
Accepted manuscripts are peer-reviewed but have not been through the copyediting, formatting, or proofreading
process.

Copyright © 2018 the authors

This Accepted Manuscript has not been copyedited and formatted. The final version may differ from this version.

Research Articles: Neurobiology of Disease

Conditional Knockout of mGluR5 from Astrocytes during Epilepsy
Development Impairs High-Frequency Glutamate Uptake

Anthony D. Umpierre1,2, Peter J. West1,2,3, John A. White4 and Karen S. Wilcox1,2,3

1Interdepartmental Program in Neuroscience, University of Utah, Salt Lake City, Utah
2Department of Pharmacology & Toxicology, University of Utah, Salt Lake City, Utah
3Anticonvulsant Drug Development Program, University of Utah, Salt Lake City, Utah
4Department of Biomedical Engineering, Boston University, Boston, MA

https://doi.org/10.1523/JNEUROSCI.1148-18.2018

Received: 6 May 2018

Revised: 11 November 2018

Accepted: 18 November 2018

Published: 30 November 2018

Author contributions: A.D.U. and K.S.W. designed research; A.D.U. performed research; A.D.U. and P.J.W.
analyzed data; A.D.U. wrote the first draft of the paper; A.D.U., P.J.W., J.A.W., and K.S.W. edited the paper;
A.D.U. and K.S.W. wrote the paper.

Conflict of Interest: The authors declare no competing financial interests.

This work was supported by the National Institute of Neurological Disorders and Stroke (NINDS) through an F31
grant (NS096959) to A.D.U. and an RO1 grant (NS078331) to J.A.W. and K.S.W. We would like to thank Dr.
Ivan Soltesz for helpful comments regarding experimental design and study considerations. We also thank Dr.
Nathan A. Smith for training in two-photon calcium imaging techniques and Dr. Roy M. Smeal for assistance with
calcium imaging and single-cell electrophysiology analysis

Correspondence should be addressed to Karen S. Wilcox, University of Utah, 201 Skaggs Hall, Salt Lake
City, UT 84112, E-mail: karen.wilcox@hsc.utah.edu

Cite as: J. Neurosci 2018; 10.1523/JNEUROSCI.1148-18.2018

Alerts: Sign up at www.jneurosci.org/alerts to receive customized email alerts when the fully formatted version
of this article is published.



 

 1 

Conditional Knockout of mGluR5 from Astrocytes during Epilepsy 1 
Development Impairs High-Frequency Glutamate Uptake  2 

 3 
Abbreviated Title: Astrocyte mGluR5 Regulates Glutamate Uptake 4 
 5 
Anthony D. Umpierre1,2, Peter J. West1,2,3, John A. White4, and Karen S. Wilcox1,2,3* 6 
1Interdepartmental Program in Neuroscience, University of Utah, Salt Lake City, Utah, 84112.  2Department of 7 
Pharmacology & Toxicology, University of Utah, Salt Lake City, Utah, 84112. 3Anticonvulsant Drug Development 8 
Program, University of Utah, Salt Lake City, Utah, 84112. 4Department of Biomedical Engineering, Boston University, 9 
Boston, MA, 02215. 10 
 11 
*Correspondence should be addressed to Karen S. Wilcox, University of Utah, 201 Skaggs Hall, Salt Lake City, UT 12 
84112, E-mail: karen.wilcox@hsc.utah.edu. 13 
 14 
Number of Pages:  32 15 
 16 
Number of Figures:  8 17 
 18 
Number of Tables:  0 19 
 20 
Multimedia & 3D Models: None 21 
 22 
Abstract:   223 words 23 
 24 
Introduction:   602 words 25 
 26 
Discussion:   1675 words 27 
 28 
Conflict of Interest:  The authors declare no competing financial interests 29 
 30 
Acknowledgements:  This work was supported by the National Institute of Neurological Disorders and Stroke 31 

(NINDS) through an F31 grant (NS096959) to A.D.U. and an RO1 grant (NS078331) to 32 
J.A.W. and K.S.W. We would like to thank Dr. Ivan Soltesz for helpful comments 33 
regarding experimental design and study considerations.  We also thank Dr. Nathan A. 34 
Smith for training in two-photon calcium imaging techniques and Dr. Roy M. Smeal for 35 
assistance with calcium imaging and single-cell electrophysiology analysis 36 

.  37 
 38 

 39 

 40 

 41 

 42 

 43 

 44 

 45 



 

 2 

 46 

Abstract 47 

Astrocyte expression of metabotropic glutamate receptor 5 (mGluR5) is consistently observed in resected tissue 48 

from patients with epilepsy and is equally prevalent in animal models of epilepsy.  However, little is known about the 49 

functional signaling properties or downstream consequences of astrocyte mGluR5 activation during epilepsy 50 

development. In the rodent brain, astrocyte mGluR5 expression is developmentally regulated and confined in 51 

expression/function to the first weeks of life, with similar observations made in human control tissue.  Herein, we 52 

demonstrate that mGluR5 expression and function dramatically increase in a mouse model of temporal lobe epilepsy 53 

(TLE). Interestingly, in both male and female mice, mGluR5 function persists in the astrocyte throughout the process of 54 

epileptogenesis following status epilepticus.  However, mGluR5 expression and function is transient in animals that do 55 

not develop epilepsy over an equivalent time period, suggesting that patterns of mGluR5 expression may signify 56 

continuing epilepsy development or its resolution.  We demonstrate that during epileptogenesis, astrocytes re-acquire 57 

mGluR5-dependent calcium transients following agonist application or synaptic glutamate release—a feature of astrocyte-58 

neuron communication absent since early development. Finally, we find that the selective and conditional knockout of 59 

mGluR5 signaling from astrocytes during epilepsy development slows the rate of glutamate clearance through astrocyte 60 

glutamate transporters under high-frequency stimulation conditions, a feature that suggests astrocyte mGluR5 expression 61 

during epileptogenesis may recapitulate earlier developmental roles in regulating glutamate transporter function.   62 

 63 

Significance 64 

In development, astrocyte mGluR5 signaling plays a critical role in regulating structural and functional 65 

interactions between astrocytes and neurons at the tripartite synapse.  Notably, mGluR5 signaling is a positive regulator of 66 

astrocyte glutamate transporter expression and function—an essential component of excitatory signaling regulation in 67 

hippocampus.  After early development, astrocyte mGluR5 expression is downregulated, but re-emerges in animal models 68 

of TLE development and patient epilepsy samples.  We explored the hypothesis that astrocyte mGluR5 re-emergence 69 

recapitulates earlier developmental roles during TLE acquisition.  Our work demonstrates that astrocytes with mGluR5 70 

signaling during TLE development perform faster glutamate uptake in hippocampus, revealing a previously unexplored 71 

role for astrocyte mGluR5 signaling in hypersynchronous pathology.  72 
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 73 

 74 

Introduction 75 

Temporal lobe epilepsy (TLE) is a debilitating, and often treatment-refractory disorder characterized by 76 

spontaneous seizure generation from within the hippocampus or adjacent structures. Astrocytes provide an indispensable 77 

role in regulating neuronal glutamate transmission in the brain (Tanaka et al., 1997), and particularly in the hippocampus, 78 

through their glutamate transporter function (Rothstein et al., 1996).  We previously demonstrated that hippocampal 79 

astrocytes in a rat model of TLE display faster, potentially compensatory, glutamate transport kinetics prior to the onset of 80 

epilepsy (Takahashi et al., 2010), but did not initially determine the underlying mechanism(s).  81 

The glutamate-sensing surface receptor, mGluR5, has been shown to regulate multiple forms of astrocyte-neuron 82 

interaction, including aspects of synaptic ensheathment and glutamate transport in early development.  In early 83 

development, mGluR5-dependent calcium signaling promotes astrocyte motility towards developing glutamatergic 84 

synapses (Bernardinelli et al., 2014), establishing a tripartite synapse between astrocyte fine processes and neuronal pre- 85 

and postsynaptic elements.  Loss of IP3-dependent calcium activity, a key effector of astrocyte mGluR5 signaling, reduces 86 

the number of tripartite synapses formed in the hippocampus, which slows the kinetics of astrocyte glutamate transport 87 

(Tanaka et al., 2013).  Additionally, mGluR5 signaling in the astrocyte leads to activity-dependent changes in GLT-1 88 

(EAAT2) expression (Higashimori et al., 2013; Morel et al., 2014)—the predominant astrocyte glutamate transporter in 89 

the mature hippocampus (Schreiner et al., 2014).  Finally, high-frequency synaptic glutamate release can activate 90 

astrocyte mGluR5 signaling, which acutely facilitates glutamate transporter function (Devaraju et al., 2013).  Taken 91 

together, developmental studies strongly suggest that astrocyte mGluR5 activation is a critical regulator of astrocyte 92 

glutamate transport in the developing hippocampal network, but has not been studied in the context of epileptogenesis. 93 

Assessing astrocyte mGluR5 signaling as a candidate mechanism for transporter regulation during epileptogenesis 94 

requires careful consideration of its dynamic expression and functional patterns (Cai et al., 2000; Panatier and Robitaille, 95 

2015).  On the one hand, astrocyte mGluR5 expression is typically confined to the first weeks of rodent brain 96 

development (Sun et al., 2013; Morel et al., 2014).  On the other hand, astrocyte mGluR5 expression is commonly 97 

reported in adult animal models of epilepsy (Aronica et al., 2000; Ulas et al., 2000; Ding et al., 2007; Szokol et al., 2015; 98 

Umpierre et al., 2016) and human epilepsy samples (Aronica et al., 2001; Tang et al., 2001; Aronica et al., 2003; Sukigara 99 
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et al., 2014).  Using immunohistochemistry (IHC) and two-photon (2-P) calcium imaging techniques, we determined that 100 

mGluR5 expression/function re-emerges on the astrocyte and has the requisite expression patterns to serve as a mediator 101 

of astrocyte-neuron interactions during epileptogenesis.   102 

Additionally, we investigated how the absence or presence of mGluR5 signaling impacts the kinetics of glutamate 103 

transport during epileptogenesis, using a conditional knockout mouse to selectively remove mGluR5 expression from 104 

astrocytes after development.  To model epilepsy development, we used a repeated, low-dose kainic acid injection 105 

paradigm (i.p.) to induce status epilepticus (KA-SE)—a prolonged seizure state that precipitates the potential development 106 

of epilepsy.  Wild-type astrocytes in epileptogenesis (KA-SE: mGluR5+/+) exhibited mGluR5-dependent calcium 107 

transients in response to stimulation-induced glutamate release—a feature of astrocyte-neuron communication absent 108 

since early development (Porter and McCarthy, 1996; Honsek et al., 2012), and conditionally repressed in mGluR5 109 

knockout astrocytes (KA-SE: mGluR5-/-).  The selective loss of mGluR5 during epileptogenesis did not alter intrinsic 110 

properties of astrocytes or glutamate uptake kinetics during low-frequency activity. However, similar to developmental 111 

studies (Tanaka et al., 2013), selective mGluR5 knockout specifically impaired glutamate uptake during high-frequency 112 

stimulation—a situation which may confer a specific risk for seizures.  Overall, our findings suggest that astrocyte 113 

mGluR5 expression during epileptogenesis re-establishes earlier forms of astrocyte-neuron communication and serves a 114 

compensatory role in regulating astrocyte glutamate transport within the hippocampal network.  115 

 116 

Materials and Methods 117 

Animals.  Adult male and female mice were used in all experiments.  Ages ranged between 8-14 weeks at the time 118 

of terminal study, reflecting a span of timepoints used during epilepsy development.  All mice had free access to food and 119 

water and were maintained on a 12 h light/dark cycle in temperature- and humidity-controlled rooms.  All procedures 120 

conformed to the standards of the National Institutes of Health Guide for the Care and Use of Laboratory Animals and 121 

were approved by the University of Utah’s Institutional Animal Care and Use Committee (IACUC). 122 

For IHC studies (Fig. 1), we used Cre-negative offspring from constitutive GFAP-Cre (Jackson Laboratory, stock 123 

#024098) and PC::G5-tdT (Jackson Laboratory, stock #024477) crosses.  For 2-P time course studies (Fig. 2, 3), we used 124 

Cre-positive siblings from the above cross to label astrocytes with td-Tomato and report calcium activity using the 125 

genetically encoded calcium indicator GCaMP5G (Gee et al., 2014).  All other studies used conditional knockout lines.   126 
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Establishing mGluR5 conditional knockout lines. Standard breeding of existing mouse lines was used to establish 127 

multi-transgenic mouse lines.  First a mouse line was created that would selectively and conditionally remove mGluR5 128 

expression in astrocytes, by breeding mGluR5fl/fl mice, kindly provided by Dr. Anis Contractor (Northwestern University; 129 

(Xu et al., 2009)), to either tamoxifen-inducible GFAP-CreERT2 mice (Jackson Labs, stock #012849; Fig. 6 experiments) 130 

or recently developed ALDH1L1-CreERT2 mice, kindly provided by Dr. Baljit Khakh (UCLA; Fig. 5, 7, and 8 131 

experiments).  Additionally, a mouse line was created that could report recombination (td-Tomato) and calcium activity 132 

(GCaMP5G) in cells that lost mGluR5 expression, by breeding mGluR5fl/fl mice to PC::G5-tdT mice. After sibling 133 

intercross, we obtained littermates containing the mGluR5wt/wt or mGluR5fl/fl sequence.  mGluR5wt/wt;PC::G5-tdT+/+ mice 134 

were bred to either mGluR5wt/wt;ALDH1L1-CreERT2 or mGluR5wt/wt;GFAP-CreERT2 mice to create 135 

mGluR5wt/wt;ALDH1L1-or-GFAP-CreERT2; PC::G5-tdT+/- offspring, with Cre-positive animals used in experiments.  136 

Herein, this line is referred to as mGluR5+/+.  On the other hand, mGluR5fl/fl;PC::G5-tdT+/+ mice were bred to either 137 

mGluR5fl/fl;ALDH1L1-CreERT2 or mGluR5fl/fl;GFAP-CreERT2 mice to create mGluR5fl/fl;ALDH1L1-or-GFAP-CreERT2; 138 

PC::G5-tdT+/- offspring, with Cre-positive animals used in experiments.  Herein, this line is referred to as mGluR5-/-.  To 139 

induce recombination after early development (at 6-9 weeks of age), three injections of tamoxifen (i.p.) were administered 140 

to mGluR5+/+ and mGluR5-/- mice at a dose of 150 mg/kg, with each injection separated by 48 h.  Tamoxifen (T5648, 141 

Sigma-Aldrich) was dissolved in peanut oil (20 mg/ml).  Animals were given a week of recovery time after the final 142 

injection before beginning KA-SE experiments. 143 

Cortical EEG implant surgery.  For video EEG studies, GFAP-Cre; PC::G5-tdT mice were implanted with a 144 

cortical EEG above the left parietal cortex at 5-8 weeks of age.  Under isofluorane anesthesia (4% induction, 1-2.5% 145 

maintenance), an incision was made across the midline, three small burr holes were drilled in the skull, and a single-146 

channel electrode (Plastics One) was lowered to contact superficial cortex.  The electrode was secured in place with 147 

Loctite 454 glue against three implanted anchor screws.  Animals were given at least two weeks to recover.  In all other 148 

studies, mGluR5+/+ and mGluR5-/- animals were studied 7-9 days after KA-SE, in a period established by previous 149 

(Umpierre et al., 2016) and current studies to faithfully represent a seizure-free latent period (N=0/52 mice developing 150 

epilepsy at this early time point; 24/7 cortical EEG with video monitoring).    151 

Low-dose, KA-SE. Kainic acid (Tocris) was dissolved in sterile isotonic saline (2 mg/ml).  Kainate was 152 

administered (i.p.) at a dose of 7.5 mg/kg every 30 min (Tse et al., 2014; Umpierre et al., 2016) until an animal displayed 153 
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five or more generalized seizures (defined by Racine stage 3-5 criteria; (Racine, 1972)). A naïve group was established by 154 

injecting animals with an equivalent volume (100μl) of sterile, isotonic saline every 30 min.  For video EEG studies, 155 

cortical EEG was recorded 24/7 using EEG100C amplifiers and MP150 digitizing equipment (BioPac)  and synchronized 156 

with parallel video monitoring (Thomson and White, 2014), beginning 1 hour before KA-SE and ending at the time point 157 

in which the animal was studied. Animal allocation to the naïve group or a time point following KA-SE was determined 158 

randomly at the time of EEG surgery to best distribute sibling littermates across treatments and time points.  No anti-159 

seizure drug was administered to stop KA-SE in this paradigm. 160 

Immunohistochemistry and colocalization analysis. Fixed tissue was acquired from cre-negative, GFAP-Cre; 161 

PC::G5-tdT mice at the following time points: 1, 2, or 3 days after KA-SE (acute period), 7 days after KA-SE (latent 162 

period), and 28 or 35 days after KA-SE (chronic period). In the chronic period, no animal developed epilepsy (N=0/7), so 163 

only non-epilepsy data is presented. Immunofluorescent labelling was performed on 20 μm thick coronal sections 164 

containing the hippocampus, cut on a freezing-stage microtome (Leica SM2010 R). Astrogliosis was assessed as the area 165 

of GFAP (glial fibrillary acid protein) immunofluorescence in stratum radiatum, detected by a mouse anti-GFAP antibody 166 

pre-conjugated to AlexaFluor 488 (1:500, EMD Millipore, MAB3402X). Colocalization was assessed by determining the 167 

area of overlap between mGluR5 and GFAP immunofluorescence using the ImageJ Coloc plugin (Vargas et al., 2013; 168 

Umpierre et al., 2016). mGluR5 was detected by a rabbit anti-mGluR5 primary antibody (1:400, EMD Millipore, 169 

AB5675) and a goat anti-rabbit AlexaFluor 555 secondary antibody (1:1000, Invitrogen, A21429).  Nuclei were 170 

counterstained with DAPI (1 μg/ml).  A confocal z-stack (10 μm; 1 μm z-step) of hippocampal stratum radiatum was 171 

acquired at 20X magnification for quantification and reimaged at 60X magnification for illustrative purposes (Fig. 1), 172 

using an Olympus FV1000 confocal microscope.   173 

Acute brain slice preparation. Mice were deeply anesthetized with isofluorane. The brain was rapidly removed, 174 

and acute coronal brain slices (400 μm) containing the hippocampus were cut on a vibratome (Vibratome 3000, 175 

Vibratome Company) in an ice-cold, sucrose protective solution (in mM: 185 sucrose, 2.5 KCl, 1.2 NaH2PO4, 25 176 

NaHCO3, 25 glucose, 10 MgSO4, and 0.5 CaCl2; osmolarity: 295-300 mOsm). Sections were transferred to a recovery 177 

chamber containing artificial cerebral spinal fluid (aCSF, in mM: 26 NaCl, 2.5 KCl, 1 NaH2PO4, 26 NaHCO3, 10.5 178 

glucose, 1.3 MgSO4, and 2 CaCl2; osmolarity: 298-304 mOsm). For single-cell electrophysiology experiments (Fig. 5, 7, 179 

8), sections were incubated in 34°C aCSF for 30 min then allowed to return to room temperature for an additional 30 min.  180 
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For other experiments (Fig. 2-4, 6), sections recovered for one hour at room temperature.  All solutions were bubbled with 181 

95% O2/5% CO2 and titrated to a pH of 7.35-7.4.  Acute brain slices were then transferred to a submerged recording 182 

chamber and continually perfused with 30°C aCSF (in-line heater; TC-324C, Warner Instruments) at a rate of 1-3 ml/min 183 

using a gravity-fed perfusion system.   184 

Agonist application and 2-P calcium imaging. Astrocyte calcium responses to focal agonist application were 185 

studied in acute brain slices prepared from cre-positive, GFAP-Cre; PC::G5-tdT mice either 1-3 days after KA-SE (acute 186 

period), 7-9 days after KA-SE (latent period), or 28-30 days after KA-SE (chronic period).  In the chronic period, animals 187 

were sub-divided based upon the development of epilepsy or non-development of epilepsy using 24/7 video EEG 188 

recording.  Epilepsy was defined as the presence of one or more spontaneous seizures meeting Racine stage 2-5 motor 189 

criteria after KA-SE. Acute slices from naïve animals were studied across multiple, age-matched time points.  Calcium 190 

activity was recorded using a Prairie 2-P microscope (Bruker) using Prairie View software.  T-series were acquired at a 1 191 

Hz frame rate at 512 x 512-pixel resolution, using a water-immersion 20X lens (NA: 0.95, Olympus) with optical zoom 192 

(fixed 273 x 273 μm area).  193 

Agonists were dispensed from a glass microcapillary using a Picospritzer III system (Parker Instrumentation).  194 

DHPG (300 or 500 μM), ATP (500 μM), and aCSF were focally applied near stratum radiatum astrocytes (td-Tomato 195 

label) in separate trials. Agonists were dissolved in daily aCSF containing AlexaFluor 568 dye (Invitrogen A33081) at a 196 

final concentration of 30 μM. The pressure of application was adjusted between 5-12 PSI (200 ms pulse) to obtain a 197 

consistent spread of AlexaFluor 568 dye between trials and animals.  Changes in cytosolic calcium levels were reported 198 

by GCaMP5G fluorescence.  To study calcium responses in an unbiased manner (Fig. 2-4), the following steps were 199 

taken: (1) the investigator was blinded to the identity of the solution being focally applied, and (2) calcium activity was 200 

only quantified within a region of interest (ROI) demarcated by AlexaFluor 568 dye spread (“dye-spread ROI”).  We first 201 

converted GCaMP5G calcium fluorescence to ∆F/F0 values, then summated ∆F/F0 values over a 10 s period, beginning at 202 

the moment of focal application, to obtain an area under the curve evaluation of calcium changes (∆F/F0·s).  To obtain the 203 

dye-spread ROI, a maximum intensity projection of dye spread over a 7 s period was subtracted from a still frame image 204 

obtained just prior to dye application (Fig. 2A) using Image J. After all agonists were applied, the experimenter was ‘un-205 

blinded’ to agonist identity.  If focal DHPG application produced a clear astrocyte calcium response, the specificity of the 206 

DHPG calcium response was assessed in a separate set of paired trials in which DHPG (500 μM) was applied in the 207 
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absence and presence of the selective mGluR5 antagonist MPEP (200 μM, bath application). In a separate cohort of 208 

animals (acute slices prepared 7-9 days after KA-SE), we determined if astrocyte calcium transients were influenced by 209 

retrograde endocannabinoid signaling. DHPG was focally applied (500 μM) in the absence or presence of the cannabinoid 210 

receptor 1 (CB1R) antagonist SR-141716A (10 μM, bath application).  Throughout these experiments, the bath aCSF 211 

solution contained 500 nM TTX to mitigate neuronal release of active signaling molecules. 212 

Focal DHPG application (500 μM; Fig. 5) was additionally used to assess whether astrocytes displayed mGluR5-213 

mediated calcium transients in the mGluR5+/+ and mGluR5-/- conditions to validate the knockout approach.  This 214 

pharmacological approach was also used to correctly identify a cell with and without mGluR5-dependent signaling before 215 

studying glutamate transporter currents in that cell using single-cell patch clamp electrophysiology (see Results for 216 

rationale).  In these trials, any td-Tomato astrocyte within 40 μm of the pipette tip was considered in the analysis, and a 217 

≥0.5 ∆F/F calcium change in the soma or major branches was considered as the threshold for a “response” to DHPG.  A 218 

response needed to be observed in 2 of 3 repeated trials to reduce the possibility of false-positive inclusion.  All selective 219 

agonists and antagonists were purchased from Tocris. 220 

Schaffer collateral stimulation and 2-P Imaging.   Acute hippocampal brain slices from cre-positive mGluR5+/+ 221 

and mGluR5-/- animals (GFAP-CreERT2 driver) were prepared in the latent period following KA-SE (day 7-9).  Naïve 222 

animals (saline injected, either genotype) were also included at an age-matched time point.  Neurotransmitter release from 223 

the Schaffer collateral pathway was elicited through a nichrome/formvar bipolar stimulating electrode (40 Hz, 1 s 224 

stimulation) at a current intensity that elicited a half-maximal field excitatory postsynaptic potential (fEPSP) amplitude. 225 

Field potentials were recorded by a glass microelectrode placed 150-200 μm from the stimulating electrode. Astrocyte 226 

calcium responses to Schaffer collateral neurotransmitter release were first quantified as the average calcium response 227 

(∆F/F0·s) among all responding cells.  Astrocyte calcium responses were then evaluated in a paired trial in which calcium 228 

activity via mGluR5 signaling was blocked by bath application of the mGluR5 antagonist MPEP (75 μM).  Additionally, 229 

fEPSP amplitude during the 40 Hz stimulation was also analyzed after fEPSPs consistently reached a plateau (average of 230 

the fEPSP amplitude in response to stimulations 15-25).    231 

Single cell electrophysiology. Acute hippocampal slices were prepared in the latent period (7-9 days after KA-SE) 232 

from mGluR5+/+ and mGluR5-/- animals (ALDH1L1-CreERT2 driver; (Srinivasan et al., 2016)), or from age-matched, 233 

naïve animals (saline injected, either genotype). Patch pipettes were pulled by a HEKA PIP 6 system from 1.5 mm OD, 234 



 

 9 

thin-walled borosilicate glass (open tip resistance: 3.5-5.5 MΩ). Pipettes were filled with an internal solution containing 235 

(in mM)120 K-Gluconate, 20 HEPES, 10 EGTA, and 0.2 Na-GTP, with AlexaFluor 488 dye (10 μM; Invitrogen, 236 

A33077) added to the internal solution to allow pipette visualization during 2-P imaging.  Internal solutions were made 237 

daily from stock solutions, and titrated to a pH of 7.3 with KOH (final osmolarity: 280-290 mOsm).  Under 2-P guidance, 238 

td-Tomato astrocytes in the stratum radiatum were voltage-clamped at -80 mV in the whole-cell patch configuration. 239 

Series resistance was monitored through 5 mV test pulse application between recordings.  Recordings were discontinued 240 

if series resistance changed by more than 20%, or if resting membrane potential (monitored in current clamp mode, where 241 

Ihold=0) decreased by more than 5 mV. To pharmacologically isolate glutamate transporter currents during synaptic 242 

activation, the following antagonists were added to the bath aCSF (in μM): 20 CNQX, 100 D-AP5, 100 picrotoxin, and 243 

200 BaCl2 (Bergles and Jahr, 1997). Synaptic activation was achieved through bipolar stimulation of the Schaffer 244 

collateral pathway using a constant current stimulator (A385, World Precision Instruments). Recorded astrocytes were 245 

100-200 μm from the bipolar stimulating electrode. Whole-cell currents were obtained through a Multiclamp 700A 246 

amplifier, a Digidata 1440A board, and pClamp10 software (Molecular Devices). Recordings were sampled at 10 kHz and 247 

low-pass filtered at 2 kHz. Electrophysiological recordings were analyzed in ClampFit.  To determine rates of decay, we 248 

fit the decay slope with a first-order time constant (τ), following either single-pulse stimulation (τ1) or the 10th stimulus in 249 

a 100 Hz train (τ10).  To better visualize decay kinetics after 100 Hz stimulation (Fig. 8C), we performed subtraction 250 

techniques, similar to Diamond and Jahr (2000), to isolate the 10th stimulus trace.   251 

Experimental design and statistical analyses: All statistical analyses were performed in GraphPad Prism version 252 

7.  All distributions presented display the mean ± S.E.M.  For most studies, a one-way analysis of variance (ANOVA) was 253 

used to determine group differences.  For time course studies (Fig. 1, 3), a Dunnett’s post-hoc comparison to naïve (Fig. 254 

1) or inert aCSF (Fig. 3) was used to determine individual group differences.  For selective knockout studies (Fig. 6-8), 255 

Tukey’s post-hoc testing was used to determine differences between three independent groups (naïve astrocytes, or 256 

astrocytes with or without mGluR5 function during epilepsy development).  To characterize an unbiased approach for 257 

calcium imaging analysis (Fig. 2), a two-way ANOVA design was utilized to evaluate a main effect of agonist, group, and 258 

interaction.  A Sidak’s post-hoc test was used to determine individual group differences.  The p-value reported from one- 259 

or two-way ANOVA post-hoc testing is adjusted for multiple comparisons.  Comparisons of a biological response in the 260 

presence or absence of an antagonist utilized a within-trial design (a two-tailed, paired t-test).  In one instance 261 
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(colocalization of mGluR5 and GFAP; Fig. 1), significant differences between group standard deviations necessitated a 262 

conversion of the colocalized areas to log10 values in order to restore equal variances and meet criteria for a one-way 263 

ANOVA design. The test statistic, degrees of freedom (if applicable), and exact p-value is reported in the text. The sample 264 

size (N value always refers to animal number) is reported in the text and figure legend.  Significant differences between 265 

groups is set at P < 0.05. 266 

 267 

Results 268 

Following KA-SE, astrocytes express mGluR5 during a period of peak gliosis 269 

We used cohorts of male and female, GFAP-Cre; PC::G5-tdT mice (all cre-negative) in IHC 270 

experiments to study how astrogliosis (GFAP area) and mGluR5 colocalization changes during phases of 271 

epileptogenesis.  Epileptogenesis was studied following systemic KA-SE, during an acute period (24-48 h, N=7 272 

animals; 72 h, N=4), a latent period (7 d, N=6), and a chronic period (28-35 d, N=7).  Video EEG (24/7 273 

recording) was used to confirm inclusion of non-epileptic animals in the latent period and to determine if 274 

animals developed epilepsy in the chronic period.  All IHC results were compared to age-matched, naïve tissue 275 

(N=5). Following KA-SE, astrocytes become hypertrophied in the hippocampus, with GFAP levels increasing 276 

53% over a 24-48 h period, and up to 120% by 72 h post KA-SE (F(4, 24)=16.37, one-way ANOVA with 277 

Dunnett’s post-hoc comparison to naïve; naïve vs. 24-48 h: p=0.0286; Naïve vs. 72 h: p<0.0001; Fig. 1A, B).  278 

Accompanying peak gliosis 72 h after KA-SE, we observe strong colocalization of mGluR5 protein with the 279 

GFAP-labelled soma and major branches of an astrocyte (F(4, 24)=23.65, one-way ANOVA with Dunnett’s post-280 

hoc test, p<0.0001 vs. naive; Fig. 1A, C).  Both astrocyte hypertrophy and mGluR5 colocalization are 281 

maintained in the seizure-free latent period of the KA-SE model, studied 7 days after KA-SE (hypertrophy: F(4, 282 

24)=16.37, p=0.0001 vs. naïve; colocalization: F(4, 24)=23.65, p<0.0001 vs. naive; one-way ANOVA with 283 

Dunnett’s post-hoc test; Fig. 1A-C).  Colocalization patterns suggest that mGluR5 expression can be an early 284 

component of reactive astrogliosis, developing soon after KA-SE.  However, 28-35 days after KA-SE, animals 285 

that did not develop epilepsy no longer displayed either clear astrocyte hypertrophy or mGluR5 colocalization 286 
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in the hippocampus (hypertrophy: F(4, 24)=16.37, p=0.9988 vs. naive; colocalization: F(4, 24)=23.65, p=0.3079 vs. 287 

naive; one-way ANOVA with Dunnett’s post-hoc test; Fig. 1A-C). Taken together, immunofluorescence studies 288 

suggest that astrocyte mGluR5 expression is an acute response to KA-SE, which accompanies dynamic changes 289 

in astrogliosis.  Antibody omission controls do not suggest that staining patterns are the result of antibody cross-290 

reactivity (Fig. 1D, E).  291 

 292 

Astrocyte mGluR5 activation can trigger calcium signaling throughout the process of epileptogenesis 293 

We next investigated patterns of agonist-induced calcium activity in the astrocyte during epileptogenesis.  Acute 294 

hippocampal slices were prepared from Cre-positive, male and female GFAP-Cre; PC::G5-tdT mice. Calcium activity was 295 

reported by GCaMP5G expression.  During 2-P imaging, aCSF, ATP (P2Y agonist, 500 μM), and DHPG (mGluR1/5 296 

agonist, 500 μM) were focally applied near stratum radiatum astrocytes by an investigator blinded to solution identity.  297 

We developed an unbiased approach to analyze astrocyte calcium responses to focal agonists, eliminating the 298 

need for user-defined regions of interest (ROIs).  Briefly, we included an AlexaFluor 568 dye (30 μM) in the agonist 299 

pipette, and calculated the area of dye spread through simple ImageJ subtraction techniques (Fig. 2A). Because the dye 300 

(and presumably the agonist) spread across this area (mean ± SEM area: 11,747 ± 321 μm2) over a 7-10 s period, calcium 301 

analyses (∆F/F value) are summated over a 10 s period (∆F/F·s value) to include later activation.  Using this dye-spread 302 

ROI approach for analysis, we find that aCSF application alone does not induce any clear patterns of calcium activity 303 

within the dye-spread region over a 10 s period (Fig. 2B, C).  By contrast, ATP application consistently induces calcium 304 

activity within the dye-spread region (Fig. 2D).  When results from the dye-spread ROI approach are compared to more 305 

traditional approaches, studying ∆F/F calcium activity in the soma of an astrocyte (Fig. 2C, blue traces for aCSF; Fig. 2E, 306 

orange traces for ATP), the same conclusions are apparent regarding astrocyte calcium activity in response to aCSF and 307 

ATP. However, for ATP application the dye-spread ROI approach (black dotted line) does not fully capture the amplitude 308 

of ∆F/F calcium rises in the soma following ATP application, but it does track the overall kinetics of calcium activity.  309 

Overall, the dye-spread ROI approach strongly distinguishes the effects of aCSF vs. ATP on astrocyte calcium activity 310 

within an unbiased region (main drug effect: F(1, 68)=57.38, p<0.0001; two-way ANOVA; N=41 animals in aCSF trials, 311 

N=35 animals in ATP trials; 1 slice/animal; Fig. 2F). Additionally, when aCSF and ATP calcium responses are studied 312 

across conditions (naïve: N=6 animals, 1 slice/animal) and time points in KA-SE epileptogenesis (24-72 h: N=8; 7-9 days: 313 
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N=8; 28-30 days: N=11, 1 slice/animal), we did not uncover a main group effect (naïve or KA-SE time period: F(3, 314 

68)=0.0754, p=0.9730; two-way ANOVA; Fig. 2F) or interaction effect (F(3, 68)=0.9145, p=0.4387; two-way ANOVA, Fig. 315 

2F) for aCSF or ATP application on astrocyte calcium activity.  These results suggest (1) that astrocyte calcium activity is 316 

not unduly influenced by pressure (aCSF application) at any stage of epileptogenesis, and (2) that ATP-induced calcium 317 

activity is reliably observed in astrocytes across all groups and time periods studied.  Notably, ATP evokes calcium 318 

transients in the astrocyte through Gq-PLC-IP3 signaling—the canonical pathway of mGluR5 calcium signaling (Ferraguti 319 

and Shigemoto, 2006)—indicating that Gq signaling could be initiated in the astrocyte across all conditions. 320 

Using the dye-spread ROI approach for quantification, we next determined if activation of mGlu5 321 

receptors could induce calcium signaling in the astrocyte during epileptogenesis by focally applying the mGluR1/5 322 

agonist DHPG (Fig. 3A). A 500 μM concentration of DHPG was chosen for these experiments, because it more uniformly 323 

elicited calcium responses across our entire, unbiased ROI (Fig. 3A, B). Astrocyte calcium responses to DHPG reliably 324 

follow mGluR5 expression patterns (Fig. 1).  For mature, naïve astrocytes in stratum radiatum (N=10 animals, 1 325 

slice/animal), focal application of DHPG does not produce levels of calcium activity in the astrocyte that are 326 

distinguishable from inert aCSF application (F(6, 66)=25.22, p=0.9999; one-way ANOVA with Dunnett’s post-hoc 327 

comparison to aCSF aggregate trials; Fig. 3C, D).  This suggests a lack of clear mGluR5 function in the mature, naïve 328 

astrocyte, consistent with our IHC data (Fig. 1) and reports of low mGluR5 transcript levels (Sun et al., 2013; Morel et al., 329 

2014). We similarly observe that astrocytes studied 24 to 48 h after KA-SE (N=5) do not display DHPG-induced calcium 330 

responses (p=0.9981 vs. aCSF; one-way ANOVA; Fig. 3C, D).  On the other hand, 72 h after KA-SE (N=5), focal DHPG 331 

application could elicit a robust and prolonged calcium response in stratum radiatum astrocytes (p<0.0001 vs. aCSF; one-332 

way ANOVA; Fig. 3C, D), at a time point consistent with our first observations of mGluR5 colocalization with the 333 

astrocyte (Fig. 1).  Similarly, in the latent period (day 7-9 after KA-SE, N=8), focal DHPG application consistently 334 

evoked calcium transients in stratum radiatum astrocytes (p<0.0001 vs. aCSF; one-way ANOVA; Fig. 3A, C, D), 335 

suggesting mGluR5 is functionally coupled to calcium signaling pathways in the astrocyte soon after KA-SE and into the 336 

seizure-free latent period.   337 

In the chronic period (28-30 days after KA-SE), DHPG calcium responses are clearly distinct in acute slices 338 

prepared from animals with and without epilepsy development.  We do not observe DHPG-induced calcium responses in 339 

stratum radiatum astrocytes studied in slices obtained from mice that did not develop epilepsy (N=12, 24/7 video EEG 340 
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monitoring; p=0.9749 vs. aCSF; one-way ANOVA; Fig. 3C, D).  These results are consistent with low to absent mGluR5 341 

expression in fixed tissue prepared from non-epileptic KA-SE animals (day 28 or 35 post KA-SE; Fig. 1).  In acute 342 

sections prepared from animals displaying documented, spontaneous seizures (N=5, 24/7 video EEG), stratum radiatum 343 

astrocytes consistently respond to DHPG application with increases in intracellular calcium (p<0.0001 vs. aCSF; one-way 344 

ANOVA; Fig. 3C, D), suggesting mGluR5 function is maintained into epilepsy.  Interestingly, DHPG-induced calcium 345 

responses were observed across the epilepsy cohort regardless of whether a spontaneous seizure had occurred 4 days or up 346 

to 18 days prior to the date of acute slice preparation (day 28-30 post KA-SE).  While we did not capture animals 347 

developing epilepsy 28-35 days after KA-SE in the IHC cohort, neuropathology studies consistently demonstrate that 348 

astrocytes in an epileptic network can express mGluR5, including hippocampal astrocytes in TLE tissue (Tang et al., 349 

2001). Overall, focal agonist application studies demonstrate that mGluR5 activation can induce calcium signaling in 350 

astrocytes across multiple periods in KA-SE epileptogenesis (72 h, day 7-9) and in epilepsy.  Furthermore, patterns of 351 

mGluR5 activation suggest that persistent mGluR5 expression/function in the astrocyte may be a reliable correlate of 352 

epileptogenesis, while transient mGluR5 expression/function may signify the resolution of an injury response.   353 

 354 

DHPG calcium responses are specific to mGluR5 activation and are not influenced by endocannabinoid signaling  355 

In a subset of trials in which DHPG application led to a clear calcium response in the astrocyte (at 72 h, day 7-9, 356 

or in epilepsy), we investigated the specificity of the calcium response to mGluR5 application.  DHPG-induced calcium 357 

activity did not persist when mGluR5 signaling was blocked by bath application of the specific antagonist MPEP (200 358 

μM; t(13)=6.288, p<0.0001; paired t-test; Fig. 3E).  While all agonist studies (Fig. 2, 3) were performed in the presence of 359 

TTX (500 nM), action-potential-independent release of endocannabinoids could also induce calcium activity in the 360 

astrocyte (Fig. 4). As depicted in Fig.4A, we tested an alternative possibility that DHPG induced postsynaptic 361 

endocannabinoid release (Tabatadze et al., 2015; Colavita et al., 2016; Marshall et al., 2018), evoking calcium activity in 362 

the astrocyte through non-canonical CB1 receptor signaling mechanisms (Lauckner et al., 2005; Bonilla-Del Riotao et al., 363 

2017).  In our hands, we do not find that the blockade of CB1R signaling mechanisms (SR-141716A, CB1R-specific 364 

antagonist, 10 μM) alters DHPG-induced calcium activity in the astrocyte in a cohort of latent period animals (N=5, day 365 

7-9 after KA-SE; t(4)=0.0682, p=0.9489; paired t-test; Fig. 4B, C). In conclusion, antagonist studies establish the mGluR5 366 

specificity of DHPG calcium responses and suggest that observations of calcium activity are not confounded by TTX-367 
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insensitive endocannabinoid signaling.   368 

 369 

Generating an astrocyte-specific, mGluR5 conditional knockout line 370 

 After determining that hippocampal astrocytes can express functional mGlu5 receptors in the context of 371 

epileptogenesis, we developed and characterized a genetic approach to study the loss of astrocyte mGluR5 signaling 372 

during epilepsy development.  We bred an mGluR5fl/fl line to an astrocyte-specific Cre line (GFAP-CreERT2 or 373 

ALDH1L1-CreERT2) and a fluorescent reporter/calcium indicator line (PC::G5-tdT).  Tamoxifen-induced recombination 374 

(at 6-9 weeks of age) in our line (mGluR5fl/fl; PC::G5-tdThet; ALDH1L1-CreERT2 or GFAP-CreERT2, referred to as 375 

mGluR5-/-) should only prohibit mGluR5 expression in astrocytes after early development.  Additionally, td-Tomato 376 

expression should identify astrocytes that underwent recombination in slice, and allow us to study calcium activity in 377 

those astrocytes (GCaMP5G). In our studies, mGluR5+/+ mice (mGluR5wt/wt; PC::G5-tdThet; ALDH1L1-CreERT2 or GFAP-378 

CreERT2), derived from a parallel breeding scheme, were used as a control line. 379 

To characterize the mGluR5+/+ and mGluR5-/- backgrounds, we investigated calcium responses to focal DHPG 380 

application (500 μM) in slice, 7-9 days after KA-SE (KA-SE: mGluR5+/+, N=4, 1-2 slices/animal; KA-SE: mGluR5-/-, 381 

N=7, 1-2 slices/animal), and compared responses to naïve slices prepared from both genetic backgrounds (N=8 total; N=4 382 

of each genotype, 1-2 slices/animal).  Across all experiments using mGluR5+/+ and mGluR5-/- mice (Fig. 5-8), we did not 383 

detect behavioral differences in KA-SE seizure severity between these lines (cumulative seizure burden during KA-SE: 47 384 

± 16 mGluR5+/+ versus 40 ± 9 mGluR5-/-; p=0.2103, student’s t-test).  We found that only 3% of naïve astrocytes surveyed 385 

(n=2/61 cells of either an mGluR5+/+ or mGluR5-/- genotype) demonstrated a reproducible calcium response to DHPG 386 

application (Fig. 5). Similar to previous findings (Fig. 3), the vast majority (92%) of td-Tomato-labelled astrocytes in KA-387 

SE: mGluR5+/+ tissue displayed DHPG-induced calcium responses (n=92/100 cells, Fig 5).  By comparison, 82% of KA-388 

SE: mGluR5-/- astrocytes surveyed did not exhibit a reproducible DHPG response (n=79/96 cells, Fig. 5).  These results 389 

suggest that after recombination (td-Tomato labelling), the majority of mGluR5-/- astrocytes lose mGluR5-dependent 390 

calcium signaling in the latent period. 391 

 392 

Following KA-SE, synaptic glutamate increases astrocyte calcium activity through mGluR5 signaling 393 

We next used mGluR5+/+ and mGluR5-/- animals to investigate how astrocyte-neuron synaptic communication is 394 
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influenced by the presence or absence of astrocyte mGluR5 signaling.  In early development, astrocyte mGluR5 activation 395 

can induce multiple forms of astrocyte-neuron interactions (both structural and functional) in response to high-frequency 396 

neuronal activity (Devaraju et al., 2013; Bernardinelli et al., 2014).  We tested whether astrocyte mGluR5 signaling can be 397 

activated by high-frequency neuronal activity (40 Hz, 1 s stimulation of the Schaffer collateral pathway; Fig. 6A) during 398 

epileptogenesis (Szokol et al., 2015).  To do so, we pharmacologically isolated mGluR5-dependent calcium activity from 399 

overall astrocyte calcium activity using the mGluR5-specific antagonist MPEP (75 μM).  In our study, fEPSP amplitudes 400 

are consistent across groups and bath conditions (aCSF alone or aCSF + MPEP) during the high-frequency stimulus (F(5, 401 

20)=0.4581, p=0.8026; one-way ANOVA; Fig. 6C), and in singly-evoked fEPSPs studied between trials (t(13)=0.7817, 402 

p=0.4484; paired t-test; Fig. 6B).  This suggests that levels of presynaptic neurotransmitter release are not significantly 403 

altered by prior high-frequency stimulation, or the presence of bath MPEP application.  404 

We first determined if overall astrocyte calcium activity following afferent stimulation differed between groups 405 

(Fig. 6D). In response to 40 Hz neuronal stimulation, KA-SE: mGluR5+/+ astrocytes (N=5 animals) displayed significantly 406 

larger calcium transients (∆F/F·s) in response to neuronal stimulation than KA-SE: mGluR5-/- astrocytes (N=5 animals; 407 

F(2, 10)=5.226, p=0.0279; one-way ANOVA with Tukey’s post-hoc test; Fig. 6D, F). Some calcium activity is expected 408 

across all groups, because astrocytes express P2Y receptors (Dixon et al., 2004), and consistently respond to neuronal or 409 

exogenous ATP release (Fig. 2) with intracellular calcium signaling (Porter and McCarthy, 1995; Bowser and Khakh, 410 

2004; Tang et al., 2015). To test whether increased calcium responses in the latent period were specifically due to 411 

mGluR5-dependent calcium signaling, we bath applied the mGluR5 antagonist MPEP (75 μM).  In naïve tissue (N=3 412 

animals), bath application of MPEP did not alter stimulation-induced astrocyte calcium activity (t(2)=1.078, p=0.3937; 413 

paired t-test; Fig. 3 D-F). This would suggest that mGluR5 signaling does not clearly contribute to stimulation-induced 414 

calcium activity in the naïve astrocyte, consistent with earlier studies (Fig. 1, 3, 5).  On the other hand, mGluR5+/+ 415 

astrocytes in the latent period displayed a 51% attenuation in their calcium activity when MPEP was bath applied during 416 

neuronal stimulation (t(4)=6.139, p=0.0035; paired t-test; Fig. 6 D-F), suggesting mGluR5-dependent calcium signaling 417 

can be triggered by neuronal glutamate release during epileptogenesis.  Importantly, we did not observe that MPEP bath 418 

application affected calcium activity in KA-SE: mGluR5-/- astrocytes (t(4)=0.5034, p=0.6411; paired t-test; Fig. 6 D-F), 419 

consistent with previous experiments (Fig. 5).  This observation suggests that mGluR5 signaling does not substantially 420 

contribute to stimulation-induced calcium activity in the knockout astrocyte following KA-SE.  Overall, our stimulation-421 
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evoked calcium studies suggest that synaptically-induced, mGluR5-dependent calcium signaling—an important 422 

component of astrocyte-neuron interaction in early development—can re-emerge in KA-SE: mGluR5+/+ astrocytes, but is 423 

either developmentally restricted in adult, naïve astrocytes (Sun et al., 2013), or experimentally restricted in KA-SE: 424 

mGluR5-/- astrocytes. 425 

 426 

After KA-SE, astrocytes display faster glutamate uptake during low-frequency stimulation 427 

To assess if mGluR5 signaling in epileptogenesis influences astrocyte membrane properties and glutamate 428 

transport, we conducted whole cell recordings in mGluR5+/+ and mGluR5-/- slice following KA-SE.  Acute hippocampal 429 

slices were prepared 7-9 days after KA-SE. We used focal DHPG application to correctly identify and record from 430 

astrocytes without mGluR5 signaling in the knockout condition (KA-SE: mGluR5-/-; n=18 cells from N=6 animals), 431 

because the expression of td-Tomato in slice does not definitively mark astrocytes without mGluR5 signaling in the 432 

knockout (Fig. 5).  Similarly, focal DHPG application was used to include only astrocytes with mGluR5 signaling after 433 

KA-SE in the wild-type condition (KA-SE: mGluR5+/+; n=15 cells from N=5 animals).  In the naïve group (composed of 434 

both genotypes), astrocytes without mGluR5 signaling were confirmed for use in these studies (n=15 cells from N=8 435 

animals).  Verification of mGluR5 expression status in this fashion allowed us to definitively determine if recombination 436 

events were inclusive of mGluR5 in the knockout line and also allowed us to avoid the rare astrocyte that might express 437 

mGluR5 in the naïve state.  We did not detect any differences in cell-intrinsic properties or recording properties between 438 

astrocytes with and without mGluR5 signaling after status epilepticus (KA-SE: mGluR5+/+ and KA-SE: mGluR5-/-). 439 

However, both KA-SE: mGluR5+/+ and KA-SE: mGluR5-/- astrocytes displayed a modest lower access resistance value 440 

relative to naïve astrocytes (naïve,  10.84  ±  0.32  MΩ;  KA-SE:  mGluR5+/+,  9.231  ±  0.44  MΩ;  KA-SE:  mGluR5-/-,  441 

8.86  ±  0.38  MΩ;  naïve  vs.  KA-SE:  mGluR5+/+, p=0.0177; naïve vs.  KA-SE:  mGluR5-/-, p=0.0019; one-way 442 

ANOVA with Tukey’s post-hoc test). 443 

We then evaluated glutamate transporter function in these astrocytes.  Glutamate transporter currents (GTCs) 444 

were pharmacologically isolated from whole-cell recordings following stimulation of the Schaffer collateral pathway 445 

(Bergles and Jahr, 1997).  In initial trials, we studied the kinetics and characteristics of GTCs in response to single-pulse 446 

stimulations (0.2 Hz) at increasing stimulus intensities (250 μA, 500 μA, 1 mA, 3 mA, and 6 mA), intended to saturate 447 

GTC amplitude (Fig. 7A). At saturating stimulus intensities, the amplitude of the GTC was similar between groups (F(2, 448 
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45)=1.912, p=0.1597, one-way ANOVA).  Additionally, paired pulse stimulation (3 mA, 40 ms inter-stimulus interval) did 449 

not indicate differences in facilitation between the three conditions (Fig. 7D).  Taken together, these findings suggest that 450 

presynaptic glutamate release is similar between naïve tissue and KA-SE tissue, when studied using single- or paired-451 

pulses.  452 

While GTC amplitude was similar between groups, we noted significant differences in current decay kinetics 453 

between groups (Fig. 7C). GTCs recorded from stratum radiatum astrocytes after KA-SE (both KA-SE: mGluR5+/+ and 454 

KA-SE: mGluR5-/-) exhibited faster first-order decay constants than naïve astrocytes (first-order, exponential decay τ: F(2, 455 

45)=15.2; vs. KA-SE: mGluR5+/+, p<0.0001;  vs. KA-SE: mGluR5-/-, p=0.0001; one-way ANOVA with Tukey’s post-hoc 456 

test; Fig. 7C). Faster exponential decay constants following KA-SE reduced the overall GT current half-width, relative to 457 

naïve astrocyte recordings (F(2, 45)=5.554; vs. KA-SE: mGluR5+/+, p=0.0096;  vs. KA-SE: mGluR5-/-, p=0.0287; one-way 458 

ANOVA with Tukey’s post-hoc test; Fig. 7C). This suggests that KA-SE generally enhances the kinetics of astrocyte 459 

glutamate uptake during low-frequency stimulation, and is consistent with observations made in the rat KA-SE model 460 

(Takahashi et al., 2010).  However, during low-frequency stimulation, the faster kinetics of glutamate uptake after KA-SE 461 

do not appear to be mGluR5 dependent.   462 

In a subset of trials, we also evaluated the specificity of the recorded current to glutamate transport.  Following 463 

bath application of TFB-TBOA (300 nM), the high-affinity antagonist of astrocyte glutamate transporters (GLAST and 464 

GLT-1), we observed a strong attenuation of current amplitude (-186.2 ± 28.85 pA aCSF vs. -17.19 ± 28.19 pA in aCSF 465 

with TFB-TBOA; t(10)=5.995, p=0.0001; two-tailed, paired t-test; Fig. 7E) and current area (-4141 ± 644 pA·ms aCSF vs. -466 

747 ± 144 pA·ms in aCSF with TFB-TBOA; t(10)=5.813, p=0.0002; two-tailed, paired t-test; Fig. 7E).  467 

 468 

Astrocytes with mGluR5 signaling in the latent period display enhanced glutamate uptake kinetics during high-469 

frequency stimulation                470 

We next assessed astrocyte glutamate uptake in response to high-frequency afferent stimulation (Fig. 8). High-471 

frequency afferent stimulation can be used to assess glutamate clearance after summated activity, which can overwhelm 472 

transport capacity and produce extrasynaptic glutamate spillover if the kinetics of glutamate transport are altered 473 

(Diamond and Jahr, 2000; Tanaka et al., 2013).  Additionally, high-frequency stimulation is more reflective of network 474 

activity during seizure. Ten stimuli were applied to the Schaffer collateral pathway in a high-frequency train (100 Hz, 100 475 
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ms) at a reliably saturating stimulus intensity (6 mA; Fig. 8A).  During the high-frequency train, naïve astrocytes showed a 476 

marked increase in facilitation relative to the KA-SE astrocyte recordings (both KA-SE: mGluR5+/+ and KA-SE: mGluR5-477 

/-; F(2, 41)=9.061; naïve vs. KA-SE: mGluR5+/+, p=0.0014; naive vs. KA-SE: mGluR5-/-, p=0.0024; one-way ANOVA with 478 

Tukey’s post-hoc test; Fig. 8A). This increased GTC amplitude ratio (10th pulse/1st pulse) in the naïve condition suggests 479 

that greater presynaptic facilitation can occur in naïve hippocampal slice during high-frequency activity, which was not 480 

evident in paired-pulse studies.  Reduced presynaptic facilitation following KA-SE does not appear to be influenced by 481 

the selective loss of mGluR5 signaling (p=0.8982, Tukey’s post-hoc test; Fig. 8A), with similar facilitation values 482 

obtained in mGluR5+/+ and mGluR5-/- slices following KA-SE.   483 

Independent of facilitation, we additionally noted that glutamate transporter currents recorded in naïve and KA-484 

SE: mGluR5-/- astrocytes had a significantly increased residual current amplitude (“IRes.,” Fig. 8B) relative to KA-SE: 485 

mGluR5+/+ astrocytes. The increased residual current amplitude was not due to differences in GTC peak amplitude (post-486 

normalization: F(2, 43)=7.659; KA-SE: mGluR5+/+ vs. naïve, p=0.0011;  KA-SE: mGluR5+/+ vs. KA-SE: mGluR5-/-, 487 

p=0.0333; one-way ANOVA with Tukey’s post-hoc test).  The residual component of the GTC may represent an 488 

important signature of glutamate transport (see Discussion) and does not appear to be confounded by differences in K+ 489 

conductance.  Indeed, recordings are all performed in BaCl2 (200 μM) to block the inward rectifying K+ conductance in 490 

astrocytes.  Additionally, whole-cell conductance plots are identical between KA-SE: mGluR5+/+ and KA-SE: mGluR5-/- 491 

astrocyte recordings (F(1, 710)=1.508; p=0.2199, linear regression slope comparison; linear regression goodness of fit: 492 

97.5%; Fig. 8D). 493 

To determine the efficacy of glutamate uptake following high-frequency stimulation, we determined the rate of 494 

GTC decay following the 10th pulse, by fitting a first-order, exponential decay constant (τ). We observed that astrocytes 495 

with mGluR5 signaling in epileptogenesis (KA-SE: mGluR5+/+) display faster τ values (Fig. 8C), relative to both naïve 496 

astrocytes and astrocytes without mGluR5 signaling in epileptogenesis (τ: F(2, 43)=32.01; vs. naïve, p<0.0001;  vs. KA-SE: 497 

mGluR5-/-, p=0.0004; one-way ANOVA with Tukey’s post-hoc test; Fig. 8C).  Additionally, astrocytes with mGluR5 498 

signaling display a nearly equivalent rate of GTC decay following a single stimulus and a train of stimuli (τ10/τ1 at 30°C; 499 

Fig. 8C).  On the other hand, naïve astrocytes and astrocytes without mGluR5 signaling in epileptogenesis display a 45% 500 

slower rate of GTC decay following a train stimulus relative to a single stimulus (τ10/τ1: F(2, 43)=13.73; KA-SE: 501 

mGluR5+/+ vs. naïve, p<0.0001;  KA-SE: mGluR5+/+ vs. KA-SE: mGluR5-/-, p=0.0006; one-way ANOVA with Tukey’s 502 
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post-hoc test; Fig. 8C).  Increased decay ratios (τ10/τ1) suggest that glutamate transport is more readily overwhelmed 503 

during high-frequency stimulation, potentially creating more permissible conditions for extrasynaptic glutamate spillover 504 

to occur (Tanaka et al., 2013). In conclusion, we find that astrocytes with mGluR5 signaling in epileptogenesis 505 

unequivocally display a faster rate of high-frequency, synaptic glutamate clearance and maintain similar uptake kinetics 506 

following low- and high-frequency glutamate release, representing a gain of function in transport over naïve and KA-SE: 507 

mGluR5-/- astrocytes.  508 

 509 

Discussion 510 

Herein, we present evidence that astrocyte mGluR5 signaling can occur in the mature hippocampus following 511 

KA-SE.  Astrocyte mGluR5-mediated calcium signaling can be observed shortly after KA-SE (72 h), and is maintained 512 

throughout the seizure-free latent period and into epilepsy. On the other hand, astrocyte mGluR5 expression and function 513 

is transient in animals that do not develop epilepsy (28-35 days after KA-SE), suggesting that mGluR5 expression may 514 

serve as a potential marker predicting the continuation or resolution of epileptogenesis. Beyond its role as a correlate of 515 

epileptogenesis, we find that hippocampal astrocytes with mGluR5 expression in epileptogenesis (KA-SE: mGluR5+/+) 516 

display calcium transients following the synaptic release of glutamate—a finding that suggests astrocytes could 517 

recapitulate key mGluR5-dependent functions demonstrated in development. Finally, we describe a potential 518 

compensatory consequence of astrocyte mGluR5 signaling in epileptogenesis—faster uptake of glutamate and reductions 519 

in the residual current amplitude following high-frequency synaptic release.  As it relates to astrocyte mGluR5 signaling, 520 

these last findings are novel in the context of epileptogenesis and suggests that astrocyte mGluR5 signaling may 521 

recapitulate earlier developmental roles in regulating glutamate uptake.   522 

 523 

Astrocyte mGluR5 expression and function: considerations and interpretations 524 

Astrocyte mGluR5 expression is normally confined to the early weeks of life in the rodent brain (Sun et al., 2013; 525 

Morel et al., 2014), with similar observations made in human cortex (Sun et al., 2013).  However, as it relates to 526 

neuropathology, postmortem or resected tissue from patients across a spectrum of refractory epilepsy cases (Aronica et al., 527 

2001; Aronica et al., 2003; Boer et al., 2008; Sukigara et al., 2014), including TLE (Tang et al., 2001), can display 528 

mGluR5 colocalization with reactive astrocytes in close proximity to the epileptic foci.  Astrocyte mGluR5 expression 529 
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(Aronica et al., 2000; Ulas et al., 2000; Umpierre et al., 2016) and function (Ding et al., 2007; Szokol et al., 2015) has also 530 

been reported across multiple animal models of TLE development.  In this sense, it would appear that mGluR5 signaling 531 

either re-emerges in the astrocyte during epilepsy development, or exists at low levels that are greatly augmented by 532 

pathology.  There is ongoing debate as to whether mGluR5 signaling may truly be absent in mature hippocampal 533 

astrocytes (Sloan and Barres, 2014; Panatier and Robitaille, 2015), and how this may relate to humans. 534 

The approaches described herein were not intended to answer the question: does mGluR5 signaling exist in the 535 

mature hippocampal astrocyte?  Instead, our approaches sought to understand the timing of mGluR5 expression and 536 

function in the astrocyte through phases of epilepsy development using methodology that would unambiguously provide 537 

evidence for that claim.  We observe strong astrocyte mGluR5 colocalization 3-7 days after KA-SE (Fig. 1) that 538 

temporally coincides with clear calcium responses to DHPG (Fig. 3), using an unbiased approach to analyze calcium 539 

activity.  While this approach is unlikely to capture subtle calcium activity that others have argued may be missed at the 540 

fine processes (Panatier and Robitaille, 2015), we were also largely unable to observe clear DHPG calcium responses in 541 

individual, naïve astrocytes with focal agonist application (n=2/61 cells responding to DHPG; Fig. 5), using a high 542 

concentration of DHPG (500 μM).  Considering the prolonged timing of DHPG-induced calcium activity in the astrocyte 543 

(>10 s in the soma), reported in our study and by others (Tang et al., 2015), it is unlikely that our 1 Hz frame rate was 544 

insufficient to capture a calcium response. Thus, our results would strongly suggest that mGluR5 signaling is an 545 

exceptionally rare feature of naïve astrocytes.  546 

 547 

Loss of mGluR5 signaling in astrocytes confers a highly selective phenotype in epileptogenesis 548 

In the present work, we find that loss of astrocyte mGluR5 signaling during epileptogenesis impairs hippocampal 549 

glutamate clearance during high-frequency stimulation; however, the loss of mGluR5 signaling does not alter intrinsic cell 550 

properties, or glutamate clearance under low-frequency (i.e. single-pulse, Fig. 7) stimulation.  Therefore, the loss of 551 

mGluR5 signaling appears to confer a highly selective change in astrocyte physiology.  In development, mGluR5 552 

signaling has the potential to alter astrocyte glutamate uptake through multiple mechanisms, including increased GLT-1 553 

expression, PKC-dependent phosphorylation, and motility-dependent changes in synaptic contact.  These studies also 554 

demonstrate that mGluR5-dependent mechanisms are particularly attuned to high-frequency synaptic activity.   555 
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We hypothesize that changes in synaptic contact may be the most likely explanation for mGluR5-related 556 

enhancements in high-frequency glutamate uptake during epileptogenesis. In the developing astrocyte, attenuation of IP3 557 

signaling—the downstream effector of mGluR5 and other Gq-linked signaling pathways—reduces the number of Schaffer 558 

collateral synapses ensheathed by the astrocyte.  As a consequence, astrocytes displayed impaired glutamate uptake during 559 

high-frequency stimulation without alterations in glutamate uptake following low-frequency stimulation (Tanaka et al., 560 

2013), similar to our observations.  Studies in the hypothalamus have demonstrated that greater ensheathment can 561 

facilitate the highly localized uptake of glutamate and reduce its extrasynaptic spillover by physically limiting diffusion 562 

(Fleming et al., 2011).  In this sense, the effects of ensheathment on glutamate transport would most likely be unmasked 563 

during train stimuli, which is more likely to produce spillover (Tanaka et al., 2013).  Our future studies will assess 564 

whether mGluR5 signaling increases the proportion of Schaffer collateral synapses ensheathed by astrocytes during 565 

epileptogenesis, potentially placing glutamate transporters nearer to the synapse as an ultrastructural explanation for 566 

enhanced high-frequency uptake kinetics.  Previous studies in the rat hippocampus demonstrate that ~50% of Schaffer 567 

collateral synapses have a close astrocytic partner (Ventura and Harris, 1999). If mGluR5 signaling in pathology initiates 568 

a “second wave” of ensheathment in the hippocampus, it could provide a key mechanism for regulating glutamate 569 

transporter function beyond expression.   570 

Future studies will assess how alterations in astrocyte glutamate transport impact neuropathology and 571 

epileptogenesis as a result of mGluR5 signaling loss. The tamoxifen induction protocol used with our molecular genetic 572 

approach could effectively remove functional mGluR5 signaling in the majority (82%) of astrocytes that underwent 573 

recombination (marked by td-Tomato labelling); however, we estimate from IHC staining that only 50% of astrocytes in 574 

the hippocampus underwent recombination.  Future studies will determine a reliable protocol for inducing recombination 575 

in the vast majority of astrocytes (75% of the hippocampal population or more) to study how robust loss of astrocyte 576 

mGluR5 signaling may impact key network-level outcomes such as neuronal loss and spontaneous seizure generation.   577 

Dysregulation of glutamate transport has been demonstrated or suggested to play a critical role in multiple 578 

pathologies, including Huntington’s disease, Fragile X syndrome, and chronic epilepsy (Ueda et al., 2001; Behrens et al., 579 

2002; Pretto et al., 2014; Higashimori et al., 2016).  Commonly, glutamate transport dysregulation has been ascribed to 580 

changes in GLT-1 expression levels.  However, it is unlikely that changes in GLT-1 expression in the low-dose KA-SE 581 

model could comprehensively explain our observed differences in single-pulse and high-frequency glutamate transporter 582 
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decay.  Decreases in GLT-1 expression are likely to influence transporter current amplitude, but may not impact the 583 

kinetics of uptake unless the ratio of GLAST to GLT-1 is altered (Parsons et al., 2016).  An emerging literature is 584 

investigating whether β-lactam antibiotics could combat glutamate transporter dysregulation through their demonstrated 585 

ability to increase GLT-1 expression (Rothstein et al., 2005).  However, one might also consider that transporter 586 

expression or density at a single synapse is only one component of overall transporter efficacy.  In hypersynchronous 587 

pathologies, transporter density at a single synapse may be far less predictive of network-level glutamate regulation than 588 

the number of synapses having any apposing transporters at all.  In this sense, understanding mechanisms that promote de 589 

novo ensheathment of the synapse could serve as a logical and impactful anti-epileptogenic strategy.  590 

 591 

Implications of the residual current in glutamate transporter recordings 592 

Group differences in the residual glutamate transporter current following 100 Hz stimulation are an unexpected 593 

finding in the present work.  The residual current in astrocyte recordings is thought to arise from non-Kir4.1 potassium 594 

channels and persistent GABA transporter currents (Sibille et al., 2014). Similarly, we observe that a residual current 595 

persists in GTC recordings after Kir4.1 channel blockade by the presence of BaCl2 (evidenced by the lack of inward 596 

rectification in conductance plots; Fig. 8).  While we did not test the contributions of non-Kir4.1 potassium channels (such 597 

as ‘leak channels’) or persistent GABA transporter currents to the residual current, we can report that the high-affinity 598 

glutamate transporter antagonist TFB-TBOA could strongly attenuate the residual component in our recordings (Fig. 7E) 599 

and the leak conductance is equivalent in astrocytes recorded in mGluR5+/+ and mGluR5-/- animals following KA-SE.  600 

While further evaluation is necessary, we posit that a significant portion of the GTC residual current may be a signature of 601 

protracted glutamate uptake.  If the residual current does reflect prolonged glutamate clearance, it could serve as a 602 

signature of glutamate spillover and potentially explain the large differences in ‘residual’ current amplitude between 603 

groups following high-frequency stimulation.  Complimentary approaches such as iGluSnFR imaging or simultaneous 604 

astrocyte-neuron recordings may aid in better understanding whether the residual current relates to protracted glutamate 605 

uptake.   606 

 607 

Overall, our study broadens the understanding of how astrocytes may function in epileptogenesis. Previously, 608 

only a single study had investigated the effects of astrocyte mGluR5 signaling in epilepsy development and found that 609 
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mGluR5 signaling contributes to cell death in the hippocampus during status epilepticus (Ding et al., 2007). The 610 

pharmacological approaches used in that study could not definitively establish cell-type specificity in distinguishing the 611 

contributions of neuronal versus astrocytic mGluR5 activity in cell death. Additionally, mGluR5 expression is 612 

developmentally repressed in astrocytes after early development (Sun et al., 2013) and is therefore unlikely to participate 613 

in network signaling when SE is induced in the adult animal.  By contrast, our findings suggest that mGluR5 expression is 614 

a delayed response to status epilepticus, because clear mGluR5 expression and function occurred 72 h after status 615 

epilepticus and was not clearly evident in the naïve state. Critically, we find that astrocytes with mGluR5 signaling in 616 

epileptogenesis demonstrate a reduction in glutamate clearance rates when the network is challenged by high-frequency 617 

events. This gain in function might predict that an astrocyte with mGluR5 signaling could better sequester glutamate in 618 

the hippocampus, potentially attenuating summation as a mechanism for ictogenesis as well as seizure propagation. If so, 619 

the expression of mGluR5 by astrocytes within epileptic foci may represent a compensatory response to glutamate 620 

dysregulation, rather than its mediator. 621 
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 755 

Figure Legends 756 

Figure 1. Astrocyte hypertrophy and mGluR5 expression in hippocampal stratum radiatum following KA-SE. 757 

A, Representative immunofluorescent micrographs of astrocytes (GFAP, lower left panels), mGluR5 expression 758 

(lower right panels), and nuclei (DAPI) in a merged image (main panel). Micrographs are of the stratum 759 

radiatum region of hippocampus, ventral to CA1 stratum pyramidale (white dashed line).  Scale bar for main 760 

panels: 20 μm. B, Changes in GFAP area are quantified across time points in KA-SE pathology, depicted in A, 761 

to assess hypertrophy as a measure of reactive astrogliosis. C, Colocalized areas between mGluR5 and GFAP 762 

immunofluorescence are quantified across time points in KA-SE pathology, depicted in A.  Bar graphs in B and 763 

C display mean ± SEM (animal N’s provided in associated bar). Due to unequal variance, data values in C were 764 

converted to log10 values, restoring equal variance, before performing statistical analyses. One-way ANOVA 765 

with Dunnett’s post-hoc test versus naïve, *p<0.05; ***p<0.001; ****p<0.0001.  D-E, 20x magnification 766 
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immunofluorescent micrographs of antibody omission. D, Staining of DAPI, GFAP in the absence of mGluR5 767 

primary antibody (secondary antibody: AlexaFluor 555). E, Staining of DAPI nuclei and mGluR5 in the 768 

absence of pre-conjugated GFAP-AlexaFluor 488 antibody. Patterns of mGluR5 staining appear to label cells 769 

with astrocyte-like morphology in Day 7 post KA-SE tissue (right panel), but not in naïve tissue (left panel).  770 

Scale bar for D-E: 100 μm.  S.O., stratum oriens; S.P., stratum pyramidale; S.R., stratum radiatum. 771 

 772 

Figure 2. aCSF and ATP application yield consistent negative and positive calcium responses, respectively, 773 

using the Dye-Spread ROI calcium analysis technique. A, 2-P micrographs showing td-Tomato-labeled 774 

astrocytes (white arrows) in stratum radiatum near a focal agonist pipette, filled with AlexaFluor 568 (AF 568) 775 

dye.  By subtracting a maximum intensity projection of dye spread over multiple frames (middle panel) from a 776 

single frame image captured before focal application (left panel), we can acquire an unbiased region of interest 777 

(ROI) to analyze calcium activity (Dye-Spread ROI, right panel). Scale bar: 25 μm. B, D, Left panels: 2-P 778 

micrographs of td-Tomato-labeled astrocytes (white arrows) within the overlaid area of dye spread (yellow line) 779 

in representative naïve and KA-SE trials. Right panels: GCaMP5G calcium fluorescence, depicted as the 780 

maximum intensity over a 10 s period following aCSF application (B) or ATP application (500 μM, D). Scale 781 

bar in B, D: 50 μm. C, Line graphs depicting ∆F/F calcium activity in the soma of astrocytes after aCSF 782 

application (corresponding to white arrows in B) and within the entire Dye-Spread ROI (black dashed line).  783 

The Dye-Spread ROI is insensitive to a spontaneous event (black arrow) occurring in a single soma.  E, Line 784 

graphs depicting ∆F/F calcium activity in the soma of astrocytes after ATP application (corresponding to white 785 

arrows in D) and within the entire Dye-Spread ROI (black dashed line). F, Bar graph displays mean ± SEM 786 

calcium changes within the Dye-Spread ROI over a 10 s period (∆F/F·s) and compares the magnitude of aCSF 787 

calcium responses to ATP calcium responses across groups (naïve and KA-SE time periods). The number of 788 

animals used for each agonist and group is displayed in the corresponding bar. Two-way ANOVA with Sidak’s 789 

post-hoc test: *p<0.05; **p<0.01; ***p<0.001. 790 

 791 
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Figure 3. Time course of astrocyte mGluR5-mediated calcium activity in response to focal agonist application. 792 

A, ∆F/F images of GCaMP5G fluorescence at baseline (panel a) and following DHPG application (500 μM; 793 

panels b-e) in an acute hippocampal slice prepared in the latent period. Scale bar: 25 μm. B, Focal DHPG 794 

application does not display a concentration-dependent effect on astrocyte calcium activity in naïve slices or 795 

slices prepared 24-48 hours after KA-SE (black circles), but does display a concentration-depedendent effect on 796 

calcium activity in slices prepared 72h or 7-9 days after KA-SE (red diamonds). Two-tailed, paired t-test, 797 

*p<0.05. C, Representative ∆F/F calcium responses within the Dye-Spread ROI when DHPG is focally applied 798 

to stratum radiatum astrocytes in the naïve condition and at multiple time points in KA-SE epileptogenesis.  In 799 

the latent period trace, lower-case letters (a-e) correspond to ∆F/F calcium images depicted in A (panels a-e). In 800 

the chronic period (28-30 days after KA-SE), responses are sub-distinguished based upon whether the animal 801 

developed epilepsy by this period or not (Non-Ep.) using 24/7 video EEG. D, Bar graph depicts the mean ± 802 

SEM calcium response to DHPG application across the groups (N’s provided in bar graph). One-way ANOVA 803 

with Dunnett’s post-hoc test versus aCSF (all aCSF trials, pooled), ****p<0.0001. E, A representative paired 804 

trial in which a calcium response to DHPG was re-tested in the presence of the mGluR5-specific antagonist 805 

MPEP (200 μM, bath application).  The line graph shows paired calcium responses to DHPG in the absence 806 

(red diamonds) and presence (purple diamonds) of MPEP; N=11, two-tailed, paired t-test, ****p<0.0001).  807 

 808 

Figure 4. Assessing potential endocannabinoid-mediated calcium activity downstream of DHPG application. A, 809 

Model for potential confounding effects of DHPG application at the astrocyte-neuron tripartite synapse.  Model 810 

1: Focal DHPG application may directly activate mGluR5, expressed on the astrocyte (1a), leading to calcium 811 

activity in the astrocyte (1b) through canonical intracellular signaling cascades. Model 2: Focal DHPG 812 

application may activate post-synaptic mGluR1/5 (2a), leading to retrograde endocannabinoid release (2b), 813 

which would not be blocked by TTX (500 nM) in the bath. Endocannabinoids may then activate cannabinoid 1 814 

receptors (CB1R, 2c), expressed by the astrocyte. CB1R signaling could then activate calcium activity in 815 

astrocytes through non-canonical intracellular calcium signaling pathways (2d).  If calcium responses to DHPG 816 
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were mediated through a Model 2 mechanisms, bath application of the selective CB1R antagonist, SR-141716A 817 

(SR) is predicted to attenuate calcium activity in the astrocyte. Experiments were conducted in acute slices 818 

(N=5 animals) prepared 7-9 days after KA-SE. B, Micrographs depicting GCaMP5G calcium activity in 819 

astrocytes following focal application of DHPG (500 μM). Trial 1: Baseline DHPG responses in bath aCSF (left 820 

panel). Trial 2: DHPG responses in the presence of bath SR-141716A (10 μM, right panel). Scale bar: 25 μm. 821 

C, Bar graph displays mean ± SEM calcium activity within the Dye-Spread region of interest during DHPG 822 

application alone or in combination with bath SR-141716A.  Calcium activity is not attenuated by SR-141716A 823 

application. 824 

 825 

Figure 5. Astrocyte-specific mGluR5 knockout reduces the proportion of astrocytes with mGluR5-mediated 826 

calcium responses following KA-SE. A, td-Tomato-labeled astrocytes and the Dye-Spread area of focal DHPG 827 

application (500 μM, yellow line). B, GCaMP5G calcium activity 2 s (left panels), 4 s (middle panels), and 6 s 828 

(right panels) after focal DHPG application. Scale bar for A, B panels: 25 μm. C, Bar graphs displaying the 829 

number of astrocytes within 40 μm of the Dye-Spread region of interest that responded to focal DHPG 830 

application (>0.5 ∆F/F calcium change in the soma or a major branch).  In naïve tissue n=2/61 astrocytes 831 

surveyed in stratum radiatum displayed a calcium response to focal DHPG application (tissue from N=8 832 

animals). In KA-SE: mGluR5+/+ tissue, 7-9 days after KA-SE, n=92/100 astrocytes surveyed in stratum 833 

radiatum displayed a calcium response to focal DHPG application (tissue from N=5 animals). In KA-SE: 834 

mGluR5-/- tissue, 7-9 days after KA-SE, n=17/96 astrocytes surveyed in stratum radiatum displayed a calcium 835 

response to focal DHPG application (tissue from N=7 animals).  836 

 837 

Figure 6.  Astrocytes with mGluR5 expression in epileptogenesis exhibit calcium responses to high-frequency 838 

synaptic glutamate release. A, Depiction of the experimental setup. Bipolar stimulation of the Schaffer 839 

collateral pathway was used to induce local calcium activity in stratum radiatum astrocytes following 840 

neurotransmitter release.  Calcium activity was imaged using 2-P microscopy (whole astrocyte ROI, yellow 841 
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outlines; scale bar: 15 μm), while field excitatory postsynaptic potentials (fEPSPS) and afferent stimulation (40 842 

Hz, 1 s) were recorded by a local field recording electrode. B, Representative traces depicting fEPSP recordings 843 

prior to a first 40 Hz stimulation (“Baseline”) and prior to a second 40 Hz stimulation in the presence of MPEP 844 

(75 μM).  Abolition of the fEPSP recording in the presence of tetrodotoxin (TTX, 1 μM) is also shown.  The 845 

corresponding bar graph displays the baseline-normalized mean ± SEM fEPSP amplitude when MPEP is bath 846 

applied (pooled data across all trials, N=13; two-tailed, paired t-test, p=0.4484) and when TTX is bath applied 847 

(select trials, N=2; two-tailed, Welch’s t-test, ***p=0.0001). C, Bar graph displaying group mean ± SEM 848 

fEPSP responses during 40 Hz stimulation across groups and bath conditions.  No significant differences in 849 

fEPSP amplitude are detected between groups or conditions (one-way ANOVA). D, ∆F/F traces of baseline 850 

calcium activity in response to a 40 Hz stimulus (dotted line) for single astrocytes (gray traces). E, 851 

Corresponding ∆F/F traces of calcium activity in the presence of MPEP when a 40 Hz stimulus (dotted line) is 852 

reapplied and studied in the same single astrocytes (gray traces). An overlay of average calcium responses in the 853 

representative baseline trials (black lines in C) and MPEP trials (purple lines in D).  F, Bar graph displaying the 854 

group mean ± SEM calcium activity in astrocytes when a 40 Hz stimulus is applied in the absence (“Baseline”) 855 

or presence (“+MPEP”) of the mGluR5 antagonist MPEP (N=3 Naïve, N=5 KA-SE: mGluR5+/+, and N=5 KA-856 

SE: mGluR5-/-). Comparisons of the initial calcium response between groups utilized a one-way ANOVA 857 

design with Tukey’s post-hoc testing, #P<0.05.  Assessment of MPEP-induced changes in calcium activity 858 

utilized a within-subject design (two-tailed, paired t-test; for KA-SE: mGluR5+/+ astrocytes, **p<0.01. 859 

 860 

Figure 7. Synaptic glutamate uptake following low frequency stimulation occurs more rapidly in the KA-SE 861 

latent period, but is not influenced by mGluR5 signaling. A, Glutamate transporter currents in response to 862 

bipolar stimulation of the Schaffer collateral pathway at increasing stimulus intensities. B, A representative 863 

glutamate transporter current from a naïve, KA-SE: mGluR5+/+, and KA-SE: mGluR5-/- astrocyte was peak-864 

normalized to compare transporter current kinetics. C, Bar graphs depict mean ± SEM values for the maximum 865 

amplitude, 0-100% rise time, half-width, single-exponential tau (τ) decay rate, and 90-10% decay time of the 866 
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glutamate transporter current recorded in response to single-pulse (0.2 Hz), afferent glutamate release. D, A 867 

representative glutamate transporter current response to paired pulse stimuli (3 mA, 40 ms interval) was 868 

normalized to the first peak amplitude in order to compare paired-pulse facilitation between groups. The mean ± 869 

SEM paired pulse facilitation ratio for the glutamate transporter current is depicted in the corresponding bar 870 

graph.  For bar graphs in C and D: n=15 cells from eight animals in the naïve group; n=15 cells from five 871 

animals in the KA-SE: mGluR5+/+ group; n=18 cells from six animals in the KA-SE: mGluR5-/- group. One-way 872 

ANOVA with Tukey’s post-hoc test, *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. E, A glutamate 873 

transporter current (GTC) in the absence (black trace) and presence of TFB-TBOA ((3S)-3-[[3-[[4-874 

(Trifluoromethyl)benzoyl]amino]phenyl]methoxy]-L-aspartic acid, 300 nM, purple trace)—the high-affinity 875 

antagonist of astrocyte glutamate transporters GLT-1 (EAAT2) and GLAST (EAAT1). The individual mean 876 

glutamate transporter current amplitude and current area is shown for paired trials in the absence and presence 877 

of TFB-TBOA bath application. Two-tailed, paired t-test, n=11 astrocytes, ***p<0.001. 878 

 879 

Figure 8. Astrocytes with mGluR5 signaling in the latent period exhibit enhancements in glutamate uptake 880 

following high-frequency, synaptic glutamate release. A, A representative glutamate transporter current from a 881 

naïve, KA-SE: mGluR5+/+, and KA-SE: mGluR5-/- astrocyte recorded during a 100 Hz stimulus train (100 ms, 6 882 

mA). Traces were not peak normalized in order to display differences in facilitation, quantified in the associated 883 

bar graph. B, The residual current (IRes.) following the 10th stimulation is compared between groups after peak-884 

amplitude normalization.  C, A representative GTC response to the 10th stimulus is isolated by subtraction 885 

methods, then peak-normalized, and peak-aligned.  The first-order τ decay value following the 10th stimulus is 886 

quantified in the associated bar graph along with a comparison of τ decay ratios following single (τ1) and train 887 

stimuli (τ10). D, Current-voltage (I/V) curves are plotted for KA-SE: mGluR5+/+ and KA-SE: mGluR5-/- 888 

astrocytes as the mean ± SEM current values across a series of voltage steps (the curve is displayed between -889 

130 to -30 mV in 5 mV steps).  The corresponding holding protocol is displayed in the associated trace. I/V 890 

curves were recorded in the presence of BaCl2 (200 μM) and indicate a lack of inward rectification.  891 
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Additionally, the conductance value (slope) obtained from KA-SE: mGluR5+/+ and KA-SE: mGluR5-/- 892 

astrocytes are statistically similar. All bar graphs display group mean ± SEM values. Group data represent n=14 893 

cells from eight animals in the naïve group; n=14 cells from five animals in the KA-SE: mGluR5+/+ group; n=18 894 

cells from six animals in the KA-SE: mGluR5-/- group. One-way ANOVA with Tukey’s post-hoc test, *p<0.05; 895 

**p<0.01; ***p<0.001; ****p<0.0001.   896 


















