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BRAIN INJURY

Enhancing GAT-3 in thalamic astrocytes promotes
resilience to brain injury in rodents
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Inflammatory processes induced by brain injury are important for recovery; however, when uncontrolled, inflam-
mation can be deleterious, likely explaining why most anti-inflammatory treatments have failed to improve neu-
rological outcomes after brain injury in clinical trials. In the thalamus, chronic activation of glial cells, a proxy of
inflammation, has been suggested as an indicator of increased seizure risk and cognitive deficits that develop
after cortical injury. Furthermore, lesions in the thalamus, more than other brain regions, have been reported in
patients with viral infections associated with neurological deficits, such as SARS-CoV-2. However, the extent to
which thalamic inflammation is a driver or by-product of neurological deficits remains unknown. Here, we found
that thalamic inflammation in mice was sufficient to phenocopy the cellular and circuit hyperexcitability, en-
hanced seizure risk, and disruptions in cortical rhythms that develop after cortical injury. In our model, down-
regulation of the GABA transporter GAT-3in thalamic astrocytes mediated this neurological dysfunction. In
addition, GAT-3 was decreased in regions of thalamic reactive astrocytes in mouse models of cortical injury.
Enhancing GAT-3 in thalamic astrocytes prevented seizure risk, restored cortical states, and was protective against
severe chemoconvulsant-induced seizures and mortality in a mouse model of traumatic brain injury, emphasizing
the potential of therapeutically targeting this pathway. Together, our results identified a potential therapeutic
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target for reducing negative outcomes after brain injury.

INTRODUCTION

Neuroinflammation that occurs after brain lesions such as traumat-
ic brain injury (TBI) and stroke is a double-edged sword, contribut-
ing to both recovery and pathogenesis (1-5). Accordingly, most
anti-inflammatory treatments have failed to prevent neurological
deficits after brain injuries in clinical trials (I, 2). Untangling the
adaptive and maladaptive aspects of neuroinflammation is a crucial
step in developing targeted treatments that could promote brain re-
covery without jeopardizing the adaptive aspects of the neuroin-
flammatory process.

Accumulating evidence suggests that the thalamus is particularly
vulnerable to secondary damage, even when the initial injury oc-
curred at a remote location. In both humans and rodent models,
chronic thalamic inflammation is observed after TBI (6-11) and cor-
tical stroke (12-14). The development of secondary and persistent
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thalamic inflammation—particularly gliosis—has been suggested to
be an indicator of neurological dysfunction after injury, resulting in
cognitive impairment (8) and seizure risk (12). In addition, thalam-
ic lesions and/or thrombotic strokes have been reported among pa-
tients with viral infections caused by West Nile virus (15, 16) and
those with altered mental status following severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2) infection (17, 18). Mice in-
tranasally infected with SARS-CoV-2 have high viral antigen pres-
ence in the thalamus compared to other brain regions (19). Because
the thalamus plays a central role in cognition, sleep, and seizures in
humans and rodents (20-25), it is well positioned to be involved in
diverse neurological deficits observed across insults, such as cogni-
tive impairments, sleep disruption, and epileptogenesis (6, 26, 27).
Thalamic astrogliosis—in which astrocytes become reactive and
undergo changes that affect neuronal function (5, 28-33)—has been
observed in both humans and rodents after cortical injuries (9-13).

Here, we sought to determine the extent to which thalamic as-
trogliosis is a driver or bystander of neurological dysfunction and
whether this process could be therapeutically targeted. To this end,
we developed a mouse model of thalamic astrogliosis and investi-
gated its effects on local neurons, microcircuits, and cortical states
associated with cognition.

RESULTS

Thalamic astrogliosis is observed in postmortem human
tissue with a history of cortical injury and in mouse models
of cortical injury

Human imaging studies in patients with mild TBI have suggested that
the chronic thalamic gliosis that develops secondarily after cortical
lesions is an indicator of cognitive dysfunction (6). To investigate
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the role of astrogliosis in cortical stroke and TBI, we first performed
immunostaining for the astrocytic marker glial fibrillary acidic pro-
tein (GFAP)—a molecular marker of many types of reactive astro-
cytes (28)—in postmortem thalamic and perilesional cortical tissue
obtained from human brains with a history of ischemic stroke or
TBI; a subset of subjects also had a history of epilepsy (2 of 7 sub-
jects had epilepsy before injury, and 3 of 7 subjects developed epi-
lepsy after injury) (Fig. 1 and tables S1 and S2). The thalamus and
perilesional cortex of subjects with stroke or TBI exhibited discrete
GFAP-positive cells with astrocyte-like morphology, compared to
the dim, diffuse GFAP labeling in control subjects (Fig. 1A). Puta-
tive astrocyte morphology ranged from resting (Fig. 1A; cortex,
control, inset) to reactive, featuring somatic hypertrophy and thick
processes (Fig. 1A; thalamus and cortex, stroke, inset). These chang-
es were evident both acutely and years after stroke or TBI and were
supported by a semiquantitative analysis of GFAP immunoreactivity
(table S2). Similarly, in two mouse models of injury—unilateral
photothrombotic stroke or controlled cortical impact in the
somatosensory cortex (a model of TBI)—GFAP was elevated in the
thalamus, without gross hippocampal damage (Fig. 1B), in agree-
ment with previous findings (10-13, 34).

Viral transduction of thalamic astrocytes induces persistent
reactive astrocytes

To generate reactive astrocytes in the thalamus, we injected an adeno-
associated viral (AAV) construct expressing enhanced green fluo-
rescent protein (eGFP) from a truncated portion of the GFAP
promoter (AAV2/5-Gfal04-eGFP) (35) unilaterally in the ventrobasal
(VB) somatosensory thalamus (Fig. 1C and fig. S1, A and B). This
paradigm was originally developed to selectively transduce hippo-
campal astrocytes and render them reactive, as determined by hy-
pertrophy and increased GFAP expression (35), although the molecular
mechanisms of virus-induced reactive astrogliosis remain unknown.

To characterize the effects of the viral transduction on thalamic
astrocytes, we assessed immunohistochemical, morphological, and
transcriptomic features of astrocytes 3 weeks after viral transduc-
tion. GFAP was increased in the thalamus ipsilateral to injection
(Fig. 1D), consistent with the work in the hippocampus (35). The
location of thalamic astrogliosis in our model was similar to that
observed in rodent models of cortical injuries (Fig. 1B). The in-
crease in GFAP in the viral transduction model persisted for at least
9 months, specifically in the ipsilateral thalamus but not in other
brain regions (fig. S1C). Thus, the viral transduction model recapit-
ulated two key features of astrogliosis after cortical injury—the spe-
cific location within the dorsal thalamus and the chronic presence
of reactive astrocytes in the thalamus (10).

To evaluate astrocyte morphology, we used an EAAT2-tdTomato
transgenic reporter mouse line (36), which enabled sparse label-
ing and tracing of individual thalamic astrocytes (Fig. 1E). Using
Sholl analysis to assess arborization of astrocytic processes (37), we
observed somatic hypertrophy and a reduction in process branching
in eGFP-positive astrocytes ipsilateral to viral injection (eGFP-positive/
tdT-positive) relative to eGFP-negative/tdT-positive astrocytes (Fig. 1F).
Thus, viral transduction of thalamic astrocytes recapitulates mor-
phological features of reactive astrogliosis (32, 35, 38).

We next performed transcriptomic profiling of virally transduced
thalamic astrocytes acutely isolated by fluorescence-activated cell
sorting (FACS; Fig. 1, G and H, and fig. S2). Hierarchical clustering
of FACS-isolated samples revealed that eGFP-positive astrocytes,
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which represented ~18% of astrocytes isolated from the thalamus,
were distinct from their eGFP-negative counterparts (fig. S3, A to C).
We found robust up-regulation of canonical reactivity genes Gfap,
Vim, CD44, and Serpina3n (31, 33) in eGFP-positive astrocytes
(Fig. 1H). Comparing this transcriptomic profile with a published
analysis of reactive astrocytes revealed up-regulation of “pan-reactive”
astrocyte genes (31), although there was no bias toward the subsets
of reactive astrocyte genes that were selectively induced by lipopoly-
saccharide injection or ischemic stroke (middle cerebral artery
occlusion model) in that study (31) (fig. S3D). Last, we found alter-
ations in multiple genes related to astrocytic modulation of gluta-
mate and y-aminobutyric acid (GABA) (Fig. 1H), pinpointing
molecular features of reactive astrocytes that might affect neural
activity. Given that viral transduction of thalamic astrocytes repro-
ducibly induces immunohistochemical, morphological, and tran-
scriptomic features of astrocyte reactivity observed across models
(28, 32, 35, 38), hereon, we refer to virally transduced astrocytes as
reactive astrocytes. Viral-induced thalamic astrogliosis did not lead
to abnormalities in standard assays of spontaneous locomotion,
anxiety, olfaction, nociception, context-dependent learning, and
grooming 3 weeks after injection (fig. S4).

Reactive astrocytes enhance intrathalamic microcircuit
excitability
The effects of reactive astrocytes on local microcircuit excitability
were assessed in acute brain slices that preserve the connectivity be-
tween VB thalamus and the reticular thalamic nucleus (nRT). We
focused on the VB-nRT microcircuit because (i) VB thalamus—the
center of viral transduction—showed the strongest and most per-
sistent astrogliosis over time (fig. S1); (ii) the VB-nRT connections
can be maintained in slices and reliably generate circuit oscillations,
unlike connections between nRT and other thalamic nuclei; and
(iii) multiunit activity in VB thalamus is a proxy for the strength of
the oscillatory activity in the VB-nRT microcircuit (39-43).
Electrical stimulation was delivered in the internal capsule,
which contains corticothalamic and thalamocortical axons, and the
resulting multiunit activity was recorded 3 weeks after induction of
reactive astrocytes (Fig. 2). Stimulation of the internal capsule pro-
duced robust multiunit activity, characterized by an immediate “di-
rect response,” due to direct activation of corticothalamic axons
and/or retrograde activation of thalamocortical neurons, followed
by a “delayed response,” characterized by repeated action potential
(AP) bursts (Fig. 2, A to C), characteristic of the reciprocal VB-nRT
oscillatory circuit activity (39-43). Thalamic slices with astrogliosis
exhibited an augmented delayed response characterized by more
bursts and longer circuit oscillations (Fig. 2D). Beyond the site of
maximal responsiveness in each slice, we also examined the spatial
and temporal synchrony of neural activity across all recording sites.
Evoked oscillatory activity in thalamic slices with astrogliosis had
higher oscillation indices (Fig. 2, B and E) (39, 44), although the
spatial extent of the direct response was not altered, suggesting that
astrogliosis enhanced the rhythmogenic properties of the intratha-
lamic microcircuit across a larger region.

Reactive astrocytes facilitate low-threshold calcium spikes
in thalamocortical neurons by increasing extrasynaptic
tonic inhibition

To determine how reactive astrocytes cause hyperexcitability in the
VB-nRT microcircuit, we investigated cellular excitability and synaptic
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Fig. 1. Thalamic astrogliosis is a consistent feature of cortical lesions, recapitulated by viral-mediated activation. (A) GFAP immunofluorescence in postmortem
thalamus and perilesional cortex from human subjects with a history of ischemic stroke or TBI, and age-matched controls, representative of three control subjects, three
subjects with stroke, and four subjects with TBI. Insets: magpnification of GFAP* cells with astrocyte-like morphology (putative astrocytes, yellow arrows). (B) GFAP immuno-
fluorescence in mouse models of photothrombotic stroke and controlled cortical impact. Right: thalamic GFAP fluorescence ratios between ipsilateral and contralateral
regions. Stroke: Mann-Whitney U test, ***P =0.0002. Sham: n =9 mice; Stroke: n =10 mice. TBl: Mann-Whitney U test, ***P =0.0002. Sham: n =7 mice; TBl: n =12 mice.
(€) Viral induction of unilateral thalamic astrogliosis [brain schematic adapted from (76)]. (D) Immunofluorescence 3 weeks after astrogliosis induction. GFAP immunoflu-
orescence quantified as in (B). Mann-Whitney U test, *P = 0.019. n =9 mice per group. Quantification in other brain regions shown in fig. S1. (E) Representative images of
GFAP, eGFP, tdTomato, and 4',6-diamidino-2-phenylindole (DAPI) fluorescence in thalamic astrocytes contralateral and ipsilateral to viral transduction of astrocytes in
EAAT2-tdTomato reporter mice. (F) Sholl analysis of thalamic astrocytes. Inset: Total number of intersections. Mann-Whitney U test, ****P < 0.0001. n = 25 astrocytes per
condition. (G) Flow plot of thalamic astrocytes, ipsilateral and contralateral to site of viral transduction in Aldh111-tdTomato reporter mice. Gates indicate sorting strategy
detailed in fig. S2. (H) Differentially expressed genes in ipsilateral eGFP* versus contralateral eGFP™ thalamic astrocytes (Pagjusted < 0.05), highlighting genes related to as-
trocyte reactivity (37) and astrocyte modulation of glutamate and GABA (54, 77) on the right. Heatmap including ipsilateral eGFP™ in fig. S3.
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In mice with thalamic astrogliosis,
thalamocortical neurons showed a three-
fold increase in extrasynaptic GABA type
A receptor (GABAAR)-mediated current
(hereon referred to as tonic GABA cur-
rent or Itonic) (Fig. 3E) but no change in
the frequency or biophysical properties
of spontaneous inhibitory and excitatory
synaptic currents (Fig. 3F and table S6).
GABAR antagonist picrotoxin normal-
ized the AP threshold, LTS threshold, and
rebound burst AP firing (Fig. 3, B to D,
and fig. S5C). In contrast with thalamo-
cortical neurons, nRT neurons showed
no change in intrinsic membrane excit-
ability (table S7) or in spontaneous syn-
aptic currents (table S8).
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0- 0- 1 0 1 _ adult wild-type mice (Fig. 3E)—led to

@ Control B Thal. astrogliosis Time (s) heightened seizure susceptibility in mice.

Fig. 2. Viral-mediated thalamic astrogliosis enhances intrathalamic circuit rhythmogenesis. (A) Representative
intrathalamic multiunit activity evoked by stimulation of the internal capsule (lightning bolt) in thalamic slices, as
schematized in (C). Only 9 of 16 channels are shown for clarity. Shaded boxes highlight bursts (clusters of >3 spikes),
and the horizontal arrow indicates a sustained circuit oscillation (clusters of >2 bursts). (B) Peristimulus time histo-
grams of recordings shown in (A). Color represents multiunit activity normalized to maximal firing in each slice. White
traces represent the spatial summation of firing activity across all recording sites and all trials within each slice during
the delayed response (excluding the first 150 ms of direct response). (C) Schematic of multiunit activity recordings in
thalamic slices after electrical stimulation of the internal capsule (yellow). Probe schematic adapted from NeuroNexus,
brain schematic adapted from (76). (D) Quantification of bursts and circuit oscillations, as shown in (A). Each dot rep-
resents the site with maximal multiunit activity in each slice from n =13 Control and n = 16 thalamic astrogliosis mice
(1 slice per mouse; 20 evoked responses averaged per slice). Mann-Whitney U test; **P =0.007 (bursts) and **P=0.003
(oscillations). (E) Left: autocorrelation analyses of multiunit activity in the delayed response from (B). Multiunit activity
is summed across all recording sites and all trials within a slice. Right: oscillation index calculated for the first peak of
the autocorrelated signal. Mann-Whitney U test, *P < 0.05. n =13 Control, n = 16 thalamic astrogliosis mice.

function in excitatory and inhibitory neurons in thalamic brain slices
(tables S3 to S8) (12, 45, 46). Thalamocortical neurons in VB thala-
mus from mice with thalamic astrogliosis exhibited hyperpolarized
AP threshold (Fig. 3, A and B) and no difference in the resting
membrane potential (Fig. 3C). The difference in AP threshold was
abolished when membrane potential was held at —75 mV in both
groups (table S4). Furthermore, the postinhibitory rebound low-
threshold calcium spike (LTS), mediated by T-type Ca®" currents
(47), occurred at more hyperpolarized membrane potentials (Fig. 3D)
and was accompanied by enhanced AP firing (fig. S5, A to C).
T-type Ca®" current properties were similar in thalamocortical neu-
rons from both groups (table S5), as was the hyperpolarization-
activated depolarizing sag potential (fig. S5, D to G).

Cho etal., Sci. Transl. Med. 14, eabj4310 (2022) 6 July 2022

Three weeks after induction of thalamic
astrogliosis, a low dose of the procon-
vulsive agent pentylenetetrazol [PTZ;
5 mg/kg, intraperitoneally (i.p.)] was suf-
ficient to induce epileptiform discharges
associated with behavioral freezing in
mice with thalamic astrogliosis but not
in control mice (Fig. 4, A to D). Epilep-
tiform discharges were prominent in the
primary somatosensory cortex S1, a major
recipient of inputs from VB thalamus
(49), and generalized to other cortical
areas (fig. S6A). These epileptiform dis-
charges were similar to those reported
in rodent models of epilepsies in terms
of peak frequency and generalization
(43, 46, 50). Increased seizure susceptibility persisted for at least
7 months (fig. S6B), consistent with the persistent thalamic astrogliosis
(fig. S1). Mice in which astrocytes were transduced with a low titer
of the same viral construct [previously shown to not induce astro-
cyte reactivity (35)] did not exhibit enhanced seizure risk (fig. S6C).
Mice with thalamic astrogliosis also had a heightened response to kain-
icacid (10 mg/kg, i.p.) (Fig. 4, E to G, and fig. S6D). Together, these
results show that unilateral induction of reactive astrocytes in the
thalamus enhances susceptibility to both nonconvulsive and gener-
alized tonic-clonic seizures, as assessed by proconvulsive agents that
act through different mechanisms (GABA and glutamate).

In the thalamus, 8-subunit-containing extrasynaptic GABAARs
generate Itonic (45, 46, 48). Thus, to investigate whether preventing

40f14

2202 ‘90 AJnc uo A1nuep| uonninsu| vsyD e 610'90us 105" mammy/sdny Wod) pepeoumod



SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

A @ B 407 * 40, DS
© S S
2 E E |
-50- -50 «©
200 ms % & % g
57.2 mV g ign [
- .Zm = - = 4
-63mV -63mV £ 60 £601 18
190 pA 190 pA ~o9.rmv E z
+ D + p
—130 pA -130 pA M Thal. astrogliosis +Picrotoxin
C 40, ns 40 D _-507 E Control 40y B* 40, DS
o 2 W Thal. astrogliosis 2 2
S ° S =-55 = -50- 5 -50
E -60 £-60 2 %% ® 2 2
a et = < 1.8 o < o088
» P . g0l ey Z-o0 & L g-eol
- - < < <
S £ 5651 o T4 =704 =701
B |4, 2 5
-100 -100 70— . ~-80 -80L1 _
+Picrotoxin -100 -90 -80 -70 -60 +Picrotoxin
Vm (mV)
E Gabazine (50 uM F
zine (50 uM) 250 530, -5
< 200 e — >
= 201
< 150 — o
d =
& 100 e i £ 104
£ 50 9
£ 0 e o g o
‘*""'l/’"_”—m’\/ﬂ'—‘ 8 (2]
@ Control J-c [E Control
M Thal. astrogliosis 50 ms >~ M Thal. astrogliosis

Fig. 3. Viral-mediated thalamic astrogliosis boosts cellular excitability via extrasynaptic GABA,R-mediated tonic inhibition. (A) Representative whole-cell record-
ings showing response to hyperpolarizing and depolarizing intracellular current injections. (B) Left: Overlay of action potentials (APs) from two representative neurons.
Right: AP generation threshold in the presence or absence of picrotoxin (50 uM). No-picrotoxin condition: Mann-Whitney U test, *P=0.02; Control: n = 17 cells (from eight
slices, four mice); thalamic astrogliosis: n =14 cells (from seven slices, five mice). Picrotoxin condition: P=0.28; Control: n =9 cells (from five slices, three mice). Thalamic
astrogliosis: n =13 cells (from nine slices, five mice). ns: not significant. (C) Resting membrane potentials of thalamocortical neurons. No-picrotoxin condition: Mann-Whitney
U test, P=0.053. Picrotoxin condition: Mann-Whitney U test, P=0.52. See (A) for sample size. (D) Left: Overlay of the hyperpolarization-induced rebound burst from
two representative neurons. Center: Threshold for the T-type Ca**-mediated low threshold spike (LTS), plotted as a function of the pre-pulse hyperpolarized membrane
potential after current injection. Black and burgundy crosses indicate means + SEM for membrane potential and LTS threshold. Right: LTS threshold. No-picrotoxin con-
dition: Mann-Whitney U test, ***P=0.0005. Control: n =12 cells (from seven slices, four mice). Thalamic astrogliosis: n =12 cells (from seven slices, five mice). Picrotoxin
condition: P=0.36. Control: n =13 cells (from nine slices, four mice). Thalamic astrogliosis: n =11 cells (seven slices, five mice). (E) Representative whole-cell voltage-clamp
recordings. Gabazine (50 pM) was bath-applied to isolate honic, measured by the shift in baseline holding current (black arrow). Mann-Whitney U test, ****P < 0.0001.
Control: n=20 cells (from 20 slices, 10 mice); thalamic astrogliosis: n =22 cells (from 22 slices, 11 mice). (F) Representative spontaneous phasic GABAa currents. Mann-Whitney

U test, P=0.88. Control: n =36 cells (from 36 slices, 14 mice); thalamic astrogliosis: n =40 cells (from 40 slices, 16 mice).

the increase in Itonic could prevent astrogliosis-induced seizure
risk, we conditionally deleted the GABAsR & subunit (5-GABA4R)
unilaterally in thalamocortical neurons of adult Gabrd™™ mice (51)
(Fig. 4H). Thalamic astrogliosis did not increase Itonic in thalamo-
cortical neurons in these mice (Fig. 4I) and did not increase seizure
risk (Fig. 4]), indicating that astrogliosis-induced increase in Itonic
in thalamocortical neurons is necessary for the development of
hyperexcitability.

Enhancing GAT-3 in thalamic astrocytes prevents
astrogliosis-induced seizure risk and cortical rhythm
perturbations in mice

Astrocytes take up GABA from the extracellular space, mainly via the
GABA transporters GAT-1 and GAT-3 (46, 52, 53). Given the alter-
ations in multiple genes linked to GAT regulation (54) in our tran-
scriptomic study (Fig. 1H), we investigated whether the expression of
these transporters was altered in reactive astrocytes. Three weeks after
viral induction of astrogliosis, GAT-3 expression was reduced in the
ipsilateral thalamus, and Slc6all transcripts (encoding GAT-3) were

Cho etal., Sci. Transl. Med. 14, eabj4310 (2022) 6 July 2022

reduced in reactive astrocytes (Fig. 5, A to C). The reduction of GAT-3
mRNA was specific to eGFP-transfected reactive astrocytes (Fig. 5C
and fig. S7, A and B), and there was no evidence of compensatory
changes in GAT-1 mRNA (fig. S7, C and D). Enhancing GAT-3
expression unilaterally in thalamic astrocytes by transducing mice
with an astrocyte-specific viral construct (AAV2/5-GfaABC,D-GAT3)
(54) at the same time as the induction of thalamic astrogliosis (Fig. 5D)
counteracted the enhanced Itonic in thalamocortical neurons
(Fig. 5E) and protected mice from increased seizure risk (Fig. 5F).

We next investigated whether induction of reactive astrocytes in
the thalamus could initiate long-term changes in cortical rhythms. Seven
weeks after induction of thalamic astrogliosis, spectral analysis re-
vealed a unilateral reduction in the sigma (12 to 15 Hz) and gamma
(30 to 75 Hz) power but not in total power (Fig. 6, A to C, and table S9).
The reduction of sigma power was specific to the 12-hour light cycle,
whereas the reduction of gamma power was specific to the 12-hour
dark cycle (table S9). Enhancement of GAT-3 expression in thalamic
astrocytes protected from the loss of sigma and gamma power in the
ipsilateral cortex (Fig. 6D and table S9).
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Fig. 4. Conditional deletion of the extrasynaptic GABA4R 3-subunit (3-GABAAR-cKO) in thalamocortical neurons prevents thalamic astrogliosis-induced seizure
risk. (A) Experimental timeline of electrocorticography (ECoG) recordings. (B and E) Representative ECoG recordings from ipsilateral primary somatosensory cortex (S1)
after intraperitoneal injection of pentylenetetrazol (PTZ, 5 mg/kg; B) or of kainic acid (10 mg/kg; E), with raw ECoG traces (white) overlaid onto corresponding spectro-
grams. (Cand F) Enlargement of ECoG traces in boxed areas in (B) and (E). (D) Frequency of epileptiform discharges in ipsilateral S1 ECoG in the PTZ challenge experiment.
Mann-Whitney U test: *P=0.013. Control, n = 8 mice; thalamic astrogliosis, n = 15 mice. (G) Time spent seizing in response to kainic acid challenge. Mann-Whitney U test,
*P=0.025. Control: n =10 mice; thalamic astrogliosis: n = 10 mice. (H) Unilateral, conditional deletion of the extrasynaptic GABAAR d-subunit (3-GABAAR-cKO) in thalamo-
cortical neurons (TC) via viral Cre-mediated (AAV2/5-CaMKllo-mCherry-Cre) recombination in Gabrd™™ mice. Timeline (top) and 3,3-Diaminobenzidine (DAB) labeling in
thalamic sections (bottom). (I) Quantification of /ronic in thalamocortical neurons in thalamic ex vivo slices from Gabrd™™ mice. Mann-Whitney U test, P=0.42. Control
8-GABAAR-cKO (intrathalamic transduction of thalamocortical neurons with AAV2/5-CaMKlla-mCherry-Cre in mice without astrogliosis): n=9 cells (from nine slices, five
mice); thalamic astrogliosis 8-GABAAR-cKO (intrathalamic transduction of thalamocortical neurons with AAV2/5-CaMKlla-mCherry-Cre in mice with astrogliosis): n=12

cells (from 12 slices, five mice). (J) Epileptiform discharges from ipsilateral S1in response to PTZ challenge (5 mg/kg) in Gabr

d™™ mice with and without thalamic astrogli-

osis. Mann-Whitney U test, P=0.37. Control 3-GABAAR-cKO: n = 10 mice; thalamic astrogliosis §-cKO: n = 14 mice.

Enhancing GAT-3 in thalamic astrocytes reduces
chemoconvulsant-induced seizure severity and mortality

in a mouse model of cortical injury

We investigated whether similar reductions of thalamic GAT-3
transcripts occurred, and whether enhancing thalamic GAT-3 would
confer resilience, in a mouse model of cortical injury. First, we per-
formed 10x Visium Spatial Transcriptomics on tissue obtained
from mice after TBI, stroke, or a sham procedure (Fig. 7 and fig. S8).
Portions of the thalamus exhibited a higher number of Gfap tran-
scripts and other markers of astrogliosis 6 weeks after stroke or TBI
(Fig. 7, A to C, and fig. S9). Elevated Gfap expression was associated

Cho etal., Sci. Transl. Med. 14, eabj4310 (2022) 6 July 2022

with reduced Slc6all expression in the thalamus (Fig. 7, D and E),
whereas no correlation was found in the cortex (fig. S9).

Enhancing GAT-3 in thalamic astrocytes ipsilateral to cortical
TBI (fig. S10A) increased survival after PTZ challenge; 5 of 12 TBI
mice died after the PTZ challenge, whereas all 10 TBI mice that re-
ceived astrocytic GAT-3 treatment survived (fig. S10B). Further-
more, GAT-3 treatment resulted in reduced seizure severity after
TBI (fig. S10, C and D).

We next investigated GAT-3 expression in human brain sam-
ples. Using a recently described method to deconvolute cell type-
specific and brain region-specific transcriptional signatures from
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Ipsi. thalamus thalamus of stroke and TBI subject;
Fig. 8C). In a blinded, semiquantitative
scoring of GAT-3 intensity, thalamic
samples from control subjects displayed
a median score of 3 (corresponding to
dense GAT-3 immunoreactivity), where-
as thalamic samples from subjects with
stroke or TBI displayed, respectively, a
median score of 2 (moderate GAT-3)
and 2.5 (moderate to dense GAT-3)
(table S2). Cortical samples from con-
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samples from subjects with stroke or TBI,
displayed a median score of 2 (moder-
ate GAT-3) (table S2).

DISCUSSION

Here, we demonstrate that neuroinflam-
mation in the mouse thalamus can drive
enhanced cellular and microcircuit ex-
citability, seizure risk, and aberrant changes
in cortical states in mice. Our findings
pinpoint astrocytic GAT-3 as a link be-
tween neuroinflammation and long-term
network dysfunction and as a potential
therapeutic target for repairing circuit

GAT-3 eGFP

Fig. 5. Enhancing GAT-3 in thalamic astrocytes prevents astrogliosis-induced tonic inhibition in neurons and
seizure risk. (A) GAT-3 immunofluorescence in mouse coronal brain sections (left) and confocal images of GAT-3 and
GFAP colocalization in VB thalamus (right), 3 weeks after unilateral thalamic astrogliosis induction. (B) GAT-3 immuno-
fluorescence ratio between regions ipsilateral and contralateral to thalamic astrogliosis, 3 weeks after induction.
Mann-Whitney U test, *P = 0.028; n = 8 mice per group. (C) gPCR analysis of Slc6al1 expression (encoding GAT-3),
normalized to Aldh1/1 expression in astrocytes FACS-isolated from contralateral and ipsilateral VB thalamus of
Aldh1l11-tdTomato mice, 3 weeks after thalamic astrogliosis induction. Sorting strategy detailed in fig. S2. One-way
ANOVA, *P=0.01; Shapiro-Wilk normality test, P> 0.05, Tukey'’s post hoc tests, *P=0.012 and *P =0.024; n=3 mice.
(D) Increased GAT-3 expression in thalamic astrocytes was achieved by transducing thalamic astrocytes with AAV2/
5-GfaABC;D-GAT3-mCherry (54) in adult mice with and without thalamic astrogliosis. Representative confocal images
show GAT-3 expression in eGFP* astrocytes in mice with thalamic astrogliosis, with and without enhanced GAT-3
enhancement. (E) Quantification of lronic in thalamocortical neurons from thalamic ex vivo slices, 3 weeks after GAT-3
enhancement in mice with and without thalamic astrogliosis. Mann-Whitney U test, P=0.60. Control + GAT-3:n=10
cells (from 10 slices, 7 mice); thalamic astrogliosis + GAT-3: n =13 cells (from 13 slices, 9 mice). (F) Epileptiform dis-

dynamics and promoting resilience after
brain insults characterized by secondary
and persistent thalamic neuroinflam-
mation. Although astrocyte dysfunction
has been widely documented in cellular
and circuit hyperexcitability in the con-
text of epilepsy (3, 38, 58-62), untan-
gling whether reactive astrocytes are a
cause and/or consequence of changes in
neuronal network activity remains chal-
lenging (3, 35, 58, 59). In the thalamus,
astrogliosis has been suggested to be a

charges in response to PTZ (15 mg/kg). Mann-Whitney U test, P=0.42. n =9 mice per group.

thousands of neurotypical adult human brain samples (55), we
found that SLC6A11 (encoding GAT-3) was highly expressed in the
thalamus-containing diencephalon relative to all genes detected in
this region (Fig. 8A). Comparing the fidelity of SLC6A11 expression
to transcriptional signatures of the major brain cell types showed
that SLC6A 11 expression was highly correlated to an astrocyte tran-
scriptional signature and not to neurons, oligodendrocytes, or mi-
croglia (Fig. 8B and fig. S11), consistent with ultrastructural studies
suggesting that GAT-3 is predominantly expressed in astrocytes in
the rodent thalamus (56, 57). We next performed immunostaining
for GAT-3 in postmortem thalamic and perilesional cortical tissue
obtained from human brains with a history of ischemic stroke or
TBI (Fig. 8, fig, S11, and tables S1 and S2). The extent of colocaliza-
tion between GAT-3 and GFAP-positive putative astrocytes varied,
prominent in some cases (such as thalamus and cortex of control
subject; Fig. 8, C and D) and less prominent in others (such as

Cho etal., Sci. Transl. Med. 14, eabj4310 (2022) 6 July 2022

predictor of long-term consequences of
cortical lesions, such as epilepsy and cog-
nitive impairment (6, 8, 12, 27). Given
the role of the thalamus as a regulator of
thalamocortical rhythms and higher cognitive processes, under-
standing whether and how reactive astrocytes in the thalamus can
initiate development of pathological circuit dynamics is of broad
fundamental and translational interest. To address this gap, we used
a viral construct (35) to selectively transduce astrocytes in the
mouse thalamus, recapitulating secondary thalamic astrogliosis, but
in the absence of a cortical lesion.

The long-term consequences of thalamic astrogliosis included
increased seizure risk and disruption of adaptive cortical rhythms
in the sigma and gamma bands. These effects of thalamic astroglio-
sis are reminiscent of maladaptive outcomes of cortical injuries,
such as increased seizure risk in mice and patients (63) and reduced
sigma-related sleep spindles in mice (10, 64) linked to sleep-wake
disturbances in patients (65). Therefore, rather than being a mere
bystander in the pathological sequelae of brain injuries, thalamic
astrogliosis in mice can initiate robust, sustained aberrations in
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Fig. 6. Enhancing GAT-3 in thalamic astrocytes prevents astrogliosis-induced
reduction in cortical sigma and gamma frequency power. (A) Schematic of ex-
perimental timeline. Chronic wireless ECoG from S1 was obtained bilaterally in
freely behaving mice in their home cage for continuous 1-week periods, up to
7 weeks after induction of thalamic astrogliosis. (B) Representative plots of delta
(1 to 4 Hz), sigma (12 to 15 Hz), gamma (30 to 75 Hz), and total band power (1 to
75 Hz), across weeks 1, 3,5,and 7, obtained from a mouse with thalamic astrogliosis.
Spectral analysis was performed on S1 ECoG in 1-hour bins. Horizontal lines indi-
cate the average power of the frequency band during week 1. (C) Average ECoG
power for each mouse, 7 weeks after thalamic astrogliosis induction, during the
light (top) and dark cycle (bottom). Control: n = 6 mice; thalamic astrogliosis: n=6
mice. (D) Average ECoG power for each mouse, 7 weeks after thalamic astrogliosis
induction and astrocytic GAT-3 enhancement. Control + GAT-3: n = 3 mice; thalam-
ic astrogliosis + GAT-3: n=4 mice. See table S9 for comparison of all frequency
bands. Wilcoxon matched-pairs signed rank tests, *P < 0.05.
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Fig. 7. Cortical injury-induced thalamic Gfap is negatively correlated with tha-
lamic Slc6a11 expression. (A) Hemi-brain sections from mice after sham, stroke, and
TBI procedures 6 weeks after surgery overlaid with thalamic regions of interest (gray
and red) analyzed with 10x Visium spatial transcriptomics and magnified in (B).
(B) Thalamic expression of Gfap and Slc6a11 transcripts. Color map indicates log; of the
detected counts of the gene’s unique molecular identifier (UMI). Red and black out-
lines correspond to regions of interest shown in (A) and to regions with high and low
Gfap expression in cortical injury, as detailed in (C). (C and D) Cumulative probability
distribution of Gfap (C) or Slc6a11 (D) expression per spot in regions indicated in (A)
and (B). Kolmogorov-Smirnov test, ****P < 0.0001. All spots containing nonzero UMI
counts were included. Number of spots from low- and high-Gfap regions, respective-
ly, in (C): sham (n =63 and 29), stroke (n=120 and 84), and TBI (n=218 and 102); in
(D): sham (n =216 and 76), stroke (n =237 and 85), and TBI (n =277 and 95). Adjusted
0.=0.025 for multiple comparisons. (E) Relationship between Gfap and Slc6al1 ex-
pression. Circles represent UMI counts per spot in low-Gfap (gray) and high-Gfap (red)
areas; black and burgundy crosses, and corresponding dotted lines, mark means +
SEM for low- and high-Gfap areas, respectively. Black lines plot the best-fit slopes and
intercepts from a simple linear regression. **P=0.0095, ****P < 0.0001. Number of
spots: sham (n=93), stroke (n =204), and TBI (n =322). Similar analysis for cortical re-
gions distal and proximal to injury is described in fig. S9.
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Diencephalon 2 2 I (encoded by Gabrd). GABRD is a suscep-
Cortex £ <0 = tibility locus for generalized epilepsies,

0 50 100 ol 30 and increased Itonic has been impli-

Mear; ;aégﬁlzsion ~i‘é' § 5 5y cated in epilepsy (46,. 48). Astrocytlc
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Stroke Control TBI mocortical neurons. In support of our

Fig. 8. Decreased GAT-3 immunoreactivity in human postmortem thalamic tissue after cortical injuries.
(A) Mean expression percentile of SLC6A11 gene relative to all genes in neurotypical adult human diencephalon and
parietal cortex. Data obtained from (55) from 535 human samples. (B) Expression fidelity of SLC6A11 from cell type—
specific transcriptomic profiling in the adult human diencephalon compared to transcriptional signatures of major
brain cell types, relative to all human genes detected in the database from (55). Higher fidelity indicates higher cor-
relation of SLC6ATT to cell type. Horizontal bar indicates z score for SLC6AT1 relative to that cell type (17.6, -2.8, 5.8,
and 0.4 for astrocytes, oliogodendrocytes, microglia, and neurons, respectively); violin plot indicates z score distribu-
tion for all genes detected in that cell type. (C and D) GFAP and GAT-3 immunofluorescence in postmortem thalamic
tissue (C) and perilesional cortex (D) from human subjects with a history of ischemic stroke or TBI, and age-matched
control subjects. Images are representative of three control subjects, three subjects with stroke, and four subjects
with TBI. Yellow boxes: regions magnified below. Summary of all data shown in fig. S11 and table S2.

thalamocortical rhythms—gain of function in pathological rhythms
and loss of function in adaptive rhythms—as had been suggested by
previous studies (10) but not yet demonstrated directly.

How might thalamic reactive astrocytes drive maladaptive circuit
function? In the mouse model of thalamic astrogliosis, reactive as-
trocytes down-regulated the GAT-3 GABA transporter, leading to
increased Itonic in thalamocortical neurons, resulting in increased
neuronal excitability, and increased intrathalamic microcircuit ex-
citability (fig. S12). Enhancing GAT-3 in mouse thalamic astrocytes
prevented astrogliosis-induced neuronal hyperexcitability and re-
stored cortical sigma and gamma power, supporting the conclusion
that the maladaptive outcomes were driven by reactive astrocytes.
As in our mouse model of thalamic astrogliosis, GAT-3 was also
decreased in regions of thalamic reactive astrocytes in mouse models
of cortical stroke and TBI. The identification of SLC6A11—encoding
GAT-3—as a risk gene for epilepsy in humans (66) and the data
showing that pharmacological blockade of GAT-3 strengthens epi-
leptiform oscillations in rats ex vivo (67) suggest a link between
GAT-3 and brain hyperexcitability. We found that enhancing astro-
cytic GAT-3 unilaterally in the thalamus prevented the increased
seizure risk in the mouse model of thalamic astrogliosis and re-
duced chemoconvulsant-induced seizure severity and mortality in a
mouse model of cortical injury.

At the mechanistic level, our study suggests that enhancing
GAT-3 could act through reducing excess Itonic in thalamocortical

Cho etal., Sci. Transl. Med. 14, eabj4310 (2022) 6 July 2022

Stroke

hypothesis, preventing the increase in
Itonic via conditional Gabrd deletion in
thalamocortical neurons also prevented
astrogliosis-driven hyperexcitability.

In the perilesional cortex of rodents,
phasic and tonic GABA currents may
play opposing roles in the aftermath of
stroke (68, 69). Itonic has diverse region-
and cell type-specific effects (48). Thus,
selectively counteracting the maladaptive
components is critical in promoting re-
pair. Although we did not examine changes
in Itonic in thalamocortical neurons in
TBI mice, our finding that enhancing
thalamic GAT-3 prevented PTZ-induced
mortality in TBI mice supports the idea
that targeting thalamic astrocytic GAT-
3 may be a viable strategy to decrease
seizure risk after cortical injury.

Astrocytic GAT-3 activity and modu-
lation of neuronal Itonic should be
evaluated as possible therapeutic targets
in the context of neuroinflammation
associated with increased seizure risk.
Dysfunction of GATs and Itonic has been implicated in various dis-
orders associated with both chronic neuroinflammation and in-
creased seizure risk, such as stroke (69) and Alzheimer’s disease
(70). Secondary and persistent astrogliosis of the thalamus is a pre-
dictor of long-term consequences of cortical lesions, such as epilep-
sy and cognitive impairment (6, 8, 12, 27), and perturbations of
cortical rhythms driven by thalamic astrogliosis (discussed above)
phenocopy the changes observed in the aftermath of brain injuries.
The secondarily damaged thalamus can be targeted to abort post-stroke
epileptic seizures in rodents (41) and protect against chemoconvulsant-
induced mortality in mice with TBI (discussed above). On the basis
of our findings showing that GAT-3 loss of function is a hallmark
of thalamic astrogliosis, and that increasing GAT-3 specifically in
thalamic astrocytes is beneficial in multiple mouse models, we
propose that GAT-3 loss of function is a node of failed homeostatic
plasticity and a key component of reactive astrocyte dysfunction,
which enables the far-reaching consequences of thalamic astro-
gliosis. In the sclerotic hippocampus, loss of GAT-1 is accompanied
by an up-regulation in GAT-3, suggesting a compensatory homeo-
static mechanism (71, 72). However, in the setting of thalamic
inflammation, loss of GAT-3 was not associated with transcrip-
tional up-regulation of GAT-1. In the thalamus of humans and
mice, Slc6all (encoding GAT-3) is almost exclusively expressed in
astrocytes (56, 57), whereas Slc6al (encoding GAT-1) is expressed
similarly across astrocytes and neurons. Therefore, we speculate
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that loss of GAT-3 in thalamic astrocytes might be particularly det-
rimental because of a homeostatic failure to compensate for lost
function. We propose that enhancing GAT-3 in reactive astrocytes
might promote brain resilience to injuries.

The mouse model of thalamic astrogliosis allows us to dissect the
role of thalamic astrogliosis bypassing cortical injuries, but it has
several limitations. First, a single experimental manipulation of astro-
cytes cannot fully phenocopy the molecular and functional features
of reactive astrocytes. Nevertheless, our analyses highlight some fea-
tures of astrogliosis conserved across experimental conditions—
including somatic hypertrophy and reduction in process branching
(32) and differential expression of canonical reactivity genes (31, 33).
Second, we did not investigate other elements of the neuroinflam-
matory cascade—such as the secondary activation of microglia—and
therefore do not exclude their possible influence on circuit dysfunc-
tion after cortical lesions. Third, we did not investigate the extent to
which astrogliosis-induced changes in cortical sigma and gamma power
directly relate to disease-relevant cognitive or behavioral impair-
ments. The absence of major abnormalities in mice with thalamic
astrogliosis in standard behavioral assays relying on distributed
brain circuits does not preclude other thalamocortical circuit-
specific changes such as somatosensation or attention. Fourth, only
male mice were included in our study. Given that the link between
Itonic and neuronal excitability is ovarian cycle dependent (73),
further investigations are needed to determine the relevance of our
findings in female mice. Another limitation of this study was the
limited sample size for postmortem thalamic human tissue, which
excluded reliable statistical analysis of immunofluorescence data.
We hope that our study will encourage inclusion of the thalamus in
standard resection protocols of human postmortem brain tissue. In
addition, because some data included in our study were obtained
from patients with a history of epilepsy before and/or after injury,
we cannot conclusively demonstrate that the changes in GFAP or
GAT-3 were solely due to injury rather than recurrent seizures.
Last, although we present evidence of thalamic GAT-3 perturbation
across various model systems and proof of concept that thalamic
GAT-3 can be targeted to prevent seizure risk in mice, further work
in preclinical models of cortical injury is needed to understand
whether GAT-3 can be safely targeted to ameliorate disease-relevant
cellular and circuit pathologies such as spontaneous seizures with-
out compromising the adaptive aspects of neuroinflammation.

MATERIALS AND METHODS

Study design

The main objective of this study was to investigate whether thalam-
ic astrogliosis acts as a node of vulnerability after brain injuries, and
if so, whether it represents a potential disease-modifying target. We
developed a mouse model of unilateral thalamic astrogliosis using
intrathalamic delivery of a viral construct previously shown to se-
lectively induce reactive astrocytes in the hippocampus (35), used
established mouse models of cortical injury (photothrombotic stroke
and controlled cortical impact), and determined the potential re-
storative effects of counteracting GAT-3 loss using a viral construct
to unilaterally enhance GAT-3 expression (54) in thalamic astro-
cytes. Transduction of reactive astrocytes was validated using estab-
lished transcriptomic, morphological, and immunohistochemical
markers (28) using a combination of transgenic reporter mice,
FACS, bulk RNA sequencing (RNA-seq), and microscopy. Cellular
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excitability and synaptic function were assessed ex vivo with whole-
cell current- and voltage-clamp recordings in thalamic neurons,
and exclusion criteria are detailed below. Microcircuit excitability
was assessed with extracellular recordings in ex vivo thalamic slices.
In vivo brain excitability and cortical states were assessed with
pharmacological seizure assays and ECoG recordings. Dysregula-
tion of GAT-3 was assessed using a combination of immunobhisto-
chemistry, quantitative polymerase chain reaction (qPCR), bulk
RNA-seq, and spatial transcriptomics in mice with thalamic astro-
gliosis and cortical injury. To assess relevance to human disease,
immunohistochemical markers of astrogliosis and GAT-3 were
assessed in postmortem thalamic tissue obtained from human sub-
jects with a history of cortical injuries.

All mouse experiments were performed in adult, male, and age-
matched mice with similar numbers randomly assigned to different
experimental groups. Mice with thalamic astrogliosis were com-
pared to mice injected unilaterally with sterile saline. Mice with cor-
tical injury were compared to data from mice that received identical
surgical procedures but no illumination of the light-sensitive dye
(stroke) or impact (TBI). All procedures were approved by the ethics
committees at the University of California San Francisco, Gladstone
Institutes, and Amsterdam UMC. Sample sizes were based on simi-
lar previously published work (10, 12, 43, 74) and are provided in
figure legends. Data collection and analyses were performed blinded.
Raw data are reported as a separate Excel document in data file S1.

Mice

All protocols were approved by the Institutional Animal Care and
Use Committee at the University of California, San Francisco and
Gladstone Institutes. Precautions were taken to minimize stress and the
number of animals used in each set of experiments. Mice were sepa-
rately housed after surgical implants.

Viral injections

Stereotaxic viral injections were carried out as previously described
(43, 44). Briefly, mice were anesthetized with 2 to 5% isoflurane.
AAV constructs were delivered into the VB nucleus of the thalamus
using the following coordinates: 1.65 mm posterior to bregma, 1.5
lateral relative to midline, and 3.3 to 3.5 mm ventral to the cortical
surface. For all injections, the MicroSyringe Pump Controller
(Micro4, WPI), NanoFil syringes (10 ul, WPI), and 33-g beveled
NanoFil needles (NF33BV-2, WPI) were used. Viral constructs
were infused at a rate of 100 to 200 nl/min, with a 5- to 10-min
pause before withdrawing the needle. All viral injections were per-
formed unilaterally. Experiments were performed at least 3 weeks
after viral injections. Astrogliosis was induced with a high-titer in-
jection of AAV2/5-Gfal04-P1.eGFP.WPRE.bGH (AAV2/5-Gfal04-
eGFP), which transduces astrocytes with enhanced eGFP expression
driven by a Gfap promoter (Addgene, no. 100896-AAV5; previously
available through Penn Vector Core, catalog no. AV-5-PV2380)
(35). Mice received unilateral injections of 750 nl of AAV2/5-
Gfal04-eGFP or saline in control conditions (0.9% sodium chlo-
ride, Hospira). The titer of the construct, across various lots and
experiments, was validated by Penn Vector Core using qPCR and
droplet digital PCR and fell into the range of 0.85 to 1.7 x 10" ge-
nome copies (g.c.) per injection. For low-titer control experiments,
we delivered 1.4 x 10” g.c. per injection. Previous work demonstrated
that this titer does not induce astrogliosis (35). In describing the
results of this study, we use “Control” to refer to mice in which we
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performed intrathalamic injection of saline, and we use “Thalamic
Astrogliosis” to refer to mice in which we performed intrathalamic
injections of AAV2/5-Gfal04-eGFP unless specified otherwise. To
selectively delete the delta subunit in Gabrd™ mice, 600 nl of AAV-
CaMKIIo-mCherry-Cre (UNC Vector Core) was used in com-
bination with 750 nl of either AAV2/5-Gfal04-eGFP or saline.
AAV2/5-GfaABC;D-GAT3-HA-mCherry (generated by B.S.K. and
X.Y.) was used to selectively enhance expression of GAT-3 in astro-
cytes. A total of 600 nl of AAV-GAT3 was delivered in combination
with 750 nl of either AAV2/5-Gfal04-eGFP or saline.

Patch-clamp electrophysiology in thalamic slices

Recordings were performed as previously described (12, 43, 75).
Thalamocortical neurons in the VB thalamus, and neurons in the
nRT, were visually identified by differential contrast optics with an
Olympus microscope (60x objective; numerical aperture, 1.1; work-
ing distance 1.5 mm; SKU 1-U2M592). Recording electrodes made
of borosilicate glass (Sutter Instruments) had a resistance of 2.5 to
4 megohms when filled with intracellular solution. Access resistance
was monitored in all the recordings, and cells were included for
analysis only if the access resistance was <25 megohms.

To record intrinsic membrane properties and bursting proper-
ties in current-clamp mode, and spontaneous excitatory postsynap-
tic currents in voltage-clamp mode, an internal solution containing
120 mM potassium gluconate, 11 mM KCI, 1 mM MgCl,, 1 mM
CaCl,, 10 mM Hepes, and 1 mM EGTA, pH adjusted to 7.4 with
KOH (290 mOsm/kg), was used; these recordings were performed
in the presence of picrotoxin (50 uM; Sigma-Aldrich, no. P1675) in
the artificial cerebrospinal fluid (aCSF). The potentials were cor-
rected offline for —15 mV liquid junction potential.

To record spontaneous inhibitory postsynaptic currents, an in-
ternal solution containing 135 mM CsCl, 10 mM Hepes, 10 mM
EGTA, 2 mM MgCl,-6H,0, and 5 mM QX-314, pH adjusted to 7.3
with CsOH (290 mOsm/kg), was used. Recordings were performed
in the presence of kynurenic acid (2 mM, Sigma-Aldrich, no. K3375)
in aCSF. To record tonic GABA R-mediated currents, an internal
solution containing 130 mM CsCl, 2 mM MgCl,, 4 mM Mg-adenosine
triphosphate, 0.3 mM Na-guanosine triphosphate, 10 mM Na-Hepes,
and 0.1 mM EGTA, pH adjusted to 7.3 with CsOH (290 mOsm/kg),
was used (45).

Recordings were performed in the presence of kynurenic acid
(2 mM) in aCSF, which was kept at 30°+ 1°C. To obtain tonic GABA
measurements, a bath of 50 uM gabazine (GBZ; Sigma-Aldrich,
no. SR-95531) prepared in dimethyl sulfoxide (Sigma-Aldrich,
no. D8418) was applied. After GBZ application, slices were recorded
for at least 10 min. Tonic current was defined as the shift in holding
current due to GBZ bath application and marked by the stopping of
phasic inhibitory postsynaptic currents. Average currents were ob-
tained for at least 2 min pre- and post-stabilization of the shift in
holding current. Currents were subtracted using Clampfit 10.5
(Molecular Devices, SCR_011323). Currents are presented without
normalizing to cell capacitance, as capacitance did not differ be-
tween groups (table S3).

In vivo ECoG data acquisition

To control for circadian rhythms, animals were housed using a
regular light/dark cycle, and recordings were performed between
7:00 a.m. and 7:00 p.m. Before acquisition of multisite ECoG record-
ings (Figs. 4 and 5 and fig. $6), mice were allowed to recover for at
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least 1 week. ECoG signals were recorded using RZ5 via Synapse soft-
ware (Tucker Davis Technologies) and sampled at 1221 Hz. Animals
were continuously monitored during recordings using a video camera
that was synchronized to the signal acquisition via RZ5 (43).

Chronic, continuous ECoG recordings (Fig. 6 and table S9) were
acquired using wireless telemetry devices (PhysioTel HD-X02 im-
plants, Data Sciences International) and sampled at 500 Hz via
Ponemah software (DSI). Recordings (24 hours a day, 7 days a week)
were performed for 1-week periods (168 hours) at the following time
points: 1, 3, 5, and 7 weeks after thalamic astrogliosis (Fig. 6C), and
7 weeks after thalamic astrogliosis with GAT-3 enhancement (Fig. 6D).
Acquisition started immediately after implantation, as the wireless
devices allow mice to remain in their home cages.

Quantification and statistical analysis

In vivo ECoG

Detection of epileptiform discharges. To quantify the number of epi-
leptiform discharges, induced by PTZ, we used a custom MATLAB
script, which enabled the detection of synchronous discharges with
amplitude three times the baseline signal noise and required user
input to reject or accept events. Quantification was performed for
the somatosensory cortex ipsilateral to thalamic astrogliosis and
compared with a Mann-Whitney U test. This detection method was
validated against manual quantification of epileptiform discharges
from the raw ECoG and simultaneously acquired video recordings
of mice. A subset of mice presented in Fig. 4D underwent the PTZ
seizure assay again at 4 and/or 7 months to determine the chronic
effects of astrogliosis (presented in fig. S6).

Kainic acid seizure detection. Seizures on EEG traces were iden-
tified on the basis of high-frequency, synchronous discharges with
amplitude three times the baseline signal noise, using Spike2 soft-
ware. Detection was cross-validated with behavioral signs of seizures
from simultaneously acquired video recordings of mice.

ECoG spectral analysis. For chronic, continuous ECoG record-
ings, spectral analysis was performed in MATLAB. Absolute power
of individual frequency bands was calculated using the band power
function in MATLAB. Total band power was calculated between 1
and 75 Hz to avoid edge effects of the wireless device bandwidth
(0.5 to 80 Hz). For weeks 1, 5, and 7, we obtained 168 1-hour bins;
for week 3, we obtained 152 1-hour bins. Total band power was
calculated between 1 and 75 Hz to avoid edge effects of the wireless
device bandwidth (0.5 to 80 Hz). To analyze spectral features at
week 7 (the most chronic time point tested), we calculated the abso-
lute power of individual frequency bands for 12-hour bins corre-
sponding to the light and dark cycle. To investigate spectral features
of the somatosensory cortex (S1) functionally connected to the site
of thalamic astrogliosis, we performed paired ¢ tests of frequency
bands obtained from ipsilateral and contralateral S1. All statistical
comparisons are reported in table S9.

Statistical analysis

All numerical values are given as means, and error bars are SEM
unless stated otherwise. For comparison between two groups, the
nonparametric Mann-Whitney U test was performed. For compar-
isons between multiple groups, a one- or two-way analysis of vari-
ance (ANOVA; ordinary or repeated measures) was performed, in
addition to post hoc comparisons with corrections for multiple
comparisons (detailed in figure legends). When parametric tests
were used, results of the Shapiro-Wilk normality test are provided.
The threshold for statistical significance was set to o = 0.05 unless
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specified otherwise. Each n represents an independent biological
sample unless specified otherwise in figure legends. Data analysis
was performed with MATLAB, GraphPad Prism 7, OriginPro,
SigmaPlot, and SPSS.

SUPPLEMENTARY MATERIALS
www.science.org/doi/10.1126/scitranslmed.abj4310
Materials and Methods

Figs.S1to S12

Tables S1to S10

Data files S1 and S2
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Halting astrocytes at the GAT3

Uncontrolled inflammation in the brain after an injury has been shown to contribute to increased seizure risk and
cognitive impairments. The thalamus is a brain area particularly susceptible to damage after an injury. Here, Cho
and colleagues showed that thalamic inflammation per se was sufficient to trigger the negative effects of brain injury
by modulating the expression of the GABA-transported GAT3 in astrocytes. Restoring the expression of the GABA-
transported GAT3 in this cell population reduced the negative outcomes associated with brain injury, suggesting that
targeting astrocytes in the thalamus might be effective for preventing negative outcomes after brain injury.
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