dim PCs in the presence of CTZ (100 ). The solid line
is the best fit to the equation y(i) = (/,,.x — hnin)/(1 + expAl(isy — i)/S]), with iy = 178 =
6.7 wAvs155.8 = 5.7 wAand S = 36.7 = 4and 33.5 == 2.5 fora group of bright and dim cells,
respectively (p << 0.05 for igo; p > 0.05 for ). Similar results were obtained with the second
EPSC of a pair (data not shown). Inset, Representative PF—PC EPSCs evoked with two pulses.
Overlaid traces are the EPSCs in the presence of CTZ evoked with increasing stimulus strengths.
Calibration: 4, C, 500 pA, 25 ms.

Table 1. Summary of CTZ effects on PF-PC EPSCs

Control 1z 9% change

Amplitude (pA)

Bright (n = 6) —3754 £ 448 —4943 +73.6 31.0 =135

Dim (n = 6) —4179 =735 —5233 £ 57.2 321 =171
Rise time (ms)

Bright (n = 6) 0.91 = 0.05 152 £ 0.11 68.7 = 11.6

Dim (n = 4) 0.76 = 0.06 1.27 = 0.08 701 =92
Decay time (ms)

Bright (n = 6) 575%03 142+12 146.7 = 19.4

Dim (n = 4) 541*+04 142 £ 0.7 163.9 = 14.0
PPR (51, 150 ms)

Bright (n = 6) 14 *0.04 1.4 =+ 0.06

Dim (n = 6) 1.4+ 0.08 1.4 % 0.05

5A,C). In contrast, the high-affinity antagonist NBQX (200 nm)
blocked BG ESCs similarly in both regions (bright vs dim; ESC;,
48 * 2% vs 48 & 4%; ESC,, 48 = 2% vs 50 & 3%; p > 0.05; n =
6 and 4, respectively) (Fig. 5A, C). Differential block by KYN but
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Figure5. EAAT4 alters the glutamate concentration transient on Bergmann glia. 4, PF-BG
responses (BG ESC) before (black) and after (green) application of KYN (1 mm) or NBQX (200 nw;
red traces). B, PF-BG responses before (gray) and after (black) application of o.-TBOA (50 ).
Inhibition by KYN (in TBOA) is shown in light and dark green for recordings from bright and dark
regions, respectively. C, Summary of the percentage of inhibition by KYN and NBQX and KYN
with TBOA. n.s., Not statistically significant. *p << 0.05.

not NBQX indicates that the extrasynaptic glutamate transient is
lower in regions of high EAAT4 expression.

In the presence of DL-TBOA (50 M), a nonselective glutamate
transporter antagonist, the differential sensitivity to KYN was
abolished. In TBOA, KYN (1 mM) blocked the BG ESC, in bright
regions by 40 = 2% compared to 45 = 3% in dim regions (p >
0.05; n = 6 and 5, respectively; 28 £ 1% compared to 31 = 5% at
ESC,; p > 0.05) (Fig. 5B,C). The reduced inhibition of ESCs in
the presence of DL-TBOA is consistent with a higher extrasynaptic
glutamate concentration when transporters are blocked. Since
other glutamate transporter subtypes are homogeneously ex-
pressed (Dehnes et al., 1998), these data suggest that the regional
difference in the extrasynaptic glutamate concentration is a result
of EAAT4 expression and that a higher glutamate concentration
transient is present in regions with low EAAT4 levels.

EAAT4 controls the activation of Bergmann glia

AMPA receptors

We next asked whether the EAAT4-dependent extrasynaptic glu-
tamate concentration differences are sufficient to affect AMPAR
activation on BG. First we determined the contribution of
AMPARS (Iyypa) (Fig. 6A, B, green traces) and glutamate trans-
porters (red traces) to the ESC (black traces) (see Material and
Methods). To compare results across cells, we used the charge
integral of the BG STCs (Qgr¢) as an estimate of the number of
glutamate molecules sensed by each BG. We found that the ratio
of Iyupa amplitude to Qgpc in bright regions was significantly
smaller than in dim regions (bright vs dim, ratio, 0.10 = 0.01 vs
0.21 * 0.03; p < 0.05; n = 10 and 11, respectively) (Fig. 6A,C).
This suggests less activation of BG AMPA receptors in regions
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Figure 6.

EAAT4-WT-eGFP and EAAT4-KO-eGFP lines. n.s., Not statistically significant. *p << 0.05.

with higher EAAT4 expression presumably due to the concentra-
tion differences (Fig. 5). To confirm the causal role of EAAT4 and
control for potential differences in recording locations that could
each regulate BG AMPARs, we crossed a mouse line with EAAT4
genetically deleted (EAAT4-KO) (Huang et al., 2004a) with the
EAAT4-eGFP mice. The offspring progeny (EAAT4-KO-eGFP)
allowed us to use eGFP to unambiguously identify regions of high
and low EAAT4 expression in the absence of EAAT4 protein. In
contrast to the results with EAAT4-WT-eGFP mice, there was no
difference in BG AMPAR activation between bright and dim regions
in EAAT4-KO-eGFP mice (bright vs dim, ratio, 0.22 * 0.03 vs
0.24 = 0.02; p > 0.05 for both; n = 8 and 10, respectively) (Fig.
6B, D). These results strongly support the conclusion that EAAT4
regulates BG AMPAR activation.

Discussion

Here we show that EAAT4 expression in PCs is inversely corre-
lated with the degree of extrasynaptic glutamate receptor activa-
tion, the concentration of extracellular glutamate, and the degree
of BG AMPA receptor activation following PF stimulation. We
further show that blocking glutamate transporters or genetically
removing EAAT4 from PCs abolished the regional difference in
extracellular glutamate concentration, indicating that the re-
gional differences in EAAT4 played a causal role. The observation
that EAAT4 influences BG AMPA receptor activation despite the
presence of abundant glial transporters (Lehre and Danbolt,
1998) suggests that the perisynaptic localization of neuronal
transporters (Dehnes et al., 1998) endows EAAT4 with a privi-
leged role in modulating neuroglia glutamate signaling. In sum,
we demonstrate that physiologically relevant variation in neuro-
nal glutamate transporter expression levels is sufficient to alter
extrasynaptic glutamate signaling.
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A system to study EAAT4 and cerebellar
cortical compartmentalization
We established a system to study neuronal
transporter function using EAAT4-eGFP
! mice. The differential expression of
EAAT4 in PCs is faithfully represented by
the eGFP signal. High and low eGFP ex-
pression also predict the level of endoge-
nous EAAT4 functional activity. This
system provides an assay to study physio-
logical variations in neuronal transporter
expression more subtle than complete loss
of transporters using EAAT4-KO mice or
® pharmacological blockade. We also over-
come the lack of a specific EAAT4 antag-
onist by generating EAAT4-KO-eGFP

mice to validate the causal role of EAAT4
in our results. The patterned expression of
EAAT4 provides the opportunity to un-
derstand the consequences of altered

EAATA4 regulates Bergmann glial AMPAR activation. A, B, Representative BG ESC from EAAT4-WT-eGFP (4) and
EAAT4-K0-eGFP mice (B) are the sum of BG /yyp, (green) plus BG STC (red). Recordings with light and dark green traces designate
BGs located in bright and dim regions, respectively. BG responses in bright regions showed a reduced /,y,p, component (4,
difference in black dashed lines) in WT mice but not in EAAT4 KO mice (B, dashed black lines). C, D, Summary results from

transporter expression levels in the ab-
KO sence of other pathological or compensa-
tory changes that likely accompany
transporter dysregulation in disease states
(Serraetal., 2004, 2006; Ikeda et al., 2006).
Furthermore, EAAT4-eGFP mice may be
a useful tool in studying the functional
significance of cerebellar compartmental-
ization, given that other proteins, such as
protein kinase Cé and GABAy, receptor,
are also positively or negatively correlated
with EAAT4 expression (Apps and Hawkes, 2009).

Parallel fiber release properties in high- and
low-EAAT4-expressing zones

Mossy fiber afferents terminate in longitudinal stripes that over-
lap with Zebrin IT strips. Although granule cells relay information
from mossy fibers, their parallel fiber axons often extend over the
stripe boundaries (Apps and Hawkes, 2009). Our results indicate
that PFs innervating high- and low-EAAT4-expressing PCs show
similar release properties, unlike a recent report showing that
climbing fibers have different release properties across Zebrin II
and EAAT4 stripes (Paukert et al., 2010; but see Wadiche and
Jahr, 2005). This result supports our conclusion that EAAT4 me-
diates the region-specific regulation of extrasynaptic glutamate
concentration, ruling out the possible confounds in presynaptic
release differences.

EAAT4 modulates the extrasynaptic glutamate profile and
receptor activation
We found that in the presence of CTZ, EAAT4 levels influenced
the recruitment of extrasynaptic AMPA receptors although they
did not influence the PF-PC EPSC time course. We speculate that
EAAT4 may control the degree of glutamate “spilling out” of
synapses, resulting in the differential recruitment of extrasynap-
tic AMPA receptors. However, our data also suggest that even low
levels of EAAT4 are sufficient to prevent “spillover” between syn-
apses that contributes to the late decay phase of PF EPSCs seen in
recordings from EAAT4 KO slices (Tsukada et al., 2005).
Together, these results show that EAAT4 plays an important
role in restricting the activation of extrasynaptic glutamate recep-
tors on PCs and BG, in addition to metabotropic glutamate re-
ceptors (mGluRs) (Brasnjo and Otis, 2001; Wadiche and Jahr,
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2005; Nikkuni et al., 2007). In this regard, neuronal transporters
in the cerebellum are similar to EAAT3 in the hippocampus that
limit extrasynaptic NMDA receptor activation (Scimemi et al.,
2009).

Our results indicate that upon PF activation, physiological
differences in EAAT4 expression can affect the extrasynaptic but
not the synaptic glutamate concentration. The synaptic gluta-
mate transient at cerebellar synapses depends primarily on the
number and synchrony of released vesicles (Foster et al., 2005;
Rudolph et al., 2011) that did not differ between regions. Neuro-
nal EAATSs could prolong the extrasynaptic glutamate transient
by temporarily trapping glutamate without transport as well as
reducing released glutamate by uptake (Diamond and Jahr, 1997;
Tzingounis and Wadiche, 2007). EAAT4 is responsible for ~20%
of glutamate uptake following climbing fiber activation (Brasnjo
and Otis, 2004), a value that could be higher in high-EAAT4-
expression PCs. We found that the BG STC rise time in high-
EAAT4 regions was significantly slower than dim regions in
EAAT4-wild-type (WT) mice and both regions in EAAT4-KO
mice (data not shown), potentially revealing enhanced buffering
in high-EAAT4 regions. However, we cannot rule out the possi-
bility that enhanced uptake capacity in bright regions contributes
to the time course as well as the peak concentration of glutamate
that reaches BG AMPA receptors.

Functional implication of differential activation of BG
AMPAR

Imaging in vivo from awake animals suggests that suppressing
glutamatergic signaling inhibits calcium transients in BG that are
activated by motor behavior (Nimmerjahn et al., 2009). AMPARs
on BG play a minor role in inducing the calcium signals (Piet and
Jahr, 2007), but calcium signals mediated by BG mGluRs may
also be influenced by EAAT4 levels. Furthermore, BG AMPA
receptor activation is needed to maintain BG ensheathment of PC
synapses (Iino et al., 2001; Ishiuchi et al., 2001). Therefore, dif-
ferences in the synaptic activation of BG AMPA receptor between
high- and low-EAAT4-expressing regions could result in mor-
phological changes of BG processes surrounding PF-PC syn-
apses. EAAT4 expression increases after birth and peaks around
the third week of age (Furuta et al., 1997), which parallels the
maturation of BG ensheathment to PC synapses (Lippman et al.,
2008). Whether EAAT4 modulates the calcium signals in BG and
glial coverage around active synapses would be interesting to
explore in future studies. In addition, differential activation of
BG AMPARSs could influence D-serine release that has been sug-
gested to regulate PF LTD (Kakegawa et al., 2011).

Physiological variation in EAATSs regulate neuroglia signaling
Both physiological and pathological stimuli can alter the expres-
sion of neuronal EAATS, including synaptic plasticity and spino-
cerebellar ataxia (Levenson et al., 2002; Serra et al., 2006).
Variation in EAAT4 expression also contributes to vulnerability
of PCs to excitotoxic cell death (Yamashita et al., 2006). Yet, the
consequences of transporter upregulation or downregulation has
not been clear, since most studies rely on broad-spectrum phar-
macological inhibitors or complete genetic deletion. Here, we
demonstrate how a mere twofold difference in EAAT4 expression
alters transmitter levels beyond the synapse. We speculate that
the perisomatic localization and its high affinity enables EAAT4
to tightly control extrasynaptic signaling. Together, these results
highlight the importance of endogenous neuronal transporter
levels in neuroglial signaling and the potential functional signif-
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icance of transporter regulation during physiological or patho-
logical stimuli.
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