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Thalamic circuit modulation by astrocytes

Frances Sungsil Cho

Abstract

The thalamus, a subcortical brain structure involved in key aspects of sensation, perception,
cognition, and consciousness, is endowed with intrinsic rhythmogenic properties and extensive
reciprocal connections with the cerebral cortex. These reciprocal connections form thalamo-
cortico-thalamic circuits which generate, synchronize, and propagate physiological brain rhythms
such as sleep spindles. Disruptions in these circuits can cause sleep deficits, and generation of
pathological rhythms like seizures. While the canonical thalamo-cortico-thalamic circuit diagram
consists entirely of neurons and their synaptic connections, mounting evidence points to the
profound impact of astrocytes in dynamically modulating circuit components. Astrocytes are non-
neuronal glial cells that play diverse, complex roles in mediating normal neuronal function in the
developing and mature brain, at the synaptic and circuit levels, in both health and disease (Chapter
1). Astrocytes are well-positioned to govern crucial aspects of thalamic circuit function, such as
excitability and rhythmogenesis, which can be disrupted in neurological disorders such as epilepsy
(Chapter 2), but the precise mechanisms by which astrocytes modulate thalamic synapse and
circuit function in development and disease are poorly understood. In Chapter 3, we demonstrate
the critical role astrocytes play in shaping the developing thalamus of rodents by providing a key
immune signal—IL-33 (interleukin-1 family cytokine interleukin-33)—to control the number of
excitatory synapses. Its absence can lead to runaway excitation in the thalamus, paving the path
for epileptic activity in mice. In Chapter 4, we demonstrate that reactive astrocytes can trigger

aberrant synaptic and circuit function in the thalamus, providing strong evidence that they can be

X1



drivers, rather than mere bystanders, of injury-related pathological sequelae such as post-traumatic
epilepsy and sleep disruption. Furthermore, we identify an aspect of reactive astrocytes—GABA
transporter GAT-3 loss of function—sufficient to confer pathological excitability in an otherwise
normal thalamic circuit, and one which may underlie thalamic dysfunction observed in cases of
brain injuries. In Chapter 5, we discuss our findings which highlight distinct forms of thalamic
synapse modulation by astrocytes, as well as common pathways of astrocytic function in brain
development and degeneration; we also speculate on the potential role of astrocytes in mediating
the distinctive computational properties of the reticular thalamic nucleus. Altogether, our findings
add to the growing evidence supporting the critical role of astrocytes in the modulation of thalamic

circuits in physiological and pathological settings.
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Chapter 1 : Introduction

1.1. Overview of dissertation

In this dissertation, we aim to understand neuron-astrocyte interactions in the thalamus in health
and disease (Fig. 1.1). The thalamus is a subcortical rhythmogenic brain structure involved in key
aspects of sensation, perception, cognition, and consciousness. Astrocytes are glial cells that play
diverse, complex roles in mediating normal neuronal function in the developing and mature brain,
at the synaptic and circuit levels (discussed below). Although astrocytes are well-positioned to
govern two crucial aspects of thalamic microcircuits—rhythmogenesis and excitability (discussed
in Chapter 2)—they have not yet been integrated into the canonical diagram of the thalamo-
cortico-thalamic circuit. In Chapters 3 and 4, we use the rodent thalamus—composed of neural
circuits relatively well-understood in terms of their observable inputs and outputs—to investigate

the emerging role of astrocytes with special consideration of the following questions:

Cause vs. Consequence: are astrocytes capable of triggering functional consequences in
thalamic circuits, or are they merely bystanders?

In Chapter 3, we report that astrocytes enable microglial phagocytosis of excitatory synapses in
the developing somatosensory thalamus. In Chapter 4, we reveal that reactive astrocytes in the
thalamus can drive robust aberrations in synaptic and circuit function. While there is mounting
evidence that neuroinflammation is a consistent hallmark of the secondarily damaged thalamus
after cortical injuries, the role of thalamic astrogliosis—remote from the initial site of injury—
remained unknown. By selectively modeling one aspect of secondary damage observed in brain
injuries, we found that reactive astrocytes in the thalamus could recapitulate several key

pathological features that develop after cortical injuries, such as increased seizure risk, providing



evidence that reactive astrocytes in the thalamus can be drivers, rather than mere bystanders, of

increased seizure risk after brain injury.

Health vs. Disease: how do thalamic astrocytes shape local synapses and circuits during
development and in disease contexts?

In Chapter 3, we uncover the role of astrocytic innate immune signals in neural circuit
development. We identify the interleukin-1 family cytokine interleukin-33 (IL-33) as a critical
player in shaping healthy thalamic circuits. We later discuss the consequences of astrocytic 1L33
deletion in vivo, which includes spontaneous epileptiform activity. In Chapter 4, we dissect the
role of reactive astrocytes in the thalamus in pathological synaptic and circuit function. Reactive
astrocytes play both adaptive and maladaptive roles in the aftermath of an insult to the nervous
system, hence explaining why therapeutic strategies focused on broadly reducing
neuroinflammation have not been successful. We identify an aspect of thalamic reactive
astrocytes—GABA transporter GAT-3 loss of function—as sufficient to confer pathological
excitability in an otherwise normal thalamic circuit. Furthermore, we demonstrate that enhancing
GAT-3 in thalamic astrocytes boosts resilience after brain injuries in mice, suggesting that GAT-

3 loss of function may underlie thalamic dysfunction observed in cases of brain injuries.

Finally, in Chapter 5, we discuss our findings which highlight distinct forms of astrocytic
modulation of thalamic synapses, as well as common pathways of astrocytic function in brain
development and degeneration; we also speculate on the potential role of astrocytes in mediating

the distinctive computational properties of the reticular thalamic nucleus.
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Figure 1.1. Integrating astrocytes into the canonical thalamo-cortico-thalamic circuit
diagram.

(A) Simplified schematic of two well-established thalamo-cortico-thalamic circuits composed of
neuronal components. Visual sensory information from the retina arrives in the dorsal lateral
geniculate nucleus (ALGN), a thalamic relay nucleus composed of excitatory thalamocortical (TC)
neurons which form reciprocal and topographical connections with excitatory corticothalamic
(CT) neurons in primary visual cortex. Similarly, whisker somatosensory information from the
brainstem arrives in the ventral basal (VB) nucleus of the thalamus, which in turn forms reciprocal
and topographical connections with the primary somatosensory cortex. TC neurons in dLGN and
VB form reciprocal connections with GABAergic neurons of the nRT, which also receive
corticothalamic input from the topographically connected cortical regions. Additional details can
be found in Chapter 2. (B) Modified thalamo-cortico-thalamic circuit schematic incorporating
previous findings from others (@@@, black numerals) and new findings described in this

dissertation (@ O, white numerals) which elucidate the role of non-neuronal glial cells in rodent
thalamic relay nuclei, in development and disease. Neuronal and glial components are defined in
the green box. Neuronal and glial colors are used for the border and center of the enclosed
numerals, respectively. The role of astrocytes in the nRT is relatively less understood and is
omitted from this schematic. @ Thalamic microglia mediate activity-dependent pruning of
excitatory retinogeniculate synapses in the postnatal developing dLGN via the classical
complement pathway (Schafer et al., 2012). @ Thalamic reactive microglia prune inhibitory
reticulothalamic synapses in the aging VB via the classical complement pathway in the absence of
progranulin, a gene implicated in frontotemporal lobar degeneration (Lui et al., 2016). ® Cortical
astrocytes enable thalamocortical formation in the developing mouse visual cortex by secreting
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the glycoprotein hevin (Singh et al., 2016). Cortical astrocytes also control the maturation of
thalamocortical synapses in the developing mouse visual cortex by secreting the protein chordin-
like 1 to regulate synaptic levels of GluA2-containing calcium impermeable AMPA glutamate
receptors (Blanco-Suarez et al., 2018). O Thalamic astrocytes mediate microglial phagocytosis of
excess excitatory corticothalamic synapses in the developing VB via interleukin-33, as discussed
in Chapters 3 and 5 (Vainchtein et al., 2018; Han et al., 2021). ® Thalamic reactive astrocytes
tune excitability of thalamocortical neurons in VB via loss of the GABA transporter GAT-3, as
discussed in Chapters 4 and S (Cho et al., 2022). Created with BioRender.com.

1.2. Astrocytes
This section is modified from the author’s research proposal submitted for consideration of
advancement to doctoral candidacy (2017).
Astrocytes are glial cells that play diverse, complex roles in mediating normal neuronal function
in the developing and mature brain, at the synaptic and circuit levels. Astrocytes respond and signal
to neurons and other astrocytes (Araque et al., 2014). In addition to providing metabolic support
and enabling neurovascular coupling (Haydon and Carmignoto, 2006), astrocytes mediate various
aspects of synaptic transmission by (1) regulating extracellular ionic milieu, (2) regulating
neuronal supply of neurotransmitters such as glutamate and GABA through the astrocytic
glutamate-glutamine cycle, and (3) expressing diverse repertoires of neurotransmitter reuptake
transporters (Khakh and Sofroniew, 2015). Inter- and intracellular calcium signaling are thought
to be critical components enabling astrocyte-neuronal interactions, although the functional
significance of calcium activity is still an emerging field of research (Khakh and Sofroniew, 2015).
In addition to complex, reciprocal astrocyte-neuron signaling, astrocytes partake in
intercellular communication via astroglial networks (Giaume et al., 2010). Astrocytes are
organized into networks and are connected through gap junction channels that are regulated by
extra- and intracellular signals. Gap junctions allow the exchange of ions and secondary

messengers between astrocytes (Griemsmann et al., 2015). One method of intercellular
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communication mediated by gap junctions is the propagation of calcium transients to neighboring
astrocytes. These networks can cover large functional neuronal territories, thus astrocytes are
equipped to simultaneously modulate the activity of groups of neurons. Indeed, astrocyte networks
have been shown to coordinate neuronal synchronization in the hippocampus (Chever et al., 2016),
olfactory bulb (Roux et al., 2015) and cortex (Poskanzer and Yuste, 2016), to modulate neuronal
rhythmogenesis (Morquette et al., 2015), sculpt the suprachiasmatic nucleus to regulate circadian
timekeeping (Brancaccio et al., 2017), and close the critical period for visual plasticity in the cortex
(Ribot et al., 2021). Astrocytes in nearly every brain region have also been found to play key roles
in a range of behavioral contexts (reviewed by Nagai et Khakh, Neuron, 2021). Cortical astrocytes
regulate distinct features of sleep-wake transitions (sleep depth and duration) through distinct G-
protein-coupled receptor signaling pathways in vivo (Vaidyanathan et al., 2021). Thalamic
astrocytes control sensory acuity and shape sensory discrimination behavior through tonic GABA
(Kwok et al., 2020). Thus, astrocyte networks are emerging as critical players in the modulation
of neural circuits in various physiological settings.

To what extent astrocyte function and astrocyte-neuron interactions are similar or different
across brain regions remains an open investigation (Boisvert et al., 2018; Kastanenka et al., 2019;
Khakh and Sofroniew, 2015). Furthermore, while astrocytes also interact with microglia—another
class of glial cells in the brain with emerging roles in neuronal synaptic function—microglia will

not be a major focus of this dissertation.



1.3.Thalamic astrocytes tune GABAergic synaptic transmission

This section is adapted from part of the book chapter written by Cho et al., 2017.

Astrocytes tune the balance between excitation and inhibition by modulating GABAergic and
glutamatergic synaptic function (reviewed by Mederos and Perea, 2019). This balance is
jeopardized in epileptic disorders (reviewed by Paz and Huguenard, 2015a and 2015b). Notably,
astrocytes are a source and regulator of GABA, and they can affect different modes of GABAergic
transmission. While astrocytes are involved in diverse aspects of GABAergic inhibitory signaling
across the brain, here we will focus on the influence of astrocytes in shaping thalamic circuit
rhythmogenesis and excitability.

Astrocytes mediate the glutamate-glutamine cycle, which regulates the neuronal supply of
glutamate and GABA, as well as thalamic network oscillations (reviewed by Halassa et al., 2010).
The astrocytic glutamine-glutamate cycle is critical for normal neuronal function. Neurons cannot
synthesize glutamate or GABA from glucose, but they can convert glutamine (released by
astrocytes) to either glutamate or GABA using phosphate-activated glutaminase or glutamate
decarboxylase, respectively (Bak et al., 2006). Ex vivo studies using horizontal thalamic slice
preparations demonstrated the critical role of the astrocytic glutamate-glutamine cycle in
sustaining thalamic rhythms seen during epileptiform activity (Bryant et al., 2009; Yang et al.,
2011). Furthermore, in the thalamus, plasmalemmal glutamate and GABA transporters are located
exclusively on astrocytes (De Biasi et al., 1998). Altogether, astrocytes are equipped to influence
neurotransmitter reuptake and consequently, levels of glutamate and GABA.

Thalamic neurons produce several types of GABAergic currents, depending on the location
and subunit composition of GABA receptors, the ionic milieu, the cell type, and the brain region.

These currents can be further modulated by neighboring astrocytes. For example, GAT-1 and



GAT-3 are the primary GABA-transporter (GAT) subtypes expressed in the rodent brain including
the thalamus, where GAT-3 is predominantly expressed in astrocytes (De Biasi et al., 1998). GAT-
1 and GAT-3 differentially modulate the amplitude and duration of inhibitory post-synaptic
currents mediated by GABAB receptors. In thalamic slices, GAT-3 is localized far from synapses
and is well-positioned to regulate GABA diffusion and activation of extrasynaptic GABAB
receptors (Beenhakker and Huguenard, 2010). In similar thalamic slice preparations, thalamic
astrocytes were shown to release GABA and contribute to slow outward currents mediated by o
subunit—containing GABAA receptors in TC neurons (Jimenez-Gonzalez et al., 2011). Astrocytic
regulation of thalamic GABA can have profound effects on behavior in vivo. For example,
dysfunctional GAT-1 is a culprit of thalamocortical absence seizures in genetic absence epilepsy
rats from Strasbourg (Cope et al., 2009), and thalamic astrocytes control tactile acuity via tonic
GABA, enabling astrocytic control of sensory discrimination behavior in mice (Kwak et al., 2020).

In addition to modulating GABAergic transmission, thalamic astrocytes are involved in
other forms of synaptic transmission, such as NMDAR-mediated slow-inward currents in
neighboring neurons within horizontal thalamic slices (Pirttimaki and Parri, 2012). They also
mediate the switch from tonic- to burst-firing mode by regulating extracellular Ca®" concentrations
in neurons within transverse slices of the trigeminal main sensory nucleus (Morquette et al., 2015).
Thus, astrocytes can clearly play meaningful and diverse roles in regulating synaptic transmission
in the thalamus.

Recent studies have uncovered the role of cortical astrocytes in thalamocortical synapse
development (reviewed by Allen and Eroglu, 2017). Cortical astrocytes secrete Hevin to enable
thalamocortical synapse formation in the developing mouse visual cortex (Singh et al., 2016), and

secrete Chordin-like 1 to control synapse maturation (and thereby to inhibit plasticity) by



regulating synaptic levels of GluA2 AMPA receptors (Blanco-Suarez et al., 2018). However, the
role of thalamic astrocytes in specifying the other components of the circuit—corticothalamic,

intra-thalamic synapses—remains less understood.

1.4. Astrocytes in thalamic pathology

In response to neurological insults, astrocytes become reactive and undergo morphological,
molecular and functional changes, a process called astrogliosis (Anderson et al., 2016; Burda and
Sofroniew, 2014; Escartin et al., 2021; Liddelow et al., 2017; Sun and Jakobs, 2012; Zamanian et
al., 2012). This neuroinflammatory response occurs in many neurological disorders (Jo et al., 2014;
Patel et al., 2019; Robel and Sontheimer, 2016; Vezzani et al., 2019), and can be both adaptive
and maladaptive (Anderson et al., 2016; Burda and Sofroniew, 2014; Escartin et al., 2021;
Liddelow et al., 2017; Zamanian et al., 2012). Although animal models have provided important
insights into the various functions of astrocytes, in many settings it has been challenging to
determine whether reactive astrocytes are a cause and/or consequence of changes in neuronal
network activity (Ortinski et al., 2010; Patel et al., 2019; Robel et al., 2015; Robel and Sontheimer,
2016; Vezzani et al., 2019). An additional challenge is the molecular and functional heterogeneity
of astrocytes across brain regions in healthy and diseased brain states (Boisvert et al., 2018; Clarke
et al., 2018; Kelley et al., 2018; Khakh and Sofroniew, 2015; Liddelow et al., 2017; Soreq et al.,
2017; Zamanian et al., 2012). Previous studies relied on transgenic mice with brain-wide
astrogliosis, thus, region-specific consequences of reactive astrocytes remained under-investigated
(Robel et al., 2015). Recent studies have elucidated how astrocytes can mediate local changes,
such as neurotoxicity and diminished synaptogenesis (Liddelow et al., 2017). If and how reactive

astrocytes in one brain region can affect neuronal activity in distal brain areas is unknown, but this



question is of particular interest in understanding the function of the thalamus, a brain region with
extensive long-range connections with the cortex.

Thalamic astrogliosis is observed after cortical injuries such as traumatic brain injury (TBI) in
humans (reviewed by Grossman and Inglese, 2016) and rodent models (Hazra et al., 2014; Holden
et al., 2021; Necula et al., 2021), and cortical stroke in humans (Pappata et al., 2000) and rodent
models (Cao et al., 2020; Paz et al., 2010), and has been implicated in chronic neurological and
cognitive deficits that develop after such injuries (Cao et al., 2020; Grossman and Inglese, 2016;
Paz et al., 2013). Given the central role of the thalamus as a rhythmogenic structure that is
implicated in sensation, perception, and consciousness and has a central role in regulating cortical
rhythms in humans and rodents (Crunelli and Hughes, 2010; Fogerson and Huguenard, 2016;
Jeanmonod et al., 1996; Steriade et al., 1996, 1993), understanding if and how reactive astrocytes
in the thalamus can initiate the development of pathological circuits and control cortical rthythms

1s of broad fundamental and translational interest.
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Chapter 2 : Convergence of thalamic mechanisms in genetic epilepsies

Abstract:

The thalamus, a deep brain structure with broad connectivity, is endowed with intrinsic and
synaptic properties enabling its ability to generate rhythmic activity. Thalamic rhythmogenesis is
critical in regulating brain states related to sleep and consciousness. One of the most common
pathologies associated with disrupted thalamic rhythmogenesis is epileptic seizures associated
with altered consciousness. In this chapter, we first describe key structural, synaptic, cellular, and
biophysical elements underlying the rhythmogenic properties of the thalamus, and then describe
how diverse perturbations of these properties in rodent genetic models ultimately generate or
facilitate seizures. We briefly highlight recent studies which have identified mechanisms of
thalamic involvement in the development or modulation of epilepsies acquired following incidents
such as traumatic brain injury and ischemic stroke. Understanding how diverse etiologies converge
upon thalamic hyperexcitability can pinpoint elements of vulnerability, resilience, redundancy,
necessity, and sufficiency in the thalamo-cortico-thalamic circuit. Understanding how the
thalamus generates and modulates aberrant activity—even when it is not the primary or sole site
of genetic perturbation—will be key to identifying therapeutic targets and paradigms to treat
epilepsies. Such efforts will benefit from continued advancements in our knowledge of cell-type

heterogeneity, meso- and macro-scale connectivity, and interspecies differences in the thalamus.
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2.1. Introduction

The thalamus, a subcortical diencephalic structure involved in sleep, arousal, consciousness, and
cognition, has been a site of investigation in seizures since the 1940s, starting with experimental
studies in cats and monkeys by Dempsey, Morison, Jasper, and Droogleever-Fortuyn. These
studies showed that intralaminar stimulation evoked bilateral 3-Hz spike-and-wave discharges and
behavioral arrest (reviewed by Jasper, 1948, 1991). In 1950, the first depth recordings in the
thalamus during petit mal seizures (now known as “absence seizures’) were obtained from patients
with absence type epilepsy (Spiegel and Wycis, 1950), and subsequent studies of thalamic activity
during seizures supported the hypothesis that “the clinical case of petit mal epilepsy is due to a
disturbance in the thalamus which causes a rhythmic discharge throughout the cortex” (Williams,
1953). While there has been a debate on whether the seizures initiate in cortex or thalamus,
thalamic firing has indeed been found necessary to maintain absence seizures in rodents (Sorokin
et al., 2017). The study of epileptic discharges, in both patients and animal models, has yielded
basic insights about thalamic organization and function. Reciprocally, advances in our
understanding of thalamic structure and function have elucidated mechanisms of the generation
and propagation of epileptic activity such as spike-wave discharges underlying absence seizures,
and has opened avenues for the therapeutic modulation of seizures.

Endowed with extensive, reciprocal connections with the entire cerebral cortex and other
subcortical structures (Jones, 1985), and possessing rhythmogenic properties (reviewed by
Fogerson and Huguenard, 2016), the thalamus plays a critical role in the generation of normal and
pathological synchronized oscillatory activity (Steriade et al., 1993). Decades of research have
revealed disruptions in thalamocortical excitability and synchrony as a convergence point for

epileptic activity related to multiple genetic etiologies and pharmacological manipulations. More
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recently, cell-type specific optogenetic tools have enabled causal manipulations of rodent
thalamocortical synapses and circuits, demonstrating a role for the thalamus as a “choke-point” in
certain forms of seizures and epilepsies (Paz et al., 2013; reviewed by Paz and Huguenard, 2015).
Indeed, deep brain stimulation of the anterior thalamus is an FDA-approved treatment for
refractory focal epilepsy (reviewed by Fisher and Velasco, 2014).

By understanding exactly which aspects of thalamic function are vulnerable—or
resilient—to disruptions, we can clarify strategies to effectively interfere with seizure expression
while minimizing side effects. In this chapter, we describe the key anatomical, structural, cellular,
and biophysical elements of the thalamus which confer its rhythmogenic properties. We then
provide a brief overview of the extensive literature on genetic rodent models of seizures, with
particular emphasis on the diverse role of calcium channels in absence seizures and compensatory
changes in the thalamocortical network. Finally, we briefly discuss recent work highlighting

thalamic involvement in the development or modulation of epilepsies acquired after brain injuries.

2.2. Thalamic organization and rhythmogenesis

The thalamus is composed of various nuclei embedded in diverse, multi-regional neural circuits,
whose complexity and detailed connectivity are not yet fully understood (reviewed by Halassa and
Sherman, 2019; Shepherd and Yamawaki, 2021). Given the widespread connectivity between
thalamus and the entire cerebral cortex, the thalamus is well-positioned to control the generation
and maintenance of cortical rhythms. Furthermore, the thalamus is notable for its generation and
maintenance of synchronous oscillatory activity (reviewed by Steriade, McCormick and
Sejnowski, 1993; Huguenard and McCormick, 2007; Beenhakker and Huguenard, 2009; Crunelli

and Hughes, 2010; Fogerson and Huguenard, 2016). Such network oscillations are considered
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critical substrates of states of arousal, sleep, and consciousness (reviewed by Steriade and Llinas,
1988; Steriade, McCormick and Sejnowski, 1993; McCormick and Bal, 1997; Crunelli et al.,
2018).

Three cardinal rhythms of the thalamus include delta, spindles, and slow-wave oscillations,
all of which occur during non-rapid eye movement (NREM) sleep (reviewed by Crunelli and
Hughes, 2010; Fogerson and Huguenard, 2016; Fernandez and Liithi, 2020). We will describe
them in Section 2.6. Key features of the thalamus which enable the generation of these
synchronous rhythms include cell-intrinsic firing properties, microcircuit connectivity (i.e. local
connectivity between neighboring neurons), long-range connections with distal brain regions like
the cerebral cortex and basal ganglia (reviewed by Deschénes, Veinante and Zhang, 1998; Jones,
2007; Paz et al., 2007; Charpier, Beurrier and Paz, 2010), and the precise timing of synaptic inputs
(reviewed by Huguenard and McCormick, 2007). The cellular and circuit properties underlying
the generation and regulation of these oscillations can subserve aberrant oscillations underlying
epileptic seizures, and will therefore be reviewed in the following sections. Thalamic connectivity
with basal ganglia will not be reviewed in this chapter (for review, see Charpier et al., 2010; Paz

et al., 2005)

2.3. Structural elements of thalamic and thalamo-cortico-thalamic circuits: from gross
anatomy to cell types

The multiple nuclei of the thalamus are each embedded in reciprocal microcircuits (i.e. between
thalamic relay nuclei and the reticular thalamic nucleus) or long-range thalamo-cortico-thalamic

circuits (i.e. between thalamic relay nuclei and cortex) (Fig. 2.1).
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The reticular thalamic nucleus (abbreviated nRT for nucleus reticularis thalami) is a thin
shell of GABAergic neurons which surrounds the lateral boundary of dorsal thalamocortical (TC)
relay nuclei (Houser et al., 1980; Pinault, 2004). nRT neurons form reciprocal connections with
glutamatergic neurons in thalamic relay nuclei (Guillery and Sherman, 2002; Jones, 1975;
Sherman and Guillery, 1996) and receive corticothalamic (CT) collateral afferents; thus, the nRT
provides both feedback and feedforward inhibition in the thalamus, and critically shapes net
thalamic output (reviewed by Pinault, 2004; Paz and Huguenard, 2015; Halassa and Acsady, 2016;
Crabtree, 2018) (Fig. 1.1). Approximately 10-25% of synapses in the nRT are GABAergic (Liu
and Jones, 1999; Williamson et al., 1993). There is histological and ultrastructural evidence that
the nRT receives GABAergic input from the external segment of the globus pallidus in squirrel
monkeys (Asanuma, 1994), the substantia nigra pars reticulata in cats (Par¢ et al., 1990), the basal
forebrain and mesopontine tegmentum in rats (Jourdain et al., 1989), and notably, from the nRT
itself in cats, rats and mice (Clemente-Perez et al., 2017; Houser et al., 1980; Liu and Jones, 1999;
Pinault et al., 1995). However, the existence of functional, GABAergic synapses between nRT
neurons is debated (discussed below).

The majority of thalamic territory is occupied by various thalamic relay nuclei, which
earned the term “relay” due to their well-studied role in transmitting afferent sensory information
to other brain regions. Other than the nRT, sources of GABAergic inhibition in thalamic relay
nuclei include the zona incerta, anterior pretectal nucleus, basal ganglia (including substantia nigra
pars reticulata, internal globus pallidus, ventral pallidum), and the pontine reticular formation,
which are well described elsewhere (reviewed by Halassa and Acsady, 2016). Based on their
primary afferent source, thalamic relay nuclei are broadly organized into first-order and higher-

order nuclei. First-order nuclei receive sensor-specific driving input from subcortical sources,
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while higher-order nuclei receive driving input from the cortex (reviewed by Halassa and Sherman,
2019). Based on their input-output connectivity, thalamic relay nuclei can also be broadly
organized into sensory, limbic, motor, and executive/cognitive domains, which are preserved
along the thalamo-cortico-reticular pathway (Sherman and Guillery, 1996; Jones, 2007; also see
recent studies, e.g. Harris et al., 2019; Phillips et al., 2019). The vast majority of neurons in
thalamic relay nuclei are glutamatergic and are called “thalamocortical” (TC) neurons because
they form reciprocal, long-range, excitatory and topographic connections with cortical neurons.
For example, key aspects of visual information processing involve TC neurons in the dorsal lateral
geniculate nucleus (dALGN), which receive retinal input, project to primary visual cortex (V1), and
receive corticothalamic input from V1; in addition, dLGN neurons form reciprocal connections
with the GABAergic neurons of the nRT, which also receive corticothalamic input from V1
(Sherman and Guillery, 1996). Similarly, key aspects of somatosensory information processing
involve TC neurons from the ventrobasal nucleus (VB), which receive input from the
spinothalamic tract and medial lemniscus (Mo et al., 2017), project to primary somatosensory
cortex (S1), and receive corticothalamic input from S1; in addition, VB neurons form reciprocal
connections with the GABAergic neurons of the nRT, which also receive corticothalamic input
from S1 (Deschénes et al., 1998; Jones, 2009) (Fig. 1.1). The somatosensory VB-S1-nRT circuit
is one of the most well-characterized circuits in the context of basic intrinsic and synaptic
properties, and in rodent models of seizures and epilepsy (discussed below).

To understand the cellular basis of thalamocortical rhythmic activity, it is important to
understand the relevant cell types and their connectivity (i.e. microcircuit motifs). Thalamo-
cortico-thalamic circuits consist of multiple key cell types, including glutamatergic TC relay

neurons in thalamic relay nuclei, glutamatergic corticothalamic (CT) neurons, primarily in cortical
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layers 5 and 6, and GABAergic neurons in the nRT (Fig. 2.1B) (Deschénes et al., 1998; Shepherd
and Yamawaki, 2021). Although there is increasing appreciation of cell-type heterogeneity among
these populations (Clemente-Perez et al., 2017; Li et al., 2020; Martinez-Garcia et al., 2020;
Phillips et al., 2019), the basic organization of the following microcircuit motifs in the thalamus is

generally accepted (reviewed by Paz and Huguenard, 2015):

Thalamo-cortico-thalamic motifs:
e Recurrent excitation: formed by reciprocal glutamatergic projections, prominent in
cortical networks
o Feed-forward inhibition: disynaptic component, whereby excitatory inputs recruit local
inhibition en route to its recipient, can effectively modulate strength of the efferent signal
Intra-thalamic motifs:
e Feed-back inhibition: reciprocally connected glutamatergic and GABAergic neurons, an
inhibitory mechanism to control local excitatory activity

e Counter-inhibition: reciprocally connected GABAergic neurons
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Figure 2.1. Basic structural elements of thalamic and thalamo-cortico-thalamic circuits.

(A) Coronal section of mouse brain labeled with the neuronal nuclear protein NeuN. Colored
regions highlight the reticular thalamic nucleus (known as nRT, for nucleus reticularis thalami)
and thalamocortical relay nuclei. (B) Schematic of thalamo-cortico-thalamic circuit highlighting
microcircuit motifs, especially intra-nRT and feed-forward inhibition.

In addition to distinct cell-type specific connectivity patterns, these microcircuits also have
distinct layer-specific connectivity patterns (Halassa and Sherman, 2019; Shepherd and
Yamawaki, 2021). For example, in first-order thalamic relay nuclei such as the dLGN and VB, TC
neurons send long-range glutamatergic projections to related cortical regions in a topographic
manner, primarily in layer 4 (Deschénes et al., 1998; Jones, 2007). Layer 6 CT neurons send long-
range glutamatergic projections to TC neurons, and also form glutamatergic collaterals onto nRT
which enable feedforward inhibition of TC neurons (Jones, 2007; Sherman, 2007).

Functional connections between nRT neurons, which form a reciprocal counter-inhibition

microcircuit, introduce a distinct set of principles into the framework of thalamic function in health
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and disease (Crabtree, 2018; Huntsman et al., 1999; Makinson et al., 2017; Paz and Huguenard,
2015; Sohal and Huguenard, 2003). Gap junction-coupled intra-nRT electrical synapses have been
consistently demonstrated by multiple groups (Deleuze and Huguenard, 2006; Landisman et al.,
2002; Long et al., 2004). However, the existence of intra-nRT chemical GABAergic synapses has
been a subject of controversy (reviewed by Paz and Huguenard, 2015; Crabtree, 2018), with
multiple electrophysiological studies suggesting their existence and functionality in rats, mice, and
ferrets (Deleuze and Huguenard, 2006; Makinson et al., 2017; Shu and McCormick, 2002), and
others failing to find them (Cruikshank et al., 2010; Hou et al., 2016; Parker et al., 2009).
Nevertheless, in this chapter we refer to several studies which highlight the relevance of intra-nRT
connections for thalamic circuit synchrony.

Disruptions in these microcircuit motifs may lead to thalamic hyperexcitability and
seizures. For example, the Gria4”- mouse model of absence epilepsy exhibits a specific and
selective deficit of the excitatory cortico-nRT pathway (Paz et al., 2011). With the resulting loss
of feed-forward inhibition of TC cells via the excitatory cortico-nRT pathway (which normally
balances direct cortico-TC excitation), TC cells activated by corticothalamic excitation become
hyperexcitable, paving the way for the generation of pathological oscillations (Paz et al., 2011).
As another example, in mice lacking the GABAA receptor 3 subunit, a selective loss of GABAAR-
mediated inhibition in reciprocally connected nRT neurons leads to dramatic thalamic
hypersynchrony in slices, highlighting the de-synchronizing role of counter-inhibition within the
nRT (Huntsman et al., 1999; Sohal et al., 2000; Sohal and Huguenard, 2003). This role is further
supported by the observation that selective loss of the voltage-gated sodium channel Scn8a in nRT
neurons, which leads to loss of intra-nRT, but not nRT-TC, inhibition, causes mice to develop

spontaneous absence seizures (Makinson et al., 2017).
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2.4. Thalamic firing

TC and nRT neurons are generally thought to exhibit two distinct firing modes: tonic firing in
response to depolarization (Jahnsen and Llinas, 1984), and burst firing (in response to
hyperpolarization, or depolarization in nRT) (Steriade and Llinas, 1988; Huguenard, 1996;
Sherman, 2001; however, see Wolfart et al., 2005). During states of arousal (e.g. wake), thalamic
neurons are relatively depolarized and exhibit “tonic” firing of action potentials at low frequencies;
such tonic firing is proposed to be involved in sensory information processing (Sherman, 2007;
Swadlow et al., 2002). During states of low arousal (e.g. sleep), thalamic neurons are relatively
hyperpolarized and exhibit high-frequency bursts of action potentials. Burst firing can occur
periodically through both cell-intrinsic and circuit mechanisms (as described in Section 2.6), it is
a critical building block of thalamic oscillations (Beenhakker and Huguenard, 2009; Fogerson and
Huguenard, 2016; Llinas and Steriade, 2006). T-type voltage-gated calcium channels (subtypes
Cav3.1, Cav3.2, and Cav3.3) are crucial elements of burst firing in thalamic neurons and are
described in detail in Section 2.5.

Oscillatory burst firing is a critical substrate of sleep. It is abolished in the nRT neurons of
Cav3.3”7" mice, whereas tonic firing is not, according to ex vivo whole-cell patch clamp recordings
(Astori et al., 2011). Lack of Cav3.3-mediated oscillatory bursting results in a selective reduction
of the sleep-associated sigma frequency band power during NREM where sleep spindles occur.
Thus, Cav3.3-mediated burst firing has been proposed to be the predominant pacemaker
underlying sleep spindles in the thalamus (Astori et al., 2011).

Burst firing is also a critical substrate of thalamic seizures, because of its involvement in
spike-and-wave discharges (SWD). Generalized SWDs are hallmarks of absence seizures

(reviewed by Crunelli and Leresche, 2002; Blumenfeld, 2005; Tenney and Glauser, 2013;
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Fogerson and Huguenard, 2016). The electroencephalographic (EEG) features of SWDs are
bilateral, high-amplitude events composed of stereotyped spike-and-wave signatures which
typically occur at 3-4.5 Hz in humans and 6-10 Hz in rodents (reviewed by Crunelli and Leresche,
2002; Tenney and Glauser, 2013; Fogerson and Huguenard, 2016). Multi-unit recordings have
shown that TC, CT, and cortical neurons exhibit synchronous burst-firing, time-locked to the
“spike” component of the SWD in vivo in rats and mice (Inoue et al., 1993; Sorokin et al., 2017);
at the intracellular level, TC and nRT neurons exhibit burst firing correlated with the “spike”
component of the SWD in vivo in rats (Paz et al., 2007; Slaght et al., 2002).

Recent studies have provided further compelling evidence for the role of thalamic burst
firing in seizures (reviewed by Huguenard, 2019). Sorokin and colleagues expressed a stable step-
function opsin (Yizhar et al., 2011) in VB TC neurons of Wistar Albino Glaxo from Rijswijk
(WAG/RYj)) rats and stargazer mice—rodent models of absence epilepsy (Sorokin et al., 2017)—
which enabled them to switch the firing mode of TC cells between tonic and burst mode. They
found that toggling the firing from bursting to tonic mode stopped ongoing absence seizures. Stable
step-function opsins have also been used to demonstrate the role of TC bursting in atypical, non-
convulsive seizures observed in a mouse model of Dravet Syndrome—seizures that have been
found in human patients (Ritter-Makinson et al., 2019). Thus, there is strong evidence for the role
of thalamic neuronal population bursting in the maintenance of non-convulsive seizures (Sorokin
et al., 2017). Consistent with these findings, in a different rodent model of absence epilepsy—the
Genetic Absence Epilepsy Rat from Strasbourg (GAERS), McCafferty and colleagues have found
that the output of TC neurons during absence seizures is strong and rhythmic even though burst
firing in each TC cell is infrequent, suggesting that bursting in each TC cell is not required for

maintaining the seizure (McCafferty et al., 2018). In contrast, burst firing in nRT neurons is very

28



robust during absence seizures and likely serves to synchronize the TC output to the cortex
(McCafferty et al., 2018; Slaght et al., 2002).

Ultimately, the thalamocortical network dynamics underlying seizures is likely an
emergent property of both cell-intrinsic mechanisms (e.g. T-type mediated burst firing) and circuit
properties (e.g. cortical feed-forward inhibition of the thalamus). Nevertheless, given that
disruptions to firing mode can alter thalamic synchrony in ways that can lead to seizures, and that
thalamic synchrony depends in part on T-type calcium channels, we next provide an overview of

the key enabler of thalamic switching in firing mode: the low-threshold T-type calcium channel.

2.5. Calcium channels and thalamic firing

2.5.1. Calcium channels

Voltage-gated calcium channels (VGCCs) are widely expressed throughout the mammalian body
and brain (reviewed by Catterall, 2000), and support numerous critical functions including cellular
excitability, synaptic transmission, and synaptic plasticity (reviewed by Catterall and Few, 2008)
(Fig. 2.2). VGCCs are organized into two main classes, distinguished by their biophysical
properties: high-voltage activated (HVA) VGCCs, which include L-type, N-type, and P/Q-type
channels (Nowycky et al., 1985; Rajakulendran et al., 2012), and low-voltage activated (LVA)
VGCCs, which include T-type calcium channels (Perez-Reyes, 2003); R-type channels are
considered to have intermediate properties (Randall and Tsien, 1997; Soong et al., 1993) and are
discussed further in Section 2.7. VGCCs are composed of four or five distinct subunits, including
a pore-forming a1 subunit (of which there are three families, Cav1, Cav2, Cav3), a transmembrane
complex of a2 and 6 subunits, an intracellular  subunit, and in some cases a transmembrane 7y

subunit (Catterall, 2000). Because the al subunit contains the conduction pore, voltage sensors,
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gating mechanisms, and most of the known sites of channel regulation, its family and subtype
typically correlate with whether the calcium channel is of the HVA or LVA type (Catterall and
Few, 2008). Here we provide an overview of LVA T-type calcium channels, given their prominent
role in thalamic bursting rhythmogenesis (which we will describe in Section 2.6). The role of HVA

R and P/Q-type calcium channels in seizures will be discussed in Section 2.7.

2.5.2. Spotlight on T-type calcium channels and burst firing

T-type calcium channels are critical determinants of thalamic neuron -electrophysiology
(Huguenard, 1996). In addition to their activation at low voltages, T-type calcium channels have
unique inactivation properties (time-dependent inactivation, steady-state inactivation, and
recovery from inactivation), as well as lower conductance (thus resulting in transient and “tiny”
currents), compared to HVA VGCCs. Thus, currents generated by T-type calcium channels
(referred to as It, or T-type current) are uniquely positioned to regulate cellular excitability and
firing pattern, particularly near the resting membrane potential in neurons with robust burst firing
behaviors (discussed further in Section 2.6).

In TC neurons at resting membrane potential (between -60 to -65 mV), the majority of T-
type calcium channels are in an inactivated state. Hyperpolarization (to at least -70mV) enables
de-inactivation, and subsequent depolarization leads to activation which allows a transient influx
of Ca?" and generates the low-threshold spike (LTS), also known as the rebound plateau potential.
The LTS further depolarizes the membrane potential such that voltage-gated sodium channels
generate action potentials, culminating in a barrage of rebound high-frequency burst firing. At this

point, T-type calcium channels are inactivated (reviewed by Cheong and Shin, 2013; Fogerson and
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Huguenard, 2016). The sequence of events that underlies oscillatory activity is summarized in

Figure 2.3 and discussed further in section 2.6.2 in various pathophysiological contexts.

2.5.3. Spatial distribution of T-type calcium channel subunits
The al subunit of T-type calcium channels are encoded by the Cav3 family, which consists of 3
subtypes which are differentially expressed in the brain. Within the rodent thalamus, channels
containing Cav3.1 (encoded by Cacnalg) are the primary source of T-type calcium channels in
TC neurons. nRT neurons primarily express the Cav3.3-containing T-type calcium channel
(encoded by Cacnali) and to a lesser extent, Cav3.2-containing T-type channel calcium (encoded
by Cacnalh) (Joksovic et al., 2006; Talley et al., 1999) (Fig. 2.2). Differences among the 3
subtypes of T-type calcium channels include inactivation kinetics and recovery from steady-state
inactivation. Because inactivation influences the ability of T-type calcium channels to trigger a
LTS, the expression pattern and subcellular localization of subtypes are important considerations
for thalamic electrophysiological properties. T-type channels are prominently expressed in the
soma and dendrites. In rodent TC neurons, electrophysiological, immunohistochemical, and
computational models have found that Cav3.1 is prominently expressed in the soma and dendrites
as well. While the distribution along the dendritic axis remains debated (e.g. Destexhe et al., 1998;
Parajuli ef al., 2010), it is a particularly interesting question given that the spatial distribution
should shape the interaction of synaptic inputs, burst generation, and downstream calcium-
mediated signaling pathways (e.g. Cueni et al., 2008; Crandall, Govindaiah and Cox, 2010).

TC neurons mainly express Cayv3.1-containing channels, which recover from inactivation
the fastest out of the three subtypes (reviewed by Cheong and Shin, 2013). nRT neurons mainly

express Cav3.3-containing channels, which display relatively slow inactivation and are nearly
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voltage-independent (Huguenard and Prince, 1992). This results in longer calcium-dependent
spike bursts generated in nRT, which translates into longer bouts of GABA release onto TC
neurons. Thus, the difference in inactivation kinetics critically determines the precise timing and
rhythmicity of the intra-thalamic oscillations.

The rich literature in this field is well-described in other reviews (reviewed by Crunelli,
Cope and Hughes, 2006; Cheong and Shin, 2013; Fogerson and Huguenard, 2016). In the future,
increased specificity of genetic manipulations and increased sampling capacity of recording
techniques may lead to a more definitive understanding of the combinations of calcium channel
subtypes in distinct cell types that are necessary and sufficient for the expression of various

rhythmic oscillations.
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Figure 2.2. Cav3.1 and Cav3.3 are the dominant T-type calcium channel subunits expressed
in TC relay nuclei and in the nRT.

(A) Sagittal section of mouse brain indicating location of the nRT and TC relay nuclei (labels are
not drawn to scale). All images obtained from the Allen Brain Atlas (https://mouse.brain-
map.org/search/index). (B-C) Top: in-situ hybridization of mRNA probes against the al subunit
of high-voltage activated P/Q and R-type calcium channels. Bottom: fluorescent expression in
magnified region (red box) to highlight the relative expression in nRT and TC relay nuclei.
Staining intensity should not be compared across subunits, which were performed as different
experiments; however, regional heterogeneity of subunit expression can be appreciated in each
section. (D-F) Same as in B-C, but for three al subunits types of low-voltage activated T-type
calcium channels. Note the selective expression of Cacnali (encoding the Cav3.3 T-type subunit)
in the nRT, and lack of expression of Cacnalg (encoding the Cav3.1 T-type subunit) in the nRT.
All images (A-F) obtained from the Allen Brain Atlas, as described in (Lein et al., 2007).
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2.6. Rhythmogenesis in the thalamus: adaptive and maladaptive mechanisms

Thalamic circuits play key roles in local and global oscillations (reviewed by Huguenard and
McCormick, 2007; Fogerson and Huguenard, 2016; Crunelli et al., 2018). Three cardinal rhythms
of the thalamus during NREM sleep include delta (1-4 Hz), spindles (7-15 Hz), and slow-wave
oscillations (<1 Hz). Recent work has also unveiled the thalamic involvement in alpha waves (8-
13 Hz) (Hughes et al., 2011) and gamma oscillations (30-90 Hz) (Hoseini et al., 2021), which will
not be addressed in this chapter. We have already highlighted how burst firing is mediated by T-
type calcium channels (Section 2.5). Below we discuss how these channels, along with cellular
and circuit properties of the thalamus, enable the generation of delta, spindles, and slow-wave

rhythms, and what disruptions in these circuits can hijack these rhythms and contribute to seizures.

2.6.1. Delta oscillations
TC relay neurons display intrinsic pacemaker activity in the 1-4 Hz frequency range; this
frequency band, referred to as delta, is associated with deep sleep (i.e. stage 3 NREM) and

anesthesia (Brown et al., 2010).

Cell-intrinsic mechanisms. This pacemaker activity arises from an intrinsic interplay between two
currents generated by the low-threshold T-type calcium channel (It) and the hyperpolarization-
activated cyclic nucleotide-gated (HCN) (In) (Destexhe et al., 1996; McCormick and Pape, 1990;
Nuifiez et al., 1992; Soltesz et al., 1991) (Fig. 2.3). Upon sufficient membrane hyperpolarization,
It is de-inactivated and In is activated. In is a slowly-developing, non-inactivating inward current
which has a depolarizing effect. In depolarization of the membrane activates It and triggers an

LTS, which further depolarizes the membrane and triggers Na'-dependent action potentials. The
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depolarization associated with the LTS deactivates In; in the absence of In activation, the membrane

hyperpolarizes, which then re-activates In and de-inactivates It, and the cycle continues.

Synaptic mechanisms: Synchronization of this autonomously generated delta-frequency
membrane oscillation is thought to be mediated by cortico-TC and cortico-nRT-TC feedforward
inhibition during cortical UP states (Neske, 2016; Steriade et al., 1991). The extent to which (and
the mechanisms whereby) this local thalamic delta-frequency oscillation contributes to global delta
waves observed in the EEG during NREM sleep has been an active area of research. Global
Cav3.17" mice lack delta waves at the EEG level (Lee et al., 2004), at least in part due to the loss
of burst firing in TC neurons (Kim et al., 2001). Recent studies employing optogenetic and
chemogenetic techniques have suggested that the nRT is capable of modulating delta waves in

spatially restricted regions of the rodent cortex (Fernandez et al., 2018; Lewis et al., 2015).

Pro-epileptic mechanisms: Disruption of calcium channels appears to be a common node of
dysfunction across various genetic models of absence seizures. T-type calcium channels have been
the most widely studied calcium channels in absence epilepsy, and the diverse ways in which It
has been linked to absence seizures are discussed further in Section 2.7.2. The disruption of In in
the thalamus can also promote thalamic hyperexcitability and seizures. For instance, deletion of
HCN2, an In subunit prominently expressed in both the thalamic relay nuclei and the nRT (Notomi
and Shigemoto, 2004), leads to spontaneous absence seizures in mice. Although In plays a key role
in pacemaker bursting activity, the loss of In in TC neurons in these models can still lead to seizures
because it can lead to hyperpolarization of TC neurons, which in turn facilitates the de-inactivation

of T-type calcium channels and burst firing (Chung et al., 2009; Ludwig et al., 2003). Interestingly,
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deletion of the tetratricopeptide-repeat-containing Rab8b-interaction protein (TRIP8b), an
auxiliary subunit of HCN channels expressed in TC and CT neurons but not in nRT neurons, results
in a milder absence seizure phenotype (Heuermann et al., 2016). Thus, preservation of I in the
nRT of TRIP8b” mice appears to partially constrain the heightened excitability of the
thalamocortical circuit due to the loss of Inin TC neurons. This property is reminiscent of the
apparent ability of nRT In to constrain cortico-nRT synaptic integration in normal contexts (Ying
et al., 2007), and suggests that In in the nRT confers partial resilience to hyperexcitability in the
circuit.

Thalamic In can also be disrupted in the context of epileptogenesis. In a rodent model of
post-stroke epilepsy, whereby stroke in the S1 cortex leads to secondary injury in the VB thalamus,
TC neurons exhibited alterations in the biophysical properties of In, such as depolarized half-
activation voltage (Paz et al., 2013). Biophysical modeling demonstrated that these changes in In
were sufficient to enhance thalamic network oscillations, and optogenetic inhibition of these
hyperexcitable TC neurons was sufficient to abort epileptic seizures (Paz et al., 2013).

Finally, In in TC neurons has also been reported to be increased, rather than decreased, in
two different rat models of absence epilepsy (Cain et al., 2015; Kanyshkova et al., 2012). Perhaps
a noteworthy commonality across several of these models featuring In disruption (in which In is
abolished in both TC and nRT, I is abolished in TC, or In exhibits depolarized half-activation) is
that they result in seizures which appear to have slower internal frequencies than typical absence
seizures observed in rodents. While typical rodent SWDs are 6-10 Hz (Fogerson and Huguenard,
2016) and generally faster than typical human SWDs which are 3-4.5 Hz (Tenney and Glauser,

2013), the mice described above exhibited SWDs in the range of 5 Hz (HCN2”" mice), 5.3+1.7 Hz
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(Trip8b”" mice), and 4-5 Hz (post-stroke epilepsy rats) (Chung et al., 2009; Heuermann et al.,

2016; Ludwig et al., 2003; Paz et al., 2013).

2.6.2. Spindle oscillations
Spindle oscillations (7-15 Hz), a global rhythmic signature of stage 2 NREM sleep, emerge in the
intrathalamic circuit as a result of recurrently connected TC and nRT neurons, which exhibit

alternating bouts of rebound burst firing (Fernandez and Liithi, 2020; Llinas and Steriade, 2006).

Cell-intrinsic mechanisms: nRT neurons exhibit intrinsic rhythmicity in the spindle frequency
range (7-15 Hz), which can be maintained for up to 1 second following release from
hyperpolarization (von Krosigk et al., 1993). This intrinsic oscillation in nRT arises from the
interplay of It and Ca**-dependent small-conductance-type 2 potassium channels (SK2 channels)
(Cueni et al., 2008; Kohler et al., 1996; Wimmer et al., 2012), similar to the interplay of It and In
which gives rise to the intrinsic delta oscillation in TC neurons described above. Ca*" influx
through the Cay3.3 subtype (the main T-type calcium channel in nRT) activates the SK2 channel-
mediated K" current (Isk), which generates a slow afterhyperpolarization (AHP) following the LTS
burst. The slow AHP allows the de-inactivation of Ir, and thus the cycle of repetitive burst firing
continues (Cueni et al., 2008) (Fig. 2.3). Another key contributor is the Cav3.2 R-type calcium
channel, which has been proposed to enable prolonged elevation of Ca*" required for induction of
the slow AHP, which in turn is critical for allowing the continued oscillatory bursting in nRT (Paz

and Huguenard, 2012; Zaman et al., 2011).
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Synaptic mechanisms: During a spindle oscillation, rhythmic firing of nRT neurons triggers a
transient burst of IPSPs in reciprocally connected TC neurons. The barrage of IPSPs, mediated by
both GABAA and GABAB receptors, transiently hyperpolarizes TC neurons such that It is de-
inactivated. Upon release of inhibition from nRT, TC neurons fire LTS-mediated rebound bursts,
which in turn re-excite nRT neurons and initiate another nRT burst (Fogerson and Huguenard,
2016; Huguenard and Prince, 1994a) (Fig. 2.3). The precise timing of this interplay is influenced
by the duration of the IPSPs (governed by the relative expression of GABAA vs. GABAB receptors
in the recipient TC neurons), as well as the kinetics of the LTS (governed by the T-type calcium
channel subtype expressed in each cell type). Optogenetic activation of nRT neurons can drive
spindles and spindle-like oscillations (Halassa et al., 2011; Barth¢ et al., 2014; Fernandez et al.,

2018); however, a causal role of the nRT in naturally occurring spindles has yet to be established.

Pro-epileptic mechanisms: The relationship between spindle oscillations and SWDs is an
unresolved debate (reviewed by Beenhakker and Huguenard, 2009; Leresche et al., 2012). Recent
studies have provided support for the hypothesis that spindles can be hijacked into epileptiform
activity. Children with childhood epilepsy with centrotemporal spikes (the most common focal
epilepsy syndrome) exhibit transient, sleep-activated focal deficits in spindles (Kramer et al.,
2021). Using high-density EEGs during sleep and cognitive testing, the authors found an inverse
relationship between spike and spindle rate during NREM sleep. In addition, they found that
spindle rate predicted performance on cognitive tasks. These findings provide compelling support
for the hypothesis that the same underlying thalamocortical circuit can give rise to spindles and
epileptic activity (Beenhakker and Huguenard, 2009), as well as underlie seizures and cognitive

dysfunction (Kramer et al., 2021).
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Further support for the shared circuit hypothesis comes from a recent study of a rodent
model of thalamocortical dysfunction following mild traumatic brain injury (TBI) (Holden et al.,
2021). Unilateral injury in the primary somatosensory cortex led to chronic secondary damage of
the thalamus, including loss of nRT neurons and a selective deficit in nRT synaptic function, but
not in CT and TC neuronal functions. These mice develop epileptic spikes and exhibit a loss in

sleep spindles; both changes were focal to the S1 cortex ipsilateral to injury (Holden et al., 2021).

2.6.3. Slow oscillations

Finally, thalamic circuits can also generate a slow oscillation (<1 Hz) (reviewed by Crunelli and
Hughes, 2010; Neske, 2016; Crunelli et al., 2018), although it was traditionally considered to be
exclusively generated in cortical networks (Steriade et al., 1993). The slow rhythm, present in
almost all NREM stages, has been proposed to organize periods of sleep spindles and delta waves
(Crunelli and Hughes, 2010). Both TC and nRT neurons have been shown to play an active role in
shaping the slow rhythm during sleep. In TC neurons, the slow oscillation arises from the interplay
of It and the leak K* current, and is influenced by Ca®"-activated nonselective cation (CAN)
current and mGluR 1a activation (Hughes et al., 2002). In nRT neurons, the slow oscillation arises
from It and In, as well as being influenced by the CAN current, a Ca?"-activated K* current, and a

Na*-activated K* current (Blethyn et al., 2006).

Pro-epileptic mechanisms: Pathological slow oscillations such as the slow spike-and-wave

discharges (1.5-2.5 Hz) are observed in certain epilepsies such as Lennox-Gastaut Syndrome

(Steriade and Amzica, 2003), but the mechanisms that lead to these remain largely unknown.
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Figure 2.3. Cell-intrinsic and synaptic properties enabling thalamic burst firing and
rhythmogenesis.

(A) Schematic of the interplay between nRT and TC neurons, which gives rise to rhythmic activity
in the intra-thalamic circuit such as spindle oscillations (described further in Section 2.6.2).
Cortical EPSPs arrive at an nRT neuron (top), resulting in a high-frequency burst of action
potentials. Rhythmic firing of nRT neurons triggers a transient burst of IPSPs in reciprocally
connected TC neurons. The barrage of IPSPs, mediated by both GABAA and GABAB receptors,
transiently hyperpolarizes TC neurons such that It is de-inactivated. Upon release of inhibition
from nRT, TC neurons fire LTS-mediated rebound bursts, which in turn re-excite nRT neurons
and initiate another nRT burst (reviewed by Fogerson and Huguenard, 2016). (B) Mechanisms of
burst firing in nRT (Top) and TC (Bottom) neurons. Top: nRT neurons exhibit intrinsic
rhythmicity in the spindle frequency range which arises from the interplay of It and Isk (described
further in Section 2.6.2). In this schematic, the resting membrane potential of nRT neurons is
hyperpolarized below the activation threshold of It (dotted horizontal line); thus, upon receiving
excitatory synaptic input, sufficient levels of Cav3.3 are available to be activated, and It mediates
an LTS. Ca?" influx through Ca,3.3 activates Isk, which leads to a slow AHP which allows the de-
inactivation of Irt. Thus, the cycle of repetitive burst firing continues (not shown). Bottom: TC
neurons exhibit pacemaker activity in the delta frequency range which arises from an intrinsic
interplay between It and In (described further in Section 2.6.1). Abbreviations: E/IPSPs
(excitatory/inhibitory postsynaptic potentials); TC (thalamocortical neuron); nRT (reticular
thalamic neuron); It (current mediated by T-type Ca** channels); Isk (current mediated by Ca?*-
dependent small-conductance-type 2 potassium (SK2) channels); In (current mediated by
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hyperpolarization-activated cyclic nucleotide-gated (HCN) channels); LTS (low-threshold
calcium spike); AHP (afterhyperpolarization).

2.7. The thalamus in absence epilepsy and beyond

There is a growing appreciation of the genetic determinants underlying a number of epilepsies
linked to thalamic dysfunction. For instance, Childhood Absence Epilepsy (CAE) has been linked
with multiple susceptibility loci and polymorphisms in genes encoding voltage-gated calcium
channels and GABA receptors, which will be discussed below.

Another epileptic condition also associated with aberrant thalamocortical network activity
is Lennox-Gastaut Syndrome (LGS), a severe childhood epileptic encephalopathy characterized
by multiple seizure types (Scheffer et al., 2017). Although LGS was not traditionally recognized
as having a genetic etiology, recent advances in whole-exome sequencing have identified genetic
variations in LGS patients, including loci encoding voltage-gated calcium channels (Yang et al.,
2021). In LGS, epileptic activity is detected both in the cortex and in the centromedian thalamic
nucleus, during generalized paroxysmal fast activity and slow spike-and-wave (1-2 Hz) epileptic
discharges (Dalic et al., 2020; Velasco et al., 1991; Warren et al., 2020). Notably, high-frequency
deep brain stimulation of the centromedian thalamus has been shown to alleviate seizure frequency
in some LGS patients (Fisher and Velasco, 2014; Velasco et al., 2006; Warren et al., 2020),
confirming the importance of the thalamus in this disorder.

In the case of Dravet Syndrome, a severe myoclonic epilepsy of infancy and epileptic
encephalopathy with a known monogenic mutation in SCN/A4 (Claes et al., 2001; Dravet, 2011)
(further described in Section 2.7.4), a small but notable clinical study has implicated the potential
modulatory role of the thalamus: deep brain stimulation of the centromedian thalamus resulted in

seizure reduction in one of two patients with Dravet Syndrome (Andrade et al., 2010).
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In this section, we will discuss findings from rodent models of genetic epilepsies and
highlight the diversity of etiologies which feature some extent of disruption to thalamic firing and
connectivity (reviewed by Beenhakker and Huguenard, 2009; Cheong and Shin, 2013;
Maheshwari and Noebels, 2014; Paz and Huguenard, 2015; Fogerson and Huguenard, 2016;
Gobbo, Scheller and Kirchhoff, 2021). In particular, we will highlight disruptions of the
rhythmogenic machinery in thalamic neurons in two epilepsies: CAE, for which there is an
abundance of evidence for thalamic involvement, and Dravet Syndrome, for which there exists
limited but convincing evidence for thalamic involvement. Understanding how various genetic
etiologies converge upon a similar phenotype can pinpoint elements of vulnerability, resilience,
redundancy, necessity, and sufficiency in the thalamocortical circuit, and help enumerate strategies

to intervene, prevent, or compensate for epileptic activity.

2.7.1. Insights from human genetic studies of absence epilepsy

The role of the thalamus in epilepsy has been best-characterized in the context of typical absence
seizures (formerly known as petit mal seizures), which occur in several idiopathic generalized
epilepsies such as CAE and juvenile epilepsies (Scheffer et al., 2017). Absence seizures are
characterized by generalized SWDs which occur alongside abrupt behavioral arrest and partial or
complete loss of consciousness. SWDs consist of stereotyped spike-and-wave signatures which
occur at 3-10 Hz, depending on the species (generally, 6-10 Hz in rodents, and 3-4.5 Hz in humans;
(reviewed by Crunelli and Leresche, 2002; Blumenfeld, 2005; Tenney and Glauser, 2013;
Fogerson and Huguenard, 2016), typically lasts 2-30 seconds, and occur frequently (few to several

hundreds of times a day (Panayiotopoulos, 2008). SWDs are bilateral, high-amplitude waveforms,
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easily detected by cortical EEG, and are well-understood to reflect an aberrant, hypersynchronous
thalamocortical network.

CAE includes a group of genetically determined epilepsies—some of which show strong
familial inheritance and incomplete penetrance—with SWDs being inherited as an autosomal-
dominant feature (Crunelli and Leresche, 2002). Numerous susceptibility loci and polymorphisms
with various extents of linkage to CAE have been identified (reviewed by Crunelli and Leresche,
2002; Maheshwari and Noebels, 2014), and the evidence indicates that absence epilepsies are
complex polygenic disorders. CAE-associated mutations have been identified in genes encoding
for voltage-gated calcium channel subunits such as CACNAIA, CACNAIG, CACNAIH, and
CACNG3, some of which are described further in Section 2.7.3 (Chen et al., 2003; Everett et al.,
2007; Jouvenceau et al., 2001; Liang et al., 2006). Human genetic studies of CAE identified
mutations in genes that encode GABA receptor subunits, including GABRG2 (Baulac et al., 2001;
Wallace et al., 2001), GABRA1, and GABRB3 (reviewed by Cheong and Shin, 2013).

While genetic mutations identified in human patients typically inform the design of
preclinical disease models, in some cases, the identification of genetic mutations in humans has
provided powerful support for mechanisms of seizure generation previously identified from
genetic and pharmacological models in rodents in vivo and ex vivo. For example, the pro-epileptic
effects of the mutation in the GABRB2 gene identified in human patients, which abolished
benzodiazepine-induced potentiation of GABA currents when expressed in a heterologous cell
system (Wallace et al., 2001) was consistent with the previously identified anti-oscillatory
mechanism of clonazepam—a benzodiazepine anti-epileptic drug used to treat absence seizures

(Farrello, 1986)—in rodent ex vivo thalamic slices wherein inadequate endogenous GABAAR-

43



mediated inhibition of nRT neurons leads to strengthening of the synchronizing nRT-TC output
(Huguenard, 1999; Huguenard and Prince, 1994b).

Absence epilepsies are rarely monogenic disorders, and variants in a given gene may not
all lead to aberrant function. Thus, it is critical to understand how single-nucleotide polymorphisms
(SNP) identified within the same locus give rise to epileptic cells and circuits. For example, Vitko
and colleagues carried out a functional characterization of 12 SNPs found in the CACANAI
(Cav3.2) locus of CAE patients in a heterologous cell system, then used computational modeling
to understand the impact of various SNPs on T-type calcium channel function; interestingly, some,
but not all, SNPs were predicted to increase burst firing propensity (Vitko et al., 2005). Such efforts
will only be facilitated by the increased access to whole-exome sequencing and patient-derived
induced pluripotent stem cell platforms, and will aid in the development of precision therapies for

patients with epilepsy (Klassen et al., 2011; Noebels, 2017).

2.7.2. T-type calcium channels in genetic models of absence epilepsy
Basic science and epilepsy research alike have been advanced by rodent models carrying
monogenic mutations in genes encoding voltage-gated calcium channels, GABA receptors, and
glutamate receptors subunits associated with absence epilepsy (reviewed by Maheshwari and
Noebels, 2014). Such rodent models have provided a fertile foundation for the investigation of the
thalamus’s contribution to aberrant oscillations, in some cases at the level of specific synapses
(e.g. Paz etal., 2011).

For thalamic neurons, It critically determines the coordinated rhythmic bursting between
TC and nRT neurons (described in Section 2.2.6). Unsurprisingly, aberrant calcium channel

function—and subsequent changes to cellular and circuit excitability and/or firing—often leads to
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thalamic hyperexcitability and seizures. Aberrant T-type calcium channel function can arise from
a mutation in a channel subunit, a compensatory reaction, and/or the interaction of multiple
susceptibility variants. Here, we review diverse ways in which T-type calcium channels have
been linked to absence seizures.

Two of the three T-type calcium channel subtypes have been linked to absence epilepsy in
human genetic studies: gain-of-function polymorphisms in the CACNA 1 H gene (encoding Cav3.2)
to sporadic CAE, and functional polymorphisms in the CACNAIG gene (encoding CaV3.1) to
juvenile absence syndromes (reviewed by Maheshwari and Noebels, 2014). Similarly, enhanced
T-type calcium channel function—and subsequently, enhanced burst firing—in thalamic neurons
seems to be a common feature across multiple rodent models of absence epilepsies. For instance,
nRT neurons in GAERS rats display elevated amplitude of It (Tsakiridou et al., 1995) and
increased Cav3.2 mRNA (Talley et al., 2000), owing to a gain-of-function point mutation in
Cacnalh (Powell et al., 2009). And Cav3.17~ mice—in which burst firing, but not tonic firing, is
abolished in TC neurons—are resistant to SWDs induced by baclofen (GABABR agonist) and
gamma-hydroxybutyrate (Kim et al., 2001). Accordingly, overexpression of Cav3.1 results in
increased T-type calcium currents in TC neurons (although rebound burst firing was not measured)
and spontaneous, ethosuximide-sensitive absence seizures (Ernst et al., 2009). The latter two did
not investigate the nRT, because it expressed very low levels of endogenous and exogenous
Cav3.1. Nevertheless, we cannot rule out the possibility that nRT neurons made post-translational
compensatory changes in T-type calcium channels in these conditions.

Even when T-type calcium channels are not directly affected by mutations, they appear to
be critical components of spontaneous absence seizures in genetically determined rodent models.

Across several inbred mouse strains exhibiting absence epilepsy and ataxia, spontaneous mutations

45



have been identified in various subunits of P/Q-type calcium channels (e.g. Cav2.1/al1 A subunit
in tottering mice; 4 subunit in lethargic mice; and y2 subunit in stargazer mice; (reviewed by
Maheshwari and Noebels, 2014); notably, the mutation in Cacnala was identified in fottering mice
prior to the first discovery of a mutation in the human CACNAIA gene in cases of CAE (Fletcher
et al., 1996; Jouvenceau et al., 2001). Interestingly, in tottering, lethargic, and stargazer mice with
mutations in P/Q-type calcium channels, T-type calcium channels exhibit compensatory changes
in their electrophysiological properties despite no changes in mRNA expression of their al
subunits (Zhang et al., 2002). In particular, whole-cell recordings of TC neurons in thalamic slice
preparations demonstrated increased peak current density and depolarized shifts in the steady-state
inactivation curve (i.e. increased availability of T-type calcium channel availability upon
activation threshold) (Zhang et al., 2002). Although It properties of nRT neurons were not
assessed, the changes observed in TC neurons were hypothesized to favor the enhanced cellular
excitability, rhythmic bursting, and overall propensity to generate SWDs observed in these mice.
Indeed, a later study cross-bed these P/Q-channel-deficient mice with T-channel-deficient mice
and provided compelling evidence that T-type Cav3.1/a1G is a crucial component of the absence
seizure phenotype in these mice: when harboring double null mutations in both Cav2.1/al1A and
Cav3.1/a1G subunits, TC neurons are depleted of It and these mice displayed no SWDs (Song et
al., 2004). Yet another example are the HCN2-deficient mice which exhibit spontaneous absence
seizures (Ludwig et al., 2003). TC neurons in HCN2”" mice exhibit a complete loss of I, which
leads to TC neuron hyperpolarization, which facilitates T-type calcium channel de-inactivation
and therefore facilitates burst firing; ex vivo thalamic slices exhibited hypersynchronous oscillatory
activity which was blocked by a T-type calcium channel inhibitor (Ludwig et al., 2003). Finally,

ethosuximide, a T-type calcium channel antagonist, reduces absence seizures in GAERS rats
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(Polack and Charpier, 2009). Altogether, these studies provide strong support for the critical role
of T-type calcium channels in absence seizures.

Nonetheless, several studies have called into question the extent to which It-mediated burst
firing in various components of single TC versus nRT cells is necessary for the generation of
absence seizures (reviewed by Crunelli and Leresche, 2002; Cheong and Shin, 2013; Maheshwari
and Noebels, 2014). For example, in GAERS rats and in a pharmacological model of absence
seizures, McCafferty and colleagues have reported infrequent burst firing in TC neurons during
absence seizures but an increased burst firing in nRT neurons (McCafferty et al., 2018). They
suggested that despite the rare burst firing of TC neurons, overall thalamic output (i.e. shaped by
both TC and nRT) remained strong and rhythmic during seizures (McCafferty et al., 2018). An
alternative interpretation is that it is It-mediated burst firing in the nRT neurons, and not the TC
neurons, that is critical to the expression of absence seizures in these rat models. On the other hand,
Lee and colleagues have reported that burst firing in nRT neurons is not essential for
pharmacologically-induced absence seizures in mice (Lee et al., 2014). Mice harboring double
mutations of Cav3.2 and Cav3.3 displayed enhanced pharmacologically-induced SWDs despite
the complete abolishment of nRT burst firing; the authors attributed the SWD susceptibility to an
increase in nRT tonic firing (Lee et al., 2014). In spite of these controversies, there is abundant
evidence for the powerful role of T-type calcium channels—and their disruptions—in mediating

thalamic hyperexcitability and SWDs, as discussed above.

2.7.3. R-type and P/Q-type channels in genetic models of absence epilepsy
Although T-type calcium channels have sustained the most attention in the study of thalamic

rhythms and seizures in the past decades, the role of R-type and P/Q-type calcium channels in
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thalamic hypersynchrony and hyperexcitability cannot be discounted. Loss-of-function mutations
in CACNA 1A (encoding the Cav2.1 subunit of P/Q-type channels) have been identified in CAE
(Jouvenceau et al., 2001). In addition, de novo pathogenic variants in CACNAIE (encoding the
Cav2.3 subunit of R-type channels) have recently been identified in patients with developmental
and epileptic encephalopathies (Helbig et al., 2018). Although these patients were not reported to
exhibit absence seizures, the Cav2.3 subunit is highly expressed in nRT neurons (Soong et al.,
1993; Weiergrdber et al., 2006), and has recently been shown to play an important role in
oscillatory burst firing of the nRT and in pharmacologically-induced SWDs (Paz and Huguenard,
2012; Zaman et al., 2011). R-type calcium channels are structurally similar to HVA calcium
channels, yet exhibit electrophysiological properties closer to T-type calcium channels; a critical
difference however, is that R-type channels are activated at higher thresholds than T-type channels
(Randall and Tsien, 1997; Soong et al., 1993). In nRT neurons of Cav2.3” mice, or nRT neurons
of WT mice in the presence of SNX-482 (a specific blocker of R-type channels), reduced AHP
rendered them unable to generate oscillatory bursts. Notably, genetic deletion or pharmacological
blockade of R-type channels promoted resilience to gamma-hydroxybutyrate-induced SWDs in
mice, suggesting that nRT oscillatory bursts, enabled by R-type mediated-AHP, are critical for
generation of SWDs (Zaman et al., 2011).

P/Q-type channels are widely expressed throughout the central nervous system but
especially abundant in presynaptic terminals in Purkinje and granule cells of the cerebellum.
Unlike post-synaptic T-type calcium channels which play a major role in shaping firing properties,
HVA P/Q-type channels are primarily involved in coupling calcium influx to neurotransmitter
release in presynaptic terminals (reviewed by Rajakulendran, Kaski and Hanna, 2012). Loss-of-

function mutations in various subunits of P/Q-type channels lead to absence epilepsy, in some
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cases accompanied by ataxia (Noebels, 2012); the enhancement of T-type channel function in mice
harboring these mutations was described earlier (Section 2.7.2). Investigations of rodent absence
models harboring P/Q-type loss-of-function mutations have highlighted another source of
vulnerability at the synaptic level: an incomplete overlap of P/Q-type subunit family members
across the brain (Noebels, 2012). Different brain regions have distinct patterns of f1-4 subunit
expression; thus, P/Q-type calcium channel composition, and thus function, is differentially
affected. One of the earliest demonstrations of “subunit reshuffling” (a compensatory process) was
in lethargic mice, which exhibit SWDs and ataxia (Burgess et al., 1999). In the cerebellum of
lethargic mice, in the absence of the 4 subunit, there is increased steady-state association of the
alA subunit with 2 and B3 subunits instead; these complexes generate functional P/Q-type
channel, with normal amplitude and voltage-dependence of the P-type current in dissociated
cerebellar Purkinje neurons (Burgess et al., 1999). Interestingly, thalamic nuclei appear to lack
significant expression of 1 and B3 subunits, thus decreasing the chance that the a1 A subunit can
form a functional heteromer in the absence of a functional p4 subunit (Noebels, 2012).

Thus, selective deficits or compensations at specific synapses may arise from regulatory
subunit "reshuffling.” In addition, cell-type specific alternative splicing of various subunits may

also explain resilience and vulnerability (Noebels, 2012).

2.7.4. SK channels and thalamic bursting in Dravet Syndrome

Dravet Syndrome is a childhood epileptic encephalopathy associated with severe non-convulsive
seizures and sudden unexplained death in epilepsy. It is caused by loss of function mutations in
the SCN1A4 gene encoding the type I voltage-gated sodium channel (Claes et al., 2001; Dravet,

2011; Han et al., 2020). In mouse models of Dravet Syndrome, cortical inhibitory neurons exhibit
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reduced excitability, consistent with a loss of function in a channel critical for action potential
generation and propagation (Rubinstein et al., 2015). Specific inactivation of Scnla in
parvalbumin-positive interneurons in the hippocampus and cortex increases seizure susceptibility
(Dutton et al., 2013). Hypoexcitability of parvalbumin-positive cortical interneurons has been
reported to normalize in adulthood in mouse models, suggesting there may be other mechanisms
which explain the ongoing, chronic epilepsy in Dravet Syndrome (Favero et al., 2018). Recent
work by our group has uncovered a surprising role for thalamic bursting in Dravet Syndrome.
Given that Scnla is highly expressed in parvalbumin-positive nRT cells, our group
investigated thalamic firing in the Scn/a-deficient mouse model of Dravet Syndrome (Ritter-
Makinson et al., 2019). We found that GABAergic nRT neurons—but not glutamatergic TC
neurons—exhibited heightened intrinsic excitability, most notably in the form of augmented
rebound burst firing. Interestingly, enhanced nRT rebound burst firing was due to a compensatory
reduction in the calcium-activated small potassium current (Isk) density rather than an
enhancement of the low-threshold T-type calcium current. While nRT neurons also exhibited
changes expected from Scnla loss-of-function such as depolarized action potential threshold and
increased action potential width, nRT neurons fired more action potentials in response to
depolarization. This finding was in contrast to the decreased excitability of cortical inhibitory
neurons described in previous studies. Moreover, reducing SK conductance, but not the sodium
conductance, in a biophysical model was sufficient to generate enhanced rebound bursts as
observed in nRT neurons. As a consequence of SK-deficit mediated augmentation of nRT burst
firing, mice exhibited thalamic microcircuit hyperexcitability, an ex vivo hallmark of seizures
involving the thalamus (reviewed by Cho et al., 2017). Finally, treatment with an SK channel

agonist (1-ethyl-2-benzimidazolinone, or EBIO) was sufficient to reduce the frequency of non-
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convulsive seizures in Dravet Syndrome mice. Altogether, we propose that Scn/a loss-of-function
results in a compensatory reduction of Isk in nRT neurons, which contributes to enhanced input
resistance and intrinsic excitability, and increased rebound burst firing. Augmented burst firing in
nRT neurons recruits stronger oscillatory bursting in the intra-thalamic circuit, which maintains
non-convulsive seizures (Ritter-Makinson et al., 2019).

This study demonstrated a novel role for the thalamus in a type of non-convulsive seizures
observed in human patients. It also points to a novel role for SK2 channels (a normal component
of nRT rhythmicity; (Cueni et al., 2008)), and raises questions about how this compensatory
mechanism arises from a Scnla loss of function mutation. Importantly, by tapping into the
rhythmogenic machinery of thalamic neurons, this study identified the nRT as a potential novel

therapeutic target to treat non-convulsive seizures in Dravet Syndrome.

2.8. The emerging role of the thalamus in acquired epilepsies

While the thalamus has been well-studied in the context of genetic epilepsies, there is also an
increasing appreciation of thalamic involvement in acquired epilepsies such as those that develop
after acute insults and in mesial temporal lobe epilepsies. Following cortical injuries such as
traumatic brain injury and stroke, the thalamus sustains robust and chronic secondary damage
including neurodegeneration and neuroinflammation in humans (Grossman and Inglese, 2016;
Pappata et al., 2000; Scott et al., 2015) and in rodent models (Cao et al., 2020; Hazra et al., 2014;
Holden et al., 2021; Necula et al., 2021; Paz et al., 2010). Thalamic damage has gained increasing
recognition as a prognostic biomarker of post-traumatic epileptogenesis (PTE) in rodent models
(Immonen et al., 2013; Manninen et al., 2021; Paz et al., 2010; Pitkdnen et al., 2021), and has also

been suggested as a biomarker of cognitive impairment after TBI in patients (Grossman et al.,
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2012; Ramlackhansingh et al., 2011). Despite being remote from the initial epileptogenic insult,
the thalamus can modulate seizure activity in rodent models of PTE (Paz et al., 2013; Paz and
Huguenard, 2015), and is the only FDA-approved brain region for deep brain stimulation in
patients with refractory temporal lobe epilepsy (Fisher and Velasco, 2014).

Neuroinflammation, commonly implicated in epileptogenesis, has been notoriously
challenging to dissect and target effectively (reviewed by Aronica et al., 2017; Klein et al., 2018;
Patel et al., 2019; Vezzani, Balosso and Ravizza, 2019). The extent to which neuroinflammation—
specifically in the thalamus—can drive epileptogenic changes following injuries, and whether it
can be a disease-modifying target in the context of PTE, is an active field of investigation.

Our group recently conducted a systematic study of secondary thalamic inflammation
across four distinct thalamocortical circuits in two rodent models of cortical lesions and found that
secondary thalamic neuroinflammation mirrors functional connectivity of thalamocortical circuits
(Necula et al., 2021). Such investigations, coupled with open access to large-scale anatomical and
functional connectivity atlases—e.g. the Allen Mouse Brain Connectivity Atlas (Harris et al.,
2019), the Janelia MouseLight project (Winnubst et al., 2019), and the Allen Brain Observatory
(Siegle et al., 2021)—may help start to elucidate potential “rules” by which secondary
neuroinflammation evolves after cortical injuries.

Neuroinflammation following stroke or TBI colocalizes with robust changes in cellular and
circuit properties of the thalamus. In rodents, cortical stroke and TBI both lead to thalamic circuit
hyperexcitability and thalamocortical epileptic discharges (Holden et al., 2021; Paz et al., 2013,
2010). Our group recently identified the C1q complement pathway as a mediator of the chronic
emergence of epileptic activity and sleep disruption after mild TBI in mice (Holden et al., 2021),

highlighting the feasibility and promise of targeting thalamic neuroinflammation to prevent circuit
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dysfunction after injuries. Altogether, thalamic neuroinflammation appears to be a meaningful
hallmark of chronic changes implicated in epileptogenesis. Whether neuronal-glial interactions in

the secondarily damaged thalamus can drive such pathology is investigated in Chapter 4.

2.9. Conclusions

In summary, we have reviewed evidence of pro-epileptic disruptions in thalamic and
thalamocortical circuits, and propose that the thalamus as a key convergence point of dysfunction
in genetic epilepsies. Understanding how the thalamus generates and modulates aberrant activity
will aid in the identification of therapeutic targets and paradigms to treat epilepsies.

What aspects of thalamic organization and function predisposes the thalamus to
vulnerability? The thalamus generates vigorous rhythmic burst firing at the cellular and
microcircuit levels, and the mechanics underlying such firing appears to be vulnerable to genetic
perturbations. However, whether that means they can just as easily be “corrected”, without

equally debilitating off-target effects, remains to be seen.

Cell-intrinsic vulnerabilities: We reviewed diverse ways in which T-type calcium channels, as
well as R-type and P/Q-type channels, have been linked to absence seizures, including mutations
which lead to direct or compensatory increases in the magnitude of Ir, or to changes in channel
subunit expression and composition. We particularly highlighted the abundant evidence that burst
firing properties of thalamic neurons appear to be a common node of dysfunction across
genetic models of epilepsies. One novel and notable example is the identification of a
compensatory reduction of the SK current and subsequent increase of nRT burst firing in a Scnla

loss-of-function mouse model of Dravet Syndrome (Ritter-Makinson et al., 2019). The finding that
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pharmacological augmentation of the SK current reduced the severity of non-convulsive seizures
suggests that restoring burst firing, even when it may not be the sole or primary

electrophysiological disruption, can be potentially beneficial in modulating seizures.

Micro-circuit vulnerabilities: We also reviewed the diverse ways in which disruptions to feed-
forward inhibition and counter-inhibition increase the propensity of thalamic circuits to become
hypersynchronous and hyperexcitable. Further investigations of what mediates selective
vulnerability of specific synapses, and whether restoration of unperturbed microcircuit functions
can compensate for pro-epileptic changes, will undoubtedly be fruitful in identifying therapeutic

strategies to prevent and treat seizures.

Are there similar vulnerabilities in the thalamocortical circuit across genetic and acquired
epilepsies and what are they? Thalamic damage after cortical injuries has recently emerged as a
biomarker of PTE. Due to its broad connectivity, focal and even remote damage to the thalamus
is well-positioned to mediate disruptions in “bystander” circuits which are not immediately
involved in seizure dynamics. Thus, recent advances in our understanding of thalamic organization
and function in various psychiatric and cognitive conditions (e.g. Krol et al., 2018)—which can
often be comorbidities of seizures—may be harnessed to understand and modulate the potentially
far-reaching role (beyond seizure activity) of the thalamus in acquired epilepsies. Ultimately, if
the thalamus is indeed an “Achilles’ heel”—a critical node of dysfunction—in the context of
epilepsy, then understanding how diverse genetic and acquired etiologies converge upon thalamic
hyperexcitability will pinpoint elements that contribute to its vulnerability as well as those that

contribute to its resilience.
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Chapter 3 : Astrocyte-derived Interleukin-33 promotes microglial synapse

engulfment and neural circuit development

Abstract

Neuronal synapse formation and remodeling is essential to central nervous system (CNS)
development and is dysfunctional in neurodevelopmental diseases. Innate immune signals regulate
tissue remodeling in the periphery, but how this impacts CNS synapses is largely unknown. Here
we show that the IL-1 family cytokine Interleukin-33 (IL-33) is produced by developing astrocytes
and is developmentally required for normal synapse numbers and neural circuit function in the
spinal cord and thalamus. We find that IL-33 signals primarily to microglia under physiologic
conditions, that it promotes microglial synapse engulfment, and that it can drive microglial-
dependent synapse depletion in vivo. These data reveal a cytokine-mediated mechanism required

to maintain synapse homeostasis during CNS development.

Introduction

Neuronal synapse formation depends on a complex interplay between neurons and their glial
support cells (Clarke and Barres, 2013; Molofsky et al., 2012). Astrocytes provide structural,
metabolic, and trophic support for neurons. Gray matter astrocytes are in intimate contact with
neuronal synapses and are poised to sense local neuronal cues. In contrast, microglia are the
primary immune cells of the CNS parenchyma. Microglia regulate multiple phases of
developmental circuit refinement (Ransohoff and Cardona, 2010; Salter and Beggs, 2014), both
inducing synapse formation (Miyamoto et al., 2016; Parkhurst et al., 2013) and promoting synapse

engulfment (Paolicelli et al., 2011; Schafer et al., 2012), in part via complement, an effector arm

82



of the innate immune system (Stevens et al., 2007). Excess complement activity has been
implicated in schizophrenia, a neurodevelopmental disorder that includes cortical gray matter
thinning and synapse loss (Sekar et al., 2016), suggesting that microglial synapse engulfment may
have broad implications for neuropsychiatric disease.

Despite the emerging roles of astrocytes and microglia in neuronal synapse formation and
remodeling, how they coordinate synaptic homeostasis in vivo remains obscure. Interleukin-33
(IL-33) is an IL-1 family member with well described roles as a cellular alarmin released from
nuclear stores following tissue damage, including in spinal cord injury (Gadani et al., 2015;
Pomeshchik et al., 2015), stroke (Luo et al., 2015) and Alzheimer’s disease (Fu et al., 2016).
Whereas many cytokines are primarily defined by their roles in inflammation and disease (e.g. IL-
I, TNF-a or IL-6), IL-33 also promotes homeostatic tissue development and remodeling
(Molofsky et al., 2015). The CNS undergoes extensive synapse remodeling during postnatal brain
development, but a role for IL-33 or other stromal-derived cytokines is unknown. Here we report
that IL-33 is produced postnatally by synapse-associated astrocytes, is required for synaptic
development in the thalamus and spinal cord, and signals to microglia to promote increased
synaptic engulfment. These findings reveal a physiologic requirement for cytokine-mediated

immune signaling in brain development.

Results

We previously developed methods to identify functionally heterogeneous astrocytes by expression
profiling of distinct CNS regions (Molofsky et al., 2014). In a RNA sequencing screen of
developing forebrain astrocytes (P9; flow sorted using an Aldhll1-eGFP reporter) we identified
the cytokine Interleukin-33 (IL-33) as a candidate that is both astrocyte-enriched and
heterogeneously expressed by astrocytes throughout the CNS (Fig. S1A-C). We confirmed
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astrocyte-specific developmental expression of IL-33 in spinal cord and thalamus using a nuclear
localized 1133 reporter (/133" Fig., 3.1A) and validated these findings with flow cytometry
and protein immunostaining (Fig. S3.2). By adulthood, a subset of oligodendrocytes also co-
labeled with IL-33 (Fig. S3.2C-E), consistent with prior reports (Gadani et al., 2015). Thus,
astrocytes are the primary source of IL-33 during postnatal synapse maturation.

Although most IL-33 positive cells were astrocytes, not all developing astrocytes expressed
IL-33, and this number increased in the early postnatal period (Fig. S3.3; (Wicher et al., 2013)).
In fact, IL-33 was detected only in gray matter, where most synapses are located (Fig. 3.1B, Fig.
S3.2H, Fig. S3.3D). In the thalamus, which receives regionally distinct sensory synaptic inputs,
IL-33 expression in the visual nucleus (dLGN) increased sharply coincident with eye opening
(P12-P14, Fig. 3.1C, D). Removal of afferent sensory synapses by enucleation at birth prevented
this developmental increase in IL-33 expression (Fig. 3.1E, F), whereas dark rearing, in which
synapse maturation is largely preserved (Hooks and Chen, 2006) had no effect. Molecular profiling
of IL-33 positive astrocytes in both thalamus and spinal cord (Fig. 3.1G, H), revealed a negative
correlation with white matter astrocyte markers (GFAP, Vimentin), enrichment for genes involved
in astrocyte synaptic functions (connexin-30/Gjb6 (Pannasch et al., 2014)), and enrichment in G-
protein coupled and neurotransmitter receptors (e.g. Adora2b, Adrala; Table 3.1 to 3.3).
Together, these data demonstrate that IL-33 expression is correlated with synaptic maturation and
marks a subset of astrocytes potentially sensitive to synaptic cues, raising the question of whether
IL-33 plays a role in synapse development.

To test whether IL-33 regulates neural circuit development and function, we examined the
effect of IL-33 deletion on synapse numbers and circuit activity. In the thalamus, a region with

high IL-33 expression, an intrathalamic circuit between the ventrobasal nucleus (VB) and the
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reticular nucleus of the thalamus (RT) displays spontaneous oscillatory activity that can also be
evoked by stimulating the internal capsule that contains cortical afferents (Lui et al., 2016; Paz et
al., 2010). We quantified this oscillatory activity in slices from young adult mice (P30-P40) which
revealed enhanced evoked activity in response to stimulation (Fig. 3.2A, B; Fig. S3.4A-B) as well
as elevated spontaneous firing in the absence of IL-33 (Fig. 3.2C; Fig. S3.4C). This increase could
result at least in part from enhanced numbers of glutamatergic synapses. To investigate this
hypothesis, we performed whole-cell patch-clamp recordings of VB neurons to quantify miniature
excitatory postsynaptic currents (mEPSCs; Fig. 3.2D). We found that the frequency of mEPSCs
was enhanced in VB neurons from IL-33-deficient mice, whereas the amplitude and the kinetics
were unchanged (Fig. S3.4D). Together, these results suggest that IL-33 deficiency leads to excess
excitatory synapses and a hyperexcitable intrathalamic circuit.

In the spinal cord, a-motor neurons (a-MN) are the primary outputs of the sensorimotor
circuit and receive inputs from excitatory (vGlut2+) and inhibitory (VGAT+) interneurons (Fig.
3.2E, (Arber, 2012)). We conditionally deleted IL-33 from astrocytes (#GFAPcre (Molofsky et
al., 2014), Fig. S3.5A), and found increased numbers of excitatory and inhibitory inputs onto a-
MN at P30; global deletion of 7/1r/1 (ST2) (Fig. 3.2F-I) or 1133 (Fig. S3.5B, C) phenocopied this
finding. Neuronal soma size, interneuron numbers, and oligodendrocyte numbers were unchanged
(Fig. S3.5D-F). However, by adulthood, IL-33 deficiency led to increased gray matter expression
of glial fibrillary acidic protein (GFAP; Fig. S3.5G-H), a marker of tissue stress. We also found
that /1337~ animals had deficits in acoustic startle response, a sensorimotor reflex mediated by
motor neurons in the brainstem and spinal cord (Fig. 3.2J, K; (Koch, 1999). Auditory acuity and
gross motor performance were normal (Fig. S3.5 I-J). Taken together, these data demonstrate that

IL-33 is required for normal synapse numbers and circuit function in the thalamus and spinal cord.
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To determine the cellular targets of IL-33 signaling we first quantified expression of its
obligate co-receptor ILIRL1 (ST2) (Molofsky et al., 2015). We detected ///r/] in microglia by
RNA sequencing (7.1 2.1 FPKM), and by quantitative PCR, in contrast to astrocytes, neurons, or
the lineage negative fraction (Fig. 3.3A). The transcriptome of acutely isolated microglia from
11337 animals revealed 483 significantly altered transcripts, including reduced expression of NF-
kB targets (e.g. Tnf, Nfkbia, Nfkbiz, Tnfaip3; Fig. 3.3B-C; Fig. S3.6A, additional data table S2),
consistent with diminshed NF-kB signaling (Ruland, 2011). The transcriptome of /337~ astrocytes
was unchanged (Fig. S3.6B), strongly arguing against cell autonomous roles of IL-33 in this
context. These data demonstrate physiologic signaling by IL-33 to microglia during brain
development, raising the question of whether it promotes physiologic microglial functions.

Given the increased synapse numbers in IL-33 deficient animals, we tested whether 1L-33
is required for microglial synapse engulfment. We detected engulfed PSD-95+ synaptic puncta
within spinal cord microglia throughout development, as in other CNS regions (Paolicelli et al.,
2011; Schafer et al., 2012), and found decreased engulfment in microglia from 7/33” animals (P15;
Fig. 3.3D). This was further validated by dye labeling of spinal cord motor neurons, which
revealed fewer dye filled microglia in 7/337 (Fig. S3.7). Conversely, local injection of 1L-33
increased PSD-95 within microglia in both spinal cord (Fig. 3.3E) and thalamus (Fig. S3.8A-B),
and altered markers consistent with microglial activation, including IL1RLI1-dependent
downregulation of P2Y12 (Fig. S3.9A-C, (Haynes et al., 2006)). In vitro, IL-33 promoted
synaptosome engulfment by purified microglia, whereas the canonical IL-1 family member IL-13
had no effect (Fig. S3.9D-E). /n vivo, injection of IL-33 into the developing spinal cord led to two-
fold depletion of excitatory synapses (colocalized vGlut2/PSD-95) whereas conditional deletion

of ILIRL1 from microglia partly reversed this effect (Cx3cricre: 1l1rl1/"", Fig. 3.3F, G). In
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comparison, global loss of //7rl1 completely reversed IL-33 dependent synapse depletion in spinal
cord (Fig. S3.10) and thalamus (Fig. S3.8C-D), suggesting that non-microglial sources of ST2
could also contribute. These data indicate that IL-33 regulates synapse numbers in vivo at least in
part via ILIRL1 receptor-mediated signaling in microglia.

Our data reveal a mechanism of astrocyte-microglial communication that is required for
synapse homeostasis during CNS development. We propose that astrocyte-derived I1L-33 serves as
a rheostat, helping to tune microglial synapse engulfment during neural circuit maturation and
remodeling (Fig. S3.11). Key unanswered questions include the nature of the cues that induce
astrocyte //33 expression, the mechanism of IL-33 release, and the signals downstream of 1L-33
that promote microglial function. These data also raise the broader question of how this process
impacts neural circuit function. Synapses are the most tightly regulated variable in the developing
CNS (Chovatiya and Medzhitov, 2014) and are a primary locus of dysfunction in
neurodevelopmental diseases. 7/33 is one of five genes that molecularly distinguishes astrocytes
from neural progenitors in developing human forebrain (Pollen et al., 2015), suggesting possibly
conserved roles in the human CNS. Defining whether signals like IL-33 are permissive or
instructive, promiscuous or synapse specific, is a first step towards understanding how neural

circuits remodel during development and under stress.

Acknowledgements
We are grateful to the Molofsky labs, Poskanzer lab, R.M. Locksley, and J.R. Chan for helpful
comments on the manuscript. Thanks to the J. Huguenard lab for the thalamic network analysis

code, to J.P Girard for //33/%“ mice, R.T. Lee for 1/33"" and I11r11"", M. Colonna and the Mucosal

87



Immunology Studies Team (MIST) for £/33/28-mCherry D, Julius for the P2Y12 antibody, and the

Gladstone Genomics and Behavioral Cores (P30NS065780) for technical contributions.

Funding

A.V.M is supported by a Pew Scholars Award, NIMH (KOSMH104417), the Brain and Behavior
Research Foundation, and the Burroughs Wellcome Fund. A.B.M is supported by the NIDDK
(KO8DK101604) and the Larry L. Hillblom Foundation. J.T.P is supported by NINDS
(ROINS096369). S.A.L. is supported by the Australian National Health and Medical Research
Council (GNT1052961), and the Glenn Foundation Glenn Award. F.S.C (NSF #1144247) and

P.T.N. were supported by Graduate Student Fellowships from the National Science Foundation.

Authors contributions

ILD.V., G.C., A.V.M, and J.G.M. designed, performed and analyzed most experiments. E.C.C.,
H.N-I, P.T.N., and L.C.D. contributed to experiments and data analysis. F.S.C and J.T.P. designed,
performed and analyzed the electrophysiology experiments. K.W.K and [.D.V designed and
performed bioinformatics analyses. S.A.L. performed and analyzed culture experiments under
supervision of B.A.B. O.A. performed and analyzed auditory testing. S.J. generated 1133-H2B-
mCherry mice. A.V.M and A.B.M designed experiments and wrote the manuscript together with

I.LD.V., G.C. and other authors.

Materials & Methods
Mice: All mouse strains were maintained in the University of California San Francisco specific

pathogen—free animal facility, and all animal protocols were approved by and in accordance with
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the guidelines established by the Institutional Animal Care and Use Committee and Laboratory
Animal Resource Center. Littermate controls were used for all experiments when feasible, and all
mice were backcrossed >10 generations on a C57B1/6 background unless otherwise indicated. The

following mouse strains were used as referenced in the text: For global deletion of IL-33,

113 3lacZ/lacZ

knockins were used (Pichery et al., 2012); lacZ reporter assays utilized heterozygote
animals from the same line, and global deletion of ///rl1 (ST2) used a knockout line (Hoshino et

al., 1999). Astrocyte specific deletion of IL-33 in spinal cord utilized transgenic line #GFAPcre

(Zhuo et al., 2001) as previously validated in spinal cord (Molofsky et al., 2014).

Microglial/monocyte specific deletion utilized Cx3cricre (Yona et al., 2013). 133" and 111717""

were obtained from the Richard Lee lab (Chen et al., 2015) and were on a mixed genetic

eGFP .

background. Astrocyte reporter line Aldh111 is a BAC transgenic generated by the GENSAT

project (Gong et al., 2003); regional expression profiling in Fig. S1 was done on a Swiss-Webster

eGFP .

background, all other experiments were on a N>5 C57BI1/6 background. Cx3crl is a knockin

allele (Jung et al., 2000). For fluorescent IL-33 reporter assays, a novel 1133 line developed
in the Colonna Lab (Washington University, USA) was used. Mice were derived from an
insertional mutation of a gene trap cassette into the intron upstream of exon 5 of the /133 gene. The
cassette consists of a mouse En2 splicing acceptor (SA) and an H2B nuclear localization tag fused
to the mCherry reporter and followed by a viral 2A peptide sequence and a puromycin resistance

cassette.

CNS injections: All brain injections were performed with a Kopf stereotaxic apparatus with a
microdispensing pump (World Precision Instruments) holding a beveled glass needle with 50 uM

outer diameter, to inject IL-33 at Img/ml concentration or vehicle control. For perinatal injections
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and synapsin-1 quantifications, mice were anesthetized by hypothermia, headfixed with a custom
clay mold, and 1 pl of 1133 or vehicle was injected into the right lateral ventricle. Mice were
allowed to recover in their home cage, and euthanized by perfusion 18 hours later. For PSD-95
quantifications in the spinal cord, P14 mice were anesthetized by isoflurane and headfixed with
earbars. A laminectomy at the T12 vertebrae was performed to expose the dorsal spinal cord. Z-
depth was established at the surface of the spinal cord and the needle was lowered to a depth of
DV=0.3 mm. 100 nl of solution was slowly infused at a rate of 3 nl/sec, and left in place for 5
minutes following injection to allow for local diffusion. Mice were euthanized by perfusion 18

hours following injection and processed for immunohistochemistry.

Flow cytometry: P9-P15 animals were perfused with ice-cold HBSS-Ca/Mg free until clear and
CNS regions were microdissected under a dissecting microscope and meninges were removed.
When for RNA sequencing, the tissue was dissociated with papain 20 U/ml (Worthington) for 80
minutes at 33°C as previously described. For P2ry12 qPCR tissues were dissociated using a tissue
homogenizer as previously described (Galatro et al., 2017). For I11r11/ST2 qPCR accutase was
used to dissociate and protocol for sorting neurons, astrocytes, and microglia was followed as
described by Srinivasan et al. 2016 (Srinivasan et al., 2016). At ages P13 and above, a 22% percoll
gradient was added to deplete myelin (Galatro et al., 2017). Cells were sorted on a BD Facs Aria
IIT and gated on forward/side scatter, live/dead by DAPI exclusion, Aldhl11-GFP to isolate
astrocytes, CD11b/CD45/Ly6C (eBioscience/Biolegend) to identify microglia and exclude
peripheral macrophages, and Neun-GFP (EMD Millipore) for neurons. In some cases where a
single population was defined, CD11b was used in subsequent experiments. Aldh111-eGFP/IL33-
mCherry experiments were gated as indicated, following side-scatter, live-dead, and microglia

exclusion by CD11b.
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RNA isolation: RNA was isolated using TRIZOL reagent (Invitrogen), DNAse digested to remove
genomic DNA contamination, and further purified using the RNAeasy Kit (Qiagen). For mCherry
and all gPCR analyses, cells were placed directly into Qiagen RNAeasy RLT+ buffer and kept
overnight at -80°C prior to isolation with the RNeasy plus Micro Kit (Qiagen). For qPCR analysis,
RNA was reverse transcribed using a high capacity cDNA reverse transcription kit and random
primers (Applied Biosystems). cDNA was diluted 1:100 in the final gPCR reaction. gPCR was

performed on an ABI qPCR machine using Sybr green.

RNA sequencing: cDNA was generated from full length RNA using the NuGEN RNA- Seq V2
kit which uses the single primer isothermal amplification method to deplete ribosomal RNA, and
sheared by Covaris to yield uniform size fragments. The NuGen Ultralow kit was used to add
adapters, barcoding and amplification. Library was purified using Agencourt XP magnetic beads,
QC’d with an agilent bioanalyzer, and quantified by qPCR. For data in Fig. S3.1, RNA sequencing
was performed in two separate batches (regional astrocyte data not including spinal cord and /33
data from spinal cord). 3 or 4 libraries were pooled per lane for single end (SE50) sequencing. For
the regional astrocyte data, over 44 M reads were sequenced per sample (range 44 — 60 M reads)
using an Illumina HiSeq 2000. For data in Fig. 3.1H and Fig. 3.3B, C, over 79 M reads were

sequenced per sample (range 79 — 133 M reads) on an [llumina HiSeq 4000.

Bioinformatics Read quality was assessed using fastqc (Andrews, 2010) and the first 5 bases of
each read from the regional astrocyte data and the first 11 bases of each read from the 1133 data
were trimmed and aligned to the Mus Musculus genome (Ensembl GRCm38) (Aken et al., 2016)
using TopHat2 (version 2.0.11) with bowtie2 (version 2.2.3) (Kim et al., 2013). TopHat2 was run

with the following arguments “--no-coverage-search --segment-length 20 --segment-mismatches
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1 with the genes.gtf file from Ensembl GRCm38. Gene counts were created from the alignment
files using htseq-count (version 0.6.1p1) with default parameters (Anders et al., 2015). From raw
count files, DESeq2 (Love et al., 2014) was used to detect differentially expressed genes with
cooksCutoff=False. FPKM values were generated using cuffquant and cuffnorm from the cufflinks
suite of software tools (Trapnell et al., 2010). Quantile normalized FPKM values are reported. For
analysis of astrocytes differentially expressing IL33-mCherry, the consensus list of 444 candidates
was obtained with the following filters: 1) Significant in the combined differential expression
analysis (pAdj<0.01). 2) Moderately expressed (mean FPKM > 20 in at least one condition/region
of the IL33-mCherry+ or IL33-mCherry- samples), 3) astrocyte-enriched (2-fold in
Aldh111+/Aldh1l11- in at least one brain region from the astrocyte heterogeneity screen in Fig.

S3.1).

LacZ staining: Slides were incubated at 37°C in a solution of 1% 0.1M Potassium Ferricyanide,
1% 0.1M Potassium Ferrocyanide 0.5% Xgal, 0.2% 1M Magnesium Chloride in PBS. 37°C until
color was clearly discernible under light microscope (~3.5 hours). All slides used in quantitations
were stained together to avoid batch effects. Images were acquired on a Leica MS80

stereomicroscope and quantified in ImageJ using the mean pixel intensity in a specified area.

Antibodies: For immunohistochemistry, primary antibody staining was done either overnight at
4°C or lhr at room temperature (20°C) in 5% serum and 0.4% Triton, following antigen retrieval
for 2min at 95°C in 0.01M citrate buffer, pH 6.0. Antibodies used for IHC included goat ChAT
1:100 (Millipore), mouse NeuN 1:500 (Millipore), guinea pig vGluT2 1:5000 (Millipore), Rabbit
VGAT 1:4000 (Synaptic Systems), rat GFAP 1:1000 (Invitrogen), chick anti-GFP 1:500 (Abcam),

Rabbit anti- RFP (In living colors, Clontech), anti B-galactosidase (abcam ab9361), synapsin 1,
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rabbit p2y12 (gift of D. Julius), rabbit PSD-95 (invitrogen 51-6900), rabbit IBA-1 (Wako), mouse
CC1 (Millipore OP80), Rabbit anti Olig2 (gift of C. Stiles), Alexa Fluor 555 rabbit anti-fluorescein
IgG (Molecular Probes), and DAPI Fluoromount-G (SouthernBiotech). Antibodies used for both
IHC and western blotting were Goat anti-IL- 33 (1:500, R&D Systems AF 3626); Rabbit anti-
Aldh1l1 (1:2000, Abcam ab87117), Rabbit anti-Goat HRP-linked secondary (1:1000, BioRad

1721034); and Goat anti-Rabbit HRP-linked secondary (1:5000; CST 7074S).

Western blotting: Tissues were flash frozen on dry ice, then sonicated for 20 seconds in lysis
buffer (50 mM tris-HCL, 1 mM EDTA, 1% Tx-100, 150 mM NaCl). The sample was centrifuged
for 10 minutes at 15,000 rpm at four degrees Celsius and the pellet was discarded. Samples were
run on a denaturing gel and transferred to PVDF membrane, blocked with 5% milk in TBST for 1
hour at room temperature, incubated in primary antibody overnight at 4°C and secondary at room

temperature for one hour, and developed with ECL plus.

Synaptosome/myelin purification: Synaptosomes were purified as described previously (Dunkley
et al., 2008), and conjugated with pHrodoTM Red, succinimidyl ester (Thermo Fisher Scientific,
P36600) in 0.1 M sodium carbonate (pH 9.0) at room temperature with gentle agitation. After two-
hour incubation, unbound pHrodo was washed-out by multiple rounds of centrifugation and
pHrodo-conjugated synaptosomes/myelin were re- suspended with isotonic buffer containing 5%

DMSO for subsequent freezing.

Microglial in vitro engulfment assay: Microglia were purified by immunopanning from postnatal
day 6 rat cortices and cultured as previously described (Liddelow et al., 2017). Briefly, cortices
were digested enzymatically with papain (100U, Worthington) then

mechanically dissociated to generate a single cell suspension that was incubated on successive
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negative panning plates to remove endothelial cells and oligodendrocyte lineage cells before
positive selecting for microglia with a CD45-coated panning plate. Isolated microglia were
cultured in PDL-coated 96-well plates at a density of 1000 cells/well in a defined culture media
containing DMEM/F-12 (Thermo Fisher Scientific, 11320033), 100U/ml penicillin, 100ug/ml
streptomycin, 100 nM Na-selenite, 10 ng/ml transferrin, and 5 ug/ml N-acetyl cysteine, with 1%
heat inactivated FCS (Sigma). Engulfment assays were conducted at 7DIV: microglia were
incubated with IL-33 and either 5 pl pHrodo-conjugated purified synaptosomes or 800 pg/ml
media pHrodo- conjugated myelin debris, and plates were imaged at 1 h intervals for 24 h with an
epifluorescence time lapse microscope (IncuCyte Zoom® System) to reveal engulfed pHrodo-
conjugated particles. For image processing analysis, we took 9 images/well using 20x objective
lens from random areas of the 96-well plates and calculated the phagocytic index (PI) by measuring
the area of engulfed synaptosomes/myelin (fluorescent signal) normalized to the area of microglia
using ImagelJ. Engulfment ability was calculated by normalizing PI of control and IL-33 treated

microglia.

Synapse quantifications: Sensorimotor synapses onto motor neuron soma were quantified as
previously described (Molofsky et al., 2014). Images were collected using a Leica SP5 confocal
microscope using an objective with a numerical aperture of 1.4. Counts of synaptic puncta per MN
soma represent pooled data from ChAT+ NeuN+ a-MNs at both cervical and lumbar levels versus
littermate controls. Experimenter was blinded to genotype for all quantifications. Other images
were collected on a Zeiss LSM confocal. Synapse co-localization for pre-and postsynaptic markers
(Fig. 3F, G, Fig. S10) was quantified by determining co-localization of PSD-95 and vGlut2 in
optical sections of ventrobasal thalamus. Briefly, images were collected on a Zeiss LSM 780 laser

scanning confocal using standardized imaging parameters throughout, and colocalization was
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analyzed using an ImagelJ script developed by the Eroglu lab (v1.29 PunctaAnalyzer plugin (Risher
etal., 2014; Singh et al., 2016)). Image quality was checked by repeating analyses after 90° rotation

of one channel to verify that co-localization was not due to random chance.

Microglial in vivo engulfment assay: For 1L-33 injection experiments, microglia were analyzed
from a region clearly outside the injection tract, but within the zone of IL-33 dependent microglial
morphologic changes (~200 um). Z-stacks encompassing entire microglia were collected on a
Zeiss laser scanning confocal microscope with a 63x objective (NA1.4); laser power and gain were
consistent across all experiments. Images were analyzed using Imaris software (Bitplane) by
creating a 3D surface rendering of microglia, thresholded to ensure microglia processes were
accurately reconstructed, and maintained consistent thereafter. This rendering was used to mask

the PSD-95 channel, and the “Spots” function was used to define the number of PSD-95+ puncta

entirely within the surface. For PSD-95 engulfment assays in 1337 and 1337 mice, similar

analysis parameters were used, focusing on the spinal cord ventral horn.

For quantification of microglial dye engulfment, P10 mice were placed under anesthesia and a
hindlimb incision was made to expose the gastrocnemius muscle. Using a bevelled glass pipette,
1-2 ul of fluoroscein labeled dextran dye (Invitrogen, lysine fixable, MW 3000) at 100 mg/ml in
1% lysolethecin/PBS was slowly bulk loaded into the muscle over 15 minutes. The animal was
allowed to recover and anesthetized by perfusion 3 days later. Lumbar spinal cord sections were
stained with rabbit anti- fluorescein and chick anti-GFP and all sections containing dye filled
neurons were imaged using similar parameters as above. For quantification, only microglia in

which at least one process was in contact with a motor neuron were considered.
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Sensorimotor startle testing: Behavioral testing was performed with adult female mice (6-14
weeks; mean 9.6) including littermate controls; experimenters were blinded to genotype
throughout. Mice were placed in an isolated chamber and habituated for 5 minutes to 64 dB
background, then exposed to a series of 40 ms acoustic pulses at varying intensities for
approximately 15 minutes at random intervals, for a total of 70 trials. Average and maximum

amplitudes (N) of pulses were measured for each mouse.

Rotarod testing: Mice were placed on an accelerating rotarod from 2-80 RPM over 120 seconds.

Time-to-fall was averaged over 10 trials per animal.

Auditory brainstem reflex (ABR) testing: Hearing tests were performed as previously described
(Akil et al., 2012). with female mice (7-15 weeks; mean 10.8); experimenter was blinded to
genotype throughout. Briefly, mice were anesthetized with Ketamine/xylazine, placed in a sound-
proof chamber, and evoked acoustic brainstem response thresholds were recorded using subdermal
needle electrodes at the vertex, below the pinna of the left ear (reference), and below the
contralateral ear (ground). Stimuli were clicks (5ms duration; 31Hz, mixed tones) and tone pips at
8, 16, and 32 kHz (10ms duration; cos2 shaping; 21Hz). Measurements recorded using the TDT
BioSig III system (Tucker Davis Technologies). For each stimulus, electroencephalographic
(EEG) activity was recorded for 20 ms at a sampling rate of 25kHz, filtered (0.3-3kHz), and
waveforms from 512 stimuli were averaged for click responses, and 1000 stimuli for frequency
specific stimuli (8, 16 and 32 kHz). ABR waveforms were recorded in 5 dB sound pressure level
(SPL) intervals down from the maximum amplitude. The threshold was defined as the lowest
stimulus level at which response peaks for waves I-V were clearly and repetitively present upon

inspection. These threshold judgments were confirmed by analysis of stored waveforms. The
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comparison of each group of animals was performed using 1 way ANOVA with Bonferroni post-

hoc testing.

Thalamic slice electrophysiology slice preparation: Mice were euthanized with 4% isoflurane,
then perfused with ice-cold cutting solution containing 234 mM sucrose, 2.5 mM KCI, 1.25 mM
NaH2PO4, 10 mM MgS04, 0.5 mM CaCl2, 26 mM NaHCo3, and 11 mM glucose equilibrated
with 95% O2 and 5% CO2. Following decapitation and removal of the brain, we prepared 400 uM
or 250 uM thick horizontal thalamic slices (for circuit recordings and for whole cell patch clamp
recordings, respectively) containing the ventrobasal thalamus and the nucleus reticular thalamus
with a Leica VT1200 microtome (Leica Microsystems). Slices were initially incubated at 34°C for
1 hour, and then at room temperature in artificial cerebrospinal fluid (ACSF) containing 126 mM
NaCl, 2.5 mM KCI, 1.25 mM NaH2PO4, 2 mM MgCl2, 2 mM CaCl2, 26 mM NaHCO3, and 10

mM glucose, equilibrated with 95% O2 and 5% CO2, pH 7.4.

Thalamic slice electrophysiology extracellular circuit recordings: Recordings were performed as
described (Paz et al., 2013, 2010). Briefly, horizontal sections (400-um thick) were placed in a
humidified, oxygenated interface chamber perfused with oxygenated ACSF, supplemented with
300 uM glutamine for metabolic support, at a rate of 2 mL/min at 34°C. Extracellular multi-unit
recordings were obtained from VB thalamus using a 16-channel multi-electrode array
(Neuronexus). Signals were acquired then amplified by 10,000 and band-pass filtered between 100
Hz and 6 kHz (RZ5 system, Tucker-Davis Technologies). A bipolar tungsten electrode was placed
in the internal capsule, and was used to deliver electrical stimulation of 50 V for 100 us, every 30
seconds for 20 sweeps. Spike detection was performed using MATLAB code adapted from John

Huguenard’s Lab (Sorokin et al., 2017). The most active channel of each slice was included for
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analysis, and statistical analyses were performed with OriginPro. For analysis of evoked
oscillations, a region from 250-750 ms was selected for analysis to exclude the direct stimulus
response, and significance was calculated from a firing rate frequency histogram of this time
region. For spontaneous oscillations, data was collected from similar preparations but without

stimulation.

Thalamic slice electrophysiology intracellular whole-cell patch clamp recordings: Recordings
were performed as previously described (Paz et al., 2010). Briefly, horizontal sections (250-um
thick) were placed in a chamber perfused with oxygenated ACSF supplemented with 1uM
tetrodotoxin and 50 mM picrotoxin to isolate miniature excitatory post- synaptic currents
(mEPSCs). Recording electrodes were made of borosilicate glass (resistance 2.5-4 MOhm) and
filled with intracellular solution containing 120 mM potassium gluconate, 11 mM KCl, 1 mM
MgCl12, 1 mM CaCl2, 10 mM HEPES, and 1 mM EGTA, adjusted to 290 mOsm and pH 7.4. VB
cells, which were visualized by differential contrast optics with a Zeiss Axioskop microscope,
were included in the analysis only if the access resistance was <25 MOhm. mEPSCs were recorded
in voltage- clamp mode for 10 minutes for each neuron, and were analyzed using ClampFit,

WDetecta, and MATLAB. Experimenter was blinded to genotype.
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Figure 3.1. IL-33 is developmentally induced in synapse-associated astrocytes.

(A) Representative image of /33" with Aldhlll-eGFP+ astrocytes and oligodendrocyte
marker CC1 in spinal cord ventral horn (scale = 50 um). (B) Gray matter restricted expression of
1133%<Z in the spinal cord at P30 (scale = 0.5 mm). (C, D) 1/33%“Z increases in the visual thalamus
(dLGN) during eye opening, normalized to sensorimotor thalamus (VB) (scale = 0.5 mm). (E)
Representative images of //33“Z in P21 thalamus in littermate controls and after perinatal
enucleation (scale = 0.5 mm). (F) //33/“““ mean pixel intensity in dLGN. (G) Representative flow
plot of spinal cord from 1133"<"/Aldh11]1-eGFP mice at P15 with sorting gates indicated. (H)
Heatmap of the top 444 differentially expressed genes in I133-mCherry” vs. mCherry™ astrocytes
in spinal cord and thalamus (FC>2, pAdj<0.05), select candidates highlighted. Statistics: One-
way ANOVA with Tukey’s post hoc comparison or student’s t-test. All points represent
independent biological replicates. * p<0.05, **** p<0.0001.
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Figure 3.2. IL-33 deficiency leads to excess synapses and abnormal thalamic and
sensorimotor circuit function.

(A) Schematic of extracellular recording setup to measure circuit activity between ventrobasal
(VB) and reticular thalamic nuclei (RT) with representative recording showing activity in five
channels after stimulation of the internal capsule (i.c.) that contains cortical afferents. Red arrows
indicate reciprocal VB-RT connections. (B) Average traces and quantification of mean firing rates
reveal higher evoked firing in //337. (C) Quantification of mean firing rates in the absence of
stimulation reveals increased spontaneous firing in //337-. (D) Representative traces and
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quantification of intracellular patch-clamp recordings from neurons in the VB show increased
miniature excitatory postsynaptic currents (mEPSCs) in //33”. (E) Schematic of motor neuron
synaptic afferents. (F, G) Representative image and quantification of excitatory inputs per motor
neuron after conditional deletion of 7/33 (hGFAPcre) or global deletion of 7//7/1. (H, I) Inhibitory
(VGAT+) inputs in the same mice (scale = 25 um). (J) Schematic of startle pathway. (K) Impaired
sensorimotor startle in /337 animals. Statistics: Data in B-C from WT: n=6-8 slices, 2 mice. KO:
n=14-15 slices, 3 mice, points are individual recordings. Data in B analyzed by Mann-Whitney
and C with student’s t test. Data in D from n=23-25 cells and 3-4 mice/group analyzed by
Kolmogorov-Smirnov test. Data in F - I from n=3 animals, >75 neurons per genotype, student’s t-
test; points are individual neurons. K is n=12/group, two-way ANOVA with Sidak’s multiple
comparisons. *p<0.05, **p<0.01, ****p<.0001. B-I are mean+SD, K is mean+=SEM.
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Figure 3.3. IL-33 drives microglial synapse engulfment during development.

(A) Expression of //1rl1 by qPCR of flow-sorted populations (S=spinal cord, T=thalamus.) (B)
484 differentially expressed genes in spinal cord microglia at pAdj<0.05. (C) Functionally
associated gene clustering (STRING) identifies immune genes enriched in wild-type vs 7/337
microglia. (D) PSD-95 puncta within microglia (yellow arrows) after IL-33 deletion (scale = 4
uM). (E) Representative image and quantification of engulfed PSD-95 in vehicle or IL-33 injected
spinal cord (Scale= 20 um). (F-G) Colocalized pre-and postsynaptic puncta in spinal cord ventral
horn at P14 (yellow arrows) after IL-33 injection into control mice or in littermates with
conditional deletion of //1rl1 (Cx3cri®* ; scale = 3 um). Statistics: Points in A represent mice, in
D-G individual microglia from N=3-5 animals/group, in G images from N=5 mice/group. In D, E
student’s t-test and in G a one-way ANOVA with Tukey’s post hoc comparison, *p<0.05,
**%p<(0.001, ****p<0.0001, all data are mean=SD.
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Supplemental Figures
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Supplemental Figure 3.1. Screening of regionally heterogeneous astrocytes identifies the
candidate gene 1133.

(A) Schematic indicating regions used for expression profiling of astrocytes: cortex (red), striatum
(green), subventricular zone (blue), hippocampus (brown) and thalamus (purple). (B) Principal
component analysis of RNAseq data from Aldhlll- eGFP+ astrocytes at P9 brain identifies
regional gene expression differences. (C) Normalized reads of 1133 in Aldh111-eGFP+ astrocytes
and Aldh111- (non-astrocytes) from the five brain regions at P9 and spinal cord at P12 (‘NA’=not
assessed; FPKM=Fragments per Kilobase of transcript per Million mapped reads). Mean+SEM
from n=3/condition.
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Supplemental Figure 3.2. IL-33 is expressed in protoplasmic astrocytes during postnatal
development.

(A, B) Representative immunostaining and quantification of IL-33 protein with ALDHILI1
immunolabeling of astrocytes in WT and 1133-/- spinal cord gray matter (n = 3/condition; scale =
100 um). (C) Quantification of Fig. 1A showing percent I133mCherry co-localization with
Aldh111-eGFP+ astrocytes and the oligodendrocyte marker CC1 in spinal cord at P15 and P30 (n
= 3/condition). (D, E) Immunostaining and quantification of thalamic [133mCherry with cell-type
specific markers at P15 and P30 (n = 3/condition; scale = 50 pm). (F-G) IL-33 is not expressed in
microglia in spinal cord or thalamus, flow cytometry of P15 spinal cord pre-gated on all 1133-
mCherry+ cells (n=4). (H) IL-33 is gray matter restricted in spinal cord (WM=white matter;
scale=50 pm).
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Supplemental Figure 3.3. 133 increases during postnatal development.

(A, B) Representative flow cytometry plots of thalamus and spinal cord from
[133mCherry/Aldh111-eGFP mice at P5 and P15 gated on pre-gated on Aldh1l1-GFP. (C)
Quantification of percent IL33+ astrocytes (n=4-6/condition) shows an increase over development,
but some astrocytes remain IL-33 negative. (D) Time course of 1133-lacZ expression in brain and
spinal cord (Scale =2 mm in brain, 250 um in spinal cord). (E) Summary table of IL-33 expression
during development based on reporter assays, transcriptomic analyses, and immunostaining.
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Supplemental Figure 3.4. Additional controls for thalamic slice extracellular and
intracellular recordings.

(A) Photograph of the extracellular circuit recording setup indicates a representative thalamic slice
with 16-channel extracellular electrode (left) and stimulating electrode in the internal capsule (top).
Anatomical overlay includes the subdivisions of the ventrobasal thalamus (VPL, VPM, and VL),
the internal capsule which contains glutamatergic cortical afferents, and the TRN (thalamic
reticular nucleus), which projects inhibitory feedback onto the ventrobasal thalamus. The initial
stimulation retrogradely stimulates thalamus in a direct fashion (stimulus indicated in Fig. 3.2A),
whereas the signal after 250 ms represents the oscillatory intrathalamic response to stimulation of
the cortical afferents. (B-C) Histograms representing the same extracellular recording data as
shown in Fig. 3.2B-C, analyzing the time 250ms-750ms post-stim. Evoked firing data in B is a
non-normal distribution in response to the stimulus, whereas the spontaneous oscillations are appx
10-fold lower frequency and follow a normal distribution of values. (D) Intracellular patch clamp
recordings: Additional measured parameters for recordings of VB thalamus shown in Fig. 3.2D-E
show no differences in presynaptic strength, synapse proximal-distal distribution, and other
parameters (mean+sem; student’s t-test).
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Supplemental Figure 3.5. Additional experiments quantifying the effects of IL.-33 deletion on
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spinal cord synaptic properties and sensorimotor behaviors.

(A) Western blot of IL-33 protein in cre- littermates and hGFAPcre+:113311/f1(cKO) animals
validates efficient deletion of IL-33 by P30. (B, C) Quantification of increased excitatory
(vGlut2+) and inhibitory (VGAT+) inputs per motor neuron soma after global deletion of 1133. (D)
No changes in soma size of motor neurons quantified for synaptic puncta analysis. (E)
Representative image of ventral horn NeuN+ interneurons (dotted lines denote quantification area;
scale = 100 pm). Quantification shows normal ventral horn interneuron numbers in [133-/- animals
(n=4-5/condition). (F) Olig2+ cells in lumbar ventral horn at P12 (n=3/condition). (G)
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Representative images of GFAP expression in spinal cord at P27, dotted line indicates gray/white
matter boundary (scale = 50 um). (H) Increase in GFAP+ cells in the spinal cord gray matter during
development in I133-/- mice (n=3-5/condition). (I) Normal auditory acuity in [133-/- mice as
assessed by brainstem auditory evoked potentials (data from n=5/group). (J) Additional behavioral
quantifications showing total movement and percent time in center vs. periphery of arena during
open field testing and time-to fall on rotarod testing (n=12/group.) Statistics: Data in B-C from
cervical and lumbar sections from 4 I133+/+, 3 1133+/-, and 5 1133-/- mice, n > 95 total neurons per
genotype, analyzed by one-way ANOVA with Tukey’s post hoc comparison. All other data
analyzed by student’s t-test. For all panels *P<0.05, ****P<(.0001.
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Supplemental Figure 3.6. Flow isolation and RNA sequencing of astrocytes and microglia
from I133-/- animals.

(A) Ingenuity Pathways Analysis of “upstream” pathways differentially expressed in microglia
from I133-/- vs. [133+/+ spinal cord ranked by z-score. (B) Number of differentially expressed
genes between [133+/+ and 1133-/- astrocytes and microglia at FC>2, pAdj<0.05 (n=3/group for
microglia and 4/group for astrocytes) indicates minimal gene expression changes in astrocytes. (C)
FACS gating scheme for samples sorted for RNAseq analysis. (D) Heatmaps of cell-type specific
genes to assess sort purity. No difference in markers of macrophage polarization.
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Supplemental Figure 3.7. Decrease in motor neuron-specific engulfment by microglia in I133-
deficient animals.

(A) Schematic of muscle dye fill. (B) Low-power view of sparsely labeled motor neuron in the
ventral horn after dye fill (scale = 20 pum). (C) Representative image of dye engulfment by
perineuronal microglia. (D) Percent microglia engulfing dye in control and 1133-/- mice. Statistics:

Data in (D) from 180-220 microglia from 4 animals per condition. Significance calculated with
student’s t-test. ** p<0.01.
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Supplemental Figure 3.8. IL-33 promotes synapse engulfment and leads to depletion of
synaptic markers in the developing thalamus.

(A) Representative image and rendering of microglial/PSD-95 co-localization in the thalamus after
vehicle or IL-33 injection (scale=20 pm). (B) Quantification of PSD-95 puncta within individual
microglia (>45 total microglia from n=3/ condition.) (C) Quantification of PSD-95+ puncta in the
surrounding neuropil after vehicle or IL-33 injection (n=3/ condition) at P15. (D) Representative
images and quantification of synaptic puncta using pan-presynaptic marker synapsin-1 per 1000
pum2 optical slice in the thalamus at P4. All data quantified 18 hours after IL-33 injection (n=3
animals/condition; scale = 25 um). Statistics: A, B are mean+SD, D is SEM. For all, student’s t-
test with *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Supplemental Figure 3.9. Exogenous IL-33 promotes microglial phenotypic changes
associated with immune activation and promotes microglial synaptosome engulfment in

vitro.

(A) RT-qPCR for P2ry12 on spinal cord and thalamus microglia from PBS and IL-33 injected (4
hours post injection). (B) Decreased P2y12 protein and shortened process length 18 hours after IL-
33 injection (scale =10 um). (C) Quantification of P2y12 protein intensity after IL-33 injection
into control or Il1rl1-/- animals. (D) Representative images of in vitro microglial synaptosome
engulfment 24 hours after addition of IL-33. (E) Quantification of pHrodo-labeled synaptosome
engulfment (n=4 independent experiments). Statistics: In A-C dots represent individual animals.
A, C are mean+SD; E is mean+SEM. In A student’s t-test, in C, E one-way ANOVA with Tukey’s
post hoc comparison. For all *p<0.05, ****p<0.0001.
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Supplemental Figure 3.10. IL-33 promotes synapse depletion in spinal cord in an IL1RL1-
dependent manner.

(A) Representative images of co-localized excitatory synaptic puncta (scale = 12.5 um). (B, C)
quantification of co-localized synapse numbers after vehicle or IL-33 injection in wild type or
IL1RL1-/- animals. Dots show technical replicates of total n=3 animals per group. Analyzed with
student’s t-test, **p<0.01.
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Supplemental Figure 3.11. IL-33 regulates developmental synapse homeostasis.
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Table 3.1. Expression of known astrocyte markers in IL33-mCherry positive vs. negative
astrocytes.

FPKM (pos) FPKM (neg) Fold-change p-value
Synapse-associated astrocyte markers

Mertk 71 30 2.37 0.002 rEx
Gjbeé (Cx30) 519 216 241 0.000 HERE
Gjal (Cx43) 512 280 1.83 0.000 b
White matter astrocyte markers

Gfap 26 104 0.25 0.002 bl
Vim 11 171 0.06 0.000 b
Reported pan-astrocytic markers

Acsbgl 193 155 1.25 0.069 ns
Aldhlll 22 22 0.97 0.856 ns
Aldoc 891 1140 0.78 0.296 ns
Aqp4 1092 964 1.13 0.559 ns
Fabp7 (Blbp) 636 087 0.64 0.001 xXE
Fgfi3 252 99 2.54 0.000 R
Glul 559 554 1.01 0.927 ns
Id3 95 920 1.06 0.841 ns
Slcla3 (Glast) 418 311 1.34 0.313 ns
Slcla2 (GLT-1) 2236 1827 1.22 0.186 ns
Sox9 51 57 0.90 0.486 ns
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Table 3.2. Top differentially expressed genes increased in IL33-mCherry positive

astrocytes, sorted by Ingenuity category.

FPKM Log Fold-

Symbol Entrez Gene Name (mean) p-value Ratio change
Transcriptional regulators
HIF3A hypoxia inducible factor 3 alpha 4836 6.44E-12 1.77 3.4
PREB prolactin regulatory element binding 657 0.00011 1.012 2.0
HDACS histone deacetylase 8 780 0.000447 0.989 2.0
IRX2 iroquois homeobox 2 319 0.0014 0933 1.9
TEF TEF, PAR bZIP transcription factor 1409 73E-09 0.858 1.8
TSC22D3 TSC22 domain family member 3 2152 0.000596  0.844 1.8
PAX6 paired box 6 621 39E-09 0.722 1.6
GLI2 GLI family zinc finger 2 1044 0.00219  0.704 1.6
GLI3 GLI family zinc finger 3 1988 0.000516 0.533 1.4
KMT2C lysine methyltransferase 2C 12238 0.00000289 0.527 1.4
G protein coupled receptors
ADORA2B  adenosine A2b receptor 560 1.87E-09 1482 2.8
LGR6 leucine rich repeat containing GPCR6 1631 0.000111 1.335 25
ADRA2A adrenoceptor alpha 2A 1241 0.0000263 1.108 2.2
GPR146 G protein-coupled receptor 146 1596 0.00000112 1.053 2.1
S1PR1 sphingosine-1-phosphate receptor 1 9074 0.00000431  0.987 2.0
ADGRGI1 adhesion GPCR G1 (GPR56) 8054 0.0000367 0.936 1.9
FZD1 frizzled class receptor 1 5681 0.00565 0912 1.9
GPR37L1 GPCR 37 like 1 5385 0.000747 0912 1.9
ADGRB3 adhesion GPCR B3 (BAI3) 4244 242E-22 0807 1.7

transmembrane anterior posterior
TAPT1 transformation 1 1808 0.0000595 0.799 1.7
transmembrane receptor
F3 coagulation factor III, tissue factor 5375 4.76E-19 1.776 3.4
IL15RA interleukin 15 receptor alpha 569 2.6E-17 1.696 3.2
GHR growth hormone receptor 1856 0.0000763 1.113 2.2
ITGA®6 integrin subunit alpha 6 5364 0.0000123 099 2.0
LRPIB LDL receptor related protein 1B 3290 0.000214 0.966 2.0

leucine rich repeat containing G protein-
LGR4 coupled receptor 4 1226 8.05E-11 0948 1.9
LIFR leukemia inhibitory factor receptor alpha 5118 0.00000285  0.839 1.8
TLR3 toll like receptor 3 4453 0.000922 0.798 1.7
VCAMI1 vascular cell adhesion molecule 1 9101 0.000134 0.725 1.7
MEGF10 multiple EGF like domains 10 3054 0.00406  0.578 1.5
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Table 3.3. Top differentially expressed genes decreased in IL-33-mCherry positive
astrocytes, sorted by Ingenuity category.

FPKM Log Fold-
Symbol  Entrez Gene Name (mean) p-value Ratio change
Transcriptional regulators
FOXI1 forkhead box J1 297 1.51E-27 -4.004 0.1
PLAGL1  PLAGI like zinc finger 1 742 4.08E-15 -3.999 0.1
ID4 inhibitor of DNA binding 4, HLH 916 446E-12 -1.923 0.3
protein
GLIS3 GLIS family zinc finger 3 941 0.000000319  -1.597 0.3
NFIX nuclear factor I X 4297 0.00000243  -1.208 0.4
EPASI1 endothelial PAS domain protein 1 12014 1.85E-09 -1.178 0.4
NEO1 neogenin 1 5760 6.03E-12  -0.875 0.5
NFIA nuclear factor I A 16500 0.000000059 -0.837 0.6
CKAPS cytoskeleton associated protein 5 4518 3.89E-08 -0.793 0.6
ZBTB20 zinc finger and BTB domain 25365 0.0000423 -0.783 0.6
containing 20
MEN1 menin 1 252 0.00976 -0.725 0.6
WWTRI WW domain containing 1867 0.000638 -0.695 0.6
transcription regulator 1
NFIC nuclear factor I C 1625 0.00324  -0.69 0.6
NACC2 NACC family member 2 2422 0.00774 -0.637 0.6
ZNF423 zinc finger protein 423 1180 0.00456 -0.61 0.7
HLF HLF, PAR bZIP transcription factor 3503 0.0036 -0.583 0.7
RFX3 regulatory factor X3 3993 0.00105 -0.541 0.7
G protein coupled receptors
SMO smoothened, frizzled class receptor 2533 0.0000131  -0.705 0.6
Transmembrane receptor
SFRP1 secreted frizzled related protein 1 289 3.62E-13 -2.728 0.2
SEMAG6A  semaphorin 6A 6268 5.96E-22 -2.006 0.2
IL6ST interleukin 6 signal transducer 5039 6.38E-08 -0.929 0.5

Other Supplementary Materials for Chapter 3 include the following:

Supplemental Table 3.1. Differentially expressed genes in Il133-positive and negative
astrocytes. Full FPKM data for differentially expressed astrocyte-enriched genes in both spinal
cord and thalamic 1133+ vs. negative astrocytes at postnatal day 15 (Thresholded at p-Adj<0.05,
FC>1.5)

Supplemental Table 3.2. Differentially expressed genes in microglia and astrocytes from
I133-/- animals. Count data for the full list of genes differentially expressed in microglia (484
genes) and astrocytes (10 genes) from I133-/- spinal cords at postnatal day 12 (Thresholded at p-
Adj<0.05).
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Chapter 4 : Enhancing GAT-3 in thalamic astrocytes promotes resilience to

brain injury in rodents

Abstract

Inflammatory processes induced by brain injury are important for recovery; however, when
uncontrolled, inflammation can be deleterious, likely explaining why most anti-inflammatory
treatments have failed to improve neurological outcomes after brain injury in clinical trials. In the
thalamus, chronic activation of glial cells, a proxy of inflammation, has been suggested as 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 byproduct of neurological deficits remains unknown.
Here, we found that thalamic inflammation in mice was sufficient to phenocopy the cellular and
circuit hyperexcitability, enhanced seizure risk, and disruptions in cortical rhythms that develop
after cortical injury. In our model, downregulation of the GABA transporter GAT-3 in 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. Altogether, our results

identified a potential therapeutic target for reducing negative outcomes after brain injury.
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Introduction

Neuroinflammation that occurs after brain lesions such as traumatic brain injury (TBI) and stroke
is a double-edged sword, contributing to both recovery and pathogenesis (Llorente et al., 2021;
Russo and McGavern, 2016; Shi et al., 2021; Simon et al., 2017; Vezzani et al., 2019).
Accordingly, most anti-inflammatory treatments have failed to prevent neurological deficits after
brain injuries in clinical trials (Russo and McGavern, 2016; Simon et al., 2017). Untangling the
adaptive and maladaptive aspects of neuroinflammation is a crucial step in developing targeted
treatments that could promote brain recovery without jeopardizing the adaptive aspects of the

neuroinflammatory process.

Accumulating evidence suggests that the thalamus is particularly vulnerable to secondary
damage, even when the initial injury occurred at a remote location. In both humans and rodent
models, chronic thalamic inflammation is observed after TBI (Grossman and Inglese, 2016; Hazra
et al., 2014; Holden et al., 2021; Maxwell et al., 2006; Ramlackhansingh et al., 2011; Scott et al.,
2015) and cortical stroke (Cao et al., 2020; Pappata et al., 2000; Paz et al., 2010). The development
of secondary and persistent thalamic inflammation—particularly gliosis—has been suggested to
be an indicator of neurological dysfunction after injury resulting in cognitive impairment
(Ramlackhansingh et al., 2011) and seizure risk (Paz et al., 2010). In addition, thalamic lesions
and/or thrombotic strokes have been reported among patients with viral infections caused by West
Nile Virus (Beattie et al., 2013; Guth et al., 2014), and those with altered mental status following
SARS coronavirus-2 (SARS-CoV-2) infection (Abel et al., 2020; Poyiadji et al., 2020). Mice
intranasally infected with SARS-CoV-2 have high viral antigen presence in the thalamus compared
to other brain regions (Zheng et al., 2020). Since the thalamus plays a central role in cognition,

sleep and seizures in humans and rodents (Crunelli and Hughes, 2010; Fogerson and Huguenard,
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2016; Jeanmonod et al., 1996; Jones, 2001; Steriade et al., 1996, 1993), it is well-positioned to be
involved in diverse neurological deficits observed across insults, such as cognitive impairments,
sleep disruption and epileptogenesis (Grossman et al., 2012; Grossman and Inglese, 2016; Paz and
Huguenard, 2015). Thalamic astrogliosis—in which astrocytes become reactive and undergo
changes that affect neuronal function (Burda and Sofroniew, 2014; Colombo and Farina, 2016;
Escartin et al., 2021; Liddelow et al., 2017; Llorente et al., 2021; Sun and Jakobs, 2012; Zamanian
et al., 2012)—has been observed in both humans and rodents after cortical injuries (Cao et al.,

2020; Hazra et al., 2014; Holden et al., 2021; Maxwell et al., 2006; Paz et al., 2010).

Here, we sought to determine the extent to which thalamic astrogliosis 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 investigated its effects on

local neurons, micro-circuits, and on cortical states associated with cognition.

Results

Thalamic astrogliosis is observed in post-mortem 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 (Grossman
and Inglese, 2016). To investigate the role of astrogliosis in cortical stroke and TBI, we first
performed immunostaining for the astrocytic marker glial fibrillary acidic protein (GFAP)—a
molecular marker of many types of reactive astrocytes (Escartin et al., 2021)—in post-mortem
thalamic and peri-lesional 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 subjects had epilepsy prior
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to injury, and 3 of 7 subjects developed epilepsy after injury) (Fig. 4.1, and Tables 4.1 and 4.2).
The thalamus and peri-lesional 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. 4.1A). Putative astrocyte morphology ranged from resting (Fig. 4.1A; cortex,
control, inset) to reactive, featuring somatic hypertrophy and thick processes (Fig. 4.1A; thalamus
and cortex, stroke, inset). These changes were evident both acutely and years after stroke or TBI,
and were supported by a semi-quantitative analysis of GFAP immunoreactivity (Table 4.2).
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. 4.1B), in agreement with previous findings

(Cao et al., 2020; Hazra et al., 2014; Holden et al., 2021; Necula et al., 2021; Paz et al., 2010).

Viral transduction of thalamic astrocytes induces persistent reactive astrocytes
To generate reactive astrocytes in the thalamus, we injected an AAV construct expressing
enhanced green fluorescent protein (¢GFP) from a truncated portion of the GFAP promoter
(AAV2/5-Gtal104-eGFP) (Ortinski et al., 2010) unilaterally in the ventrobasal (VB) somatosensory
thalamus (Fig. 4.1C and Fig. S4.1, A and B), This paradigm was originally developed to
selectively transduce hippocampal astrocytes and render them reactive, as determined by
hypertrophy and increased GFAP expression (Ortinski et al., 2010), 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 three weeks

following viral transduction. GFAP was increased in the thalamus ipsilateral to injection (Fig.
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4.1D), consistent with the work in the hippocampus (Ortinski et al., 2010). The location of thalamic
astrogliosis in our model was similar to that observed in rodent models of cortical injuries (Fig.
4.1B). The increase in GFAP in the viral transduction model persisted for at least nine months
specifically in the ipsilateral thalamus, but not in other brain regions (Fig. S4.1C). Thus, the viral
transduction model recapitulated two key features of astrogliosis following cortical injury—the
specific location within the dorsal thalamus, and the chronic presence of reactive astrocytes in the
thalamus (Holden et al., 2021).

To evaluate astrocyte morphology, we used an EAAT2-tdTomato transgenic reporter
mouse line (Morel et al., 2014), which enabled sparse labeling and tracing of individual thalamic
astrocytes (Fig. 4.1E). Using Sholl analysis to assess arborization of astrocytic processes (Ferreira
et al., 2014), 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. 4.1F). Thus, viral transduction of thalamic astrocytes
recapitulates morphological features of reactive astrogliosis (Ortinski et al., 2010; Patel et al.,
2019; Sun and Jakobs, 2012).

We next performed transcriptomic profiling of virally-transduced thalamic astrocytes
acutely isolated by fluorescence-activated cell sorting (FACS; Fig. 4.1, G and H, and Fig. S4.2).
Hierarchical clustering of FACS-isolated samples revealed that eGFP-positive astrocytes, which
represented ~18% of astrocytes isolated from the thalamus, were distinct from their eGFP-negative
counterparts (Fig. S4.3, A to C). We found robust upregulation of canonical reactivity genes Gfap,
Vim, CD44, and Serpina3n (Liddelow et al., 2017; Zamanian et al., 2012) in eGFP-positive
astrocytes (Fig. 4.1H). Comparing this transcriptomic profile with a published analysis of reactive

astrocytes revealed upregulation of “pan-reactive” astrocyte genes (Liddelow et al., 2017),
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although there was no bias towards the subsets of reactive astrocyte genes that were selectively
induced by lipopolysaccharide injection or ischemic stroke (middle cerebral artery occlusion
model) in that study (Liddelow et al., 2017) (Fig. 4.3D). Finally, we found alterations in multiple
genes related to astrocytic modulation of glutamate and GABA (Fig. 4.1H), pinpointing molecular
features of reactive astrocytes which might impact neural activity. Given that viral transduction of
thalamic astrocytes reproducibly induces immunohistochemical, morphological and
transcriptomic features of astrocyte reactivity observed across models (Escartin et al., 2021;
Ortinski et al., 2010; Patel et al., 2019; Sun and Jakobs, 2012), 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 three weeks post-injection (Fig. S4.4).

Reactive astrocytes enhance intra-thalamic microcircuit excitability

The effects of reactive astrocytes on local microcircuit excitability were assessed in acute brain
slices that preserve the connectivity between VB thalamus and the reticular thalamic nucleus
(nRT). We focused on the VB-nRT microcircuit because: 1) VB thalamus—the center of viral
transduction—showed the strongest and most persistent astrogliosis overtime (Fig. S4.1); 2) the
VB-nRT connections can be maintained in slices and reliably generate circuit oscillations, unlike
connections between nRT and other thalamic nuclei; 3) Multi-unit activity in VB thalamus is a
proxy for the strength of the oscillatory activity in the VB-nRT microcircuit (Cho et al., 2017;

Cueni et al., 2008; Huntsman et al., 1999; Paz et al., 2013; Ritter-Makinson et al., 2019).
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Electrical stimulation was delivered in the internal capsule, which contains corticothalamic
and thalamocortical axons, and the resulting multi-unit activity was recorded three weeks
following induction of reactive astrocytes (Fig. 4.2). Stimulation of the internal capsule produced
robust multi-unit activity, characterized by an immediate “direct 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 bursts (Fig. 4.2, A to C),
characteristic of the reciprocal VB-nRT oscillatory circuit activity (Cho et al., 2017; Cueni et al.,
2008; Huntsman et al., 1999, Paz et al., 2013; Ritter-Makinson et al., 2019). Thalamic slices with
astrogliosis exhibited an augmented delayed response characterized by more bursts and longer
circuit oscillations (Fig. 4.2D). 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 (Huntsman et
al., 1999; Sorokin et al., 2017) (Fig. 4.2, B and E), although the spatial extent of the direct response
was not altered, suggesting that astrogliosis enhanced the rhythmogenic properties of the intra-

thalamic 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 function in excitatory and inhibitory neurons in

thalamic brain slices (Cope et al., 2009, 2005; Paz et al., 2010) (Tables 4.3 to 4.8).
Thalamocortical neurons in VB thalamus from mice with thalamic astrogliosis exhibited

hyperpolarized action potential (AP) threshold (Fig. 4.3, A and B), and no difference in the resting
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membrane potential (Fig. 4.3C). The difference in AP threshold was abolished when membrane
potential was held at -75 mV in both groups (Table 4.4). Furthermore, the post-inhibitory
rebound low-threshold calcium spike (LTS), mediated by T-type Ca*" currents (Coulter et al.,
1989), occurred at more hyperpolarized membrane potentials (Fig. 4.3D) and was accompanied
by enhanced AP firing (Fig. S4.5, A to C). T-type Ca?’ current properties were similar in
thalamocortical neurons from both groups (Table 4.5), as was the hyperpolarization-activated
depolarizing sag potential (Fig. S4.5, D to G).

In mice with thalamic astrogliosis, thalamocortical neurons showed a three-fold increase
in extrasynaptic GABAaR-mediated current (hereon referred to as tonic GABA current or Itonic)
(Fig. 4.3E), but no change in the frequency or biophysical properties of spontaneous inhibitory
and excitatory synaptic currents (Fig. 4.3F and Table S4.6). GABAAR antagonist picrotoxin
normalized the AP threshold, LTS threshold, and rebound burst AP firing (Fig. 4.3, B to D, and
Fig. S4.5C).

In contrast with thalamocortical neurons, nRT neurons showed no change in intrinsic

membrane excitability (Table 4.7) or in spontaneous synaptic currents (Table 4.8).

Thalamic reactive astrocytes enhance seizure risk in mice via tonic inhibition in
thalamocortical neurons

Given that enhanced Itonic in the rodent thalamus has been implicated in hyperexcitability and
seizures in genetic and pharmacological models of epilepsies (Cope et al., 2009; Lee and Maguire,
2014), we asked whether thalamic astrogliosis—which increased Itonic in adult wildtype mice

(Fig. 4.3E)—Iled to heightened seizure susceptibility in mice.
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Three weeks following induction of thalamic astrogliosis, a low dose of the pro-convulsive
agent Pentylenetetrazol (PTZ; 5 mg/kg, intra-peritoneal, i.p.) was sufficient to induce epileptiform
discharges associated with behavioral freezing in mice with thalamic astrogliosis but not in control
mice (Fig. 4.4, A to D). Epileptiform discharges were prominent in the primary somatosensory
cortex S1, a major recipient of inputs from VB thalamus (Agmon et al., 1993), and generalized to
other cortical areas (Fig. S4.6A). These epileptiform discharges were similar to those reported in
rodent models of epilepsies in terms of peak frequency and generalization (Cope et al., 2009;
Ritter-Makinson et al., 2019; Wagnon et al., 2015). Increased seizure susceptibility persisted for
at least seven months (Fig. S4.6B), consistent with the persistent thalamic astrogliosis (Fig. S4.1).
Mice in which astrocytes were transduced with a low titer of the same viral construct (previously
shown to not induce astrocyte reactivity (Ortinski et al., 2010)) did not exhibit enhanced seizure
risk (Fig. S4.6C). Mice with thalamic astrogliosis also had a heightened response to Kainic Acid
(10 mg/kg i.p.) (Fig. 4.4, E to G, and Fig. S4.6D). Altogether, these results show that unilateral
induction of reactive astrocytes in the thalamus enhances susceptibility to both non-convulsive and
generalized tonic-clonic seizures, as assessed by pro-convulsive agents that act through different
mechanisms (GABA and glutamate).

In the thalamus, &-subunit-containing extrasynaptic GABAa receptors generate Itonic
(Cope et al., 2009, 2005; Lee and Maguire, 2014). Thus, to investigate whether preventing the
increase in Itonic could prevent astrogliosis-induced seizure risk, we conditionally deleted the
GABAA receptor d-subunit (6-GABAAR) unilaterally in thalamocortical neurons of adult
Gabrd™"' mice (Lee and Maguire, 2013) (Fig. 4.4H). Thalamic astrogliosis did not increase Itonic

in thalamocortical neurons in these mice (Fig. 4.4I), and did not increase seizure risk (Fig. 4.4J),
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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 (Beenhakker and Huguenard, 2010; Cope et al., 2009; Pirttimaki et al., 2013). Given
the alterations in multiple genes linked to GAT regulation (Yu et al., 2018) in our transcriptomic
study (Fig. 4.1H), we investigated whether the expression of these transporters was altered in
reactive astrocytes. Three weeks following viral induction of astrogliosis, GAT-3 expression was
reduced in the ipsilateral thalamus, and Slc6all transcripts (encoding GAT-3) were reduced in
reactive astrocytes (Fig. 4.5, A to C). The reduction of GAT-3 mRNA was specific to eGFP-
transfected reactive astrocytes (Fig. 4.5C, and Fig. S4.7A and B), and there was no evidence of
compensatory changes in GAT-1 mRNA (Fig. S4.7C and D).

Enhancing GAT-3 expression unilaterally in thalamic astrocytes by transducing mice with
an astrocyte-specific viral construct (AAV2/5-GfaABC1D-GAT3) (Yu et al., 2018) at the same
time as the induction of thalamic astrogliosis (Fig. 4.5D) counteracted the enhanced Itonic in
thalamocortical neurons (Fig. 4.5E) and protected mice from increased seizure risk (Fig. 4.5F).

We next investigated whether induction of reactive astrocytes in the thalamus could initiate
long-term changes in cortical rhythms. Seven weeks post-induction of thalamic astrogliosis,
spectral analysis revealed a unilateral reduction in the sigma (12-15 Hz) and gamma (30-75 Hz)

power, but not in total power (Fig. 4.6, A to C and Table 4.9). The reduction of sigma power was
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specific to the 12-hr light cycle, whereas the reduction of gamma power was specific to the 12-hr
dark cycle (Table 4.9).
Enhancement of GAT-3 expression in thalamic astrocytes protected from the loss of sigma

and gamma power in the ipsilateral cortex (Fig. 4.6D and Table 4.9).

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
performed 10x Visium Spatial Transcriptomics on tissue obtained from mice after TBI, stroke, or
a sham procedure (Fig. 4.7 and Fig. S4.8). Portions of the thalamus exhibited a higher number of
Gfap transcripts and other markers of astrogliosis six weeks following stroke or TBI (Fig. 4.7, A
to C, and Fig. S4.9). Elevated Gfap expression was associated with reduced Slc6all expression
in the thalamus (Fig. 4.7, D and E), whereas no correlation was found in the cortex (Fig. S4.9).

Enhancing GAT-3 in thalamic astrocytes ipsilateral to cortical TBI (Fig. S4.10A) increased
survival following PTZ challenge; 5/12 TBI mice died following the PTZ challenge, whereas all
10 TBI mice that received astrocytic GAT-3 treatment survived (Fig. S4.10B). Furthermore, GAT-
3 treatment resulted in reduced seizure severity following TBI (Fig. S4.10C, D).

We next investigated GAT-3 expression in human brain samples. Using a recently
described method to deconvolute cell-type specific and brain-region specific transcriptional
signatures from thousands of neurotypical adult human brain samples (Kelley et al., 2018), we
found that SLC6A411 (encoding GAT-3) was highly expressed in the thalamus-containing

diencephalon relative to all genes detected in this region (Fig. 4.8A). Comparing the fidelity of
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SLC6A11 expression to transcriptional signatures of the major brain cell types showed that
SLC6A11 expression was highly correlated to an astrocyte transcriptional signature and not to
neurons, oligodendrocytes, or microglia (Fig. 4.8B and Fig. S4.11), consistent with ultrastructural
studies suggesting that GAT-3 is predominantly expressed in astrocytes in the rodent thalamus (De
Biasi et al., 1998; Vitellaro-Zuccarello et al., 2003). We next performed immunostaining for GAT-
3 in post-mortem thalamic and peri-lesional cortical tissue obtained from human brains with a
history of ischemic stroke or TBI (Fig. 4.8, Fig. S4.11, and Tables 4.1 and 4.2). The extent of co-
localization between GAT-3 and GFAP-positive putative astrocytes varied, prominent in some
cases (such as thalamus and cortex of control subject, Fig. 4.8, C and D) and less prominent in
others (such as thalamus of stroke and TBI subject, Fig. 4.8C). In a blinded, semi-quantitative
scoring of GAT-3 intensity, thalamic samples from control subjects displayed a median score of 3
(corresponding to dense GAT-3 immunoreactivity), whereas 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 4.2). Cortical samples from control subjects, as well as peri-lesional
cortical samples from subjects with stroke or TBI, displayed a median score of 2 (moderate GAT-

3) (Table 4.2).
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Discussion

Here we demonstrate that neuroinflammation in the mouse thalamus can drive enhanced cellular
and microcircuit excitability, seizure risk, and aberrant changes in cortical states in mice. Our
findings pinpoint astrocytic GAT-3 as a link between neuroinflammation and long-term network
dysfunction, and as a potential therapeutic target for repairing circuit dynamics and promoting
resilience following brain insults characterized by secondary and persistent thalamic
neuroinflammation. Although astrocyte dysfunction has been widely documented in cellular and
circuit hyperexcitability in the context of epilepsy (Maroso et al., 2010; Patel et al., 2019; Robel
et al., 2015; Robel and Sontheimer, 2016; Senatorov et al., 2019; Steinhduser and Seifert, 2012;
Vezzani et al., 2019), untangling whether reactive astrocytes are a cause and/or consequence of
changes in neuronal network activity remains challenging (Ortinski et al., 2010; Robel et al., 2015;
Robel and Sontheimer, 2016; Vezzani et al., 2019). In the thalamus, astrogliosis has been
suggested to be a predictor of long-term consequences of cortical lesions such as epilepsy and
cognitive impairment (Grossman et al., 2012; Grossman and Inglese, 2016; Paz et al., 2010;
Ramlackhansingh et al., 2011). Given the role of the thalamus as a regulator of thalamocortical
rhythms and higher cognitive processes, understanding if 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 (Ortinski et al., 2010) 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 astrogliosis are reminiscent of maladaptive

outcomes of cortical injuries, such as increased seizure risk in mice and patients (Klein et al.,
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2018), and reduced sigma-related sleep spindles in mice (Andrade et al., 2017; Holden et al., 2021)
linked to sleep-wake disturbances in patients (Ouellet et al., 2015). Therefore, rather than being a
mere bystander in the pathological sequelae of brain injuries, thalamic astrogliosis in mice can
initiate robust, sustained aberrations in thalamocortical rhythms—gain-of-function in pathological
rhythms and loss-of-function in adaptive rhythms—as had been suggested by previous studies

(Holden et al., 2021) but not yet demonstrated directly.

How might thalamic reactive astrocytes drive maladaptive circuit function? In the mouse
model of thalamic astrogliosis, reactive astrocytes downregulated the GAT-3 GABA transporter,
leading to increased Itonic in thalamocortical neurons, resulting in increased neuronal excitability,
and increased intra-thalamic micro-circuit excitability (Fig. S4.12). Enhancing GAT-3 in mouse
thalamic astrocytes prevented astrogliosis-induced neuronal hyperexcitability and restored 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 SLC6A411—encoding GAT-3—as a risk gene for epilepsy in humans (Schijns et
al., 2020), and the data showing that pharmacological blockade of GAT-3 strengthens epileptiform
oscillations in rats ex vivo (Lu et al, 2020) suggest a link between GAT-3 and brain
hyperexcitability. We found that enhancing astrocytic GAT-3 unilaterally in the thalamus
prevented the increased seizure risk in the mouse model of thalamic astrogliosis, and reduced
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 neurons. In these cells, Itonic is mediated by the d-

subunit-containing GABAAR (encoded by Gabrd). GABRD is a susceptibility locus for
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generalized epilepsies, and increased Itonic has been implicated in epilepsy (Cope et al., 2009; Lee
and Maguire, 2014). Astrocytic GAT-3 plays a key role in the regulation of extrasynaptic GABA
in the thalamus (Beenhakker and Huguenard, 2010), which contributes to Itonic in thalamocortical
neurons. In support of our hypothesis, preventing the increase in Itonic via conditional Gabrd
deletion in thalamocortical neurons also prevented astrogliosis-driven hyperexcitability.

In the peri-lesional cortex of rodents, phasic and tonic GABA currents may play opposing
roles in the aftermath of stroke (Clarkson et al., 2010; Hiu et al., 2016). Itonic has diverse region-
and cell type-specific effects (Lee and Maguire, 2014). Thus, selectively counteracting the
maladaptive components is critical in promoting repair. 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 following cortical injury.

Astrocytic GAT-3 activity and modulation of neuronal Itonic should be evaluated as
possible therapeutic targets in the context of neuroinflammation associated with increased seizure
risk. Indeed, dysfunction of GATs and Itonic have been implicated in various disorders associated
with both chronic neuroinflammation and increased seizure risk, such as stroke (Clarkson et al.,
2010) and Alzheimer’s disease (Jo et al., 2014). Secondary and persistent astrogliosis of the
thalamus is a predictor of long-term consequences of cortical lesions such as epilepsy and
cognitive impairment (Grossman et al., 2012; Grossman and Inglese, 2016; Paz et al., 2010;
Ramlackhansingh et al., 2011), 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 (Paz et al., 2013) and protect against chemoconvulsant-induced mortality in mice with TBI
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(discussed above). Based on 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 astrogliosis. In the sclerotic hippocampus, loss of GAT-1 is
accompanied by an upregulation in GAT-3, suggesting a compensatory homeostatic mechanism
(Lee et al., 2006; Wu et al., 2014). However, in the setting of thalamic inflammation, loss of GAT-
3 was not associated with transcriptional upregulation of GAT-1. In the thalamus of humans and
mice, Slc6all (encoding GAT-3) is almost exclusively expressed in astrocytes (De Biasi et al.,
1998; Vitellaro-Zuccarello et al., 2003), whereas Slc6al (encoding GAT-1) is expressed similarly
across astrocytes and neurons. Therefore, we speculate that loss of GAT-3 in thalamic astrocytes
might be particularly detrimental 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 astrocytes cannot fully phenocopy the molecular and functional features of
reactive astrocytes. Nevertheless, our analyses highlight some features of astrogliosis conserved
across experimental conditions—including somatic hypertrophy and reduction in process
branching (Sun and Jakobs, 2012), and differential expression of canonical reactivity genes
(Liddelow et al., 2017; Zamanian et al., 2012). Second, we did not investigate other elements of
the neuroinflammatory cascade—such as the secondary activation of microglia—and therefore do

not exclude their possible influence on circuit dysfunction after cortical lesions. Third, we did not
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investigate the extent to which astrogliosis-induced changes in cortical sigma and gamma power
directly relate to disease-relevant cognitive or behavioral impairments. 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 (Maguire et al., 2005),
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 post-mortem thalamic human
tissue, which excluded reliable statistical analysis of immunofluorescence data. We hope our study
will encourage inclusion of the thalamus in standard resection protocols of human post-mortem
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. Finally,
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 pre-clinical 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 without compromising the adaptive aspects of neuroinflammation.
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Materials & Methods

Study Design
The main objective of this study was to investigate whether thalamic 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 intra-thalamic
delivery of a viral construct previously shown to selectively induce reactive astrocytes in the
hippocampus (Ortinski et al., 2010); used established mouse models of cortical injury
(photothrombotic stroke and controlled cortical impact); and determined the potential restorative
effects of counteracting GAT-3 loss using a viral construct to unilaterally enhance GAT-3
expression (Yu et al., 2018) in thalamic astrocytes. Transduction of reactive astrocytes was
validated using established transcriptomic, morphological, and immunohistochemical markers
(Escartin et al., 2021), using a combination of transgenic reporter mice, FACS, bulk RNA-Seq,
and microscopy. Cellular 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 electrocorticography recordings. Dysregulation of GAT-3 was assessed using a
combination of immunohistochemistry, qPCR, bulk RNASeq, and spatial transcriptomics in mice
with thalamic astrogliosis and cortical injury. To assess relevance to human disease,
immunohistochemical markers of astrogliosis and GAT-3 were assessed in post-mortem thalamic
tissue obtained from human subjects with a history of cortical injuries.

All mouse experiments were performed in adult, male, age-matched mice with similar

numbers randomly assigned to different experimental groups. Mice with thalamic astrogliosis were
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compared to mice injected unilaterally with sterile saline. Mice with cortical injury were compared
to data from mice which 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 similar previously published work (Holden et al., 2021; Paz et al., 2010; Ritter-
Makinson et al., 2019; Vainchtein et al., 2018) and are provided in figure legends. Data collection

and analyses were performed blinded. Raw data provided as 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 separately housed after
surgical implants. Male mice were used for all experiments, and ages ranged between postnatal
days 28-300. C57BL6J mice were purchased from the Jackson Laboratory (Jax Strain No.
000664). Aldhl11-tdTomato mice were bred by A.V.M. Floxed Gabard (Gabrd™™) mice (Jax

Strain No. 023836) were a gift from Dr. Jamie Maguire (Tufts University).

Viral injections

Stereotaxic viral injections were carried out as described (Ritter-Makinson et al., 2019; Sorokin et
al., 2017). Briefly, mice were anesthetized with 2-5% isoflurane. Adeno-associated viral (AAV)
constructs were delivered into the ventrobasal nucleus of the thalamus (VB) 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),
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NanoFil syringes (10uL, WPI), and 33g beveled NanoFil needles (WPI; NF33BV-2) were used.
Viral constructs were infused at a rate of 100-200 nL/min, with a 5-10 minute pause before
withdrawing the needle. All viral injections were performed unilaterally. Experiments were
performed at least 3 weeks following viral injections. Astrogliosis was induced with a high titer
injection of AAV2/5-Gfal(04-Pl.eGFP.WPRE.bGH (AAV2/5-Gfal(04-eGFP), which transduces
astrocytes with enhanced green fluorescent protein (eGFP) expression driven by a Gfap promoter
(Ortinski et al., 2010) (Addgene #100896-AAVS; previously available through Penn Vector Core,
Catalog #AV-5-PV2380). Mice received unilateral injections of 750 nL. of AAV2/5-Gfal04-eGFP,
or saline in control conditions (0.9% sodium chloride; Hospira). The titer of the construct, across
various lots and experiments, was validated by Penn Vector Core using qPCR and dd-qPCR, and
fell into the range of 0.85-1.7e10 g.c. per injection. For low-titer control experiments, we delivered
1.4e7 g.c. per injection. Previous work demonstrated that this titer does not induce astrogliosis
(Ortinski et al., 2010). In describing the results of this study, we use “Control” to refer to mice in
which we performed intra-thalamic injection of saline, and we use “Thalamic Astrogliosis” to refer
to mice in which we performed intra-thalamic injections of AAV2/5-Gfal04-eGFP, unless
specified otherwise. To selectively delete the delta subunit in Gabrd™F' mice, 600 nL of AAV-
CaMKIIa-mCherry-Cre (UNC Vector Core) was used, in combination with 750 nL of either
AAV2/5-Gfal04-eGFP, or saline. AAV2/5-GfaABCID-GAT3-HA-mCherry (generated by
B.S.K. and X.Y.) was used to selectively enhance expression of GAT-3 in astrocytes. 600 nL of

AAV-GAT3 was delivered in combination with 750 nL of either AAV2/5-Gfal04-eGFP, or saline.
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Fluorescence-activated cell sorting (FACS) of reactive astrocytes

Three weeks after unilateral injection of AAV into the VB thalamus, Aldh111-tdTomato mice were
anesthetized with isoflurane and perfused with ice-cold HBSS-Ca/Mg-free supplemented with
Hepes and glucose (Galatro et al., 2017). Ventrobasal (VB) thalami were microdissected into
ipsilateral and contralateral samples under a dissecting microscope and dissociated with papain 20
U/ml (Worthington) for 45 minutes at 34 °C as previously described (Cahoy et al., 2008). A 22%
Percoll gradient was run to deplete myelin and subsequently the single cell suspension was
incubated with following antibodies in HBSS-Ca/Mg-free supplemented with Hepes, glucose and
EDTA (Galatro et al., 2017) on ice for 30 minutes: CD11b APC, CD45 Percp-Cy5.5 and Ly-6C
APC/Cy7 (eBioscience/Biolegend). Samples were incubated with DAPI and FACS was performed
on a BD Aria3 to collect purified astrocyte populations (Fig. S4.2). Ipsilateral reactive astrocytes
transduced by AAV-eGFP were gated as DAPI"¢CD11b"*¢tdTomatoP**e GFPP*, and contralateral
“healthy” astrocytes were gated as DAPI"®*CD11b"*¢tdTomato**eGFP"*¢. DAPI was used for
live/dead exclusion and CD11b to exclude microglia. Cells were collected in RLT+ (Qiagen) and

stored at -80 °C.

qPCR and RNA sequencing of FACS-astrocytes

RNA was isolated from FACS-astrocytes with the Rneasy Plus Micro kit (Qiagen) and quality and
concentration were assessed with the Agilent RNA 6000 Pico kit on a Bioanalyzer (Agilent). For
qPCR analysis, RNA was reverse transcribed using the high capacity cDNA reverse transcription
kit (Applied Biosystems) and qPCR was run on a 7900HT Fast Real-Time PCR System (Applied
Biosystems) using Fast SYBR Green Master Mix (Applied Biosystems) and the following primers:

Slc6all -FW: CGGCTGGGTATATGGAAGCA -RV: ACGACTTTCCAGCACCACTT; Aldhll1
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-FW: CTTCATAGGCGGCGAGTTTGTG -RV: CGCCTTGTCAACATCACTCACC; GFP -FW:
AAGTTCATCTGCACCACCG -RV: TCCTTGAAGAAGATGGTGCG. CT cycles were
analyzed with 7900 SDS v2.4 software (Applied Biosystems) and 22T method was used to
determine expression. For RNA sequencing, cDNA and libraries were made using the Ovation
RNA-Seq System V2 kit (NuGen). Quality was measured by Agilent High Sensitivity DNA kit on
a Bioanalyzer (Agilent) and quantified by qPCR. Libraries were pooled and RNA sequencing was
performed on an Illumina HiSeq 4000 with single end (SE50) sequencing. Around 60-80 million

reads were sequenced per sample.

Transcriptomic analysis of bulk RNA-Seq

Bioinformatic analysis of bulk RNA-Seq of FACS-isolated thalamic astrocytes was performed as
previously described (Vainchtein et al., 2018). FastQC was used to assess read quality. Reads were
pseudo aligned to the Mus musculus transcriptome (cDNA, Ensembl GRCm38) using Kallisto
(version 0.44.0) with kmer size 31 and bootstraps set to 100. Kallisto generated transcript per
million (TPM) and transcript abundance values that were loaded into R ( The R Foundation) using
Tximport. TPM values per gene were generated from the per isoform values. DESeq2 package
was used to determine differentially expressed genes, where genes with an adjusted p-value < 0.05
were considered significantly differentially expressed. Heatmaps were made using the

ComplexHeatmap package.

Immunohistochemistry of mouse brain tissue
Mice were anesthetized with a lethal dose of FatalPlus and perfused with ice-cold 4%

paraformaldehyde in phosphate buffered saline (PBS). All brains were visually assessed for signs
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of gross damage before sectioning. Serial coronal sections (50 um) were cut on a sliding microtome
(Leica SM2000R), selecting sections near the site of injection (Bregma —1.65 mm). After
immunohistochemical protocols, sections were mounted in an antifade medium (Vectashield) and
imaged using fluorescence microscopy (Keyence BZ-9000) or confocal microscopy (Zeiss
LSM880). Brain sections were visually assessed for signs of gross damage on the side which
received a unilateral manipulation (with the contralateral hemibrain used as a control).

To verify the location and extent of thalamic astrogliosis, sections were immunostained
with the following antibodies: glial fibrillary acidic protein (GFAP) (1:1000; host species chicken;
Abcam ab4674; RRID:AB 304558), GFP (1:1000; host species goat; Abcam ab6673;
RRID:AB 305643), GAT-3 (1:200; host species rabbit; Abcam ab431; RRID:AB_304437);
mCherry (1:500; host species rabbit; Abcam ab167453; RRID:AB 2571870); and the following
secondary antibodies (1:500): donkey anti-chicken AF594 (Jackson ImmunoResearch Labs #703-
585-155; RRID:AB_2340377), donkey anti-goat AF488 (Abcam ab150129; RRID:AB_2687506),
goat anti-rabbit AF594 (Thermo Fisher #A-11037; RRID:AB_2534095). Sections were blocked
in normal donkey or goat serum (Jackson ImmunoResearch Labs #017-000-121
(RRID:AB_2337258) & #005-000-121 (RRID:AB 2336990). Free-floating sections were washed
in PBS (3 x 10 min), permeabilized with 0.5% Triton in PBS (PBST-0.5%), washed in PBST-
0.05%, and blocked in 10% normal goat or donkey serum (diluted in PBST-0.05%) for 1 hour.
Sections were incubated with primary antibodies in 3% normal goat or donkey serum, overnight
at 4 °C. Following 3x10 min washes in PBST-0.05%, the sections were incubated with secondary
antibodies for 1-2 hr at room temperature. Sections were then washed in PBST and PBS, mounted
onto glass slides, and coverslipped with Vectashield antifade reagent (Vector Laboratories, H-

1000), and stored at 4 °C.
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To verify deletion of the §-subunit in the Gabrd™* mice, we performed DAB-based IHC
on free-floating sections (50 um). Endogenous peroxidase activity was quenched for 30 min in 1%
v/v hydrogen peroxide in 30% ethanol. The blocking of nonspecific binding was achieved with
10% normal goat serum (NGS) for 1 hour at room temperature (RT). The antibody against
GABAAR §-subunit (1:500; host species rabbit, polyclonal, MilliporeSigma AB9752;
RRID:AB_672966) was dissolved in 5% NGS and the sections were incubated in RT overnight.
For horseradish peroxidase (HRP) staining, sections were incubated with Mach 2 anti-rabbit HRP
polymer (Biocare Medical, RHRP520) for 1 hour at RT. The activity of HRP was visualized with
a commercially available kit for 3,3’-diaminobenzidine (DAB) peroxide substrate (Vector
Laboratories, SK-4100; RRID:AB_2336382). Sections were washed in PBTS-0.1%. between each
immunohistochemical step. Finally, immunostained sections were mounted on gelatinized slides,
dehydrated in alcohol and xylene and cover-slipped with Cytoseal (ThermoFisher Scientific, 8310-
16). Control sections were processed without primary antibodies, and no immunostaining was
observed under these conditions.

For morphological characterization of astrocytes, we performed stereotaxic injections of
AAV-eGFP into VB thalamus of two-month-old EAAT2-tdTomato mice. After three weeks, mice
were anesthetized with isoflurane, and perfused with ice-cold PBS followed by ice-cold 4% PFA.
The brains were collected and post-fixed in 4% PFA overnight at 4 °C. Subsequently, brains were
placed in 30% sucrose solution in PBS for two consecutive nights. Brains were frozen and
sectioned (60 um) on a Cryostat (Leica). For immunohistochemistry, sections were treated with
0.01 M citrate buffer pH 6.0 for 2 min at 95 °C for antigen retrieval, blocked for 1 hour at room
temperature with 5% normal goat serum (NGS) in PBS with 0.25% Triton X-100. Primary

antibody staining was done overnight at 4 °C with rat anti-GFAP (1:1000, Invitrogen, 13-0300),
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chicken anti-GFP (1:1000, Aves Labs, GFP-1020) and rabbit anti-RFP/DsRed (1:1000, Living
Colors DsRed Polyclonal Antibody, Clontech, 632496) in PBS with 2% NGS and 0.25% Triton
X-100. For secondary antibody staining, sections were incubated with goat anti-rat AF647, goat
anti-chicken AF488, goat anti-rabbit AF555 (all at 1:400, from Thermo Fisher Scientific) in PBS
with 2% NGS and 0.25 Triton X-100 for 1.5 hours at RT. Sections were embedded on slides in
DAPI Fluoromount-G (SouthernBiotech, 0100-20). Z-stacks with a step size of 1 pm at 40x
magnification from the VB thalamus were collected on a Zeiss LSM880. Using Fiji (Image)),
maximum intensity images were generated and the EAAT2-tdTomato channel images were used
to create binary, thresholded images for morphology analysis. Sholl analysis (Ferreira et al., 2014)

was performed in Fiji (ImageJ) on astrocytes from the binary images with a step size of 1 pm.

Quantification of mouse immunohistochemical data

Images were obtained with the Keyence fluorescence microscope, using BZ Viewer and BZ
Analyzer software. Image quantification was performed in ImageJ (U.S. National Institutes of
Health). For image quantification (10x magnification), we chose 2-4 sections for each mouse
between -1.3 mm and -1.6 mm posterior from Bregma (Franklin and Paxinos, 2007). Regions of
interest (ROI) were selected based on the mouse brain atlas (Franklin and Paxinos, 2007) for both
hemispheres (ipsilateral and contralateral to site of injection and/or injury). Fluorescence intensity
was obtained from 8-bit images as the sum of the values of the pixels in each ROI (using “Raw
Integrated Density” in ImageJ), and normalized by each ROI area. Normalized fluorescence
intensity of the ipsilateral side was then divided by the normalized fluorescence intensity of the
contralateral side to obtain the fluorescence intensity ratio of one section. For quantification in the

thalamus, thalamic nuclei include the ventroposterior medial, ventroposterior lateral, ventrolateral,

150



posterior medial, dorsal lateral geniculate, and lateral posterior nuclei, unless specified otherwise
as in the case of quantification of the reticular thalamic nucleus). Quantification in the
hippocampus included CA1, CA3, and dentate gyrus. Quantification in the somatosensory cortex
included the S1 barrel field (S1BF) and S1 trunk (S1Tr). Quantification was performed in sections

obtained along the AP axis in which all ROIs were visible. No exclusion criteria were applied.

Immunohistochemistry of human post-mortem brain tissue

The cases included in this study were obtained from the archives of the Amsterdam University
Medical Centers. Brain samples (peri-lesional cortex and thalamus) were obtained from 4 patients
who died after TBI and 3 patients who died after ischemic stroke. Control material was obtained
at autopsy from 3 age-matched controls, without a history of seizures or other neurological
diseases. All autopsies were performed within 24 h after death. Tissue was obtained and used in
accordance with the Declaration of Helsinki and the Amsterdam UMC Research Code provided
by the Medical Ethics Committee. All cases were reviewed independently by two
neuropathologists. The clinical information of each patient is reported in Table 4.1.

Human brain tissue was fixed in 10% buffered formalin and embedded in paraffin. Paraffin
embedded tissue was sectioned at 5 pm, mounted on pre-coated glass slides (Star Frost, Waldemar
Knittel) and processed for immunohistochemical staining. Sections were deparaffinated in xylene,
rinsed in ethanol (100%, 95%, 70%) and incubated for 20 min in 0.3% hydrogen peroxide diluted
in methanol. Antigen retrieval was performed using a pressure cooker in 0.01 M sodium citrate
buffer (pH 6.0) at 120°C for 10 min. Slides were washed with PBS, pH 7.4) and incubated
overnight with primary antibody (GAT-3, 1:450, ab431, Abcam) in PBS at 4°C. Sections were

washed in PBS and then stained with a polymer-based peroxidase immunohistochemistry
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detection kit (Brightvision plus kit, ImmunoLogic,) according to the manufacturer’s instructions.
Staining was performed using Bright 3,3’-diaminobenzidine (DAB) substrate solution
(ImmunoLogic,). Reaction was stopped by washing in distilled water. Sections were
counterstained with Haematoxylin-Mayer solution (Klinipath), dehydrated in alcohol and xylene
and coverslipped. For double labeling, slides were incubated overnight with primary antibodies
(GAT-3, 1:450 and GFAP (G-3893), 1:2000, Sigma-Aldrich) in PBS at 4°C. Afterwards, sections
were incubated for two hours at room temperature with secondary antibodies, Alexa Fluor 568
donkey anti-mouse IgG (H+L) and Alexa Fluor 488 goat anti-rabbit IgG (H+L) (1:200, A10037
and A11008; Invitrogen), washed in PBS and coverslipped. Fluorescent microscopy was
performed using a confocal microscope (SP8-X, Leica,) to acquire images of the perilesional
cortex and thalamus from all autopsy post-mortem material. Fluorescence images were

pseudocolored in ImageJ for visualization.

Quantification of immunoreactivity in human post-mortem tissue

Semi-quantitative analysis was performed by assessing GFAP immunoreactivity in the peri-
lesional cortex and thalamus according to the following scale while blinded to condition (table
S2): 1=sparse presence of cells with astrocyte-like morphology, of which the majority have a
resting morphology; 2= moderate presence of cells with astrocyte-like morphology, with either
resting or partially reactive morphology; 3= high presence of cells with astrocyte-like morphology,
of which the majority have reactive morphology. Semi-quantitative analysis of GAT-3
immunoreactivity in the peri-lesional cortex and thalamus according to the following scale while
blinded to condition (Table 4.2): O=absent, l=sparse, 2=moderate, 3=dense staining.

Quantification of GFAP immunofluorescence was performed by two investigators independently
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counting the number of GFAP-positive cells in ImageJ in a blinded manner (Fig. S4.11). Inclusion
criteria for GFAP-positive cells included distinct immunopositive soma and at least one process
protruding from the soma. For each image, the count of the two investigators was averaged. While
blinded to condition, images were identified for exclusion if more than half of the image included
fibrous white matter. Quantification of GAT-3 immunofluorescence was performed in perilesional
cortex and thalamus using ImageJ (Fig. S4.11). Immunofluorescence images were converted to 8-
bit grayscale then thresholded, such that the range of grayscale pixel values was set consistently
across images of the same region, to obtain the mean gray value, as described in (van Vliet et al.,

2020). Per group, outliers were identified using ROUT method in GraphPad Prism.

Slice preparation for patch-clamp electrophysiology

Mice were euthanized with 4% isoflurane, then transcardially perfused with ice-cold sucrose
cutting solution containing 234 mM sucrose, 2.5 mM KCI, 1.25 mM NaH2POs, 10 mM MgSOs,
0.5 mM CaClz, 26 mM NaHCOs3, and 11 mM glucose, equilibrated with 95% Oz and 5% CO:, pH
7.4. The thalamic slice preparation was performed as described (Paz et al., 2011; Ritter-Makinson
et al., 2019). Horizontal thalamic slices containing the VB thalamus and nRT were cut at 250-um
(for patch-clamp electrophysiology) or 400-um (for thalamic microcircuit studies) with a Leica
VT1200 microtome (Leica Microsystems). Slices were incubated at 32 °C for 30 min, then at 24-
26 °C for 1 hour, in artificial cerebrospinal fluid (aCSF) containing 126 mM NaCl, 2.5 mM KClI,
1.25 mM NaH:PO4, 1 mM MgClz, 2 mM CaClz, 26 mM NaHCOs, and 10 mM glucose,
equilibrated with 95% O2 and 5% COz, pH 7.4. For tonic GABA recordings, slices were incubated
and recorded in aCSF containing 126 mM NaCl, 26 mM NaHCO3, 10 mM glucose, 2.5 mM KCI,

2 mM MgCl>—6H20, 2 mM CaCl>—2H20, and 1.25 mM NaH2POs (Pangratz-Fuehrer et al., 2016).
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Patch-clamp electrophysiology in thalamic slices

Recordings were performed as described (Paz et al., 2011, 2010; Ritter-Makinson et al., 2019).
Thalamocortical neurons in the VB thalamus, and neurons in the reticular thalamic nucleus (nRT),
were visually identified by differential contrast optics with an Olympus microscope (60x objective,
NA 1.1, WD 1.5 mm; SKU 1-U2M592). Recording electrodes made of borosilicate glass (Sutter
Instruments) had a resistance of 2.5-4 MQ 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 MQ.

To record intrinsic membrane properties and bursting properties in current-clamp mode,
and spontaneous excitatory post-synaptic currents in voltage-clamp mode, an internal solution
containing 120 mM potassium gluconate, 11 mM KCI, I mM MgCl,, 1 mM CaClz, 10 mM
HEPES, and 1 mM EGTA, pH adjusted to 7.4 with KOH (290 mOsm) was used; these recordings
were performed in the presence of picrotoxin (50 uM, Sigma-Aldrich, #P1675) in the artificial
cerebrospinal fluid (aCSF). The potentials for were corrected offline for -15 mV liquid junction
potential.

To record spontaneous inhibitory post-synaptic currents, an internal solution containing
135 mM CsCl, 10 mM HEPES, 10 mM EGTA, 2 mM MgCl>-6H20, and 5 mM QX-314, pH
adjusted to 7.3 with CsOH (290 mOsm) was used. Recordings were performed in the presence of
kynurenic acid (2 mM, Sigma-Aldrich #K3375) in aCSF.

To record tonic GABAA receptor-mediated currents, an internal solution containing 130
mM CsCl, 2 mM MgClz, 4 mM Mg-ATP, 0.3 mM Na-GTP, 10 mM Na-HEPES, 0.1 mM EGTA,

pH adjusted to 7.3 with CsOH (290 mOsm) was used (Cope et al., 2005).
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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 pM Gabazine (GBZ; Sigma
#SR-95531) prepared in dimethyl sulfoxide (DMSO; Sigma #D8418) was applied. Following GBZ
application, slices were recorded for at least 10 minutes. Tonic current was defined as the shift in
holding current due to GBZ bath application, and marked by the stopping of phasic IPSCs. Average
currents were obtained for at least 2 minutes 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

between groups (Table 4.3).

Analysis of electrophysiological properties of thalamic neurons

Tonic GABA recordings: Following GBZ (50 pM) bath application, neurons were recorded for at
least 10 minutes. Tonic GABA current was defined as the shift in holding current due to GBZ
application, and marked by the stopping of phasic IPSCs. We obtained an average current at least
2 minutes 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 between groups (Table 4.3). All cellular physiology
data were analyzed in a blinded manner.

Action potential properties: To characterize action potentials (APs) elicited by depolarizing
intracellular current injections in thalamocortical neurons, we obtained the following parameters
for the first AP which occurred at each neuron’s rheobase (the amplitude of the first current step
which elicited APs): the AP threshold, which was determined as the inflection point of the raw

voltage trace immediately preceding the AP; the AP amplitude, defined as the voltage difference
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between the AP threshold and the maximal voltage of the AP; the AP duration, defined as the time
between the AP threshold and the time at which membrane voltage returned to threshold; and the
AP half-duration, defined as the duration between the half-maximal voltage in the depolarizing
phase and the half-maximal voltage in the repolarizing phase.

T-Current biophysical properties: To assess steady-state inactivation properties of the T-current,
the current-voltage response of each cell was fit with the Boltzmann function to determine the half-
maximal voltage (Vso) (Paz et al., 2010; Ritter-Makinson et al., 2019) (calculated using Origin Pro
9.0). All parameters (cell capacitance, maximal T-current area, maximal T-current amplitude, T-
current density, maximal decay time constant, Boltzmann slope factor) were compared using
unpaired t-tests or Mann-Whitney U tests (Table 4.5).

Low-threshold spike (LTS) properties: To characterize the LTS-mediated rebound bursting, a
custom MATLAB script was used to detect (1) Vu = membrane potential at the end of the
hyperpolarizing current injection; (2) the threshold and latency to the LTS, indicated by the first
deflection point during the period of depolarization (after the current injection) (Coulter et al.,
1989); (3) AP firing rate during these rebound bursts, calculated by the number of APs divided by
the duration between the first and last AP. FR was calculated only if there was more than 1 AP
during the rebound burst. For each cell, we obtained the LTS parameters from the sweep in which
the current injection hyperpolarized the cell the most.

Hyperpolarization-induced depolarizing sag potential properties: To characterize the
depolarizing “sag” potential induced by hyperpolarization in thalamocortical neurons (McCormick
and Pape, 1990), sag potentials were obtained as a function of the maximal hyperpolarized
potential in response to a -150 pA intracellular current injection. The amplitude of the sag potential

was calculated as the difference between the maximal hyperpolarized membrane potential and the
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membrane potential at the offset of the current injection. All recordings were performed at resting
membrane potential.

Spontaneous synaptic currents: Frequency and kinetics of spontaneous excitatory and inhibitory
synaptic currents were detected and analyzed using WDetecta (Huguenard Lab, Stanford
University) as previously described (Paz et al., 2010; Ritter-Makinson et al., 2019). Spontaneous

excitatory synaptic currents were obtained from the same samples presented in Fig. 4.3, B and D.

Electrophysiological recordings of extracellular thalamic oscillations and data analysis
Recordings: Horizontal slices (400 um) containing somatosensory thalamus were placed in an
interface chamber at 34 °C and superfused at a rate of 2 ml min~' with oxygenated aCSF
supplemented with 0.3 mM glutamine for cellular metabolic support (Ritter-Makinson et al.,
2019). Extracellular multi-unit activity (MUA) recordings were obtained with a linear 16-channel
multi-electrode array (Neuronexus) that spanned the nRT and VB thalamic nuclei (Fig. 4.2C).
MUA signals were amplified 10,000 times and band-pass filtered between 100 Hz and 6 kHz using
the RZ5 from Tucker-Davis Technologies (TDT, SCR_006495). Position of recording array was
visually checked for each recording to confirm position of electrodes in nRT and VB thalamic
nuclei. Electrical stimuli were delivered to the internal capsule with a bipolar tungsten
microelectrodes (50-100 kQ, FHC). The stimuli were 100 ps in duration, 50 V in amplitude, and
delivered once every 30 s for 20 trials.

Comparison of thalamic circuit oscillations in thalamic slices: Extracellular spikes from multi-
unit activity (MUA) were detected with custom MATLAB scripts (Huguenard Lab, Stanford
University) by taking the first derivative of the signal and thresholding over baseline RMS values.

Spikes were excluded if their waveform lasted longer than 2 ms. An experienced user confirmed
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parameter settings to optimize for all recordings. For automatic spike detection, the first three
seconds of each trial was analyzed (Fig. 4.2, A, B, and E). As in previous literature, a burst of
thalamic activity was defined as a cluster of > 3 spikes occurring within 1 ms; and an oscillation
as > 2 bursts occurring within 1 second following stimulation, with an inter-burst interval of <1
second (Sorokin et al., 2017). In Fig. 4.2D, we characterized the maximal evoked oscillatory
activity by manually quantifying the number of evoked bursts and duration of oscillation that
occurred in the 30 seconds following electrical stimulation (averaged across 20 trials for each
slice), from the most responsive recording site of each slice.

Peri-stimulus time histograms (PSTH): Spikes were aligned to the stimulation onset and were
used to calculate PSTH with a bin width of 10 ms (averaged across trials). Color axis represents
the firing activity, scaled to the maximal number of spikes obtained in the slice (across all 16
recording sites and across all 20 trials).

Auto-correlation analysis: The spatiotemporal synchrony of oscillatory activity was determined
by calculating the auto-correlation of the PSTH summed across the 16 recording sites in the
thalamus and across all 20 trials for each slice (Fig. 4.2, A, B, and E). Note that only 9 of 16 sites
are shown to aid visualization in Fig. 4.2 A and B. The PSTH and auto-correlation were calculated
for 3 seconds after stimulation (excluding the first 150 ms which included the direct response), but
only 1 second is shown in Fig. 4.2 for clarity. The auto-correlation was used to calculate the

oscillatory index (O.1.) as previously described (Huntsman et al., 1999; Sorokin et al., 2017).

2

where t;= the i** local minimum of the auto-correlation (trough) and p;= the i*" local maximum

of the auto-correlation (peak).
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Surgical implantation of electrocorticography (EcoG) devices in mice

For short (up to 90 min-long recordings) in vivo electrophysiological recordings described in Figs.
4.4,4.5, and Fig. S4.6, electrocorticogram (EcoG) signal was acquired with a custom-made device
containing multiple screws (Ritter-Makinson et al., 2019). Cortical screws were implanted
bilaterally in somatosensory cortex S1 (-0.5 mm posterior from Bregma, £+ 3.5 mm lateral), in the
right primary visual cortex V1 (-2.9 mm posterior from Bregma, + 3.25 mm lateral), in the
prefrontal cortex (+1.0 mm anterior from Bregma, 0 mm lateral), and a reference screw was
implanted above the cerebellum (-0.5 mm posterior from Lambda, 0.5 mm lateral). Devices were
fixed to the skull using dental cement.

For chronic, continuous 24/7 EcoG recordings (Fig. 4.6), mice were implanted with
wireless telemetry devices as previously described (Holden et al., 2021) (PhysioTel HD-X02
Implants, Data Sciences International, Inc). Cortical screws were implanted bilaterally in
somatosensory cortex S1 (-0.5 mm posterior from Bregma, + 3.5 mm lateral) and a reference screw
was implanted above the cerebellum (-0.5 mm posterior from Lambda, 0.5 mm lateral). The

telemetry transponder was placed in the subcutaneous cavity above the shoulder.

Seizure susceptibility assay in mice implanted with multi-site ECoG electrodes

Following the induction of thalamic astrogliosis (3 weeks, 4 months and 7 months), seizure
susceptibility was determined by monitoring video and EcoG activity following i.p. administration
of the pro-convulsant pentylenetetrazol (PTZ) (Tocris, #2687). At the beginning of each recording
session, mice were briefly anesthetized with ~2% isoflurane prior to connecting the EcoG device
to the headstage to minimize potential pain and/or strain to the implant site, and immediately

returned to their home cage. For experiments reported in Fig. 4.4D and Fig. S4.6B, mice were
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recorded for a 10-min period during which video and EcoG were monitored to ensure that mice
regained mobility. Mice were then injected i.p. with PTZ and recorded with video and ECoG. Each
PTZ recording trial lasted 45-90 min. PTZ assays and analysis were performed by investigators
blinded to experimental group, and all groups within an experiment were subject to the same
conditions.

PTZ is known to act on the thalamocortical circuit, even when administered systemically
(Mirski and Ferrendelli, 1986). PTZ dose was optimized based on previously reported
concentration ranges and pilot recordings for each cohort (in case there were slight variations
depending on strain, age, cohorts). The dose selected was the lowest dose necessary to induce
epileptiform discharges in mice with thalamic astrogliosis. Doses used in this study (ranging from
5 to 15 mg/kg) are typically sub-threshold for the same strain of mice in other studies (Bolkvadze
and Pitkdnen, 2012). Seizure susceptibility was also determined following i.p. administration of
the pro-convulsant agent Kainic Acid (KA; 10 mg/kg) (Tocris, #0222). KA induced generalized
convulsive seizures. Each mouse was recorded for 60 minutes following KA injection. Recordings

and analysis were performed in a blinded manner.

Quantification of in vivo electrocorticography

Detection of epileptiform discharges: To quantify the number of epileptiform discharges, induced
by PTZ, we used a custom MATLAB script, which enabled detection of synchronous discharges
with amplitude three times 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
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recordings of mice. A subset of mice presented in Fig. 4.4D underwent the PTZ seizure assay
again at 4 and/or 7 months to determine the chronic effects of astrogliosis (presented in Fig. S4.6).
Kainic acid seizure detection: Seizures on EEG traces were identified based on high frequency,
synchronous discharges with amplitude three times baseline signal noise, using Spike2 software.
Detection was cross-validated with behavioral signs of seizures from simultaneously acquired
video recordings of mice.

ECoG spectral analysis: For chronic, continuous ECoG recordings, spectral analysis was
performed in MATLAB. Absolute power of individual frequency bands was calculated using the
bandpower function in MATLAB. Total band power was calculated between 1 to 75 Hz, in order
to avoid edge effects of the wireless device bandwidth (0.5 to 80 Hz). For Weeks 1, 5, and 7, we
obtained 168 1-hr bins; for Week 3, we obtained 152 1-hr bins. Total band power was calculated
between 1 to 75 Hz, in order 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
absolute power of individual frequency bands for 12-hour bins corresponding 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 t-tests of frequency bands obtained from

ipsilateral and contralateral S1. All statistical comparisons are reported in Table 4.9.

Mouse cortical injury models and TBI seizure challenge assay

Stroke model: Cortical photothrombotic stroke was induced in the somatosensory cortex as
previously described (Paz et al., 2010). Briefly, the light-sensitive dye Rose Bengal (40 mg/kg;
Sigma-Aldrich #330000) dissolved in 0.9% saline was injected i.p. in isoflurane-anesthetized adult

C57BL6 male mice. Immediately after RB injection, 2 minutes of 200 W illumination was
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delivered to the right somatosensory cortex using a 3-mm diameter fiber optic cable positioned
directly on top of the skull (centered at -1 mm posterior from Bregma, 4 mm lateral). The optical
system is designed to have an emission spectrum containing the in vivo absorption range of RB
(maximum absorbance at 562 nm). Sham mice received identical anesthesia and scalp incision and
RB but no illumination.

Traumatic brain injury (TBI) model: Controlled cortical impact (CCI) was induced in the
somatosensory cortex as previously described (Holden et al., 2021). Briefly, in isoflurane-
anesthetized adult C57BL6 adult male mice, a 3-mm diameter craniotomy was performed over the
right somatosensory cortex (centered at -1 mm posterior from Bregma, 3 mm lateral). A controlled
cortical impact device equipped with a metal piston (Impact One Stereotaxic Impactor for CCI,
Leica Microsytems) was used to perform TBI with the following parameters: 3 mm tip diameter,
18° angle, depth 0.8 mm from the dura, velocity 3 m/s, and dwell time 300 ms. Sham mice received
identical anesthesia and scalp incision, but received a sham craniotomy of 3-mm diameter (in
which the drill bit was used to trace a craniotomy on the skull without penetration), and the injury
was not delivered. 3 days after sham or TBI procedures, a subset of mice underwent stereotaxic
surgery to receive intra-thalamic injection AAV2/5-GfaABCI1D-GAT3-HA-mCherry (600 nL),
delivered unilaterally to the VB thalamus as described above.

TBI seizure challenge assay: To determine the seizure susceptibility of mice with TBI in a high
throughput manner, we assessed behavioral seizures following PTZ challenge (45 mg/kg, i.p.).
PTZ dose was selected based on prior studies for C57BL6 mice in our group and others (Bolkvadze
and Pitkédnen, 2012). Mice were video-recorded for 20 minutes after PTZ, 4 and 11 weeks after
TBI induction. A modified Racine scale (Roberson et al., 2007) was used to score behavioral

seizures off-line in a blinded manner. Stage 0 = normal behavior; 1 = immobility; 2 = generalized
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spasm, tremble, or twitch; 3 = tail extension; 4 = forelimb clonus; 5 = generalized clonic activity;

6 = bouncing or running seizures; 7 = full tonic extension; 8 = death.

Logistic regression model of TBI mouse survival following PTZ challenge

To assess the impact of astrocytic GAT-3 enhancement on mortality/survival following PTZ
challenge, we used a logistic regression model consisting of trauma and GAT-3 treatment as
independent variables and survival as the dependent variable (GraphPad Prism). Goodness-of-fit

assessed with area under the ROC curve and the likelihood ratio test.

P(Y=1)

and Y = survival
P(Y=0)

ln(OddS) == ﬁo + lel + BZXZJ Where OddS S

The impact of TBI and of GAT-3 on survival is represented by the 5, and 8, parameter estimate,
respectively, of our model. The exponentiation of each parameter estimate yields an odds ratio,
which represents the “multiplicative effect” that a given parameter has on survival and is reported

in Fig. S4.10.

Behavioral Assays

Behavioral tasks took place during the light cycle between 7:00 AM and 7:00 PM. Mice were
transferred to the behavioral testing room at least 30 min prior to testing to acclimate to the
environment and lighting, unless specified otherwise. All tasks were performed and analyzed by
experimenters blinded to condition.

Open Field Activity Test: Open field activity is assessed using the Flex-Field/Open Field
Photobeam Activity System (San Diego Instruments), which consists of a clear acrylic chamber
(41 x 41 x 30 cm) and two sets of photobeam arrays that automatically detect horizontal and

vertical movements. Mice are placed in the center of the chamber at the beginning of the test.
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Analysis: Ambulatory and fine movements are automatically recorded using Photobeam Activity
System software (San Diego Instruments). The open field arena is divided into an outer periphery
and center. Proportion of total movements in the periphery relative to the center is used to
determine degree of baseline anxiety.

Elevated Plus Maze: The elevated plus maze (EPM) is elevated 30.5” above the ground, and
consists of two open arms (15" x 27, length x width) and two closed arms (15" x 2” with 6.5”
height walls) (Hamilton-Kinder). During the task, mice are placed at the center of the maze and
allowed to explore for 10 minutes. Analysis: Total distance traveled and number of entries into
closed arms are calculated based on infrared photobeam breaks, automatically detected using
MotorMonitor software (Kinder Scientific). Total distance is used as a measure of general activity.
Percent time spent in open arms is used as a measure of baseline anxiety.

Olfactory Habituation: In addition to transferring all mice to the testing room 1 hour prior to
testing, each mouse is individually placed into a cage without bedding for 30 min prior to testing.
Mice are exposed to three different odors in this order: water, vanilla, and an unfamiliar social
odor. The task consists of three trials (2 min each) for each of the three odors. With an inter-odor
interval of 1 min. For non-social odors, cotton tip applicators were dipped in each odor solution
for 2 sec, immediately before scent presentation to avoid evaporation. Vanilla was diluted 1:100
in water. For the unfamiliar social odor, the cotton tip was used to swipe the bottom of a cage of
an unfamiliar mouse of the same strain and sex several times. For each trial, the experimenter
secures the cotton tip applicator to the flat wire cage top so that the tip is hanging 2 inches off the
cage floor. The experimenter then moves 2 meters away from the cage to score. A new cotton tip
was used for each odor. All trials are simultaneously videotaped. Analysis: The experimenter

scores the odor exploration in real-time. Bouts of sniffing, as well as cumulative time spent sniffing
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the cotton tip, is recorded for each 2-minute trial. Sniffing is scored when the mouse is oriented
towards the cotton tip with its snout 2 cm or closer to the tip. Chewing on the cotton tip is counted
as sniffing, whereas chewing on the wooden handle of the applicator or climbing the applicator is
not counted as sniffing.

Hot Plate Test: During the test, mice are placed into a clear, open-ended cylinder (4 diameter)
which is placed on top of a black anodized aluminum hot plate (Hot Plate Analgesia Meter, IITC
Life Science). The surface of the hot plate is heated and maintained at 52°C, and cleaned with 70%
EtOH between each subject. Once the mouse is placed on the hot plate, the latency to respond with
either a hind paw lick, hind paw flick, or jump is measured by an experimenter. To prevent injury,
the maximum latency is 30 seconds. Once the mouse responds or reaches the 30 second limit, the
mouse is removed from the hot plate and returned to its home cage. Analysis: Once the mouse is
placed on the hot plate, the latency to respond with either a hind paw lick, hind paw flick, or jump
is measured by an experimenter.

Contextual Fear Conditioning: Mice are brought into the testing room immediately before the
trial begins. The contextual fear conditioning task consists of three phases: Training, Context Test,
and Generalization Test. All phases take place in a sound-isolated fear conditioning chamber (Med
Associates), cleaned with 70% EtOh between trials. During the Training phase (13 min total), mice
are placed in the apparatus in which the light setting is 3, fan is on, trays are sprayed with 70%
Windex, and metal floor grid is exposed. Following a 5-min baseline period, mice are presented
with four 2-second 0.45 mA foot shocks separated by 2-min intervals. 24 hours later, the Context
Test (10 min total) takes place. Mice are placed in the same apparatus (same context) for 10
minutes, with no foot shocks delivered. The Generalization Test (10 min total) takes place 24 hours

after the Context Test. The context is altered from the Training phase in the following manner:
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light setting is 1, fan is off, trays are sprayed with 10% Simple Green, and a solid plastic floor
insert is used. Mice are placed in this apparatus for 10 minutes, with no foot shocks delivered.
Analysis: Freezing during each trial is monitored by Video Freeze software (Med Associates, Inc).
Grooming: Mice were individually placed in a transparent cage for 10 minutes while being
videotaped. Duration of spontaneous whisker grooming was manually quantified off-line using

video footage.

10x Visium spatial transcriptomics of mouse brain after traumatic brain injury and stroke
The 10x Visium Spatial Transcriptomics pipeline was performed on three total hemisections
obtained from mice 6 weeks after TBI, stroke, or a sham procedure. The brains were harvested in
OCT and flash frozen on dry ice. The hemispheres were sectioned coronally to 10 um on a cryostat
and mounted on the Visium Spatial Gene Expression slide. All sections were analyzed for RNA
integrity number (>8) measured by a Bioanalyzer. To visualize the section morphology and cell
bodies for later spatial alignment of sequencing data, sections were methanol fixed at —20°C for
30 min and stained for hematoxylin and eosin (H&E). The sections were imaged using bright-field
microscopy, then enzymatically permeabilized for 12 min, poly-A mRNA captured on each of the
spots, and spatial barcodes and unique molecular identifiers (UMIs) were added to the reads. The
dual-index Illumina paired-end libraries were sequenced on NovaSeq 6000, and the RNAseq reads
were aligned to the mouse reference genome mml0-2020-A and images detected using
SpaceRanger pipeline (v.1.3.0).

Data were visualized using 10x Loupe Browser (v.5.1.0). Raw per-spot gene expression
UMIs were exported from the SpaceRanger pipeline (v.1.3.0) and aligned using barcodes (Fig.

4.6, Fig. S4.8, Fig. S4.9, and Table 4.10). To separate out spatial regions that showed unique and
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most homogeneous gene expression patterns, we performed unbiased K-means clustering using 10
unique clusters for each section (Fig. S4.8). Note that in the thalamus of the TBI section, two
regions were separated out as unique clusters 7 and 4, which corresponded to the regions that
showed high and low Gfap transcripts. After performing the differential expression of genes
(DEGs) analysis of cluster 7 (Fig. S4.8) compared to all other clusters, we determined that this
region is enriched in inflammatory markers such as Gfap, Serpina3n, Clga, Tyrobp, and others
(see Fig. S4.8E for top 20 DEGs). We used this unbiased separation of thalamic clusters as a
rationale for choosing two thalamic regions of interest (Gfap-High and Gfap-Low) (Fig. 4.6). We
chose two cortical regions of interest which were proximal and distal to the injury site (Fig. S4.9).
For investigations of individual genes such as Gfap and Sic6all, we performed Kolmogorov-
Smirnov tests and adjusted a=0.025 to correct for multiple (two) comparisons made within each
sample: Gfap-High vs. Gfap-Low thalamus, and Gfap-High vs. Gfap-Low cortex. To assess the
relationship between Gfap and Sic6all, a simple linear regression was performed separately for
cortical and thalamic data. Statistical analyses were performed within-section between Gfap-High

and Gfap-Low regions in the thalamus, and between proximal and distal regions in the cortex.

In vivo electrocorticography (ECoG) data acquisition

To control for circadian rhythms, animals were housed using a regular light/dark cycle, and
recordings performed between 7:00 AM and 7:00 PM. Prior to acquisition of multi-site EcoG
recordings (Figs. 4.4, 4.5, S4.6), mice were allowed to recover for at least one week. EcoG signals
were recorded using RZS5 via Synapse software (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 (Ritter-Makinson et al., 2019).
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Chronic, continuous EcoG recordings (Fig. 4.6 and Table 4.9) were acquired using
wireless telemetry devices (PhysioTel HD-X02 implants, Data Sciences International) and
sampled at 500 Hz via Ponemah software (DSI). 24/7 recordings were performed for one-week
periods (168 hours) at the following timepoints: 1, 3, 5 and 7 weeks after thalamic astrogliosis
(Fig. 4.6C), and 7 weeks after thalamic astrogliosis with GAT-3 enhancement (Fig. 4.6D).
Acquisition started immediately following implantation, as the wireless devices allow mice to

remain in their home cages.

Statistical Analysis

All numerical values are given as means and error bars are standard error of the mean (SEM)
unless stated otherwise. For comparison between two groups, the non-parametric Mann-Whitney
U test was performed. For comparisons between multiple groups, a one- or two-way analysis of
variance (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 a=0.05, unless 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.
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Figure 4.1. Thalamic astrogliosis is a consistent feature of cortical lesions, recapitulated by
viral-mediated activation.

(A) GFAP immunofluorescence in post-mortem thalamus and peri-lesional cortex from human
subjects with history of ischemic stroke or TBI, and age-matched controls, representative of 3
control subjects, 3 subjects with stroke, and 4 subjects with TBI. Insets: magnification of GFAP+
cells with astrocyte-like morphology (putative astrocytes, yellow arrow). (B) GFAP
immunofluorescence 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. TBI: Mann-Whitney
U-test, ***P=0.0002. Sham: n=7 mice; TBI: n=12 mice. (C) Viral induction of unilateral thalamic
astrogliosis  (brain schematic adapted from (Franklin and Paxinos, 2007)). (D)
Immunofluorescence three weeks after astrogliosis induction. GFAP immunofluorescence
quantified as in (B). Mann-Whitney U test, *P=0.019. n=9 mice per group. Quantification in other
brain regions shown in Fig. S4.1. (E) Representative images of GFAP, eGFP, tdTomato, and 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 Aldhl11-
tdTomato reporter mice. Gates indicate sorting strategy detailed in Fig. S4.2. (H) Differentially
expressed genes in ipsilateral eGFP+ versus contralateral eGFP— thalamic astrocytes
(Padjustea<0.05), highlighting genes related to astrocyte reactivity (Liddelow et al., 2017) and
astrocyte modulation of glutamate and GABA (Schousboe et al., 2013; Yu et al., 2018) on the
right. Heat map including ipsilateral eGFP— in Fig. S4.3.
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Figure 4.2. Viral-mediated thalamic astrogliosis enhances intra-thalamic circuit
rhythmogenesis.

(A) Representative intra-thalamic multi-unit activity evoked by stimulation of the internal capsule
(lightning bolt) in thalamic slices, as schematized in (C). Only nine out of 16 channels are shown
for clarity. Shaded boxes highlight bursts (clusters of >3 spikes), horizontal arrow indicates a
sustained circuit oscillation (clusters of >2 bursts). (B) Peri-stimulus time histograms of recordings
shown in (A). Color represents multi-unit 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 multi-unit activity recordings in thalamic slices following electrical stimulation
of the internal capsule (yellow). Probe schematic adapted from NeuroNexus, brain schematic
adapted from (Franklin and Paxinos, 2007). (D) Quantification of bursts and circuit oscillations,
as shown in (A). Each dot represents the site with maximal multi-unit activity in each slice from
n=13 Control and n=16 Thalamic Astrogliosis mice (1 slice/mouse; 20 evoked responses averaged
per slice). Mann-Whitney U test; **P=0.007 (bursts) and **P=0.003 (oscillations). (E) Left: auto-
correlation analyses of multi-unit activity in the delayed response from (B). Multi-unit activity is
summed across all recording sites and all trials within a slice. Right: oscillation index calculated
for the first peak of the auto-correlated signal. Mann-Whitney U test, *P<0.05. n=13 Control, n=16
Thalamic Astrogliosis mice.
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Figure 4.3. Viral-mediated thalamic astrogliosis boosts cellular excitability via extrasynaptic
GABAR-mediated tonic inhibition.

(A) Representative whole-cell recordings 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 8
slices, 4 mice); Thalamic Astrogliosis: n=14 cells (from 7 slices, 5 mice). Picrotoxin condition:
P=0.28; Control: n=9 cells (from 5 slices, 3 mice). Thalamic Astrogliosis: n=13 cells (from 9
slices, 5 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 following current injection. Black and burgundy crosses indicate meant+SEM for
membrane potential and LTS threshold. Right: LTS threshold. No picrotoxin condition: Mann-
Whitney U test, ***P=0.0005. Control: n=12 cells (from 7 slices, 4 mice). Thalamic Astrogliosis:
n=12 cells (from 7 slices, 5 mice). Picrotoxin condition: P=0.36. Control: n=13 cells (from 9 slices,
4 mice). Thalamic Astrogliosis: n=11 cells (7 slices, 5 mice). (E) Representative whole-cell
voltage-clamp recordings. Gabazine (GBZ; 50 uM) was bath-applied to isolate the tonic current,
measured by the shift in baseline holding current (black arrow). Mann-Whitney U test,
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*#3:4P<0.0001. Control: n=20 cells (from 20 slices, 10 mice); Thalamic Astrogliosis: n=22 cells
(from 22 slices, 11 mice). (F) Representative 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).
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Figure 4.4. Conditional deletion of the extrasynaptic GABAAR §-subunit (-GABAAR-cKO)
in thalamocortical neurons prevents thalamic astrogliosis-induced seizure risk.

(A) Experimental timeline of ECoG recordings. (B, E) Representative ECoG recordings from
ipsilateral primary somatosensory cortex (S1), following i.p. injection of pentylenetetrazol (PTZ,
5 mg/kg; B) or of kainic acid (10 mg/kg; E), with raw ECoG traces (white) overlaid onto
corresponding spectrograms. (C, 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 6-subunit (3-GABAAR-cKO) in thalamocortical neurons via viral Cre-
mediated (AAV2/5-CaMKIla-mCherry-Cre) recombination in Gabrd' "' mice. Timeline (top) and
DAB labeling in thalamic sections (bottom). (I) Quantification of Itonic in thalamocortical neurons
in thalamic ex vivo slices from Gabrd™™ mice. Mann-Whitney U test, P=0.42. ns: not significant.
Control -GABAAR-cKO (intra-thalamic transduction of thalamocortical neurons with AAV2/5-
CaMKIIo-mCherry-Cre in mice without astrogliosis): n=9 cells (from 9 slices, 5 mice); Thalamic
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Astrogliosis 8-GABAAR-cKO (intra-thalamic transduction of thalamocortical neurons with
AAV?2/5-CaMKIla-mCherry-Cre in mice with astrogliosis): n=12 cells (from 12 slices, 5 mice).
(J) Epileptiform discharges from ipsilateral S1 in response to PTZ challenge (5mg/kg) in
Gabrd™ ™ mice with and without thalamic astrogliosis. Mann-Whitney U Test, P=0.37. Control 3-
GABAAR-cKO: n=10 mice; Thalamic astrogliosis 8-cKO: n=14 mice.
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Figure 4.5. 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 co-localization in VB thalamus (right), three weeks after unilateral thalamic
astrogliosis induction. (B) GAT-3 immunofluorescence ratio between regions ipsilateral-and
contralateral to thalamic astrogliosis, three weeks following induction. Mann-Whitney U test,
*P=0.028; n=8 mice per group. (C) Quantitative PCR analysis of Slc6all expression (encoding
GAT-3), normalized to Aldhlll expression in astrocytes FACS-isolated from contralateral and
ipsilateral VB thalamus of Aldh1l1-tdTomato mice, three weeks following thalamic astrogliosis
induction. Sorting strategy detailed in Fig. S4.2. 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-GfaABC1D-GAT3-mCherry (Yu et al., 2018) 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
Itonic in thalamocortical neurons from thalamic ex vivo slices, three weeks following 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 discharges in response to PTZ (15 mg/kg). Mann-
Whitney U Test, P=0.42. n=9 mice per group.
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Figure 4.6. Enhancing GAT-3 in thalamic astrocytes prevents astrogliosis-induced reduction
in cortical sigma and gamma frequency power.

(A) Schematic of experimental timeline. Chronic wireless ECoG from S1 was obtained bilaterally
in freely-behaving mice in their home cage for continuous one-week periods, up to seven weeks
following induction of thalamic astrogliosis. (B) Representative plots of delta (1-4 Hz), sigma (12-
15 Hz), gamma (30-75 Hz), and total band power (1-75 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 indicate the average power of the frequency band during week one. (C)
Average ECoG power for each mouse, seven 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, seven weeks after thalamic astrogliosis induction and
astrocytic GAT-3 enhancement. Control + GAT-3: n=3 mice; Thalamic Astrogliosis + GAT-3:
n=4 mice. See Table 4.9 for comparison of all frequency bands. Wilcoxon matched-pairs signed
rank tests, *P<0.05.
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Figure 4.7. Cortical injury-induced thalamic Gfap is negatively correlated with thalamic

Slc6all expression.

(A) Hemi-brain sections from mice after sham, stroke, and TBI procedures six weeks after surgery
overlaid with thalamic regions of interest (grey and red) analyzed with 10x Visium spatial
transcriptomics and magnified in (B). (B) Thalamic expression of Gfap and Sic6all transcripts.
Color map indicates log2 of the detected counts of the gene’s unique molecular identifier (UMI).
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Red and black outlines 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, D) Cumulative probability
distribution of Gfap (C) or Sic6all (D) expression per spot in regions indicated in (A-B).
Kolmogorov-Smirnov test, ****P<(0.0001. All spots containing non-zero UMI counts were
included. Number of spots from low- and high-Gfap regions, respectively, in (C): sham (n=63 &
29); stroke (n=120 & 84); TBI (n=218 & 102); in (D): sham (n=216 & 76); stroke (n=237 & 85);
TBI (n=277 & 95). Adjusted a=0.025 for multiple comparisons. (E) Relationship between Gfap
and Slc6al l expression. Circles represent UMI counts per spot in low- (grey) and high-Gfap (red)
areas; black and burgundy crosses, and corresponding dotted lines, mark mean+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); TBI
(n=322). Similar analysis for cortical regions distal and proximal to injury is described in Fig.
S4.9.
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Figure 4.8. Decreased GAT-3 immunoreactivity in human post-mortem thalamic tissue after
cortical injuries.

(A) Mean expression percentile of SLC6A411 gene relative to all genes in neurotypical adult human
diencephalon and parietal cortex. Data obtained from (Kelley et al., 2018) from 535 human
samples. (B) Expression fidelity of SLC6A411 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 (Kelley et al., 2018). Higher fidelity
indicates higher correlation of SLC6A411 to cell type. Horizontal bar indicates Z-score for SLC6A411
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 distribution for all genes detected in that cell
type. (C, D) GFAP and GAT-3 immunofluorescence in post-mortem thalamic tissue (C) and peri-
lesional cortex (D) from human subjects with a history of ischemic stroke or TBI, and age-matched
control subjects. Images are representative of 3 control subjects, 3 subjects with stroke, and 4
subjects with TBI. Yellow boxes: regions magnified below. Summary of all data shown in Fig.
S4.11 and Table 4.2.
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Supplemental Figures
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Supplemental Figure 4.1. Persistent increase of GFAP protein in thalamus following viral-
mediated astrogliosis.

(A) Immunohistochemical labeling of enhanced green fluorescent protein (eGFP) and glial
fibrillary acidic protein (GFAP) following unilateral injection of either saline (top) or AAV2/5-
Gfal04-eGFP (bottom) into the ventrobasal (VB) thalamus. Note that the representative images of
the AAV2/5-Gfal04-eGFP injection are the same images presented in Fig. 1D, and are included
here for visual comparison. (B) Schematic of the pAAV.GFA104.P1.eGFP.WPRE.bGH plasmid
used to produce the AAV2/5-Gfal04-eGFP construct. Adapted from (Ortinski et al., 2010), Fig.
1H. Four solid black lines indicate multiple cloning sites. Sequence map is available through
Addgene (Plasmid #100896). Note that when the Gfal(04 promoter is used with the AAV2/5
pseudotype, the viral construct leads to >99% astrocyte-specific expression (Ortinski et al., 2010).
(C) GFAP fluorescence in thalamus (including ventroposterior medial, ventroposterior lateral,
ventrolateral, posterior medial, dorsal lateral geniculate, and lateral posterior nuclei), reticular
thalamic nucleus (nRT), hippocampus, and primary somatosensory cortex (S1). Fluorescence ratio
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between regions ipsilateral and contralateral to injection site, obtained three weeks, seven weeks,
and nine months after induction of thalamic astrogliosis. Data from thalamus (three week
timepoint) are the same data presented in Fig. 1D, and included here for visual comparison. 3
weeks: n=8-9 mice per group (data averaged from 3 sections/mouse). Mann-Whitney U-test for
thalamus (*P=0.018), nRT (**P=0.001), hippocampus (**P=0.0016), and S1 (ns, P=0.54). ns: not
significant. 7 weeks: n=6-7 mice per group. Mann-Whitney U-test for thalamus (**P=0.0012),
nRT (**P=0.0012), hippocampus (ns, P=0.295), and S1 (ns, P>0.99). 9 months: n=5-6 mice per
group. Mann-Whitney U-test for thalamus (**P=0.002), nRT (ns, P=0.18), hippocampus (ns,
P=0.42). Related to Figure 4.1.
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Supplemental Figure 4.2. Molecular characterization of FACS-isolated thalamic reactive
astrocytes.

(A) Fluorescence activated cell sorting (FACS) gating strategy for samples collected for RNA
sequencing, obtained from the thalamus ipsilateral and contralateral to intra-thalamic transduction
of astrocytes in pan-astrocytic reporter Aldh111-tdTomato mice. Gates indicate sorting strategy to
obtain ipsilateral virally transduced “reactive” astrocytes (tdTomato*eGFP*), and contralateral
“healthy” astrocytes (tdTomato*eGFP™). Astrocytes were gated as DAPI—, CD11b— and CD45—
followed by Aldh111-tdTomato*™, GFAP-eGFP— for the contralateral side and Aldh111-tdTomato*,
GFAP-eGFP— (eGFP-) and Aldhlll-tdTomato*, GFAP-eGFP* (eGFP+) for the ipsilateral side.
FSC-A: forward scatter area; SSC-A: side scatter area; SSC-W: side scatter height. Isolated
astrocytes were subsequently used for RNA sequencing (RNA-Seq). (B) Heat map of cell-type
specific markers, demonstrating the specificity of our FACS approach to isolate astrocytes that
showed high expression of astrocytic markers such as S/00b (indicated in black), and low
expression of neuronal markers such as Syt/ (grey), oligodendrocyte markers such as Mbp (blue),
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and microglial markers such as Cxcrl (orange). Color gradient indicates log2 of the normalized
counts (+1) for each gene from the RNA sequencing data of contralateral eGFP— and ipsilateral
reactive eGFP+ astrocytes. (C) Number (left y-axis) and percentage (right y-axis) of FACS-
isolated tdTomP**eGFPP** astrocytes in ipsilateral thalami. 18.5 + 0.03% of tdT+ astrocytes were
eGFP+. n=6 samples. Related to Figure 4.1.
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Supplemental Figure 4.3. Transcriptomic comparison of eGFP-positive and eGFP-negative
thalamic astrocytes.

(A) Hierarchical clustering of sample distance, a measure of sample-to-sample similarity, reveals
clustering of ipsilateral eGFP-positive (eGFP+) astrocyte samples away from ipsilateral eGFP-
negative and contralateral eGFP-negative (eGFP-) astrocyte samples. (B) Heat map of
differentially expressed genes (DEGs) in eGFP+ versus eGFP— thalamic astrocytes (adjusted P
value < 0.05). Dendograms indicate hierarchical clustering of DEGs. Heat map shows z-scored
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expression of DEGs in contralateral eGFP—, ipsilateral eGFP—, and ipsilateral eGFP+ astrocytes.
Note that the ipsilateral eGFP+ and contralateral eGFP— astrocyte samples are the same as those
shown in Figure 4.1H. (C) Number of differentially expressed genes (adjusted P value <0.05). (D)
Heat map showing expression of “pan-reactive”, lipopolysaccharide-induced (“A1”)- and middle
cerebral artery occlusion-induced (“A2”)- reactive astrocyte genes (as reported in (Liddelow et al.,
2017)) in contralateral thalamic eGFP-negative and ipsilateral thalamic reactive eGFP-positive
astrocytes. * indicates genes which were significantly upregulated in ipsilateral thalamic reactive
eGFP-positive astrocytes. 11 “pan-reactive” genes which were significantly upregulated are
highlighted in Figure 4.1H. Adjusted *P<0.05. Color gradient indicates z-scored relative
expression. Related to Figure 4.1.
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Supplemental Figure 4.4. Behavioral repertoire in mice with thalamic astrogliosis.

(A) Schematic of experimental timeline. Three to four weeks after viral transduction of thalamic
astrocytes, mice underwent behavioral testing to assess spontaneous locomotion, anxiety, olfactory
habituation, aversion, and contextual learning and memory performance. n=15 mice/group. (B)

Open field activity. Left: total movement throughout a 15-minute session. Two-way repeated

measures ANOVA, F(14, 392), Interaction P=0.19. Shapiro-Wilk normality test, P>0.05. Right:
ratio of movement in the center vs. total arena. Mann-Whitney U test, P=0.29. ns: not significant.
(C) Elevated plus maze. Left: percentage of time exploring open arm throughout a 10-minute
session. Two-way repeated measures ANOVA with Geisser-Greenhouse correction, F(9, 252),
Interaction P=0.73. Shapiro-Wilk normality test, P>0.05. Right: total distance traveled. Mann-
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Whitney U test, P=0.74. (D) Olfactory habituation test. Mice were presented with three trials each
of three distinct odors: water, vanilla, and an unfamiliar social odor.. Two-way repeated measures
ANOVA with Geisser-Greenhouse correction, £(2,56). Interaction Bouts: Water (P=0.27), Vanilla
(P=0.82), Social (P=0.96). Interaction Time: Water (P=0.14), Vanilla (P=0.78), Social (*P=0.03;
no significant multiple comparisons, with Sidak’s correction for multiple comparisons). Shapiro-
Wilk normality test, P>0.05. (E) Hot plate test. Latency to withdraw left hindpaw (contralateral to
thalamic astrogliosis) in response to an aversive stimulus. Mann-Whitney U test, P=0.83. (F)
Contextual fear conditioning. Acquisition: percentage of time spent freezing during the acquisition
phase. Dashed vertical lines indicate time of foot shocks. Two-way repeated measures ANOVA
with Geisser-Greenhouse correction, (12, 336), Interaction P=0.96. Shapiro-Wilk normality test,
P>0.05. Motion Index: movement in response to foot shocks (FS). Multiple Mann-Whitney U test
design with Holm-Sidak correction. FS 1 (P>0.99), FS 2 (P=0.82), FS 3 (P=0.95), FS 4 (P=0.95).
Context Recall: percentage of time spent freezing during the recall phase. Mann-Whitney U test,
P=0.27. Generalization: percentage of time spent freezing during the generalization phase. Mann-
Whitney U test, P=0.26. (G) Grooming. Total time spent grooming whiskers during a 10-minute
session. Mann-Whitney U-test, P=0.15. Related to Figure 4.1.

189



O
-
o

1

B 1.07 . .
= = + Picrotoxin
= =
® ©
E! o
< [ =
© 05 © 057 <
% % T 250
3] =] = -gzuo I
S 5 g % 150
2 O > a
oty = byl = T
100 ms 150 200 250 300 350 150 200 250 300 350
Burst firing rate (Hz) Burst firing rate (Hz)
D E 15 F ;-150- ns G 154 ns
-61 mVi S . £ . R
10 £ 10 s 100 8z e £
mVI_ g 8 2 N
100 ms Jsag 3 o’ g 3 |
a 5 *Js @ -50- 2 54 2 %
(@)} ™ Q (2]
© O Sy > @
-10 pA b e, £ » "
0 e e g 0- 0 -
B -130 -110 -90 -70
150 pA Maximal 3 Control

hyperpolarization (mV) I Thalamic astrogliosis

Supplemental Figure 4.5. Properties of hyperpolarization-induced rebound bursting and
depolarizing sag potential in thalamocortical neurons.

(A) Overlay of the hyperpolarization-induced rebound burst firing from two representative
thalamocortical neurons in response to the same current injection (-130 pA). (B) Cumulative
probability distribution of the action potential firing rate during the first hyperpolarization-induced
rebound burst response. Population data consists of the firing rate obtained from the three most
hyperpolarized sweeps for each cell to ensure equal representation. Inset shows bar plot mean +
SEM. Kolmogorov-Smirnov test, *P=0.026. Control: 3 sweeps/neuron, n=10 neurons; Thalamic
astrogliosis: 3 sweeps/neuron, n=10 neurons. (C) Same as in (B), but in presence of Picrotoxin.
Kolmogorov-Smirnov test, P=0.62. ns: not significant. Control: 3 sweeps/neuron, n=11 neurons;
Thalamic astrogliosis: 3 sweeps/neuron, n=11 neurons. (D) Hyperpolarization-induced ‘sag’
depolarization was measured in response to hyperpolarizing current steps. The amplitude of the
sag depolarization (green shaded region) was calculated as the difference between the maximal
hyperpolarized membrane potential and the membrane potential at the end of the current injection.
All cells were recorded at resting membrane potential. (E) Amplitude of the sag potential as a
function of the maximal hyperpolarized potential in response to a -150 pA intracellular current
injection. (F) Maximal hyperpolarization. Mann-Whitney U test, P=0.053. Control: n=13 neurons;
Thalamic astrogliosis: n=14 neurons. (G) Amplitude of the depolarizing sag potential. Mann-
Whitney U test, P=0.52. Related to Figure 4.3.
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Supplemental Figure 4.6. Characterization of enhanced seizure risk.

(A) Representative ECoG traces in the PTZ challenge experiment from the mouse with thalamic
astrogliosis shown in Fig. 3, B and C. Here, we include ECoG traces simultaneously obtained from
primary somatosensory cortex S1 ipsilateral and contralateral to site of thalamic astrogliosis, as
well as ipsilateral primary visual cortex and prefrontal cortex. (B) Quantification of ipsilateral S1
cortical epileptiform discharges induced by PTZ (5 mg/kg), 4 and 7 months after viral-mediated
astrogliosis. 4 months: Mann-Whitney U test, P=0.10; Control: n=8 mice; Thalamic astrogliosis:
n=9 mice. 7 months: Mann-Whitney U test, ***P=0.0003; Control: n=7 mice; Thalamic
astrogliosis: n=8 mice. P-values are not adjusted for multiple comparisons or within-subject
comparisons. ns: not significant. (C) Quantification of ipsilateral S1 cortical epileptiform
discharges induced by a low titer injection of AAV2/5-Gfal04-eGFP (see Methods). Mann-
Whitney U test, P=0.98. Control: n=8 mice; Thalamic astrogliosis: n=9 mice. (D) Average
duration of seizures induced by Kainic Acid (10 mg/kg). Mann-Whitney U test, *P=0.025, n=10
mice/group. Related to Figure 4.4.
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Supplemental Figure 4.7. GAT-3, but not GAT-1, is reduced at the transcript level in
eGFP-positive thalamic reactive astrocytes.

(A) Slco6all expression (encoding GAT-3), normalized to Aldhlll expression in FACS-isolated
astrocytes. Transcript expression obtained by quantitative PCR (qQPCR). FACS was performed to
isolate astrocytes from the thalamus, ipsilateral and contralateral to stereotaxic injection of
AAV2/5-Gfal04-eGFP in adult Aldhlll-tdTomato reporter mice. Sorting strategy to obtain
astrocytes detailed in Fig. S2. Note that data in (A) is presented in Fig. 5C and included here for
visual comparison. One-way ANOVA: F(2,6)=10.89, *P=0.01. Shapiro-Wilk normality test,
P>0.05._Tukey’s multiple comparisons: contra. eGFP— vs. ipsi eGFP- (ns, P=0.816),
contra.eGFP- vs. ipsi eGFP+ (*P=0.024), ipsi eGFP— vs. ipsi eGFP+ (*P=0.012), n=3 mice. (B)
Normalized gene expression of Slc6all, expressed as Transcripts Per Million (TPM), obtained
from our RNA sequencing (RNA-seq) experiment in FACS-isolated astrocytes as described in
(A). (C) Same as in (A), but for Slic6al (encoding GAT-1). One-way ANOVA, P=0.11, Shapiro-
Wilk normality test, P>0.05. n=3 mice. ns: not significant. (D) Same as in (B), but for Sic6al.
Related to Figure 4.5.
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Supplemental Figure 4.8. Spatial transcriptomic analysis of mouse brains after injury.

(A) Schematic of experimental approach for spatial transcriptomics of mice six weeks after stroke
or TBI injury. (B) Data quality control (QC): tissue plots with spots colored by unique molecular
identifier (UMI) count. See Table 4.10 for more data QC measures. (C) Separation of spatial
regions into 10 clusters using an unbiased k-means clustering algorithm. Each cluster is marked
with a unique color. In the TBI section (right), two thalamic regions separated out as unique
clusters 7 and 4, corresponding to Gfap-High and Gfap-Low thalamic regions analyzed in Fig. 7.
(D) t-SNE projection of spots in each cluster. Cluster 7 from (C) is outlined in dotted line, Cluster
4 from (C) is outlined in solid line. (E) Differentially expressed genes (DEGs) in TBI Gfap-High
thalamus (Cluster 7). Top 20 significant DEGs (note, all of them are upregulated) are marked in
red. Related to Figure 4.7.
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Supplemental Figure 4.9. Lack of correlation of cortical Gfap and Slc6all transcript
expression in mouse models of cortical injury.

(A) Hemi-brain sections from mice after sham, stroke, and TBI procedures six weeks after surgery
overlaid with regions analyzed with 10x Visium spatial transcriptomics. Black and green spots
indicate cortical regions with high and low Gfap expression in cortical injury. Red and grey spots
indicate thalamic regions with high and low Gfap expression in cortical injury, as indicated in Fig.
7. (B) Cortical expression of Gfap and Slc6all transcripts. Color map indicates log2 of the
detected counts of the gene’s unique molecular identifier (UMI). (C, D) Cumulative probability
distribution of Gfap (C) or Slc6all (D) expression per spot in regions indicated in (A).
Kolmogorov-Smirnov test, ****P<(0.0001. All spots containing non-zero UMI counts were
included. Number of spots from low- and high-Gfap regions (or, distal and proximal cortex),
respectively, in (C): sham (n=26 & 24); stroke (n=47 & 41); TBI (n=51 & 32); in (D): sham (n=40
& 51); stroke (n=64 & 26); TBI (n=62 & 13). Adjusted a=0.025 for multiple comparisons. (E)
Relationship between Gfap and Sic6all expression. Circles represent UMI counts per spot in low-
(black) and high-Gfap (green) areas; black and green crosses, and corresponding dotted lines, mark
meant+SEM for low- and high-Gfap areas respectively. Black lines plot the best-fit slopes and
intercepts from a simple linear regression. Related to Figure 4.7.
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Supplemental Figure 4.10. Enhancing GAT-3 in a mouse model of TBI reduces PTZ-
induced seizure severity and mortality.

(A) Schematic of experimental design. In a controlled cortical impact model of traumatic brain
injury, a metal piston (3 mm diameter) is used to deliver an impact at a depth of 0.8 mm to the
right somatosensory cortex. Three days following injury or sham procedure, increased GAT-3
expression in thalamic astrocytes was achieved by transducing thalamic astrocytes with AAV2/5-
GfaABC1D-GAT3-mCherry (Yu et al., 2018) in a subset of mice. We assessed seizure
susceptibility at two timepoints (four and eleven weeks post-injury) reported to reflect the
“subacute” and “chronic” stages of TBI-induced epileptogenesis and hyperexcitability (Hunt et al.,
2009; Manninen et al., 2021). (B) Left: probability of death following PTZ-induced seizures.
Numbers below x-axis indicate the number of deaths as a fraction of the total number of mice in
each group. . Right: estimates of regression coefficients (representing log odds ratio of survival)
obtained from a logistic regression model (81.4% classification performance; area under the ROC
=0.757, *P=0.025). The impact of each predictor on survival is obtained from the exponentiation
of the parameter estimate into an odds ratio (*P=0.04). Error bars indicate 95% confidence
intervals. (C) Seizure severity assessed 20 minutes following PTZ (45 mg/kg, i.p.), eleven weeks
after injury. Behavioral characterization of seizure stage is scored according to the Racine scale,
with stage 8 = death. Sham: n=9 mice; Sham + GAT-3: n=12 mice; TBI: n=11 mice; TBI + GAT-
3: n=10 mice. A two-way ANOVA was performed to account for two factors (trauma and
treatment): Interaction (F(1,38)=4.3, *P=0.045). Post-hoc Sidak’s multiple comparisons: TBI vs.
TBI+GAT-3 (adjusted *P=0.026). Shapiro-Wilk normality test: Sham (P>0.05), Sham+GAT-3
(P>0.05), TBI (**P=0.0044), TBI+GAT-3 (***P=0.0003). @=0.05. An alternative non-parametric
analysis (which does not account for both factors, trauma and treatment) was performed as follows:
two pairwise comparisons using the non-parametric Mann-Whitney U test, and adjustment of
0=0.025 for multiple comparisons. Sham vs. Sham+GAT-3 (P=0.88), TBI vs. TBI+GAT-3
(*P=0.016). Either analysis (two-way ANOVA or multiple Mann-Whitney U tests) supports our
conclusion that GAT-3 treatment resulted in reduced seizure severity following TBI. (D)
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Comparison of seizure severity induced by PTZ at 4 and 11 weeks. Mixed-effects model:
Interaction (F(3,37)=3.85, *P=0.017). Post-hoc comparisons of 4 vs. 11 weeks: Sham (*P=0.021),
Sham+GAT-3 (****P<0.0001), TBI (***P=0.0003), TBI+GAT-3 (ns; P=0.97). Related to

Figure 4.7.
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Supplemental Figure 4.11. SLC6A1 and SLC6A11 gene expression, and GAT-3
immunofluorescence in adult brain tissue.

(A) Mean expression percentile of SLC6A41 gene expression relative to all genes in neurotypical
adult human diencephalon and parietal cortex. Data obtained from (Kelley et al., 2018). (B)
Expression fidelity of SLC6A1, obtained 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 compiled by (Kelley et al., 2018). Higher fidelity
indicates higher correlation of SLC6A41 to cell type. Horizontal bar indicates Z-score for SLC6A 1
relative to that cell type, violin plot indicates Z-score distribution for all genes detected in that cell
type. (C) Same as in (A), but for SLC6A11 (presented in Fig. 8, shown here for clarity). (D) Same
as in (B), but for SLC6A11 (presented in Fig. 8, shown here for clarity). (E, F) Quantification of
GAT-3 and GFAP immunofluorescence obtained from post-mortem tissue from human subjects
with a history of ischemic stroke or TBI, and age-matched control subjects (data shown in Fig. 8C,
D). Left: Optical density of thalamic (E) and cortical (F) GAT-3 immunofluorescence. Right:
relationship between number of GFAP+ cells and GAT-3 immunofluorescence, averaged across
images per subject (open circles). Closed circles indicate mean+SEM. (E, Left) Control: n=3
subjects (10 images); Stroke: n=3 subjects (8 images); TBI: n=4 subjects (16 images). (E, Right)
Control: n=3 subjects (10 images); Stroke: n=2 subjects (4 images); TBI: n=4 subjects (16 images).
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(F, left): Control: n=3 subjects (8 images); Stroke: n=2 subjects (6 images); TBI: n=4 subjects (11
images). (F, Right): Control: n=3 subjects (6 images); Stroke: n=2 subjects (3 images); TBI: n=4
subjects (11 images). Related to Figure 4.8.
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Unilateral Thalamic Astrogliosis

Reactive Astrocyte

®GABA () GABA Transporter GAT-3 @ Synaptic GABA.R M Extrasynaptic GABA,R

Supplemental Figure 4.12. Graphical summary: Neuroinflammation uses GAT-3 as a
substrate to trigger cellular hyperexcitability and seizure risk.

Unilateral induction of thalamic astrogliosis in adult wildtype mice (Fig. 4.1) is sufficient to
enhance seizure risk and drive abnormal thalamocortical rhythmogenesis in vivo (Fig. 4.2, 4.3, 4.4,
4.6). Left: schematic of an unperturbed, "healthy" astrocyte (black) in the thalamus with normal
expression of the GABA transporter GAT-3 (light blue), responsible for uptake of GABA
(blue). Right: schematic of a reactive astrocyte (red) in the thalamus with decreased expression of
GAT-3, which is responsible for GABA uptake. The increased availability of GABA in the
extrasynaptic regions of the post-synaptic neuron (gray) explains the three-fold increase in the
tonic GABA current or Itonic—mediated by extrasynaptic GABAA receptors (green)—observed
in thalamocortical neurons from ex vivo slices affected by astrogliosis (Fig. 4.3E). Note that the
frequency and kinetics of inhibitory postsynaptic currents—mediated by synaptic GABAa
receptors (dark gray)—were unaltered (Fig. 4.3F, table 4.7 and 4.8). Blocking increased Itonic by
conditional deletion of the extrasynaptic GABAAR (Fig. 4.4, H to J) or by enhancing astrocytic
GAT-3 (Fig. 4.5, D to F) prevented astrogliosis-induced seizure risk.
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Tables

Table 4.1. Clinical characteristics of human post-mortem brain samples.

d= day(s), epi= epilepsy, IS= ischemic stroke, TBI= traumatic brain injury, MCA= middle cerebral
artery, FC= frontal cortex, PC= parietal cortex, TC= temporal cortex, d= days, m= months, y=
years. FBTCS, focal to bilateral tonic-clonic; FIA, focal impaired awareness; LEV, Levetiracetam;

LMT, Lamotrigine; OXC, Oxcarbazepine; PB, phenobarbital; CBZ, carbamazepine.

Catise'of Time Cause of Death
Case Pathology Age Gender Iniu Lesion after
jury Lesion
1 Control 63 F 5 - : Myscardal
infarction
2 Control 65 M - - - Mysepdal
infarction
3 Control 49 M . - - Mypeardial
infarction
Fall — head Bronchopneumonia
4 TBI 79 M Sty TC 8d
5 TBI + Epi. 35 M Horsekick — | g 4 pe 6m Myocardial
head injury infarction
6 TBI + Epi 57 M Car accident — FC+TC 38 Bronchopneumonia
Pl head injury ¥
Rupture of an
7 TBI + Epi. 80 M Gre“i?.e —head | o pe 54y abdominal
Jury aneurysm
Infarct arteria Infarct arteria
. s & M cerebri media BEaBE 1d cerebri media
g Infarct arteria Infarct arteria
? IS 67 M cerebri media MCA 19y cerebri media
: Infarct arteria Infarct arteria
L 2o lgls L M cerebri media MCA 8 cerebri media
Age Onset Seizures per Seizure Type Anti-epileptic Post-mortem
Caze Pathology Epilepsy Month Drugs Delay (hours)
1 Control - = E = 8
2 Control - = = = 10
3 Control - - - - 9
4 TBI - - = . 11
5 TBI + Epi. 15 5 FIA CBZ 10
6 TBI + Epi. 15 2-5 FIA LEV, OXC 9
7 TBI + Epi. 26 2-5 FIA CBZ, LEV 9
8 IS 45 . - . 10
9 IS + Epi. 21 5 FIA CBZ, LMT 11
10 Epi. +1S 46 3 FIA LEV, LMT 12
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Table 4.2. Semi-quantitative analysis of GFAP immunofluorescence and GAT-3
immunoreactivity in human brain tissue.

Immunoreactivity of glial fibrillary acidic protein (GFAP) and the extent of astrocyte reactivity
was scored semi-quantitatively in the lesional cortex, perilesional cortex, and the thalamus, as
follows: 1=sparsely present with resting morphology; 2=moderately present with either resting or
partially reactive morphology; 3=highly present with reactive morphology. d=days; m=months;
y=years. TBI=traumatic brain injury. Immunoreactivity of the GABA transporter GAT-3 was
scored semi-quantitatively in the lesional cortex, perilesional cortex, and the thalamus, as follows:
O=absent, 1=sparse, 2=moderate, 3=dense staining.

GFAP Immunoreactivity
Age Time after Cortex Cortex
8 TBI/Stroke Lesional Perilesional Thalamus
63 - 1 2
Control 65 - 1 1
49 - 2 1
Median (min-max) 1(1-2) 1(1-2)
79 8d 3 2 2
35 6m 3 3 3
TBI
52 38y 3 3 2
80 54y 2 1 1
Median (min-max) 3(2-3) 2.5(1-3) 2(1-3)
45 1d 3 3 3
Stroke 69 3y 3 3 2
67 19y 3 3 3
Median (min-max) 3 3 323
GAT-3 Immunoreactivity
& Time after Cortex Cortex
ge TBI/Stroke Lesional Perilesional Thalamus
63 - 2 3
Control 65 - 3 3
49 - 2 3
Median (min-max) 2(2-3) 3
79 8d 1 2 3
35 6m 1 3 3
TBI
52 38y 1 2 2
80 54y 1 2 2
Median (min-max) 1 2 (2-3) 2.5(2-3)
45 1d 1 3 1
Stroke 69 3y 2 2 2
67 19y 1 2 2
Median (min-max) 1(1-2) 2 (2-3) 2(1-2)
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Table 4.3. Passive electric membrane properties of thalamocortical neurons.

Data represented as mean + SEM, compared using Mann-Whitney U Test. Last column (“n”)
indicates the number of cells, slices, and mice (respectively) for each condition.

Vrest (mV) Inowp (pA) Cm (pF) Ry (MQ) Tau (ms) n
Control -67.7+ 1.9 -62.9+26.3 367.41 £28.7 192.7+16.5 368+29 17/8/4
Thalamic Astrogliosis -73.6+2.1 -1.8+£18.1 340.3 +32.1 2248 +22.1 327+24 14/7/5
P-Value 0.053 0.1 0.57 0.32 0.31
50 uM Picrotoxin Veest (mV) TnoLp (pA) Cm (pF) Rin (ML) Tau (ms) n
Control -68.3+ 1.6 -195.8+38.2 101.1 £ 10.0 290.1 £41.1 36373 9/5/3
Thalamic Astrogliosis -68.7x24 -196.3 £ 242 1168+73 208.3 £32.7 37.0£53 13/9/5
P-Value 0.59 0.99 0.21 0.39 0.29
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Table 4.4. Active electric membrane properties of thalamocortical neurons.

Data represented as mean + SEM, compared using Mann-Whitney U Test. Last column (“n”)
indicates the number of cells, slices, and mice (respectively) for each condition. Action potential

(AP). *P<0.05, **P<0.01.

At-60 mV
Rheobase AP Amp. AP Threshold AP Duration AP Half- n
(pA) (mV) (mV) (ms) Duration (ms)
Control 86+ 179 67326 -55.4+07 3.11+0.84 1.35+0.20 15/8/4
Thalamic Astrogliosis 100+17.4 68.3+13 -57.7+0.5 2.08+0.08 1.07 +£0.04 14/7/5
P-Value 0.72 0.81 *0.022 0.068 0.142
At-75 mV
Rheobase AP Amp. AP Threshold AP Duration AP Half-
(pA) (mV) (mV) (ms) Duration (ms)
Control 104.1+11.5 69.6+1.7 -57.0+0.7 225+0.08 1.15+0.04 17/8/4
Thalamic Astrogliosis 91.4+11.4 69.5+1.1 -58.6+0.6 1.93 +0.15 1.04 +0.04 14/7/5
P-Value 0.52 0.77 0.11 0.052 0.11
At -60 mV
50 pM Picrotoxin Rheobase AP Amp. AP Threshold AP Duration AP Half- n
(pA) (mV) (mV) (ms) Duration (ms)
Control 90 +35.5 68.2+£2.25 -51.7£1.32 1.84 +0.09 0.89 £0.05 8/4/3
Thalamic Astrogliosis 70 £22 66.1+3.86 496 +1.21 238+0.25 1.10 £ 0.04 5/5/2
P-Value 0.92 0.85 0.28 *0.018 **0.0083
At-75 mV
50 pM Picrotoxin Rheobase AP Amp. AP Threshold AP Duration AP Half-
(pA) (mV) (mV) (ms) Duration (ms)
Control 130 +33.5 68.5+2.91 -52.6+1.78 1.84 +0.09 0.93 +0.04 9/5/3
Thalamic Astrogliosis 151.5+22.8 721181 -52.7+£0.87 207+0.16 0.99 £0.05 13/9/5
P-Value 0.31 0.32 0.65 047 0.37
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Table 4.5. T-Type Ca?" current properties in thalamocortical neurons.

Data represented as mean + SEM, compared using Mann-Whitney U Test. Last column (“n”)
indicates the number of cells, slices, and mice (respectively) for each condition.

Max. Area (pA*ms) Vs (mV) Max. Tau (ms) Cm (pF)
Control -21334 + 2552 -113.20 + 0.89 1708 +374 96.64 + 14.43
Thalamic Astrogliosis -18178 + 2929 -115.72 + 0.85 268.3 +584 92.47+9.57
P-Value 0.23 0.087 0.18 0.95
Table Continued :
Max. Amp. (pA) T-current Density (pA/pF) Boltzmann Slope Factor n
Control -137.21 + 214 -1.44 +0.15 -0.024 + 0.002 6/6/3
Thalamic Astrogliosis -112.80 +22.8 -1.31+0.311 -0.029 + 0.004 8/5/4
P-Value 0.41 0.35 0.57

Table 4.6. Spontaneous excitatory and inhibitory post-synaptic currents in thalamocortical

neurons.

Data represented as mean + SEM, compared using Mann-Whitney U test. Last column (“n”)
indicates the number of cells, slices, and mice (respectively) for each condition. **P<0.01.

Spontaneous Excitatory Post-Synaptic Currents (SEPSCs)

Frequency (Hz) Amplitude (pA) Charge (fC) Decay Tau (ms) Rise Time (ms) n
Control 223+0.72 17.77+1.33 53.13+4.15 2.18+0.18 0.47 + 0.05 15/9/4
Thalamic Astrogliosis 1.47+0.33 16.19 + 0.6 53.19+442 231+0.15 0.38+0.03 16/8/5
P-Value 0.57 0.65 0.89 0.57 0.32
Spontaneous Inhibitory Post-Synaptic Currents (sIPSCs)
Frequency (Hz) Amplitude (pA) Charge (fC) Decay Tau (ms) Rise Time (ms) n
Control 498 +123 -27.09 +£2.01 -292.1 +28.85 6.13 +£0.40 2.35+0.26 12/12/3
Thalamic Astrogliosis 3.17+0.63 -32.86 +3.10 -394.1 + 56.86 7.28 +0.64 3.12+0.22 10/10/4
P-Value 0.54 0.2 0.16 0.16 **0.,0085
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Table 4.7. Passive and active electrical membrane properties in reticular thalamic neurons.

Cells were clamped at -75 mV. Data represented as mean + SEM, compared using Mann-Whitney
U Test. Last column (“n”) indicates the number of cells, slices, and mice (respectively) for each
condition. Action potential (AP). **P<0.01.

Vrest (mV) Cm (pF) Rix (MQ) Tau (ms) n
Contrel -65.68 +5.4 138.97 +27.7 495.9 £ 122.6 49.7+95 7/5/3
Thalamic Astrogliosis -64.52+23 108.71 £10.5 4112+71.9 32.1+49 13/7/4
P-Value 0.66 0.49 0.52 0.068
50 uM Picro Veest (mV) Cm (pF) R (MQ) Tau (ms) n
Control -56.97 +0.67 79.87 +£7.22 526.5+73.5 57.98 +7.65 16/8/3
Thalamic Astrogliosis -55.98 + 0.66 69.35+6.13 487.12 + 65.7 64.20 + 13.36 22/9/4
P-Value 0.29 0.46 0.63 0.94
Rheobase AP Amp. AP Threshold AP Duration AP Half- i
(pA) (mV) (mV) (ms) Duration (ms)
Control 30.0+10.3 43.64 +2.4 49.94 +1.53 1.30+0.12 0.66 + 0.07 7/5/3
Thalamic Astrogliosis 5331147 477+ 19 -52.91+0.71 1.38 +0.06 0.67 +£0.03 13/7/4
P-Value 0.34 0.24 0.097 0.4 0.28
50 uM Picro Rheobase AP Amp. AP Threshold AP Duration AP Half- i
—] (pA) (mV) (mV) (ms) Duration (ms)
Control 37.5+6.6 5438 + 1.33 -52.67+0.79 1.15 +0.04 0.57 +0.02 16/8/3
Thalamic Astrogliosis 50.9+6.5 47.89 +1.77 -52.12 +0.84 1.25+0.05 0.62 +0.03 22/9/4
P-Value 0.09 **0.0043 0.69 0.25 0.29
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Table 4.8. Spontaneous excitatory and inhibitory post-synaptic currents in reticular
thalamic neurons.

Data represented as mean + SEM, compared using Mann-Whitney U Test. Last column (“n”)
indicates the number of cells, slices, and mice (respectively) for each condition.

Spontaneous Excitatory Post-Synaptic Currents (SEPSCs)

Frequency  Amplitude ¢ 00 (1C)  DecayTau(ms) Rise Time (ms) Half Width (ms) n

(Hz) (pA)
Control 4.06+066 -25.11+0.80 -28.82 +1.28 0.70 + 0.04 0.50 +0.009 0.72+0.03 15/8/3
Thalamic Astrogliosis 296+033 -23.83+0.68 -3124 +1.53 0.80 +0.04 0.48 +0.01 0.79+0.04 15/6/3
P-Value 027 0.25 025 0.09 0.062 0.072

Spontaneous Inhibitory Post-Synaptic Currents (sSIPSCs)
Frequency  Amplitude .00 (60)  DecayTau(ms)  Rise Time(ms) Half Width(ms) n

(Hz) (pA)
Control 0.78+0.22 -1537+0.81 -1720+ 93 64.68 + 5.86 5.07+0.78 45.66 + 5.06 10/6/5
Thalamic Astrogliosis 069+021 -1834+273 2044+ 617 75.07+£11.35 6.22+1.55 46.68 +9.31 B/6/4
P-Value 0.76 0.83 0.32 0.57 0.68 0.63
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Table 4.9. Comparison of S1 ECoG spectral features.

Comparison of S1 ECoG power across different frequency bands, seven weeks following induction
of thalamic astrogliosis. P-Values obtained from Wilcoxon matched-pairs signed rank test (non-
parametric equivalent of paired t-test) between contralateral S1 and ipsilateral S1 in each group
across different frequency bands. *P<0.05. Control: n=6 mice; Thalamic Astrogliosis: n=6 mice;
Control+GAT-3: n=3 mice; Thalamic AstrogliosistGAT-3: n=3 mice.

Light Cycle Dark Cycle
Frequency Band Control A'l;:lrt:)l;lt':)i:is Control ATs;hri:)l;ll]?:)i:is
n=6 n=6 n=6 n=6
Delta (1-4 Hz) 0.688 >0.99 0.844 0.844
Theta (4-8 Hz) 0.563 0.563 0.844 >0.99
Alpha (8-12 Hz) 0.844 0.156 >0.99 >0.99
Sigma (12-15 Hz) 0.563 *0.031 0.844 0.219
Beta (15-30 Hz) >0.99 0.156 0.688 0.063
Gamma (30-75 Hz) >0.99 0.094 0.844 *0.031
Total (1-75 Hz) 0.688 0.563 >0.99 0.563
Light Cycle Dark Cycle
Frequency Band f{}o':;,f; ATS:Irt:)l;lI':::is fcog?l“?; A?t]:)l;ll]?:::is
+GAT-3 +GAT-3
n=3 n=4 n=3 n=4

Delta (1-4 Hz) 0.25 0375 0.57 0.875
Theta (4-8 Hz) 0.75 0.875 0.5 0.875
Alpha (8-12 Hz) 0.75 0.875 0.5 0.875
Sigma (12-15 Hz) 0.99 0.875 0.5 0.625
Beta (15-30 Hz) 0.5 0.875 0.5 0.875
Gamma (30-75 Hz) 0.5 0.875 0.5 0.875
Total (1-75 Hz) 0.5 0.875 0.5 0.875
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Table 4.10. Data quality control for 10x Visium spatial transcriptomics analysis of mouse
brain after cortical injury.

Data QC Measure Sham Stroke TBI
Number of Spots Under Tissue 2,321 2,216 2,214
Mean Reads per Spot 71,181 112,417 161,322
Median Genes per Spot 4,870 5,080 5,326
Sequencing

Number of Reads 165,211,061 249,115,248 357,166,098
Valid Barcodes 96.8% 96.7% 96.5%
Valid UMIs 100.0% 100.0% 100.0%
Sequencing Saturation 68.1% 76.4% 83.3%
Q30 Bases in Barcode 96.2% 96.3% 96.3%
Q30 Bases in RNA Read 94.7% 94.8% 94.2%
Q30 Bases in UMI 96.0% 96.2% 96.2%
Mapping

Reads Mapped to Genome 92.9% 92.4% 95.6%
Reads Mapped Confidently to Genome 90.8% 90.1% 93.5%
Reads Mapped Confidently to Intergenic Regions  4.8% 5.4% 4.8%
Reads Mapped Confidently to Intronic Regions 2.7% 3.4% 3.5%
Reads Mapped Confidently to Exonic Regions 83.3% 81.3% 85.3%
Reads Mapped Confidently to Transcriptome 81.6% 79.6% 83.5%
Reads Mapped Antisense to Gene 0.9% 0.8% 0.8%
Spots

Fraction Reads in Spots Under Tissue 93.0% 92.7% 92.5%
Mean Reads per Spot 71,181 112,417 161,322
Mean Reads Under Tissue per Spot 63,568 99,299 142,732
Median UMI Counts per Spot 15,797 16,812 18,341
Median Genes per Spot 4,870 5,080 5,326
Total Genes Detected 20,489 21,007 21,447

n=1 hemisection for each condition
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Other Supplementary Materials for Chapter 4 includes the following:
Data file S1: Data (provided as supplementary Excel file).
Data file S2: Bulk RNASeq data (provided as supplementary Excel file).
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Chapter S : Discussion

5.1. Summary

In this dissertation, we have aimed to integrate astrocytes into the canonical circuit diagram of the
thalamus. We now further understand the critical role astrocytes play in shaping the developing
thalamus of rodents by providing a key immune signal—IL-33—to control the number of
excitatory synapses (Chapter 3). Its absence can lead to runaway excitation in the thalamus,
paving the path for epileptic activity in mice, as we discuss below. We thus identified a novel
astrocytic mechanism capable of triggering pro-epileptic circuit activity in the thalamus. We also
identified an aspect of reactive astrocytes—GAT-3 loss of function—sufficient to confer
pathological excitability in an otherwise normal thalamic circuit, and one which may underlie
thalamic dysfunction observed in cases of brain injuries (Chapter 4). By selectively modeling one
aspect of secondary damage observed in brain injuries, we found that it could recapitulate several
key pathological features, providing strong evidence that reactive astrocytes in the thalamus can
be drivers, rather than mere bystanders, of pathological sequelae following injuries such as post-
traumatic epilepsy and sleep disruption. Furthermore, we found that enhancing GAT-3 conferred
resilience in a mouse model of traumatic brain injury. Altogether, our findings add to the growing
evidence supporting the critical role of astrocytes in the modulation of physiological and
pathological neural circuits. In Chapter 5, we discuss our findings in the context of stable versus
flexible modulation of thalamic synapses, as well as common pathways of astrocytic function in
brain development and degeneration; we also speculate on the potential role of astrocyte networks

in mediating the distinctive computational properties of the reticular thalamic nucleus.
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5.2. Stability and flexibility in astrocytic modulation of thalamic synapses

We identified two mechanisms of astrocytic control of thalamic synapses: control of excitatory
synapse number (and therefore, excitatory drive) by IL-33 and dysregulation of GABAergic tone
by GAT-3. These two mechanisms, identified in different contexts (development and disease), also
illustrate distinct forms of astrocytic regulation of thalamic synapses. In the case of astrocytic IL-
33, by promoting microglial phagocytic activity, astrocytes enable a permanent way to fine-tune
excitatory drive and thereby ensure circuit stability. This is in contrast to other recently identified
mechanisms of glial feedback control of neuronal activity (Badimon et al., 2020). GAT-3 loss of
function in thalamic reactive astrocytes, although consequential, represents a more flexible method
of modulating the thalamic circuit in that it changes the threshold for neuronal excitability. In
theory, the loss of GAT-3 and its consequences (i.e. enhanced tonic inhibition in neighboring
neurons) may be compensated for, even after its occurrence, with cell- or synapse-specific
therapeutic strategies such as exogenously driving enhanced GAT-3 expression in astrocytes via
adeno-associated viral vectors (as discussed in Chapter 4). These results warrant further
investigations of methods to compensate for GAT-3 function, such as intra-thalamic infusion of
pharmacological inhibitors of delta-subunit containing GABAA receptors, or stimulating the

production and/or surface trafficking of GAT-1 in either thalamic astrocytes or neurons.

5.3. Contributions of astrocyte IL-33 and GAT-3 to brain development and degeneration

Given the diverse ways in which astrocytes shape synaptic formation and function during brain
development and beyond, it’s unsurprising that dysfunction of astrocytes has been suggested to
contribute to a variety of neurodevelopmental disorders (reviewed by Sloan and Barres, 2014),

psychiatric disorders (reviewed by Verkhratsky and Parpura, 2016), and neurodegenerative
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diseases (reviewed by Haim et al., 2015; Rodriguez-Arellano et al., 2016) and neurological
disorders such as epilepsy (reviewed by Aronica et al., 2012; Patel et al., 2019; Vezzani et al.,
2019). There is mounting evidence implicating common processes underlying
neurodevelopmental and neurodegenerative disorders. For example, postnatal reduction of tau—a
protein long implicated in Alzheimer’s disease—was recently shown to counteract epilepsy and
autism-like behaviors in a mouse model of Dravet syndrome, a severe epileptic encephalopathy of
early childhood (Shao et al., 2022). In another example, the beneficial role of microglia and the
classical complement pathway in synapse development during early postnatal life has also been
shown to “reactivate” during the aging process and promote cognitive decline, hyperexcitability
in thalamic circuits, neurodegeneration, and obsessive-compulsive disorder-like grooming
behavior in mice (Lui et al., 2016; Stevens et al., 2007). Furthermore, aberrant activation of the
complement pathway mediates epileptic spikes and sleep spindle loss following brain injury in
adult mice (Holden et al., 2021).

Thus, it is plausible that aberrant IL-33 in thalamic astrocytes—although identified for its
role in development—shapes vulnerability at both ends of the age spectrum. Indeed, building upon
findings presented in Chapter 3, we recently found that conditional deletion of IL-33 in the central
nervous system—which leads to excess corticothalamic excitatory synapses and decreased
inhibitory synapses onto glutamatergic thalamocortical neurons in the somatosensory thalamus—
results in spontaneous spike-and-wave discharges resembling typical absence epileptic seizures
associated with corticothalamic circuit dysfunction (Han et al., 2021). Recent studies have found
a role for IL-33 in neurodegenerative conditions, although the cellular source of IL-33 is at times
unclear (e.g. astrocytes vs. neurons vs. oligodendrocytes). In a mouse model of AD, stimulating

IL-33 signaling or exogenous IL-33 administration rescued contextual memory deficits and
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reduced the accumulation of beta-amyloid; this rescue was attributed to IL-33 induced activation
of phagocytic activity and anti-inflammatory gene expression in microglia (Fu et al., 2016). A
recent study of patients with mild cognitive impairment reported that improvements in episodic
memory following homotaurine treatment correlated with elevated serum levels of IL-33 (Toppi
et al., 2022). Similarly, it is plausible that dysfunction of GABA transporters in thalamic astrocytes

shapes brain vulnerability at both ends of the age spectrum (discussed in next section).

5.4. Astrocytic GAT-3 — a critical node of network dysfunction

Our demonstration that reactive astrocytes in the thalamus can dysregulate GABA by
downregulating GAT-3, in a way that leads to network hyperexcitability and aberrant cortical
rhythms, adds to the growing body of evidence implicating astrocytic GABA transporters in
diseases characterized by network dysfunction.

Across an array of disease models and brain regions, the role of altered GABA modulation
in reactive astrocytes has gained moderate attention in recent years (reviewed by Escartin et al.,
2021; Ishibashi et al., 2019; Patel et al., 2019; Robel and Sontheimer, 2016). Several studies have
reported alterations in the metabolism and release of GABA by reactive astrocytes (Chun et al.,
2018; Jo et al., 2014; Ortinski et al., 2010; Woo et al., 2017). However, altered GABA modulation
can also arise from dysfunctional GABA uptake.

GAT-1 and GAT-3 are the main GABA transporters in the mammalian brain, and there is
mounting evidence implicating GABA transporters in disease. Recent studies have identified
mutations in SLC6A41 (encoding GAT-1) as risk factors for autism spectrum disorder (ASD)
(Satterstrom et al., 2020), and as a monogenic cause of a spectrum of related neurodevelopmental

disorders including epilepsy, autism, motor dysfunction, and developmental delay (reviewed by
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Goodspeed et al., 2020), and the exact mechanisms of GAT-1 dysfunction on brain function are
currently under investigation.

There is sufficient evidence to suggest regional differences in the relative expression of
GAT-1 and GAT-3 in astrocytes and neurons, which will be an important consideration for future
investigations. In the rodent external segment of the globus pallidus, GAT-1 is found in both
neurons and glial processes while GAT-3 is exclusively located on glial processes (Chazalon et
al., 2018). In the stratum radiatum of the rodent hippocampus, GAT-3 but not GAT-1 is colocalized
with astrocytic markers, suggesting GAT-3 is astrocytic and GAT-1 is neuronal (Shigetomi et al.,
2012). In contrast, in the rodent thalamus, ultrastructural studies suggest that both GAT-1 and
GAT-3 are exclusively expressed by astrocytes (De Biasi et al., 1998; Vitellaro-Zuccarello et al.,
2003), with distinct subcellular localization (near and far from synapses, respectively)
(Beenhakker and Huguenard, 2010). Data obtained from a public transcriptomic profiling of
neurotypical adult brain tissue (Kelley et al., 2018) revealed that in the thalamus-containing
diencephalon, expression of SLC6A411 (encoding GAT-3) is highly correlated to an astrocyte
transcriptional signature and not to neurons, while expression of SLC6A41 (encoding GAT-1) is
similarly correlated to astrocytic and neuronal transcriptional signatures (Chapter 4). Although
there may be regional differences in the specificity and exclusivity of GAT-1 and GAT-3
expression, it is nonetheless clear that they enable astrocytes to play a key role in the reuptake of
GABA from the extracellular space (Gadea and Lopez-Colomé, 2001; Kersanté et al., 2013).

In animal models, abnormal astrocytic GAT expression and/or function has been
implicated in epilepsy (Cope et al., 2009), stroke (Clarkson et al., 2010; Frahm et al., 2004),
Alzheimer’s disease (Jo et al., 2014), Parkinson’s disease (Chazalon et al., 2018), and Huntington’s

disease (Wojtowicz et al., 2013; Yu et al., 2018). While most of these studies have focused on
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GAT dysfunction in non-reactive astrocytes, there have been separate reports of reactive astrocytes
in several of these animal models exhibiting abnormal astrocytic GATs (Chazalon et al., 2018;
Huang et al., 2014; Wojtowicz et al., 2013), suggesting an indirect link between dysregulation of
GABA uptake and reactive astrocytes. Evidence of Slc6all (encoding GAT-3) downregulation in
reactive astrocytes can be found in recent transcriptomic surveys of spinal cord injury in mice
(publicly available data published in Anderson et al., 2016), as well as in human post-mortem
entorhinal cortex and superior frontal gyrus of individuals with Alzheimer’s disease (Leng et al.,
2021). Because Slc6al I downregulation was merely one of numerous changes observed at a single
timepoint in these disease contexts, its functional consequence remained unknown.

Our results are the first to identify GAT-3 loss of function as a mechanistic link which
enables reactive astrocytes to mediate maladaptive consequences in neighboring neurons and
circuits in the thalamus. We propose that GAT-3 loss of function in thalamic reactive astrocytes—
which we observe in multiple preclinical models with secondary thalamic damage as well as in
post-mortem thalamic tissue—is a key component of reactive astrocyte dysfunction in the
thalamus. Furthermore, our finding that enhancing astrocytic GAT-3 in the thalamus was
protective against severe chemoconvulsant-induced seizures and mortality in a mouse model of
traumatic brain injury raises the possibility that targeting GAT-3 loss of function may be a broadly
useful therapeutic strategy to promote brain resilience.

The occurrence, consequences, and modifiability of GAT-3 loss of function in reactive
astrocytes of other brain regions remains to be determined. It also remains unclear the exact
upstream mechanisms leading to GAT-3 loss of function in thalamic reactive astrocytes. There is
evidence that in the striatum and hippocampus, astrocyte intracellular calcium levels affect GAT-

3 functional expression, likely involving posttranslational modifications of GAT-3 trafficking to
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the cell membrane (Shigetomi et al., 2012; Yu et al., 2018). Inflammatory mediators alter calcium
signaling in astrocytes (Hamby et al., 2012), and changes in calcium dynamics have been reported
in reactive astrocytes (Escartin et al., 2021; Shigetomi et al., 2016). Thus, investigating the
spatiotemporal dynamics of calcium signaling in reactive astrocytes in the secondarily damaged
thalamus may shed light on whether a similar cascade of intracellular signaling leads to GAT-3
dysfunction in pathological contexts.

Ultimately, whether loss of GAT-3 will have a functional consequence on local neurons
and circuit may largely depend on the local milieu: the palette of GABA receptor subunit
expression and localization, the consequences of GABAergic synaptic and extrasynaptic
transmission on neuronal excitability, and whether neighboring neurons and/or astrocytes are
capable of compensating for loss of GAT-3. Indeed, Itonic—which is affected by GAT-3
function—can have different effects on neural circuits depending on properties of the local
environment (Lee and Maguire, 2014). For example, enhanced Itonic renders neurons
hypoexcitable in many brain regions such as the cerebellum and hippocampus (Lee and Maguire,

2014). In contrast, in the thalamus, enhanced Itonic renders neurons hyperexcitable due to their

expression of low-threshold T-type Ca’ channels, which are de-inactivated upon

hyperpolarization and lead to enhanced burst firing mode (Cope et al., 2005).

5.5. Computational properties of thalamocortical circuits enabled by astrocytes

There is a recent compelling push to integrate astrocytes into systems neuroscience, and
conversely, for glial biologists to consider systems neuroscience frameworks (Kastanenka et al.,
2020). The burgeoning field of astrocyte biology has generated plenty of evidence supporting the

role of astrocytes in modulating local neural circuits and complex behaviors. In their review,
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Kastanenka and colleagues propose that astrocytes are well-poised to carry out canonical
computations in the brain, such as gain control, coincidence detection, thresholding, and state
switching. Such computations are proposed to be enabled by qualities such as the dynamic spatial
and temporal properties of astrocytic calcium activity, their close proximity to many synapses, and
their ability to respond to and modulate neuronal activity and sensory inputs.

Of particular relevance to the findings described in this dissertation is the ability of
astrocytes to mediate switches in network states. Thalamocortical circuits form parallel channels
for processing information from distinct modalities (Halassa and Sherman, 2019; Shepherd and
Yamakawi, 2021). Coordination across thalamic circuits and thalamocortical circuits is likely
required for cohesive perception and attention. Among several sources of thalamic modulation,
the reticular thalamic nucleus (nRT)—the GABAergic nucleus strategically positioned between
thalamic relay nuclei and cortex—has received considerable support as a “gatekeeper” of thalamic
processing (Crick, 1984), capable of switching thalamic output between distinct channels. Intra-
nRT connections themselves are proposed to critically control synchrony of thalamic network
oscillations (Sohal and Huguenard 2003; Huntsman et al., 1999); cortico-nRT-relay connections,
providing feed forward inhibition to thalamic relay neurons, facilitate behavioral attention in the
presence of conflicting sensory cues (Ahrens et al., 2015). Kastanenka and colleagues suggest that
astrocytes may synchronize brain state through gain control by regulating a network’s ratio of
excitation versus inhibition, which may be achieved through various mechanisms such as the
reduction of glutamate uptake (Poskanzer and Yuste, 2016), calcium-dependent release of
ATP/adenosine and glutamate (Fellin et al., 2009; Halassa et al., 2009), or taking up GABA via
GAT-3 (Shigetomi et al., 2011). Indeed, the GAT-3 loss of function we identified in thalamic

reactive astrocytes led to an imbalance in cortical rhythmic activity (discussed in Chapter 4).
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Although it remains unknown whether or not thalamic astrocytes form gap-junctionally coupled
networks which adhere to the neural circuit motifs, thalamic astrocyte networks seem well-poised
to contribute to the dynamic switching capacity of the nRT and thereby contribute to key neural
computations.

While much is known about thalamus with respect to its anatomy, structure, rhythmogenic
properties, and relay functions of sensory nuclei, recent questions in the field have turned their
focus towards the role of thalamus in mediating higher-order cognitive processes (reviewed by
Krol et al., 2018; Perry et al., 2021; Saalmann and Kastner, 2015) in health and disease. Cognitive
processes, unlike most sensory processes, tend to operate on a longer timescale and involve a
diverse range of inputs and outputs. Astrocytes are well-positioned to facilitate such processes
requiring flexibility in space and time. There are many unanswered, outstanding questions which
are being tackled with impressive technologies and innovative frameworks, and surely a systematic
integration of astrocytes—beyond their effects at the synaptic level—into thalamocortical circuit

function will only serve to improve our understanding of the thalamus, in health and disease.
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