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The Relationship Between Glutamate Dynamics
and Activity-Dependent Synaptic Plasticity
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The spatiotemporal dynamics of excitatory neurotransmission must be tightly regulated to achieve efficient synaptic communication. By
limiting spillover, glutamate transporters are believed to prevent excessive activation of extrasynaptically located receptors that can
impair synaptic plasticity. While glutamate transporter expression is reduced in numerous neurodegenerative diseases, the contribu-
tions of transporter dysfunction to disease pathophysiology remain ambiguous as the fundamental relationship between glutamate
dynamics and plasticity, and the mechanisms linking these two phenomena, remain poorly understood. Here, we combined electrophys-
iology and real-time high-speed imaging of extracellular glutamate transients during LTP induction and characterized the sensitivity of
the relationship between glutamate dynamics during theta burst stimulation (TBS) and the resulting magnitude of LTP consolidation,
both in control conditions and following selective and nonselective glutamate transporter blockade. Glutamate clearance times were
negatively correlated with LTP magnitude following nonselective glutamate transporter inhibition but not following selective blockade of
a majority of GLT-1, the brain’s most abundant glutamate transporter. Although glutamate transporter inhibition reduced the postsyn-
aptic population response to TBS, calcium responses to TBS were greatly exaggerated. The source of excess calcium was dependent on
NMDARs, L-type VGCCs, GluA2-lacking AMPARs, and internal calcium stores. Surprisingly, inhibition of L-type VGCCs, but not GluA2-
lacking AMPARs or ryanodine receptors, was required to restore robust LTP. In all, these data provide a detailed understanding of the
relationship between glutamate dynamics and plasticity and uncover important mechanisms by which poor glutamate uptake can
negatively impact LTP consolidation.
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Introduction
NMDARs are essential initiators of activity-dependent synaptic
plasticity. Recently, emerging evidence suggests a dichotomy in

NMDAR function that is at least partially explained by the recep-
tor’s subcellular localization; synaptic NMDAR (synNMDAR)
activation promotes downstream signaling associated with syn-
apse strengthening and cell survival, whereas extrasynaptic
NMDAR (exNMDAR) activation promotes synapse weakening
and cell death (Lu et al., 2001; Massey et al., 2004; Hardingham
and Bading, 2010; Papouin et al., 2012; Parsons and Raymond,
2014). Intracellular signaling pathways associated with synapse
strengthening, in the form of LTP, and synapse weakening, in the
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Significance Statement

Specific patterns of neural activity can promote long-term changes in the strength of synaptic connections through a phenomenon
known as synaptic plasticity. Synaptic plasticity is well accepted to represent the cellular mechanisms underlying learning and
memory, and many forms of plasticity are initiated by the excitatory neurotransmitter glutamate. While essential for rapid cellular
communication in the brain, excessive levels of extracellular glutamate can negatively impact brain function. In this study, we
demonstrate that pharmacological manipulations that increase the availability of extracellular glutamate during neural activity
can have profoundly negative consequences on synaptic plasticity. We identify mechanisms through which excess glutamate can
negatively influence synaptic plasticity, and we discuss the relevance of these findings to neurodegenerative diseases and in the
aging brain.
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form of LTD, represent competing mechanisms that ultimately
determine the strength of synaptic connectivity at a given synapse
at a given time (Peineau et al., 2007; Shipton and Paulsen, 2014;
Volianskis et al., 2015). Therefore, the precise extracellular gluta-
mate dynamics during plasticity-inducing stimuli should govern
the subsequent magnitude of synaptic plasticity. Glutamate
transporters shape both the spatial and temporal dynamics of
synaptically released glutamate (Rothstein et al., 1994; Danbolt,
2001). At the conventional tripartite synapse (Perea et al., 2009),
glutamate transporters on astrocytes limit glutamate spillover,
presumably facilitating LTP by maximizing the ratio of synN-
MDAR to exNMDAR activity (Katagiri et al., 2001; Koeglsperger
et al., 2013). In addition, neuronal transporters help to reduce the
activation of extrasynaptically located receptors by buffering glu-
tamate released during synaptic activity (Scimemi et al., 2009).

Downregulation of glutamate transporters, particularly gluta-
mate transporter-1 (GLT-1) (Danbolt, 2001), is observed in a
variety of neurodegenerative diseases and other CNS disorders,
including Alzheimer disease, Huntington disease, epilepsy,
stroke, and traumatic brain injury (Yi and Hazell, 2006; Faideau
et al., 2010; Parsons and Raymond, 2014; Soni et al., 2014; Petr et
al., 2015). It has been proposed that the LTP impairment induced
by amyloid � oligomers (Townsend et al., 2006; Welsby et al.,
2007; Jo et al., 2011; S. Li et al., 2011; Varga et al., 2015; Lei et al.,
2016) is mediated by GLT-1 downregulation and subsequent glu-
tamate spillover, causing pathological overactivation of GluN2B-
containing exNMDARs (S. Li et al., 2011; Varga et al., 2015) and
downstream recruitment of intracellular kinases, such as GSK3
that promote LTD (Peineau et al., 2007; S. Li et al., 2009; Jo et al.,
2011). In such a model, glutamate spillover, presumably during
LTP induction (Townsend et al., 2006), recruits exNMDARs to
promote LTD pathways that oppose LTP (S. Li et al., 2009, 2011;
Varga et al., 2015). Considering the number of CNS conditions
associated with reduced glutamate transporter expression (Yi
and Hazell, 2006; Faideau et al., 2010; Parsons and Raymond,
2014; Soni et al., 2014; Petr et al., 2015) and impaired synaptic
plasticity (Townsend et al., 2006; Welsby et al., 2007; Jo et al.,
2011; S. Li et al., 2011; Paoletti et al., 2013; Parsons and Raymond,
2014; Varga et al., 2015; Lei et al., 2016), understanding how the
spatiotemporal dynamics of endogenous glutamate impacts
activity-dependent synaptic plasticity may reveal common mech-
anisms of disease pathophysiology. Despite the association of
synNMDAR and exNMDAR activation with synapse strengthen-
ing and weakening, respectively, fundamental knowledge of the
precise relationship between glutamate dynamics and plasticity is
lacking.

Here, we monitored hippocampal extracellular glutamate
dynamics and synaptic strength in real time by combining high-
speed imaging of the optogenetic sensor iGluSnFR (intensity-
based glutamate-sensing fluorescent reporter) (Marvin et al.,
2013) with conventional electrophysiology at the CA3-CA1 syn-
apse. We demonstrate the impact that pharmacological manipu-
lations of glutamate uptake has on glutamate clearance rates,
LTP, and associated downstream signaling pathways. Our data
demonstrate that LTP is more sensitive to the slowing of gluta-
mate clearance induced by nonselective glutamate transporter
blockade compared with that induced by selective inhibition of
GLT-1. Moreover, we found that pharmacologically induced glu-
tamate spillover impairs LTP by a mechanism associated with a
pathological increase in cytosolic calcium levels through L-type
VGCCs (L-VGCCs). In all, our data characterize the relationship
between glutamate dynamics and LTP, and suggest a novel mech-

anism underlying LTP impairment in cases where glutamate up-
take is compromised.

Materials and Methods
Animals. One to three-month old male C57BL/6NCrl mice (Charles
River, strain code 027) were used in the present experiments. Mice had ad
libitum access to food and water and were housed on a 12 h:12 h light:
dark cycle. All procedures followed the guidelines of the Canadian
Council on Animal Care and were approved by Memorial University’s
Institutional Animal Care Committee.

Stereotaxic surgery. For the duration of the surgical procedure, mice
were anesthetized with isoflurane. Viral injections of 1 �l AAV2/
1.hSyn.iGluSnFr.WPRE.SV40 (a gift from Loren Looger; Addgene viral
prep #98929-AAV1) for glutamate imaging or 1 �l AAV1.Syn.GCaMP6f.
WPRE.SV40 (a gift from The Genetically Encoded Neuronal Indicator
and Effector Project and Douglas Kim; Addgene viral prep #100837-
AAV1) for calcium imaging were administered directly into the hippocam-
pus. Adeno-associated virus was injected using a Neuros 7002 Hamilton
syringe coupled to an infusion pump (Pump 11 Elite Nanomite; Harvard
Apparatus), which allowed a constant infusion rate of 2 nl/s. The syringe was
left in place for an additional 5 min. The following coordinates from bregma
were used for hippocampal infusions: 2.6 mm posterior, 2.4 mm lateral
(right), and 1.4 to 1.2 mm ventral to the brain surface.

Slice preparation. Two to 5 weeks after adeno-associated virus injec-
tion, mice were anesthetized by isoflurane inhalation, and brains were
quickly removed and placed in oxygenated ice-cold slicing solution con-
taining the following (in mM): 125 NaCl, 2.5 KCl, 25 NaHCO3, 1.25
NaH2PO4, 2.5 MgCl2, 0.5 CaCl2, and 10 glucose. Transverse hippocam-
pal slices (350 �m) were obtained using a Lecia VT1000 vibratome. Slices
were transferred to a holding chamber containing oxygenated ACSF, the
same as slicing solution, except containing 1 mM MgCl2 and 2 mM CaCl2,
for recovery (�60 min) before experimentation.

Real-time imaging of glutamate or calcium biosensors. Following recov-
ery, slices were transferred to a recording chamber and visualized with an
Olympus BX51 microscope. Oxygenated ACSF was continuously per-
fused at a flow rate of 1.5–2 ml/min and maintained at 25°C (except
where noted) with a TC-344C temperature controller (Warner Instru-
ments). Glass pipettes were pulled using a Narishige PB-7 pipette puller
to a resistance of 1–3 M� and filled with ACSF. The Schaffer collateral
pathway was stimulated by controlling an Iso-flex stimulator (A.M.P.I.)
with the digital outputs of a Digidata 1550 digitizer (Molecular Devices).
iGluSnFR or gCAMP6f responses were evoked by stimulating the Schaf-
fer collateral pathway with either single pulses or theta burst stimulation
(TBS). TBS consisted of 10 bursts of 4 pulses at 100 Hz with a 200 ms
interburst interval (pulse width � 0.1 ms; stimulation intensity � 75
�A). Electrodes were placed at least 50 �m below the surface of the slice.
iGluSnFR or gCAMP6f fluorescence was excited by a LED (Prior Scien-
tific, Lumen 300) passed through a 460 – 490 nm bandpass filter. Fluo-
rescence emission was captured with an Olympus 4�/0.28 NA objective,
filtered through a 510 nm high-pass emission filter, and visualized using
an EM-CCD camera (Andor, iXon Ultra 897). Exposure time was 0.0047
s, and 4 � 4 binning was used to achieve a framerate of 205 Hz. Clampex
software was used to synchronize the LED, stimulus isolator, and image
acquisition. Images were acquired using Andor Solis software.

Image analysis. Evoked iGluSnFR or GCaMP6f responses were ana-
lyzed in ImageJ. For single pulses, a total of 5 stimulus trials (20 s inter-
vals) were averaged together. Between each stimulation trial, a blank trial
consisting of LED exposure but no stimulation was acquired. The average
of 5 blank trials was subtracted from the average of 5 stimulus trials to
account for the mild photobleaching effect observed. Trial averaging and
subtraction were performed using the “intrinsic signal processor VSD”
plugin for ImageJ. Changes in fluorescence intensity were converted to
%�F/F. For TBS, a single stimulation and single blank trial were re-
corded. A 10 � 10 pixel (160 � 160 �m) ROI in the stratum radiatum of
CA1 was used to measure the %�F/F response. All values were calculated
as the average %�F/F within the ROI for each frame. Using GraphPad
Prism, decay tau was analyzed by fitting a nonlinear regression single-
exponential curve to the iGluSnFR or GCaMP6f response transients,
beginning at the response’s peak.
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Electrophysiology. For electrophysiological recordings of LTP, acute
slices were placed in the recording chamber and were left for a minimum
of 10 min before electrode placement. fEPSPs were evoked by 0.1 ms
single pulses with a glass electrode, generated at a frequency of 0.33 Hz,
and the stimulus intensity was adjusted to elicit fEPSPs that were 30%–
40% of the maximal response. Field potentials were recorded with a glass
electrode in CA1 stratum radiatum, �400 �m from the site of stimula-
tion, and signals were amplified and low-pass filtered at 10 kHz with a
Multiclamp 700B amplifier (Molecular Devices). LTP was induced with
TBS as described above. Recordings continued for 30 or 60 min after LTP
induction, as indicated, and LTP magnitude was quantified by averaging
the fEPSP slope throughout the last 5 min of recording. Percent poten-
tiation was expressed as the percentage increase in the average fEPSP
slope compared with baseline. All data were collected and analyzed using
pClamp10 software (Molecular Devices).

Immunofluorescence. Acute slices (350 �m) were obtained and main-
tained in ACSF as described above. Slices were transferred to the record-
ing chamber and perfused (1–2 ml/min) with oxygenated ACSF either
with or without 15 �M DL-threo-beta-benzyloxyaspartate (DL-TBOA).
Once stimulating and recording electrodes were placed in the slice as
above, a single pulse of stimulation was used to confirm the presence of a
clean fEPSP, indicative of a healthy slice. Then slices were stimulated with
TBS as above. Slices were transferred to 4% PFA 10, 20, or 30 min fol-
lowing TBS. Control slices were subject to electrode placements, and a
clean fEPSP evoked by a single pulse was confirmed, but no TBS was
administered. Slices remained in 4% PFA overnight at 4°C and then
transferred to 30% sucrose in 0.01 M PBS at 4°C for at least 5 h. Slices were
then flash-frozen using liquid nitrogen and sectioned on a cryostat (Leica
Microsystems, CM3050 S) to 16 �M. Slide-mounted resectioned slices
were washed three times using 0.01 M PBS for 5 min each and then
incubated in blocking solution for 1 h at room temperature. Blocking
solution contained 10% goat serum and 0.4% Triton X-100 in 0.01 M

PBS. Slides were then incubated in rabbit anti-pERK primary antibody
(1:500; Cell Signaling Technology #4370) or mouse anti-ERK (1:500; Cell
Signaling Technology, catalog #4696S) overnight at 4°C. The primary
antibody was diluted in 0.4% Triton X-100 in 0.01 M PBS. Slides were
then washed three times in 0.01 M PBS and incubated in AlexaFluor-594
goat anti-rabbit secondary antibody (1:250; Thermo Fisher Scientific,
A-11037) or AlexaFluor-488 goat anti-mouse (1:250, Thermo Fisher Sci-
entific, A11029) for 2 h at room temperature. Slides were again washed
three times with PBS and coverslipped with DAKO fluorescent mounting
medium containing DAPI (Abcam, ab104139). All slides were then
stored at 4°C until image analysis.

Immunofluorescence imaging and analysis. Acute slices that were resec-
tioned and processed for pERK immunofluorescence were imaged with
an Axiovert inverted microscope (Carl Zeiss). To obtain clear images of
the entire hippocampus while minimizing LED intensity, a 20�/0.8 NA
objective lens was used and a 4 � 4 array of images were tiled and stitched
using the Zen Pro software. Images were exported as TIFF files and
analyzed in ImageJ. For each acute slice, all resectioned images were
examined for evidence of clear placements of the stimulating and record-
ing electrodes. pERK intensity was measured in a 100 �m � 100 �m ROI
placed in CA1 stratum radiatum, between the recording and stimulating
electrode placements. Mean pERK fluorescence intensity within this ROI
was normalized to the background pERK intensity level in an ROI placed
in an adjacent, nonstimulated area. Analysis for total ERK staining was
conducted using the same approach. This approach was similar to that
described previously (Zhu et al., 2015).

Drugs. DL-TBOA, DHK, D-APV, AIDA, and MDL 28170 were pur-
chased from Tocris Bioscience. Ifenprodil tartrate, SB 415286, dan-
trolene, nifedipine, and naspm were purchased from Sigma Millipore .
(�)-MK 801 maleate was purchased from Thermo Fisher Scientific. For
SB 415286 experiments, slices were incubated for 1–2 h before recording.
For MK-801 experiments, slices were incubated for 3 h before recording.
For AIDA experiments, slices were bath-applied with AIDA for a half
hour before LTP induction. For MDL-28170 experiments, MDL 28170
was bath-applied starting 10 min after LTP induction. For all other ex-
periments, drugs were bath-applied for at least 10 min before imaging or
LTP induction.

Statistical analysis. All data are represented as mean 	 SEM. All statis-
tical analyses were conducted using GraphPad Prism. Since all data were
normally distributed, parametric statistics were used throughout. The
statistical tested used include the following: t test, paired t test, one-way
ANOVA, two-way ANOVA, repeated-measures (RM) two-way ANOVA,
and linear regression. The specific statistical test used is listed within
Results. To be considered significant, p values 
0.05 were used. Reported
n values indicate the number of acute slices used; and for every dataset, a
minimum of 3 mice were used per group.

Results
Visualizing real-time extracellular glutamate dynamics in
the hippocampus
To help understand the influence glutamate dynamics has on
activity-dependent plasticity, we visualized extracellular gluta-
mate in real time using the single-wavelength fluorescent re-
porter termed iGluSnFR (Marvin et al., 2013). iGluSnFR was
virally expressed in the hippocampus under the synapsin pro-
moter (Fig. 1A), allowing us to measure glutamate sensed at the
neuronal surface. Endogenous synaptic release was evoked in
acute hippocampal slices by electrically stimulating the Schaffer
collateral pathway, and the resultant iGluSnFR transients were
captured at 205 frames per second with an EM-CCD camera (Fig.
1B). Rapid iGluSnFR transients with a high signal-to-noise ratio
were readily observed following brief electrical stimulation con-
sisting of a single pulse (Fig. 1C,D). We then monitored extracel-
lular glutamate dynamics in response to TBS, a commonly used
and physiologically relevant (Otto et al., 1991) LTP induction
paradigm. iGluSnFR imaging during TBS revealed 10 clear
iGluSnFR peaks corresponding to each burst of the TBS. Gluta-
mate was rapidly cleared from the extracellular space in between
bursts, and we typically observed a noticeable reduction in the
peak %�F/F of iGluSnFR responses throughout the TBS protocol
(Fig. 1E,F).

Nonselective glutamate transporter blockade increases
extracellular glutamate accumulation and impairs TBS-LTP
We first used TBOA to investigate the effect of nonselective glu-
tamate transporter inhibition on glutamate dynamics during
plasticity induction as well as the strength of TBS-LTP. TBOA
bath application from 1 to 15 �M resulted in a concentration-
dependent effect on both the peak and decay tau of iGluSnFR
transients evoked by a single pulse (peak: Fig. 2A,B; n � 6, RM
one-way ANOVA, p � 0.002; decay tau: Fig. 2A,C; n � 6, RM
one-way ANOVA, p 
 0.001). TBOA concentrations �15 �M

(i.e., 50 and 100 �M) decreased iGluSnFR peak responses (Fig.
2A,B), consistent with the observation that TBOA concentra-
tions of �50 �M can be toxic to hippocampal neurons (Bonde et
al., 2003). In many cases, the iGluSnFR response in 50 or 100 �M

TBOA degraded to the point where a decay tau could not be
reliably measured; thus, decay kinetics were not quantified for
these concentrations. The relative ambient (unstimulated) gluta-
mate level, measured by changes in iGluSnFR basal fluorescence
from baseline as described previously (Parsons et al., 2016; Pinky
et al., 2018), increased steadily from 1 to 100 �M TBOA as ex-
pected (Pinky et al., 2018) (Fig. 2D; n � 6, RM one-way ANOVA,
p 
 0.001). As 15 �M TBOA achieved the maximal response on
iGluSnFR decay tau values without degrading the response size,
we decided to further explore the effect of 15 �M TBOA on both
glutamate dynamics during TBS and the magnitude of TBS-LTP
1 h after induction. We also explored the effect of 5 �M TBOA on
the same parameters, representing a moderate concentration of
TBOA that still exerted an observable effect on evoked iGluSnFR
responses.
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To determine the effect of TBOA on
glutamate dynamics during LTP induc-
tion (i.e., TBS), we used TBS to evoke
iGluSnFR responses in slices bathed in
regular ACSF and then, in the same slice,
bath-applied either 5 or 15 �M TBOA for
10 min before evoking a second iGluSnFR
response with TBS. This experimental de-
sign resulted in paired comparisons for
each TBOA concentration. As a control,
we found that the iGluSnFR response to
the second TBS was not significantly dif-
ferent from the response to the first TBS
when the slice was continuously bathed in
ACSF (n � 5, RM two-way ANOVA,
p(�Mtreatment) � 0.149). TBOA, applied at
5 �M, resulted in a significant increase in
the iGluSnFR peaks and decay taus asso-
ciated with each burst of the TBS (Fig.
3A–D; peak: n � 6, RM two-way ANOVA,
p(treatment) 
 0.001, p(burst#) 
 0.001,
p(interaction) 
 0.001; decay tau: n � 6, RM
two-way ANOVA, p(treatment) 
 0.001,
p(burst#) � 0.706, p(interaction) � 0.700).
Similar effects but of greater magnitude
were observed following application of
15 �M TBOA (Fig. 3E–H; peak: n � 6, RM
two-way ANOVA, p(treatment) 
 0.001,
p(burst#) 
 0.001, p(interaction) � 0.001; de-
cay tau: n � 6, RM two-way ANOVA,
p(treatment) 
 0.001, p(burst#) 
 0.001,
p(interaction) � 0.003). The peak ratio, cal-
culated by dividing the peak iGluSnFR re-
sponse after TBOA to the peak iGluSnFR
response before TBOA for each burst, was
larger for 15 �M TBOA than for 5 �M

TBOA (Fig. 3I; n � 6 per concentration,
RM two-way ANOVA, p(treatment) 

0.001, p(burst#) � 0.005, p(interaction) �
0.996). The decay tau ratio was also higher
for 15 �M TBOA compared with 5 �M

TBOA (Fig. 3J; n � 6 per concentration,
RM two-way ANOVA, p(treatment) �
0.001, p(burst#) � 0.102, p(interaction) �
0.206). These data indicate that TBOA in-
duces a concentration-dependent slowing
of glutamate clearance and increase in ex-
tracellular accumulation during a stan-
dard LTP-inducing TBS protocol.

We then used conventional electro-
physiology to quantify TBS-LTP in slices
bathed in control ACSF or ACSF contain-
ing 5 or 15 �M TBOA. fEPSPs were re-
corded in CA1 stratum radiatum, and
LTP was induced by TBS applied to the
Shaffer collaterals. TBOA was bath-
applied for a minimum of 10 min before
TBS and remained in the bath for the du-
ration of the recording. During baseline
recordings, TBOA had no significant ef-
fect on fEPSP slope in response to single
pulses (Fig. 3K,L; paired t test, n � 8, p �
0.987), and resulted in a nonsignificant

Figure 1. iGluSnFR expression and typical response profile in hippocampus. A, Schematic of a tripartite synapse with
iGluSnFR expressed exclusively on neurons. B, Representative image of an acute hippocampal slice expressing iGluSnFR.
The approximate locations of the stimulating electrode (black) and the region of interest (red) used to quantify the
iGluSnFR response are shown. C, Representative iGluSnFR response to a single pulse of electrical stimulation. D, Heat map
represents the maximal iGluSnFR response frame (left) and the iGluSnFR response profile over time (right) in response to a
single pulse of stimulation. Left, White lines indicate the approximate locations of the hippocampal cell body layers. Green
arrow indicates the stimulation electrode. Right, Vertical blue line indicates the timing of the pulse of electrical stimula-
tion. E, Representative iGluSnFR response to TBS. Ten distinct iGluSnFR response peaks are synchronized with the 10 bursts
of stimulation associated with the TBS protocol. Vertical blue bars represent electrical stimulation. F, Heat map showing
maximal iGluSnFR frame (left) and response profile over time (right) during TBS. Vertical blue bars above image represent
electrical stimulation.

Figure 2. Effect of increasing concentrations of TBOA on evoked iGluSnFR responses. A, Grouped data show mean
iGluSnFR responses to a single pulse of stimulation in the presence of 0, 1, 5, 10, 15, 50, and 100 �M TBOA. Gray shading
represents SEM. Inset, Responses normalized to peak to help visualize the effect of TBOA on iGluSnFR decay. B–D, Peak (B),
decay tau (C), and tonic levels (D) were normalized to the average value in the absence of TBOA. Lines connect paired data
from the same slice.
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trend to increase fEPSP half-width observed (Fig. 3K,M; paired t
test, n � 8, p � 0.077). TBOA application resulted in a
concentration-dependent impairment of TBS-LTP (Fig. 3N,O;
control n � 10, 5 �M TBOA n � 6, 15 �M TBOA n � 6, one-way
ANOVA, p � 0.028). The mean % LTP was not significantly
reduced in 5 �M TBOA (Dunnett test vs control, p � 0.361), and
post hoc significance was only observed for 15 �M TBOA (Dun-
nett test vs control, p � 0.016). As glutamate uptake as well as
glutamate transporter surface diffusion are highly temperature-
dependent (Wadiche and Kavanaugh, 1998; Murphy-Royal et al.,
2015), we performed a subset of experiments at the near-
physiological temperature of 32°C. When we plotted LTP
strength against the magnitude of TBOA-induced glutamate
slowing during TBS, including the experiments performed at
32°C (n � 6 for CTL iGluSnFR, n � 8 for CTL LTP, n � 6 for
TBOA iGluSnFR, n � 9 for TBOA LTP), we found a clear rela-
tionship between LTP and glutamate dynamics (Fig. 3P); slower

glutamate clearance rates significantly correlated with poor LTP
consolidation (r � �0.483, p � 0.002). Together, these data in-
dicate that nonselective inhibition of glutamate transporters pro-
motes extracellular glutamate accumulation during TBS and
results in a significant LTP impairment.

Selective blockade of GLT-1 slows glutamate clearance but
does not impair LTP
At the 5 and 15 �M concentrations used, TBOA would be ex-
pected to partially block GLT-1, the neuronal EAAT3, and, to a
lesser extent, GLAST (IC50 for GLT-1, EAAT3, and GLAST is 6, 6,
and 70 �M, respectively) (Shimamoto et al., 1998). Next, we asked
whether a similar relationship between glutamate dynamics and
synaptic plasticity could be observed following the selective
blockade of GLT-1, the brain’s most abundant glutamate trans-
porter (Danbolt, 2001). The selective GLT-1 blocker DHK
resulted in a concentration-dependent increase in the iGlu-

Figure 3. Nonselective glutamate transporter inhibition slows glutamate clearance and impairs LTP. A, Mean (	SEM in gray) iGluSnFR response to TBS before (black) and after (orange) 5 �M

TBOA application. B, Same data as shown in A, but normalized to the first peak to help visualize the effect of TBOA on iGluSnFR decay following each burst. C, D, Grouped data show the effect of 5
�M TBOA on iGluSnFR peak (C) and decay tau (D) values for each burst associated with TBS. E, Mean (	SEM) iGluSnFR response to TBS before (black) and after (blue) 15 �M TBOA application. F, Same
data as shown in E, but normalized to the first peak to help visualize the effect of TBOA on the clearance rate following each burst. G, H, Grouped data show the effect of 15 �M TBOA on iGluSnFR peak
(G) and decay tau (H ) values for each burst associated with TBS. I, J, Peak (I ) and decay (J ) ratios for 5 and 15 �M TBOA. K–M, Representative traces (K ), fEPSP slope (L), and fEPSP half-width (M )
before and after 15 �M TBOA application. N, LTP in control (CTL), 5 �M TBOA, and 15 �M TBOA-treated slices. LTP is induced by TBS at time � 0. Representative traces show fEPSPs before (gray
traces) and 55– 60 min after TBS for each condition. O, Percent potentiation to analyze the effect of 5 and 15 �M TBOA on LTP. P, Percent potentiation plotted against the fold increase in the iGluSnFR
decay tau during TBS for control and TBOA (5 and 15 �M) experiments at 25 and 32°C. Error bars indicate SEM. A, B, E, F, Gray shading represents SEM. *p 
 0.05.
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SnFR peak and decay tau in response to a
single pulse (Fig. 4A–C; peak: n � 6, RM
one-way ANOVA, p 
 0.001; decay tau:
n � 6, RM one-way ANOVA, p 
 0.001).
Similar to our observations with TBOA,
the concentration-dependent increase in
iGluSnFR peak began to reverse at higher
concentrations; in the case of DHK, con-
centrations �100 �M had a negative im-
pact on the peak response (Fig. 4A,B).
Unlike TBOA, and in agreement with a
previous study from our laboratory
(Pinky et al., 2018), DHK had no signifi-
cant effect on tonic glutamate levels, as
measured by the relative changes in the
fluorescence intensity of basal (un-
stimulated) iGluSnFR (Fig. 4D; n � 6,
RM ANOVA, p � 1.00). From these
concentration-response experiments,
we chose to further explore the effects of
50 and 100 �M DHK on glutamate dy-
namics during TBS and the magnitude
of TBS-LTP.

When bath-applied at 50 �M, DHK
resulted in a significant increase in the
iGluSnFR peaks and decay taus associ-
ated with each burst of the TBS (Fig.
5A–D; peak: n � 6, RM two-way
ANOVA, p(treatment) 
 0.001, p(burst#) 
 0.001, p(interaction) �
0.010; decay tau: n � 6, RM two-way ANOVA, p(treatment) 

0.001, p(burst#) � 0.002, p(interaction) � 0.170). Similar effects were
observed following application of 100 �M DHK (Fig. 5E–H; peak
response: n � 6, RM two-way ANOVA, p(treatment) 
 0.001,
p(burst#) � 0.044, p(interaction) � 0.063; decay tau: n � 6, RM two-
way ANOVA, p(treatment) 
 0.001, p(burst#) � 0.059, p(interaction) �
0.700). The peak ratio was not significantly different for 50 and
100 �M DHK (Fig. 5I; n � 6 per concentration, RM two-way
ANOVA, p(treatment) � 0.720, p(burst#) � 0.130, p(interaction) �
1.00), although the decay tau ratio was significantly higher fol-
lowing 100 �M DHK compared with 50 �M DHK (Fig. 5J; n � 6
per concentration, RM two-way ANOVA, p(treatment) 
 0.001,
p(burst#) � 0.690, p(interaction) � 0.140). Thus, like TBOA, selective
blockade of GLT-1 results slows glutamate clearance and en-
hances the amount of extracellular glutamate accumulation dur-
ing a standard TBS protocol. Surprisingly, and in contrast to our
TBOA results, we found that these concentrations of DHK did
not affect the magnitude of TBS-LTP (Fig. 5K,L; control n � 10,
50 �M DHK n � 10, 100 �M DHK n � 6, one-way ANOVA, p �
0.796). When we plotted LTP strength against the magnitude of
DHK-induced glutamate slowing, including a subset of experi-
ments performed at near-physiological temperatures (32°C; n �
6 for CTL iGluSnFR, n � 8 for CTL LTP, n � 6 for DHK iGluS-
nFR, n � 6 for DHK LTP), we found no relationship between
LTP and glutamate dynamics (Fig. 5M); slower glutamate clear-
ance rates following selective GLT-1 inhibition were without ef-
fect on LTP consolidation (r � 0.054, p � 0.752). The only way
we were able to observe significant LTP inhibition following se-
lective GLT-1 blockade was when we further enhanced extracel-
lular glutamate by combining 100 �M DHK with a TBS stimulus
intensity 1.5-fold larger than the stimulus intensity used to evoke
single fEPSPs (Fig. 5N; n � 5, p � 0.018, t test). Thus, LTP is
much more sensitive to changes in glutamate dynamics induced

by nonselective glutamate transporter blockade compared with
selective GLT-1 blockade.

Variations in glutamate dynamics do not correlate with LTP
magnitude in control conditions
As our transporter blocker experiments above suggest that con-
siderable transporter dysfunction is required to exert a negative
impact on TBS-LTP, we reasoned that the slice-to-slice variability
in glutamate dynamics observed in control conditions would be
too insignificant to have any influence over LTP magnitude. To
determine whether the natural (i.e., control) variation in gluta-
mate clearance rates correlates with LTP magnitude, we com-
bined iGluSnFR imaging with conventional electrophysiological
recordings in the same experiments. First, a stable baseline was
established by the fEPSP slope. The iGluSnFR response to a single
pulse was then captured before LTP induction, and we also cap-
tured the iGluSnFR response during LTP induction with TBS.
fEPSPs were then recorded every 20 s for 60 min after induction
in the same slices (Fig. 6A,B). If synaptic plasticity exhibits a high
sensitivity to glutamate clearance kinetics during TBS, we should
observe the weakest LTP in slices that cleared glutamate the slow-
est during LTP induction. Importantly, iGluSnFR expression it-
self had no impact whatsoever on the magnitude of LTP observed
(Fig. 6B, inset; n � 10 without iGluSnFR, n � 15 with iGluSnFR,
t test, p � 0.996). In response to a single pulse, iGluSnFR decay
tau varied from 30 to 75 ms; however, there was no significant
correlation between iGluSnFR decay tau and LTP magnitude
(Fig. 6C; n � 15, p � 0.870). Similarly, LTP magnitude did not
correlate with glutamate dynamics during TBS under control
conditions, as quantified by either the decay tau after the first
burst (Fig. 6D; n � 15, p � 0.630) or the area under the curve
(AUC) of the iGluSnFR response to the full TBS (Fig. 6E; n � 15,
p � 0.099). This area measurement reflects the relative amount of
extracellular glutamate accumulation throughout the entire TBS;
and while slices with larger iGluSnFR areas tended to have weaker

Figure 4. Effect of increasing concentrations of DHK on evoked iGluSnFR responses. A, Grouped data show mean iGluSnFR
responses to a single pulse of stimulation (at time 0) in the presence of 0, 1, 10, 50, 100, 200, and 300 �M DHK. Gray shading
represents SEM. Inset, Responses normalized to peak to help visualize the effect of DHK on iGluSnFR decay. B–D, Peak (B), decay
tau (C), and tonic levels (D) were normalized to the average value in the absence of DHK. Lines connect paired data from the same
slice.

2798 • J. Neurosci., April 1, 2020 • 40(14):2793–2807 Barnes et al. • Glutamate Dynamics and Synaptic Plasticity



LTP, this trend did not reach statistical significance. These exper-
iments indicate that LTP strength is not significantly affected by
the 2.5-fold variation in iGluSnFR decay tau we observed in con-
trol conditions. Together with our findings with TBOA and
DHK, our data indicate that considerable glutamate slowing in-
duced by nonselective transporter inhibition is required before a
detrimental effect on TBS-LTP can be observed.

Glutamate transporter inhibition does not impair LTP
through excessive activation of NMDARs or recruitment of
common LTD pathways.
Next, we sought to determine the precise mechanism by which
glutamate transporter dysfunction impairs LTP. By altering the
spatiotemporal dynamics of extracellular glutamate during LTP-
inducing stimuli, it is possible that TBOA promotes the simulta-
neous activation of intracellular signaling associated with LTP
and LTD that oppose each other. To determine whether the ex-
cessive glutamate accumulation during TBOA-TBS activated an
NMDAR-independent LTD pathway to oppose LTP consolida-
tion, we blocked NMDARs with the competitive antagonist
D-APV (50 –100 �M). In the presence of D-APV, TBS-LTP was

significantly impaired as expected (Larson and Lynch, 1988).
However, LTD was not revealed in the presence of both D-APV
and TBOA, suggesting that TBOA is unlikely to recruit NMDAR-
independent LTD during TBS (Fig. 7A,B; control n � 10, D-APV
n � 6, D-APV�TBOA n � 6; one-way ANOVA, p � 0.005; post
hoc Tukey tests: control vs D-APV p � 0.021, control vs
D-APV�TBOA p � 0.010, D-APV vs D-APV�TBOA p � 0.947).
In agreement, the TBOA-induced LTP impairment was not due
to the activation of Group 1 mGluR-mediated LTD (Lüscher and
Huber, 2010), as the mGluR1 antagonist AIDA (200 �M) was
unable to restore TBOA-LTP to control levels (Fig. 7C,D; control
n � 10, AIDA n � 7, AIDA�TBOA n � 6; one-way ANOVA, p �
0.009; post hoc Tukey tests: control vs AIDA p � 0.992, control vs
AIDA�TBOA p � 0.011, AIDA vs AIDA�TBOA p � 0.023).
Paired-pulse ratio experiments indicate that TBOA-TBS did not
result in a lasting decrease in release probability that could ac-
count for the LTP deficit (Fig. 7E,F; n � 7; paired t test; p �
0.169). In addition, LTP was not impaired when TBOA was
washed from the slice 30 min before LTP induction, suggesting
that TBOA during the single test pulses does not cause an inhib-
itory metaplasticity that impairs subsequent LTP (CTL % LTP �

Figure 5. Selective GLT-1 inhibition slows glutamate clearance but does not impair LTP. A, Mean (	SEM) iGluSnFR response to TBS before (black) and after (light green) 50 �M DHK application.
B, Same data as shown in A, but normalized to the first peak. C, D, Grouped data show the effect of 50 �M DHK on iGluSnFR peak (C) and decay tau (D) values for each burst associated with TBS. E,
Mean (	SEM) iGluSnFR response to TBS before (black) and after (dark green) 100 �M DHK application. F, Same data as shown in E, but normalized to the first peak. G, H, Grouped data show the
effect of 100 �M DHK on iGluSnFR peak (G) and decay tau (H ) values for each burst associated with TBS. I, J, Peak (I ) and decay (J ) ratios for 50 and 100 �M DHK. K, LTP in control, 50 �M DHK-treated,
and 100 �M DHK-treated slices. LTP is induced by TBS at time � 0. Representative traces show fEPSPs before (gray traces) and 55– 60 min after TBS for each condition. L, Percent potentiation to
analyze the effect of 50 and 100 �M DHK on LTP. M, Percent potentiation plotted against the fold increase in the iGluSnFR decay tau during TBS for control and DHK (50 and 100 �M) experiments
at 25°C and 32°C. N, Percent potentiation following a combination of DHK (100 �M) and a 1.5� stimulation intensity used during LTP induction. Error bars indicate SEM. A, B, E, F, Gray shading
represents SEM. *p 
 0.05.
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52.96 	 7.18, n � 10; TBOA wash %
LTP � 43.03 	 9.76, n � 5, t test, p �
0.434). Similar results to our D-APV
experiments were obtained with the
NMDAR pore-blocker MK-801 (100 �M;
Fig. 7G,H; control n � 10, MK-801 n � 6,
MK-801�TBOA n � 6, one-way ANOVA,
p 
 0.001; post hoc Tukey tests: control vs
MK-801 p 
 0.001, control vs MK-
801�TBOA p 
 0.001, MK-801 vs MK-
801�TBOA p � 0.765). As MK-801
preserves the glutamate binding domain
of NMDARs, this result also indicates that
the TBOA-LTP impairment does not re-
sult from the recruitment of metabotropic
NMDAR LTD (Nabavi et al., 2013). Like-
wise, inhibition of GSK-3, a kinase known
to play a critical role in NMDAR-
dependent LTD (Peineau et al., 2007; Jo et
al., 2011; Bradley et al., 2012), was also
unable to restore TBOA-LTP to control
levels (Fig. 7 I, J; control n � 10, SB n � 7,
SB�TBOA n � 7; one-way ANOVA p 

0.001; post hoc Tukey tests: control vs SB
p � 0.990, control vs SB�TBOA p 

0.001, SB vs SB�TBOA p 
 0.001). In-
deed, while SB415286 (10 �M) had no ef-
fect on LTP on its own, TBS induced a
clear LTD when GSK-3 was inhibited in
the presence of TBOA. Excessive activation of NMDARs can have
a detrimental effect on LTP (Katagiri et al., 2001). However, to
our surprise, we were unable to restore TBOA-LTP to control
levels by using subsaturating concentrations (1–10 �M) of
D-APV. No differences were observed between D-APV concentra-
tions within this range, and the data were pooled (Fig. 7K,L;
control n � 10, D-APV(1–10 �M) n � 14, D-APV(1–10 �M)�TBOA
n � 23; one-way ANOVA, p 
 0.001; post hoc Tukey tests; control
vs D-APV(1–10 �M) p � 0.220, control vs D-APV(1–10 �M)�TBOA
p 
 0.001, D-APV(1–10 �M) vs D-APV(1–10 �M)�TBOA p � 0.043).
Ifenprodil (3–10 �M) was also unable to restore TBOA-LTP to
control levels (Fig. 7M,N; ifenprodil n � 10; ifenprodil � TBOA
n � 12, one-way ANOVA, p 
 0.001; post hoc Tukey tests; control
vs ifenprodil p � 0.783, control vs ifenprodil�TBOA p 
 0.001,
ifenprodil vs ifenprodil�TBOA p � 0.002), suggesting that ex-
cessive activation of GluN2B-containing NMDARs cannot ac-
count for the LTP impairment observed in the present study.

These results were surprising given the previously reported
links between glutamate spillover, exNMDAR overactivation,
and synapse weakening (Katagiri et al., 2001; S. Li et al., 2009,
2011; Scimemi et al., 2009; Varga et al., 2015). Therefore, to fur-
ther probe the possible involvement of excessive NMDAR activ-
ity in the TBOA-LTP impairment, we fixed acute slices 10 min
following TBS, resectioned them to 16 �m on a cryostat, and
quantified pERK immunofluorescence levels in CA1 stratum ra-
diatum. pERK is a kinase essential for TBS-LTP (Zhu et al., 2015)
but is inactivated by high levels of exNMDAR (Ivanov et al.,
2006) or GluN2B-containing NMDAR (Kim et al., 2005) stimu-
lation. Thus, if exNMDAR and/or GluN2B-containing NMDAR
overactivation mediates the TBOA-LTP impairment, we would
expect to see a reduction in the TBS-induced recruitment of
pERK in slices treated with TBOA. The mean pERK fluores-
cence intensity was transiently elevated by TBS as previously
reported (Wang et al., 2014); however, pERK levels increased,

even higher following TBS in TBOA-treated slices, with signifi-
cant post hoc differences identified both 10 and 30 min after TBS
(Fig. 8A–C; n � 4 – 6 slices per time per condition; two-way
ANOVA, p(treatment) � 0.005, p(time) 
 0.001, p(interaction) � 0.106;
post hoc Bonferroni tests comparing TBS vs TBS�TBOA; 0 min
p � 0.05, 10 min p � 0.023, 20 min p � 0.05, 30 min p � 0.040).
We also stained separate slices with an antibody against total
ERK. We found that total ERK levels were unchanged by TBS or
by TBOA-TBS (Fig. 8C; n � 4 – 6 slices per condition, two-way
ANOVA, p(treatment) � 0.724, p(time) � 0.747, p(interaction) �
0.273). Therefore, TBS and TBOA-TBS increased ERK phos-
phorylation rather than total ERK expression levels. This pERK
hyperactivation argues against the overactivation of exNMDARs
or GluN2B-containing NMDARs in the present conditions.

As extracellular glutamate accumulation during TBS is en-
hanced in the presence of TBOA, we next asked whether the
postsynaptic population response to TBS was also enhanced in
the presence of TBOA. We calculated the AUC of the fEPSP re-
sponse to each of the 10 bursts associated with the TBS train.
Compared with control slices, TBOA resulted in a nonsignificant
increase in the mean fEPSP area to the first burst, but this was
followed by a significant reduction in fEPSP area to subsequent
bursts (Fig. 8D,E; control n � 14, TBOA n � 9; RM two-way
ANOVA, p(treatment) � 0.008, p(burst#) 
 0.001, p(interaction) 

0.001; post hoc Bonferroni tests for control vs TBOA: burst #2 p �
0.017, burst #3 p � 0.001, burst #4 p � 0.005, burst #5 p � 0.026,
all other bursts p � 0.05). With the exception of the first burst,
the dampening effect of TBOA on the postsynaptic response to
TBS was both mimicked and occluded by pretreatment with
50 –100 �M D-APV (Fig. 8F,G; D-APV n � 6, D-APV�TBOA n �
6, RM two-way ANOVA, p(treatment) � 0.530, p(burst#) 
 0.001,
p(interaction) � 0.561; post hoc Bonferroni tests for D-APV vs
D-APV�TBOA: all bursts p � 0.05). These data indicate that,
despite the increase in extracellular glutamate, TBOA reduces,

Figure 6. Lack of relationship between glutamate dynamics and LTP in control conditions. A, Top, Representative iGluSnFR
response to a single pulse of electrical stimulation. Bottom, fEPSP responses before (gray) and 1 h after TBS (black). B, Experimental
design showing the combination of LTP and iGluSnFR. Gray traces represent the electrophysiological responses for individual
experiments. Inset, Bar graph represents percent potentiation in slices with (�) and without (�) iGluSnFR expression. C, Plot of
the iGluSnFR decay tau to a single pulse and the resultant magnitude of LTP for each experiment. D, Plot of the iGluSnFR decay tau
to the first burst of TBS and the resultant magnitude of LTP for each experiment. E, Plot of the iGluSnFR AUC to TBS and the resultant
magnitude of LTP for each experiment.
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rather than enhances, the overall population response to TBS.
Thus, it is unlikely that glutamate receptors are overactivated
throughout the course of the TBS paradigm when glutamate up-
take is inhibited with TBOA.

Glutamate transporter inhibition impairs LTP by excess
calcium influx through L-type VGCCs
Calcium influx through NMDARs is required for TBS-LTP at the
CA3-CA1 synapse. Considering our finding that the fEPSP re-

sponse to TBS is reduced by glutamate transporter inhibition, we
next quantified the intracellular calcium response to TBS in con-
trol conditions and in the presence of 15 �M TBOA. These exper-
iments were paired, in that each slice was initially subjected to
TBS in ACSF, followed by a 10 min bath application of TBOA (15
�M), and a second TBS was evoked. To quantify the effect of
TBOA, the AUC of the GCaMP6f response to the second TBS was
divided by that to the first TBS; these data are expressed in Figure
9 as “GCaMP6f AUC (TBS2/TBS1).” As we reasoned that the

Figure 7. TBOA-induced LTP impairment is not mediated by NMDAR overactivation or recruitment of common LTD pathways. A, B, LTP in control conditions and in the presence of a saturating
concentration of the NMDAR antagonist D-APV (50 –100 �M) alone and in combination with 15 �M TBOA. Percent potentiation shown in B. C, D, LTP in control conditions and in the presence of the
Group I mGluR antagonist AIDA (200 �M) alone and in combination with 15 �M TBOA. Percent potentiation shown in D. E, Paired pulse ratio (normalized to baseline) before and after TBS in the
presence of 15 �M TBOA. F, Paired pulse ratio before and 30 min after TBS in the presence of 15 �M TBOA. G, H, LTP in control conditions and in the presence of the use-dependent NMDAR pore blocker
MK-801 (100 �M) alone and in combination with 15 �M TBOA. Percent potentiation shown in H. I, J, LTP in control conditions and in the presence of the GSK inhibitor SB 412586 (10 �M) alone and
in combination with 15 �M TBOA. Percent potentiation shown in J. K, L, LTP in control conditions and in the presence of subsaturating concentrations of D-APV (1–10 �M) alone and in combination
with 15 �M TBOA. Percent potentiation shown in L. M, N, LTP in control conditions and in the presence of the GluN2B-containing NMDAR antagonist ifenprodil (3–10 �M) alone and in combination
with 15 �M TBOA. Percent potentiation shown in N. Error bars indicate SEM. *p 
 0.05; **p 
 0.01; ***p 
 0.0001.
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calcium influx associated with the second TBS may be influenced
by the synaptic changes induced by the first TBS, these data were
compared with control slices that also received two TBS trains
separated by 10 min, but ACSF alone (i.e., no TBOA) was bathed
continuously throughout the experiment. Indeed, in control
slices, the AUC of the GCaMP6f response the second TBS was
1.35 (	 0.16)-fold greater than the response to the first TBS.
However, in TBOA-treated slices, the fold GCaMP6f response
increased to 4.51 (	 0.97), a value significantly higher than con-
trol slices. The TBOA-induced increase in the calcium response
to TBS was not prevented by ifenprodil (10 �M) but was com-
pletely prevented by D-APV (50 –100 �M; Fig. 9A–C; n � 6 or 7
per condition; two-way ANOVA; p(TBOA) 
 0.001; p(antagonists) �
0.001; p(interaction) � 0.016, post hoc Bonferroni tests for ACSF vs
TBOA p � 0.034, with ifenprodil p 
 0.001, with D-APV p �
0.999). These data suggest that the excess calcium response dur-
ing TBOA-TBS is at least initially dependent on NMDAR activa-
tion, but not on ifenprodil-sensitive (i.e., GluN1/GluN2B
diheteromeric) NMDARs.

In the presence of TBOA, the NMDAR-mediated component
of the fEPSP rapidly diminishes by the second burst of TBS (Fig.
8D–G). Thus, we reasoned that an additional source of calcium
may contribute the dramatic effect of TBOA on the calcium re-
sponse to TBS. We used dantrolene (20 �M), naspm (3 �M), and
nifedipine (20 �M) to assess the putative contribution of intracel-
lular calcium stores, GluA2-lacking AMPARs, and L-VGCCs to
the excessive cytosolic calcium levels obtained during TBOA-
TBS, respectively. Interestingly, all compounds were able to de-
crease the mean effect of TBOA on the total GCaMP6f area
during TBS, suggesting the contribution of multiple calcium
sources to TBOA-TBS (Fig. 10A–E; n � 6 per group, one-way

Figure 8. Glutamate transporter inhibition promotes pERK hyperactivity and reduces the postsynaptic population response to TBS. A, Representative images of pERK (red) and DAPI
(pseudocolored green for clarity) in slices without TBS, with TBS, and with TBS in the presence of 15 �M TBOA. B, Representative image shows dendritic pERK staining in the stratum
radiatum. C, Grouped data show pERK (left) and total ERK (right) intensity, normalized to background fluorescence in a nonstimulated region of the slice. D, Representative fEPSP
responses to TBS in control (CTL) conditions and in the presence of 15 �M TBOA. E, Grouped data show the AUC of the fEPSP response to each burst during TBS. F, Representative fEPSP
responses to TBS in the presence of D-APV (50 –100 �M) alone and in combination with 15 �M TBOA. G, Grouped data show the AUC of the fEPSP response to each burst during TBS. Error
bars indicate SEM. *p 
 0.05.

Figure 9. Glutamate transporter inhibition enhances the calcium response to TBS. A,
Heat map represents the maximal GCaMP6f response frame (left) and the GCaMP6f re-
sponse profile over time (right) in response to TBS, both in control conditions (top images)
and in the presence of 15 �M TBOA (bottom images). Top, Black horizontal lines indicate
the timing of the TBS protocol. B, Grouped data show the mean GCaMP6f response to TBS
before (black) and after 15 �M TBOA application (blue). Gray shading represents SEM. C,
Grouped data show the fold increase in the GCaMP6f AUC in response to the second TBS
(TBS2) compared with the first (TBS1). For all experiments, the first TBS was applied in
control conditions and the second TBS was applied in the presence of 15 �M TBOA. Exper-
iments were performed both in the absence and the presence of either ifenprodil or D-APV
as indicated. *p 
 0.05; ***p 
 0.001. n.s., non significant.
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ANOVA, p � 0.012, post hoc Dunnett tests vs TBOA alone:
dantrolene�TBOA p � 0.013, naspm�TBOA p � 0.047,
nifedipine�TBOA p � 0.009). Although DHK (100 �M) did not
impair LTP (Fig. 5), we found that, like TBOA, DHK resulted in
a robust increase in the calcium response to TBS (Fig. 10F). The
DHK-induced increase in the calcium response to TBS was sig-
nificantly reduced by dantrolene, naspm, and nifedipine (Fig.
10F; n � 5 or 6 per group, one-way ANOVA, p 
 0.001, post hoc
Dunnett tests vs DHK alone: dantrolene�DHK p 
 0.001,
naspm�DHK p 
 0.001, nifedipine�DHK p 
 0.001). We then
assessed whether either of these compounds alone could prevent

the inhibition of LTP induced by TBOA. Intriguingly, dantrolene
had no effect on LTP in the absence of TBOA but resulted in
robust LTD when coapplied with TBOA (Fig. 10G,H; control n �
10, dantrolene n � 6, dantrolene�TBOA n � 6; one-way
ANOVA, p 
 0.001; post hoc Tukey tests: control vs dantrolene
p � 0.988, control vs dantrolene�TBOA p 
 0.001, dantrolene
vs dantrolene�TBOA p 
 0.001). Naspm also had no effect on
LTP when applied on its own but was unable to prevent the
inhibitory effect of TBOA on LTP consolidation (Fig. 10 I, J; con-
trol n � 10, naspm n � 4, naspm�TBOA n � 7; one-way
ANOVA, p � 0.033, post hoc Tukey tests: control vs naspm p �

Figure 10. Glutamate transporter inhibition impairs LTP by L-VGCC activation. A–D, Heat maps represent the maximal GCaMP6f response frame (left) and the GCaMP6f response profile over time
(right) in response to TBS, both in control conditions (top images) and in the presence of 15 �M TBOA alone (A, bottom images) and in combination with dantrolene (Dan; 20 �M; B, bottom images),
naspm (30 �M; C, bottom images), or nifedipine (Nif; 20 �M; D, bottom images). E, F, Grouped data show the fold increase in the GCaMP6f AUC in response to the second TBS (TBS2) compared with
the first (TBS1). For all experiments, the first TBS was applied in control conditions and the second TBS was applied in the presence of 15 �M TBOA (E) or 100 �M DHK (F ) alone or in combination with
dantrolene, naspm, or nifedipine as indicated. G, H, LTP in control conditions and in the presence of the ryanodine receptor inhibitor, dantrolene, alone and in combination with 15 �M TBOA. Percent
potentiation shown in H. I, J, LTP in control conditions and in the presence of the GluA2-lacking AMPAR blocker naspm alone and in combination with 15 �M TBOA. Percent potentiation shown in
J. K, L, LTP in control conditions and in the presence of the L-VGCC blocker nifedipine alone and in combination with 15 �M TBOA. Percent potentiation shown in L. M, N, LTP in control conditions
and in the presence of the calpain inhibitor MDL 28170 alone and in combination with 15 �M TBOA. MDL 28170 was applied 10 min after TBS. Percent potentiation shown in N. *p 
 0.05; **p 

0.01; ***p 
 0.001.
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0.938, control vs naspm�TBOA p � 0.048, naspm vs
naspm�TBOA p � 0.075). In contrast, nifedipine, which re-
sulted in a nonsignificant increase in the magnitude of LTP when
applied alone, completely prevented the degradative effect of
TBOA on LTP (Fig. 10K,L; control n � 10, nifedipine n � 6,
nifedipine�TBOA n � 8, one-way ANOVA, p � 0.166; post hoc
Tukey tests: control vs nifedipine p � 0.219, control vs
nifedipine�TBOA p � 0.271, nifedipine vs nifedipine�TBOA
p � 0.965). Thus, while multiple calcium sources contribute to
the calcium overload during TBOA-TBS, calcium entry through
L-VGCCs is required for the plasticity impairment induced by
glutamate transporter inhibition.

The calcium-dependent proteases calpain-1 and calpain-2
have received much recent attention for their opposing roles in
synaptic plasticity (Baudry and Bi, 2016). Calpain-2 has been
shown to act as a molecular brake that can limit the magnitude of
TBS-LTP during the maintenance phase (Wang et al., 2014). In-
terestingly, calpain-2 can be activated by pERK (Glading et al.,
2004; Chen et al., 2010) as well as millimolar concentrations of
cytosolic calcium (Baudry and Bi, 2016). As TBOA-TBS resulted
in both pERK hyperactivity and elevated cytosolic calcium, we
asked whether calpain-2 recruitment could be acting as an LTP
brake under these conditions. To test this hypothesis, we induced
TBS-LTP in the presence or absence of TBOA, and bath-applied
the calpain inhibitor MDL-28170 (10 �M) 10 min after LTP in-
duction. This delayed application strategy was used in a previous
study to inhibit calpain-2’s effect on LTP consolidation without
interfering with calpain-1’s effect on LTP induction (Wang et al.,
2014). MDL-28170 tended to result in a higher mean LTP mag-
nitude than in control slices as expected (Wang et al., 2014), but
TBOA still resulted in a significant LTP impairment compared
with the MDL-28170-treated slices (Fig. 10M,N; control n � 10,
MDL n � 7, MDL�TBOA n � 9, one-way ANOVA p � 0.038,
post hoc Tukey tests: control vs MDL p � 0.168, control vs
MDL�TBOA p � 0.597, MDL vs MDL�TBOA p � 0.031).

Discussion
Prior research suggests a dichotomous role of NMDARs in LTP
strength whereby synNMDAR activation promotes LTP while
exNMDAR activation impairs LTP and/or promotes LTD (S. Li
et al., 2011; Papouin et al., 2012; Liu et al., 2013; Varga et al.,
2015). By combining real-time millisecond imaging of extracel-
lular glutamate with conventional electrophysiology, we demon-
strated a clear negative relationship between glutamate clearance
times and LTP magnitude following nonselective inhibition of
glutamate transporters. Unexpectedly, the same relationship was
not observed following selective inhibition of GLT-1 with DHK.
To our surprise, the ability for poor glutamate clearance to inhibit
LTP was associated with excessive calcium influx through
L-VGCCs during LTP induction.

The sensitivity of activity-dependent synaptic plasticity to
glutamate dynamics
By plotting glutamate dynamics and LTP magnitude under dif-
ferent experimental conditions, it became apparent that LTP is
much more sensitive to nonselective transporter inhibition com-
pared with GLT-1-selective inhibition. The IC50 of TBOA for
GLAST, GLT-1, and EAAT3 is 70, 6, and 6 �M, respectively (Shi-
mamoto et al., 1998). Thus, it is possible that the 15 �M TBOA
concentration used in the majority of our experiments exerts its
effects primarily through inhibitory actions at GLT-1 and
EAAT3, with a relatively minor contribution from GLAST inhi-
bition. Interestingly, blocking the majority of GLT-1 with DHK

concentrations upward of 100 �M (IC50 for GLT-1 � 23 �M)
(Arriza et al., 1994) was unable to match the effect of 15 �M

TBOA on both glutamate accumulation and LTP. While it is clear
that complete GLT-1 loss of function can impact synaptic plas-
ticity, as GLT-1 KO mice exhibit poor LTP induced by high-
frequency stimulation (Katagiri et al., 2001), our DHK results
suggest that the selective inhibition of a majority of GLT-1 trans-
porters is insufficient to impair TBS-LTP. An unanswered ques-
tion brought up by the present study is why DHK was unable to
impair LTP. DHK increased extracellular glutamate and the pop-
ulation GCaMP6f response to TBS but was without effect on LTP
magnitude. One possibility is that selective inhibition of GLT-1
increases glutamate and calcium levels at microdomains that dif-
fer from those evoked by TBOA. Indeed, while GLT-1 has been
detected at presynaptic terminals as well as astrocytes, EAAT3
(which would also be largely inhibited by 15 �M TBOA) exists on
neurons (Rimmele and Rosenberg, 2016). EAAT3 has been
shown to buffer synaptically released glutamate, thereby restrict-
ing extrasynaptic receptor activation (Scimemi et al., 2009). It is
of interest for future studies to explore the differing effects of
selective and nonselective transporter blockade on subcellular
glutamate and calcium dynamics.

It is important to note that our mechanistic results suggest
that the sensitivity of LTP to glutamate dynamics may increase
with age. We identified that the LTP impairment induced by
glutamate transporter inhibition is dependent upon L-VGCCs. It
is well established that L-VGCC expression and activity increase
with age (Thibault and Landfield, 1996; Davare and Hell, 2003);
thus, it is of interest for future studies to determine whether LTP
becomes more sensitive to glutamate dynamics in the aging
brain. The sensitivity of this relationship is likely to rely on nu-
merous factors present at basal conditions, including, but not
limited to, resting membrane potential, glutamate release prob-
ability, the tortuosity of the extracellular space, as well as the
density and relative nanoscale distributions of glutamate trans-
porters, glutamate receptors, and L-VGCCs.

Slow glutamate clearance impairs LTP:
underlying mechanisms
We provide multiple lines of evidence to suggest that the TBS-
LTP impairment induced by glutamate transporter inhibition is
not due to NMDAR overactivation during TBS. First, low con-
centrations of D-APV were unable to prevent the TBOA-induced
LTP impairment, suggesting that general, subunit-independent
NMDAR overstimulation during TBS is unlikely to mediate the
TBOA effect. Second, ifenprodil was also unable to prevent the
TBOA-mediated calcium increase and LTP impairment, suggest-
ing that selective overstimulation of GluN1/GluN2B dihetero-
meric NMDARs also does not mediate the TBOA effect. Third, if
the LTP impairment resulted from excessive activation of
exNMDARs, then we should have observed a reduction in pERK
staining following TBS in TBOA-treated slices, as exNMDAR
activation is linked to pERK inactivation (Ivanov et al., 2006).
Rather, we observed clear evidence for pERK hyperactivity under
our experimental conditions. Fourth, the postsynaptic popula-
tion response to each burst of the TBS was rapidly degraded in
TBOA-treated slices; this effect was not observed when NMDARs
were blocked with D-APV, suggesting that the NMDAR compo-
nent of the fEPSP response to TBS is decreased, rather than en-
hanced, in the presence of TBOA. On the other hand, it is possible
that TBOA causes an NMDAR-dependent global depolarization,
thereby depressing postsynaptic responses to TBS as a result of a
reduced driving force. Indeed, such depolarization could also
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facilitate L-VGCC activation during TBS, which we found was
responsible for the subsequent LTP impairment.

TBOA resulted in an exaggerated calcium response to TBS
that was partially attributed to several sources, including intra-
cellular stores, GluA2-lacking AMPARs, and L-VGCCs. Exces-
sive calcium may help explain the reduction in the NMDAR
component of the fEPSP during TBOA-TBS, as it is well known
that high concentrations of cytosolic calcium can trigger calcium-
dependent NMDAR inactivation (Legendre et al., 1993; Rosen-
mund and Stevens, 1996; Paoletti et al., 2013; Sibarov and
Antonov, 2018). Interestingly, although inhibiting each of these
calcium sources in isolation significantly reduced the excess cal-
cium response to TBOA-TBS, only L-VGCC inhibition was able
to prevent the subsequent LTP impairment. This selective depen-
dency on L-VGCC supports the idea that the precise calcium
source and resultant calcium nanodomains are likely essential
mediators of the strength and direction of synaptic plasticity (Ev-
ans and Blackwell, 2015). In the striatum, where glutamate clear-
ance is not as efficient as it is in the hippocampus (Pinky et al.,
2018), L-VGCC activation represents an important switch that
promotes synapse weakening in the form of LTD (Adermark and
Lovinger, 2007). While the results of the present study suggest
that NMDARs are not overactivated during TBS in the presence
of TBOA, we cannot rule out a possible involvement of transient
NMDAR overactivation in the TBOA-induced LTP deficit. The
excess calcium observed during TBOA-TBS was completely pre-
vented by D-APV; therefore, it is entirely possible that the gluta-
mate spillover induced by TBOA reached NMDARs in close
proximity to L-VGCCs. In this scenario, depolarization within
the nanodomain of the L-VGCC would promote further calcium
entry through L-VGCCs. Alternatively, the overactivation of
L-VGCCs may stem largely from a TBOA-induced and NMDAR-
dependent depolarization within the slice, facilitating L-VGCC
activation during TBS. Arguing against an exNMDAR involve-
ment is the fact that the GluN2B-containing NMDAR antagonist
ifenprodil was unable to prevent the TBOA-induced calcium in-
crease and LTP deficit. However, while GluN2B may be enriched
extrasynaptically, GluN2A and GluN2B are far from exclusive to
synaptic and extrasynaptic sites, respectively (Harris and Pettit,
2007; Petralia et al., 2010; Parsons and Raymond, 2014).

It was previously shown that calcium influx through
L-VGCCs is sufficient to induce persistent ERK activation (Dol-
metsch et al., 2001); and while pERK is generally regarded as a
positive regulator of LTP, numerous studies indicate that exces-
sive levels of pERK, or “hyperactive ERK” (Guilding et al., 2007),
can indeed suppress LTP and impair hippocampal-dependent
learning and memory (Costa et al., 2002; Echeverria et al., 2004;
Sweatt, 2004; Guilding et al., 2007; Cui et al., 2008). For example,
ERK hyperactivity can impair LTP by increasing synapsin-1
phosphorylation and enhancing GABA release (Cui et al., 2008).
In addition, pERK is known to activate calpain-2, a negative reg-
ulator of LTP (Baudry and Bi, 2016), via phosphorylation at Ser-
ine 50 (Glading et al., 2004; Zadran et al., 2009; Chen et al., 2010);
however, the results of the present study suggest that excessive
calpain-2 activation is unlikely to mediate the TBOA-induced
LTP impairment. As L-VGCC activation is typically associated
with enhanced LTP, the precise mechanism by which it is causing
LTP impairment in the present study remains to be seen. Certain
possibilities, including pERK hyperactivity, an enhancement of
heterosynaptic LTD (Wickens and Abraham, 1991), and gene
expression changes induced by L-VGCC conformational changes
(B. Li et al., 2016), are of interest to explore in future studies.

In conclusion, here, we combined electrophysiology with real-
time glutamate imaging to better understand the relationship
between glutamate dynamics and activity-dependent synaptic
plasticity. These experiments were performed in healthy control
mice at a relatively young age. The reliance of the LTP deficit on
L-VGCCs supports a critical importance of glutamate and cal-
cium nanodomains in synaptic plasticity determination and sug-
gests that the sensitivity of the glutamate dynamics/synaptic
plasticity relationship may change with aging (Thibault and
Landfield, 1996; Davare and Hell, 2003) as well as in neurodegen-
erative diseases where the nanoscale redistribution of synaptic
proteins is observed. Both Alzheimer disease and Huntington
disease are associated with reductions in GLT-1 mRNA and/or
protein (Liévens et al., 2001; Behrens et al., 2002; Faideau et al.,
2010; Zumkehr et al., 2015). The reported magnitude of GLT-1
reduction in these diseases, when considered in isolation, is un-
likely to result in a clear LTP impairment. However, when con-
sidered together with increased L-VGCC density (Wang and
Mattson, 2014) and/or the subcellular mislocalization of NMDARs
(Milnerwood et al., 2010; Parsons and Raymond, 2014), it is pos-
sible that these factors combine to contribute to the poor LTP
observed in animal models of these diseases. In all, the present
study represents an essential step in understanding the relation-
ship between the spatiotemporal dynamics of glutamate neu-
rotransmission and activity-dependent synaptic plasticity, and
exposes additional questions regarding the nature of this rela-
tionship during aging and in neurodegenerative disease.

References
Adermark L, Lovinger DM (2007) Combined activation of L-type Ca 2�

channels and synaptic transmission is sufficient to induce striatal long-
term depression. J Neurosci 27:6781– 6787.

Arriza JL, Fairman WA, Wadiche JI, Murdoch GH, Kavanaugh MP, Amara
SG (1994) Functional comparisons of three glutamate transporter sub-
types cloned from human motor cortex. J Neurosci 14:5559 –5569.

Baudry M, Bi X (2016) Calpain-1 and calpain-2: the yin and yang of synaptic
plasticity and neurodegeneration. Trends Neurosci 39:235–245.

Behrens PF, Franz P, Woodman B, Lindenberg KS, Landwehrmeyer GB
(2002) Impaired glutamate transport and glutamate-glutamine cycling:
downstream effects of the Huntington mutation. Brain 125:1908 –1922.

Bonde C, Sarup A, Schousboe A, Gegelashvili G, Zimmer J, Noraberg J
(2003) Neurotoxic and neuroprotective effects of the glutamate trans-
porter inhibitor DL-threo-beta-benzyloxyaspartate (DL-TBOA) during
physiological and ischemia-like conditions. Neurochem Int 43:371–380.

Bradley CA, Peineau S, Taghibiglou C, Nicolas CS, Whitcomb DJ, Bortolotto
ZA, Kaang BK, Cho K, Wang YT, Collingridge GL (2012) A pivotal role
of GSK-3 in synaptic plasticity. Front Mol Neurosci 5:13.

Chen H, Libertini SJ, Wang Y, Kung HJ, Ghosh P, Mudryj M (2010) ERK
regulates calpain 2-induced androgen receptor proteolysis in CWR22 re-
lapsed prostate tumor cell lines. J Biol Chem 285:2368 –2374.

Costa RM, Federov NB, Kogan JH, Murphy GG, Stern J, Ohno M, Kucher-
lapati R, Jacks T, Silva AJ (2002) Mechanism for the learning deficits in a
mouse model of neurofibromatosis type 1. Nature 415:526 –530.

Cui Y, Costa RM, Murphy GG, Elgersma Y, Zhu Y, Gutmann DH, Parada LF,
Mody I, Silva AJ (2008) Neurofibromin regulation of ERK signaling
modulates GABA release and learning. Cell 135:549 –560.

Danbolt NC (2001) Glutamate uptake. Prog Neurobiol 65:1–105.
Davare MA, Hell JW (2003) Increased phosphorylation of the neuronal

L-type Ca 2� channel Cav1.2 during aging. Proc Natl Acad Sci U S A
100:16018 –16023.

Dolmetsch RE, Pajvani U, Fife K, Spotts JM, Greenberg ME (2001) Signal-
ing to the nucleus by an L-type calcium channel-calmodulin complex
through the MAP kinase pathway. Science 294:333–339.

Echeverria V, Ducatenzeiler A, Dowd E, Jänne J, Grant SM, Szyf M, Wando-
sell F, Avila J, Grimm H, Dunnett SB, Hartmann T, Alhonen L, Cuello AC
(2004) Altered mitogen-activated protein kinase signaling, tau hyper-
phosphorylation and mild spatial learning dysfunction in transgenic rats

Barnes et al. • Glutamate Dynamics and Synaptic Plasticity J. Neurosci., April 1, 2020 • 40(14):2793–2807 • 2805



expressing the �-amyloid peptide intracellularly in hippocampal and cor-
tical neurons. Neuroscience 129:583–592.

Evans RC, Blackwell KT (2015) Calcium: amplitude, duration, or location?
Biol Bull 228:75– 83.

Faideau M, Kim J, Cormier K, Gilmore R, Welch M, Auregan G, Dufour N,
Guillermier M, Brouillet E, Hantraye P, Déglon N, Ferrante RJ, Bonvento
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