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Abstract 20 

Transporter-mediated glutamate uptake plays an essential role in shaping synaptic 21 

neurotransmission. The rapid removal of synaptically-released glutamate ensures the high 22 

temporal dynamics characteristic of fast excitatory chemical neurotransmission and prevents the 23 

overexcitation of extrasynaptic NMDA receptors that have been implicated in synaptic plasticity 24 

impairments and cell death. Despite clear regional differences in plasticity and excitotoxic 25 

thresholds, few studies have compared extracellular glutamate dynamics across different brain 26 

regions and in response to a range of neural activity including plasticity-inducing stimuli. Here, 27 

we used the rapid extracellular fluorescent glutamate sensor, iGluSnFR (intensity-based 28 

glutamate sensing fluorescent reporter), and high-speed imaging (205 frames per second) to 29 

quantify relative differences in glutamate clearance rates over a wide range of presynaptic 30 

activity in situ in the hippocampus, cortex and striatum of male C57/BL6NCrl mice. We found 31 

that the hippocampus was significantly more efficient than the cortex and striatum at clearing 32 

synaptically-released glutamate and that this efficiency could be attributed at least in part to 33 

faster glutamate diffusion away from the release site. In addition, we found that pharmacological 34 

inhibition of GLT-1, the brain’s most abundant glutamate transporter, slowed clearance rates to 35 

only a fraction (approximately 20-25%) of the effect induced by non-selective transporter 36 

blockade, regardless of the brain region and the duration of presynaptic activity. In all, our data 37 

reveal clear regional differences in glutamate dynamics following neural activity, and suggest 38 

that non-GLT-1 transporters can make a large contribution to the rate of glutamate clearance in 39 

the hippocampus, cortex and striatum.   40 

 41 

 42 
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Significance Statement 43 

Glutamate is the brain’s most abundant neurotransmitter, and while essential for rapid cell-cell 44 

communication, too much glutamate can negatively impact cellular health. Extracellular 45 

glutamate levels are tightly regulated by membrane-bound transporters that rapidly remove the 46 

glutamate that is released during neural activity, thereby shaping both the spatial and temporal 47 

dynamics of excitatory neurotransmission. Using high-speed imaging of an optical sensor of 48 

extracellular glutamate, we show that glutamate dynamics vary widely from one brain region to 49 

the next, and are highly dependent on the duration of synaptic activity. Our data demonstrate the 50 

heterogeneous nature of glutamate regulation in the brain, and suggest that such regional 51 

differences can dramatically affect both the localization and duration of postsynaptic receptor 52 

activation during synaptic neurotransmission.  53 

Introduction 54 

Rapid excitatory synaptic transmission in the central nervous system (CNS) relies heavily 55 

on efficient uptake mechanisms to clear the extracellular space of synaptically-released 56 

glutamate. As glutamate cannot be degraded in the extracellular space, termination of 57 

glutamatergic neurotransmission is accomplished through a combination of diffusion and uptake 58 

through various sodium-dependent glutamate transporters, many of which are strategically 59 

located in close proximity to glutamate release sites (Rothstein et al., 1994; Danbolt, 2001). 60 

Despite the extremely organized morphology of tripartite synaptic structure (Perea et al., 2009), 61 

with the exception of electrophysiological recordings of synaptically-activated glutamate 62 

transporter currents (STCs), the large majority of our knowledge of glutamate transporter 63 

function has been derived from biochemical uptake assays in homogenized tissue preparations. 64 

While it is widely accepted that astrocytes mediate the bulk of glutamate uptake in the brain, the 65 
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biochemical uptake assay was recently shown to dramatically overemphasize neuronal uptake at 66 

the expense of astrocytic uptake, highlighting the need to study glutamate dynamics and 67 

glutamate transporter function in situ (Petr et al., 2015). Moreover, regional differences in 68 

tortuosity (barriers to diffusion) and astrocyte-to-postsynaptic density distances have also been 69 

noted (Hrabětová, 2005; Chai et al., 2017); such differences are likely to dramatically influence 70 

the extracellular profile of glutamate during neural activity, yet such differences cannot be 71 

reflected in biochemical measures of glutamate uptake. Excessive amounts of extracellular 72 

glutamate may be detrimental to synaptic plasticity (Li et al., 2011) and can cause apoptotic cell 73 

death (Hardingham and Bading, 2010; Parsons and Raymond, 2014), and glutamate transporter 74 

dysfunction has been implicated in numerous neurodegenerative diseases and other CNS 75 

conditions (Maragakis and Rothstein, 2006; Parsons and Raymond, 2014; Phatnani and Maniatis, 76 

2015). To gain a better understanding of how glutamate transporter dysfunction contributes to 77 

various disease states, it is imperative to first understand how these transporters regulate 78 

extracellular glutamate levels in the healthy brain in such a way that promotes efficient synaptic 79 

neurotransmission, robust synaptic plasticity and neuroprotection. 80 

The glutamate clearance requirements at a given excitatory synapse can vary 81 

tremendously, from action potential-independent quantal release to longer trains of sustained 82 

high frequency firing in an afferent population. Using a fast and specific genetically-encoded 83 

fluorescent sensor of extracellular glutamate (Marvin et al., 2013), we and others have 84 

demonstrated that the rate at which glutamate is cleared from the extracellular space is heavily 85 

influenced by presynaptic activity, in that uptake slows with increasing durations of burst activity 86 

(Armbruster et al., 2016; Parsons et al., 2016). This observation suggests that transporters may 87 

become overwhelmed when challenged with long durations of presynaptic activity. It has 88 
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become widely accepted that glutamate transporter 1 (GLT-1) mediates the large majority of 89 

glutamate uptake in the brain, while the contribution from non-GLT-1 transporters is diminished 90 

in comparison. However, much of these data stem from biochemical uptake assays using 91 

exogenous glutamate, and little attention has been given to the relative importance of GLT-1 and 92 

non-GLT-1 transporters across the wide spectrum of the activity patterns experienced at 93 

excitatory synapses. Similarly, whether activity-dependent transporter-mediated uptake is similar 94 

from one brain region to the next is relatively unexplored, despite prior reports of regional 95 

differences in transporter expression (Furuta et al., 1997; Milton et al., 1997).  96 

Here, we used a genetically-encoded intensity-based glutamate sensing fluorescent 97 

reporter (iGluSnFR) to visualize, in real-time, the spatiotemporal extracellular dynamics of 98 

synaptically-released glutamate over a wide range of presynaptic activity in the hippocampus, 99 

cortex and striatum, and used a pharmacological approach to quantify the relative importance of 100 

GLT-1 to total uptake. We found stark regional differences in the brain’s ability to clear various 101 

glutamate challenges and provide evidence to suggest that non-GLT-1 transporters can make a 102 

substantial contribution to the overall glutamate clearance rate, particularly when GLT-1 is 103 

dysfunctional.   104 

Materials and Methods 105 

Animals. All experiments were performed on acute brain slices obtained from male 106 

C57BL/6NCrl mice. Mice were ordered from Charles River at approximately 3-4 weeks of age 107 

and were provided with a minimum of 2 days of acclimatization upon arriving at Memorial 108 

University’s animal care facility. Mice were group-housed in ventilated cage racks, provided 109 

with standard chow and water ad libitum and were maintained on a normal 12:12 light-dark 110 

cycle. All experimental procedures were approved by Memorial University’s Institutional 111 
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Animal Care Committee and were carried out in accordance to the guidelines set by the 112 

Canadian Council on Animal Care.  113 

Stereotaxic surgery. Male C57BL/6NCrl mice (4-6 weeks of age) were anesthetized by 114 

isoflurane inhalation (3%) and maintained with 1.5-2% isoflurane for the duration of the surgical 115 

procedure. Mice were secured within the ear bars of a standard stereotaxic apparatus (Stoelting), 116 

eye drops were used to lubricate the eyes throughout the procedure and a 0.5 ml injection of 117 

0.9% sterile saline (s.c.) was provided to help prevent dehydration. When unresponsive to toe-118 

pinch, a small amount of fur above the scalp was cut with a pair of scissors, and a 0.1 ml bolus of 119 

0.2% lidocaine was injected below the scalp. A small incision was then made in the scalp around 120 

bregma, and the underlying skull was exposed. A hand drill was used to carefully thin the skull 121 

at the desired co-ordinates from bregma, and a fine bent needle tip was used to peel back the last 122 

layer of skull in order to expose the underlying cortex while minimizing tissue damage. A 123 

Neuros 7002 Hamilton Syringe was attached to an infusion pump (Pump 11 Elite Nanomite, 124 

Harvard Apparatus) which was then secured to the stereotaxic frame. A total volume of 1 μl of 125 

AAV1.hSyn.iGluSnFr.WPRE.SV40 (synapsin-iGluSnFR; Penn Vector Core, catalogue number 126 

AV-1-PV2723; kindly provided by Loren L. Looger, Ph.D. and Janelia Research Campus of the 127 

Howard Hughes Medical Institute) was injected into the hippocampus, cortex or striatum at an 128 

injection rate of 2 nl/s. The syringe was left in place for an additional 5 minutes following the 129 

injection. The following co-ordinates were used with respect to bregma: hippocampus – 2.6 mm 130 

posterior, 2.4 mm lateral (right), 1.9 mm ventral to brain surface; cortex – 0.7 mm anterior, 2.0 131 

mm lateral (right), 0.6 mm ventral; striatum – 0.7 mm anterior, 2.0 mm lateral (right), 2.6 mm 132 

ventral to brain surface. The syringe was slowly withdrawn, the incision was sutured and mice 133 
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were injected with 0.5 ml 0.9% saline (s.c.) containing 2 mg/kg meloxicam before being placed 134 

on a heating pad for approximately 30 minutes to accelerate recovery.  135 

Slice Preparation. At 2-3 months of age (3-6 weeks following iGluSnFR injection), mice were 136 

anesthetized with isoflurane, decapitated and the brain was quickly removed and immersed in 137 

ice-cold oxygenated (95% O2/5% CO2) slicing solution consisting of (mM): 125 NaCl, 2.5 KCl, 138 

25 NaHCO3, 1.25 NaH2PO4, 2.5 MgCl2, 0.5 mM CaCl2, and 10 mM glucose. Coronal brain 139 

slices (350 μm) containing the hippocampus, striatum and cortex were obtained with a Lecia 140 

VT1000 Vibratome. Slices were then placed in artificial cerebrospinal fluid (ACSF) containing 141 

(mM): 125 NaCl, 2.5 KCl, 25 NaHCO3, 1.25 NaH2PO4, 1 MgCl2, 2 CaCl2, and 10 glucose.  142 

Slices where recovered in oxygenated ACSF for 45 minutes at room temperature prior to 143 

experimentation. 144 

Imaging and image analysis. Slices were then transferred to the recording chamber, and a 145 

peristaltic pump (MP-II, Harvard Apparatus) was used to perfused oxygenated ACSF at a flow 146 

rate of 2 ml/min. ACSF was heated to 32 °C using an in-line heater and temperature controller 147 

(TC-344C, Harvard Apparatus). Glass stimulating electrodes were pulled using a Narishige PB-7 148 

pipette puller to a resistance of 1-3 MΩ when filled with ACSF. For hippocampal sections, the 149 

stimulating electrode was placed directly in the Schaffer collateral pathway within the stratum 150 

radiatum. For cortical sections, the stimulating electrode was placed in the deep layers of the 151 

somatosensory cortex. For striatal sections, the stimulation electrode was placed in the dorsal 152 

striatum. In all cases, the stimulating electrode was placed at a depth approximately 50-100 μm 153 

below the slice surface. Clampex software (Molecular Devices) was used to send TTL triggers 154 

through the digital outputs of a Digidata 1550A (Molecular Devices) for precise control over a 155 

LED illumination source (Prior, Lumen 300), an EM-CCD camera (Andor, iXon Ultra 897) and 156 
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an Iso-flex stimulus isolator (AMPI). Basal, unstimulated iGluSnFR expression level was first 157 

measured in each slice using a constant LED power and exposure time. iGluSnFR responses to 158 

evoked neural activity were recorded with Andor Solis software, using 4x4 binning and an 159 

acquisition rate of 205 frames per second. Evoked iGluSnFR responses were averaged over 3-5 160 

trials, with non-stimulus trials interleaved to control for any bleaching of the iGluSnFR signal 161 

during acquisition. The non-stimulus trials were averaged in ImageJ and subtracted from the 162 

average of the stimulus trials using the IOS and VSD signal processor plugin. The dynamics of 163 

extracellular glutamate dynamics within a given field was determined by calculating the average 164 

fluorescence intensity within a 10 x 10 pixel ROI (1 pixel at 4x4 binning = 15.6 μm) placed 165 

adjacent to the location of the stimulating electrode. Values for %ΔF/F were copied to GraphPad 166 

Prism, where decay tau was calculated from the response peak (in the case of short bursts of 167 

activity) or the end of stimulation (in the case of longer high-frequency trains) using a single-168 

exponential non-linear curve fit. To visually represent the time-course of the response, we 169 

applied the “fire” heat map in ImageJ and used the “volume viewer” 3D plugin to display the 170 

response along the z (time) axis.  171 

Pharmacology. All the drugs used for these experiments were from Tocris Bioscience. Drugs 172 

used in the study and their concentrations are: Dihydrokainic acid (DHK), a competitive and 173 

selective GLT-1 blocker (EAAT-2; 300 μM); DL-threo-β-Benzyloxyaspartic acid (DL-TBOA), a 174 

competitive and non-selective excitatory amino acid transporter blocker (10 and 100μM); DNQX 175 

disodium salt, an AMPA/kainate receptor antagonist (20 μM); d-AP5, a selective NMDA 176 

receptor antagonist (50 μM).  177 

Western Blotting. The hippocampus, cortex, and striatum were dissected out and homogenized in 178 

200-400 μl each of lysis buffer+ containing protease/phosphatase inhibitors. Supernatant was 179 
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collected from each brain region and protein concentration was determined using BCA 180 

standards. 50 μg of protein from each region was added to separate lanes of 10% SDS PAGE 181 

gels for electrophoresis and then transferred to nitrocellulose membranes. Primary antibodies for 182 

GLT-1 (E1, 1:1,000, Santa Cruz, mouse-monoclonal) and Actin (C4, 1:1,000, Santa Cruz, 183 

mouse-monocolonal) were used, with actin being a loading control. A goat anti-mouse IgG-HRP 184 

secondary antibody (sc-2005, 1:5,000, Santa Cruz, monoclonal) was then added to the 185 

membranes. Blots were developed using chemiluminescent HRP substrate (Millipore, Cat. No. 186 

WBKLS0100, Lot No. 1712501) and ImageJ was used to analyze and quantify the developed 187 

bands to determine GLT-1 expression. 188 

Experimental Design and Statistics. The statistical tests used include: one way ANOVA, one 189 

way repeated measures (RM) ANOVA, two way ANOVA, two way RM ANOVA, linear 190 

regression. Post hoc tests included Tukey, Bonferroni and Dunnett tests. The statistical test used 191 

for each experiment is stated within the results sections. P values of <0.05 were considered 192 

significant. Where indicated, “N” and “n” refer to the number of animals and slices used in each 193 

experiment, respectively.  194 

Results:  195 

Characterization of glutamate clearance rates in the hippocampus, cortex and striatum 196 

The CA3-CA1 glutamate projection within the hippocampus is one of the most widely 197 

studied synaptic connections in the brain. We first examined activity-dependent regulation of 198 

extracellular glutamate dynamics within hippocampal circuitry by stimulating glutamate release 199 

at the CA3-CA1 synapse with a glass electrode placed in the Schaffer collateral pathway of 200 

iGluSnFR-injected mice (Fig. 1A). iGluSnFR embeds within the membrane with its glutamate-201 
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binding domain exposed to the extracellular surface (Marvin et al., 2013), and we used the 202 

synapsin promoter to restrict iGluSnFR expression to neurons. Thus, the fluorescent signals 203 

quantified in the present study represent relative differences in the amount and time-course of 204 

synaptically-released glutamate sensed at the extracellular neuronal surface. Glutamate release 205 

and clearance rates were visualized in real-time by high-speed widefield imaging (205 frames 206 

per second) of iGluSnFR transients in response to afferent stimulation of short bursts of activity 207 

(2, 5 and 10 pulses at 100 Hz) and longer trains of high frequency stimulation (HFS; 50 and 100 208 

pulses at 100 Hz). The relative magnitude of glutamate release was measured by the peak 209 

iGluSnFR response (Fig. 1B, D) and the clearance rate was measured by calculating the 210 

iGluSnFR decay tau immediately following the termination of the stimulation period (Fig 1C, E), 211 

as described previously (Armbruster et al., 2016; Parsons et al., 2016). Not surprisingly, we 212 

found that increasing the number of pulses within the shorter bursts dramatically increased 213 

glutamate release (Fig. 1D, N=10, n=17, RM ANOVA, p<0.001), with %ΔF/F values more than 214 

doubling as afferent stimulation increased from 2 to 10 pulses at 100 Hz. In contrast, glutamate 215 

clearance rates were comparatively stable over this stimulation range (Fig. 1E) despite the clear 216 

increase in response size. When longer trains of HFS were employed, including 50 pulses at 100 217 

Hz and the commonly-used LTP induction protocol of 100 pulses at 100 Hz, glutamate clearance 218 

rates slowed over three-fold (Fig. 1E, N=10, n=17, RM ANOVA, p<0.001). These data 219 

demonstrate that glutamate clearance rates are more closely linked to the duration of presynaptic 220 

activity (i.e. short bursts vs. HFS) than the amount of glutamate released. Indeed, within a given 221 

stimulation paradigm, we found no significant correlation between iGluSnFR %ΔF/F and decay 222 

tau, both for short bursts (Fig. 1F) and HFS (Fig. 1G). In addition, we found no significant 223 

correlation between decay tau and the total amount of glutamate released during longer stimulus 224 
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trains, as measured by the area under the curve of iGluSnFR responses (50 pulses r=0.046, 225 

p=0.864; 100 pulses r=0.120, p=0.709).    226 

Transporter-mediated glutamate clearance is commonly quantified by a biochemical 227 

uptake assay, which requires tissue homogenization and therefore results in the loss of the local 228 

microenvironment of synaptic structure. It was recently demonstrated that astroglial 229 

ensheathment of the postsynaptic density can differ quite substantially between brain regions 230 

(Chai et al., 2017), and the profile and tortuosity of the extracellular space can also differ 231 

dramatically in a region-dependent manner (Hrabětová, 2005). Furthermore, as extracellular 232 

glutamate clearance rates may influence synaptic plasticity (Li et al., 2011) and neuronal 233 

vulnerability to excitotoxic cell death (Hardingham and Bading, 2010; Parsons and Raymond, 234 

2014), it is important to understand whether the temporal profile of extracellular glutamate 235 

differs in a region-dependent manner. To this end, we repeated the above experiments in two 236 

other widely-studied brain areas that contain dense glutamatergic afferents, yet exhibit 237 

dramatically different plasticity responses to stimuli such as HFS; the cortex (specifically the 238 

deep layers of the somatosensory cortex) and the dorsal striatum. In the cortex (Fig. 2A), 239 

increasing the number of pulses dramatically increased the response size of iGluSnFR transients, 240 

in line with our expectations and our results obtained in the hippocampus (Fig. 2B, D, N=8, 241 

n=11, RM ANOVA, p<0.001). During short bursts of presynaptic activity, the mean decay tau 242 

increased from 2 to 10 pulses, although post-hoc significance was only observed when longer 243 

trains of HFS were applied (Fig. 2C, E, N=8, n=11, RM ANOVA, p<0.001). In response to short 244 

bursts of activity, there was no significant correlation between iGluSnFR %ΔF/F and decay 245 

measurements (Fig. 2F) as seen in the hippocampus; however, a strong association was observed 246 

following HFS protocols in the cortex (Fig. 2G), with larger responses taking longer to clear 247 
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from the extracellular space. We also found a significant positive correlation between decay tau 248 

and the total amount of glutamate released during longer stimulus trains, as measured by the area 249 

under the curve of iGluSnFR responses (50 pulses r=0.743, p=0.009; 100 pulses r=0.842, 250 

p<0.001).    251 

In the striatum (Fig. 3A), the amount of evoked glutamate release was also highly 252 

sensitive to the number of pulses of afferent stimulation, as expected (Fig. 3B, D, N=4, n=8, RM 253 

ANOVA, p<0.001). The mean clearance rate increased as burst size increased from 2 to 10 254 

pulses, but again, post-hoc significance was only observed following longer trains of HFS (Fig. 255 

3C, E, N=4, n=8, RM ANOVA, p<0.001), similar to our observations in the cortex. Within a 256 

given stimulation paradigm, we observed no significant correlation between iGluSnFR %ΔF/F 257 

and decay taus for short bursts (Fig. 3F) or HFS (Fig. 3G), suggesting that like the hippocampus, 258 

striatal clearance rates are more dependent on the duration of presynaptic activity than the 259 

amount of glutamate release per se. There was also no significant correlation between decay tau 260 

and the total amount of glutamate released during longer stimulus trains, as measured by the area 261 

under the curve of iGluSnFR responses (50 pulses r=0.108, p=0.798; 100 pulses r=0.543, 262 

p=0.164).    263 

Direct comparison of glutamate dynamics in the hippocampus, cortex and striatum 264 

While the general relationships between presynaptic activity and clearance rate appeared 265 

to be similar for the hippocampus, cortex and striatum, interesting regional differences were 266 

revealed when we directly compared glutamate clearance rates in the three regions in response to 267 

shorter bursts of presynaptic activity and HFS (Fig. 4). Upon direct comparison of the raw decay 268 

tau data, we found that the hippocampus was significantly more efficient than both the cortex 269 

and striatum in clearing glutamate released into the extracellular space during synaptic activity. 270 
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With respect to short bursts, RM Two-Way ANOVA revealed clear regional effects, with the 271 

fastest mean clearance rates occurring in the hippocampus, intermediate clearance rates in the 272 

cortex and the slowest clearance rates in the striatum (Fig. 4A-E, Hippocampus N=10, n=17, 273 

Cortex N=8, n=11, Striatum N=4, n=8, RM Two-Way ANOVA, brain region p<0.001, # of 274 

pulses p<0.001, interaction p<0.001). Responses tended to be larger in the cortex and striatum 275 

compared to the hippocampus; however, the lower peaks in the hippocampus cannot explain the 276 

faster decay kinetics observed in this region as the same regional differences were observed 277 

when we compared the larger hippocampal responses to the smaller cortical and striatal 278 

responses such that the peaks matched (Fig. 4C). A significant interaction effect was also 279 

observed, reflecting the fact that mean clearance rates became gradually slower in the cortex and 280 

striatum as the number of pulses increased from 2 to 10, whereas the hippocampus was relatively 281 

unaffected by the same increase in burst duration. Indeed, the fold increase in iGluSnFR decay 282 

tau as the number of pulses within the burst increased from 2 to 10 was significantly greater for 283 

the cortex and the striatum compared to the hippocampus (Fig. 4E, Hippocampus N=10, n=17, 284 

Cortex N=8, n=11, Striatum N=4, n=8, ANOVA, p=0.007). Similarly, during HFS, clear 285 

regional effects were observed (Fig. 4F, Hippocampus N=10, n=17, Cortex N=8, n=11, Striatum 286 

N=4, n=8, RM Two-Way ANOVA, brain region p<0.001, # of pulses p<0.001, interaction 287 

p=0.272), with mean clearance rates being fastest in the hippocampus, slower in the cortex and 288 

slowest in the striatum. Together, these data demonstrate that the hippocampus is more efficient 289 

than the cortex and striatum at clearing extracellular glutamate following a wide range of 290 

presynaptic activity, and that transporters in the cortex and striatum appear to become 291 

overwhelmed before those in the hippocampus (Diamond and Jahr, 2000) following shorter 292 

bursts of activity. 293 
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As glutamate is not enzymatically degraded in the extracellular space, the faster clearance 294 

rates observed in the hippocampus could be due to faster diffusion away from the release site 295 

and/or faster transporter-mediated uptake. Using integrative optical imaging and real-time 296 

iontophoresis, it has been previously suggested that tortuosity (i.e. barriers to diffusion) is low in 297 

the hippocampus compared to other brain areas (Hrabětová, 2005). Here, we quantified the 298 

relative glutamate diffusion rate of endogenously-released glutamate by stimulating neural 299 

activity in the presence of the glutamate transporter blocker TBOA (100 μM), and monitored 300 

iGluSnFR transients as before. Both d-APV (50 μM) and DNQX (20 μM) were added to the bath 301 

during these experiments. Not surprisingly, TBOA had a dramatic effect on the rate at which 302 

glutamate was cleared from the extracellular space following synaptic activity; however, we still 303 

observed significant regional differences in iGluSnFR decay tau following short bursts of 304 

activity, with faster decay kinetics observed in the hippocampus compared to the cortex and 305 

striatum (Fig. 4H, Hippocampus N=3, n=7, Cortex N=4, n=6, Striatum N=5, n=9, RM Two-Way 306 

ANOVA, # of pulses p<0.001, brain region p=0.005, interaction p=0.005). These data are in 307 

agreement with diffusion studies (Hrabětová, 2005), and suggest that rapid extracellular 308 

diffusion can account, at least in part, for the efficient clearance rates observed in the 309 

hippocampus. Mean clearance rates in TBOA were also faster in the hippocampus following 310 

HFS, although the dataset was much more variable, particularly in the striatum, and no 311 

significant effect was observed (Fig. 4I, Hippocampus N=3, n=5, Cortex N=5, n=7, Striatum 312 

N=5, n=10, RM Two-Way ANOVA, # of pulses p=0.135, brain region p=0.352, interaction 313 

p=0.433).   314 

To account for regional differences in the number of axons recruited during electrical 315 

stimulation, we varied the stimulation intensity from 25 to 250 μA while holding the stimulation 316 
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duration constant (5 pulses at 100 Hz; Fig. 5). Not surprisingly, increasing the stimulus intensity 317 

resulted in larger iGluSnFR responses in all regions (Fig. 5A, Hippocampus N=4, n=7, Cortex 318 

N=4, n=9, Striatum N=5, n=11, RM Two-Way ANOVA, stimulus intensity p<0.001, brain 319 

region p=0.117, interaction p=0.060). As before, glutamate clearance rates were consistently the 320 

fastest in the hippocampus, intermediate in the cortex and slowest in the striatum across all 321 

stimulation intensities tested (Fig. 5B, Hippocampus N=4, n=7, Cortex N=4, n=9, Striatum N=5, 322 

n=11, RM Two-Way ANOVA, stimulus intensity p<0.001, brain region p<0.001, interaction 323 

p=0.147). Stimulus intensity also had a small but consistent and significant effect on iGluSnFR 324 

decay tau; however, iGluSnFR response peaks were much more sensitive than decay to 325 

increasing stimulus strengths regardless of the brain region tested (Fig. 5C-E, Hippocampus 326 

N=4, n=7, RM Two-Way ANOVA, stimulus intensity p<0.001, peak vs. decay p<0.001, 327 

interaction p<0.001; Cortex N=4, n=9, RM Two-Way ANOVA, stimulus intensity p<0.001, peak 328 

vs. decay p<0.001, interaction p<0.001; Striatum N=5, n=11, RM Two-Way ANOVA, stimulus 329 

intensity p<0.001, peak vs. decay p<0.001, interaction p<0.001). Therefore, recruiting more 330 

glutamate afferents with larger stimulus intensities dramatically enhances the size of the 331 

iGluSnFR response but has a relatively limited effect on decay kinetics. These data support the 332 

idea that clearance rates are more heavily influenced by the duration of afferent activity than the 333 

magnitude of release.  334 

Relative contributions of GLT-1 and non GLT-1 transporters to glutamate clearance 335 

Prior work used a pharmacological approach to quantify the functional contribution of 336 

GLT-1 relative to other excitatory amino acid transporters by measuring STCs before and after 337 

bath application of a saturating concentration of DHK (300 μM). The authors calculated a decay 338 

ratio, simply defined as the STC decay tau following transporter inhibition divided by the decay 339 
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tau prior to transporter inhibition, and determined that the GLT-1 contribution to total uptake 340 

was greater in the hippocampus compared to the cortex, but only in the first postnatal week 341 

(Hanson et al., 2015). Here, we applied the same approach to the iGluSnFR transients to 342 

calculate a DHK (300 μM) decay ratio, representing the relative contribution of GLT-1 343 

transporters to overall clearance kinetics, and also calculated a TBOA (100 μM) decay ratio, 344 

representing the relative contribution of all transporters to overall clearance kinetics. Note that 345 

the latter is not possible with STC recordings, as the STC is completely inhibited by this 346 

concentration of TBOA. In the hippocampus (Fig. 6), blocking GLT-1 resulted in an 347 

approximate two-fold increase in both the size of evoked iGluSnFR responses (Fig. 6A,B,D) as 348 

well as the time to clear, regardless of the amount of presynaptic activity (Fig. 6A,C,E). We 349 

confirmed that 300 μM DHK was also a saturating concentration in our experimental setup (Fig. 350 

6B inset). The observed two-fold increase in clearance rates following GLT-1 inhibition is 351 

similar to the decay ratio observed previously for STCs (Hanson et al., 2015). Interestingly, 352 

when we applied TBOA (100 μM) to block all transporter-mediated uptake, decay ratios were 353 

approximately five-fold larger than the decay ratios observed following DHK treatment (Fig. 6E, 354 

N=3, n=6, RM Two-Way ANOVA, treatment p < 0.001, # of pulses p=0.397, interaction 355 

p=0.637), and TBOA had a slight but significant tendency to increase the size of the responses 356 

relative to DHK (Fig. 6D, N=3, n=6, RM Two-Way ANOVA, treatment p=0.037, # of pulses 357 

p=0.616, interaction p=0.698). For decay ratios, significant post-hoc differences between the 358 

DHK and TBOA effects were observed for each stimulation paradigm tested (Fig. 6E, p<0.001, 359 

Bonferroni).  360 

The dramatic difference between the decay ratio obtained in TBOA compared to DHK 361 

indicates that either non-GLT-1 transporters can contribute substantially to uptake capacity when 362 
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GLT-1 is dysfunctional, or that GLT-1 plays much less of a role in glutamate uptake than 363 

previously thought. To address the latter possibility, we compared the effect of saturating DHK 364 

(300 μM) with a concentration of TBOA (10 μM) previously shown to have the same effect as 365 

300 μM DHK on STCs in the hippocampus (Diamond, 2005). We reasoned that if GLT-1 plays 366 

only a minor role in overall glutamate clearance, 10 μM TBOA, which blocks all glutamate 367 

transporter subtypes, should have a greater effect than 300 μM DHK on iGluSnFR decay 368 

kinetics. We found that the decay ratio was not significantly different between 10 μM TBOA and 369 

300 μM DHK (Fig. 6F, DHK N=3, n=4, TBOA N=4, n=6, t-test, p=0.149), arguing against the 370 

interpretation that GLT-1 plays only a minor role in glutamate clearance. In all, our 371 

pharmacological data indicate that non-GLT-1 transporters contribute substantially to uptake 372 

capacity when GLT-1 is dysfunctional.  373 

Next, we evaluated decay ratios induced by DHK (300 μM) and TBOA (100 μM) in the 374 

cortex. Interestingly, GLT-1 inhibition by DHK increased the peak of evoked glutamate 375 

transients (Fig. 7A,B,D), similar to our observation in the hippocampus; however, peaks were 376 

reduced back to baseline levels following the application of TBOA, and we observed a 377 

significant difference between DHK and TBOA on peak responses (Fig. 7D, N=5, n=7, RM 378 

Two-Way ANOVA, treatment p<0.001, # of pulses p=0.858, interaction p=0.999) regardless of 379 

the amount of presynaptic activity. Despite the larger responses following DHK application, we 380 

again found that TBOA had a much more profound effect on glutamate clearance, with DHK 381 

only slowing clearance rates to a fraction of the effect observed following TBOA (Fig. 7A,C,E, 382 

N=5, n=7, RM Two-Way ANOVA, treatment p<0.001, # of pulses p=0.147, interaction 383 

p=0.451).  384 
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In the striatum, DHK and TBOA also had different effects on the amount of evoked 385 

glutamate release, with DHK facilitating release and TBOA returning iGluSnFR peaks to control 386 

or lower than control values (Fig. 8A,B,D, N=6, n=11, RM Two-Way ANOVA, treatment 387 

p<0.001, # of pulses p=0.232, interaction p=0.040). The significant interaction effect reflects the 388 

tendency for TBOA to suppress evoked glutamate release primarily at lower stimulus durations 389 

(Fig 8D). Regardless of the peak response, we again found that DHK had a relatively small effect 390 

on clearance rates when compared to the effect of TBOA (Fig. 8A,C,E, N=6, n=11, RM Two-391 

Way ANOVA, treatment p<0.001, # of pulses p=0.105, interaction p=0.379), similar to the 392 

results obtained in the hippocampus and cortex. Together, these data suggest a complex effect of 393 

transporter dysfunction on activity-dependent glutamate release and that a saturating 394 

concentration of the GLT-1 blocker DHK only slows glutamate clearance to approximately 20-395 

25% of that induced by non-selective transporter blockade with TBOA.  396 

As DHK decay ratios were similar for the three regions tested, we asked whether GLT-1 397 

expression levels were similar at the age at which our functional experiments were conducted 398 

(approximately 2 months). In agreement with our functional data, protein expression of GLT-1 399 

was similar for the hippocampus, cortex and striatum (Fig. 9A-B, n=9-11 per bar, ANOVA, 400 

p=0.640), suggesting that the enhanced clearance rates in the hippocampus are likely not due to 401 

an increase in GLT-1 function or expression.  402 

Glutamate transporters are responsible for the rapid removal of synaptically-released 403 

glutamate from the extracellular space, but also work to keep ambient levels of extracellular 404 

glutamate low in the absence of substantial neural activity. By maintaining the ambient 405 

concentration of extracellular glutamate low, glutamate transporters ensure a high signal-to-noise 406 

ratio during synaptic neurotransmission (Danbolt, 2001). Therefore, we asked whether 407 
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transporter inhibition affects ambient glutamate levels (as measured by raw, unstimulated 408 

iGluSnFR fluorescence; Parsons et al., 2016) differently in the hippocampus, cortex and 409 

striatum. Experiments were performed in the presence of d-APV (50 μM) and DNQX (20 μM). 410 

Interestingly, DHK (300 μM) had very little effect on basal iGluSnFR values in all three regions 411 

(Fig. 10A-C), suggesting that any rise in ambient glutamate induced by GLT-1inhibition is too 412 

low to be detected by iGluSnFR. However, when TBOA was applied, clear elevations in basal 413 

iGluSnFR fluorescence was detected in the cortex and striatum (Fig. 10B,C, ANOVA, p<0.001 414 

and post-hoc Dunnett’s test of CTL vs TBOA p <0.001 for both the cortex and striatum) while 415 

the elevation observed in the hippocampus was modest in comparison (Fig. 10A, ANOVA 416 

p=0.027 and post-hoc Dunnett’s test of CTL vs TBOA p > 0.05). Thus, similar to the clearance 417 

of evoked glutamate transients, non GLT-1 transporters can help maintain low ambient levels of 418 

extracellular glutamate when GLT-1 is dysfunctional.    419 

Discussion 420 

The time course of synaptically-released extracellular glutamate is shaped by transporter-421 

mediated uptake and the morphological properties of the extracellular space proximal to the 422 

release site (Danbolt, 2001; Thomas et al., 2011). It is important to understand how extracellular 423 

glutamate is regulated in the CNS, as excess extracellular glutamate can impair synaptic 424 

plasticity (Li et al., 2011) and promote excitotoxicity (Hardingham and Bading, 2010; Parsons 425 

and Raymond, 2014), and deficits in GLT-1-mediated uptake and the subsequent pathological 426 

accumulation of extracellular glutamate have been implicated in numerous conditions of the 427 

central nervous system including Alzheimer disease, Huntington disease and Amyotrophic 428 

Lateral Sclerosis (Rothstein et al., 1995; Masliah et al., 1996; Liévens et al., 2001; Behrens et al., 429 

2002; Howland et al., 2002; Miller et al., 2008; Huang et al., 2010; Scott et al., 2011). Here, we 430 
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used widefield iGluSnFR imaging (Marvin et al., 2013; Armbruster et al., 2016; Parsons et al., 431 

2016) to characterize the real-time extracellular profiles of synaptically-released glutamate in 432 

various brain regions and in response to a wide range of synaptic stimulation.  433 

Regional differences in glutamate clearance 434 

By quantifying the decay kinetics of STCs in acute hippocampal slices, it was previously 435 

demonstrated that glutamate transporters are not overwhelmed by stimulus trains up to 10 pulses  436 

at 100 Hz (Diamond and Jahr, 2000). We demonstrate a similar efficiency here in the 437 

hippocampus using iGluSnFR, but show that this efficiency is not observed in the cortex and 438 

striatum. In the cortex and striatum, increasing the number of pulses in the stimulus burst from 2 439 

to 10 (100 Hz) increased the glutamate clearance time roughly two-fold, suggesting that 440 

transporters in these regions become overwhelmed earlier than those in the hippocampus. 441 

Furthermore, iGluSnFR decay rates were consistently faster in the hippocampus than in the 442 

cortex and striatum regardless of the amount of presynaptic activity, consistent with a recent 443 

observation of STCs at postnatal day 14, where cortical STC decay tau values were 444 

approximately two-fold slower than the same values in the hippocampus (Hanson et al., 2015). 445 

Interestingly, a recent study elegantly demonstrated using serial electron microscopy that the 446 

distance between astrocytes and the postsynaptic density is shorter in the hippocampus compared 447 

to the striatum (Chai et al., 2017), which may account for the enhanced efficiency of transporter-448 

mediated uptake in the hippocampus. In addition, prior integrative optical imaging and real-time 449 

iontophoresis experiments demonstrated that diffusion rates are faster in the hippocampus 450 

compared to the cortex (Hrabětová, 2005). In the present study, relative diffusion rates of 451 

synaptically-released glutamate could be quantified by monitoring the iGluSnFR decay tau while 452 

blocking transporter-mediated uptake with 100 μM TBOA, and we found faster diffusion rates in 453 
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the hippocampus compared to both the cortex and striatum, regardless of the amount of 454 

presynaptic activity. Together, these data demonstrate clear regional- and activity-dependent 455 

differences in the rate of glutamate clearance. 456 

A recent study used both iGluSnFR and STC recordings to demonstrate that presynaptic 457 

activity influences glutamate clearance in the cortex (Armbruster et al., 2016). Here, we also 458 

observed a clear effect of presynaptic activity on the rate of glutamate clearance, with all tested 459 

regions showing a dramatic increase in the time required to clear extracellular glutamate 460 

following longer HFS trains of 50-100 pulses compared to shorter bursts of activity. As 461 

glutamate uptake is voltage dependent (Brew and Attwell, 1987), astrocyte depolarization during 462 

neural activity (Meeks and Mennerick, 2007) may account for the slow clearance rates observed 463 

following long stimulus trains. Furthermore, neural activity induces glial swelling and reduces 464 

the extracellular volume fraction, which can increase tortuosity and slow glutamate diffusion 465 

during long stimulus trains (Syková, 1998; Sykova et al., 2008).  466 

Effects of transporter inhibition on iGluSnFR responses 467 

For the past two decades, it has been widely-reported that GLT-1 is responsible for the large 468 

majority of glutamate uptake in the brain, with percentages of 90% or higher often being cited in 469 

manuscript introductions and review articles. Here, we found that while blocking GLT-1 with 470 

300 μM DHK indeed prolonged the time course of evoked iGluSnFR transients, it produced only 471 

a fraction of the effect observed following 100 μM TBOA application. Interestingly, 472 

approximately half of the STC persists following a saturating concentration of DHK (Diamond 473 

and Jahr, 2000; Thomas et al., 2011), which is likely to represent current through GLAST 474 

transporters. GLAST is also abundant on astrocyte membranes (Danbolt, 2001), and exists at an 475 

approximate density of 3,200 transporters/μm3 in the hippocampus stratum radiatum (Lehre and 476 
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Danbolt, 1998). Our data here confirm that while GLT-1 may be the most abundant transporter 477 

in the brain, non-GLT-1 transporters can make large contributions to the rate of glutamate 478 

clearance, particularly when GLT-1 is dysfunctional.  479 

iGluSnFR also represents a powerful tool to study relative alterations in evoked 480 

presynaptic glutamate release. In the hippocampus, transporter inhibition by either DHK or 481 

TBOA increased the response peak, in agreement with a previously reported increase in 482 

excitatory postsynaptic current (EPSC) amplitude following transporter inhibition in the adult 483 

hippocampus (Diamond, 2005). On the other hand, while DHK tended to increase response 484 

peaks in the cortex and striatum, response sizes were reduced in these regions following TBOA 485 

application, also in agreement with a prior observation of a TBOA-induced reduction of striatal 486 

EPSCs (Milnerwood et al., 2010). Transporter inhibition in the hypothalamus increases 487 

extracellular glutamate and reduces presynaptic release by activating presynaptic group III 488 

metabotropic glutamate receptors (Oliet et al., 2001). Here, TBOA had the greatest effect on 489 

ambient glutamate levels in the striatum and cortex, the two regions that exhibited a TBOA-490 

induced depression of evoked glutamate release. Indeed, presynaptic mGluR activation has been 491 

shown to inhibit excitatory transmission at the corticostriatal synapse (Pisani et al., 1997) and in 492 

the deep layers of the cortex (Bandrowski, 2003). Thus, our results are consistent with 493 

electrophysiological observations of transporter inhibitor effects on EPSCs, and suggest that 494 

iGluSnFR can be used as a powerful tool to study glutamate transmission, both with respect to 495 

relative changes in release probability and extracellular clearance rates.  496 

Quantifying glutamate clearance in situ: methodological considerations 497 

STCs have been used to great effect to study glutamate dynamics in situ, and provides the 498 

greatest temporal resolution of the available methods, particularly when the filtering properties 499 
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are mathematically eliminated from the STC kinetics (Diamond, 2005). However, STCs are only 500 

able to sense glutamate at the surface of an individual astrocyte, are technically demanding and 501 

are extremely difficult to elicit in brain regions that have a low to moderate density of glutamate 502 

afferents. Widefield imaging of iGluSnFR complements STCs in that they monitor extracellular 503 

glutamate sensed at the surface of a population of neurons (synapsin promoter) or astrocytes 504 

(GFAP promoter) and can be easily performed in multiple brain regions. However, iGluSnFR 505 

itself acts as a glutamate buffer and therefore exhibits slower absolute decay tau values compared 506 

to STCs under similar conditions. Nonetheless, the regional differences in glutamate clearance 507 

detected in the present study were robust enough to be clearly detected using iGluSnFR imaging. 508 

In fact, despite the differences in raw iGluSnFR and STC decay tau values, GLT-1 blockade with 509 

300 μM DHK increases both the iGluSnFR (this study) and the STC (Diamond and Jahr, 2000; 510 

Scimemi et al., 2009, 2013; Thomas et al., 2011; Hanson et al., 2015) decay tau approximately 511 

two-fold. While it is possible that the slower absolute iGluSnFR decay reflects iGluSnFR 512 

detection of glutamate concentrations too low to be detected by STCs, iGluSnFR affinity is in the 513 

μM range, and the %ΔF/F values obtained in the present study match the values obtained by 514 

exogenous applications of μM concentrations of glutamate in the acute slice preparation (Parsons 515 

et al., 2016). Simultaneous iGluSnFR and STC recordings will help distinguish the detection 516 

thresholds for each method during synaptic activity and is of interest for future studies.   517 

Conclusion 518 

The results of the present study demonstrate clear regional- and activity-dependent differences in 519 

the rate of glutamate clearance following synaptic activity and further highlight the importance 520 

of studying glutamate regulation in situ. The two major findings of the present study are as 521 

follows: 1) the hippocampus is more efficient at clearing extracellular glutamate compared to the 522 
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cortex and striatum; and 2) GLT-1 inhibition by DHK only slowed clearance rates to a fraction 523 

of that induced by TBOA, suggesting non-GLT-1 transporters can make a substantial 524 

contribution to the glutamate clearance rate, particularly when GLT-1 is dysfunctional. The 525 

relative efficiency of glutamate clearance may play a role in dictating the type and magnitude of 526 

synaptic plasticity observed following long trains of HFS. For example, the same HFS that 527 

produces clear long-term potentiation in the hippocampus results in presynaptically-mediated 528 

long-term depression in the striatum. It is possible that the efficient uptake/clearance of 529 

glutamate in the hippocampus limits perisynaptic/extrasynaptic mGluR activity, which is 530 

required for HFS-induced striatal long-term depression (Sung et al., 2001). Furthermore, slow 531 

clearance rates may play a role in regional vulnerability to excitotoxity. It is tempting to 532 

speculate that the slow clearance rates in the striatum can partially explain this region’s 533 

vulnerability in Huntington disease, a devastating neurodegenerative disease in which glutamate 534 

toxicity and extrasynaptic NMDA receptor activation are major contributors to cell death 535 

(Okamoto et al., 2009; Milnerwood et al., 2010; Parsons and Raymond, 2014). Future research is 536 

required to fully understand the functional consequences of such dramatic regional differences in 537 

glutamate clearance, as the spatiotemporal dynamics of glutamate ultimately determines the 538 

location and types of glutamate receptors that are activated during neurotransmission.   539 
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 652 

Legends 653 

Figure 1. Characterization of extracellular glutamate dynamics in the hippocampus. A, 654 

Representative heatmaps of iGluSnFR responses following afferent stimulation (100 Hz). Peak 655 

responses are shown in the x-y plane (image size = 2x2mm), and the y-z (time) plots show the 656 

kinetics of the response at a defined x coordinate adjacent to the site of stimulation (image 657 

represents 2 seconds). The grey shaded area within the images denotes the onset and duration of 658 

afferent stimulation. B, Mean (± SEM) iGluSnFR response profiles to either 2, 5, 10, 50 or 100 659 

pulses of afferent stimulation at 100 Hz. C, Mean responses (± SEM) from (B) that were 660 

normalized to the peak value at the end of the stimulation. D-E, Grouped data showing mean (± 661 

SEM) iGluSnFR response peak (D) and decay tau (E). RM ANOVA with Tukey post-hoc results 662 

indicated by *p<0.05, ***p<0.001. F-G, Decay and %ΔF/F correlation of the iGluSnFR 663 

responses with short burst of activity (F) and longer trains of high frequency stimulation (G). 664 

 665 

Figure 2. Characterization of extracellular glutamate dynamics in the cortex. A, Representative 666 

heatmaps of iGluSnFR responses following afferent stimulation (100 Hz). Peak responses are 667 

shown in the x-y plane (image size = 2x2mm), and the y-z (time) plots show the kinetics of the 668 

response at a defined x coordinate adjacent to the site of stimulation (image represents 2 669 

seconds). The grey shaded area within the images denotes the onset and duration of afferent 670 

stimulation. B, Mean (± SEM) iGluSnFR response profiles to either 2, 5, 10, 50 or 100 pulses of 671 
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afferent stimulation at 100 Hz. C. Mean responses (± SEM) from (B) that were normalized to the 672 

peak value at the end of the stimulation. D-E, Grouped data showing mean (± SEM) iGluSnFR 673 

response peak (D) and decay tau (E). RM ANOVA with Tukey post-hoc results indicated by 674 

*p<0.05, ***p<0.001. F-G, Decay and %ΔF/F correlation of the iGluSnFR responses with short 675 

burst of activity (F) and longer trains of high frequency stimulation (G). 676 

 677 

Figure 3. Characterization of extracellular glutamate dynamics in the striatum. A, Representative 678 

heatmaps of iGluSnFR responses following afferent stimulation (100 Hz). Peak responses are 679 

shown in the x-y plane (image size = 2x2mm), and the y-z (time) plots show the kinetics of the 680 

response at a defined x coordinate adjacent to the site of stimulation (image represents 2 681 

seconds). The grey shaded area within the images denotes the onset and duration of afferent 682 

stimulation. B, Mean (± SEM) iGluSnFR response profiles to either 2, 5, 10, 50 or 100 pulses of 683 

afferent stimulation at 100 Hz. C, Mean responses (± SEM) from (B) that were normalized to the 684 

peak value at the end of the stimulation. D-E, Grouped data showing mean (± SEM) iGluSnFR 685 

response peak (D) and decay tau (E). RM ANOVA with Tukey post-hoc results indicated by 686 

**p<0.01, ***p<0.001. F-G, Decay and %ΔF/F correlation of the iGluSnFR responses with 687 

short burst of activity (F) and longer trains of high frequency stimulation (G). 688 

 689 

Figure 4. Regional differences in glutamate clearance capacity. A, Representative heatmaps of 690 

iGluSnFR responses in the hippocampus, cortex and striatum following afferent stimulation (10 691 

pulses at100 Hz). Peak responses are shown in the x-y plane (image size = 2x2mm), and the y-z 692 

(time) plots show the kinetics of the response at a defined x coordinate adjacent to the site of 693 
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stimulation (image represents 2 seconds). The grey shaded area within the images denotes the 694 

onset and duration of afferent stimulation. B, Mean (±SEM) iGluSnFR responses in the 695 

hippocampus, cortex, and striatum to 10 pulses at 100 Hz. C, Mean responses (±SEM) from (B) 696 

that were normalized to the peak value at the end of the stimulation. D, Raw responses (±SEM) 697 

from (B) were selected so that the average peak value was comparable between the three brain 698 

regions. E-G, Regional comparison of mean (±SEM) iGluSnFR decay tau values showing fastest 699 

glutamate clearance rates in the hippocampus, intermediate clearance rates in the cortex and slow 700 

clearance rates in the striatum, for both shorter bursts of activity (E,F) and longer trains of high-701 

frequency stimulation (G). H-I, Mean (±SEM) iGluSnFR decay tau values in the hippocampus, 702 

cortex and striatum during glutamate transporter blockade with TBOA (100 μM) to quantify 703 

relative glutamate diffusion rates. 704 

 705 

Figure 5. Effect of stimulus intensity on extracellular glutamate dynamics. A, Mean (±SEM) 706 

iGluSnFR peaks in the hippocampus, cortex and striatum in response to increasing the stimulus 707 

intensity (5 pulses, 100 Hz) from 25 to 250 μA. B, Mean (±SEM) iGluSnFR decay tau values in 708 

the hippocampus, cortex and striatum in response to increasing the stimulus intensity (5 pulses, 709 

100 Hz) from 25 to 250 μA. C-E, Comparison of the effect of stimulus intensity on iGluSnFR 710 

peak (solid bars) and decay tau (hatched bars) for the hippocampus (C), cortex (D) and striatum 711 

(E). Data were normalized to the response at 25 μA. All p-values were obtained by RM Two-712 

way ANOVA.  713 

 714 
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Figure 6. Comparison of the effects of selective GLT-1 inhibition and non-selective 715 

transporter inhibition on glutamate dynamics in the hippocampus. A, Representative 716 

heatmaps of hippocampal iGluSnFR responses following afferent stimulation (10 pulses at 100 717 

Hz) in control conditions and following GLT-1 blockade with DHK (300 μM) and non-selective 718 

glutamate transporter blockade with TBOA (100 μM). Peak responses are shown in the x-y plane 719 

(image size = 2x2mm), and the y-z (time) plots show the kinetics of the response at a defined x 720 

coordinate adjacent to the site of stimulation (image represents 2 seconds). The grey shaded area 721 

within the images denotes the onset and duration of afferent stimulation. B, Mean (± SEM) 722 

iGluSnFR response profiles to 10 pulses of afferent stimulation at 100 Hz in control, DHK and 723 

TBOA conditions. Inset shows a concentration-response curve for the DHK effect on iGluSnFR 724 

decay ratio. C, Mean responses (± SEM) from (B) that were normalized to the peak value at the 725 

end of the stimulation. D-E, Grouped data showing mean (± SEM) DHK and TBOA peak ratios 726 

(D) and decay ratios (E) over a variety of stimulation paradigms. Peak and decay ratios indicate 727 

the fold effect of drug treatment over control levels. F, Mean (± SEM) decay ratios for 300 μM 728 

DHK and 10 μM TBOA. RM-two way ANOVA with Bonferroni post-hoc results indicated by 729 

***p<0.001.  730 

 731 

Figure 7. Comparison of the effects of selective GLT-1 inhibition and non-selective transporter 732 

inhibition on glutamate dynamics in the cortex. A, Representative heatmaps of cortical iGluSnFR 733 

responses following afferent stimulation (10 pulses at 100 Hz) in control conditions and 734 

following GLT-1 blockade with DHK (300 μM) and non-selective glutamate transporter 735 

blockade with TBOA (100 μM). Peak responses are shown in the x-y plane (image size = 736 

2x2mm), and the y-z (time) plots show the kinetics of the response at a defined x coordinate 737 
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adjacent to the site of stimulation (image represents 2 seconds). The grey shaded area within the 738 

images denotes the onset and duration of afferent stimulation. B, Mean (± SEM) iGluSnFR 739 

response profiles to 10 pulses of afferent stimulation at 100 Hz in control, DHK and TBOA 740 

conditions. C. Mean responses (± SEM) from (B) that were normalized to the peak value at the 741 

end of the stimulation. D-E, Grouped data showing mean (± SEM) DHK and TBOA peak ratios 742 

(D) and decay ratios (E) over a variety of stimulation paradigms. Peak and decay ratios indicate 743 

the fold effect of drug treatment over control levels. RM-two way ANOVA with Bonferroni 744 

post-hoc results indicated by *p<0.05, **p<0.01, ***p<0.001.  745 

 746 

Figure 8. Comparison of the effects of selective GLT-1 inhibition and non-selective transporter 747 

inhibition on glutamate dynamics in the striatum. A, Representative heatmaps of striatal 748 

iGluSnFR responses following afferent stimulation (10 pulses at 100 Hz) in control conditions 749 

and following GLT-1 blockade with DHK (300 μM) and non-selective glutamate transporter 750 

blockade with TBOA (100 μM). Peak responses are shown in the x-y plane (image size = 751 

2x2mm), and the y-z (time) plots show the kinetics of the response at a defined x coordinate 752 

adjacent to the site of stimulation (image represents 2 seconds). The grey shaded area within the 753 

images denotes the onset and duration of afferent stimulation. B, Mean (± SEM) iGluSnFR 754 

response profiles to 10 pulses of afferent stimulation at 100 Hz in control, DHK and TBOA 755 

conditions. C. Mean responses (± SEM) from (B) that were normalized to the peak value at the 756 

end of the stimulation. D-E, Grouped data showing mean (± SEM) DHK and TBOA peak ratios 757 

(D) and decay ratios (E) over a variety of stimulation paradigms. Peak and decay ratios indicate 758 

the fold effect of drug treatment over control levels. RM-two way ANOVA with Bonferroni 759 

post-hoc results indicated by **p<0.01, ***p<0.001.  760 
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 761 

Figure 9. GLT-1 expression levels are similar in the adult hippocampus, cortex and striatum. A, 762 

Representative western blot of GLT-1 expression in the cortex (ctx), hippocampus (hpx), and 763 

striatum (str). B, Quantification of mean (±SEM) GLT-1 expression in the cortex (C), 764 

hippocampus (H), and striatum (S). Unpaired t-test p=0.640. 765 

 766 

Figure 10. Ambient glutamate levels increase after the application of TBOA but not DHK. A-C, 767 

Basal, unstimulated iGluSnFR fluorescence in control conditions and following GLT-1 768 

inhibition with 300 μM DHK and nonselective glutamate transporter inhibition with 100 μM 769 

TBOA in the hippocampus (A), cortex (B) and striatum (C). RM one-way ANOVA significance 770 

was observed for all three regions. Tukey post-hoc significance is indicated by **p<0.01. 771 






















