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ABSTRACT

HETEROGENEOUS THALAMIC RETICULAR NUCLEUS NEURONS AND THEIR FUNCTIONAL ROLE IN
THALAMOCORTICAL PROCESSING

By
Laura Harding-Jackson

The thalamic reticular nucleus (TRN) is an integral regulator of information flow between
the thalamus and cortex. The TRN receives synaptic inputs from both cortical and thalamic
regions and based upon this information it selectively inhibits thalamic activity. TRN neurons
produce action potentials in two distinct modes: a fast, transient burst discharge from a
hyperpolarized state, and a prolonged, tonic discharge from a relatively depolarized state. While
previous studies have characterized burst discharge as a transient high frequency discharge (>
250 Hz), these electrophysiological studies reveal a highly variable range of burst frequencies (4-
342 Hz). In these studies, | aim to discover the mechanisms underlying these highly variable burst
frequencies, as well as their functional role in thalamocortical processing.

In Chapter 2, | found that bursts from TRN neurons with relatively higher frequency
discharge (> 100 Hz) contain more action potentials per burst. These neurons also have higher
input resistances, broader action potentials, higher action potential thresholds, and larger somas.
The amplitude of the T-type calcium channel-mediated low-threshold spike, which underlies the
burst discharge, is positively correlated with both the burst discharge frequency and the number
of action potentials per burst. | next investigated whether small conductance calcium-activated
potassium channels (SK channels) could mediate the differences in burst firing rate and action
potential number. Blocking SK channels increased the frequency and duration of the burst but

did not increase the amplitude of the underlying T-type calcium current.



Prior studies suggest that T-type calcium channels are distributed along the dendrites in
TRN neurons with high frequency burst discharge. In Chapter 3, | examine the distribution of
dendritic calcium activity within the lower frequency bursting neurons. While the calcium signal
was lower in these neurons all along the dendrites, the calcium signal was evenly distributed
across proximal, intermediate, and distal dendritic regions. Investigation of SK channel activity
revealed significant location-specific effects. In lower frequency bursting neurons, SK channels
had the greatest influence at proximal and distal locations. In higher frequency bursting neurons,
SK channels had the greatest influence at proximal and intermediate dendritic locations.
Heterogeneous TRN burst discharge frequencies may represent a diverse cell population with
unique dendritic ion channel composition and distribution. These results may improve our
understanding of the mechanisms of TRN neuron afferent synaptic integration as well as
modulation of thalamocortical inhibition.

In Chapter 4 | investigate whether intrinsic properties of TRN neurons are altered in the
Fmr1-KO mouse model of Fragile X Syndrome (FXS). Individuals with FXS experience a variety of
comorbidities that could involve TRN function, such as altered sensory perceptions, sleep
disorders, and epilepsy. Analysis of intrinsic cellular properties revealed no differences in TRN
neuron properties. Further investigation of synaptic plasticity, which is an abnormal finding in
several other brain regions in FXS, also revealed no pathology. These findings suggest that TRN

dysfunction does not contribute to FXS pathology.
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CHAPTER 1: INTRODUCTION

Overview of the Thalamic Reticular Nucleus

Physical properties of the thalamic reticular nucleus

The thalamic reticular nucleus (TRN) of the mammalian brain is a thin complex of
inhibitory GABAergic neurons that surrounds the dorsolateral thalamus (Houser et al., 1980;
Pinault and Deschénes, 1998). While the thalamus is associated with many functions including
consciousness, limbic function, motor function, sleep, and epilepsy, the circuits evaluated within
this dissertation focus on the primary sensory pathways. Synaptic inputs to the TRN
predominantly originate from collateral projections of corticothalamic and thalamocortical axon
fibers (Bourassa and Deschénes, 1995; Jones, 1975; Scheibel and Scheibel, 1966).
Thalamocortical fibers relay primary sensory information from the thalamus to the neocortex,
while corticothalamic fibers, from layer VI of the neocortex, relay neocortical feedback to the
thalamus. The consequential placement of the TRN between these pathways ensures that the
TRN is continually informed of ongoing thalamocortical network activity (Guillery and Harting,
2003; Jones, 1975). While TRN neurons receive synaptic inputs from both thalamocortical and
corticothalamic pathways, they only project to the thalamus (Figure 1.0). With the exception of
olfaction, all sensory information is transmitted via the thalamocortical network and thus TRN is
a prominent inhibitory modulator of these sensory processing circuits. (Coleman and Mitrofanis,

1996; Cox et al., 1997, 1996; Lee et al., 1994).



Layer IV

Sensory
Input

Thalamus TRN Cortex

Figure 1.0: Schema of the thalamocortical sensory circuit. This simplified diagram depicts the
interplay of thalamus, TRN, and cortex within the corticothalamic (blue) and thalamocortical
(green) circuits. The red TRN neuron is excited by both corticothalamic and thalamocortical

collateral inputs and sends an inhibitory axonal projection back to the thalamus.



Topographic organization and subnetworks of the TRN

The TRN influences thalamocortical network activity in a complex yet elegant manner.
First, TRN neurons are not randomly distributed with the nucleus, but rather arranged in
topographically organized sectors based on the sensory modality (visual, auditory, gustatory, and
somatosensory), with additional sectors for motor and limbic functions (Cicirata et al., 1990; Cox
et al.,, 1996; Crabtree, 1996, 1992; Guillery and Harting, 2003; Hayama et al., 1994; Lam and
Sherman, 2011; Lozsadi, 1994; Pinault and Deschénes, 1998; Shosaku et al., 1984; Sokhadze et
al., 2019). Neurons of a specific sector tend to receive similar inputs and project to similar target
nuclei. Visual sector inputs originate from the dorsolateral geniculate nucleus, auditory inputs
from the ventral medial geniculate nucleus, gustatory from the ventral posteromedial nucleus,
and somatosensory inputs from the ventrobasal nucleus. In general, visual and auditory sectors
are dorsocaudal and ventrocaudal sectors, respectively, somatosensory is more central, and the
most rostral regions of the nucleus receive motor input (Crabtree, 2018; Sokhadze et al.,2019;
Zikopoulos and Barbas, 2007).

Second, while most TRN neurons form closed loop reciprocal thalamic circuits, meaning
they project to and receive inputs from a single thalamic nucleus, others project to and/or receive
inputs from different or multiple thalamic nuclei creating an open circuit. While a TRN neuron
may reside within a given sector, these neurons can have large, planar dendritic arbors allowing
them to receive afferent inputs from multiple sectors (Guillery and Harting, 2003; Ohara and
Havton, 1996). This architecture permits direct feedback in some instances, as well as crosstalk
among regions that relay functionally related information. This level of crosstalk may allow TRN

neurons to effectively integrate multiple sensory modalities (Crabtree, 1996; Cruikshank et al.,



2010; Fitzgibbon et al., 1995; Warren et al., 1994). Additionally, this anatomical arrangement may
allow feedback from one circuit to result in lateral inhibition of the same or different nearby
circuits, perhaps further focusing the receptive fields and allowing focus on selected stimuli.
Cumulatively, these organizational systems allow the TRN to act as a complex hub of multisensory
integration as it produces both feedback inhibition to thalamic nuclei due to thalamocortical
influence, and feedforward inhibition as a result of corticothalamic influence.

Third, TRN neurons have been shown to form inhibitory synapses with neighboring
neurons within the nucleus to create a lateral inhibitory network (Ahlsén and Lindstrom, 1982;
Cox et al., 1996; Huntsman et al., 1999; Sohal and Huguenard, 2003). Lateral inhibition is thought
to occur when excited TRN neurons release GABA onto neighboring neurons within the nucleus,
causing them to disinhibit the downstream thalamic targets of similar or neighboring circuits.
While the prevalence and magnitude of such inhibition is unclear (Hou et al., 2016), the result of
this activity would decrease the gain of the central circuit while increasing that of laterally
inhibited thalamocortical neurons, allowing focus to shift to specific novel or important sensory
inputs (Zhang and Jones, 2004). Neighboring TRN neurons have also been shown to have
electrical synapses, or gap junctions, can also act to synchronize inhibitory actions of TRN. The
electrical synapses would have the opposite effect of the intra-TRN chemical synapses and lateral
inhibition. Electrical synapses would act to couple neighboring neurons and, depending on their
coupling coefficient, could result in strengthened clusters of downstream inhibition at target
thalamic nuclei and could also impact synchronized rhythmic oscillations (Landisman et al., 2002;

Long et al., 2004).



When viewing the TRN as a major contributor of thalamic inhibition, it is important to
note that TRN is responsible for this to a greater extent in the rodent than in other mammals.
This is due to the limited number of thalamic inhibitory interneurons in multiple thalamic nuclei
within the rodent (Arcelli et al., 1997). Many brain regions contain GABAergic interneurons that
act to inhibit local circuit activity, however a unique feature of the mouse thalamus is the severe
decrease of interneurons in every thalamic nucleus except for the visual dorsolateral geniculate
nucleus (Seabrook et al., 2013). In the human as well as many other non-rodent mammals,
interneurons can comprise up to 25% of the total neuron population within certain thalamic
nuclei, and as thalamic interneurons rise, the relative size and cell-density of the TRN decreases
(Arcelli et al., 1997; Letinic and Rakic, 2001). A possible consequence of these findings is that the
TRN may play a larger role in inhibiting thalamic activity in the mouse than in the human, and
studies that utilize mouse TRN must be viewed within this context.

While initially regarded as a homogeneous nucleus, numerous studies have clearly
revealed that the TRN is a complex nucleus of heterogeneous neurons. These neurons participate
in a variety of functions such as the modulation of sensory information processing, maintaining
intercranial rhythms in sleep, and attentional gating. Whether or not certain populations of these
neurons differently participate in these activities is not clear. What is known, however, is that the
TRN has an important role in the integration and processing sensory inputs, and the subsequent
inhibitory circuit modulation is critical to appropriately facilitating many complex neurological

processes.



TRN function and pathophysiology

In 1984, Francis Crick proposed that the TRN may function as an “attentional searchlight”
within the brain (Crick, 1984). As such, it would selectively inhibit and disinhibit circuits to allow
the brain to focus on selective stimuli while dampening other noisy or irrelevant stimuli. In the
thirty-seven years since this hypothesis was published, our knowledge base has grown to better
understand the structure and function of the TRN. The idea that the TRN modulates the flow of
information between the cortex and thalamus has been strongly supported, while the ways in
which it modulates this information has grown far more elaborate. Many other complexities and
additional functions have been discovered and while the TRN clearly plays a critical role in many
neural circuits, there is still much to be learned about the region.

Each day, an individual’s brain is inundated with sensory stimuli that must be effectively
processed and relayed to appropriate brain regions. Glutamatergic sensory inputs from both the
neocortex and the thalamus excite TRN neurons, and in response to this activity, the TRN releases
GABA neurotransmitter that inhibits downstream thalamic neurons. This ultimately decreases
the activity of the downstream circuit while allowing neighboring circuits, potentially of different
sensory modalities, to proceed disinhibited (Cox et al., 1997; Crabtree, 2018. Pinault, 2004).
Through these activities, the TRN actively regulates the gain of various sensory circuits in relation
to the synaptic afferent input. In modulating circuit activity levels, the GABAergic TRN output
then also acts to shape the receptive field of the thalamocortical neurons, further facilitating
precise modulation of sensory inputs. Experiments in which the TRN was lesioned in vivo found
that the number of whiskers that a certain ventroposterior nucleus neuron would respond to the

movement of significantly increased following the lesioning (Lee et. al. 1994).



In addition to this role in processing sensory stimuli, the TRN also participates in sleep
rhythmogenesis. TRN neurons facilitate rhythmic patterns of action potential bursts between the
thalamus and cortex during slow-wave sleep and may also initiate sleep spindles (Steriade et al.
1986; Pellegrini et al., 2016). The TRN may also play a role in selective attention, or the ability to
focus on specific relevant stimuli among many. Neurons within the TRN were found to be most
active during inhibition of redundant or irrelevant stimuli which could allow for more targeted
perception (McAlonan et al.,, 2006). TRN-facilitated interplay between all of these associated
processes is likely important to appropriate behavioral processes (Chen et al., 2016; Halassa et
al., 2014). Given these many functional roles, TRN pathophysiology can have detrimental effects
and altered TRN function is implicated in many disorders such as: attention deficit hyperactivity
disorder (ADHD), schizophrenia, sleep disorders, epilepsy, and sensory processing disorders
(Friedberg and Ross, 1993; Pratt and Morris, 2015; Steriade, 2005; Steullet et al., 2017; Wells et
al., 2016).

The TRN is also a target of study in several neurodevelopmental disorders. CHD2 and
PTCHD1 are two separate genes involved in genetic models of autism spectrum disorder with
speculation of TRN-related pathology. CHD2 is involved in chromatin remodeling protein while
PTCHD1 is a transmembrane protein with relation to neurodevelopment. Both are highly
expressed with in the TRN (Lossifov et al., 2012; Krol et al., 2018; Lamar and Carvill, 2018; Noor
et al., 2010). In the PTCHD1 deletion autism model mouse specifically, a calcium-
dependent potassium ion channel (SK) deficit in the TRN was linked to behavioral attentional

deficits (Kleiman-Weiner et al., 2009; Wells et al., 2016). The implication of TRN dysfunction on



these measurable disease phenotypes exemplifies the potential of TRN pathology to affect
behavioral outcomes.

In addition to altered neurodevelopment, TRN pathophysiology may also manifest in
seizure disorders. Seizures are essentially strong, lasting bursts of action potentials that can
overcome circuits and block transmission within the brain. TRN pathology is especially implicated
in absence epilepsy, which is a generalized epilepsy characterized by highly synchronized
rhythmic discharges. Absence epilepsy typically arises in childhood and is characterized by short-
lasting non-responsive staring spells without loss of consciousness. Absence seizure discharges
originate between the TRN and thalamocortical cells and manifest with characteristic 3 Hz spike-
wave rhythms recorded in an electroencephalogram (EEG) (Avanzini et al., 1992; Bovenkamp-
Janssen et al., 2004; Broicher et al., 2008; Chen et al., 2014; Jahnsen and Llinas, 1984a; Liu et al.,
1992; Sun et al., 2002; Tsakiridou et al., 1995, Williams, 1953). These seizure discharges strongly
activate the TRN and the resultant reciprocal TRN and thalamocortical burst rhythms may
decrease the relay of ascending sensory afferent input (Steriade, 2005). Lesioning of the TRN was
found to abolish seizure discharges, further implicating TRN pathophysiology in the seizure
activity (Avanzini et al., 1993).

Due to a significant correlation between the function of the TRN and symptoms of
schizophrenia, TRN has also been a focus of this body of research. Studies of schizophrenia have
revealed deficits in sleep spindles and attentional and auditory gating, and TRN highly expresses
several genes shown to be affected in the disorder (Ferrarelli and Tononi, 2011; Krol et al., 2018;

Pratt and Morris, 2015; Steullet et al., 2017). The extent to which TRN pathology may be a direct



cause of these conditions is not yet resolved, however it is evident that perturbations to TRN

function result in measurable behavioral defects.

Intrinsic Properties of TRN Neurons

Morphological Properties of TRN Neurons

The morphological properties of TRN neurons have been evaluated by several studies
with varied findings, likely due to differences in animal models and methodology. Some studies
have found clear neuronal subtypes differentiated by soma morphology and dendritic
arborization (Libke, 1993; Spreafico et al, 1991, 1988), however to date distinct
electrophysiological properties have not been tied to specific TRN neuron subtypes. Other
researchers have reported that TRN neurons have more uniform somata with a large and roughly
discoid dendritic structure (Mulle et al., 1986; Ohara and Havton, 1996).

A recent study reported that neurons near the anatomical boarders of the TRN were
more likely to display weaker bursting properties (Martinez-Garcia et al., 2020). This study
additionally found that cells within the medial and lateral edges of the TRN were associated with
slightly smaller somas when compared to cells in the central regions of the nucleus, however the
intrinsic properties of individual neurons were not correlated with this distinctive morphology.
In addition to studies of soma and dendritic morphologies, reports that neurons may vary in their
axonal arborization may also be considered. Several distinct axonal morphologies have been
identified from TRN neurons (Cox et al., 1996; Kolmac and Mitrofanis, 1997; Pinault and
Deschénes, 1998; Yen and Jones, 1983). The potential functional consequences of distinct axonal

morphologies could lend insight into how the downstream targets of TRN neurons correlate with



the intrinsic properties and afferent inputs. While axonal arborization was not investigated in our
studies, the correlation of this property with electrophysiological findings warrants further
investigation.
Action potential discharge of TRN neurons

Many neurons in the brain discharge tonic action potentials through mechanisms where
the action potential frequency is linearly related to the magnitude of membrane depolarization.
The thalamus is one region known for being able to produce discrete, robust bursts of action fast
action potentials (Jahnsen and Llinas, 1984b; Pinault and Deschénes, 1992; Steriade et al. 1993;
Sherman, 2001). Burst discharge is a critical mechanism by which the TRN engages in intracranial
rhythms and modulates thalamocortical circuit inhibition (David et al., 2013; Fernandez et al.,
2018). TRN neurons produce action potentials in two different modes determined by membrane
voltage: burst and tonic discharge. When TRN neurons are relatively hyperpolarized, a
depolarizing current step leads to a fast transient burst-discharge of action potentials. When the
membrane potential is relatively depolarized, the same current step will result in a repetitive
tonic-discharge throughout the depolarizing current step. In tonic discharge, the frequency of the
action potentials is linearly related to the magnitude of the current step (Contreras et al., 1992;
Deschenes et al., 1984; Huguenard and Prince, 1992; Jahnsen and Llinas, 1984b). Tonic firing is
most often observed in alert animals, while burst firing is predominate during sleep (Domich et
al., 1986; Llinas and Steriade, 2006). Several studies have also observed burst discharge during
awake states during changes in attentional state or locomotion. (Bezdudnaya et al., 2006;

Hartings et al., 2003; Marlinski and Beloozerova, 2014).
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The thalamus is known for containing many burst producing neurons, however TRN
neurons are unique for having exceptionally longer bursts when compared to those of other
thalamic region (Huguenard and Prince, 1992). Thalamic burst discharge is comprised of a crown
of transient fast action potentials over a low-threshold spike (LTS), which is driven by the
activation of T-type voltage dependent low-threshold calcium channels (T-channels). Huguenard
and Prince (1992) found that t-type calcium current (It) in TRN often remained activated for twice
the duration (220 msec) of the It underlying the burst in ventrobasal nucleus neurons (110 msec).
Additionally, they found that changes in ventrobasal nucleus neuron membrane potentials
altered the rate of decay of the burst, however the TRN burst was insensitive to membrane
potential changes.

The magnitude and duration of TRN-mediated thalamic inhibition varies based upon
these action potential discharge modes. Thalamic inhibition mediated by persistent, tonic action
potentials will result in the activation of short-acting GABAa receptors, while the inhibition
mediated by bursts of fast action potentials may additionally activate longer-lasting GABAs
receptors (Cox et al., 1997; Jahnsen and Llinds, 1984b; Kim et al., 1997; Kim and McCormick,
1998). GABAA and GABAg receptor activation initiates a chloride conductance (GABA,A) or a
potassium conductance (GABAg), which ultimately decreases membrane excitability of
downstream neuron. In the case of GABA released from TRN axons, it inhibits the thalamocortical
circuit output. In consideration of burst properties, it should also be noted that while TRN bursts
directly cause strong thalamocortical inhibition, the subsequent release of that inhibition can
lead to an indirect delayed, post-inhibitory excitation in the thalamocortical cell. The release of

the thalamocortical cell from the GABAa- and/or GABAg-receptor mediated inhibition, along with
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the activation of hyperpolarization-activated cyclic nucleotide-gated (HCN) cation channels,
causes repolarization of the thalamocortical cell membrane (McCormick and Pape, 1990). This
may elicit a rebound activation of T-channel mediated current, which can ultimately lead to a
rebound burst discharge. This mechanism suggests that a larger amplitude GABA-receptor
conductance could cause post-inhibitory excitation within the thalamocortical relay neurons,
indirectly allowing the TRN to exert thalamocortical inhibition and subsequent excitation in a
temporally segregated manner.

Burst discharge in the thalamus is shaped by many factors such as T-channel subunit
composition, intrinsic properties, and modulatory inputs. An additional factor that may have a
significant impact on burst morphology is the distribution of dendritic T-channels. TRN neurons
are known for having long, thin dendrites, and a distinguishing feature of TRN neurons is a
distribution of T-channels along the extent of the dendrite that may be more concentrated
distally (Cueni et al., 2008b; Destexhe, 1996; Kovacs et al., 2010). A study of rat TRN found the
largest calcium activity in response to a somatic burst was located at more distal dendrites while
in contrast, activity in ventrobasal and dorsal lateral geniculate nucleus neurons was more
uniform along the somatodendritic axis (Crandall et al., 2010). This unique distribution pattern
has implications on pathway-specific synaptic integration because it suggests that synaptic inputs
at more distal locations is preferentially amplified when the cell is in burst mode. This aspect is
significant considering that neocortical afferents preferentially synapse onto distal dendrites and
may be preferentially amplified over thalamic inputs, which tend to innervate more proximal
dendrites of TRN neurons (Liu et al., 1995; Liu and Jones, 1999a; Van Horn and Sherman, 2004).

In combination with distal signal amplification in TRN neurons, this spatial synaptic distribution
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suggests that location-dependent signal integration could underlie specific functions of

corticothalamic and thalamocortical pathways in processing sensory information.

T-type calcium channels in the TRN

There are three subtypes of T-channels underlying thalamic bursts: Ca,3.1 (expressed
from the a1G transcript), Cay3.2 (expressed from the alH transcript), and Ca,3.3 (expressed from
the all transcript) (Perez-Reyes, 2003). While Ca,3.1 and Ca,3.2 are expressed in multiple tissues
throughout the body, Ca,3.1 is located only in the brain (Perez-Reyes, 2003). All three subtypes
of T-channels are expressed in the thalamus, however in most thalamic nuclei, Cay3.1 is more
common. In the TRN, however, despite some debate depending on the organism of study, it
appears that all three subtypes may contribute to burst discharge with Cay3.3 appearing most
prominently on distal dendrites (Cain and Snutch, 2010; Cueni et al., 2008a; Joksovic et al., 2005;
Kovdcs et al., 2010; Pellegrini et al., 2016; Talley et al., 1999). The location, density, and channel
subtypes comprising It will influence the synaptic integration and properties of the burst. Ca,3.3,
which is found more densely on distal dendrites, activates more slowly and for a longer duration
than Cay3.2 and Cay 3.1, however the peak current of activation of Ca,3.3 is smaller than the other
subtypes (Cain and Snutch, 2010). Ca,3.3 also activates at a threshold that is 10 mV more
depolarized than Ca,3.2 and Ca,3.1 and inactivates at a threshold that is 5 mV more depolarized
(Cain and Snutch, 2010; Talley et al., 1999).

An additional aspect of T-current (It) that must be considered is the developmental age at
which the channels mature. Large changes in It -related functions occur until postnatal day 21,
and smaller developmental changes may continue for weeks past this point (Huntsman and

Huguenard, 2000; Murata and Colonnese, 2019; Pirchio et al., 1990; Tennigkeit et al., 1998;
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Warren and Jones, 1997). Mouse TRN neurons do not gain the ability to fire multi-spike bursts
until approximately three weeks of age and functional sleep spindles do not appear until this time
as well (Warren and Jones, 1997). Findings in younger animals are important to understanding
developmental processes, however with many studies focusing on younger animals there are still
many questions about the properties of the adult TRN where burst discharge is still important to
many key functions.
lon channels in the TRN

Many different ion channels mediate the voltage state-dependent functions of the TRN.
Of specific interest to this work are the T-type calcium channels detailed above. These channels
are located throughout the dendritic arbors and are responsible for the large, robust bursts
produced by TRN neurons. These channels de-inactivate at hyperpolarized potentials allowing
for an influx of Ca?* to facilitate state-dependent responses to afferent synaptic excitation. Small
conductance calcium-activated potassium channels (SK), specifically type 2 in TRN, are also
dispersed along the dendritic arbors and are strongly activated by the low threshold spike (Cueni
et al.,, 2008b; Kleiman-Weiner et al., 2009; Ying and Goldstein, 2005). SK channel-mediated
current (lsk) activation typically shortens the burst discharge by rapidly hyperpolarizing the
membrane. Blocking Isk enhances the burst in TRN neurons, but has no effect on the burst
characteristics of thalamocortical relay neurons (Kleiman-Weiner et al., 2009). This synergistic
co-activation of Isx and Iy in TRN contributes to the regulation of the variety of inter-burst
frequencies that are necessary for rhythmic bursting activities (Barrionuevo et al., 1981; Cueni et

al., 2008b).
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Several high voltage-activated Ca?* channels are also important to TRN function. L-type
high-voltage Ca®* channels are found most densely at the soma in TRN neurons, whereas in
thalamocortical cells they are more densely distributed at the dendritic base (Budde et al., 1998;
Huguenard and Prince, 1992). In the TRN, L-type channels appear to be comprised of mainly
subtype Cay1.2. High-voltage Ca®* channel types P/Q (Ca,2.1), N (Cay2.2), and R-type (Ca,2.3) are
also widely distributed within the TRN (Kanyshkova et al., 2014). The final ion channel that will
be discussed is the Ca?* activated non-selective cation channels mediating Ican. This channel is
also gradually activated with burst discharge and is responsible for the slow after-depolarization
that often presents as a trail of tonic action potentials subsequent to the burst discharge (Bal and
McCormick, 1993).

TRN neuron subtypes

For many years the TRN was thought to contain a physiologically homogeneous
population of neurons based on their propensity to reliably produce large burst discharges in a
hyperpolarized state. In 1992 Contreras et al. challenged this by reporting an additional subset
on neurons that appeared to be incapable of producing any burst like discharge even at
hyperpolarized states. These neurons, termed Type Il cells, or non-bursting neurons as they will
be referred to in this text, have been observed by several additional studies (Brunton and
Charpak, 1997.; Clemente-Perez et al., 2017; Contreras et al., 1992; Lee et al., 2007). Non-
bursting neurons not only lack a robust burst discharge but are reported to lack the underlying It
mediated LTS. Given this information, there are two likely explanations; 1) that these neurons
possess fewer T-channels, or 2) the distribution of T-channels is more distal causing degradation

of the LTS signal strength before it reaches the soma to drive a large burst captured via whole
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cell recordings. One goal of this work is to investigate this question of how dendritic calcium
channel distribution relates to burst frequency.

In addition to non-bursting neurons, Lee et. al. (2007) also reported an
electrophysiologically distinctive subtype of TRN neurons termed atypically bursting neurons in
rat TRN. This subset was located largely in the dorsal TRN along with non-bursting neurons,
whereas typically bursting neurons were found more ventrally. These neurons appeared to fire
an initial typical action potential followed by several smaller, wider action potentials. In
recordings not detailed in this work, atypically bursting neurons were identified in TRN in mice
aged 13 and 14 postnatal days, however at the older time points used in this set of work, no
atypically bursting neurons were identified. It is possible that atypically bursting neurons are not
a feature of rat versus mouse TRN, but instead are a developmental stage of neurons. Recently,
a study in slightly older animals (PND 22-34) reported that a population of more slowly bursting
somatostatin-positive neurons occupy the medial and lateral edges of TRN in mid sections, and
comprise the vast majority of neurons in more dorsal regions (Martinez-Garcia et al., 2020).

Evidence of electrophysiologically distinct TRN cell types in adult animals has been
limited, however the implications of neurons with specific firing patterns, intrinsic properties,
and/or synaptic afferents or efferents would add crucial insight to the functioning of the region.
Uncovering the function of non-bursting or lower frequency bursting neurons in particular could
fill an important knowledge gap, since many of the studied TRN functions rely on burst discharge.
Future investigations will further clarify how these apparent neuronal subtypes are integrated
into the TRN network and whether electrophysiological properties relate to their development

and connectivity.
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During slow-wave sleep, reciprocal interplay and activation of TRN and thalamocortical
neurons produce oscillatory burst discharges which manifest as sleep spindles (Bazhenov et al.,
2000; Destexhe et al., 1994). During awake states as well as non-rapid eye movement (non-REM)
sleep, tonic firing is the dominant mode of action potential discharge the nucleus (Pellegrini et
al., 2016; Steriade, 2005). Sleep spindles, which occur during the early stages of sleep, can be
occur in TRN and are important for initiating and maintaining sleep states. In addition to
participating in sleep rhythms, thalamic burst firing is thought to increase the efficiency of
communication within the thalamocortical circuit, and it appears that timing of action potentials
within a burst may have a significant role in the downstream outcomes (Reinagel et al., 1999;
Swadlow and Gusev, 2001). Several ex vivo brain slice studies have reported heterogeneous
intrinsic TRN burst properties (Brunton and Charpak, 1997.; Contreras et al., 1992; Lee et al.,
2007), and studies in vivo have further supported a functional diversity of burst patterns. In one
example during locomotion, several different patterns of action potential discharge were
observed within an in vivo burst in TRN that varied with the modality of movement form single-
unit extracellular recordings in awake and sleeping cats (Marlinski and Beloozerova, 2014).
Bursting neurons were also found to respond robustly to induced nociception, while non-bursting
neurons had very little changes in response (Huh and Cho, 2016). Intriguingly, one study found
that during a simultaneous recording of two neighboring TRN neurons within the same sector,
which in theory received the similar inputs and projected similar outputs, the firing of the cells
was very different. This finding may suggest that intrinsic properties of the neurons may have a

bigger influence on cell firing patterns than afferent activity (Pinault and Deschénes, 1992).
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Together, these data support that the TRN is neither a homogenous nor bimodal region,
but likely contains a spectrum of heterogenous neurons. These neurons have unique intrinsic
properties that, when combined with modulatory cholinergic, serotonergic, dopaminergic,
histaminergic, and adrenergic influences, may shift their responses to stimuli thus influencing the

modulation of thalamocortical circuits.

Synapses Within The TRN

Afferent and efferent chemical synapses

The main sources of synaptic inputs to the TRN are the glutamatergic inputs of axons
projecting from either neocortical layer VI or thalamic nuclei. Although fewer overall, other
modulatory inputs also supply the region that modify the excitability of the TRN neurons (Liu et
al., 1995; Pinault and Deschénes, 1998; Warren et al., 1994). Cholinergic inputs from the
ascending reticular system of the brainstem, basal forebrain, and nucleus basalis can provide
initially excitatory inputs (via nicotinic receptors) followed by inhibitory modulation (via
muscarinic receptors) (Hallanger et al.,, 1987; Lee and McCormick, 1995; McCormick, 1989;
McCormick and Prince, 1986; Mesulam et al., 1983; Sokhadze et al., 2019; Sun et al., 2013).
GABAergic inputs from the globus pallidus (Asanuma, 1994; Gandia et al., 1993; Hazrati and
Parent, 1991), basal forebrain (Asanuma, 1989; Asanuma and Porter, 1990; Bickford et al., 1994),
substantia nigra pars reticulata (Paré et al., 1990), zona incerta (Cavdar et al., 2006), and local
TRN neurons supply the region with inhibitory modulation. Dopaminergic inputs from substantia
nigra pars compacta, and basal forebrain generally enhance excitation (Govindaiah et al., 2010;

Lee and McCormick, 1996; McCormick and Prince, 1986; Mrzljak et al., 1996; Pinault, 2004; Sun
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et al.,, 2013) as do serotonergic and noradrenergic inputs from the dorsal raphe nucleus and
supralemniscal nucleus, and locus coeruleus, respectively (Cropper et al., 1984; McCormick and
Wang, 1991; Rodriguez et al., 2011).

Cortical afferents, referred to as corticothalamic inputs, arise largely from axonal fibers
of cells located in layer VI of the neocortex. Axonal fibers from these cortical regions send
branches that synapse onto TRN cells as they make their way towards their target thalamic
nucleus (Guillery and Sherman 2002). These synapses are smaller, individually weaker, and
exhibit the paired pulse facilitation: all consistent with a modulatory framework (Liu and Jones,
1999a; Reichova and Sherman, 2004). Notably, activity-dependent plasticity in the TRN has been
found at these synapses, which contain group 1 mGIuRs in addition to AMPA and N-methyl-D-
aspartate (NMDA) receptors (Fernandez et al., 2017). Thalamic afferents, referred to as
thalamocortical inputs, arise form axonal fibers of thalamic nuclei that send synaptic offshoots
as they traverse the TRN on their way to the cortex. These primarily first-order synapses are
physically larger and lack the group 1 mGIuR component of the corticothalamic synapses.
Thalamocortical synapses also exhibit stronger activation and paired-pulse depression,
consistent with the primary driver framework (Liu and Jones, 1999a; Reichova and Sherman,
2004). Corticothalamic synapses comprise the majority of TRN inputs (Guillery, 1967; Liu and
Jones, 1999b). These inputs are preferentially distributed on distal dendritic locations (60% of
synapses) over more proximal dendritic locations (50% of synapses). Conversely, thalamocortical
synapses are thought to comprise 30-40% of proximal synapses and only 20% of distal synapses

(Deleuze and Huguenard, 2016; Liu et al., 1995; Liu and Jones, 1999a).
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The distal preference for corticothalamic synapses in TRN is significant because distal TRN
dendrites also contain the many low-threshold calcium channels, which may act as selective
amplifiers for distal synapses (Crandall et al., 2010; Kovacs et al., 2010). When comparing the
responses to corticothalamic fiber stimulation in TRN and thalamocortical relay neurons, TRN
neurons experienced over double the quantal excitation and contained more synaptic contacts
(Golshani et al., 2001). Further elucidation of functional corticothalamic and thalamocortical
synapse contribution utilizing an optogenetic approach found that activation of corticothalamic
synapses results in robust TRN excitation that is 3-4x stronger than the response in the

ventrobasal nucleus (Cruikshank et al., 2010).

Electrical synapses

In addition to chemical synapses, the TRN also communicates via electrical synapses.
These synapses, mostly formed by connexin36 encoded gap junctions, enable couplings between
neighboring neurons (Landisman et al., 2002; Zolnik and Connors, 2016). Electrical synapses
appear to be prominent components of TRN network communication and may facilitate
synchronized activity during rhythmically oscillating states. These electrical synapses also
participate in synaptic plasticity revealing them to be a dynamic and active participants in TRN
function (Deleuze and Huguenard, 2006; Long et al., 2004).
Synaptic plasticity in the TRN

Neuroplasticity refers to the ability of neurons to enhance or diminish network
transmissions in an experience-dependent manner. Most often associated with learning and
memory, there are many forms of synaptic plasticity; long-term or short-term, electrical, or

chemical are just a few of many distinctions. From the electrophysiological perspective of this
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dissertation, plasticity is the ability of a neuron to enhance or diminish synaptic transmission in
an experience- or activity-dependent manner. Only recently has this phenomenon been
described within the TRN. Mechanisms of TRN neuron plasticity are not fully characterized,
however studies have shown involvement of mGluRs and NMDARs (Fernandez et al., 2017), as
well as Cay3.3 (Astori and Lithi, 2013). TRN neurons display plasticity of chemical synapses in
response to synaptic stimulation occurring concurrently with the high-calcium environment
during the burst discharge. Long-term potentiation (LTP) can be induced through activation of
Ca,3.3 at thalamocortical synapses onto TRN neurons when NMDARs are activated concurrently
with a burst discharge (Astori and Lithi, 2013). In a following study, TRN excitability and burst
discharge were augmented when corticothalamic inputs were selectively activated by slow trains
of optogenetically-evoked excitatory postsynaptic potentials (EPSPs; Fernandez et al., 2017). In
addition to plasticity of corticothalamic and thalamocortical synapses, one study reported
evidence of potentiation of cholinergic synaptic strength that was dependent upon
corticothalamic group 1 mGluR activation (Sun et al., 2016).

At electrical synapses, long-term depression (LTD) has been reported following coupled
burst discharge in electrically paired neurons, and with group 1 mGIuR activation. Burst-induced
LTP in particular was found to be calcium-dependent and the effects were completely abolished
by the calcium chelator BAPTA (Haas et al.,, 2011; Sevetson et al.,, 2017). LTD can also be
electrically elicited by tetanic stimulation from cortical afferents, which induces plasticity via
mGIuR activation. In contrast to the burst paired induction for coupled neurons, this mGIuR-
dependent electrical plasticity induces plasticity in a calcium-independent manner (Landisman,

2005; Sevetson et al., 2017). In addition to LTD, selective activation of group 2 mGluRs induced
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LTP at TRN electrical synapses (Wang et al., 2015). There is clear evidence of several forms of
plasticity at several prominent TRN inputs: electrical, corticothalamic, thalamocortical and
cholinergic. However, future studies will clarify how these unique mechanisms of plasticity work

together to maintain appropriate TRN function.

Concluding Remarks

More than half a century of study has illuminated many intriguing aspects of the TRN and
its role in the thalamocortical circuit. The TRN is an integral contributor to sensory processing,
sleep, and attentional gating within the brain, however there are still many functional aspects
that remain less clear. For example, the relative contributions of intrinsic properties versus
extrinsic neuromodulatory inputs in shaping state and activity-dependent burst discharge has not
yet been clearly characterized. Debate also remains regarding whether TRN neurons are
homogeneous versus heterogeneous in morphology and electrophysiology. If the neuron
population is composed of more heterogeneous neuron types, the relative participation of these
groups in modulating different subnetwork activity between different sensory and motor
modalities would require further investigation. The goal of this dissertation is to begin to answer
these questions by examining how intrinsic properties of TRN neurons contribute to the signal
integration and selective output patterns that characterize functionality of the nucleus. The TRN
continues to be an area of interest for studies of several disease states such as autism, epilepsy,
and schizophrenia. These studies aim to characterize how TRN composition, cellular properties,
synaptic integration, and modes of output interact to facilitate appropriate sensory processing,

and to better understand how pathology may contribute to associated disease states.
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CHAPTER 2: HETEROGENEITY OF BURST DISCHARGE IN THE THALAMIC RETICULAR NUCLEUS

Abstract

Long studied for its role in sensory processing, sleep rhythms, and attentional gating, the
activities of the thalamic reticular nucleus (TRN) significantly impact the information flow
between the thalamus and neocortex. The TRN receives synaptic inputs from both neocortical
and thalamic regions and based upon this information it provides feedback and feedforward
inhibition of thalamic neurons. TRN neurons typically discharge action potentials in two distinct
modes: burst mode consisting of a transient, high frequency action potential discharge from a
hyperpolarized membrane potential, and tonic mode consisting of repetitive action potential
discharge from a relatively depolarized state. Previous studies have classified a burst discharge
as distinct transient high frequency (> 250 Hz) trains of multiple action potentials however, these
studies identified a broad range of frequencies of burst discharge in adult animals ranging from
3-342 Hz. In neurons with higher frequency discharge (> 100 Hz), the burst was composed of
many action potentials. These cells had higher input resistances, higher action potential firing
thresholds, narrower action potentials, and larger somata. The amplitude of the transient low
threshold spike and the magnitude of the calcium current that underlies the burst discharge, was
positively correlated with the burst discharge frequency and the number of action potentials per
burst. Considering the vast array of functions carried out by the TRN, examination of the diversity
of these neurons could provide insight into how intrinsic properties may relate to its various

network activities.
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Introduction

The TRN lies at an anatomical and physiological interface between the neocortex and
thalamus. With this unique placement, TRN receives glutamatergic synaptic afferents from both
corticothalamic and thalamocortical cell axons as they traverse the nucleus (Lam and Sherman,
2011; Pinault and Deschénes, 1998). As these corticothalamic and thalamocortical fibers traverse
the TRN, they give rise to collaterals that provide excitatory afferent inputs to TRN neurons. The
TRN neurons integrate this information and send efferent fibers to inhibit downstream
thalamocortical neurons. While the TRN receives inputs from motor and limbic afferents, the
focus of this study is on the sensory regions of TRN (Sokhadze et al., 2019; Zikopoulos and Barbas,
2007). Synaptic contacts from thalamocortical and corticothalamic afferents transmitting
information from specific sensory modalities are not random, but topographically distributed
throughout the TRN in discrete sectors (Crabtree, 1996, 1992; Lam and Sherman, 2011). As TRN
neurons synapse onto downstream thalamocortical neuron targets, they may form closed or
open circuits. The closed circuit in this case refers to TRN efferents synapsing with the same
neurons that they receive inputs from, and in open circuits, the efferents may synapse with
neurons of different thalamic nuclei. The open-circuit scenario could function to increase
crosstalk among sensory modalities, since the thalamocortical inhibition from TRN, which is
impacted by afferent inputs, will be potentially received by cells that process information within
a different modality. It is clear from the variety of synaptic inputs, complex organization, and
distribution of thalamic outputs, that the TRN is not a single modality output circuit. Instead, the
TRN is a multi-modal nucleus that modulates information from nearly all sensory systems by

balancing the activity of these circuits through thalamic inhibition.
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The TRN has several roles in addition to modulation of sensory processing. Burst discharge
exchanges between neocortex, thalamus, and TRN functions to generate and maintain sleep
rhythms, such as the sleep spindles seen in early sleep stages and the slow wave rhythms of non-
REM sleep (David et al., 2013; Pellegrini et al., 2016; Steriade, 2005). A pathologic condition which
results from abnormal TRN burst discharge and has been especially tied to abnormal T-type
calcium channel (T-channel) expression within the TRN is absence epilepsy (Bovenkamp-Janssen
et al., 2004; Broicher et al., 2008; Ekonomou et al., 1998).

TRN neurons communicate with thalamic neurons via two distinct modes of action
potential output: burst and tonic modes. Burst mode is characterized by a transient, high
frequency discharge of action potentials (> 250 Hz) requiring the activation of voltage dependent
low-threshold T-channels (Guido and Weyand, 1995; Lee et al., 2007; Lu et al., 1992). At relatively
hyperpolarized potentials the T-channels are de-inactivated, allowing depolarization of the
membrane potential to activate T-channels. This activation characteristically produces a transient
membrane depolarization, referred to as a low-threshold spike (LTS), which is crowned by a
transient, high frequency discharge of multiple action potentials. At relatively depolarized
membrane potentials, T-channels are largely inactivated. Suprathreshold depolarization of the
membrane in tonic mode will trigger action potential firing in which the frequency of action
potential discharge is linearly related to the magnitude of the membrane depolarization
(Contreras et al., 1992; Zhan et al., 1999). While all TRN neurons fire tonically at depolarized
membrane states, a previously reported subset of TRN neurons, termed non-bursting neurons,
continue to only discharge tonic action potentials during burst mode (Contreras et al., 1992; Lee

et al., 2007). From a functional aspect, burst vs. tonic action potential discharge can have
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significantly different impact on downstream thalamocortical neurons. In terms of inhibition,
burst discharge engages both GABAA and GABAg receptor dependent inhibition, whereas tonic
discharge predominantly engages GABAa receptor dependent inhibition (Kim et al., 1997; Kim
and McCormick, 1998).

For TRN neurons to maintain repetitive burst rhythms, small-conductance calcium-
activated potassium channels (SK) are synergistically activated by the calcium influx of the burst.
SK channels create a strong after-hyperpolarization potential (AHP) following the burst, which
rapidly hyperpolarizes the cell and allows the T-channels to recover and more quickly be prepared
to mediate another burst (Cueni et al., 2008; Kleiman-Weiner et al., 2009). While SK channels are
strongly activated in TRN, it is unknown whether the distribution of SK channels is uniform along
the dendrites of all TRN neurons. If densities of SK channels are not uniformly distributed, they
could act as a selective burst modulator in which synaptic inputs at certain locations would result
in a burst with strong SK-attenuation, while others could activate only T-channels resulting in a
longer duration burst.

Intrinsic properties of individual TRN neurons are likely to play a significant role in TRN
function. While there are several exogenous neuromodulatory molecules that can alter how a
neuron responds to afferent inputs through changes in membrane state (Cox et al., 1995; Funke
and Eysel, 1993; McCormick and Prince, 1986), this type of modulation would not be expected to
change the downstream frequency-related output in TRN neurons that do not experience a
voltage-dependent change in firing pattern in burst mode (i.e., non-bursting neurons).

A broad survey of TRN neurons identified a surprisingly wide distribution of burst

frequencies for TRN neurons. The experiments within this study are designed to determine
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potential mechanisms underlying these heterogeneous burst properties. Findings from this study
are aimed to improve characterization of TRN function and classify how intrinsic physiology of

these neurons relates to the diverse functions of the TRN.

Materials and Methods

Slice preparation

All animals were housed at the Michigan State University animal facilities and
experimental procedures were conducted in accordance with the Institutional Animal Care and
Use Committee (IACUC). Adult female and male C57BL/6J (WT), and SOM-IRES-Cre (Jackson
Laboratories #013044) (Taniguchi et al., 2011) x Ai14 (Jackson Laboratories #007914) (Madisen
et al., 2010)) mice were utilized within these experiments (Average 42 + 12 days old, range 30 to
111 days old). Animals were deeply anesthetized (3% isoflurane, 97% 03) and in some cases
perfused with the cold (4°C) oxygenated (95% O3, 5% CO3) slicing solution containing (in mM):
2.5 KCl, 1.25 NaH;P04, 10.0 MgS0a, 0.5 CaCly, 26.0 NaHCOs3, 10.0 glucose, and 234.0 sucrose.
Horizontal brain slices (300 um thickness) were made using a vibrating tissue slicer in a bath of
the cold (4°C), oxygenated (95% 0., 5% CO3) slicing solution. Slices were hemisected and
transferred to a warmed holding chamber (35°C) of oxygenated (95% 0,, 5% CO,) artificial
cerebrospinal fluid (ACSF) solution containing (in mM): 126.0 NaCl, 2.5 KCl, 1.25 NaH,POQg4, 2.0
MgCl,, 2.0 CaCly, 26.0 NaHCOs, and 10.0 glucose. After 30 minutes, chamber temperature was
returned to room temperature and slices incubated for a minimum of 60 minutes prior to

recording.
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Electrophysiology

Borosilicate glass micropipettes (4-6 MQ resistance) were used to perform whole-cell TRN
neuron recordings. Micropipettes were filled with a solution of (in mM): 117 K-gluconate, 13 KCl,
1.0 MgCl,, 0.07 CaCl,, 0.1 EGTA, 10 HEPES, 2.0 ATP, and 0.4 GTP. All experiments utilized a Zeiss
microscope equipped with DIC optics (Thorndale, NY). TRN was located using a low power 5x
objective, and individual neurons were identified using a high-power, water immersion 63x
objective. Following break-in, cells were allowed to stabilize for at least five minutes prior to
starting experiments. Only cells with an input resistance greater than 100 MQ, resting membrane
potential more negative than -50 mV, lack of spontaneous action potential firing, and evoked
action potential peak > +0 mV were included for analyses. Data were obtained using a MultiClamp
700b amplifier, sampled at 20 kHz, and filtered at 10 kHz (Digidata 1440a, Molecular Devices, San
Jose, CA). Reported voltages are corrected for an 8 mV liquid junction potential. PClamp software

(Molecular Devices, Inc.) was used for data acquisition and analysis.

Pharmacology

All pharmaceutical agents were purchased from either Sigma-Aldrich Inc. or Tocris
Bioscience (Bio-Techne). Concentrated stock solutions were prepared and diluted to final
concentrations in ACSF prior to experimentation. All antagonist agents were bath applied for at
least 10 minutes prior to commencing experiment. For experiments using agonists, these
compounds were applied via syringe pump where the concentration of the drug within syringe
was equal to 4x the final concentration, or 20-40 uM, which resulted in a bath concentration of

5-10 uM (Cox et al., 1995).
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Morphology

Soma volume was calculated from z-stack images spanning the entire depth of the
neuron. Alexa-594 (25 uM) was included in the internal solution to visualize neurons, and
neurons were allowed to fill for at least thirty minutes prior to image acquisition. Images were
obtained using a two-photon laser scanning microscope (Ultima, Bruker). Data were acquired
using Prairie View (Bruker). To calculate soma volume, images spanning the z-depth of the soma

were imported into FIJI (NIH open source) (Solé et al., 2007).

Data Analysis

Analysis of general intrinsic properties were calculated using Clampfit (Molecular
Devices). Either Mathematica or Microsoft Excel were used for statistical analyses. All values are
reported as mean * standard deviation. Burst frequencies were calculated from the average
frequency of the intervals of each action potential in a discrete burst cluster. If no discrete burst
cluster was present the first two action potentials were used for analysis. Action potential
threshold was calculated as the voltage at which the first derivative surpasses 10 mV/ms.
Rheobase was measured as the lowest intensity current step (20 pA intervals, 1 s duration) to
elicit an action potential from holding membrane potential of -60 mV. Half-width of the action
potential was defined as the duration of the action potential at half amplitude, measured from
the threshold. Input resistance was measured from the linear slope of a current-voltage
relationship protocol. Measurements were taken from 1-4 points above and below 0 mV during

the last 200ms of a series of 1 second duration current pulses with A10-20 pA step sizes.
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Results

Heterogeneous burst frequencies in the TRN

Whole-cell recordings were obtained from 264 TRN neurons to assess burst discharge
characteristics. Neurons were held at -80 mV in current clamp, and burst discharge was elicited
from depolarizing current steps (20 pA increments, 1s duration). Burst frequency was calculated
from the average discharge frequency of all action potentials within the first burst response to
the lowest intensity current step that produced a short latency, transient action potential
discharge of > 2 action potentials. If no discrete cluster of action potentials were present, the
frequency of the first two action potentials was calculated. In a subset of 78 neurons (with > 100
Hz bursts and > 2 APs), the frequency of the first inter-spike-interval was compared to the average
burst frequency and the two values were found to be highly correlated (P < 0.001, r =0.808, n =
78).

Surprisingly, the average burst frequencies of TRN neurons were distributed across a
broad range of frequencies (3-342 Hz; Figure 2.0 A, B). Based on prior studies (Brunton and
Charpak, 1992.; Contreras et al., 1992; Guido and Weyand, 1995; Huguenard and Prince, 1992;
Lee et al., 2007) a clear demarcation of high-frequency burst discharge was expected, and lower
frequency discharges that would closely resemble tonic discharge, however this was not
observed. As illustrated in Figure 2.0 C, most neurons with average burst frequencies of < 100 Hz
discharged only 2 action potentials (see methods for calculation) in burst mode (86/123 cells). In
contrast, the vast majority of neurons with burst averages > 100 Hz fired 3 or more action

potentials per burst (126/141 cells).
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Figure 2.0: Burst characteristics of TRN neurons. (A) Representative traces of the three colored
data points in B and C exemplifying neurons bursting at 22 Hz (red, top), 100 Hz (green, middle),
and 283 Hz (blue, lower). (B) Depicts the range of action potential firing frequencies at -80 mV
(burst mode) within the TRN represented as a cumulative probability. (C) Shows the number of

action potentials in the initial burst as it relates to the burst frequency.
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Synaptically evoked bursts

The characterization of burst discharge in our study was based on the response to a one
second duration current step. Given prior studies indicating distribution of T-channels along the
dendritic extent of TRN neurons (Crandall et al., 2010; Kovacs et al., 2010), it is plausible that
non-bursting neurons, and perhaps lower frequency bursting neurons identified in this study,
have a greater distal dendritic distribution of T-channels. If lower frequency bursting neurons
have more distally located T-channels, the decrease in frequency could be due to incomplete
activation of the dendritic T-channels since they are activated via a somatic current injection.
Therefore, electrical stimulation of synaptic inputs was utilized to provide activation of dendrites
as opposed to somatic current injection.

To activate afferent synaptic inputs to TRN, a monopolar stimulating electrode was placed
within the internal capsule. The membrane potential was held at -80 mV and stimulus voltage
was gradually increased (50-400 pA, 100 ps) to elicit a burst discharge. Correlation analysis of
somatically versus synaptically evoked burst frequencies revealed a strong positive correlation
(Figure 2.1 B; r=0f 0.929, p < 0.001, n = 13) between somatically evoked and synaptically evoked
burst discharge. Interestingly, 10 of the 13 tested neurons discharged higher frequency
synaptically evoked action potentials, possibly indicating greater activation of distal Ir, however
this difference was not statistically significant (P = 0.081, n = 13, paired T-test). In addition, it is
important to note that the lower burst frequency characteristic of individual cells was consistent
by either method of activation suggesting the lower burst frequency is a characteristic of the

neuron, and not an artifact of the activation protocol.
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In addition to comparing frequencies of the burst mode discharge, action potential
number per discharge was also comparted between synaptic stimulation and somatic current
injection. The number of action potentials elicited via either method was significantly positively
correlated (Figure 2.1 C; n = 16; r = 0.785, P < 0.001), and there was no significant difference
between the number of action potentials generated via either group (P = 0.072, paired T-test, n

=16).
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Figure 2.1: Comparison of synaptic vs. somatic activation of a burst in TRN neurons. (A) Example
traces of burst discharge evoked by somatic current injection (left) and minimal electrical

stimulation of synaptic afferents (right) in a higher frequency bursting (top) and a lower

49



Figure 2.1 (cont’d)

frequency bursting (bottom) neuron. (B) Comparison of average burst frequency produced by
somatic current steps and synaptic activation. (C) Number of action potentials/burst for
somatically evoked and synaptically-evoked burst discharges from 16 TRN neurons. Each of the

three enlarged data points represent two identical overlapping data points.

Intrinsic properties of high and low frequency bursting TRN neurons

Several intrinsic properties of the TRN neurons were measured to discern whether burst
discharge frequencies were related to differences in overall intrinsic properties. Apparent input
resistance and membrane potential were measured from resting membrane potential; number
of action potentials per burst and average burst frequency were measured from -80 mV; action
potential half-width, threshold, and rheobase were measured from a membrane potential of -60
mV to prevent activation of T-channel current. Initial correlation analyses revealed that several
intrinsic properties were positively correlated with the average burst frequency (Table 2.0). The
number of action potentials per burst (r = 0.502, P < 0.001) and rheobase (r = 0.285, P = 0.003)
were positively correlated with average burst frequency. In contrast, the average burst frequency
was negatively correlated with input resistance (r =-0.262, P < 0.001) and action potential half-
width (r =-0.409, P < 0.001). There was no significant correlation of resting membrane potential
(r =0.015, P = 0.834) or action potential threshold (r =-0.181, P = 0.066) with the frequency of
the burst.

To further assess the intrinsic differences between higher and lower frequency bursting

neurons, neurons were grouped by those with average burst frequencies at or below 100 Hz, and
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those with frequencies above 100 Hz. This cut-off was selected based upon the propensity for
most neurons with burst frequencies less than 100 Hz to fire only two action potentials per burst.
Input resistance (Table 2.0; <100 Hz: 359.1 + 308.8 MQ), > 100 Hz: 263.6 + 149.5 MQ, P = 0.012),
number of action potentials per burst (€ 100 Hz: 2.5 + 0.9 action potentials, > 100 Hz: 6.7 + 4.3
action potentials, P <0.001), action potential half-width ( <100 Hz: 0.28 + 0.06 ms, > 100 Hz: 0.25
1+ 0.05 ms, P < 0.001), and action potential threshold (< 100 Hz: -39.3 £ 12.8 mV, > 100 Hz: -43.6
+ 5.4 mV, P = 0.012) were significantly different between the two groups. Resting membrane
potential (£ 100 Hz: -76.6 + 14.5 mV, > 100 Hz: -76.2 + 15.4 mV, P = 0.012) and rheobase (< 100
Hz:55.2 £39.7 pA, > 100 Hz: 69.5 + 47.4 pA, P =0.012) did not vary between the higher and lower

frequency bursting neuron groups.

=100 Hz > 100 Hz
Average * Average * Correlation
9 9 P-Value | with burst P-Value
Standard n Standard n .
. . U-test | frequency |(Correlation)
Deviation Deviation I
Resting Membrane Potential (mV)| -76.6 + 14.5 106 -76.2+ 154 112 0.720 0.015 0.834
Input Resistance (MQ)] 359.1 + 308.8 105 263.6 +149.5 118 0.012 -0.262 <0.001
Burst AP Number| 25+0.9 123 6.7 +4.3 141 <0.001 0.502 <0.001
AP Half-Width (ms)| 0.28 +0.06 43 0.25 +0.05 61 <0.001 -0.409 <0.001
AP Threshold (mV)| -39.3 + 12.8 43 -43.6 +5.4 61 0.012 0.181 0.066
Rheobase (pA)|] 55.2 +39.7 43 69.5+47.4 61 0.128 0.285 0.003

Table 2.0: Intrinsic properties of higher and lower frequency bursting TRN neurons. The
frequency at which TRN neurons discharge action potentials in burst mode (-80 mV) is negatively
correlated with cellular input resistance and action potential half-width. Burst frequency is
positively correlated with the number of action potentials per burst discharge and the threshold

of the action potentials. TRN neurons producing discharging action potentials at < 100 Hz and >

51



Table 2.0 (cont’d)
100 Hz had significantly different input resistances, action potentials per burst discharge, action

potential half-widths and action potential firing thresholds.

Morphologic study of TRN neurons

Several studies suggest that TRN somatic morphology is not homogeneous and there are
multiple subtypes (Libke, 1993; Spreafico et al., 1991, 1988). It is unclear if the different soma
morphologies are associated with different intrinsic properties or function. Soma morphology
was analyzed in a subgroup of TRN neurons to determine if the morphology was related to the
average burst frequency of these cells. Soma volume was calculated from 72 fluorescently filled
neurons (Alexa 594) with burst frequencies ranging from 3-324 Hz. Soma volume was positively
correlated with average burst frequency (Figure 2.2 A (left); n = 72, r = 0.49, P < 0.001). The
average soma size of the lower frequency bursting neurons (Figure 2.2 A (right), < 100 Hz: 1423
+ 610 um3, n = 30) was significantly smaller than the higher frequency bursting neurons (Figure
2.2 A (right), > 100 Hz: 1992 + 799 um?3, n = 42; P = 0.002, Mann-Whitney U-test).

In addition to soma volume, the number of primary dendrites was also calculated from
the z-stack images. Previous studies have found that TRN neuron dendritic arborizations may
vary: some cells were found to have bipolar dendrites while others appeared to have more multi-
polar diffuse arbors (Libke, 1993; Spreafico et al., 1988). Our findings indicate that there is no
correlation of burst frequency and primary dendrite number (Figure 2.2 B (left), n =72, r=0.003,

P = 0.645) and no statistical difference in the number of primary dendrites of higher frequency
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bursting neurons (Figure 2.2 B (right), > 100 Hz: 5.1 + 1.6, n = 42) and lower frequency bursting

TRN neurons (Figure 2.2 B (right), <100 Hz: 5.2 + 1.3, n = 30; P = 0.888, Mann-Whitney U-test).
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Figure 2.2: Morphologic comparison of higher and lower frequency bursting TRN neurons. (A)
Graph of soma volume as it relates to burst frequency (left, n =72, r=0.49, P < 0.001). Histogram
depicting soma volumes for £ 100 Hz and > 100 Hz groups (right, P = 0.002). (B) Graph of proximal
dendritic branch sites as it relates to burst frequency (left). Histogram depicting number of

proximal branch sites for < 100 Hz and > 100 Hz groups (right). * Denotes P < 0.05.
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Low threshold spike properties in high and low frequency bursting neurons

A distinct feature of the robust burst discharge in TRN neurons is the relatively large,
voltage-dependent, T-type calcium channel-mediated low-threshold spike (LTS) which underlies
the fast action potential discharge (Figure 2.3 A; Coulter et al., 1989; Destexhe et al., 1998; Zhan
et al., 1999). In our previous study of rat TRN neurons, burst discharges were associated with a
large, consistent amplitude LTS; whereas non-bursting neurons, which lack burst discharge at
hyperpolarized membrane potentials, in many cases had no apparent LTS (Lee et. al., 2007). In
this current study of adult mice, in the presence of tetrodotoxin (TTX, 1 uM), nearly all neurons
(44 of 45 neurons) produced an LTS of various amplitudes, regardless of the average burst
frequency (Figure 2.3 B). The LTS peak amplitude was positively correlated with average burst
frequency (r = 0.714, P < 0.001) and the peak amplitude of the LTS was significantly larger in
higher vs lower frequency bursting neurons (Figure 2.3 B; < 100 Hz: 9.2 £+ 5.5 mV; > 100 Hz: 18.1
+9.7 mV, n =49, P =0.002, Mann-Whitney U-test). With this finding that TRN neurons bursting
at lower frequencies produce a significantly smaller yet visible LTS, it was next tested whether
this smaller LTS could be due to initial partial activation of Ir. If It was being only partially
activated, the peak would be expected to grow with increasing current injections. A series of
current steps (A 20 pA) were injected and the LTS peak was measured relative to the steady-state
ohmic step at each current step eliciting a short-latency depolarization. Results revealed that for
both higher and lower frequency bursting neurons, the LTS did not increase in magnitude with

increasing activating current (Figure 2.3 C).
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Figure 2.3: LTS amplitude is correlated with burst frequency.
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Figure 2.3 (cont’d)

(A) Representative examples of different burst discharges in TRN neurons (blue, 230 Hz, 60 pA
step; green, 63 Hz, 100 pA step; red, 34 Hz, 80 pA step). In the presence of TTX (1 mM), the action
potentials are blocked, thereby unmasking the underlying LTS. (B) Left, Relationship of LTS
amplitude and burst frequency. Data points from the three example cells are designated by
respective color-coded data points. Right, histogram illustrating average LTS amplitude in high-
(> 100 Hz, blue) and low bursting (< 100 Hz, gray) frequency subgroups. (C) LTS amplitude in
response to increasing stimulus intensity for higher (blue) and lower frequency (gray) bursting
neurons. Depolarization 1 is defined as the lowest intensity to elicit a clear LTS. Depolarizations
2-5 represent the peak LTS measurements at subsequent increases in intensity (20 pA

increments). * Denotes P < 0.05.

T-type calcium current in high and low frequency bursting neurons

Prior studies have shown that a voltage dependent T-current underlies the LTS observed
in current clamp recordings (Coulter et al., 1989; Huguenard and Prince, 1992). To evoke the low-
threshold, transient T-current in the TRN neurons an inactivation protocol was conducted in
voltage clamp in the presence of 1 uM TTX (Figure 2.4 A). In all 25 neurons tested, which ranged
from 17 to 326 Hz average burst frequency prior to the voltage clamp recordings in TTX, a
measurable transient inward current was successfully evoked. The peak of the inward current
(absolute value) was positively correlated with the average burst frequency pre-TTX (Figure 2.4
B; n=25;r=0.879, P <0.001). Lower frequency bursting neurons (< 100 Hz) have a significantly
smaller peak current amplitude (190.5 + 59.8 pA, n = 15) compared to the higher frequency

bursting neurons (448.5 + 204.5 pA, n = 10; P < 0.001, Mann-Whitney U-test). Furthermore, the
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halfwidth of the inward current also significantly differed between these two groups (Figure 2.4
C: <100 Hz:31.4+14.7 ms, n=15;> 100 Hz: 18.9 + 5.0 ms, n = 8; P = 0.001, Mann-Whiney U-
test). In a subgroup of neurons, both the LTS (in current clamp) and transient inward current
(voltage clamp) were recorded from the same neurons. In these cells, the peak inward currents
were positively correlated with the peak amplitude of the LTS (Figure 2.4 D: n =16, r=0.875, p <
0.001). The next aim was to confirm whether this transient inward current was a calcium current,
as is the It mediating the LTS in high frequency bursting neurons. At relatively low concentrations
(100 uM), NiCl, preferentially blocks T-type low-threshold calcium currents (Huguenard and
Prince, 1992). The voltage step required to evoke the maximum inward current in the neuron
was measured utilizing an inactivation protocol. Peak inward current amplitude was measured
before and after 100 uM NiCl, application (Figure 2.5 A). The inward current was significantly
attenuated by NiCly in all neurons tested regardless of initial inward current amplitude (Figure

2.5 A, B; control: 310.0 + 200.0 pA; NiCl,: 109.8 + 115.3 pA, n =19; P < 0.001, paired T-test).
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Figure 2.4: Calcium mediated low-threshold current underlies the low-threshold depolarization

in all TRN neurons. (A) Example T-current activation protocol. (B) Inward current correlation with
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Figure 2.4 (cont’d)

burst frequency (left) and corresponding histogram showing peak values of lower frequency
(gray) and higher frequency blue) bursting neurons (right; n = 25; r = 0.879, P < 0.001). (C)
Histogram depicting the half-width of the inward current in lower frequency (grey) and higher
frequency (blue) bursting neurons (448.5 + 204.5 pA, n = 10; P < 0.001). (D) Peak inward current
(voltage clamp) is positively correlated with the peak depolarization (current clamp) mediating

the LTS (n = 16, r = 0.875, p < 0.001). * Denotes P < 0.05, Mann-Whitney U-test.

A Low Frequency Burst High Frequency Burst
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NiCl2 k == -
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Figure 2.5: Nickel decreases the inward current amplitude in all TRN neurons.

(A) Representative current responses for lower frequency (left) and higher frequency (right)
bursting neurons before and after the addition of NiCl, (bottom). Current was elicited from a one
second hyperpolarizing (-100 mV) de-inactivating current step. Capacitate transient currents are
clipped. (B) Effect of NiCl, on the burst of higher and lower frequency bursting neurons. Peak

amplitudes (absolute value) before and after nickel (left). Gray traces are lower frequency
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Figure 2.5 (cont’d)
bursting neurons and blue are higher frequency bursting. Histogram representations of higher

and lower frequency groups are depicted on the right. * Denotes P < 0.05.
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Impact of SK channels on burst discharge of TRN neurons

Small-conductance calcium-activated potassium (SK) channels impact TRN neuron output
by rapidly attenuating the burst discharge (Cueni et al., 2008; Sailer et al., 2004). When SK
channels are blocked by apamin, excitability of TRN neurons increases while thalamocortical
relay neuron activity is subsequently inhibited (Kleiman-Weiner et al., 2009; Ying and Goldstein,
2005). In SK type 2 channel knock out mice, the predominant SK channel subtype in the TRN,
there is a reduction in oscillatory activity (Cueni et al., 2008). Electroencephalogram recordings
in this transgenic mouse reveal a decrease in slow delta waves and sleep spindles, as well as more
awakenings during non-REM sleep (Cueni et al., 2008; Kleiman-Weiner et al., 2009; Ying and

Goldstein, 2005). The next experiment was designed to test whether attenuation of SK channels
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would differentially affect the burst discharge in higher and lower frequency bursting TRN
neurons.

In the presence of apamin (100 nM), the number of action potentials per burst was
significantly increased in both higher frequency bursting neurons (Figure 2.6 A, D; control: 6.5 +
3.2 action potentials, apamin: 25.8 + 19.5 APs; n = 11; P = 0.008, paired t-test) and lower
frequency bursting neurons (control: 2.5 + 1.2 APs; apamin: 11.2 + 8.9 APs; n = 14, P = 0.002,
paired t-test). The average burst frequency was also significantly increased by apamin in both
higher frequency bursting neurons (Figure 2.6 A, D; control: 207.8 + 59.9 Hz, apamin: 303.4 +
104.3 Hz, n = 11; P = 0.002 paired t-test) and lower frequency bursting neurons (control: 38.3 +
23.8 Hz; apamin: 159.0 + 108.6 Hz, n = 14; p < 0.001; paired t-test). The next goal was to unmask
the underlying LTS by adding TTX (1 mM) to determine whether apamin was directly affecting
the LTS properties. In these conditions, the half-width of the LTS was significantly increased in
the lower frequency bursting neurons (Figure 2.6 B, D; control: 53.8 + 12.52 ms, apamin: 94.3 +
39.2 ms, n =9; P =0.02, paired t-test), which is consistent with the longer bursts observed. Our
dataset with fast bursting neurons all showed an increase as well, but the data is skewed because
in two cells there was a long-lasting plateau potential that prevented measurement of the width
(> 100 Hz control: 31.3 + 10.8 ms, apamin: 97.9 + 65.7 ms, n =4, P =0.170).

To avoid the potential activation of high threshold calcium currents that could underlie
the plateau potential observed in current clamp recordings, the effect of apamin on the transient
inward current was next examined. In voltage clamp recordings, the peak amplitude of the
inward current was not altered in the presence of apamin (Figure 2.6 C, D; < 100 Hz: control:

195.1 +53.8 pA; apamin: 173.7 +76.2 pA,n =12, P =0.330, paired t-test; > 100 Hz: control: 517.0
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+ 21.0 pA, apamin: 436.8 + 124.2 pA, n = 4, P = 0.071, paired t-test). However, similarly to the
current clamp LTS half-width measurements, the half-widths of the peak transient inward current
were significantly widened by apamin in lower frequency bursting neurons (Figure 2.6 D; control:
32.3+16.1 ms, apamin: 51.4+18.3 ms, n=12; P =0.022, paired t-test) but not higher frequency

bursting neurons (control: 22.1 + 13.4 ms, apamin: 37.1 + 15.8 ms, n =5; P = 0.060, paired t-test).

A Low Frequency Bursting Neuron High Frequency Bursting Neuron
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Figure 2.6: Apamin prolongs burst discharge in TRN neurons.

(A) Representative traces of a lower frequency (48 Hz, 60 pA step) and higher frequency (261 Hz,
100 pA step) bursting neuron before and after the application of apamin (100 nM). Post apamin
frequencies are “spike matched” to the number of action potentials in the initial burst. (B)
Current clamp recordings from representative lower frequency bursting (78 Hz) and higher

frequency bursting (252 Hz) neurons in the presence of TTX (1 uM) revealing the underlying LTS.
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Figure 2.6 (cont’d)

Following the addition of apamin (100 nM), the LTS is lengthened in both neurons (C) Same cells
as in B, in voltage clamp recordings. (D) In burst mode in the presence of apamin, nearly all TRN
neurons discharge more action potentials (left), at higher frequencies (right). (E) Although sample
size of the higher frequency bursting neurons in voltage clamp is limited, the duration of the LTS
underlying the burst (left) becomes significantly increased in lower frequency bursting neurons,

as does the associated calcium-mediated inward current (right). * Denotes P < 0.05.
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Figure 2.6 (cont’d)
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Lower frequency bursting TRN neurons cannot be identified by SOM-Cre fluorescent labeling
within the SOM*/Ai32 transgenic animal

A previous study correlated somatostatin-containing (SOM*) TRN neurons with a lower
frequency bursting phenotype in a SOM-Cre mouse model in older (PND 30-180) mice (Clemente-
Perez et al., 2017). In an attempt to determine whether the lower frequency bursting neurons
identified in these studies were SOM™* neurons, fluorescently labeled neurons were recorded
within a genetic SOM-Cre/Ail4 mouse line. Surprisingly, several recorded fluorescently labeled
SOM* neurons within the TRN of this animal model produced robust burst discharges and it was
determined that the somatostatin-containing neurons do not appear to be associated with lower

frequency bursts (Figure 2.7 A-B, n = 11).
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Figure 2.7: Burst discharge frequencies of fluorescently labeled SOM+ neurons. (A) Example
traces of SOM* fluorescent neurons illustrating that fluorescently labeled neurons within the
SOM* transgenic mouse are both higher and lower frequency bursting neurons. (B) Burst

frequencies of SOM* neurons expressed as a cumulative probability.

Phenylephrine increases the burst frequency of TRN neurons

SK channels have been widely studied in TRN, yet it remains unclear whether endogenous
neuromodulators may be able to selectively inhibit or enhance Isx. Apamin, a component of bee
venom, is known to block these channels, but the possibility of endogenous modulation would
represent an intriguing mechanism of tuning up or down the burst frequency. One possible

modulator candidate is the adrenergic al agonist phenylephrine, which has previously been
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found to excite TRN neurons (McCormick and Wang, 1991). Bolus injections of phenylephrine
were applied and the subsequent effects on the burst discharge were evaluated.

A burst discharge was elicited from > 100 Hz bursting neurons by injecting one second
current impulses of 20 pA increments. Once baseline characteristics were obtained,
phenylephrine (5-10 uM) was applied for 30 seconds. A series of burst discharges were elicited
and measurements of action potential number and burst frequency were measured at the peak
effect of the phenylephrine. The number of action potentials per burst was not significantly
affected by the application of phenylephrine (Figure 2.8 A-B: control: 11.9 + 7.1 action potentials,
phenylephrine: 10.7 + 8.5 action potentials, n =9, p = 0.577, paired t-test). The burst frequency
was also not affected by phenylephrine (Figure 2.8 C: control: 198.8 Hz + 53.3 Hz, phenylephrine:
228.5+43.5Hz,n=11, P =0.165, paired t-test). In 12 out of 14 cells, phenylephrine did have the
effect of depolarizing the membrane, which was compensated for by a manual current clamp

prior to recording burst discharge characteristics.
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Figure 2.8: Phenylephrine does not affect TRN neuron burst frequency or action potential
number. (A) Example traces of before (top), and at maximal phenylephrine effect (bottom). (B)
Application of phenylephrine increased the frequency of the burst in the population (n =11, P =
0.04, paired T-test). (C) Phenylephrine did not change the number of action potentials per burst

(P=0.129, n =11, paired T-test).

Discussion

In contrast to the traditional presumption that burst discharge is a high frequency (> 250
Hz) transient discharge of many action potentials, the burst discharge of TRN neurons is quite
variable. Our data shows that in adult mice, this variable burst discharge frequency is also related
to multiple differences of intrinsic properties that may bring useful context to future studies of
possible structural or functional subtypes. Neurons at either end of this variable burst frequency

spectrum vary significantly in action potentials per burst, input resistance, soma size, action
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potential threshold, and action potential half-width. Distinctions between neurons within the
middle of the spectrum are often very gradual and there is not clear subtype grouping based
upon the described properties.

Recent genetic analysis performed on TRN neurons (Li et al.,, 2020) found that two
identified gene profiles were expressed in a somewhat mutually exclusive manner. These genetic
profiles, which included genes for GABA transporters (Slc6al) and T-type calcium channels
(Cacnali), could not be used to distinctly split TRN neurons into distinct subgroups. As one profile
increased in expression, however, the other appeared to decrease reciprocally. In consideration
of our reported findings, it is possible that TRN neurons exhibit a shifting spectrum of these
described gene expression profiles, where neurons that highly express one profile have distinct
electrophysiological properties from neurons with lower expression of the same profile.

A recent study identified that TRN neurons located within the “core” and “edge” regions
of the nucleus may be functionally distinct. Calbindin-containing core cells were found to receive
inputs from first-order primary sensory relay of the ventroposterior nucleus, while the SOM-
containing edge cells received inputs from the higher-order posterior medial thalamic nucleus
(Martinez-Garcia et al., 2020). Neurons at the edges of the nucleus also tended to fire lower
frequency bursts than core cells. A limitation of our study is that the recorded TRN neurons were
sampled widely from the nucleus and the location of the neurons within this study were not
recovered. Further examination will be needed to determine the degree to which the lower
frequency bursting neurons may be associated with this anatomical distribution within the

nucleus.
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Another previous study reported that SOM* neurons have weaker bursts compared to
parvalbumin containing neurons (Clemente-Perez et al., 2017). To determine whether lower
frequency bursting neurons may represent a distinct subset of SOM* neurons, recordings were
made from fluorescently tagged neurons within the SOM-Cre x Ai14 transgenic animal. Findings
revealed that the burst frequencies of these neurons were similar to the non-labeled neurons.
Martinez-Garcia et al. (2020) reported that in a similar SOM-Cre mouse line, many fluorescent
cells were located throughout the nucleus, whereas when they utilized specific local viral
injections to label SOM* cells, they were largely confined to the edge regions. They postulated
that in the SOM-Cre line, Cre recombination may occur early on in development when some more
central neurons may produce SOM before a possible developmental loss in this expression (Hu
et al., 2013). Further studies will be needed to determine how SOM* cells may be related to lower
frequency bursting neurons.

One curious finding from these data was a lack of previously reported atypically bursting
neurons (Lee et al.,, 2007). Previously, in addition to a subset of bursting and non-bursting
neurons, a third class of atypically bursting neurons were identified. These neurons produced a
burst with an initial typical action potential followed by action potentials with lower amplitudes
and longer half-widths. Atypically bursting neurons were localized to the more dorsal portions of
the TRN along with non-bursting neurons, while typically bursting neurons were found more
ventrally. Two possible reasons for our lack of atypical neurons are the age of the animals, as well
as possible differences between mouse and rat models. The entirety of this work utilizes mouse
TRN from animals aged 30 postnatal days or greater, while Lee et. al. (2007) based their studies

in the TRN of rats aged 10-28 postnatal days. In recordings of mouse TRN (PND 13) not reported
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in this study, two atypically bursting neurons were identified. It is possible that the atypical burst
phenotype is a developmental stage within the TRN, and if so, it would be interesting to know if
they are late maturing bursting neurons or perhaps may represent a precursor to slowly bursting
neurons.

An additional aspect of our study that varied from previous studies, was the range in
somata volumes reported. Our study found that mouse TRN somata volumes ranged from 360-
4090 um3, whereas a previous study comparing soma volumes of rat, cat, and rabbit, reported
were much smaller (150-860 um3; Liibke, 1993). The method used to evaluate the somata may
account for these differences. Two-photon microscopy was utilized to create z-stacked images
spanning the depth of the neuron to calculate soma volume. Our slices were also not dehydrated
prior to imaging and decreasing likelihood of soma shrinkage. Additionally, the patch electrode
pipette was not removed before imaging the neurons, because in practice it was observed that
this sometimes has the effect of distorting the membrane and thus soma shape. In two separate
blinded analyses of these data, soma size was positively correlated with burst frequency.

Observations from these studies revealed that the neurons of the TRN cannot easily be
separated into discrete populations based on electrophysiological or morphological properties.
However, neurons at either end of this broad spectrum vary significantly in their intrinsic
properties and the magnitude and duration of the burst-mode output. GABAs receptors are
strongly activated by fast tetanic action potentials, as produced by high frequency burst
discharge, whereas lower frequency bursting neurons may only be able to activate faster acting
GABAA receptors. This suggests that higher and lower frequency bursting neurons may occupy

distinct physiologic roles in their patterns of thalamic inhibition.
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Burst discharge is the predominant firing mode during sleep, however there is evidence
that bursts may be important to facilitate specific signal transmissions or changes in attention
(Bezdudnaya et al., 2006; Guido and Weyand, 1995; Hartings et al., 2003; Ramcharan et al., 2000).
While high frequency bursting neurons are known to play a large role in sleep, the lower
frequency bursting neurons are unlikely to participate in the large, rhythmic bursts of slow-wave
sleep patterns and would instead have a different role. A drawback of this study is the lack of
specific locations of the neurons, the recordings were conducted through a wide range and the
vast majority likely fall within the sensory TRN. One possible role of lower frequency bursting
neurons in sensory processing could be to provide longer lasting, lower levels of thalamic
inhibition to more finely modulate the sensory circuit. While higher frequency burst neurons are
firing in a phasic “on or off” pattern, the lower frequency bursting neurons would act as a dimmer
switch to maintain a lower level of inhibition that may more closely resemble a tonic or phasic
pattern.

SK channel activation plays a critical role in shaping burst mode output in both higher and
lower frequency bursting neurons. Blocking Isk increased the frequency and number of action
potentials per burst, making lower frequency bursting neurons more physiologically similar to
higher frequency bursting neurons. Attempts to identify endogenous neuromodulators of Isg,
have been largely unsuccessful (Liegeois et al., 2003). Our investigation into a possible adrenergic
mechanism utilizing phenylephrine was also not successful. Differences in Isk activity do not
appear to account for the variable burst discharge characteristics, however determination of an
endogenous neuromodulator of Isx would provide an additional mode of input-specific signal

integration and modulation of thalamocortical inhibition.
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The TRN has time and time again proven itself to be a highly organized hub of modulatory
subnetworks which integrate complex sensory information and regulate thalamocortical
excitation. Further characterization of network connectivity and thalamocortical output of higher
and lower frequency bursting neurons will clarify the functional role of this broad spectrum of

burst properties within the TRN.
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CHAPTER 3: DENDRITIC CALCIUM CHANNEL ACTIVITY AND DISTRIBUTION IN
HETEROGENEOUS TRN NEURONS

Abstract

Neurons within the thalamic reticular nucleus (TRN) are critical modulators of sensory
processing within the brain. Their significant contribution to thalamocortical inhibition allows
them to appropriately modulate sensory afferents as they are processed between the thalamus
and cortex. TRN neurons distinctly discharge action potentials in two modes: burst and tonic
mode. In Chapter 2, burst discharge from TRN neurons was shown to vary greatly in the action
potential frequency during this transient discharge. Such variability could have important
implications on the functional output of these different TRN neurons. Prior studies suggest that
T-type calcium channels are distributed throughout the dendrites in TRN neurons with high
frequency burst discharge. Considering that a significant population of TRN neurons have a lower
frequency burst discharge, the distribution of calcium responses along the proximal-distal extent
of TRN dendrites was next examined. Using two-photon laser scanning microscopy, it was found
that calcium signals were significantly smaller in lower frequency bursting neurons at all
intermediate and distal dendritic regions relative to higher frequency bursting neurons.
Subsequent blocking of small conductance calcium-activated potassium channels (SK) unmasked
a larger calcium response at proximal and intermediate locations for higher frequency bursting
neurons, but mainly at proximal locations for lower frequency bursting neurons. These data
reveal that heterogeneous TRN burst discharge frequencies may represent a diverse cell

population with different dendritic ion channel composition and distribution.
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Introduction

The thalamic reticular nucleus (TRN) is a GABAergic nucleus that serves as a major source
of inhibition onto thalamocortical neurons that affect sensory circuits (Cox et al., 1997). As
ascending sensory information enters the thalamus, it must be relayed to the appropriate
neocortical region for subsequent processing. The TRN is uniquely situated in that
thalamocortical and corticothalamic axons give rise to collateral afferents onto TRN neurons as
they traverse the region. The synaptic integration of these collaterals serves to “inform” TRN
neurons of the state of excitation within the thalamocortical and corticothalamic pathways
(Guillery and Harting, 2003). TRN neurons integrate this information to perform appropriate
thalamocortical inhibition in response, and thus they play and important role in the modulation
and likely regulation of sensory transmission from the thalamus to the neocortex.

TRN neurons produce action potentials in two distinct modes: burst and tonic mode.
When a TRN neuron is in burst mode, the membrane potential is relatively hyperpolarized,
allowing incoming excitatory postsynaptic potentials (EPSPs) to activate a transient T-type
calcium channel-mediated LTS of varying sizes (Kim and McCormick, 1998; Hartings et al., 2003).
This LTS can then generate a burst of multiple Na*-dependent action potentials at a relatively
high frequency. In tonic mode, action potentials are discharged at a roughly consistent rate that
is related to the magnitude of afferent synaptic excitation.

While most TRN neurons produce high-frequency bursts of action potentials at
hyperpolarized membrane potentials, a subset of non-bursting neurons appears to be incapable
of producing burst discharge. Instead, they fire action potentials in a tonic pattern in response to

membrane depolarizations, regardless of membrane potential (Contreras et al., 1992; Lee et al.,
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2007). While non-bursting neurons may have fewer T-type calcium (T-)channels or have less T-
channel current (It) activation, it is also possible that they lack the typical robust burst due to a
distribution of T-channels that is biased towards distal dendrites with little signal propagation
through the more proximal arbors (Chausson et al., 2013). Burst discharge in general is largely
determined by the presence of T-channels at the soma and proximal dendrites. A more distal
distribution of T-channels in neurons lacking burst discharge could also serve as a voltage state-
dependent amplifier of afferent synaptic activity at those distal locations. The differentiation of
burst and tonic modes is important to the TRN because the inhibitory output onto
thalamocortical neurons is quantitatively different depending on the mode. High frequency
bursts of action potentials deliver strong tetanic inhibition, through the activation of both GABAA
and GABAg receptors, whereas tonic discharge of TRN neurons primarily activates only GABAa
receptors (Kim et al., 1997; Kim and McCormick, 1998).

These studies have previously shown that not only do TRN neurons discharge bursts
across a broad range of frequencies, but the amplitude of the lr-mediated LTS is positively
correlated with the burst frequency (Chapter 2). It is not clear whether reduced LTS amplitude is
due to a decreased density of T-channels on the soma and proximal dendrites, a lower level of T-
channel activation, or a greater distribution of T-channels distally along the dendrites. As
previously discussed, it is possible that that the lack of typical burst discharge in non-bursting
neurons may not necessarily indicate that they lack T-channels, but instead there are a greater
density of T-channels on distal dendrites that are not activated by somatic depolarization but

could act as synaptic amplifiers in response to afferent synaptic activity at distal sites. While
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nearly all TRN neurons can elicit a transient It mediated LTS at hyperpolarized states, the
distribution of T-channels along the dendritic arbor remains unclear.

The relative location of dendritic T-type calcium channels underlying the LTS is an
important feature of the neuron because densities may provide location-specific amplification of
afferent signals in burst mode. (Cueni et al., 2008a; Destexhe et al., 1996). The location of T-
channels along the dendrites may also impact different characteristics identified in these highly
variable burst types, such as LTS amplitude, LTS half-width, and average burst discharge
frequency. In addition to T-channels, small conductance calcium-activated potassium (SK)
channels have also been shown to have significant influence on burst discharge, however their
activity and dendritic distribution in lower frequency bursting is unknown. SK channels are
activated during burst discharge in TRN neurons. Rhythmic oscillations in the TRN are maintained
by the interplay of Ir, selective sarcoplasmic reticulum calcium ATPase (SERCA) and SK channels,
which rapidly uptake calcium to allow T-channels to quickly recover (Cueni et al., 2008b). SK
channels are activated by calcium influx, such as during an l--mediated burst. Activated SK current
(Isk) increases a K* conductance, leading to an accelerated repolarization following the LTS,
truncating the burst duration and subsequently reducing the inter-burst interval of repetitive
bursting TRN neurons (Cueni et al., 2008b; Hallworth et al., 2003; Liegeois et al., 2003). While Isk
can contribute to the fast AHP (after hyperpolarization) of single action potentials, the greater
impact, and one that directly contributes to TRN maintenance of oscillatory rhythms, comes from
their activation the burst discharge calcium influx (Cueni et al., 2008b; Liegeois et al., 2003). It is
clear that Isx activation has a prominent role in shaping the burst output of TRN neurons.

However, given the potential of dendritic It to act as a location- and voltage-dependent amplifier
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of local synaptic afferents, location-specific densities of SK channels could also serve to impact
the I--mediated amplification of afferent synaptic activity.

In earlier findings (Chapter 2), it was found that burst discharge frequencies in TRN
neurons vary widely in the frequency and number of action potentials per burst. Because T-
channels are responsible for the LTS that underlies a burst discharge, a series of experiments
were conducted to measure whether the density and/or distribution of calcium channels along
the dendrite were related to the frequency of the burst. Additionally, the Isk inhibitor apamin was

applied to investigate whether dendritic Isk may impact It in a location-specific manner.

Materials and Methods

Slice preparation

Animals were housed at Michigan State University animal facilities and all experiments
were conducted in accordance with the Institutional Animal Care and Use Committee (IACUC).
All experiments utilized female and male adult C57BL/6J mice (Postnatal age 42 + 13 days, range
29-72). For brain slicing procedures, animals were deeply anesthetized (3% isoflurane, 97% O3)
and in some cases perfused with the cold (4°C) slicing solution containing (in mM): 2.5 KCl, 1.25
NaH;PO4, 10.0 MgS04, 0.5 CaCly, 26.0 NaHCOs, 10.0 glucose, and 234.0 sucrose. Horizontal brain
slices (300 um thickness) were made using a vibrating tissue slicer while immersed in cold (4°C),
oxygenated (95% O3, 5% CO:) slicing solution. Slices were immediately transferred to a warmed
holding chamber (35°C) of oxygenated (95%0,, 5%CO,) artificial cerebrospinal fluid (ACSF)

solution containing (in mM): 126.0 NaCl, 2.5 KCl, 1.25 NaH;P04, 2.0 MgCl,, 2.0 CaCl,, 26.0

84



NaHCOs, and 10.0 glucose. After 30 minutes, holding chamber temperature was returned to

room temperature and slices incubated for a minimum of 60 minutes prior to recording.

Electrophysiology

Glass micropipettes pulled to resistances between 4-6 MQ were used to perform whole-
cell TRN neuron recordings in horizontal brain slices. Micropipettes were filled with an internal
solution of (in mM): 117 K-methyl-sulfate, 13 KCI, 1.0 MgCl,, 0.07 CaCl,, 10 HEPES, 2.0 ATP, and
0.4 GTP. An Olympus BX-51WI with Dodt gradient contrast optics was utilized to locate the
neurons, and cells were recorded in a slice chamber with fresh oxygenated (95% O,, 5% CO,)
ACSF maintained at 32°C. Only cells with an input resistance greater than 100 MQ, a resting
membrane potential more negative than =50 mV that did not fluctuate > 10 mV throughout the
duration of the recording, lacked spontaneous action potential firing, and had an evoked action
potential peak > +0 mV were included for analyses. Data were obtained using a MultiClamp 700b
amplifier and sampled at a rate of 20 kHz. Data were filtered at 4 kHz using a Digidata 1550a
digitizer. All voltages are corrected for an8 mVliquid junction potential. PClamp

software (Molecular Devices, Inc.) was used for electrophysiology.

Pharmacology

All antagonists were bath applied for at least 10 minutes prior to proceeding with
experiments. Concentrated stock solutions were created in distilled water and brought to a
working concentration in ACSF. Pharmaceutical agents were purchased from either Tocris

(Minneapolis, MN) or Sigma-Aldrich Co. (St. Louis, MO).
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Calcium imaging

A two-photon laser scanning system was used for cell imaging (Ultima, Bruker). After
break-in, the cell was allowed to fill with the calcium-insensitive fluorescent indicator Alexa 594
(25 uM) for at least fifteen minutes before calcium imaging. As illustrated in Figure 3.0 A, calcium
influx was measured at three distances from the soma to distal dendrites: proximal (10 um from
the soma), intermediate (75-130 um from the soma), and distal (150-350 um from the soma).
Rapid linescans (5-7 scans/location) were executed at discrete dendritic locations to measure
fluorescent calcium activity using a calcium-sensitive dye (Fluo5-ff, 100 uM) relative to a calcium
insensitive indicator, Alexa 594 (Figure 3.0 B). Background subtraction was used to remove non-
fluorescent noise from stable calcium recordings obtained from the linescans, and the calcium
signal was then averaged over the multiple scans to yield peak (AG/R) or time-integral
((AG/R)/ms) measurements (Figure 3.0 C). Peak AG/R measurements have been frequently used
to report data within calcium imaging studies, however consideration of the potential volumetric
limitations of non-linear dye diffusion, especially in thin (< 1 um) distal dendrites of TRN neurons
(up to 350 um from the soma), indicates that the buffering potential of the calcium indicator is
likely non-linear throughout the dendritic arbors. Conversely, the heightened buffering potential
in more proximal dendrites adds considerable weight to the accuracy of the time-integral based

measurements which are unrelated to the Kz of the calcium indicator (Helmchen et al., 1996).

Data Analysis
All electrophysiological analysis was performed using Clampfit (Molecular Devices, San

Jose, CA) software. Calcium signals were analyzed using custom code in Mathematica (Wolfram,
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Champaign, IL). Statistics were calculated using Microsoft excel and Mathematica and all values

are reported as average + standard deviation unless otherwise stated.
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Figure 3.0: Dendritic calcium imaging of TRN neurons. (A) Fluorescently filled TRN neuron with

proximal (10 um), intermediate (75-130 um), and distal (150-350 um) ranges of dendritic imaging
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Figure 3.0 (cont’d)

locations indicated. (B) Raw linescan images showing the green (Fluo5-ff) and red (Alexa 595)
channel fluorescence in response to a somatic burst evoked by a 50 ms current step. (C) Calcium
measurements are reported as the change in the green channel over red (% AG/R) as a function

of time (top). A representative evoked burst trace is shown below.

Results

Dendritic calcium response to somatically evoked burst discharge in high-frequency bursting
neurons

A previous study found that within higher frequency bursting TRN neurons, an LTS
generated at the soma will result in calcium signals within the dendrites. These calcium signals
were also found to increase in magnitude from proximal to distal dendrites, a phenomenon not
observed in thalamocortical neurons (Crandall et al., 2010). To determine whether this
distribution is consistent for both lower frequency (< 100 Hz) and higher frequency (> 100 Hz)
bursting TRN neurons, the next aim was to activate dendritic It by evoking a maximal somatic
burst that would backpropagate into the dendritic arbors. Short (30-60 ms) current steps of
increasing intensities (50 pA intervals) were used to determine the maximally activated somatic
burst. TTX (1 uM) was then applied to block the Na*-dependent action potentials, and thereby
unmask the LTS.

In the subset of higher frequency bursting neurons, (> 100 Hz), calcium signals could be
evoked throughout the length of the dendrites. In response to a short (30-60 ms) current

injection, the integral of the calcium signal was largest proximally and decreased at more distal
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distances (Figure 3.1 A-B; proximal: 2839 + 1535 (AG/R)/ms), n = 32D, 32C; intermediate: 2524 +
1649 (AG/R)/ms, n=21D, 21C; distal: 1741 + 809 (AG/R)/ms, n = 16D, 16C). Subsequent statistical
analyses did not show a significant difference of the calcium signal at different locations (F2,66 =
3.100, P = 0.052, ANOVA); however, subsequent post hoc Tukey tests indicated significant
decrease in calcium activity from proximal to distal regions (P = 0.040, Tukey post hoc test). When
analyzing the peak calcium signal (AG/R), the largest burst-evoked calcium signals occurred in the
intermediate (Figure 3.1 C-D; 15.8 + 7.0 AG/R, n = 21D, 21C) and distal regions (15.5 + 6.4 AG/R,
n = 16D, 16C). The signal in the proximal region averaged 12.1 + 6.0 AG/R (n = 32D, 32C). There
was no statistical difference between peak calcium signals at any dendritic distance (F2,66 = 2.661,

P =0.077, ANOVA).
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Figure 3.1: Dendritic calcium activity in higher frequency bursting TRN neurons. Dendritic
calcium responses were measured following a somatic current injection eliciting an LTS.
Experiments were conducted in TTX, and appropriate current to elicit a maximal depolarization
was determined directly prior to recordings. (A) Integral ((AG/R)/ms) measurements of calcium
activity within individual neurons bursting at > 100 Hz (left). Red, green, and blue boxes designate
values included in proximal, intermediate, and distal locations, respectively. Histogram

summarizing the data (right). (B) Peak AG/R measurements of calcium activity within
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Figure 3.1 (cont’d)
individual bursting neurons (left) and a histogram summarizing the data (right). * Indicates P <

0.05 ANOVA, Tukey post hoc.

Dendritic burst mode-evoked calcium activity is reduced in lower frequency bursting neurons

Analysis of lower frequency bursting TRN neurons revealed that dendritic calcium signals
were also evoked at all regions in response to a somatic evoked LTS. Integral measurements of
the calcium signal along the dendrite showed a trend of larger responses at proximal sites (Figure
3.2 A; proximal: 1613 + 1801 (AG/R)/ms, n = 25D, 25C; intermediate: 688 + 772 (AG/R)/ms, n =
13D, 13C; distal: 603 * 675 (AG/R)/ms, n = 13D, 13C); however, similar to higher frequency
bursting neurons, there was no statistical difference in the calcium signal along the dendritic
extent (F2,48=3.178, P =0.051, ANOVA). Like the higher frequency bursting neurons, there was a
trend of stronger signal at the proximal locations of lower frequency bursting neurons that
decreased throughout the length of the dendrite. Direct comparison of the integral
measurements of calcium activity at each dendritic region between high and low frequency
bursting neurons revealed that higher frequency bursting neurons had significantly more
activated calcium along their dendrites (Figure 3.3 A, P = 0.033, ANOVA; proximal P = 0.019,
intermediate P = 0.005, distal P = 0.267, post hoc Tukey comparison).

Measurements of peak calcium activity also revealed a consistent magnitude of activation
along the dendrite (Figure 3.2 B; proximal: 7.3 + 6.7 (AG/R), n = 25D, 25C; intermediate: 6.6 + 6.3
(AG/R), n = 13D, 13C; distal: 6.4+ 4.8 (AG/R), n = 13D, 13C; F248=0.102, P = 0.904 ANOVA). Like
the integral measurements, when peak calcium signals at each dendritic location between higher

and lower frequency bursting neurons, there was greater activation within the higher frequency
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bursting neurons (Figure 3.3 B; P < 0.001, ANOVA; proximal P = 0.055, intermediate P = 0.001,

distal P = 0.002, post hoc Tukey Comparison).
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Figure 3.2: Dendritic calcium activity is reduced in lower frequency bursting TRN neurons.

(A) Integral ((AG/R)/ms) measurements of calcium activity in response to a maximally evoked LTS
within individual neurons with initial burst frequencies < 100 Hz (left). Red, green, and blue boxes
designate values included in proximal, intermediate, and distal locations, respectively. Histogram

summarizing the data (right). (B) Depicts the same measurements as in A, except peak
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Figure 3.2 (cont’d)
values (AG/R) are represented in the graphs for individual neuron responses (left) and the

histogram summary (right). * Indicates P < 0.05.
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Figure 3.3: Comparison of dendritic calcium activity in higher and lower frequency bursting
neurons. (A) Comparison of the time-integral of the calcium signal in response to an evoked burst
between lower and higher frequency bursting neurons. Individual data points are represented as
open circles. (B) Comparison of peak calcium signals in response to an evoked burst between

lower (gray) and higher (blue) frequency bursting neurons. * indicates P < 0.05, Two-way ANOVA.

Activation of SK channels reduces the duration of the dendritic calcium responses

Our previous study (Chapter 2) revealed that application of the SK channel blocker apamin
increased the burst duration, burst frequency, and number of action potentials per burst in both
higher and lower frequency bursting neurons. It was next investigated whether SK channels could

differentially affect the calcium signals at different dendritic locations. Two-photon laser
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scanning microscopy was again used to image calcium activity at various dendritic distances
before and after the addition of apamin (100 nM). Findings revealed that both higher and lower
frequency bursting neurons responded to apamin with increased dendritic calcium influx in
response to a somatic burst, however the dendritic region experiencing the largest increase in
calcium influx differed between lower and higher frequency bursting neurons. Integral
measurements revealed that in higher frequency bursting neurons (> 100 Hz), apamin
significantly increased calcium responses at proximal (Figure 3.4 A-B: control: 3166 * 1625
(AG/R)/ms, apamin: 4378 * 2324 (AG/R)/ms, n = 16D, 15C; P = 0.039, paired t-test) and
intermediate regions (control: 3097 + 1603 (AG/R)/ms, apamin: 4946 + 2999 (AG/R)/ms, n = 14D,
11C; P = 0.038, paired t-test). The distal calcium signal was not altered following the application
of apamin (control: 2008 + 865 (AG/R)/ms, apamin: 2300 + 1694 (AG/R)/ms, n = 10D, 10C; P =
0.633, paired t-test). In contrast, lower frequency bursting neurons only experienced a strong
increase in the proximal signal by apamin (Figure 3.4 D; control: 1030 + 767 (AG/R)/ms, apamin:
1800 + 1420 (AG/R)/ms, n = 15 D, 14C: P = 0.005, paired t-test). The calcium signal integrals
observed in the intermediate (control: 841 + 943 (AG/R)/ms, apamin= 1392 + 1822 (AG/R)/ms, n
= 10D, 10C; P = 0.271, paired t-test) and distal regions (control: 714 + 736 (AG/R)/ms, apamin=
2246 +3218 (AG/R)/ms, n=10D, 10C; P =0.120, paired t-test) were unaffected by apamin (Figure
3.4 D).

Examination of the effect of apamin on peak calcium influx revealed a similar pattern of
significant proximal and intermediate enhancement in higher frequency bursting neurons (Figure
3.4 C: Proximal, control: 12.3 + 3.6 AG/R, apamin: 16.9 + 6.7 AG/R, n = 16D, 15C, P < 0.001, paired

t-test; Intermediate, control: 18.0 + 7.0 AG/R, apamin: 20.9 + 7.9 AG/R, n = 14D, 11C, P = 0.015,
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paired t-test; Distal, control: 15.3 + 5.1 AG/R, apamin = 14.9 + 6.9 AG/R, n = 10D, 10C; P = 0.857,
paired t-test). Lower frequency bursting neurons exhibited significant distal enhancement in
addition to proximal when observing peak amplitudes of the signal (Figure 3.4 E: Proximal;
control: 5.8 + 4.6 AG/R, apamin: 10.4 + 5.8 AG/R, n = 16; p < 0.001, paired t-test; Intermediate;
control: 7 + 6.8 AG/R, apamin: 14.2 + 7.8 AG/R, n = 10; P = 0.070, paired t-test; Distal; control:
7.3 + 5.1 AG/R, apamin: 11.4 + 4.8 AG/R, n = 10; P = 0.035, paired t-test). While SK channel
activation may not account for the differences between higher and lower frequency bursting
neurons, these results indicate that dendritic region-specific SK channel modulation of burst

output plays a role in diverse TRN burst output.
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Figure 3.4: Apamin increases the duration of the calcium transient in both higher and lower

frequency bursting neurons at different locations.
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Figure 3.4 (cont’d)

(A) A 50 ms, 120 pA current step was somatically injected to produce a robust burst (236 Hz).
Traces in the presence of TTX are shown in the middle row, and with the addition of apamin in
the lower row. (B) Integrals of the calcium signal recorded from higher frequency bursting
neurons at proximal (red), intermediate (green) and distal (blue) locations before and after the
addition of apamin. Significant increases in duration are noted at proximal and intermediate
dendritic locations with the addition of apamin. Ctrl: indicates TTX only. AP: addition of apamin
(100 nM) in the presence of TTX. (C) Similar to B, C reports peak calcium signals recorded from
higher frequency bursting neurons before and after the addition of apamin. Significant increases
in duration are similarly noted at proximal and intermediate dendritic locations with the addition
of apamin. (D-E) Reflect the same experimental parameters as B and C, except in lower burst
frequency neurons. Signals at proximal locations significantly increased following apamin with
either measurement, however only with measurement of the peak fluorescence were distal

dendritic calcium signals additionally amplified. * Indicates P < 0.05, paired t-test.
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Figure 3.4 (cont’d)
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Discussion

These studies compared burst-evoked calcium activity at different dendritic regions in
TRN neurons with burst frequencies ranging from 3-291 Hz. To analyze a possible relationship
between dendritic calcium and burst frequency, this large neuronal population was split into two
categories: those which fire action potentials at > 100 Hz in burst mode, and those which fire

action potentials at < 100 Hz. A current-evoked somatic burst activates dendritic calcium currents
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throughout the proximal to distal extent of TRN dendrites, regardless of whether the current
injection evokes a robust LTS in the recorded electrophysiology. Analysis of evoked calcium
currents using time-based integrals revealed that lower frequency bursting neurons activate
significantly less calcium current at proximal and intermediate dendritic regions compared to
higher frequency bursting neurons. This disparity in the calcium was also apparent in the analysis
of peak calcium influx, however this difference was significant at intermediate and distal regions,
rather than proximal.

This study identified significant differences in calcium activity interpretation between the
two general approaches to calcium signal analysis: a time-based integral of the calcium response,
or a measurement of the peak calcium fluorescence. The time-integral of calcium influx in higher
frequency bursting neurons suggests that the calcium activity, and likely channel density, is
significantly increased proximal to the soma and diminishes throughout the dendritic arbor. Peak
calcium influx curiously revealed the opposite trend; that calcium appeared highest at
intermediate and distal sites, with the smallest peak at 10 um form the soma. TRN neurons have
long (up to 350 um in this study) dendrites which become very thin (0.5-1 um diameter) at distal
locations. The concentration of Fluo5-ff at distal dendrites is expected to be less than at proximal
dendrites, possibly underestimating calcium activity at distal dendrites.

When comparing calcium responses using time-integral analysis, higher frequency
bursting neurons elicited the largest calcium response at proximal locations. In these neurons,
the responses at proximal and intermediate regions were not significantly different, however

activity at distal regions was decreased from proximal. In the lower frequency bursting neurons,
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there was no significant difference in the calcium response throughout the length of the dendrite,
however the largest responses were typically proximal.

Comparative analysis of peak calcium responses revealed that both neuron subsets had a
statistically uniform distribution of calcium signals along their dendrites. Findings from Chapter
2 indicated that the smaller LTS potentials generated in burst mode by low frequency bursting
neurons are also T-channel mediated as these signals were sensitive to low-concentrations of
NiCl, application. These results further confirm that the LTS mediated by lower frequency
bursting neurons are largely due to calcium activation along the length of the somatodendritic
axis. One interpretation of the comparison of peak and integral measurements is that more distal
sites may have larger peak calcium measurements with a faster reuptake leading to a smaller
time integral. If considering this not to be a consequence of dye buffering, it could reveal that
distal locations have faster reuptake, possibly via sarcoplasmic reticulum ATPases (SERCAs) and
SK channels (Coulon et al., 2009; Errington et al., 2010). Further study into the relative density of
SERCAs and SK channels along the dendrites may provide more insight into possible dendritic
location-dependent modulation of signal integration.

A previous study of dendritic calcium activity in the TRN found that peak calcium signals
were significantly larger in distal versus proximal dendrites (Connelly et al., 2015; Crandall et al.,
2010). While our comparative analysis of peak calcium activity revealed a trend towards distal
amplification, our data did not show significant differences between either of our three dendritic.
There are several main differences between these two studies. First, these studies utilized a
mouse model, while Crandall et. al. (2010) studies were conducted in rats. Second, Crandall et.

al. conducted their recordings at room temperature (23°C), whereas these studies were
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conducted at 32°C. Third, calcium indicator differences could also contribute to these findings,
as Crandall et. al. utilized Fluo-4, whereas these studies use Fluo5-ff. Finally, our findings come
from animals aged > PND 30 (average 42 + 13) whereas Crandall et. al. studied animals PND 11-
23. It is possible that younger animals have a denser distal distribution of T-channels that are
then paired down developmentally. Further comparison of calcium signals in young mice would
assist in determining whether this is a developmental difference.

Lower frequency bursting neurons appear to have less evoked T-channel activation in
their dendritic arbors. An additional possibility is that instead of having fewer calcium channels,
an antagonistic co-activating ion channel, SK, may more strongly counter the effect of It in some
neurons, resulting in a shorter and potentially weaker activation. Our previous study revealed
that blocking Isk leads to an increase in burst duration, increasing the frequency, and increasing
the number of action potentials per burst in all TRN neurons. This study similarly found that
apamin increases the amplitude and duration of dendritic burst-evoked calcium influx in all
neurons, however the sites of significant enhancement of the calcium signal varied between
higher and lower frequency bursting neurons. In contrast to the higher frequency bursting
neurons, which had the strongest apamin-induced increase in calcium at proximal and
intermediate locations with either peak or time-integral measurements, lower frequency
bursting neurons had the most significant increase at proximal locations via either measurement.
With analysis of peak calcium, but not time-integral responses, a significant distal increase in
calcium activity was also observed in lower frequency bursting neurons. One caveat to this
experiment is the possibility that given the long length of TRN dendrites, a somatic burst may not

fully activate Isk at distal locations. While this is a variable, these studies observed consistent
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calcium signals and a clear enhancement in the signal at distal locations, and this measure of
proportional enhancement provides insight into the effect of Isk at distal locations.

It is clear that Isk plays a role in modulating the burst discharge in all TRN neurons, and it
may have a greater role at proximal rather than distal locations, however it must be noted that
blocking Isk did not increase the calcium response in all neurons however, or at all locations within
the same neuron. To better determine the effect of Isk at distal dendrites it would be useful to
repeat these measurements with synaptically activated bursts. Given that loss of Isk activity
interrupts TRN burst rhythms (Cueni et al., 2008b), further investigation is warranted to
understand regarding the role of Isk among the diverse neuron types within the TRN.

Throughout this study, it is possible that in addition to activating dendritic T-channels, as
has been proposed to account for the vast majority of calcium currents on TRN neuron dendrites
(Cueni et al., 2008a), other channels (L-type, N-type, R-type, see Chapter 1) could also contribute
to the measured calcium responses. When apamin was applied to block sk, the calcium response
lengthened to longer than would be expected for an isolated T-channel mediated response,
sometimes surpassing 500 ms. Further pharmacological studies blocking these higher-voltage
activated channels will be necessary to confirm that T-channels still produce the majority of the
response under apamin conditions.

In developing the protocol used to elicit dendritic calcium within these studies, bursts
were evoked using two different methods: depolarization from a hyperpolarized membrane
potential, and rebound activation following a long hyperpolarizing current step back to a
depolarized membrane potential. The rebound burst was elicited by holding the soma at -100

mV and then rapidly switching the membrane voltage to a more depolarized membrane potential
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(-60 mV) to elicit a large rebound LTS. Releasing the cells from a similar hyperpolarized potential
(e.g., -100 mV) is one way to standardize the strength of the burst activation given differences in
input resistances and intrinsic burst responses. With the rebound burst protocol, but not short
current step activation protocol, a large, long duration (> 8 s) calcium activation was observed
that largely eclipsed the It (Supplemental Figure 3.5). Although the exact nature of this tail
current was not further investigated in these studies, based on these activation characteristics it
is likely a high voltage activated Ca?* current. This tail-current was only apparent in the calcium
analysis and not within the electrophysiology. The duration of the current was notably largest
closer to the soma and decreased with distal progression. It is consideration that when TRN
neurons are in an awake, tonic state, GABAergic input to TRN, such as from the basal forebrain
(Asanuma and Porter, 1990; Bickford et al., 1994), globus pallidus (Asanuma, 1994; Gandia et al.,
1993; Hazrati and Parent, 1991), substantia nigra pars reticulata (Paré et al.,, 1990), or
internuclear connections (Sohal and Huguenard, 2003), could lead to rebound bursts that would
lead to a different, stronger and longer lasting thalamocortical inhibition that a direct burst
activation.

It was previously found that TRN neurons discharge voltage-dependent bursts of action
potentials at a broad spectrum of frequencies, however the physiologic function of these
heterogenous bursts and their impact on downstream thalamocortical inhibition had yet to be
clarified. In order to engage downstream GABAg receptors, eliciting a longer lasting inhibitory
drive, neurons must fire fast trains (> 100 Hz) of many action potentials (Kim et al., 1997), and
thus lower frequency bursting neurons may be physiologically designed to only engage

thalamocortical GABAareceptors. In this present study, maximal somatic burst activation in lower
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frequency bursting neurons elicited less dendritic calcium throughout the dendritic arbors
compared to higher frequency bursting neurons. While TRN neurons bursting at either end of the
frequency spectrum may have profoundly different impacts on thalamocortical inhibition of their
downstream targets, these neurons do not appear to exist as separate groups, but as two ends
of a complexly modulated spectrum of burst frequencies. In the TRN, bursting neurons are often
studied as a homogenous cell type, however these studies have shown that bursts elicited from
TRN neurons are highly variable and may act as uniquely designed processors for their specific

synaptic inputs and thalamocortical target cells.
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Figure 3.5: (Supplemental) Rebound bursts activate an additional longer lasting calcium

transient. (A) Example trace of a dendritic calcium transient elicited from a hyperpolarizing
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Figure 3.5 (cont’d)

rebound burst protocol in TTX (1 uM) recorded 100 um from the soma. The inset box shows the
voltage response and current protocol with a red asterisk indicating the peak low-threshold spike.
Note the long (> 8 sec) transient invading the T-current-mediated calcium response. (B) Example
trace of a calcium transient elicited from a 50 ms depolarizing current pulse in TTX (1 uM). Inset
box shows the voltage response and current protocol with a red asterisk indicating the peak low-
threshold spike. Note the sharper decay and return to baseline levels within one sec. (C) Trace
overlay of the hyperpolarizing protocol-evoked and short depolarizing protocol-evoked calcium

transients.

105



REFERENCES

106



REFERENCES

Asanuma, C., 1994. GABAergic and pallidal terminals in the thalamic reticular nucleus of squirrel
monkeys. Exp. Brain Res. 101. https://doi.org/10.1007/BF00227337

Asanuma, C., Porter, L.L., 1990. Light and electron microscopic evidence for a GABAergic
projection from the caudal basal forebrain to the thalamic reticular nucleus in rats. J.
Comp. Neurol. 302, 159-172. https://doi.org/10.1002/cne.903020112

Bickford, M.E., Gunluk, A.E., Horn, S.C. van, Sherman, S.M., 1994. GABAergic projection from
the basal forebrain to the visual sector of the thalamic reticular nucleus in the cat. J.
Comp. Neurol. 348, 481-510. https://doi.org/10.1002/cne.903480402

Chausson, P., Leresche, N., Lambert, R.C., 2013. Dynamics of Intrinsic Dendritic Calcium
Signaling during Tonic Firing of Thalamic Reticular Neurons. PLOS ONE 8, e72275.
https://doi.org/10.1371/journal.pone.0072275

Contreras, D., Curro Dossi, R., Steriade, M., 1992. Bursting and tonic discharges in two classes of
reticular thalamic neurons. J. Neurophysiol. 68, 973-977.
https://doi.org/10.1152/jn.1992.68.3.973

Coulon, P., Herr, D., Kanyshkova, T., Meuth, P., Budde, T., Pape, H.-C., 2009. Burst discharges in
neurons of the thalamic reticular nucleus are shaped by calcium-induced calcium
release. Cell Calcium 46, 333—346. https://doi.org/10.1016/j.ceca.2009.09.005

Connelly, W.M., Crunelli, V., Errington, A.C., 2015. The Global Spike: Conserved Dendritic
Properties Enable Unique Ca2+ Spike Generation in Low-Threshold Spiking Neurons. J.
Neurosci. 35, 15505-15522. https://doi.org/10.1523/INEUROSCI.2740-15.2015

Cox, C.L., Huguenard, J.R., Prince, D.A., 1997. Nucleus reticularis neurons mediate diverse
inhibitory effects in thalamus. PNAS 94, 8854—8859.
https://doi.org/10.1073/pnas.94.16.8854

Crandall, S.R., Govindaiah, G., Cox, C.L., 2010. Low-threshold Ca2+ current (IT) amplifies distal
dendritic signaling in thalamic reticular neurons. J. Neurosci. Off. J. Soc. Neurosci. 30,
15419-15429. https://doi.org/10.1523/JNEUROSCI.3636-10.2010

Cueni, L., Canepari, M., Adelman, J.P., Lithi, A., 2008a. Ca2+ signaling by T-type Ca2+ channels
in neurons. Pflig. Arch. - Eur. J. Physiol. 457, 1161. https://doi.org/10.1007/s00424-008-
0582-6

Cueni, L., Canepari, M., Lujan, R., Emmenegger, Y., Watanabe, M., Bond, C.T., Franken, P.,
Adelman, J.P., Lithi, A., 2008b. T-type Ca 2+ channels, SK2 channels and SERCAs gate

107



sleep-related oscillations in thalamic dendrites. Nat. Neurosci. 11, 683—692.
https://doi.org/10.1038/nn.2124

Destexhe, A., Contreras, D., Steriade, M., Sejnowski, T.J., Huguenard, J.R., 1996. In vivo, in vitro,
and computational analysis of dendritic calcium currents in thalamic reticular neurons. J.
Neurosci. 16, 169-185.

Errington, A.C., Renger, J.J., Uebele, V.N., Crunelli, V., 2010. State-Dependent Firing Determines
Intrinsic Dendritic Ca2+ Signaling in Thalamocortical Neurons. J. Neurosci. 30, 14843—
14853. https://doi.org/10.1523/JINEUROSCI.2968-10.2010

Gandia, J., De Las Heras, S., Garcia, M., Giménez-Amaya, J.M., 1993. Afferent projections to the
reticular thalamic nucleus from the globus pallidus and the substantia nigra in the rat.
Brain Res. Bull. 32, 351-358. https://doi.org/10.1016/0361-9230(93)90199-L

Guillery, R.W., Harting, J.K., 2003. Structure and connections of the thalamic reticular nucleus:
Advancing views over half a century. Journal of Comparative Neurology 463, 360—371.
https://doi.org/10.1002/cne.10738

Hallworth, N.E., Wilson, C.J., Bevan, M.D., 2003. Apamin-Sensitive Small Conductance Calcium-
Activated Potassium Channels, through their Selective Coupling to Voltage-Gated
Calcium Channels, Are Critical Determinants of the Precision, Pace, and Pattern of
Action Potential Generation in Rat Subthalamic Nucleus Neurons In Vitro. J. Neurosci.
23, 7525-7542. https://doi.org/10.1523/INEUROSCI.23-20-07525.2003

Hartings, J.A., Temereanca, S., Simons, D.J., 2003. State-Dependent Processing of Sensory
Stimuli by Thalamic Reticular Neurons. J. Neurosci. 23, 5264-5271.
https://doi.org/10.1523/JNEUROSCI.23-12-05264.2003

Hazrati, L.-N., Parent, A., 1991. Projection from the external pallidum to the reticular thalamic
nucleus in the squirrel monkey. Brain Res. 550, 142—146. https://doi.org/10.1016/0006-
8993(91)90418-U

Helmchen, F., Imoto, K., Sakmann, B., 1996. Ca2+ buffering and action potential-evoked Ca2+
signaling in dendrites of pyramidal neurons. Biophys. J. 70, 1069-1081.
https://doi.org/10.1016/50006-3495(96)79653-4

Kim, U., McCormick, D.A., 1998. The Functional Influence of Burst and Tonic Firing Mode on
Synaptic Interactions in the Thalamus. J. Neurosci. 18, 9500-9516.
https://doi.org/10.1523/JNEUROSCI.18-22-09500.1998

Kim, U., Sanchez-Vives, M.V., McCormick, D.A., 1997. Functional Dynamics of GABAergic
Inhibition in the Thalamus. Science 278, 130-134.
https://doi.org/10.1126/science.278.5335.130

108



Lee, S.-H., Govindaiah, G., Cox, C.L., 2007. Heterogeneity of firing properties among rat thalamic
reticular nucleus neurons. J. Physiol. 582, 195-208.
https://doi.org/10.1113/jphysiol.2007.134254

Liegeois, J., Mercier, F., Graulich, A., Graulich-Lorge, F., Scuvee-Moreau, J., Seutin, V., 2003.
Modulation of Small Conductance Calcium-Activated Potassium (SK) Channels: A New
Challenge in Medicinal Chemistry. Curr. Med. Chem. Schiph. 10, 625-47.
http://dx.doi.org/10.2174/0929867033457908

Pare’, D., Hazrati, L.-N., Parent, A., Steriade, M., 1990. Substantia nigra pars reticulata projects
to the reticular thalamic nucleus of the cat: a morphological and electrophysiological
study. Brain Res. 535, 139-146. https://doi.org/10.1016/0006-8993(90)91832-2

Sohal, V.S., Huguenard, J.R., 2003. Inhibitory Interconnections Control Burst Pattern and
Emergent Network Synchrony in Reticular Thalamus. J. Neurosci. 23, 8978—8988.
https://doi.org/10.1523/JNEUROSCI.23-26-08978.2003

109



CHAPTER 4: ALTERED PROPERTIES OF TRN NEURONS IN FRAGILE X SYNDROME

Abstract

Fragile X syndrome (FXS) is the leading monogenetic cause of autism spectrum disorder
(ASD), yet to date, research identifying neural pathological mechanisms have focused on cortical
structures, leaving subcortical alterations poorly understood. Individuals with FXS experience an
array of symptoms including intellectual disability, altered sensory perception, sleep
disturbances, and epilepsy. To date, pharmacologic therapies for FXS have been largely
ineffective, indicating a critical need for investigation of additional mechanisms and treatments.
We proposed that abnormal functioning in the thalamic reticular nucleus (TRN), a critical
subcortical region for sensory processing, contributes to the altered sensory processing in FXS.

The TRN is a layer of inhibitory neurons that receives synaptic input from major sensory
processing circuits between the thalamus and neocortex. TRN neurons project only to the dorsal
thalamus where they influence the outflow of sensory information in response to corticothalamic
and thalamocortical afferents. The objectives of this study were to 1) determine whether there
are sensory circuitry dysfunctions of the TRN in the Fmr1-KO mouse and, 2) to better define how
TRN plasticity may influence regulation of sensory information processing. We hypothesized that
in FXS, dysfunctional signal integration at synapses onto TRN neurons disrupts the modulatory
role of TRN in sensory processing.

In this study, we assessed differences in intrinsic electrophysiological properties in wild-
type (WT) and Fmr1-KO mice. Additionally, electrical and optogenetic stimulation techniques, as
well as application of group 1 mGluR-agonist DHPG, were utilized to study evoked synaptic

plasticity changes at afferent TRN synapses. No intrinsic differences were found between WT and

110



Fmr1-KO mice. Additionally, while the TRN may exhibit long or short-term potentiation in
response to burst-paired stimulus and DHPG-induced plasticity protocols, there is no apparent
difference in plasticity between the WT and Fmr1-KO mice. While this study did not find any
Fmrl-deficiency related alterations in plasticity of TRN neurons, it is possible that with the

discovery of a more robust plasticity-evoking protocol, changes could become apparent.

Introduction

Fragile X Syndrome (FXS) is a leading cause of both Autism Spectrum Disorder (ASD) and
intellectual disability (Abbeduto et al., 2014; Budimirovic and Kaufmann, 2011). FXS usually
results from an increase in the number of CGG nucleotide repeats in the 5" untranslated region
of the Fmr1 gene. This increased CGG copy number leads to hypermethylation and silencing of
the gene and a decrease of the protein product, fragile X mental retardation protein (FMRP).
FMRP functions to repress translation at postsynaptic dendrites, and decreased expression leads
to dysregulated synaptic mRNA translation neural transmission (Bear et al., 2004). In addition to
ASD and intellectual disability, FXS individuals have very high co-morbidities with sensory
processing disorders (CDC, 2016; Miller et al., 1999; Sinclair et al., 2017; Watling et al., 2001).
Other features common to FXS are increased rate of epilepsy (20%), and abnormal EEG patterns
independent of seizure activity (Berry-Kravis, 2002; Hunter et al., 2014; Riley et al., 2017; Sinclair
et al., 2017), and sleep difficulties (e.g., initiating and maintaining sleep) (Kidd et al., 2014; Riley

et al., 2017).
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The TRN is a thin layer of inhibitory neurons located between the dorsal thalamic nuclei
and neocortex that functions to modulate sensory information and facilitate appropriate
behavioral responses. TRN neurons are innervated by axon collaterals of corticothalamic and
thalamocortical neurons and send outputs only to the thalamic nuclei (Guillery and Harting, 2003;
Jones, 1975; Pinault, 2004; Zikopoulos and Barbas, 2007). In addition to modulating sensory
information flow, the TRN facilitates sleep rhythmogenesis and selective attention (Fernandez et
al., 2018; Gent et al., 2018; McAlonan et al., 2006). TRN dysfunction is also strongly associated
with absence seizures (Bovenkamp-Janssen et al.,, 2004; Chen et al., 2014; Steriade, 2005).
Patients with FXS have a high incidence of comorbidities associated with these functions (sensory
processing disorder, altered sleep patterns, and epilepsy (Hagerman and Hagerman, 2002)),
bringing forth speculation as to a possible role of TRN pathology in the FXS phenotype.

Evidence that TRN may have a causal role in neurodevelopmental disorders is additionally
contributed by studies in the PTCHD1 deletion autism mouse model. In this study, a calcium-
dependent potassium ion channel (SK) deficit in the TRN of the PTCHD1 deletion autism mouse
model was linked to behavioral deficits, exemplifying the potential of TRN pathology to affect
behavioral outcomes (Wells et al., 2016). Furthermore, FMRP is found distributed in relatively
high amounts throughout the thalamus, including in the TRN, further increasing suspicion of TRN
pathology in FXS (Zorio et al., 2017).

FXS results from the significant decrease of Fragile X Mental Retardation Protein (FMRP),
a translational regulator of mMRNA in neurons. The Fmr1-KO mouse model of FXS displays a variety
of pathological phenotypes and is frequently used as a genetic model of ASD. Several

abnormalities among ion channels have also been reported, resulting from changes in channel
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number, location, or function. Some of these dysfunctional channels include: K,3.1, K.4.2, Slack,
and N- and L-type calcium channels among others (Brager and Johnston, 2014; Brown et al., 2010;
Contractor et al., 2015; Ferron, 2016; Gross et al., 2011; Meredith et al., 2007; Zhang et al., 2012).
Due to some of these deficiencies, neurons within the Fmri-KO mouse may exhibit increased
excitability (Contractor et al., 2015; Gibson et al., 2008) and reduced inhibition (Centonze et al.,
2008; D’Hulst et al., 2006; Olmos-Serrano et al., 2010; Paluszkiewicz et al., 2011). The TRN lies at
an interface of several highly influential sensory circuits where is it largely responsible for
appropriate circuit modulation. The consequence of any one of these Fmri1-KO-related
deficiencies could lead to disordered thalamic sensory processing.

Neuroplasticity describes the brain’s ability to adapt and potentially re-wire in response
to synaptic input. FMRP associates with mRNAs that function in synapse development, dendritic
spine development, and synaptic vesicle transport (Brown et al., 2001; Darnell et al., 2011, 2001).
Several studies have identified alterations in synaptic plasticity in Fmri-KO mice; however, a
major unresolved issue is why these changes occur, and why the alterations greatly differ by
region. For example, in the hippocampus, there is an enhancement of long-term depression
(LTD), while long-term potentiation (LTP) is unaltered (Huber et al., 2002). In contrast, in the
neocortex and amygdala, LTP is greatly attenuated (Larson et al., 2005; Li et al., 2002; Suvrathan
etal., 2010; Wilson and Cox, 2007). There is a clear regional difference in outcomes in the absence
of FMRP, yet little is known of the impact of FMRP loss in regions of the thalamus, such as the
TRN, which exerts carefully balanced regulatory control over the information flow between
cortical and thalamic brain regions. The metabotropic glutamate receptor (mGIuR) theory of FXS,

which originated from initial findings in the hippocampus, predicts that FMRP functions as a

113



postsynaptic translational modulator of a subset of mRNAs at excitatory group | mGluR
(mGIuR1/5) synapses (Bear et al.,, 2004). When FMRP is suppressed, the synapse lacks
translational repression, which leads to enhanced receptor activity. Selective mGIuR5 antagonists
have been proposed as a possible treatment for FXS (Délen et al., 2007), however clinical trials
have not completely recovered phenotypes, indicating a need for more thorough mechanistic
studies of FXS pathology (Youssef et al., 2018).

FMRP associates with over 800 mRNAs, many of which are directly involved in synaptic
transmission (Brown et al., 2001; Darnell et al., 2011, 2001). The functions of these transcripts
include long-term potentiation/depression, GABA, regulation, and calcium signaling, indicating
that FMRP activity extends beyond group 1 mGIluR receptors. Decreased dendritic calcium
transient currents have been reported in the Fmri1-KO cortex, as have abnormalities in several
potassium channels and increased input resistance (Brager and Johnston, 2014; Brown et al.,
2010; Gibson et al., 2008; Meredith et al., 2007; Zhang et al., 2012). The mGIuR theory accounts
for one component of FXS; however, numerous studies suggest several other roles for FMRP in
the brain that have yet to be understood. Investigating these other roles is critical to
understanding the disorder and may divulge new avenues for treatment development.

Activity-dependent synaptic plasticity onto TRN neurons has only recently been identified
in wild-type (WT) animals (Fernandez et al., 2017; Sevetson et al., 2017; Sun et al., 2016). While
the mechanisms are not fully characterized, studies show involvement of mGIluRs, N-Methyl-D-
aspartate receptors (NMDARs), and calcium-dependence. However, loss of FMRP impairs several

potentially involved ion channels, such as mGIuRs, and L-type and N-type calcium channels
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(Brager and Johnston, 2014; Comery et al., 1997; Darnell et al., 2011; Irwin et al., 2001; Meredith
et al., 2007).

Previous findings suggest that corticothalamic plasticity in TRN is dependent upon mGIuR
or NMDA activation (Fernandez et al.,, 2017), and to date there is little evidence of mGIluR
receptors or plasticity in general at thalamocortical synapses (Govindaiah et al., 2012). FMRP-
regulated mGluRs may have abnormal function in FXS, and if only corticothalamic synapses
contain these receptors, FMRP loss may affect corticothalamic afferents to a greater degree than
thalamocortical. This study investigates whether synaptic plasticity of excitatory afferents onto
TRN neurons is altered in the Fmri-KO mouse. Such pathology could significantly alter the
inhibitory drive from TRN onto thalamocortical neurons, and ultimately dysregulate normal
sensory information processing. Further investigation into the role of plasticity in the TRN, and
the effects of TRN pathology on these processes may better reveal etiologies behind the neural
deficits in FXS and potentially other ASD-related disorders.

The following studies utilize an Fmr1-KO mouse model to investigate the role of Fmr1 in
the TRN. It is clear that in the brain, Fmrl plays a diverse yet significant role in ion channel
expression and trafficking, synaptic plasticity, and calcium signaling. Loss of Fmrl expression
manifests in Fragile X Syndrome, and is associated with conditions such as epilepsy, abnormal
sensory processing, intellectual disability. The TRN plays a critical role in regulating sensory
processing circuits, and pathology is tied to epilepsy. TRN also utilizes many implicated ion
channels and group 1 mGluRs, suggesting possible undiscovered pathology in the Fmrl-KO

mouse.
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Materials and Methods

Slice Preparation

Wild-type (WT) female and male C57BL/6)J or Ntsrl-Cre/Ai32 (Ai32(RCL-
ChR2(H134R)/EYFP; Jackson Laboratories # 024109) x Tg(Ntsr1-cre)GN220Gsat/Mmucd; MMUCD
# 017266-UCD) mice were compared with Fmr1-KO mice (C57BL/6J/Fmr17), at a range of ages
older than postnatal day (PND) 14 (average PND 40 * 14, range 14-111). Animals were deeply
anesthetized (3% isoflurane) and perfused with cold, oxygenated (95% 0., 5% CO;) slicing
solution containing (in mM): 2.5 KCI, 1.25 NaH;P0O4, 10.0 MgSQg, 0.5 CaCl,, 26.0 NaHCOs3, 10.0
glucose, and 234.0 sucrose. Horizontal brain slices (300 um thickness) were sectioned and
transferred to a warmed holding chamber (35°C) containing oxygenated (95%0,, 5%CO0,) artificial
cerebrospinal fluid (ACSF) solution containing (in mM): 126.0 NaCl, 2.5 KCl, 1.25 NaH3POQg4, 2.0
MgCl,, 2.0 CaCly, 26.0 NaHCOs, and 10.0 glucose. After 30 minutes, chamber temperature was
gradually returned to room temp and slices incubated for a minimum of 60 minutes prior to

recording.

Electrophysiology

Borosilicate glass micropipettes (4-6 MQ resistance) were used to perform whole-cell TRN
neuron recordings. Micropipettes were filled with a solution of (in mM): 117 K-gluconate, 13 KCl,
1.0 MgCl,, 0.07 CaCl;, 0.1 EGTA, 10 HEPES, 2.0 ATP, and 0.4 GTP. Only cells with an input
resistance greater than 100 MQ, a resting membrane potential more negative than —50 mV, a
stable resting membrane potential (fluctuation < 10 mV), a lack of spontaneous action potential
firing, and evoked action potential peak > +20 mV. Data were obtained using a MultiClamp 700b

amplifier and sampled at a rate of 20 kHz. Data were filtered at 10 kHz using a Digidata 1440a
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digitizer. PClamp software was used for data acquisition and analysis. Voltages are corrected for
an 8 mV liquid junction potential. For procedures involving electrical stimulation, a bipolar
stimulation electrode was place in the internal capsule, and current was passed 50-400 pA (100
us duration) until a peak stimulus without a Na* action potential was observed. Mid-amplitude
excitatory postsynaptic potential/current (EPSP/C) were observed. Experiments utilized the
stimulus that produced a peak EPSP/C that was half of the maximum magnitude.
Optogenetic Targeting

Two methods were utilized to selectively activate corticothalamic afferents in TRN. In four
plasticity recordings (two burst-paired induction, two DHPG induction), an adeno-associated
virus expressing channelrhodopsin 2 membrane channel (rAAV2/camKIll-hChR2 (H134R)EYFP-
WPREPA; University of North Carolina Vector Core) was injected into layer VI of the visual cortex
in vivo. Stereotactic techniques were used to inject virus (0.5 pl, 3.5x10% viral particles/mL) into
anesthetized mice (3% isoflurane, 97% 0O,) at postnatal day 14-16. A small craniotomy was made
over the target site (coordinates from the bregma were: 3.5 mm posterior, 2.3 mm lateral, and
0.8 mm ventral), and a thin borosilicate glass pipette attached to a Picospritzer micro pressure
injector system was lowered to the ventral location the tissue. Virus was slowly injected (20-30
minutes), and the pipette was left in place for an additional 15-20 minutes post injection to
ensure tissue absorption of the virus. Animals recovered in their home cage for at least 14 days
to ensure sufficient expression of channelrhodopsin prior to recording. All stimulus protocols
directed the center of the optical stimulation over internal capsule rather than the TRN to

maximize more physiologic stimulation. In the remainder of the recordings, the Ntsr1-Cre/Ai32
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mouse model, which labels neurons within layer VI of the cortex, was used to optically drive

corticothalamic synapses in a similar manner.

Plasticity Induction

WT and Fmr1-KO mice (injected with a channelrhodopsin-expressing AAV as previously
described) or Ntsr1-Cre/Ai32 mice, were used in these experiments where corticothalamic
terminals were selectively activated. Voltage or current clamp recordings using whole-cell
configuration were obtained from TRN neurons at a -60 mV membrane voltage. Prior to plasticity
induction, synaptic responses were optically evoked (1 ms, 0.1 Hz) with a stimulus intensity that
evoked a half-maximum postsynaptic current to allow for subsequent facilitation or depression
of the response. After obtaining a stable baseline for at least 5 minutes, either an optical
stimulation-paired burst protocols (Astori and Lithi, 2013), or bath application of group | mGIluR
agonist a (S)-3,5- Dihydroxyphenylglycine (DHPG; 50 uM, 5 min; Sun et al., 2016), were used for
induction. Following induction, measurements of synaptic responses at -60 mV membrane
voltage were resumed until either the synaptic response returned to baseline, or at least 30
minutes had passed post- induction (if any change in synaptic strength had been observed).
Analysis

Analysis of electrophysiological recordings was completed using Clampfit software
(Molecular Devices). All reported comparisons between WT and Fmr1-KO mice were conducted
via Mann-Whitney U-tests in Mathematica unless otherwise stated. Values are reported as
average * standard deviation. Resting membrane potential was calculated from the averaged
potential 200 ms before the current injections. Input resistance was measured from the average

slope of the current-voltage relationship during the last 200 ms of the current injection (A10-20
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pA, averaged from 1-4 points above and below 0 pA). Action potential half-width and threshold
were both measured from a depolarizing current injection (A20 pA) while holding the cell held at
-60 mV (traces not shown). Action potential half-width was measured from the width (in ms) of
the action potential at half maximum voltage for the first elicited action potential. Threshold was
similarly measured from the point at which the first action potential rise slope surpassed 10
mV/ms. Baseline and post protocol recordings of plasticity were analyzed using excitatory
postsynaptic potentials (EPSP) in current clamp or excitatory postsynaptic currents (EPSC) in
voltage clamp at a -60 mV hold. EPSP/Cs were measured every 10 s, and upon analysis the peak
current or voltage values were averaged over 50 seconds to represent each graphical data point.
Significant change in synaptic plasticity was determined by the box car average values surpassing
2 standard deviations of the baseline mean in the positive direction (potentiation) or negative
direction (depression). Because the responses were so varied, for the purpose of reporting long-

term (> 30 m) or short term (< 30 m) plasticity were not distinguished.

Results

Intrinsic properties of TRN neurons in WT and Fmr1-KO mice

Whole-cell recordings were performed to measure resting membrane potential, input
resistance, action potential firing threshold, and action potential half-width (Table 4.0). No
intrinsic properties were found to be statistically different between the WT and Fmr1-KO mice.
Both WT and Fmr1-KO mice had very similar membrane potentials (WT:-75.7 + 11.7 mV, n = 198;
Fmr1-KO: -76.1 £ 7.3 mV, n = 134; p = 0.882), and action potential thresholds (WT: -41.5 + 10.7

mV, n = 71; Fmr1-KO: -41.4 + 6.3 mV, n = 52; p = 0.467). While input resistance and action
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potential half-width appeared slightly more variable in the Fmr1-KO neurons, there was no
statistical difference in distributions (WT input resistance: 241.8 + 180.5 MQ, n = 170; Fmr1-KO
input resistance: 265.6 + 268.1 MQ, n = 115; p = 0.803. WT action potential half-width: -0.256 +
0.052 ms, n=71; Fmr1-KO action potential half-width: 0.276 + 0.085 ms, n =52; p = 0.363). While
the lack of apparent differences between the TRN neuron intrinsic properties between WT and
Fmr1-KO mice is reassuring that the cellular properties that underlie firing properties, such as ion
channel distribution and function, are not altered by the lack of FMRP, there remains the

possibility that synaptic properties could affect cellular function.

WT KO
Average * Average +
P-Value
Standard N Standard N )
. .. .. (Mann-Whitney U-Test)

Deviation Deviation

Resting Membrane Potential (mV)| -75.7 £11.7 198 -76.1+7.3 134 0.882

Input Resistance (MQ)| 241.8+180.5 | 170 | 265.6 +268.1 | 115 0.803

AP Half-Width (ms)| 0.256 + 0.052 71 0.276 £ 0.085 52 0.363

AP Threshold (mV)] -41.5+ 10.7 71 -41.4+6.3 52 0.467

Table 4.0: Comparison of TRN neuron intrinsic properties within WT and Fmr1-KO mice.

Burst evoked synaptic plasticity of electrically stimulated TRN afferent and efferent fibers in
WT and Fmr1-KO mice

To induce synaptic plasticity utilizing a burst-paired induction protocol, a burst was paired
with an electrical stimulus timed so that the stimulus occurred at the peak of the burst (Figure
4.0 A-B). The electrical stimulus produced during the induction protocol was identical to that

introduced every 10 seconds during baseline measurements and consisted of a current intensity
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tuned to elicit a half-maximal intensity (see methods). Because both corticothalamic and
thalamocortical axons travel within the internal capsule, this protocol was expected to stimulate
both corticothalamic and thalamocortical synapses: orthodromic propagation through
corticothalamic axons, and antidromic propagation through thalamocortical axons. Of the 12 WT
neurons tested, one neuron exhibited potentiation, and two exhibited depression (Figure 4.0 C).
In the Fmr1-KO, three of 14 neurons experience increased synaptic strength of activation, while

two of the 14 experienced depression. (Figure 4.0 C).
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Figure 4.0: Electrical stimulation of afferent and efferent fibers can induce potentiation or

depression of synapses onto TRN neurons. (A) Example burst-paired induction protocol. (B) A
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Figure 4.0 (cont’d)

WT neuron exhibits depression in response to a burst-paired induction protocol utilizing electrical
stimulation. Black data points indicate individual peak EPSC measurements, taken every 10
seconds. The thick blue line indicates a box-car average of 5 consecutive data points. (C) Stacked
column histogram showing the incidence of potentiating (green, top) and depressing (red,

middle) responses within each genotype following the induction protocol.

DHPG induced synaptic plasticity of TRN synapses in WT and Fmr1-KO mice

A second method of plasticity induction reported in the literature is elicited by mGIuR
activation via DHPG (Bear et al., 2004; Huber et al., 2002; Sun et al., 2016). mGIuR activation is
known to increase long-term depression in hippocampal Fmr1-KO neurons (Huber et al., 2002),
however in WT TRN, it has been shown to activate cholinergic long-term potentiation (Sun et al.,
2016). The next experiment investigated how mGIluR1 agonist DHPG would affect TRN synapses
measured with electrical stimulation. DHPG induced potentiation at a small subset of TRN
neurons in both WT and Fmr1-KO animals via electrical stimulation (WT: 3 of 21; Fmr1-KO: 3 of
16), however there was no depression and no observable difference between WT and Fmr1-KO

mice (Figure 4.1 A-B).
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Figure 4.1: Effect of DHPG on synaptic strength within the TRN. (A) A WT neuron exhibits DHPG-
induced potentiation of electrically stimulated synapses. Black data points indicate individual
peak amplitude measurements, and the thick green line indicates a box-car average of 5
consecutive data points. (B) A stacked histogram shows the proportion of potentiating (green) or
depressing (red) electrically stimulated synapses in the TRN in response DHPG induction in WT

and Fmr1-KO neurons.

Burst-evoked synaptic plasticity of corticothalamic TRN synapses in WT and Fmr1-KO mice
Simultaneously activating TRN synaptic contacts while eliciting a calcium-mediated burst
discharge induced a mix of synaptic potentiation and depression (Figure 4.0). Given this mixed
response, the next objective was to determine whether selective corticothalamic or
thalamocortical synapse activation would reveal whether either synapse type was more likely to
result in either type of plasticity. The same burst induction procedure was utilized and pairedwith
selective optical stimulation of corticothalamic axons (see methods). In the majority of WT TRN

neurons (17 of 18), a change in synaptic strength was not induced by this protocol. However, one
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WT neuron did experience a depression of the synaptic response which slowly recovered
approximately 45 minutes (Figure 4.2 A). A limited number of Fmr1-KO neurons were also tested

from three different animals, and no changes in synaptic response were elicited (0 of 4; Figure

4.2 B).
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Figure 4.2: Synaptic plasticity induction via burst-paired optical stimulation of corticothalamic
synapses. (A) A WT (Ntsr1-Cre) neuron exhibits synaptic depression following plasticity induction
via burst-paired optical stimulation of corticothalamic synapses. Black data points indicate
individual peak amplitude measurements, and the thick blue line indicates a box-car average of
5 consecutive data point (B) Stacked column histogram shows the number of depressing (red, 1
of 18 WT neurons) or potentiating (green, none) cells per genotype. The number at the base of

each column represents the total number of recorded cells.

DHPG induced synaptic plasticity of corticothalamic TRN synapses in WT and Fmr1-KO mice
Non-selectively stimulating internal capsule fibers and evoking plasticity with a burst-

paired induction protocol produces in a mix of synaptic potentiation and depression in both WT
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and Fmr1-KO mice. Under the same experimental conditions with selective corticothalamic fiber
stimulation instead, synaptic depression was elicited in one instance in a WT animal. Plasticity
induction via activation of group 1 mGIluR receptors via DHPG with selective activation of
corticothalamic fibers resulted in exclusively potentiation in both WT and Fmr1-KO animals. The
next objective was to determine whether selective corticothalamic synapse activation paired
with DHPG-induced plasticity would similarly result in exclusively potentiation. DHPD-induced
plasticity was measured in 13 neurons from eight WT animals while selectively measuring
corticothalamic synapse strength. In contrast to electrical stimulation, no potentiation of the

synaptic response was observed, however one incidence of depression occurred (Figure 4.3).
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Figure 4.3: Effect of DHPG on corticothalamic synaptic strength in the TRN. (A) A WT(Ntsr1-Cre)
neuron exhibits relatively short-lasting DHPG-induced depression of electrically stimulated
synapses. Black data points indicate individual peak amplitude measurements, and the thick
green line indicates a box-car average of 5 consecutive data points. (B) A stacked histogram
shows the proportion of potentiating (green, none) or depressing (red, 1 of 13) electrically

stimulated synapses in the TRN in response DHPG induction in 13 WT neurons.
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Discussion

The TRN is a unique brain region that facilitates appropriate sensory processing, slow-
wave sleep rhythms, and attentional gating. The involvement of TRN in these processes, as well
as several disease state implications (Bovenkamp-Janssen et al., 2004; Krol et al., 2018; Steullet
et al., 2017; Wells et al., 2016), establishes suspicion that TRN pathology may manifest in a
number of functional deficits. In this study of the TRN within the Fmr1-KO mouse model of Fragile
X Syndrome, however, no indication appeared that the TRN is affected by the loss of the Fmr1
protein product, FMRP. The Fmri1-KO mouse exhibits a variety of ion channel and receptor
pathologies affecting intrinsic properties in several brain regions. Neuron hyperexcitability has
been reported within both the neocortex (Gibson et al., 2008; Zhang et al., 2014, 2012) and
hippocampus (Brager and Johnston, 2014). Abnormal plasticity and GABAergic signaling is seen
in the hippocampus (Curia et al., 2009; Huber et al., 2002), and a variety of additional plasticity
abnormalities are noted in the neocortex (Larson et al., 2005; Li et al., 2002; Wilson and Cox,
2007) and amygdala (Suvrathan et al., 2010). In this investigation of the intrinsic properties of the
TRN, no changes in resting membrane potential, input resistance, action potential half-width, or
threshold were measured. Implications of these findings are that the Fmr1-KO mouse lacks major
alterations in ion channel expression or function that would affect the intrinsic excitability of TRN
neurons in the Fmr1-KO mouse.

Mechanisms of activity-dependent plasticity have been reported within the TRN (Astori
and Lithi, 2013; Fernandez et al., 2017; Sun et al., 2016), however the extent to which TRN
plasticity plays a role in TRN function is not clear. With the utilization of burst-paired stimulation

and DHPG application as plasticity induction protocols, the rate of successful plasticity induction
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was quite low in TRN (Supplemental Figure 4.4). The highest rate of induction success was via
electrical stimulation of internal capsule fibers (WT: 25%, KO 36 %). In both the WT and Fmr1-KO
animals, both potentiation and depression of the synaptic responses were observed during
electrical burst-paired induction, with no apparent differences between the genotypes. During
non-selective electrical stimulation with DHPG induction of plasticity, only potentiation of
synaptic strength was observed. In contrast, when corticothalamic fibers alone were stimulated
during either burst-paired or DHPG induction protocols, only depressive responses were
observed (Supplemental Figure 4.4). One possible interpretation of this could be that stimulating
corticothalamic afferents leads to depression, whereas thalamocortical afferents in the TRN must
also be stimulated to elicit potentiation.

Although not reported in this study due to low labeling success, a small set or four cells
(2 WT, 2 Fmri-KO) were recorded with burst-paired induction protocols where the
thalamocortical fibers were selectively activated via optical activation of fibers originating from
the dLGN. Of these cells, one WT and one Fmr1-KO neuron experienced synaptic potentiation in
response to the burst-pared induction, leading to a success rate of 50% plasticity induction, with
a caveat being the small sample size. Discovery of a more robust mechanism of plasticity
induction with selective optogenetic activation of thalamocortical neurons in particular may
clarify whether these receptors are responsible for the synaptic potentiation seen within the
electrical activation studies. While limited in our cases of evoked plasticity, it appears that
corticothalamic and thalamocortical fibers may differently responds to mechanisms of plasticity

induction. Additional studies addressing the relative contributions of corticothalamic and
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thalamocortical inputs to overall plasticity outcomes in the TRN will be of interest, given that
synaptic potentiation was only observed with non-selective fiber activation.

Synapses within the TRN contain mechanisms for experience-dependent plasticity that
can alter the relative influence of afferent signals to TRN neurons. While no apparent changes in
intrinsic properties or plasticity in the Fmr1-KO mouse were uncovered during this study, further
investigation into more robust mechanisms of plasticity induction will be helpful in evaluating

the functional effects.
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Figure 4.4. Summary of plasticity changes seen via DHPG or burst-paired induction in WT and
Fmr1-KO mice.
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CHAPTER 5: CONCLUSION

Summary and Future Directions

The TRN is a relatively understudied region of the brain that is anatomically and
physiologically central to highly influential sensorimotor circuits. When | began to conduct whole
cell electrophysiological recordings within the mouse TRN, | observed a neuron population that
contained highly diverse electrophysiological characteristics. The literature describes TRN
population composition as predominantly bursting neurons with a small sub-population of non-
bursting neurons, and thus it was surprising to see the consistent heterogeneity of the action
potential firing properties. With further investigation into TRN burst classification, | encountered
many discrepancies as to how burst discharge is defined. Heterogeneity among TRN neurons
could have important implications for studies where variable neuronal populations could
respond differently to treatments yet be analyzed as a population. The goal of these studies was
to provide a more detailed analysis of the TRN neuron population and provide functional context
to the heterogeneity of the neurons.

| have reported several findings that provide insight into the functional properties of the
TRN. In Chapter 2, | describe how TRN neurons in the adult mouse are a heterogeneous
population that lack any clear subtype demarcation based upon burst frequency. The action
potential discharge of both higher and lower frequency bursting TRN neurons is similarly
mediated by Ir, and the magnitude of It directly correlates with the frequency of the burst.
Blocking small-conductance calcium-activated potassium current (lsk) enhances burst
characteristics in both higher and lower frequency bursting neurons. In Chapter 3, | report that

all TRN neurons have low-threshold calcium currents along their somatodendritic axis, however
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lower frequency bursting TRN neurons have a smaller, more uniform distribution of calcium
current along their dendrites. Blocking Isk typically enhances the amplitude and duration of the
calcium currents in both higher and lower frequency bursting neurons. In Chapter 4, | report that
in the Fmr1-KO mouse model of Fragile X Syndrome, intrinsic neuron properties do not appear
to be affected by FMRP loss as they are in some other brain regions. While synaptic plasticity
could be evoked in a few instances, there is no evidence of synaptic alteration in the Fmri1-KO
mouse.

Several studies have reported variation in burst characteristics and frequencies within the
TRN both in vitro (Brunton and Charpak, 1992.; Contreras et al., 1992; Lee et al., 2007; Martinez-
Garcia et al., 2020) and in vivo (Huh and Cho, 2016; Marlinski and Beloozerova, 2014). The extent
to which these variable characteristics are found among adult TRN neurons, and the mechanisms
underlying the variance had not yet been reported. | have reported that the TRN does not consist
of distinct populations of bursting and non-bursting neurons. Instead, the population is evenly
distributed by action potential firing frequency in burst mode. Neurons on the higher frequency
bursting end of the spectrum discharge many action potentials in discrete clusters with quiescent
recovery intervals, as previously described by the literature (Guido and Weyand, 1995), while the
neurons discharging action potentials on the slowest end of the spectrum fire in a tonic pattern.
Neuron populations analyzed by higher (> 100 Hz) and lower (< 100 Hz) frequencies contain
distinct electrophysiological characteristics with functional consequences. Higher frequency
bursting neurons evoke a significantly larger calcium response throughout their somatodendritic
axis which likely represents a larger number of T-type calcium channels. Higher frequency

bursting neurons are also likely to engage both short-acting ionotropic GABAa and longer-lasting
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metabotropic GABAg receptors on downstream thalamic relay neurons, while lower frequency
firing neurons will activate mainly GABAa (Kim and McCormick, 1998).

Between the high frequency bursting and tonically firing populations of neurons remains
the curiosity of the “slowly bursting” neurons. These neurons often discharge action potentials
with a mix of burst and tonic firing patterns and are underrepresented in literature. Like the
classic higher frequency bursting neurons, | found that the burst mode discharge of all lower
frequency bursting TRN neurons was of the same nature: voltage-dependent and I+-driven. These
neurons may be expected to activate GABAa and perhaps more weakly activate additional GABAs
on a sliding spectrum related to the number and frequency of the action potentials in the burst-
mode discharge. This difference in downstream effect further implies that these neurons produce
dramatically different responses to similar afferent signals: phasic large magnitude responses for
higher frequency bursting neurons, or smaller longer lasting responses for lower frequency
bursting neurons. Lower frequency bursting may exemplify the intricacy with which the TRN is
able to mediate thalamic inhibition, modulating specific network afferents with what could be
precise magnitude and temporal patterns.

Recent genetic analysis of single TRN neurons revealed that there is large variation in their
gene expression (Li et al., 2020). In the study, there appeared to be two key identified sets of
genes which vary inversely with each other: i.e., as one set is expressed more, the other is
expressed less in a somewhat mutually exclusive manner. Testing the expression of these gene
sets within cells at several points along my identified spectrum of burst frequencies would be
useful in determining whether the burst frequency is correlated with the expression of these

gene sets.
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Studies building upon these findings should further examine the anatomical
characteristics of the individual neurons within the nucleus with respect to their firing properties.
If neurons located within certain sectors of the nucleus tend to have similar firing properties, this
could have important implications on how the TRN may modulate the gain of different sensory
modality networks. TRN neurons also display distinct patterns of axonal arborizations that may
span one or multiple thalamic nuclei (Cox et al., 1996). It will be of interest to determine whether
lower frequency bursting neurons project to specific thalamic nuclei, have similar patterns of
arborization, or whether they span multiple nuclei, perhaps acting as cross-modal integrators.
Additionally, the various receptor populations at axon terminals of TRN neurons have been
studied as a homogeneous characteristic and it is unknown whether characteristics of the
terminals may vary based on different TRN cell types. Further studies into the pre- and
postsynaptic receptor populations, such as GABAxand GABAg receptors, at thalamic relay neuron
synapses will add further context to the functionality of this heterogeneous population of
neurons.

During typical somatic recordings of burst discharge, the membrane potential of the
dendrites, and therefore the dendritic burst mode, is unknown. This presents a challenge in
measuring burst discharge due to voltage-dependent |t because it is unknown whether the T-
channels are fully activated along the dendrite. A study of somatic burst discharge while
manipulating the dendritic membrane voltage with membrane potential-altering agents would
add insight into whether dendritic membrane state changes affect burst discharge. TRN neurons
contain very long (> 350 um) and thin (< 1 um) dendrites which can sometimes span previously

described TRN sectors (Crabtree, 1996; Guillery and Harting, 2003). TRN dendrites contain low
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threshold calcium channels along their entire length that may act as voltage-state-dependent
amplifiers of afferent synaptic inputs. A consequence of this voltage dependence is that a whole-
cell holding potential of -80 mV will not reach the distal dendritic regions. It is then possible that
for any recorded neuron, and lower frequency bursting neurons in particular, more distal
dendritic membranes could remain more depolarized than the activation threshold (~-65 mV) of
T channels. An interesting feature of TRN neurons with relation to this issue, is that they receive
modulatory inputs that both hyperpolarize (Acetylcholine: ACh) (McCormick and Prince, 1986)
and depolarize (Cholecystokinin: CCK) (Cox et al., 1995) the cell membrane. These endogenous
neuromodulators would be useful in manipulating the dendritic membrane within this proposed
study. This change in voltage state is significant because it could activate or deinactivate local T-
channels, essentially tuning up or down the amplification and integration of the inputs
independent of somatic membrane potential. Implications of this could mean that afferent fibers
releasing ACh or CCK could enhance or decrease the local glutamatergic input, adding an
additional level of afferent modulation.

| have shown that Isk significantly modifies the characteristics of the burst on both higher
and lower frequency bursting neurons. Initial efforts to find an endogenous neuromodulator of
SK channels were not successful, however the existence of such a molecule would have
implications for the ability of TRN to dynamically and rapidly modulate burst discharge in
response to network activity. Future studies may investigate the ability of endogenous molecules
to modify sk within the TRN, and attention of cholinergic molecules may be of interest given their
propensity to excite TRN neurons and distal dendritic contacts (Hallanger and Wainer, 1988;

Liegeois et al., 2003; Stocker, 2004). | identified a difference in the distribution of Isx on TRN
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dendrites. Higher frequency bursting neurons experience the greatest enhancement of calcium
activity at proximal and intermediate sites, while lower frequency bursting neurons instead
experienced augmented signal at proximal and distal calcium locations. The distribution of both
It and Isk along the dendrite has additional implications when considering that anatomical studies
have found that corticothalamic synapses may be located more distally and thalamocortical more
proximally along the dendrite. An intriguing future study would utilize selective optogenetic
activation of either thalamocortical or corticothalamic synapses along the dendrite to further
determine where these synapses have the largest influence in both a tonic state, to inactivate Iy,
and a burst state where I is fully activated. The addition of an Isx antagonist would further reveal
whether there is differential modulation of these two synapse types by Isk.

In the final chapter of this study, | investigated the function of the TRN in the Fmri1-KO
mouse. Plasticity evoked via burst-paired stimulation or DHPG-mediated group 1 mGluR
activation (Astori and Luthi, 2013; Fernandez et al., 2017; Sun et al., 2016), was observed within
the TRN. | found that the rate at which plasticity was evoked varied largely in either genotype (0-
36% success), leaving the question of whether a more robust induction method exists if TRN
plasticity is a prominent physiologic process in the TRN. Future studies of TRN chemical synapse
plasticity with a more robust method of induction could reveal any changes in the Fmr1-KO
animal not uncovered by this study.

| also found that when the excitation of corticothalamic synapses alone was measured,
only depression of the synapse was induced. With electrical stimulation of the internal capsule,
which additionally engages antidromic thalamocortical activation, potentiation was observed

with both burst-paired and DHPG induction. Given that thalamocortical fibers likely lack mGluRs
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activated by DHPG, the mechanism could be mediated by presynaptic cholinergic activation of
the synapses (Sun et al., 2016). Further investigation in which thalamocortical synapses may be
optogenetically targeted and tested under DHPG and burst-paired induction paradigms would
add considerable understanding to the functions of the thalamocortical circuit.

The experiments within this dissertation have demonstrated that contrary to a long-held
assumption, the TRN is a very heterogeneous population of neurons that likely have distinct
functional dynamics. Burst output of lower frequency bursting neurons is driven by a smaller T-
type calcium current, and likely provides more muted thalamic inhibition. | predict that future
studies looking into the specific synaptic inputs onto these neurons, likely arising from certain
thalamic nuclei, may reveal that these neurons are designed to provide this muted inhibition in
response specific afferent network connections. These afferent synapses onto TRN dendrites
may be postsynaptically amplified in a voltage-dependent manner by the presence of local t-
channels. Location-specific densities of SK channels could additionally broaden and shorten
calcium currents resulting from region-specific synapses. The burst discharge, which determines
the magnitude of downstream thalamic inhibition, is related to both dendritic T-channel and SK-
channel densities, both of which influence the synaptic integration of afferent inputs. These
findings foreshadow that TRN neurons with different burst properties may be uniquely
integrated into the networks involved in sensory processing, sleep, attention, or epilepsy. Future
studies investigating these potentially unique roles will broaden our understanding of how the

TRN facilitates these functions.
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