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Abstract

Objective: The astroglial enzyme glutamine synthetase (GS) is deficient in small loci in the brain 

in adult patients with different types of focal epilepsy; however, the role of this deficiency in the 

pathogenesis of epilepsy has been difficult to assess due to a lack of sufficiently sensitive and 

specific animal models. The aim of this study was to develop an in vivo approach for precise and 

specific deletions of the GS gene in the postnatal brain.

Methods: We stereotaxically injected various adeno-associated virus–Cre recombinase (AAV-

Cre) constructs into the hippocampal formation and neocortex in 22- to 70-week-old GSflox/flox 

mice to knock out the GS gene in a specific and focal manner. The mice were subjected to seizure 

threshold determination, continuous video-EEG recordings, advanced in vivo neuroimaging, and 

immunocytochemistry for GS.

Results: The construct AAV8-Glial Fibrillary Acidic Protein-Green Fluorescent Protein-Cre 

(AAV8-GFAP-GFP-Cre) eliminated GS in >99% of astrocytes in the injection center with a 

gradual return to full GS expression toward the periphery. Such focal GS deletion reduced seizure 

threshold, caused spontaneous recurrent seizures, and diminished functional connectivity.

Significance: These results suggest that small loci of GS deficiency in the postnatal brain are 

sufficient to cause epilepsy and impaired functional connectivity. Additionally, given the high 

specificity and precise spatial resolution of our GS knockdown approach, we anticipate that this 

model will be extremely useful for rigorous in vivo and ex vivo studies of astroglial GS function at 

the brain-region and single-cell levels.
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Introduction

The enzyme glutamine synthetase (GS) is abundantly expressed in astrocytes and catalyzes 

the conversion of ammonia and glutamate to glutamine1, 2. GS may eliminate or reduce 

the toxic effects of glutamate and ammonia in the central nervous system by metabolizing 

these compounds. Moreover, multiple physiological processes, including glutamate and 

gamma-aminobutyric acid (GABA) synthesis, protein synthesis, and osmoregulation, rely 

on a steady supply of glutamine3. Hence, changes in the expression and activity of GS are 

expected to significantly impact central nervous system physiology.

There is growing evidence that diminished GS activity is implicated in the pathogenesis of 

several types of epilepsy. The most striking evidence comes from Haberle and colleagues, 

who described a small number of infants with loss-of-function mutations of the GS gene 

throughout the body. All the infants suffered from severe epileptic encephalopathy, and 

many died shortly after birth4–6. Additionally, several studies have identified GS deficiencies 

in small loci in the brain in adults with mesial temporal lobe epilepsy7, 8, neocortical 

epilepsy9, and glioblastoma-associated epilepsy10. These deficiencies are restricted to small 

regions of the hippocampal formation7, 8, the amygdala9, and the neoplastic tissue10, 

respectively, and they are likely acquired at some point during postnatal life. While a genetic 

loss of GS activity throughout the body clearly causes epilepsy4–6, the consequences of focal 

GS deficiencies in the adult brain remain incompletely understood.

The current approach for studying focal GS deficiencies in the postnatal central nervous 

system has been to microinject GS inhibitors, particularly methionine sulfoximine (MSO)11, 

into the brain of rodents. Using this approach, we found that inhibiting GS in the 

entorhinal-hippocampal region of rats results in recurrent seizures and neuropathological 

features that in many cases resemble human mesial temporal lobe epilepsy12–16. However, 

even though MSO is a potent inhibitor of GS, the chemical has several other effects, 

such as lowering tissue glutathione levels17, increasing astroglial glutamine content18, 19, 

and exciting neurons via a GS-independent mechanism20. Additionally, MSO diffuses 

throughout the injected tissue making it difficult to control and precisely confine the region 

of GS inhibition. This is concerning because the GS deficiency in human epilepsy is often 

restricted to minute brain regions such as the CA1, CA3, and the dentate hilus of the 

hippocampal formation7, 8.

To overcome these limitations, we developed a novel in vivo model of precisely targeted 

GS deletions that can be induced at any postnatal stage. We microinjected various adeno-

associated virus – Cre recombinase (AAV-Cre) constructs into the postnatal brain of 

transgenic GSflox/flox mice and then assessed GS knockout efficiency, seizure threshold, 

spontaneous seizure activity, cerebrovascular reactivity, structural changes, and functional 

connectivity. Our working hypothesis was twofold: first, that this deletion strategy would 

effectively eliminate GS in precisely targeted regions of the postnatal brain; second, that 
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GS deletion in parts of the hippocampus and neocortex would produce decreased seizure 

threshold, spontaneous recurrent seizures, and impaired functional connectivity, consistent 

with the idea that small loci of GS deficiency in the postnatal brain are sufficient to cause 

epilepsy. If our hypothesis is correct, then manipulations of astroglial GS activity may 

represent a novel antiepileptogenic or disease-modifying therapy. This is significant because 

no such therapies are available for human use.

Materials and methods

Animals

All animal care and use procedures were approved by the Institutional Animal Care and Use 

Committee of Yale University, and experiments were performed in accordance with current 

guidelines. Mice were housed on a 12-hour light/dark cycle in individually ventilated cages 

at constant temperature (22 ± 0.7 °C) and humidity (56 ± 6%) with unlimited access to food 

and water ad libitum. Biopsies from ear or tail were collected and genotyped for floxed GS 

as described in 21. The creation of floxed C57BL/6J GS mice (GSflox/flox) is detailed in 21.

Viral vectors, antibodies, and chemicals

Site specific recombination of the LoxP sites was achieved by using one of several 

viruses expressing Cre recombinase and green fluorescent protein (GFP) under various 

promoters in two separate expression cassettes. The following Cre-expressing adeno 

associated viruses (AAVs), at concentrations ranging from 4.1 × 1012 viral genome/mL 

to 8.1 × 1012 viral genome/ml were used: (1) AAV5-CMV-GFP-Cre Legacy (SignaGen 

Laboratories, Rockville, MD), (2) AAV5-CMV-GFP-Cre [Gene Therapy Center Vector 

Core at the University of North Carolina (Chapel Hill, NC)], (3) AAV8-CMV-GFP-Cre 

(Gene Therapy Center Vector Core), and (4) AAV8-GFAP-GFP-Cre (Gene Therapy Center 

Vector Core). In addition, a corresponding control virus was ordered for each of the four 

experimental viruses. Each control virus was procured from the same source and was 

of identical construction to the corresponding experimental virus other than lacking the 

Cre expression cassette. When possible, all viruses were injected without prior dilution. 

However, if the dilutions of a corresponding Cre and non-Cre (control) virus did not match, 

one of the viruses was diluted with Dulbecco’s phosphate buffered saline (PBS) to achieve 

concentration match.

Viral microinjection

Mice (22 – 70 weeks old) were induced into anesthesia with 5% isoflurane (Baxter, 

Deerfield, IL) in O2 and placed in a stereotaxic frame (David Kopf Instruments, Tujunga, 

CA). For the duration of the surgery, isoflurane was maintained at 1.5 – 3% and titrated 

based on respiratory status and response to intermittent foot pinch. Burr holes were made 

into the skull bilaterally, and virus was injected into the brain parenchyma using the 

following previously validated coordinates with bregma as the reference: dentate gyrus: 

AP −3.2 mm, ML ±3.1 mm, DV −3.5 mm; subiculum: AP −3.7 mm, ML ±3.5 mm, DV 

−3.44 mm; and entorhinal cortex: AP −4.1 mm, ML ±3.8 mm, DV −3.5 mm. Virus was 

delivered stereotaxically using a 5 μL 26-gauge syringe (Hamilton, Reno, NV). At each of 
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the six injection sites per animal, 0.5 μL of virus was injected at a rate of 0.05 μL per 30 

seconds.

Immunohistochemistry

The primary antibodies included chicken anti-GFP (GFP-1010, Aves Labs, Tigard, OR) and 

rabbit anti-GS (G2781Sigma, St. Louis, MO). The secondary antibodies were Alexa Fluor 

488 goat anti-chicken IgG (A11039) and Alexa Fluor 555 goat anti-rabbit IgG (A21428), 

and Alexa Fluor 647 goat anti-mouse (A21235), all Life Technologies (Eugene, OR). 

All other reagents, unless otherwise noted, were obtained from Sigma Chemical Co. (St. 

Louis, MO). For histology and immunocytochemistry, mice were fully anesthetized with 

isoflurane and perfused transcardially with 0.9% NaCl followed by 4% formaldehyde in 0.1 

M phosphate buffer, pH 7.4 (PB) for 5 minutes. The brains were rapidly removed from the 

skull and postfixed in the same fixative overnight at 4 °C and then sectioned on a Vibratome 

at 50 μm. The details on microscopy are given in supplementary material.

Seizure threshold study

Ten weeks after viral injection, seizure precipitation studies were conducted by measuring 

the time to first clonic twitch and time to generalized convulsions following an 

intraperitoneal injection of the convulsant agent pentylenetetrazol (PTZ, Sigma Aldrich, 

St. Louis, MO) at a dose of 90 mg/kg (diluted to 9 mg/mL in normal saline). Ten weeks post 

injection was chosen because AAVs may take several weeks to replicate and fully express 

their genes in living tissue 22. Administration of PTZ is one of several well-established tests 

used to determine the seizure threshold in various experimental paradigms and to evaluate 

the efficacy of anticonvulsive drugs 23, 24. Following induction of convulsive seizures, 

animals (n = 15) were fully anesthetized using isoflurane and euthanized as described below. 

For this study, experimenters were blinded to the viral vector used in each animal when 

recording time to seizure events.

Electrode implantation and video-intracranial EEG monitoring

In the video-EEG study, 11 animals were injected with virus as described above, split 

equally between Cre-expressing and control viruses only of serotype AAV8 GFAP (based 

on findings of the viral comparison study; see Results section). About four weeks after 

viral injection surgery, recording electrodes were implanted. To evaluate and maximize 

the survival of the animals the electrodes were implanted in two different arrangements. 

One subset was implanted with unilateral screw electrodes over the parietal cortex and a 

reference screw electrode in the skull (n = 5). Another subset was implanted with a single 

recording depth electrode in the hippocampus, and a reference depth electrode in the white 

matter of the cerebellum (n = 6).

Four to 6 weeks after viral injection, the mice were subjected to continuous video-EEG 

monitoring using the CEEGraph Vision LTM (Natus/Bio-Logic Systems Corp) monitoring 

system, as detailed in Dhaher et al 15. This time was chosen because AAVs may take several 

weeks to replicate and fully express their genes in living tissue 22. Seizures were identified 

by visual inspection of the EEG record. As detailed in 25 seizures were defined by EEG 

characteristics and not just by the duration of the discharge. The video record was examined 
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to stage the seizures, using a modification of Racine’s criteria 26, as follows: subclinical, 

no remarkable behavior; stage 1, immobilization, eye blinking, twitching of vibrissae and 

mouth movements; stage 2, head nodding, often accompanied by facial clonus; stage 3, 

forelimb clonus; stage 4, rearing; stage 5, rearing, falling and generalized convulsions. 

Subclinical seizures were excluded from the analysis.

Animals were monitored daily for signs of distress and were immediately removed from the 

recordings is such signs appeared (i.e., immobility, poor grooming, ruffled fur, did not drink 

or eat). Animals were also removed from the recordings in the rare event that the headcap 

detached. Because of these issues, the total EEG monitoring time varied from 4 to 12 days.

In vivo brain imaging

To evaluate bilateral effects of unilateral GS – inhibition the Cre-expressing and control 

viruses only of serotype AAV8 GFAP were injected unilaterally in the right hippocampus. 

For each animal, 18 total injections (each injection: 0.5 μL of virus was injected at a rate of 

0.05 μL per 30 seconds) were performed in 6 locations [(AP: −1.4 mm, ML: 0.8 mm), (AP: 

1.8 mm, ML: 0.8 mm), (AP: −2,45 mm, ML: 0.8 mm), (AP: −1.4 mm, ML: 1.3 mm), ( AP: 

−1.8 mm, ML: 1.7 mm), (AP: −2.45 mm, ML: 1.7mm)] and at 3 depths in each location 

(DV: 1.0 mm, 1.5 mm, 2.0 mm), resulting in injection sites in the cortex, the radiatum 

and oriens layers of the hippocampus, and the molecular layer of the dentate gyrus. This 

cohort consisted of 22 animals (11 experimental and 11 controls). All animals underwent 

conventional magnetic resonance imaging (MRI) for anatomical assessments and functional 

MRI (fMRI) for cerebrovascular reactivity and connectivity assessments.

We used functional connectivity density (FCD) maps to evaluate global changes in 

functional connectivity measured from resting state fMRI 27. The FCD of a voxel or region 

of interest (ROI) represents the total number of functional connections to other voxels 

above a certain threshold. As previously described 28, FCD maps were calculated using the 

in-house script written in MATLAB (The MathWorks, Inc., Natick, MA). Each image in 

an fMRI series was cropped and masked to remove non-brain signals. The time series in 

each voxel was then bandpass filtered (0.001 to 0.1 Hz) to exclude slow drift of the signal. 

Pearson’s correlation coefficients were calculated between every voxel of the brain to every 

other voxel, where the number of voxels correlated above a threshold of 0.6 was used to 

generate FCD maps for each fMRI series. Short-and long-range FCD maps were calculated 

using a radius of 2 mm surrounding a given voxel.

Statistics

Unless otherwise stated, statistical analyses and graph plotting were conducted in Igor Pro 

8.02 (WaveMetrics, Portland, OR). Statistical significance was assessed by a Student’s t-test 

for most of the comparisons and by a Welch’s t-test for the seizure count comparison (the 

latter test was chosen because of unequal variance between the groups) 29. Differences 

between groups were judged to be significant when p-values were smaller than 0.05. For 

multiple comparisons, a two-tailed t-test with a random field theory approach was used to 

achieve an adjusted significance threshold of p < 0.05 29. Error bars indicate the mean ± 
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standard error of the mean (SEM) except when stated. No samples or animals were excluded 

from the analyses.

Blinding

During the PTZ seizure precipitation studies, experimenters were blinded to the viral vector 

used in each animal when recording time to seizure events. During grading of the continuous 

intracranial EEG data and accompanying video recordings, experimenters were blinded to 

the viral vector used in each animal (Cre-expressing vs. control).

See Supplementary Methods for additional details.

Results

Visualizing the injected virus suspension in vivo

To develop our injection approach, we injected two mice with intracerebral injections of 

USPIO nanoparticles. After 4 days, MRI showed a region of decreased T2 relaxation time 

of up to 21.2 mm3 around the injection sites, including local spread in the hippocampus and 

surrounding neocortex (Fig. 1A), suggesting that the virus likely reached these regions using 

our injection approach.

AAV8-GFAP-GFP-Cre injections can eliminate astrocytic GS in discrete brain regions

To evaluate the transfection efficiency of each of the viruses, we first stained injected 

brain sections for the GFP reporter molecule. GFP immunostaining was visible in the 

dentate gyrus, subiculum, and entorhinal cortex in all virus injected animals (Supplementary 

Fig. S1A). Despite maintaining consistent delivery volumes (0.5 μL) and similar virus 

concentrations (4.1 – 8.1 × 1012 viral genome/mL) at each injected site, the density and 

extent of GFP-positive cells varied substantially among the viruses (Supplementary Fig. S1B 

and Fig. S2A–D). This result suggests that different virus types have unique capabilities to 

diffuse through tissue or transfect cells in regions of lower viral concentration (i.e., at the 

periphery of the injection field). Our most striking observation was that the AAV8-GFAP 

construct transfected a substantially larger area than the AAV5-CMV and AAV8-CMV 

constructs (approximately 2.5 × 105 pixels vs. 1.2 × 105, 1.4 × 105, and 7.4 × 104 pixels, 

respectively). Additionally, AAV8 GFAP was highly selective for astrocytes (Supplementary 

Fig. S2D) whereas the other vectors infected both neurons and astrocytes (Supplementary 

Fig. S2A – C).

Next, we determined the efficiency of GS-deletion at the cell and tissue levels using each 

Cre-expressing virus. Regardless of the type of virus tested, virtually none (< 1%) of the 

transfected (GFP-positive) cells were positive for GS (Fig. 1B), meaning that once a cell 

was transfected at levels to detect GFP-positivity, GS remained effectively knocked out. 

When assessing the knockout efficiency at the regional level, the smallest areas of GS 

elimination was with the AAV5-CMV Legacy and AAV8-CMV constructs, while the largest 

areas occurred with the AAV5-CMV and AAV8-GFAP (Fig. 1B, C). The difference in 

knockout efficiency between the first two and last two viruses was statistically significant 

(respectively, 95% CIs 47.8% to 78.1% and 78.8% to 87.5%, p = 0.0003 and 0.000007). In 
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addition, AAV8-GFAP yielded a greater decrease in fluorescence intensity than AAV5-CMV 

(p = 0.018, Fig. 1D, E). Fig. 1E shows that the knockdown efficiency was not statistically 

significant for AAV5 CMV Legacy (95% CI −14.5% to 2.4%, p=0.12) or AAV8 CMV 

(95% CI 10.7% to 2.9%, p=0.19). Both the AAV5 CMV virus and the AAV8 GFAP virus 

significantly knocked down GS (respectively, 95% CIs 47.8% to 78.1% and 78.8% to 87.5%, 

p = 0.0003 and 0.000007). In addition, the increased knock-down of AAV8 GFAP over 

AAV5 CMV was statistically significant (p = 0.018).

Finally, we assessed the astrocyte selectivity of each virus. As expected, AAV8-GFAP 

exhibited near perfect astrocyte specificity (98.7% of GFP-positive cells were astrocytes 

based on morphological criteria, Fig. 1F). In contrast, AAV5-CMV Legacy, AAV5-CMV, 

and AAV8-CMV targeted mostly neurons with varying degrees of astrocyte labeling 

detected (10.0%, 21.3%, and 12.7% astrocyte specificity, respectively, Fig. 1G)

Bilateral cortico-entorhinal-hippocampal GS deletion lowers the threshold for acute 
seizures

Because inhibition or deficiency in GS may be a causative factor for seizures and 

epilepsy, we assessed the sensitivity of the GS deleted mice to provoked seizures using 

the intraperitoneal pentylenetetrazole (PTZ) approach. 23, 24We injected fifteen mice in both 

entorhinal-hippocampal regions with one of the four experimental viruses (2 AAV8-GFAP; 

2 AAV8-CMV; 2 AAV5-CMV; 2 AAV5-CMV Legacy; n = 9) or four control viruses (3 

AAV8-GFAP; 1 AAV8-CMV; 1 AAV5-CMV; 1 AAV5-CMV Legacy; n = 6), and then 

administered PTZ eight weeks later. Mice injected with Cre-expressing AAVs exhibited 

the first clonic twitch after approximately 41.2 ± 3.2 seconds (mean ± SEM), which was 

significantly less than animals injected with control virus (average 65.83 ± 12.9 seconds, 

p=0.044, Fig. 2A). However, the time to the first convulsive seizure was not statistically 

significant, though there was a nonsignificant trend for AAV-Cre injected animals to 

convulse faster (74.2 ± 9.4 seconds vs. 100.0 ± 18.0 seconds, p = 0.20, Fig. 2A). We did not 

have a sufficiently large number of animals to detect statistically significant differences in 

seizure threshold among the 4 experimental viruses.

Bilateral entorhinal-hippocampal GS deletion causes spontaneous recurrent seizures

We next used continuous video-intracranial EEG recordings to determine whether deleting 

GS in bilateral entorhinal-hippocampal cortices would induce spontaneous recurrent 

seizures. We recorded from 6 animals injected with Cre expressing AAV8-GFAP and 4 

animals injected with non-Cre expressing AAV8-GFAP for a continuous period of 4 to 12 

days (Fig. 2B, C). The remaining animals did not survive the electrode implantation surgery. 

Spontaneous seizures occurred in 4/7 (57%) of the animals injected with Cre-expressing 

virus and in 0/4 (0%) of the animals injected with control virus (Fig. 2B, C). The seizures 

predominantly occurred in clusters, as evidenced by 11 of the 19 seizures occurring within 

2-hours of another seizure in the same animal. Moreover, a large fraction of seizures (14/19, 

74%) occurred between midnight and 8:00 in the morning. Common seizure behaviors 

included facial automatisms, tail extension, lordosis, rearing, and uncontrolled jumping.

Farina et al. Page 7

Epilepsia. Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Unilateral cortico-entorhinal-hippocampal GS deletion reduced functional connectivity

Previously, we demonstrated that embryonic deletion of cortical GS caused impaired 

cerebrovascular reactivity21. In addition, chemical inhibition of hippocampal GS in rats 

led to significant changes in fractional anisotropy throughout the brain30, and functional 

magnetic resonance imaging (fMRI) studies of focal epilepsy patients and animal models 

often show decreased functional connectivity31, 32. Here we sought to determine whether 

deleting GS in one hippocampus in adult mice would produce similar findings. Using 

blood oxygen level dependent (BOLD) imaging of GS-deficient (AAV8-GFAP-Cre-injected) 

vs. GS-intact brains, we found significant decreases in global functional connectivity 

across various regions of the brain in GS-deficient mice (Fig. 3A–C). We then created 

cerebrovascular reactivity maps by comparing the CO2-induced increase in the BOLD signal 

relative to baseline BOLD. We found no significant differences in cerebrovascular reactivity 

between GS-deficient and GS-intact brains (Fig. 3D–F). Finally, we found no significant 

differences in structural connectivity (maps of fractional anisotropy and mean diffusivity) 

between the two groups (Fig. 3G, H).

Discussion

We established that stereotaxic injections of AAV8-GFAP-Cre in GSflox/flox mice can 

effectively delete GS in precisely targeted regions of the postnatal brain. Using this method, 

we discovered that these deletions produce a reduced seizure threshold, spontaneous 

recurrent seizures, and decreased functional brain connectivity. The significance of these 

findings will be discussed in detail below.

Advantages and limitations of the model

Microinjections of AAV8-GFAP-Cre into the brain of floxed C57BL/6J GS mice 

(GSflox/flox) at 22 to 70 weeks of age effectively deletes astroglial GS, as evidenced by 

immunohistochemistry at 4 to 6 weeks post-injection. Nearly all astrocytes in the center 

of the injection site completely lacked GS, and we observed a gradual return to full GS 

expression toward the periphery. While the USPIO nanoparticle imaging indicated that the 

injected virus diffused several hundreds of micrometers within the brain parenchyma, cells 

infected by the virus were limited to a smaller region. These results suggest that the virus 

gets progressively diluted toward the periphery and that a threshold virus concentration is 

needed to infect astrocytes and delete GS.

By adjusting the concentration and volume of the injected virus and the physical distance 

between injections, we propose the possibility of deleting GS in precisely targeted regions 

ranging in diameter of a few tens of micrometers to several hundreds of micrometers. 

Moreover, the zone at the injection periphery contains a mixture of GS-deleted and GS-

intact astrocytes and possesses the ideal conditions for “internally controlled” comparison 

studies of GS-positive and GS-negative astrocytic domains within the same animal and 

brain region. The inclusion of GSflox/flox animals injected with the same strain of non-Cre 

expressing virus serves as an internal control for any effects related to the virus itself, 

such as tissue inflammation. Thus, our model is ideal for highly specific in vivo studies of 
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postnatal GS function at the single cell (i.e., astrocyte domain) level, as well as at the brain 

regional (tens to hundreds of micrometers) level.

Our model has limitations. First, the stereotaxic procedure is relatively low throughput, as 

the procedure is performed on an individual basis and each site of injection requires about 

5–10 minutes to complete. For example, while a small hypothalamic nucleus may only 

require a few injections, a larger thalamic nucleus or neocortical region may require multiple 

injections, thereby increasing the total surgery time. Second, precise stereotaxic injections 

may be challenging to perform in very young animals due to the small size and fragility 

of the skull. Third, unlike MSO, which rapidly deactivates GS, the virus-induced knockout 

occurs gradually and reaches maximum levels several weeks after injection. Fourth, the 

use of a tethered EEG monitoring system made it difficult to monitor the mice for a long, 

continuous period, like we were able to do in our prior rat studies. Mice do not tolerate the 

weight of the cables for a very long time and needed to be removed from the recordings 

after 4 to 12 days. Because of the short recording times, our study likely underestimates 

the true prevalence of seizures in both experimental and control animals, and our study is 

not suitable for accurate determination of seizure counts. Longer recordings, which may be 

possible with wireless systems, will be necessary to obtain such numbers. Nevertheless, the 

EEG data from the present study, along with data from mice and rats with focal brain GS 

inhibition or deletion12, 21, all support the concept that focal brain GS deficiency causes 

epileptic seizures.

GS deficiency and seizures

There is accumulating evidence from human and animal studies that GS dysfunction is 

implicated in the pathogenesis of some epilepsies. First, GS is deficient in discrete regions 

of the brain in patients with mesial temporal lobe epilepsy 7, 8, neocortical epilepsies 9, 

and glioblastoma-associated epilepsy 33. Second, infants with systemic GS deficiency due 

to mutations in the GS gene exhibit severe epileptic encephalopathy 4, 5. Third, systemic 

or intrahippocampal administration of the GS inhibitor MSO in rats results in acute or 

recurrent seizures, respectively 12, 19, and embryonic deletions of GS in the neocortex and 

hippocampus of mice causes spontaneous seizures 21. Here we show that deleting GS in very 

small brain regions is sufficient to reduce the seizure threshold and produce spontaneous 

recurrent seizures in some animals. This finding is clinically important, because the regions 

of GS deficiency in human patients with mesial temporal lobe epilepsy and neocortical 

epilepsies are quite small, typically involving the CA1, the CA3 and the dentate gyrus of 

the hippocampal formation in mesial temporal lobe epilepsy 7, 8, the amygdala in neocortical 

epilepsies 9, and the neoplastic tissue in glioblastoma-associated epilepsies 10. Collectively, 

these observations suggest that impaired GS activity in discrete regions of the postnatal brain 

may be linked to the pathogenesis of some focal epilepsies.

It should be noted that only 3 of the 5 GS deficient mice (60%) had recurrent seizures, 

whereas > 95% of rats infused with the GS inhibitor MSO into the hippocampal formation 

typically exhibit recurrent seizures. The difference in seizure prevalence between the two 

models can be explained by: (a) the much longer EEG monitoring period in MSO-infused 

rats (21 days) vs. GS knockout mice (4 – 12 days), (b) that MSO is likely to inhibit GS 
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in a much larger area of the brain than the knockout approach, i.e. entire ventral entorhinal-

hippocampal territory vs. multiple small regions within the hippocampal formation and 

neocortex, and (c) that the GS-floxed mice were generated in C57BL/6J mice, which 

are known to resistant to seizures34. The increased seizure prevalence in MSO-treated 

animals may also be related to the facts that MSO depletes brain glutathione levels and 

causes accumulation of astroglial glycogen 17–19. Reduced glutathione (GSH) is important 

for neutralizing reactive oxygen species in tissues, and studies have shown that oxidative 

stress increases seizure frequency and neuroinflammation in animal models of epilepsy 
35, 36. Moreover, patients with MTLE and Lafora Disease have high glycogen levels in 

the hippocampal seizure focus 37 and throughout the brain 38, respectively, suggesting that 

increased astroglial glycogen is linked to seizures.

The seizure threshold study using PTZ showed a considerable difference of 23 seconds in 

time to twitch between experimental and control animals, but no significant difference in the 

time to convulsion. The lack of a difference in time to convulsion is not clear but may be 

related to the specific seizure triggering mechanism of the PTZ test and that animals with 

brain GS perturbations may respond differently than other animals to this test, as suggested 

in the study by Cloix et al. 39.

GS deficiency and multimodal imaging findings

Our findings of decreased short- and long-range connectivity by fMRI is consistent with 

clinical reports of epilepsy and other animal models of the disease31, 32. The default mode 

network in epilepsy, for example, shows a decrease in connectivity between the two main 

nodes of the default mode network, though preserved connectivity within each node 40–42. 

Changes in functional connectivity during the epileptogenic process remains unclear. A 

recent study of the rodent intrahippocampal kainic acid model of epilepsy demonstrated 

connectivity alterations with increased global connectivity and both decreased and increased 

local connectivity in epileptic animals43. This stands in contrast to reports that found 

decreases in global measures of connectivity directly related to seizure frequency32, 44. 

A recent human study also found decreased global functional connectivity in patients 

with mesial temporal lobe epilepsy, where the reduction is suggested to bear a direct 

relationship to neuro-cognitive deficits31. An interesting feature of our model is that the 

reduced functional connectivity is not accompanied by structural imaging changes. This 

is different from other commonly used models of mesial temporal lobe epilepsy, such as 

the kainic acid and pilocarpine models, which both show marked anatomical changes by 

structural brain imaging45, 46.

Previously, we demonstrated that mice with global embryonic deletion of GS in the cortex 

showed an abnormal vascular histology and a markedly blunted vasodilatory response 

to CO2 inhalation 21. So, the near normal cerebrovascular reactivity in the viral GS 

knockout suggests that global GS deletion may be required during embryonic development 

to compromise cerebrovascular reactivity; however, additional investigations will resolve 

this issue.

Finally, the lack of significant findings by structural imaging in the viral GS knockout 

remains surprising, as diffusion tensor imaging studies of rats infused with MSO into one 
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hippocampal formation revealed significant changes in fractional anisotropy in multiple 

brain regions 30. These findings suggested that the changes may be dependent on the total 

seizure load. The differences between the two models could arise from the presumed larger 

region of GS deficiency caused by MSO than the virus, and the notion that chemically 

inhibited rats have a higher seizure load than virus injected mice.

Conclusions

We have developed a powerful and highly specific in vivo model of astroglial GS deficiency 

that can precisely target any region in the postnatal brain. Our model has several advantages 

over current approaches which use chemical inhibitors or embryonic knockouts targeting 

large portions of the brain. We found that deletion of GS in cortical regions causes 

spontaneous seizures and impaired functional connectivity – consistent with the postulated 

role of astroglial GS in the pathogenesis of some adult-onset focal epilepsies. Additionally, 

we expect that our model will be useful for many studies of astroglial GS function at the 

brain-regional and cellular levels, especially those studies whose completion was hindered 

by a lack of specific and anatomically targeted approaches.
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Key points box

• We developed a mouse model for precise, genetic deletions of astroglial 

glutamine synthetase (GS) in small loci of the postnatal brain.

• GS deletions in small regions of the hippocampus and neocortex reduced 

seizure threshold and induced spontaneous recurrent seizures.

• Such deletions reduced functional connectivity by blood oxygen level 

dependent (BOLD) brain imaging.

• These results suggest that small loci of GS deficiency in the postnatal brain 

are sufficient to cause epilepsy.

• This model can also be used for rigorous studies of astroglial GS function at 

the brain-region and single-cell levels.
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Figure 1. Spatial distribution and astroglial specificity of the knockdown approach.
A. Virus suspension with added superparamagnetic iron oxide (USPIO) nanoparticles was 

injected into the right hippocampus as a single 0.5 μL bolus, followed by Perfusion 

Weighted (PW) Dynamic Susceptibility Contrast (DSC) MRI, 4 days later in 2 normal 

mice. The regions of darker blue coloring in the T2 images (arrows) indicate the presence 

of USPIO nanoparticles in the parenchyma, reflecting the local spread of the infusion. 

B. Representative horizonal section of the hippocampal formation of a GSflox/flox mouse 

injected with AAV8-GFAP-GFP-Cre virus. Immunofluorescence for green fluorescent 
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protein (GFP, green color) represents virus-transfected cells, and immunofluorescence for 

glutamine synthetase (GS, red color) represents GS-expressing astrocytes. This shows 

effective deletion of GS by absent GS-immunoreactivity in the virus-transfected (green) 

cells. C. Area of GS knockout for each virus at various magnifications. AAV5 CMV 

and AAV8 GFAP outperformed the AAV5 CMV Legacy and AAV8 CMV viruses. D. 
Example of region-ofinterest (ROI) selection in a horizontal hippocampal section transfected 

with AAV5 CMV. ROIs 1–5 are placed in areas of knockout whereas ROIs 6–7 are used 

as control regions to scale intensity measures. Red stained areas are not infected with 

virus and express GS normally. E. Knockdown efficiency by each of the 4 viruses as 

assessed by densitometry of GS in the injected brain region. The efficiency is expressed 

as 1 – relative GS intensity (*p < 0.05 and **p < 0.001). F. Representative field from 

the hippocampus of a GSflox/flox mouse injected with AAV8-GFAP-GFP-Cre virus and 

immunostained for green fluorescent protein. Note the characteristic astrocyte morphology 

of nearly all the transfected cells. G. The proportion of green fluorescent protein-positive 

cells show astrocyte morphology after transfection with each of the 4 virus types. Scale 

bars: B, D = 0.2 mm, F = 25 μm. Abbreviations: CA1, CA3, Cornu Ammonis subfields of 

the hippocampus; DH, dentate hilus; EC, entorhinal cortex; Gr, granule layer of the dentate 

gyrus; Mol, molecular layer of the dentate gyrus; SUB, subiculum.

Farina et al. Page 17

Epilepsia. Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Seizure threshold and spontaneous seizures.
A. Pentylenetetrazole (PTZ)-induced seizures. GS knockout mice (KO, n = 9) demonstrate 

increased susceptibility to provoked seizures, as they have a shorter time to clonic twitch 

compared to controls (WT, n = 6, p < 0.05). There was a similar trend in time to convulsion, 

though this effect was not significant (p = 0.20). B. Representative examples of intracranial 

EEG recordings during a Racine stage 3 seizure in a GS-knockout mouse (KO). The 

two upper traces are from a KO mouse and control virus injected “wild type” (WT) 

mouse. The highlighted area is shown in the expanded traces below. Note the presence 

of rhythmic seizure activity in the KO mouse and normal EEG activity in the WT mouse. 

The Racine stage was determined from the concurrent video recording. C. Daily number 

of electrographic seizures encountered in control (n = 4) and Cre-injected (n = 7) mice 

over a continuous 4- to 12-day-period starting 4–6 weeks after infusion of AAV8-GFAP-

GFP (control) or AAV8-GFAP-GFP-Cre (Cre) into the dentate gyrus of both hippocampi. 

The days with seizures are highlighted in yellow and days without EEG recording are 

highlighted in dark grey.
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Figure 3. Functional connectivity, cerebrovascular reactivity, and structural imaging.
A. Resting-state functional magnetic resonance imaging (fMRI) showing group average 

parametric maps of functional connectivity density (FCD, percentage of brain voxels 

correlated at Pearson r ≥ 0.3) for control (left, WT) and Cre-positive (center, KO) groups. B, 
C. A voxel-level t-test shows clusters where FCD is significantly higher in the control group 

(WT) after correction for multiple comparison. Specific parametric maps show the density of 

connectivity with voxels within 1.5 mm (B) and beyond 1.5mm (C). D - F. Cerebrovascular 

reactivity. D. Group average parametric maps representing area under the curve of the fMRI 

Farina et al. Page 19

Epilepsia. Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



signal (arbitrary units) during a hypercapnic challenge are shown for the control (top, WT) 

and Cre-positive (bottom, KO) groups. A representative fMRI signal curve for each group is 

shown for regions of interest located in the sensorimotor cortex (E) and the dorsal thalamus 

(F). After correction for multiple comparison, no significant group effect was found for 

cerebrovascular reactivity. G, H. Diffusion tensor imaging (DTI). Mean diffusivity (G) and 

fractional anisotropy (H) are shown as group average parametric maps overlaid on a coronal 

structural brain template for the control group (left, WT) and the Cre-injected (right, KO) 

group. After correction for multiple comparison, no significant group effect was found for 

either parameter.
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