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Pallidal Modulation of Thalamic Activity in Motor Function
Isaac Yau Ming Chang

Abstract

The nucleus reticularis thalami (nRT) is a sheet of GABAergic neurons that surrounds the
thalamus and plays critical roles in sensory processing, attention, and sleep. Despite its central
position within thalamocortical circuits, the mechanisms by which GABAergic signals converge
and integrate within the nRT remain incompletely understood. The goal of this dissertation was to
investigate the organization and functional consequences of GABAergic signaling in the nRT,
particularly that originating from the external globus pallidus (GPe), across circuit and behavior.
In Chapter 2, we characterized a previously underappreciated projection from the GPe to the
nRT. We found that GPe input exerts opposing effects across nRT subregions due to regional
differences in chloride homeostasis, resulting in either inhibitory or excitatory responses to GPe
stimulation. These opposing effects produce distinct downstream consequences in
thalamocortical (TC) circuits with a potential role in motor control, thereby identifying the
GPe—nRT pathway as a non-canonical route through which the basal ganglia influence thalamic
information processing. In Chapter 3, we examined how nRT and TC neurons transform synaptic
inputs into spiking outputs using synthetic current injections. We found that the same input
currents elicited distinct firing responses in nRT and TC neurons, demonstrating that intrinsic
cellular properties play a critical role in shaping firing output.

Together, these studies demonstrate that the functional consequences of GABAergic
signaling in thalamic circuits are shaped by multiple interacting mechanisms, including chloride

homeostasis and intrinsic neuronal properties.
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Chapter 1: Introduction

1.1. Overview

In this dissertation, we aim to understand how GABAergic signaling, particularly that
originating from the external globus pallidus (GPe), regulates thalamic activity and motor output.
Chapter 2 presents a detailed characterization of the anatomical connectivity, synaptic properties,
in vivo activity, and behavioral relevance of a non-canonical pallidothalamic pathway stemming
from the GPe to the nucleus reticularis thalami (nRT). Chapter 3 presents a systematic overview
of how nRT neurons and thalamocortical (TC) neurons respond to inhibitory and excitatory
synthetic currents, generating a map of which synaptic inputs are transformed into firing output in
the thalamus. Finally, Chapter 4 discusses several speculative hypotheses including the potential
role of short-term chloride plasticity in state-dependent behavioral modulation, the functional
organization of the GPe—nRT pathway in vivo, and the possible relevance of this pathway to
neurological disease.

1.2. Classical basal ganglia circuit models

The basal ganglia are a highly interconnected group of subcortical nuclei that play critical
roles in motor control, action selection, reinforcement learning, and habit formation.
Comprehensive reviews of the basal ganglia are available elsewhere (1, 2). Here, | focus on the
prevailing model of basal ganglia-thalamic communication and several observations that
motivated this dissertation.

One of the most influential models for understanding basal ganglia function is the rate
model, which emerged during the 1980s (3, 4). A central tenet of this model is that basal ganglia
network output is integrated at the level of two output nuclei: the internal globus pallidus (GPi)
and the substantia nigra pars reticulata (SNr). These nuclei provide tonic inhibitory input to

thalamic and brainstem targets to suppress or promote specific actions. Although the field has



since evolved substantially, many contemporary models retain the core concept that the GPi and
SNr serve as the principal output pathway through which the basal ganglia influence behavior.
Within this framework, the GPe has traditionally been viewed as an intrinsic nucleus that relays
information between basal ganglia nuclei.

Although this framework has provided an invaluable foundation for understanding basal
ganglia function, several observations suggest that it may not fully capture the complexity of basal
ganglia circuitry. Notably, focal lesions or inactivation of the GPi in both Parkinson's disease
patients (5) and non-human primates (6, 7) do not produce the severe motor deficits predicted by
a model in which all basal ganglia output is routed through the GPi. These findings raise the
possibility that additional pathways exist that contribute to basal ganglia-thalamic communication.
Furthermore, recent studies have revealed extensive cellular heterogeneity within the GPe (8)
and identified GPe projections to numerous targets both within and outside the basal ganglia.
These findings have challenged the traditional view of the GPe as a simple relay nucleus and
instead suggest that it may participate more directly in regulating brain-wide network activity.

The pathway from the GPe to the nucleus reticularis thalami (nRT) represents an attractive
candidate for an alternative route of basal ganglia-thalamic communication (Fig. 1.1). Unlike the
canonical GPi/SNr output pathway, the GPe—nRT projection provides a route through which the
basal ganglia could influence thalamocortical processing indirectly by modulating thalamic gating
mechanisms. Given the central role of the nRT in regulating information flow through the
thalamus, this pathway may represent an important but understudied mechanism through which
the basal ganglia influence behavior.

In addition, accumulating evidence has demonstrated that the basal ganglia are organized
into multiple structurally and functionally distinct cortico-basal ganglia-thalamic circuits, defined
by the topographical organization of cortical inputs and their corresponding thalamic targets (9).
Despite exhibiting a comparable topographical organization (710, 17) and being strategically

positioned to regulate thalamocortical communication, the nRT was never incorporated into these



canonical circuit models. Consequently, the potential contribution of the nRT to basal ganglia

information processing has remained largely unexplored.

Canonical Non-canonical
GPi/SNr — VA/VM/VL GPe — nRT — TC
Thalamus
Em—
VANM VANM
AL GPe nRT|—] NL
—
GPi/SNr
B | - —0
Glutamatergic GABAergic Dopaminergic

Figure 1.1. Two basal ganglia motor output pathways to the thalamus

Simplified basal ganglia models highlighting two routes in which basal ganglia can communicate
with the thalamus in the context of motor control. Adapted from (72). Abbreviations: dStr, dorsal
striatum; SNc, substantia nigra pars compacta; STN, subthalamic nucleus; GPe, external globus
pallidus; GPi, internal globus pallidus; SNr, substantia nigra pars reticulata; nRT, nucleus
reticularis thalami; VA, ventral anterior thalamic nucleus; VM, ventromedial thalamic nucleus; VL,
ventrolateral thalamic nucleus; TC, thalamocortical nuclei.

1.3. The external globus pallidus

The external globus pallidus (GPe) is a central hub within the basal ganglia and is
characterized by extensive connectivity to numerous brain regions and substantial cellular
heterogeneity. Comprehensive reviews of the GPe are available elsewhere (8, 13). Here, | focus
on the diversity GPe neuronal populations, with particular emphasis on the GPe—nRT projection,
which is the primary subject of this dissertation (Chapter 2).

The GPe is composed of multiple molecularly defined neuronal populations (Fig. 1.2).
Among these, parvalbumin-expressing (PV*) and Npas1-expressing (Npas1*) neurons represent

the two principal classes and account for approximately 50% and 30% of GPe neurons,



respectively (74). These populations are GABAergic and differ in their electrophysiological
properties, projection targets, synaptic inputs, disease alterations, and behavioral functions (74—
19). A subset of GPe neurons (5%) is choline acetyltransferase-expressing (ChAT") and projects
to the cortex. The remaining populations are less well characterized.

The Npas1* population can be further subdivided into distinct subclasses. Approximately
60% of Npas1™ neurons express Foxp2 and are commonly referred to as arkypallidal neurons.
These Npas1*Foxp2" neurons project primarily to the dorsal striatum (20). In contrast, the
remaining Npas1* neurons express Nkx2.1 and project to the cortex, midbrain, and the nRT (74,
19). The identification of molecularly distinct Npas1™ subclasses has facilitated the study of
specific GPe output pathways. Importantly, the development of the Npas1-iCre mouse line has
provided an important genetic entry point for investigating the GPe—nRT projection, a pathway

that remained poorly understood despite being anatomically recognized for decades.

Npas1* class PV* class
| Cortex |
dStr
Npas1+Foxp2+
Local '
SNc nRT collaterals . '

i Npas1*Nkx2.1* ) STN i PV*Keng4* )

SNr

Figure 1.2. Molecular makeup of the GPe

lllustration of the projection targets of GPe neuron subtypes. Adapted from (8).

1.4. The nucleus reticularis thalami

The nucleus reticularis thalami (nRT) is a thin sheet of GABAergic neurons that surrounds

the main body of the thalamus. Comprehensive reviews of the nRT are available elsewhere (70,



21). Here, we focus on the current understanding of the organization of GABAergic signaling
within the nRT, focusing on extrinsic GPe input (Chapter 2), and its role in regulating
thalamocortical information flow.

Unlike other thalamic nuclei, the nRT does not project to the cortex. Instead, it receives
excitatory inputs from both corticothalamic and thalamocortical axons and sends inhibitory
projections primarily to thalamocortical (TC) nuclei. Because nearly all signals transmitted from
the thalamus to the cortex are gated by inhibitory input from the nRT, it has been hailed as the
“guardian of the gateway” (Fig. 1.3). Consistent with this role, the nRT has been implicated in
sensory gating (22) and modulating attention (23, 24).

One influential framework for understanding nRT function is the searchlight hypothesis
(25), which proposes that the nRT selectively gates information flow through the thalamus by
dynamically suppressing or permitting activity in specific thalamocortical circuits. This framework
has traditionally emphasized the role of intrinsic nRT circuitry, where localized activity patterns
within the nRT are thought to mediate gating. Considerably less known is how extrinsic
GABAergic input shapes nRT activity and contributes to these circuit computations.
Understanding how GABAergic signals arising both within and outside the nRT serve to perform

this searchlight function remains an important question.



Glutamatergic GABAergic

Figure 1.3. Main connections of the thalamocortical circuits
Adapted from (25).

1.5. A historical perspective of the GPe—nRT pathway

The GPe—nRT projection has been recognized for nearly five decades, with its first
anatomical description dating back to the 1970s (26) (Table 1.1). Subsequent studies (27-37) in
rats, cats, and non-human primates confirmed the existence of this projection and established it
as an evolutionarily conserved pathway in mammals. A small number of electrophysiological
studies have reported that electrical and pharmacological manipulation of the GPe can alter nRT
activity (38—42). However, these studies relied on manipulations that broadly affected all GPe
projection neurons, rather than selectively targeting GPe—nRT projection. Consequently, the
observed effects may have arisen indirectly through polysynaptic circuits, recurrent network
interactions, or other GPe output pathways, making it difficult to determine the specific
contribution of the GPe—nRT projection.

The behavioral relevance of the GPe—nRT pathway remains largely unexplored. To date,

only one study(22) has linked GPe manipulation to behavioral outcomes potentially involving the



nRT. Nakajima et al. found that optogenetic inhibition of the GPe increased auditory nRT activity
and improved performance in an auditory discrimination task. However, because the manipulation
was applied broadly to the GPe, the extent to which these effects were mediated specifically by
the GPe—nRT pathway remains unclear.

Despite decades of investigation, fundamental questions regarding the circuit organization
and behavioral function of the GPe—nRT pathway remain unresolved. Addressing these
questions is the primary objective of the study presented in Chapter 2.

Table 1.1. Previous investigations on the GPe—nRT pathway.

Abbreviations: HRP, horseradish peroxidase; WGA-HRP, wheat germ agglutinin-horseradish
peroxidase; PHA-L, Phaseolus vulgaris leucoagglutinin.

Year Study Species Approach Technique Main Finding

Silver degeneration method and

1976 Severin et al. Rats Anatomical :
autoradiography

1978 Carter & Fibiger Rats Anatomical HRP histochemistry and autoradiography Proof of existence

1979 Nauta Cats Anatomical Autoradiography

GPe electrical stimulation suppressed firing and induced positive

1983 Yamamoto et al. Squirrel monkeys Electrophysiological ~ Electrode recording field potential In the nRT
1985 Haber et al. Rats Anatomical Autoradiography

Proof of existence
1989 Asanuma Rats Anatomical PHA-L anterograde tracing

PHA-L and fluoro-ruby anterograde tracing
1980 Asanuma & Porter Rats Anatomical WGA-HRP retrograde tracing GPe—nRT projection is likely GABAergic
Light and electron microscopy

PHA-L anterograde tracing

1990 Cornwall et al. Rats Anatomical WGA-HRP refrograde tracing
. . . Biocytin anterograde tracing
1991 Hazrati & Parent Squirrel monkeys Anatomical WGA-HRP ratrograde tracing
1993 Gandia et al. Rats Anatomical WGA-HRP anterograde tracing
" ‘ Biocytin anterograde tracing Proof of existence
1994 Bickford et al. Cats Anatomical WGA-HRP retrograde tracing
1994 Asanuma Squirrel monkeys Anatomical WGA‘HRP anlerogrgde tracing
Light and electron microscopy
1998 Kayahara & Nakano Cats Anatomical WGA-HRP anterograde tracing
2013 Pazo et al. Rats Electrophysiological Electrode recording tGhI:em;\.?clncal or pharmacological stimulation suppressd firing in
. " " GPe pharmacological stimulation and inhibition suppressed firing
2016 Villalobos et al. Rats Electrophysiological  Electrode recording and increased firing in the nRT, respectively
2019 Nakajima et al. Rats Eleclrophysip\ogical & Electrode recording & auditory discrimination GPe optogenelit;al inhibition increased audtiory nRT activity and
Behavioral task improved behavioral performance in the task
2022 Villalobos et al. Rats Electrophysiological Electrode recording GPe GAT-1 inhibition increased nRT firing.
2023 Villalobos et al. Rats Electrophysiological Electrode recording GPe GABA-B acli\{ation and inactivation increased and suppressed

nRT firing, respectively.



Chapter 2: A Non-canonical Pallidothalamic Pathway

for Motor Control

2.1. Abstract

Coordinated movement relies on interactions between the basal ganglia and the thalamus,
yet the circuits linking these structures are not fully understood. Here, we dissect a non-canonical
basal ganglia output pathway, from the external globus pallidus (GPe) to the nucleus reticularis
thalami (nRT). We show that GPe input to the nRT is broad and spatially pervasive. Strikingly,
despite its GABAergic nature, GPe input excites the posterior nRT but inhibits the anterior nRT,
due to region-specific expression of the chloride transporter KCC2. This divergence shapes
downstream thalamocortical activity, producing feedforward inhibition in the somatosensory
thalamus but not the motor thalamus. Functionally, the in vivo activity of GPe—nRT axons is time-
locked to movement, and optogenetic experiments revealed evidence suggestive of state-
dependent effects on movement following manipulation of the GPe—nRT pathway. Overall, our
work highlights the GPe as a major regulator of thalamic activity and establishes a novel role of
the GPe—nRT pathway in motor control.

2.2. Introduction

Movement is orchestrated by interconnected loops between the cortex and subcortical
regions. The cortico-basal-ganglia-thalamo-cortical loop, in particular, is a fundamental circuit
motif in vertebrates, and its anatomical connectivity is evolutionarily conserved across species
(43, 44). The rate model (3, 4), formulated in the 1980s, provided a functional and structural
framework for the cortico-basal-ganglia-thalamo-cortical loop in motor function and dysfunction.
A key component in this model is that basal ganglia output converges at the level of two nuclei,
the internal globus pallidus (GPi) and the substantia nigra pars reticulata (SNr). The GPi/SNr, in

turn, projects to the motor thalamus. In this working model, the GPi/SNr—motor thalamus



pathway is thought to be the sole canonical basal ganglia output. Accordingly, one would predict
that disruption in this canonical pathway would be detrimental to motor function. However, focal
lesions or inactivation of the GPi performed on human Parkinson’s disease patients (5) do not
cause motor disturbances. This and other lines of evidence (2) challenge the notion that GPi/SNr
are the sole basal ganglia output nuclei and raise the possibility of an additional circuit node that
interfaces between the basal ganglia and the thalamus.

The projection pathway from the external globus pallidus (GPe) to the nucleus reticularis
thalami (nRT) is of particular interest as a critical junction that bridges information transfer
between the basal ganglia and the thalamus. The GPe is a central nucleus in the basal ganglia
and sends widespread GABAergic projections to all basal ganglia nuclei, nRT, and regions
beyond (8). The nRT sends powerful inhibitory connections to all thalamocortical (TC) nuclei,
thereby gating information flow from the thalamus to the cortex (45). The GPe and nRT play
central roles in regulating the network activity of the basal ganglia (46) and the thalamus (25),
respectively. Via the GPe—nRT—TC pathway, the GPe is well-positioned to exert powerful control
over TC activity. The existence of the GPe—nRT pathway was first shown in rats (26, 27, 29, 30),
cats (28), and squirrel monkeys (33, 36) in the 1970s, and subsequent anatomical studies (37,
32, 34, 35, 37) followed. Dissecting the GPe—nRT pathway in isolation has been challenging due
to the cellular heterogeneity of the GPe (8, 714, 19). Previous studies examining GPe regulation
of NnRT activity (39—42) or its behavioral role (22) largely relied on non-specific pharmacological,
electrical, or optogenetic manipulations that engaged multiple GPe populations simultaneously.
Given the numerous molecular subclasses of GPe neurons, each with distinct projection patterns,
molecular identities, and electrophysiological properties (8, 19), it has been difficult to parse out
the specific contributions of distinct GPe pathways. In addition, circuit physiology and behavioral
effects have historically been examined independently, leaving unresolved how GPe—nRT circuit

dynamics relate to behavioral function.



Here, we provide a detailed characterization of the GPe—nRT pathway at the circuit and
behavioral levels. We uncovered a mechanism by which GABAergic GPe input elicits region-
specific postsynaptic responses of opposite polarity across the nRT, driven by local differences in
chloride homeostasis. We further identified a previously unrecognized GPe—nRT involvement in
motor control: specifically, GPe—nRT axons exhibited time-locked activity during movement in
vivo, and optogenetic manipulation of GPe—nRT axons produced evidence of state-dependent
effects on movement.

2.3. Results
GPe sends widespread projections to the entire nRT

To visualize the GPe—nRT projection, we injected adeno-associated virus (AAV) carrying
Cre-dependent eYFP into the GPe of Npas1-iCre mice (Fig. 2.1A). Npas1-positive (Npas1*)
neurons comprise 32.1% of the total GPe population and include GPe—nRT projection neurons
(76). We observed dense axonal arborizations distributed throughout the entire nRT, whereas TC
nuclei were completely devoid of eYFP signal (Fig. 2.1B). Given the robust and selective labeling
achieved with this mouse line, we used the Npas1-iCre mice for all subsequent experiments.

To functionally characterize GPe—nRT synapses, we injected AAV carrying Cre-
dependent ChR2-eYFP into the GPe of Npas1-iCre mice. Six weeks post-injection, we prepared
acute horizontal brain slices and measured optically evoked postsynaptic currents (0PSCs) in
nRT neurons (Fig. 2.1C and D). We recorded GABA-receptor-mediated currents in nRT neurons
in the presence of blockers of AMPA and NMDA receptors, DNQX (30uM) and APV (100uM),
respectively. We optically activated GPe terminals in the nRT using the minimal stimulation
intensity, defined as the light power that resulted in a 25-75% success rate. Synaptic currents
recorded in this configuration are the result of the activation of a single synapse (47). Paired-pulse
stimulations revealed no correlation between the paired-pulse ratio and facilitation (Fig. 2.2),

consistent with unitary synaptic transmission. oPSCs exhibit exceptionally slow decay kinetics

10



with a tau decay constant of 263.61 + 29.42 ms (Fig. 2.1C), typical of GABAa currents in nRT
neurons (48). Short-term plasticity of the GPe—nRT synapses was assessed by applying a train
of five stimulations at frequencies ranging from 2 to 30Hz. GPe—nRT synapses show activity-
dependent short-term facilitation, with the strongest synaptic facilitation at 5 Hz (Fig. 2.1D), which
falls within the range of the ex vivo spontaneous firing rate of Npas1® GPe neurons (716). We
systematically recorded oPSCs across the entire nRT (Fig. 2.1E), and found, remarkably, that
GPe stimulation evoked oPSCs in 100% (41/41) of recorded nRT neurons, irrespective of their
location. Minimal oPSC amplitudes are uniformly distributed across all the anterior-posterior,
medial-lateral, and dorso-ventral axes (Fig. 2.1E), consistent with GPe providing broad synaptic
input throughout the nRT.

Region-specific KCC2 expression drives opposing GABAergic GPe—nRT signaling

To assess how GPe input modulates nRT activity, we performed tight-sealed cell-attached
recordings to monitor the firing changes of nRT neurons in response to optical stimulation of
GPe—nRT terminals, without perturbing the intracellular milieu (Fig. 2.3A). GPe stimulation
reduced firing in 21.3% (13/61) of nRT neurons and did not affect firing in 26.2% (16/61) of nRT
neurons. Surprisingly, activation of GABAergic GPe input increased firing in 52.5% (32/61) of nRT
neurons (Fig. 2.3B). This finding was unexpected as GABAergic transmission is typically
inhibitory in the adult brain, and examples of excitatory GABAergic synapses capable of directly
driving firing are rare (49—51). Mapping the locations of recorded cells revealed a striking spatial
segregation in GPe-evoked response: cells excited by GPe input were predominantly located in
the lateral-posterior nRT, whereas those in the anterior-lateral nRT were more likely to be inhibited
(Fig. 2.3D), revealing opposing effects of GPe input across these two regions.

How could a single source of GABAergic pallidal input produce this divergence in firing
response? The effect of GABAAa receptor activation is determined by the difference between the

membrane potential (Vm) and the chloride reversal potential (Eci). To investigate whether a more
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hyperpolarized Vm at rest could be responsible for the increased firing (as GABA is depolarizing
if and only if Eci > Vm), we measured Vm upon rupturing the membrane into whole-cell mode. Vm
was similar between the three groups of responders (Fig. 2.3C), suggesting that the excitatory
effects of GABA did not arise from differences in Vm.

Next, we tested the hypothesis that regional differences in chloride homeostasis,
specifically mediated by the chloride transporter, KCC2, underlie the mixed responses upon GPe
stimulation. KCC2 is a neuron-specific transporter that extrudes chloride ions (CI7) from the cell,
thereby maintaining a low intracellular chloride concentration, which is essential for
hyperpolarizing GABAergic signaling in the adult brain. In rodents, it has been shown that the
anterior and dorsal regions of the nRT are immunopositive for KCC2, but KCC2 is not present in
other regions of the nRT (52, 53). We performed KCC2 immunostaining on mouse horizontal brain
sections and found a clear anterior-posterior gradient of KCC2 expression within the nRT (Fig.
2.3E). KCC2 immunoreactivity was strong in the anterior nRT but was minimal in the posterior
region. The expression pattern of KCC2 closely mirrored the GPe-evoked response pattern along
the anterior-posterior axis (Fig. 2.3D). These data are consistent with the model in which high
KCC2 expression in the anterior nRT maintains low intracellular chloride and a hyperpolarized
Ec, leading to inhibitory GABAergic responses, whereas reduced KCC2 expression in the
posterior nRT leads to elevated intracellular chloride, depolarized Eci, and excitatory GABAergic
responses.

To test whether KCC2 determines the polarity of GPe-evoked responses, we
pharmacologically blocked KCC2 using the selective antagonist VU 0463271 (100 yM) and
examined whether GPe-mediated inhibition could be converted into excitation under KCC2
blockade. We quantified the response profiles in anterior nRT from slices incubated with or without
VU. Under control conditions, the majority of anterior nRT neurons were inhibited by GPe
stimulation. KCC2 blockade increased the proportion of neurons exhibiting excitation in response

to GPe stimulation (Fig. 2.3F), suggesting that KCC2 activity constrains GABAergic signaling
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toward inhibitory responses at the population level. To determine whether this effect could occur
within individual neurons, we performed VU wash-on experiments in anterior nRT neurons during
steady spontaneous firing. Optogenetic stimulation of GPe axons initially suppressed spiking, but
following the application of VU, the response progressively shifted from inhibition to excitation,
and ultimately drove robust burst firing in the same cell (Fig. 2.3F). Together, these findings
indicate that KCC2 activity is a key determinant of the polarity of GABAergic GPe input to nRT
neurons.

Ec| governs the polarity of GPe-evoked firing response in nRT neurons

Does the observed KCC2 expression pattern translate to underlying differences in Ec; in
nRT neurons? We performed gramicidin-perforated patch recordings to measure physiological
cell Eci. Gramicidin is a cation-selective ionophore that preserves native intracellular chloride
concentrations while permitting electrical access to the cell, thereby enabling accurate
measurement of Ec| (54). We took advantage of the slow time course of perforation to first assess
GPe-evoked firing response in cell-attached configuration following seal formation (Fig. 2.4A).
This approach enabled direct correlation between firing response and the subsequently measured
Eci within the same cell.

After characterizing GPe-evoked response in cell-attached configuration, we monitored
access resistance until stable perforation was achieved. E¢ was determined from GPe-evoked
currents recorded across command potentials (Fig. 2.4A). Current-voltage (I-V) relationship
curves were constructed, and x-intercepts of linear fits were used to determine Ec. Cells excited
by GPe stimulation exhibited significantly more depolarized Ec, than inhibited cells (Fig. 2.4A).
Anatomical mapping again revealed a pronounced anterior-posterior gradient in Ec¢ (Fig. 2.4B),
closely mirroring the KCC2 expression pattern (Fig. 2.4E) and the distribution of excitatory versus

inhibitory responses (Fig 2.4B).
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We next tested whether we could control the directionality of nRT neurons’ response to
GPe by varying intracellular chloride in whole-cell configuration. Whole-cell recordings were
performed using pipette internal solutions with varying chloride concentration to manipulate Ec:
—-60 mV, =70 mV, and —80 mV. Experimental measurement of cell Ec obtained from |-V curves
closely matched the predicted pipette Ec (Fig. 2.4E). We injected +150 pA current to depolarize
the cell to an active state and measured the relative change in firing rates upon GPe stimulation
(Fig. 2.4C and D). Using the —60 mV Eg, internal, 52.4% (11/21) of the cells increased firing,
consistent with the proportion of excited cells observed in cell-attached recordings (Fig. 2.3B). In
contrast, using the —70 mV and —80 mV Ec internals, GPe stimulation consistently resulted in
inhibitory postsynaptic potentials (IPSPs) and suppressed firing in all nRT cells (Fig. 2.4D).
Together, these findings demonstrate that GABA release from GPe axons can exert either
activating or suppressing effects depending on the E¢ of nRT neurons.

Finally, we assessed the effects of GPe input on nRT neurons at rest, in the absence of
ongoing firing. Consistent with our cell-attached recordings (Fig. 2.3B), GPe stimulation evoked
high-frequency burst firing in the posterior nRT neurons (Fig. 2.4F). Notably, evoked action
potentials ride on a slow and prolonged depolarizing current, presumably mediated by low-
threshold Ca?* channels (e.g., CaV3.3) expressed in nRT neurons (55). The number of action
potentials increased with more depolarized Ecinternals (Fig. 2.4F).

GPe differentially regulates downstream thalamocortical activity through feedforward
inhibition

Given the strong and regionally specialized control of GPe input on nRT activity, we next
investigated whether GPe stimulation can differentially modulate the activity of TC neurons
downstream of nRT (Fig. 2.5A). We recorded responses in two TC nuclei neighboring the nRT,
the somatosensory ventrobasal nucleus (VB), which receives inputs from the posterior nRT, and

the motor ventrolateral nucleus (VL), which receives inputs from the anterior nRT (56). GPe
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stimulation robustly inhibited firing in VB neurons and evoked burst-like IPSPs and inhibitory
postsynaptic currents (IPSCs) in VB neurons (Fig. 2.5B), consistent with our finding that GPe
stimulation evoked burst firing in the nRT neurons in the posterior region (Fig. 2.3B and 2.4F),
which is known to project to the VB thalamus (57). In contrast, GPe stimulation produced little to
no effect on the firing of VL neurons (Fig. 2.5C). Because nRT neurons are largely silent in acute
slice preparations, GPe inhibition of the anterior nRT neurons (Fig. 2.3B) would not substantially
affect downstream VL activity.

In vivo activity of GPe—anterior nRT pathway tracks movement states and transitions

Given the central role of the GPe in basal ganglia circuitry and motor control, we asked
whether the GPe—nRT pathway might be engaged during movement. Previous studies have
shown phasic changes in GPe firing (58-65) and nRT firing (66—69) during movement. However,
whether such activity extends to the Npas1* subpopulation or specifically to GPe—nRT projection
neurons remains unclear. Because the anterior nRT projects to the motor VL thalamus (56), we
hypothesized that movement might specifically engage the GPe—anterior nRT—VL pathway.
Accordingly, we targeted this pathway for our in vivo experiments.

To investigate how the GPe—anterior nRT might be modulated during motor behavior, we
monitored the real-time activity of GPe axons in the anterior nRT using fiber photometry. We used
an axon-targeted GCaMP variant, axon-GCaMP6s (70), to image axonal Ca?" dynamics at
GPe—anterior nRT terminals. Axonal Ca?* signals serve as a proxy for presynaptic activity and
neurotransmitter release (71), providing a pathway-specific readout of presynaptic output. Npas1-
iCre mice were unilaterally injected with AAV carrying Cre-dependent axon-GCaMPG6s into the
GPe and implanted with an optical fiber in the anterior nRT (Fig. 2.6A). We monitored mouse
speed during self-paced locomotion in an open-field arena (Fig. 2.7A) and aligned GPe axonal
Ca?* activity traces to mouse speed (Fig. 2.6B). Activity in the GPe—anterior nRT pathway,

quantified by the z-scored GCaMP fluorescence signal, increased at movement onset and
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decreased at movement offset (Fig. 2.6C). Analysis of the relationship between speed and
GCaMP activity revealed a strong linear relationship at low movement speeds (0—1 cm/s),
followed by a plateau at higher speeds (Fig. 2.6D). In this low-speed window, pathway activity
correlated with speed, with a maximal Pearson correlation of 0.34 + 0.04. The plateau in signal at
higher speeds may reflect sensor saturation or a ceiling effect in GPe—nRT pathway recruitment.
Because activity in multiple basal ganglia nuclei often correlates more strongly with
contralateral compared to ipsilateral movements (72, 73), we also asked whether pathway activity
was associated with directional turning behavior. We quantified angular velocity based on
changes in the mouse heading direction (Fig. 2.7B). Both left and right turns were associated with
transient increases in GCaMP activity in GPe—nRT axons in the right hemisphere, but no left/right
bias was observed (Fig. 2.7C). This leaves open the possibility that some of the observed
fluorescence changes may reflect nonspecific signals associated with locomotion, rather than
direction-selective neural activity. Together, these results provide evidence that the GPe—anterior
nRT pathway is dynamically coupled to ongoing movement states and transitions in freely
behaving mice.
Evidence suggestive of state-dependent modulation of movement following optogenetic

stimulation of GPe—anterior nRT terminals

Stimulation of distinct GPe efferent pathways has been shown to produce different
behavioral outcomes (719). Activation of GPe—dorsal striatum projections suppresses movement
(74), whereas activation of GPe—subthalamic nucleus projections promotes movement (75). To
investigate whether perturbing the GPe—nRT pathway can shape motor output, we used
optogenetics to modulate the GPe—anterior nRT terminals while monitoring mouse locomotion
in open-field arenas. Npas1-iCre mice were bilaterally injected with an AAV expressing Cre-
dependent ChR2-eYFP into the GPe, and implanted with optical fibers targeting the anterior nRT

(Fig. 2.8A).
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First, we tested whether optical stimulation of the GPe—anterior nRT pathway would
promote or suppress overall movement in the open field. Because —anterior nRT pathway activity
increased around movement onset (Fig. 2.6C), we hypothesized that optical stimulation of this
pathway would increase movement. Contrary to our hypothesis, analysis of movement speed
revealed no detectable difference in speed fold change between ChR2-eYFP and eYFP mice
(Fig. 2.9). These observations indicate that, under the stimulation conditions used here,
optogenetic activation of the GPe—anterior nRT pathway did not produce a detectable change in
overall movement.

The behavioral effects of neural circuit manipulations often depend on the ongoing state
of the system or animal. For this reason, averaging behavioral responses across all trials
irrespective of baseline movement states can obscure important state-dependent effects. In an
exploratory analysis to address this possibility, we stratified optogenetic stimulation trials
according to prestimulus speed and examined how the initial motor state might alter the
behavioral effect of optical stimulation. This analysis revealed that activating the GPe—anterior
nRT pathway produced bidirectional state-dependent effects on locomotion: stimulation following
periods of low prestimulus speed increased mouse speed, whereas stimulation during periods of
high prestimulus speed robustly decreased mouse speed (Fig. 2.8B).

To quantify this state dependence, we used a linear mixed-effects modeling approach
(Fig. 2.8C). For each trial, prestimulus speed was plotted against the corresponding fold change
in speed during stimulation, and the slope of this relationship was used as a metric of state-
dependent modulation in each mouse (see Methods). Steeper slopes indicate stronger
dependence. Notably, eYFP control and no laser control animals also exhibited a modest non-
zero slope (Fig. 2.10), likely reflecting the natural tendency of animals to accelerate from low
speeds and decelerate from high speeds. To separately quantify the net movement effect of

stimulation, we additionally derived a signed-area metric representing the total net change in
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speed (Fig. 2.8C). Together, these two orthogonal measures describe both the state dependence
and overall net change in movement.

Compared to eYFP controls, ChR2-expressing animals exhibited significantly steeper
slopes, indicating enhanced state-dependent modulation of movement (Fig. 2.8D). This effect
was consistently observed across both patterned (20 Hz, 5 ms pulse width) stimulation (Fig. 2.8)
and sustained stimulation (Fig. 2.10). Thus, the behavioral consequences of GPe—anterior nRT
activation are not fixed, but appear to depend strongly on the ongoing movement state of the
animal. These results suggest that the GPe—anterior nRT pathway dynamically regulates motor
output in a state-dependent manner (see Discussion). This apparent state dependence could also
reflect regression to the mean, and therefore should be interpreted with caution.

Finally, we asked whether directly manipulating anterior nRT neurons, thereby bypassing
GPe input, could produce similar motor effects. We bilaterally injected SOM-Cre mice with an AAV
encoding Cre-dependent ChR2-eYFP and implanted optical fibers above the anterior nRT (Fig.
2.11A). Patterned stimulation of SOM* nRT neurons produced a significant decrease in signed
area, indicating an overall movement suppression (Fig. 2.11B and C). This effect is consistent
with the circuit logic in which activation of anterior nRT neurons inhibits VL thalamic activity and
suppresses motor output. Interestingly, sustained stimulation of SOM* nRT neurons produced the
opposite behavioral effect, driving a robust increase in movement (Fig. 2.12). One possible
explanation is depolarization block, in which prolonged supraphysiological stimulation
paradoxically reduces neuronal firing rather than enhancing activation, as evident in ex vivo slices
(Fig. 2.12C). Analogous experiments in mice expressing the inhibitory opsin eNpHR3.0 in SOM*
nRT neurons (Figure 2.13) produced a mild change in slope but no significant change in signed
area (Fig. 2.10). However, the movement-promoting effect observed during sustained optogenetic
stimulation (Figure 2.12), which may induce depolarization block (Fig. 2.12C), is consistent with

the idea that inhibiting anterior nRT activity can facilitate movement.
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Together, these findings demonstrate that direct manipulation of nRT neurons regulates
movement and strongly support the conclusion that the behavioral effects of GPe—nRT pathway
stimulation are mediated through nRT circuitry.

2.4. Discussion

This study provides the first integrated analysis of the GPe—nRT pathway levels since its
initial identification in the 1970s. We show that this non-canonical pallidothalamic pathway
possesses several unique properties supporting its capacity to regulate thalamic activity and
motor output: 1) widespread connectivity across the entire nRT, 2) region-specific GABAergic
signalling that depends on an anterior-posterior expression of the chloride transporter KCC2; and
3) time-locked activity to movement bouts. These properties position the GPe—nRT pathway as
a critical circuit node in basal ganglia-thalamus communication.

Opponent control of thalamic activity through selective activation and inhibition

One of the most unexpected findings in our study was that the broad and near-uniform
functional connectivity of GPe—nRT input (Fig. 2.1E) did not translate into a homogeneous
response across nRT regions: Anterior nRT neurons were inhibited, whereas posterior nRT
neurons were excited in response to GPe stimulation (Fig. 2.3B). This bidirectional modulation of
nRT activity was shaped by an anterior-posterior gradient in KCC2 expression, with high levels in
the anterior nRT and low levels in the posterior nRT (Fig. 2.3E), resulting in a similar anterior-
posterior gradient of E¢ (Fig. 2.4B). Previous studies have reported a wide range of Ec in the
nRT (63, 76-78), ranging from -71.0 mV (77) to -45.0 mV (76). We show that the KCC2
expression gradient described here (Fig. 2.3E) provides a molecular explanation for this variability
of Ec,, and that Ec¢ is spatially organized along the same anterior-posterior gradient as KCC2
expression (Fig. 2.4B).

What does the dual and opposing effect of GPe GABAergic input on the nRT mean for

information gating in the thalamus? The nRT has long been proposed to function as a “searchlight”
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that selectively gates information flow through the thalamus, thereby shaping sensory processing,
attention, and behavior (25). The original formulation proposes that this searchlight function is
mediated through intrinsic intra-nRT connections, whereby localized nRT activity patterns
selectively gate downstream TC nuclei. Our findings suggest an additional, complementary
mechanism in which this searchlight function may be achieved through region-specific GABAergic
excitation and inhibition from the GPe. Specifically, the inhibitory GPe—anterior nRT pathway and
excitatory GPe—posterior nRT pathway may constitute parallel information streams that are
recruited under certain behavioral conditions. This unique circuit architecture could enable flexible
and context-dependent modulation of thalamic output (23).

In addition, the organization of the extrinsic GPe—nRT input differs from that of intrinsic
intra-nRT connectivity. Whereas intra-nRT connections are relatively sparse, GPe—nRT input is
pervasive and distributed throughout the nRT (79), suggesting these systems likely serve
complementary roles. Intrinsic intra-nRT connectivity is well-positioned to mediate local
interactions between neighboring nRT neurons and coordinate activity within regions. In contrast,
the widespread nature of GPe—nRT suggests thalamic gating on a broader scale, dynamically
regulating thalamic activity across regions.

One open question is the functional role of GPe input to the rest of the nRT, such as the
posterior region, which is excited by GPe input and thus provides feedforward inhibition onto the
VB thalamus (Fig. 2.5). Given the established role of VB in sensory processing (57, 80), this
pathway may contribute to sensory filtering mechanisms that suppress irrelevant or distracting
inputs while enhancing the salience of behaviorally relevant signals. Consistent with this, broad
optogenetic suppression of the GPe has previously been shown to enhance behavioral
performance in an auditory discrimination task through the auditory nRT (22). The GPe—posterior
nRT—VB pathway may similarly contribute to filtering background noise activity through

feedforward inhibition and improve neural signal-to-noise ratio. Although the present study
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primarily focuses on motor-related functions of the GPe—anterior nRT pathway, defining the role
of the GPe—posterior nRT pathway will be an important future direction.

A conceptual framework for chloride dynamics in state-dependent movement modulation

In freely behaving mice, we did not observe a global effect of optogenetic stimulation of
GPe axons on locomotion. However, in an exploratory analysis, we found that stimulation of this
pathway could produce bidirectional behavioral effects that depend on the animal's initial
movement state. Specifically, when mice were already moving at high speeds, activation of the
GPe—anterior nRT pathway appeared to suppress movement, whereas stimulation during
stationary periods or low speeds seemed to promote movement (Fig. 2.8). This state-dependent
effect is particularly intriguing and suggests that the functional impact of GPe—anterior nRT input
may depend on the ongoing network state.

One potential mechanism is activity-dependent chloride dynamics in nRT neurons. During
high-movement states, sustained GABA release from the GPe could promote intracellular chloride
accumulation in nRT neurons, shifting Eci towards more depolarized values. Under this condition,
GPe—anterior nRT input could depolarize anterior nRT neurons, thereby enhancing inhibition of
the VL thalamus and suppressing movement. In contrast, during low-movement states, lower
levels of GPe activity may favor restoration of a more hyperpolarizing Ec through chloride
extrusion, thus inhibiting anterior nRT and disinhibiting the VL thalamus to promote movement.
This activity-dependent circuit effect shift is well supported by established biophysical principles
of short-term ionic plasticity. High-frequency GABAergic transmission is well-documented to
cause rapid, localized intracellular chloride accumulation when the rate of chloride influx outpaces
the native extrusion capacity of the neuron (53, 81). Our fiber photometry data demonstrated that
GPe—anterior nRT terminals are sustainedly activated during high-speed locomotion (Fig. 2.6C
and D). The resulting high-volume GABA release could drive activity-dependent chloride loading

in anterior nRT neurons. This chloride loading could progressively depolarize Eci from baseline,
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dynamically shifting GPe-evoked responses from inhibitory to excitatory. Directly tracking real-
time intracellular chloride shifts in vivo remains technically challenging because of the pH-
sensitivity of current biosensors and temporal resolution (82, 83). Here, we provide this
conceptual framework, suggesting how short-term ionic plasticity can act as a dynamic substrate
for state-dependent motor control.

Although we cannot entirely exclude the possibility that stimulating GPe—nRT axons
could produce antidromic activation of GPe somata and engage local GPe circuitry through
collateral interactions, direct manipulation of nRT neurons produced behavioral effects consistent
with those observed following GPe—nRT terminal stimulation. Specifically, activation of nRT
neurons suppressed movement at high speeds, whereas inhibition of nRT activity through
depolarization block increased movement at low speeds. These effects were similarly state-
dependent, supporting that the nRT is the primary downstream effector through which the
GPe—nRT pathway regulates motor behavior.

Implications for basal ganglia-thalamus connectivity and function

The classical circuit model posits the GPi and the SNr as the canonical output nuclei of
the basal ganglia, which give rise to GABAergic projections that inhibit the motor thalamus, thus
inhibiting movement. Due to their characteristically high tonic firing rates in vivo (84, 85), GPi/SNr
are thought to tonically inhibit the motor thalamus (86). Movement initiation requires a transient
pause in GPi/SNr firing, thereby disinhibiting the motor thalamus and allowing motor programs to
be executed (87).

How the non-canonical GPe—nRT pathway operates alongside the canonical GPi/SNr
pathway to coordinate movement remains to be determined. The activity of GPi/SNr is controlled
upstream through a population of GPe neurons that are parvalbumin-positive and distinct from
the Npas1* GPe neurons that project to the nRT. The relative in vivo firing patterns of these two

GPe subtypes have been studied in dopamine-depleted animals (20, 46), but not under
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physiological conditions. Thus, it is currently difficult to determine whether these pathways
operate in concert, in opposition, or in parallel. Simultaneous monitoring of both pathways during
behavior will be essential to elucidate how they shape thalamic activity and motor output.

Conclusions and outlook

This work expands the classical basal ganglia model by positioning the GPe as an output
nucleus that directly regulates thalamic activity alongside the canonical GPi/SNr output pathway.
Our findings demonstrate that basal ganglia-thalamic communication is not a static inhibitory gate,
but a dynamic system capable of bidirectional motor modulation. We establish the GPe—nRT
pathway as a previously underappreciated component of motor circuitry with broad implications
for thalamic function and motor control in health and disease.

2.5. Methods
Mice

We performed all experiments per protocols approved by the Institutional Animal Care and
Use Committee at the University of California, San Francisco, and Gladstone Institutes.
Precautions were taken to minimize stress and the number of animals used in all experiments.
Adult (P56-P180) male and female mice were used. C57BL/6J mice (wild-type,
IMSR_JAX:000664), SOM-Cre mice (SOM-IRES-Cre, IMSR_JAX:013044), and Npas1-iCre
(Npas1-Cre-2A-tdTomato BAC transgenic line 1, IMSR_JAX:027718, generously provided by Dr.
Aryn Gittis, Carnegie Mellon University) were used.

Viral injections and optic fiber implantations

Mice aged postnatal day 50—70 were anesthetized with 2—5% isoflurane and secured in a
stereotaxic apparatus (Kopf Instruments). AAV constructs were delivered using the following
coordinates into the GPe: (relative to bregma, AP: —0.28 mm; ML: 2.10 mm; DV: 4.00 mm, 150
nL, 30 nL/min); into the anterior nRT: (relative to bregma, AP: —0.70 mm; ML: 1.30 mm; DV: 3.70

mm and 4.10 mm at two DV positions, 40 nL each, 20 nL/min). For all injections, the MicroSyringe
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Pump Controller (Micro4, WPI), NanoFil syringes (10 uL, WPI), and 33-g beveled NanoFil needles
(NF33BV-2, WPI) were used. After injection, the needle was left at the injection site for 5 min
before slow withdrawal to allow diffusion and minimize backflow. Viral injections were performed
unilaterally for ex vivo slice electrophysiology and fiber photometry, and bilaterally for in vivo
optogenetic experiments. Experiments were performed at least six weeks after viral injections.

For circuit mapping experiments, we injected AAV5-EF1a-DIO-EYFP (RRID:
Addgene 27056, 9.6 x 10'> GC/mL) into the GPe or nRT. For optogenetic experiments, we
injected AAV5-EF1a-double floxed-hChR2(H134R)-EYFP-WPRE-HGHpA (RRID:
Addgene 20298, 17 x 10'> GC/mL) for optogenetic excitation or AAV5-Ef1a-DIO-eNpHR 3.0-
EYFP (RRID: Addgene_26966, 24 x 10'> GC/mL) for optogenetic inhibition into the GPe or nRT.
For fiber photometry experiments, we injected AAV5-hSynapsin1-FLEx-axon-GCaMP6s (RRID:
Addgene_112010, 22 x 10" GC/mL) into the GPe.

For in vivo optogenetic experiments, four weeks after viral injections, fiber optic cannulae
(Thorlabs, 1.25 mm stainless ferrule, 200 um core, 0.39 NA) were implanted bilaterally using the
following coordinates above the nRT (relative to bregma, AP: —0.58 mm; ML: 1.55 mm, DV: -3.25
mm). Optical fibers were manually cleaved using a ruby scribe to the appropriate length. For fiber
photometry experiments, four weeks after viral injections, fiber optic cannulae (Doric Lenses, 1.25
mm zirconia ferrule, 400 um core, 0.66 NA, 4.0 mm length) were implanted unilaterally using the
same coordinates above the nRT. Cannulae were fixed to the skull using dental cement (Henry
Schlein, Flow It ALC Flowable Composite AQ). Optical fibers were coated with Dil stain to visualize
fiber tracts.

Ex vivo patch-clamp recordings

Mice aged postnatal day 90—140 (at least 6 weeks after viral injections) were anesthetized
with 4% isoflurane and perfused transcardially with ice-cold sucrose slicing solution containing

234 mM sucrose, 26 mM NaHCO3, 11 mM glucose, 10 mM MgSOQO., 2.5 mM KCI, 1.25 mM
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NaH>POQO4, and 0.5 mM CacCl,, equilibrated with 95% O, and 5% CO.. Brains were rapidly extracted
and dissected in ice-cold sucrose slicing solution. Horizontal slices containing the thalamus were
cut at a thickness of 250 um. We incubated the slices, initially at 32 °C for 30 min and then at
room temperature (24—26 °C) for 1 h, in artificial cerebrospinal fluid (ACSF) containing 126 mM
NaCl, 26 mM NaHCOs3, 10 mM glucose, 2.5 mM KCI, 2 mM CaClz, 1.25 mM NaH2PO4, and 1 mM
MgSOQs., equilibrated with 95% O2 and 5% CO..

Following incubation, brain slices were transferred to the recording chamber and
superfused with ACSF at a flow rate of 2 mL/min at room temperature. We obtained recordings
from nRT and TC neurons visually identified using differential contrast optics with an Olympus
microscope (60X objective; numerical aperture, 1.1; working distance, 1.5 mm; SKU 1-U2M592).
Recording electrodes made of borosilicate glass had a resistance of 3—-6 MQ when filled with an
internal solution. In all recording conditions, we monitored access resistance (Raccess), and cells
were included for analysis only if the Raccess was <25 MQ. All recordings were performed in the
presence of DNQX (30 uM, Sigma-Aldrich, no. D0540) and DL-2-Amino-5-phosphonopentanoic
acid (APV) (100 pM, Sigma-Aldrich, no. A5282) to pharmacologically isolate GABA-mediated
events. Electrophysiological data were acquired at 100 kHz and filtered at 3 kHz using a
Multiclamp 700B amplifier (Molecular Devices) and the pClamp11 software suite (Molecular
Devices).

For voltage-clamp recordings, the internal solution contained 135 mM CsCl, 10 mM
HEPES, 10 mM EGTA, 5 mM QX-314 (lidocaine N-ethyl bromide), and 2 mM MgCl,, pH adjusted
to 7.3 with CsOH (290 mOsm/kg). Eci was estimated to be about 0 mV based on the Nernst
equation. Neurons were clamped at —-65 mV. Junction potential, calculated using the JPCal
Program in Clampex, was —3.2 mV and left uncorrected.

For cell-attached and current-clamp recordings, the internal solution contained 120 mM
potassium gluconate, 11 mM KCI, 10 mM HEPES, 1 mM EGTA, 1 mM MgCl,, 1 mM CaCl,, pH

adjusted to 7.4 with KOH (290 mOsm/kg). Eci was estimated to be about .60 mV based on the
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Nernst equation. Some experiments used internal solutions with =70 mV and —80 mV Ec;, which
contained the same ingredients but with 127 mM potassium gluconate/4 mM KCI, 129 mM
potassium gluconate/2 mM KCI, respectively. We clamped the neurons at —80 mV for cell-
attached recordings. The three internal solutions used had junction potentials of —12.5 mV (Eci: —
60 mV), -13.2 mV (Eci: =70 mV), and —13.7 mV (Eci: =80 mV). Junction potentials were corrected
offline. In a subset of experiments, KCC2 was blocked by bath application of the selective
antagonist, VU 0463271 (100 pM, Sigma-Aldrich, SML2333).

For perforated-patch recordings, the internal solution contained 130 mM KCI, 10 mM
HEPES, 10 mM EGTA, 1 mM MgCl., 1 mM CaClz, pH adjusted to 7.3 with KOH (290 mOsm/kg).
The internal solution was first warmed to 37°C, and combined with a stock solution of gramicidin
A (dissolved in DMSO, Sigma-Aldrich, no. 50845) to achieve a final concentration of 100 ug/mL.
The solution was then vortexed and sonicated for 1 min to ensure complete dissolution of
gramicidin. Patch pipettes were prepared first by tip-filling with a gramicidin-free solution, and then
back-filled with the gramicidin solution. To minimize gramicidin precipitation, the internal solution
was vortexed every hour during experiments. Patch pipettes with a blunt taper were used to
facilitate diffusion of gramicidin to the tip. After initial seal formation, perforation was then
monitored by tracking Raccess, which was determined from the current response to a =10 mV
voltage drop. Mean Raccess at the start of Eci measurement was 71.28 + 3.30 MQ. Recordings
that failed to reach these Raccess values within the first 10 minutes rarely achieved sufficient
quality. Rupture or breakthrough of the patch was determined by a supraphysiological cell Ec..
Pipette Ec was estimated to be about 0 mV based on the Nernst equation, which is not
physiologically plausible. Junction potential was —2.8 mV and left uncorrected. To account for
voltage errors introduced by large Raccess, offline correction was performed. The voltage drop
across the Raccess was calculated by multiplying the measured current response by the
Raccess, and this value was subtracted from the command voltage to estimate the actual

membrane potential.
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Fiber photometry

Fiber photometry was performed two weeks after optical fiber implantations. Behavioral
tests were performed in a standard lit room between 10:00 am and 7:00 pm. Mice were tested in
a white plastic open-field cylinder (diameter 30 cm), which was cleaned with 70% ethanol between
sessions. On the day before the experimental session, each mouse was allowed to acclimate to
the open field for 20 min, with a low-autofluorescence fiber optic cable attached to the implant via
a rotary joint (Doric Lenses).

Recordings were performed on an RZ10X processor (Tucker-Davis Technologies) with
405 and 465 LEDs. LED drivers were calibrated such that light power was approximately 15 pW
for 405 nm and 20 uW for 465 nm at the tip of the optical fiber. For axon-GCaMP6s excitation, 405
nm and 465 nm LEDs were sinusoidally modulated at distinct frequencies (210 Hz and 330 Hz,
respectively). Fluorescence signals and mouse behavior were recorded for 1 h. An overhead
camera (Allied Vision) was used to acquire mouse behavior in the open field at 10 fps, 640 x 480
px per frame. Mouse position was tracked using DeepLabCut. After the completion of behavioral
experiments, transgene expression and optical fiber locations were histologically verified post
hoc. Only histologically validated subjects were included in this study. Mice with baseline
locomotor activity less than 1 cm/s were excluded, as this is indicative of abnormal motor behavior,
possibly caused by injury during surgical procedures.

In vivo optogenetics

In vivo optogenetic interrogation was performed two weeks after optical fiber
implantations. Behavioral tests were performed in a standard lit room between 10:00 am and 7:00
pm. Mice were tested in a white plastic open-field cylinder (diameter 30 cm), which was cleaned
with 70% ethanol between sessions. On the day before the experimental session, each mouse

was allowed to acclimate to the open field for 20 min, with the fiber optic cable attached to the
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implant via a rotary joint (Doric Lenses). Pre-trial, basal ambulatory activity was recorded for 5
min at the beginning of the behavioral session.

For ChR2 activation, mice were subjected to either a single, sustained light pulse or a
patterned pulse train (5 ms pulses at 20 Hz) delivered for 10 s. For eNpHR3.0 activation, only the
sustained protocol was used. A blue, 450 nm laser (SLOC) was used to activate ChR2, and a
green, 532 nm laser (SLOC) was used to activate eNpHR3.0. Lasers were triggered externally
using the RZ5 processor (Tucker-Davis Technologies). The light power used for opsin activation
was 16-20 mW measured at the fiber tip. Stimuli were delivered with a 1-min intertrial interval,
and 20 trials were run for each mouse. An overhead camera (Allied Vision) was used to acquire
mouse behavior in the open field at 10 fps, 640 x 480 px per frame. Mouse position was tracked
using Deeplabcut. After the completion of behavioral experiments, transgene expression and
optical fiber locations were histologically verified post hoc. Only histologically validated subjects
were included in this study. Mice with baseline locomotor activity less than 1 cm/s were excluded,
as this is indicative of abnormal motor behavior, possibly caused by injury during surgical
procedures.

Markerless pose estimation

Behavioral videos were analyzed using DeepLabCut (88) (DLC) for markerless tracking
of mouse body parts. DLC version 3.0.0rc9 was used with default parameters and a pretrained
ResNet50. Seven body parts (nose, left ear, right ear, body center, left lateral, right lateral, tail
base) were manually labelled. A total of 809 frames from 22 videos were extracted and used to
train the network, achieving a final train error of 2.08 pixels and a test error of 2.70 pixels. Raw
DLC trajectories were further processed to reduce tracking noise. Frames with likelihood values
below 0.3 were excluded and temporarily assigned as missing values. Missing coordinates were
subsequently interpolated linearly between adjacent valid frames. To remove isolated tracking

spikes, a nearest-neighbor outlier correction algorithm was applied. Individual frames were
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identified as artifacts when neighboring frames remained spatially similar while the intermediate
frame exhibited a large displacement. In these cases, coordinates were replaced by the average
of the adjacent frames. To further constrain implausible tracking jumps, maximum frame-to-frame
displacement was limited to 30 pixels per frame. Finally, trajectories were smoothed using a
median filter with a kernel size of 5 frames to reduce high-frequency noise. Mouse speed was
calculated from the frame-to-frame displacement of the body center, and the maximum speed
value was capped at 20 cm/s. Mouse angular velocity was calculated from vectors connecting the
body center to the nose and tail base. DLC network is available.

Immunohistochemistry and Microscopy

Mice were perfused with ice-cold 4% paraformaldehyde in phosphate-buffered saline.
Serial horizontal or sagittal sections (50 um) were cut on a sliding microtome (Leica SM2000R).
Sections were first incubated in a blocking solution containing Normal Goat Serum (10%,
Jackson) and TritonX-100 (0.05%, Sigma) for 2 h at room temperature. They were then incubated
with primary antibodies overnight at 4°C. nRT cells were labeled with mouse anti-PV antibody
(1:1000, Swant, PV27). KCC2 protein was stained with rabbit anti-KCC2 antibody (1:500, Sigma-
Aldrich, 07-432). After washing, sections were further incubated with secondary antibodies for 2
h at room temperature. Secondary antibodies used were goat anti-mouse-Alexa 594 (1:1000,
Invitrogen, A11032) and goat anti-rabbit-Alexa 488 (1:1000, Invitrogen, A11008). Sections were
mounted in an antifade medium (Vectashield) and images were obtained with a Keyence BZ-9000
microscope. Image analyses were performed with ImageJ.

Quantification
Ex vivo Slice electrophysiology

Characterization of minimal oPSCs: To identify evoked minimal oPSCs, we first applied a
Gaussian filter to smooth the raw traces, using a convolution kernel with a 5 ms standard

deviation. Traces containing events that preceded the stimulus onset or exhibited unstable
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baselines were excluded. Successful events were identified in the smoothed traces using a
dynamic threshold set at five times the standard deviation of the pre-stimulus baseline. Only these
successful traces were used to compute the mean trace, using the raw (unsmoothed) data. From
the mean trace, the following synaptic current features were extracted:

Latency: The time from stimulus onset to 10% rise of the oPSC.

Amplitude: The peak oPSC amplitude.

Rise time: The time between 10% and 90% of the oPSC rise.

Charge: The integral of the oPSC from 10% of the oPSC rise to the return to baseline.

Decay tau (double-exponential, weighted): Obtained by fitting a double-exponential decay
function to the oPSC waveform and calculating the weighted time constant:

. ATy + Apry
bw A + A,

where As and A; are the slow and fast amplitude components, and 11 and 1. are the slow
and fast decay-time constants, respectively.

Detection of extracellular spikes in cell-attached configuration: To isolate negative-going
voltage deflections corresponding to extracellular spikes, the voltage trace was inverted to convert
troughs to peaks, and peaks were detected using the find_peaks function from the SciPy library.
The peaks were detected based on a dynamic threshold set to 70% of the maximum data point
in each sweep.

Detection of action potentials in whole-cell configuration: Action potentials were detected
based on the first derivative of the voltage trace. Action potential onsets were identified as time
points where dV/dt first exceeded 50 V/s.

Fiber photometry

Preprocessing: The first 10 seconds of each recording were discarded to avoid onset
artifacts. Signals were low-pass filtered (Butterworth, 2" order, 2 Hz cutoff) to reduce high-

frequency noise, then fit with a double exponential function to capture and remove slow baseline
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drift. To correct for motion artifacts, we performed linear regression between the detrended
405 nm and 465 nm signals. The scaled 405 nm trace (motion estimate) was subtracted from the
detrended 465 nm signal to yield a motion-corrected GCaMP trace. This corrected signal was
then z-scored for normalization across sessions. To align fiber signals with movement, the
corrected and z-scored GCaMP trace was temporally resampled to match the movement trace by
computing the mean GCaMP signal within each video frame interval.

Detection of movement bouts: To identify discrete movement bouts, we applied a two-
threshold algorithm. First, a low threshold of 2 cm/s was used to detect movement onset and
offset. Onsets were defined as time points where speed rose above this threshold, and offsets as
time points where speed subsequently fell below it. To ensure that only robust movements were
captured, a secondary criterion required that the peak speed within each detected bout exceed
5 cm/s. Bouts not meeting this criterion were excluded from analysis.

Detection of left/right turns: To identify discrete turning events, angular velocity traces were
thresholded at +1/2 rad/s. Left turns were defined as timepoints in which angular velocity fell
below —11/2 rad/s, whereas right turns were defined as periods in which angular velocity exceeded
+11/2 rad/s.

Linear mixed-effects model

For optogenetic interrogations, trial-by-trial behavioral responses were analyzed using
linear mixed-effects models implemented in Python with the statsmodels package. To account for
repeated measurements within individual animals, mouse identity was included as a random
effect with both random intercepts and random slopes. Fixed effects included experimental
conditions (eYFP versus ChR2 or eNpHR), prestimulus speed, and their interaction. Prestimulus
speed and stimulation-induced speed fold change (Stimulation speed/prestimulus speed) were

log-transformed prior to modeling. The primary model was defined as:
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logqo(Speed fold change;;)
= o + B, Condition;; + B,log,o(PreSpeed;;)
+ B3 (Condition;; X logyo(PreSpeed;;)) + by + byjlog,o(PreSpeed;;) + &;;

Where i denotes individual trials and j denotes individual mice; 3 terms represent fixed
effects; bg; and b1; represent mouse-specific random intercepts and slopes, respectively; and ¢j
represents residual error. The eYFP group serves as the reference condition.

Model fitting was performed using restricted maximum likelihood estimation with the
LBFGS optimizer. Population-level fit lines were derived from the fixed effects, whereas individual
mouse fits incorporated both fixed and random effects. Fit lines were evaluated over the 2.5th to
97.5th percentile range of prestimulus values to exclude extreme outliers.

Two summary metrics were extracted from the fitted regression lines. The slope quantified
the degree of behavioral state dependence, with steeper negative slopes indicating stronger
suppression of movement at higher prestimulus speeds and stronger promotion at lower
prestimulus speeds. In contrast, the signed area quantified the net integrated behavioral effect
across the full range of prestimulus speeds, providing a measure of net movement change.

Statistical analyses

General graphing and statistical analyses were performed using Python and Prism
(GraphPad). Sample size is defined by the number of observations (i.e., cells or mice). No
statistical method was used to predetermine sample size. Data are presented as mean + standard
error of means, unless specified otherwise. Normal distributions of data were not assumed.
Animal subjects and cell recordings were randomized within experimental blocks to yield
approximately equal sampling of experimental conditions. Statistical significance values and
sample sizes are described in the figure legends. Statistical thresholds used were as follows: *

P<0.05; ** P<0.01; ™ P<0.001; *** P<0.0001; ns Not Significant.
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2.6. Figures

A Mouse line C Unitary synaptic currents at minimal stimulation
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Figure 2.1. GPe sends widespread projections to the entire nRT

(A) Injection schematics. (B) Representative images of horizontal brain sections showing the
presence of eYFP* GPe axons throughout the entire nRT. Scale bar applies to all panels. (C) Top,
Representative traces of minimal oPSCs recorded from an nRT neuron in response to activation
of a single GPe axon. Inset, expanded view of the traces. Stimulation intensity was adjusted to
achieve a ~50% success rate. Bottom, Mean trace + SEM. Right, Electrophysiological features of
minimal oPSCs: Amplitude (n = 47 cells) and weighted tau (n = 17 cells). (D) Top, Representative
traces of oPSCs in an nRT neuron evoked by a train of light pulses delivered at 2 Hz (n = 20
(Figure caption continued on the next page.)



(Figure caption continued from the previous page.)

cells), 5 Hz (n = 19 cells), 10 Hz (n = 19 cells), 20 Hz (n = 18 cells), and 30 Hz (n = 18 cells) at
1.5% the minimal stimulation intensity. Traces are scaled such that the amplitudes of the first
evoked oPSC are the same. Bottom, Normalized current amplitudes and evoked rates across
stimulation numbers. (E) Left, Connectivity map showing the locations of recorded cells (n = 41
cells) and their corresponding amplitudes of minimal oPSCs. Right, Amplitudes of minimal oPSCs
across the anterior-posterior (AP), medio-lateral (ML), and dorso-ventral (DV) axes. Note the
uniformity of synaptic strength across all three axes. Linear regression (AP: P = 0.60; ML: P =
0.99; DV: P =0.60).
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Figure 2.2. Minimal stimulation protocol reflects unitary transmission at GPe—nRT
synapse

(A) Representative traces of minimal oPSCs recorded from an nRT neuron in response to paired-
pulse stimulation of a single GPe axon. (B) Top, Expanded view of raw traces, colored by
successes (yellow) and failures (blue). Bottom, Same as Top, but for the first time derivative. (C)
Scatter plot showing the correlation between the paired-pulse ratio (second oPSC amplitude/first
oPSC amplitude) and paired-pulse facilitation (second release probability/first release probability).
Linear regression (n = 29 cells, P = 0.11). (D) lllustration of the principle of minimal stimulation.
For two or more synapses, as release probability increases, both synapses tend to release quanta
simultaneously, resulting in a higher amplitude for the second oPSC. However, for a single

synapse, the amplitude of the second oPSC remains unchanged despite increasing release
probability. For reference, see (47).
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A Recording configuration B Cell attached firing response
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Figure 2.3. Region-specific KCC2 expression drives opposing GABAergic GPe—nRT
signaling

(A) Recording configuration. (B) Left, Representative traces of cell-attached recordings of nRT
neurons in response to GPe axon stimulation. Middle, Raster plot showing spiking activity of all
cells recorded, sorted based on the latency to the first spike after stimulation. Right, Numbers and
percentages of response types. (C) Resting membrane potential values across responders.
Kruskal-Wallis test (n = 50 cells, P = 0.94). (D) Left, Response map showing the locations of
recorded cells (n = 61 cells) and their corresponding firing response. Right, Response probability
across the AP, ML, and DV axes. Cells were predominantly inhibited in the anterior-medial regions
and excited in the posterior-lateral regions of the nRT. Logistic regression (AP: Increase P = 1.34
x 107, No change P = 0.17, Decrease P = 2.68 x 107%; ML: Increase P = 2.41 x 10, No change
P =0.18, Decrease P =5.10 x 107%; DV: Increase P = 0.39, No change P = 0.88, Decrease P =
7.44 x 107%). (E) Left, KCC2 expression map based on immunohistochemical signal from a
representative animal. Middle, Representative images of horizontal brain sections. High-
magnification image shows that KCC2 localizes to the perisomatic region and dendrites. Right,
KCC2 fluorescence signal, normalized to the average signal of that section (n = 5 mice). KCC2 is
restricted to the anterior nRT. Linear regression (AP: P =<1.00 x 107'% ML: P = <1.00 x 107,
(Figure caption continued on the next page.)
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(Figure caption continued from the previous page.)

DV: P = 0.50). (F) Left, Number of response types with and without VU incubation in the anterior
nRT. Fisher's exact test (no VU vs. with VU: n = 33 cells, P = 1.91 x 107). Middle, Raster plot
showing the effect of washing on VU 0463721 (KCC2 antagonist) on GPe-evoked response in an
nRT neuron. Spiking was initially inhibited by GPe stimulation, and pharmacological blockade of
KCC2 transformed GPe inhibition to excitation. Right, Effect of VU as quantified by the latency to
the first spike after stimulation. Horizontal dashed line indicates the baseline latency.
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Figure 2.4. Ec governs the polarity of GPe-evoked response in nRT neurons

(A) Top left, Recording protocol to assess physiological cell Eci and GPe-evoked firing response
within the same cell. Access resistance was continuously monitored every 15 s after seal
formation until desirable perforation was achieved. Bottom left, Representative traces of a
gramicidin perforated-patch recording. Inset, same traces shown on a longer timescale and
without baseline subtraction. Top right, Current—voltage relationship curves of three
representative cells that showed a firing decrease (red), no change (gray), or firing increase (blue)
prior to Ecimeasurement. Vertical dashed lines indicate the x-intercepts. Numbers correspond to
(Figure caption continued on the next page.)
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(Figure caption continued from the previous page.)

the measured cell E¢ values. Bottom right, Cell Ec| values across responders. Kruskal-Wallis test
(n =19 cells, P = 2.31x 1072). Dunn's multiple comparisons test (Increase vs. No change: P =
0.23; Increase vs. Decrease: P = 2.54 x 107%; No change vs. Decrease: P = 0.83). (B) Left, Cell
Eci map showing the locations of recorded cells (n = 19 cells) and the correlation between cell Ec;
and firing response. Inner circles are color-coded to E¢ values. Outer circles are color-coded to
the firing response. Right, Cell Ec, values across the AP, ML, and DV axes. Dots are color-coded
to their firing response. Linear regression (AP: P=4.42 x 1073; ML: P=2.10 x 107%; DV: P = 2.21
x 1072). (C) Top, Representative trace of a whole-cell recording of an nRT neuron in response to
GPe axonal stimulation during firing. The cell was recorded with an Ec; = —-60 mV pipette internal,
which, upon GPe stimulation, increased in firing. Bottom, same as Top, but for a cell that was
recorded with an E¢ = —80 mV pipette internal, which decreased firing upon stimulation. Black
horizontal dashed line indicates the baseline firing rate. Blue or red horizontal dashed line
indicates the poststimulus firing rate. (D) Top, Firing responses of cells recorded with different
internals: Eci = -60 mV, =70 mV, —80 mV. Wilcoxon test (<60 mV: n = 21 cells, P =0.43; =70 mV:
n=23cells, P=2.38 x1077; =80 mV: n =22 cells, P=4.77 x 1077). Bottom, Correlation between
firing rate, shown in Top, and experimentally measured Cell E¢; shown in E. Linear regression (—
60 mV: n=17 cells, P=1.61 x 1072, =70 mV: n = 22 cells, P = 0.80; =80 mV: n = 19 cells, P =
0.77). (E) Top, Representative traces of oPSCs recorded at different command potentials. Inset,
same traces shown on a longer timescale and without baseline subtraction. Bottom left, |-V
curves. Mixed ANOVA (n = 60 cells, P = 5.54 x 107*). Bottom right, Experimentally measured cell
Ec values, which closely match their respective pipette Ec values. Kruskal-Wallis test (n = 64
cells, P=1.15 x 1075). Dunn's multiple comparisons test (<60 mV vs. =70 mV: P =2.23 x 107%; —
60 mV vs. -80 mV: P=9.62 x 1076, —70 mV vs. =80 mV: P = 0.31). (F) Left, Representative traces
showing evoked burst firing in an nRT neuron in response to GPe stimulation. Right, Number of
action potentials evoked across different membrane potentials in the three pipette Ec conditions.
RM two-way ANOVA (n = 68 cells, P = 2.68 x 107°).
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Figure 2.5. GPe differentially regulates downstream thalamocortical

feedforward inhibition

activity through

(A) Recording configuration. (B) Top, Representative trace of a whole-cell recording of a VB
neuron in response to GPe axonal stimulation during firing. The cell was recorded with an Ec¢ = —
80 mV pipette internal, which, upon GPe stimulation, decreased in firing. Black horizontal dashed
line indicates the baseline firing rate. Red horizontal dashed line indicates the poststimulus firing
rate. Bottom left, expanded view of the traces showing evoked burst IPSPs. Blue dots denote the
timing of individual IPSPs. In a separate cell, GPe evoked similar burst IPSCs in voltage clamp.
Bottom right, Firing response. Wilcoxon test (n = 24 cells, P = 1.19 x 1077). (C) Response map
showing the locations of recorded cells (n = 64 cells). Virtually no responders were observed in

the VL nucleus. Fisher's exact test (VL vs. VB: P =
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A Axonal Ca?*imaging at GPe—nRT terminals
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Figure 2.6. In vivo activity of GPe—anterior nRT pathway tracks movement states and
transitions

(A) Experimental design. (B) Representative trace of mouse speed and Z-score GCaMP over
time. Blue boxes indicate individual movement bouts. (C) Z-score GCaMP aligned with movement
onset (left, n = 1812 bouts, N = 10 mice) and offset (right, n = 1811 bouts, N = 10 mice). Top,
Mean traces + SEM. Bottom, Heatmaps of Z-score GCaMP sorted based on pre-onset/offset
activity. (D) Top, Scatter plot showing the relationship between Z-score GCaMP and mouse speed
from one recording. Each marker is one frame (1/10 s). Blue rectangle indicates the speed window
(0—1 cm/s) expanded on the right. Bottom, Time-resolved correlation between Z-score GCaMP
and mouse speed for the chosen speed window. Mean traces + SEM.
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Figure 2.7. Turn-related Ca?* activity at GPe—anterior nRT terminals

(A) Video snapshot of a mouse in an open-field arena tethered to patch cords for fiber photometry.
Color circles represent pose estimation markers. Right, Simultaneous tracking of angular velocity,
speed, and Ca?" activity in GPe—anterior nRT terminals. (B) lllustration of the calculation of
angular velocity. (C) Z-score GCaMP aligned with left turns (left, n = 7434 bouts, N = 10 mice)
and right turns (right, n = 7225 bouts, N = 10 mice). Top, Mean traces + SEM. Bottom, Heatmaps
of Z-score GCaMP sorted based on pre-left/right-turn activity. (D) Top, Scatter plot showing the

relationship between Z-score GCaMP and angular velocity from one recording. Each marker is
one frame (1/10 s).
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A Optogenetic stimulation of GPe—nRT terminals
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Figure 2.8. Optogenetic stimulation of GPe—anterior nRT terminals bidirectionally
modulates speed in a state-dependent manner

(A) Experimental design. (B) Top, Heatmaps showing mouse speed across optogenetic
manipulation trials of eYFP controls (left, n = 240 trials, N = 12 mice) and ChR2 groups (right, n
= 260 trials, N = 13 mice), sorted based on prestimulus speed. Vertical lines indicate the timing of
light stimulation. Bottom, Mean traces + SEM grouped by prestimulus speed into six bins:
(Figure caption continued on the next page.)
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(Figure caption continued from the previous page.)

[X<1 0—0.3, [1 0_0'3SX<1 0—0.1], [1 0_0'1SX<1 00.1], [1 OO'1SX<1 00.3]’ [1 00'35X<1 00.5]’ [1 OO'SSX] (or
equivalently, [x<0.50], [0.50=x<0.79], [0.79<x<1.26], [1.26<x<2.00], [2.00=x<3.16], [3.16=x]. (C)
lllustration of speed analysis. We derive two metrics, slope and signed area, from linear mixed-
effects models to quantify state-dependent modulation and net change in speed, respectively. (D)
Top left, Scatter plot showing the relationship between speed fold change (log+o stim/pre speed)
and prestimulus speed (log1o pre speed). Each marker is a trial. Lines represent individual mouse
fits derived from linear mixed-effects models (see Methods). Lines are plotted over the range
spanning the 2.5" to 97.5™" percentiles of prestimulus speed. Top right, Same as left, but with an
expanded y-axis range. Lines now represent the population-average fit. Bottom, Slopes and
signed areas for individual mouse fits. Each marker is a mouse. Statistical results are provided in
Table 2.3.
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Figure 2.9. Conventional quantification of optogenetic manipulations

Left, Mean traces + SEM showing mouse speed during optogenetic manipulation trials. Middle,
Speed fold changes. Each marker is a trial. Right, Speed fold changes. Each marker is a mouse.
Statistical results are provided in Table 2.2.

45



Npas1 sustained

log,,(fold change)

eYFP ChR2

Npas1 20Hz
eYFP ChR2

SOM sustained
eYFP

ChR2

TR S|

SOM 20Hz
eYFP  ChR2

Npas1 sustained
eYFP

SOM sustained
eYFP

No laser

) ty)
%i‘-ai
N
il - 3
LS

log,,(fold change)

ChR2: y =-0.70x + 0.02 _
1 eYFP:y=-041x+0.02 |

eYFP:y=-0.33x + 0.05

ChR2: y =-0.67x +0.05_

ChR2: y=-061x+0.17
eYFP: y =-041x-0.01

ChR2: y =-0.47x - 0.09
eYFP: y=-031x+0.01 |

-0.6

Slope

-0.87
-1.0-
100

50

Signed area

-50-
80

60

40

Positive area

20

-20

Negative area

=30

-40—

151005 0 05 10 -

s

)

ns

¥

¥

[E—
ke

eYFP ChR2

T T T 1
15-10-05 0 05 10-

Hkkk

| el -

-

ns
J

jr—

eYFP ChR2

T T T T 1
15-10-05 0 05 1.0

kewk
r 1

4.

&

bs
:

5 =
= .
oo
ns
eYFP ChR2

5—1!0 —0!5 6 D‘S WTD -1
log,,(pre speed)

an

eYFP ChR2

Rt ok . R e
,,,, h‘%*’ = =
D C 5 q L™
] {54
—
eYFP:y = -036x+ 001 | eYFP:y=-0.41x-0.01
5-10-05 0 05 10-15-1.0-05 0 05 1.0
ns dekek
— —
*
1= 1™
ns B ns
- ek
ns - ns
) ;
] 8
:
-
- .t
o
N M
ns B ns
eYFP eYFP

Figure 2.10. State-dependent quantification of optogenetic manipulations
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Top row, Scatter plots showing the relationship between speed fold change (log1o stim/pre speed)
and prestimulus speed (log1o pre speed). Each marker is a trial. Lines represent individual mouse
fits derived from linear mixed-effects models (see Methods). Lines are plotted over the range
spanning the 2.5 to 97.5™ percentiles of prestimulus speed. Second row, Same as top, but with
an expanded y-axis range. Lines now represent the population-average fit. Third to sixth rows,
Slopes, signed areas, positive area, and negative area for individual mouse fits. Each marker is
a mouse. Statistical results are provided in Table 2.3
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A Optogenetic stimulation of SOM*anterior nRT neurons
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Figure 2.11. Patterned optogenetic stimulation of SOM* anterior nRT neurons suppresses
movement

(A) Experimental design. (B) Top, Heatmaps showing mouse speed across optogenetic
manipulation trials of eYFP controls (left, n = 240 trials, N = 12 mice) and ChR2 groups (right, n
= 260 trials, N = 13 mice), sorted based on prestimulus speed. Vertical lines indicate the timing of
light stimulation. Bottom, Mean traces + SEM grouped by prestimulus speed into six bins:
[x<10793, [107%3<x<107%"], [107%'<x<10%"], [10%'=x<10%3], [10°3<x<10%%], [10°°<x] (or
equivalently, [x<0.50], [0.50<x<0.79], [0.79=<x<1.26], [1.26=<x<2.00], [2.00=x<3.16], [3.16=x]. (C)
Top left, Scatter plot showing the relationship between speed fold change (log+o stim/pre speed)
and prestimulus speed (log1o pre speed). Each marker is a trial. Lines represent individual mouse
fits derived from linear mixed-effects models (see Methods). Lines are plotted over the range
(Figure caption continued on the next page.)
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(Figure caption continued from the previous page.)

spanning the 2.5" to 97.5™" percentiles of prestimulus speed. Top right, Same as left, but with an
expanded y-axis range. Lines now represent the population-average fit. Bottom, Slopes and
signed areas for individual mouse fits. Each marker is a mouse. Statistical results are provided in

Table 2.3
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Figure 2.12. Sustained optogenetic stimulation of SOM* anterior nRT neurons promotes
movement

(A) Top, Heatmaps showing mouse speed across optogenetic manipulation trials of eYFP controls
(left, n = 220 trials, N = 11 mice) and ChR2 groups (right, n = 240 trials, N = 12 mice), sorted
based on prestimulus speed. Vertical lines indicate the timing of light stimulation. Bottom, Mean
traces *+ SEM grouped by prestimulus speed into six bins: [x<107%3, [107%3sx<107%"],
[107%1<x<10°"], [10%1<x<10°3], [10%3<x<10%9], [10%5<x] (or equivalently, [x<0.50], [0.50<x<0.79],
[0.79=x<1.26], [1.26=x<2.00], [2.00=x<3.16], [3.16=x]. (B) Top left, Scatter plot showing the
relationship between speed fold change (log1o stim/pre speed) and prestimulus speed (log1o pre
speed). Each marker is a trial. Lines represent individual mouse fits derived from linear mixed-
effects models (see Methods). Lines are plotted over the range spanning the 2.5 to 97.5™

(Figure caption continued on the next page.)
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(Figure caption continued from the previous page.)

percentiles of prestimulus speed. Top right, Same as left, but with an expanded y-axis range.
Lines now represent the population-average fit. Bottom, Slopes and signed areas for individual
mouse fits. Each marker is a mouse. Statistical results are provided in Table 2.3. (C)

Representative trace showing depolarization block in an active SOM* anterior nRT neuron subject
to sustained ChR2 activation.
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A Histological validation of eNpHR3.0 expression
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Figure 2.13. Histological and electrophysiological assessment of eNpHR3.0 expression
and function

(A) Experimental design for optogenetic inhibition of SOM* anterior nRT neurons. (B) Top left,
Representative traces showing suppression of firing in an active SOM* anterior nRT neuron in
response to eNpHR3.0 inhibition. Top Right, Reduction of action potentials and membrane
hyperpolarization by eNpHR3.0 inhibition. Friedman test (n = 13 cells, P = 4.45 x 107°). Dunn's
multiple comparisons test (pre vs. light: P=8.56 x 107*; pre vs. post: P> 0.99; light vs. post: P =
1.74 x 107*). Bottom left, Representative traces showing hyperpolarization in a silent SOM*
anterior nRT neuron in response to eNpHR3.0 inhibition. Rebound bursts were observed in some
cells. Bottom right, membrane hyperpolarization induced by eNpHR3.0 inhibition.

51



2.7. Tables

Table 2.1. Summary statistics

52

Figure Group analysis P-value Comparisons Pairwise analysis P-value Sample size
AP 0.5961
1e Right - - ML Linear regression 0.9900 n =41 cells
DV 0.6047
2c - — Pr2/Pr1 Linear regression 0.1097 n =29 cells
3 Kruskal-Walls test with firing response (Increase. No 09362 I|mmﬁ.m Dunn's muftiple 3m n =50 cells
change, Decrease) as column factors test
No change vsDecrease 09999
AP: Increase 1.337 < 10"
3d Top Right - - AP- No change 0.1650
AP: Decrease 2.680 x 107
ML: Increase 2410 x 10
3d Middle Right - - ML: No change Linear regression 0.1805 n=61cells
ML: Decrease 5.100 x 10
DV: Increase 0.3863
3d Bottom Right - - DV: No change 0.8839
DV: Decrease 7442 % 10°
AP <1.00x 10™
3e Right - - ML Linear regression <1.00 x 10 n =5 mice
DV 04871
3f Left — — no VU vs. with VU Fisher's exact test 1.908 x 10 n = 33 cells
4aBotom Right | Kruskal-Walis lest with fiing response (Increase, No 2305 % 107 ocreses e, Docreasy | Dus mulile T 4 n =19 cells
change, Decrease) as column factors B - test -
No change vs. Decrease 0.8334
AP 4.420 x 107
4b Right - - ML Linear regression 2.098 x 107 n =19 cells
DV 2213x 107
-80mV, No stim vs. Stim 0.4319 n =21 cells
4d Top - - 70mV, No stim vs. Sim Wilcoxon test 2384 % 107 n =23 cells
-80mV, No stim vs. Stim 4.768 x 107 n = 22 cells
60mV 1607 x 10° n=17 cells
4d Bottom - - -70mV Linear regression 0.7981 n = 22 cells
80mV 0.7740 n=19cells
Mixed ANOVA with command voltage (-105mV to -40 -
deBotom Len | V) 2 row acors and EG el aomv: Tomv, o Vot 400 ® - - - n = 60 cells
as imn factors
5
‘o ’ Kruskal-Wallis test with ECl intemals (-60mV, -70mV, . E0my v, 7omY Dunni's multiple comparisons e 10" |
Boom Fight ~80mV) as column factors 1146 % 10° 60mV vs_ B0mV pla < 9621 =10 n = 64 cells
-70mV vs. -80mV 0.3075
RM two-way ANOVA with membrane potential (-120mV
4 Bottom 1o -40mV) o o fctors and EC1 intormols as[(-ﬂ)m\l, “’E"cl"““’ ““"?9;%2-10:71‘0‘,"" _ _ - n =68 cells
-70mV, -80mV) as column factors intemals: 2.
5b Botiom Right - - ~80mV, No stim vs. Sim Wilcoxon test 1192 x 107 n = 24 cells
5c Bottom - - VLvs. VB Fisher's exact test 2.669 x 107 n = 52 cells
8 See Table 3
[] See Table 2
10
1 See Table 3
12
pre vs. light 8.564 x 10
13b Top Right Friedman ftest 4.452x 10° pre vs. post Durm's mukiple ¢ 50,9999 =13 cells
light vs. post 1743 %10+




Table 2.2. Conventional quantification of optogenetic manipulations

Data are presented as geometric mean [Lower 95% confidence interval — Upper 95% confidence
interval]. P-values indicate significance from a Mann—Whitney test.

Mouse line Npas1-iCre SOM-Cre Npas1-iCre SOM-Cre
Stimulation site GPe->nRT axons nRT cell bodies GPe->nRT axons nRT cell bodies
Stim paradigm Sustained 20Hz Sustained 20Hz Sustained
Conditon eYFP ChR2 eYFP ChR2 eYFP ChR2 eYFP ChR2 eYFP eNpHR eYFP eNpHR
Trial averages
Log(Speed fold change) 0.99 0.85 1.04 083 1.03 1.22 092 K 0.99 0.88 1.03 1.06
at=sp 9 [0.89-1.11] [0.75-097] [0.95—1.14] [0.74-0.93] [0.91-1.16] [1.08—1.39] [0.83—1.01] [0.72-090] [0.89—1.11] [0.77-1.01] [0.91-1.16] [0.93-1.21]
p-value 434 x 107 3.68 x 10 0.13 0.22 0.24 0.77
n, trials 220 260 240 260 220 240 240 260 160 260 220 220
Mouse averages
Comparison eYFP(reference) vs ChR2 eYFP(reference) vs eNpHR
Log(Speed fold change) 0.99 0.85 1.04 0.83 1.03 1.22 0.92 0.80 0.99 0.88 1.03 1.06
9(sp 9 [0.89-1.11] [0.59-1.23] [0.98-1.11] [0.61-1.12] [0.89-1.18] [0.90-1.66] [0.80—1.04] [0.65-0.99] [0.89-1.11] [0.70-1.10] [0.89-1.18] [0.83-1.35]
p-value 0.28 017 0.38 0.41 0.27 0.85
N, mice " 13 12 13 1" 12 12 13 8 13 1" "
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Table 2.3. State-dependent quantification of optogenetic manipulations

Data are presented as mean + SEM.
* Indicates significance for whether the slope/intercept differs from zero.
T Indicates significance for whether the slope/intercept differs from the eYFP group.
T Indicates significance from a Mann—Whitney test.

Mouse line

Npas1-iCre

SOM-Cre

Npas1-iCre

SOM-Cre

Stimulation site

GPe->nRT axons

NRT cell bodies

GPe->nRT axons

nRT cell bodies

Stim paradigm Sustained 20Hz Sustained 20Hz Sustained
Conditon eYFP ChR2 eYFP ChR2 eYFP ChR2 eYFP ChR2 eYFP eNpHR eYFP eNpHR
Input data
Pre speed (cm/s) 1.67 +0.10 1.96£0.10 1.85+0.09 220+0.10 148 £0.10 1.89+0.10 204011 1.54 £0.08 167 +0.10 202+x0.11 148 +0.10 1.83+0.10
Log(Pre speed) 0.03 +£0.03 0.12+0.03 0.11+£0.03 0.19£0.03 -0.05 +0.03 0.12+0.03 0.12£0.03 0.01+0.03 0.03 £0.03 047 £0.03 -0.05 +0.03 0.03 £0.03
Log(Speed fold change) -0.00 £0.02 -0.07 +0.03 0.02 £ 0.02 -0.08 +0.03 0.01+0.03 0.09+0.03 -0.04 +0.02 -0.09 £0.02 -0.00 +0.02 -0.06 +0.03 0.01+0.03 0.03+0.03
P fixed-effects coefficients from LMM
Comparison eYFP(reference) vs ChR2 eYFP(reference) vs eNpHR
(eYFPﬁgercepl) 0.018 £ 0.051 0.052 + 0.033 -0.010 + 0.067 0.011 £ 0.044 0.010 £ 0.027 -0.009 + 0.051
p-value® 0722 0.113 0.883 0.798 0.703 0.855
B1
(intercept shift -0.003 + 0.069 -0.006 +0.047 0.178 £0.093 -0.097 +0.059 0.000 + 0.039 0.055 +0.072
relative to eYFP)
p-valuet 0.966 0.899 0.056 0.999 0.992 0.447
(eYngslope) -0.415 + 0.065 -0.333 £ 0.059 -0.411 £ 0.074 -0.313 £ 0.067 -0.360 £ 0.073 -0.409 + 0.052
p-value® <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
83
(slope shift -0.288 + 0.087 -0.335 + 0.082 -0.197 £ 0.110 -0.153 £ 0.089 -0.044 £ 0.112 -0.048 + 0.077
relative to eYFP)
p-valuet 0.001 <0.001 0.073 0.085 0.085 0.530
Mouse-level derived metrics
Conditon eYFP ChR2 eYFP ChR2 eYFP ChR2 eYFP ChR2 eYFP eNpHR eYFP eNpHR
Slope -0.41+£0.02 -0.33 £0.02 -0.33+0.02 -0.67 £0.01 -0.41£0.02 -0.61+£0.05 -0.31+0.02 -0.47 £0.02 -0.36 £0.02 -0.40 £ 0.05 -0.41+0.01 -0.46 £0.01
p valuet 8.01x107 3.84x107 9.81 x10° 1.94 x 10 066 394 x 107
Signed area 279+ 1869 317+ 507 377+1.12 171+2869 391+349 24.09+7.34 3.72+289 472345 0.90+0.29 0.83+0.79 722+3.01 13.65+4.99
p valuet >0.99 0.65 4.39x10? 457 x10? 040 0.37
Positive area 9.45+123 16.20 + 3.30 8.14 +0.88 13.26+1.28 11.66 £ 2.16 30.14 +5.88 9.36 £ 1.88 879+1.85 6.87 £0.18 7.70+0.51 13.92+1.85 19.61+4.05
p valuet 5.48 x 10 4.50 x 107 1.05 x 10 0.61 6.20 x 10 0.33
Negative area -6.66 + 0.54 -13.02 £ 1.97 -4.37 £0.51 -11.54 £1.49 179+ 1.53 -6.05+1.81 -0.64 £ 1.15 -12.90 £1.70 -5.96 £ 0.54 -6.78 £ 1.30 -6.70£1.09 -5.96 £ 1.10
p valuet 1.20 x 107 1.15x10* 0.38 1.94 x 10 097 0.70
n, trials 220 260 240 260 220 240 240 260 160 260 220 220
N, mice 1 13 12 13 1" 12 12 13 8 13 " 1"
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Chapter 3: Distinct Firing Responses to Synthetic Synaptic Currents

in the Adult Murine Reticular and Relay Thalamus

3.1. Abstract

Numerous cortical and subcortical inputs innervate the thalamus and robustly control
thalamic activity. These synaptic inputs differ in shape and undergo dynamic changes throughout
development and disease conditions. How the shape of postsynaptic currents regulates thalamic
neuronal firing has been studied mainly in young rodents with immature neural development and
function. Here, we use adult mice with mature intrinsic excitability to address this question in two
compartments of the thalamus—the nucleus reticularis thalami (nRT) and thalamocortical (TC)
relay nuclei. Using whole-cell patch-clamp electrophysiology, we simulated synthetic inhibitory
(IPSCs) and synthetic excitatory postsynaptic currents (EPSCs), injected them in nRT and TC
neurons, and examined how changes in their shape parameters regulated neuronal firing in
different electrical states. We found that in response to synthetic IPSCs, TC neurons initiate low-
threshold spikes (LTSs) earlier than nRT neurons, and the amplitude of IPSCs regulates the
probability of initiating an LTS while the duration of IPSCs regulates the timing at which the LTS
initiates. These results show that in the adult thalamus, LTS is regulated by IPSCs similarly to
what has been reported for the immature thalamus. In addition, sharp driver-like EPSCs evoke
more firing when nRT and TC neurons are silent; whereas slow modulator-like EPSCs evoke
more firing when nRT and TC neurons are active. Critically, we have generated a quantitative
map of how features of synaptic currents shape neuronal firing in relationship with activity states.

3.2. Introduction

Known as the “Gateway to the Cortex” (25), the thalamus is a key brain structure that
integrates visual, auditory, sensory, motor, and limbic inputs from subcortical structures and

transmits them to the cortex. The thalamus consists of a GABAergic shell (89), termed the nucleus
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reticularis thalami (nRT), wrapped around glutamatergic nuclei that project to cortical regions,
termed thalamocortical (TC) relay nuclei. The nRT and TC neurons receive synaptic inputs from
both cortical and subcortical origins. Notably, nRT neurons send powerful GABAergic inhibitory
inputs to TC neurons and receive glutamatergic excitatory inputs from TC neurons (90). These
reciprocal connections regulate oscillatory activity in the thalamus (57). In addition, nRT neurons
receive glutamatergic excitatory inputs from the cortex and amygdala (57), GABAergic input from
the external globus pallidus (57), and the substantia nigra pars reticulata (97-93). TC neurons
receive excitatory glutamatergic inputs from the neocortex and ascending inputs from their
respective modalities [e.g., excitatory retinal input for the visual thalamus (94) and inhibitory basal
ganglia input for the motor thalamus (95)].

Kinetic properties of synaptic currents can impact neuronal firing. For glutamatergic
synapses, fast (5—10 ms) synaptic currents produced by ionotropic receptors are typically
associated with driver roles; slow synaptic currents (hundreds of milliseconds to seconds) are
typically associated with modulator roles (96-98). Drivers are inputs that synapse onto proximal
dendrites and reliably evoke spikes in thalamic neurons; modulators are inputs that synapse
primarily onto distal dendrites and control the probability of cortical transmission (for review, see
Refs. 10, 12). Driver inputs such as those mediated by ionotropic AMPA receptors in the nRT have
a decay time constant as fast as 0.76 ms (99). On the other hand, modulator inputs activated
through mGIuR (700) or AChR (707) in the nRT produce slow depolarizations for up to minutes.

The kinetics of synaptic currents can change during development and disease conditions.
For example, fast glutamatergic currents at the cortico-nRT synapse, mediated by the GluR4
AMPA receptor, play a key role in the feedforward inhibition in the cortico-nRT-TC circuit (99). The
loss of these fast currents at the cortico-nRT synapse leads to neurodevelopmental disorders
associated with absence epilepsy (99). Understanding how changes in synaptic currents regulate
neuronal firing provides crucial insights into rhythmogenesis in the thalamus in both normal and

pathological conditions.
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Careful studies using dynamic clamp or programmed current clamp protocols showed how
distinct synaptic conductances [e.g., GABA (102-107), AMPA (106), NMDA (706)] and intrinsic
conductances [e.g., transient Ca2+ current (IT) and hyperpolarization-activated cation current (Ih)
(708)] affect neuronal firing in the developing thalamus. All these conductances were found to
regulate different aspects of the timing and features (e.g., duration) of low-threshold spike (LTS)
activation in both the nRT and TC neurons and modulate thalamic network oscillations. However,
most studies were conducted in young rodents, not adult mice.

In this study, we investigated how the shape parameters (i.e., amplitude, duration, and
charge) of synthetic synaptic currents regulate the activity patterns of nRT and TC neurons in
adult mice and how their responses vary depending on the state of neuronal activity.

3.3. Results

A postsynaptic current can be simplified as a triangular waveform characterized by two
main parameters: amplitude (height) and duration (width). Charge (area) is a function of amplitude
and duration. We describe a sharp brief current (high amplitude, low duration) as a driver-like
current; a slow prolonged current (low amplitude, high duration) as a modulator-like current;
negative hyperpolarizing currents as inhibitory postsynaptic currents (IPSCs); and positive
depolarizing currents as excitatory postsynaptic currents (EPSCs). Triangular current waveforms
can be used to simulate synaptic currents with rapid onset and gradual decay. For example, in
the nRT, a train of consecutive GABAA currents can be modeled as a triangle with an onset of
~10 ms and a decay of ~500 ms with a peak current ~180 pA (709), and a train of GABAB
currents as a triangle with an onset of ~100 ms and a decay of ~1,000 ms with a peak current of
~150 pA (702). The triangular current waveforms used in this study in current clamp have
instantaneous onsets, amplitudes, and decay durations in these ranges. These waveforms result
in hyperpolarizations (or depolarizations), similar to those evoked by dynamic clamp in the studies

cited above. To quantify how changes in shape parameters of IPSCs and EPSCs affect neuronal
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firing, we simulated synthetic synaptic currents by injecting currents of triangular waveforms
during the recording of nRT and TC neurons (Fig. 3.1A). To isolate the effect on firing by the
synthetic synaptic currents without contamination of spontaneous postsynaptic currents, we
applied DNQX to block AMPA receptor-mediated currents, APV to block NMDA receptor-mediated
currents, and picrotoxin to block GABAA receptor-mediated currents.

We sampled TC neurons across the somatosensory ventrobasal (VB) nucleus and the
motor ventrolateral (VL) nucleus and found no significant differences in the firing response
characteristics (Fig. 3.5), passive membrane properties, and action potential characteristics
between VB and VL neurons (Table 3.1). As such, for comparison with nRT neurons, data from
VB and VL neurons are combined into a single group (i.e., TC neurons) for all analyses.

TC Neurons Initiate LTS Earlier than nRT Neurons in Response to IPSCs

To mimic the effect of firing inhibition from an incoming synaptic IPSC during activity, we
first injected synthetic IPSCs amid sustained suprathreshold depolarizing current injections.
Synthetic IPSCs inhibited firing in nRT neurons, similar to activating afferents from local inhibitory
collaterals in the nRT (710) (Fig. 3.1, A to D). The amplitudes of synthetic IPSCs used range from
0 to 450 pA and are capable of generating hyperpolarizations up to —100 mV, reaching the
physiological K*-dependent GABAg reversal potential in the nRT (777) and TC (772) neurons. We
varied the amplitude and duration of synthetic IPSCs and used the time to the first action potential
recovery to measure the duration of the firing inhibition. The duration of firing inhibition scaled
with the duration of synthetic IPSCs in both nRT and TC neurons (Fig. 3.1E, Middle). However,
the duration of firing inhibition scaled with the amplitude of synthetic IPSCs in nRT neurons, but
not in TC neurons, which initiated LTS before the full decay of the synthetic IPSC, beyond a certain
amplitude threshold during firing (Fig. 3.1E, Left). This finding in adult mice aligns with previous
studies in young rats showing that, in response to simulated GABA conductances, the onset of

LTS is considerably delayed in nRT neurons compared with TC neurons (702, 103). At small and
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moderate synthetic IPSC amplitudes where LTS are not initiated, TC neurons exhibit more
delayed action potential resumption compared with nRT neurons, suggesting that TC neurons are
more susceptible to firing inhibition.

What could account for the earlier initiation of LTS in TC neurons, compared with nRT
neurons? We quantified the passive membrane properties and action potential characteristics of
nRT and TC neurons (Table 3.1) and found no significant correlations between these properties
and the time to LTS (Table 3.2), suggesting that differences in these properties do not explain
why TC neurons initiate LTS earlier than nRT neurons. We speculate that the most likely
mechanism underlying this phenomenon is the differential expression of intrinsic membrane
currents, i.e., In and It currents in nNRT and TC neurons, as they have been shown to critically
regulate the timing and features of LTS generation (7713) (see Discussion).

Next, we varied the amplitude and duration of synthetic IPSCs but kept the total charge of
the synthetic IPSCs constant. We asked, given the same total charge, what parameters of
synthetic IPSCs most effectively inhibit firing in NRT and TC neurons. We found that a
duration/amplitude ratio of 3.31+0.38 and 3.53+0.68 (or, when considering duration alone,
450.00 £ 21.89 ms and 462.50 + 33.39 ms) maximally inhibited firing in both nRT and TC neurons,
respectively (Fig. 3.1E, Right). The duration/amplitude ratio can be interpreted as a metric for the
shape of the synthetic current. An optimal ratio signifies a preferred shape that maximally inhibits
firing given the same total charge. The optimal ratios were not significantly different between nRT
and TC neurons (Mann—-Whitney test, P = 0.72 for duration/amplitude ratio, P = 0.75 for duration
alone). Deviations from this optimal ratio may signify inefficiency in charge transfer.

IPSC Amplitude Controls The Probability of LTS Initiation; IPSC Duration Controls The

Timing of LTS Initiation

Next, we sought to characterize how nRT and TC neurons respond to synthetic IPSCs at

rest (i.e., when they are silent). nRT and TC neurons were generally quiet in brain slices, and no
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specific manipulation was needed to maintain cells in a state of silence. Similar to the approach
described above for active states, we measured the time to LTS in nRT and TC neurons while
varying the amplitude and duration of synthetic IPSCs (Fig. 3.2A and B). We first varied the
synthetic IPSC amplitude. The probability of initiating an LTS increased with increasing synthetic
IPSC amplitude in both cell types (Fig. 3.2C). However, the timing of the LTS remained the same
regardless of IPSC amplitude (Fig. 3.2D). A small percentage of nRT (3/20, 15%) and TC (1/18,
5.56%) neurons did not initiate an LTS even when strongly hyperpolarized by synthetic IPSCs of
large amplitudes. The nonresponding cells in the nRT were presumably somatostatin-positive
nRT neurons, which exhibit smaller peak I+ compared with parvalbumin-positive nRT neurons
(57).

Next, we varied the synthetic IPSC duration in the same cells. The onset of LTS was
delayed with increasing synthetic IPSC duration in both cell types (Fig. 3.2D). Consistent with our
previous experiment, in both conditions, TC neurons produced LTS before the full decay of
synthetic IPSCs, whereas nRT neurons produced LTS after the synthetic IPSC had fully decayed
(Fig. 3.2D). The times to LTS in nRT neurons and TC neurons are 465.37 +26.47 ms and
378.75 £ 11.41 ms and are significantly different (Mann—Whitney test, P = 1.00 x 1073).

Altogether, our results suggest that the initiation of LTS in response to synthetic IPSCs
happens earlier in TC neurons than in nRT neurons, and this is a conserved feature across activity
states.

Sharp Driver-Like EPSCs Evoke More Firing When nRT and TC Neurons are Silent; Slow

Modulator-Like EPSCs Evoke More Firing When nRT and TC Neurons are Active

Finally, we asked how nRT and TC neurons respond to depolarizing synthetic EPSCs
during activity and silence. During firing, the number of action potentials evoked increased with
injections of synthetic EPSCs of increasing amplitude and duration in nRT neurons, and to a

lesser extent, in TC neurons (Fig. 3.3A, B and D). The same phenomenon was observed when
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nRT and TC responded to synthetic EPSCs at rest (Fig. 3.4 A, B and D). The lower excitability of
TC neurons compared with nRT neurons could be explained in part by the fact that TC neurons
exhibit lower input resistance and more hyperpolarized membrane potential (Table 3.1) due to
the expression of K* channels such as TWIK-related acid-sensitive K* channel 1 (TASK1) and
TASK3 (114, 115).

When the total charge of the synthetic EPSC was kept constant, while varying the
synthetic EPSC amplitude and duration, we found that, at rest, fast, driver-like EPSCs evoked
more firing than slow, modulator-like EPSCs in both nRT and TC neurons (Fig. 3.3B and D).
Notably, the opposite was true when neurons were active—a slow modulator-like EPSC was more
efficient in evoking firing than a fast, driver-like EPSC in both nRT and TC neurons during activity
(Fig. 3.4B and D). A potential explanation for these results is that when the neuron is silent and
resting relatively hyperpolarized, a driver-like EPSC of large amplitude activates T-type
Ca?* channels more efficiently than a modulator-like EPSC of small amplitude, leading to more
LTS crowned with Na* action potentials.

3.4. Discussion

Our first finding, that TC neurons initiate LTS earlier than nRT neurons in adult mice,
corroborates with previous work in young rodents (702, 103), suggesting this is a broadly
conserved feature across ages. This observation remains true across activity states, regardless
of whether the neuron is active or at rest. Two possible mechanisms could underlie this
phenomenon: 1) activation of I, in TC neurons, which accelerates membrane depolarization to
initiate LTS. The possibility of I is excluded in earlier work, which shows that bath application of
Cs?*, which blocks In, does not affect the onset of LTS in TC or nRT neurons (703). 2) A
depolarizing shift in the voltage threshold for LTS generation in nRT neurons. Indeed, nRT
neurons exhibit distinct T-type Ca?* channel (i.e., Cay3.3), which exhibits slower activation and

inactivation kinetics (approximately twice as slow within the LTS generation range of —-60 mV to —
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40 mV), and a more depolarized activation threshold (—50 mV vs. -59 mV) compared with those
of TC neurons (i.e., Cay3.1) (55). Therefore, the differential expression of T-type Ca?* channels,
but not Iy, likely explains the difference in the onset of LTS between TC and nRT neurons. An
important implication of this difference is that IPSCs generated from intra-nRT and nRT-TC
connections could result in different oscillatory frequencies in the nRT and TC nuclei. When an
active nRT neuron evokes an IPSC in a connected nRT neuron and TC neuron, the resulting LTS
will be considerably delayed in the nRT neuron than in the TC neuron. At a network level, this
implies that oscillations within intra-nRT connections would be slower than oscillations within nRT-
TC connections due to the longer interval between the IPSCs and LTS generation. Previous in
vivo studies in rats showed that the deafferented nRT could generate 7-14 Hz spindle-like
oscillations in the slow frequency range via its intra-nRT connections (7176). This spindle oscillation
in NnRT, according to modeling studies, could initiate spindle oscillations in the nRT-TC network
(717). However, it remains to be determined empirically whether intra-nRT and nRT-TC networks
could operate at distinct frequencies.

We also showed that at rest, IPSC amplitude and duration separately control LTS initiation
probability and timing. Contrary to this, a previous study in young rodents has shown that injecting
spindle-like trains of IPSCs in TC neurons with increasing amplitude and duration increases LTS
initiation probability and decreases time to LTS in response to those trains (705), suggesting that
IPSC amplitude and duration interact to control both LTS initiation probability and timing. This
difference might be attributed to injections of different IPSC waveforms, as we injected only a
single IPSC, while the previous study used trains of IPSCs.

Finally, we found that at rest, sharp driver-like EPSCs evoke more firing when cells are at
rest, whereas slow modulator-like EPSCs evoke more firing during activity. Modulatory-like
EPSCs can emerge from several sources—application of noradrenaline or acetylcholine induces
slow depolarizations in TC neurons (7118). Pharmacological activation of mGIuR in nRT neurons

produces a long-lasting excitatory response (700). Another possible source of modulator-like
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EPSCs in the nRT is depolarizing GABA. Although still controversial, there is evidence to support
that GABA is depolarizing in the nRT in certain conditions (76). The nRT shows reduced
expression of the CI~ exporter, KCC2, compared with other brain regions in adults, and its
physiological ECI- is elevated (53, 76—78). Synaptically released GABA appears to be capable of
triggering action potentials in NRT neurons (76). This, coupled with the exceptionally slow decay
time constants for GABAergic currents in nRT neurons (Trast = 38 ms; Tsiow = 186 ms) (48), supports
the existence of these modulator-like EPSCs in the nRT.

Biological variables such as species, temperature, sex, and age are important
determinants of thalamic physiology. For instance, recording at physiological temperature (i.e., 32
°C), compared with room temperature, reduces synaptically driven spiking in TC neurons in
response to trains of optical stimulation (779). Although our study did not examine the effects of
temperature, species differences, or specific thalamic neuron types (e.g., first-order vs. higher-
order nuclei), it provides a valuable reference for interpreting synaptic current changes in future
studies. Furthermore, neurons in vivo are continuously bombarded by intense synaptic
background activity (720). Here, we used a simple paradigm to investigate how a single incoming
synthetic synaptic current influences neuronal firing, which does not account for the complex
interactions that arise when multiple synaptic currents act in concert to influence spiking behavior.
Future studies could expand upon our findings by examining how these factors collectively
modulate neuronal activity.

Alimitation of the synthetic currents used in our study is that these currents do not account
for the reduction of the driving force that would happen with natural synaptic currents as the
membrane potential approaches the reversal potential. This would be captured by dynamic clamp.
Furthermore, we did not examine how changes in membrane conductance, which would normally
be associated with the opening of ion channels, affect firing. Therefore, the effects of conductance

changes that could result, for instance, in shunting inhibition were not examined.
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In conclusion, we present a comparative study showing how nRT and TC neurons from
the adult murine thalamus respond to synthetic EPSCs and IPSCs of different shapes. Our study
provides a quantitative map to relate changes in shape parameters of synthetic synaptic currents
to neuronal firing in the thalamus, with important implications for interpreting synaptic current
changes in normal and pathological conditions.

3.5. Methods
Animals

All protocols were approved by the Institutional Animal Care and Use Committees at the
University of California, San Francisco, and Gladstone Institutes. Precautions were taken to
minimize stress and the number of animals used in each set of experiments. Adult male (n = 4)
and female (n = 9) (8—16-wk-old) wild-type C57BL/6J mice (ISMR_JAX: 000664) were used for
all experiments.

Ex Vivo Patch-Clamp Electrophysiology

Mice were deeply anesthetized with 4% isoflurane and perfused transcardially with ice-
cold sucrose cutting solution (234 mM sucrose, 26 mM NaHCO3, 11 mM glucose, 10 mM MgSOs,
2.5 mM KCI, 1.25 mM NaH;PO4, and 0.5 mM CaCl,, equilibrated with 95% O, and 5% CO.).
Brains were rapidly extracted and dissected in ice-cold sucrose cutting solution. For thalamic
recordings, 250-um-thick horizontal slices were prepared. Slices were incubated at 32°C for 30
min and then at 24-26°C for 1 h in artificial cerebrospinal fluid (ACSF) (126 mM NaCl, 26 mM
NaHCOs;, 10 mM glucose, 2.5 mM KCI, 2 mM CaCl,, 1.25 mM NaH:PO., and 1 mM MgSOQOs.,
equilibrated with 95% O, and 5% CO.).

Recordings were performed as previously described (57, 99, 121, 122). Briefly, slices were
transferred to a chamber perfused at a rate of 1.5-2.0 mL/min with ACSF at 24-26°C. nRT and
TC neurons were visually identified by differential contrast optics with an Olympus microscope

(%60 objective; numerical aperture, 1.1; working distance 1.5 mm; SKU 1-U2M592). nRT neurons
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were randomly sampled across the entirety of nRT, TC neurons were sampled across the
ventrobasal and ventrolateral nucleus of the thalamus. Electrophysiological data were acquired
at 100 kHz and filtered at 3 kHz using a Multiclamp 700B amplifier (Molecular Devices) and the
pClamp11 software suite (Molecular Devices). Current clamp recordings were made using glass
pipettes with resistance 5-8 MQ, filled with an internal solution (120 mM potassium gluconate, 11
mM KCI, 11 mM EGTA, 10 mM HEPES,1 mM MgCl,, and 1 mM CaCl,, pH adjusted to 7.4 with
KOH, 290 mosmol/kgH20). Eci was calculated to be —55.6 mV based on the Nernst equation.
Liquid junction potentials were calculated to be —12.5 mV and corrected offline. Recordings were
done in the presence of DNQX (30 uM, Sigma-Aldrich, no. D0540), dI-2-Amino-5-
phosphonopentanoic acid (APV) (100 uM, Sigma-Aldrich, no. A5282), and picrotoxin (100 puM,
Sigma-Aldrich, no. P1675).

Statistical Analyses

General graphing and statistical analyses were performed using Python and Prism
(GraphPad). Sample size is defined by the number of observations (i.e., cells). No statistical
method was used to predetermine sample size. Data are presented as mean % standard error of
means. Normal distributions of data were not assumed. Animal subjects and cell recordings were
randomized within experimental blocks to yield approximately equal sampling of experimental
conditions. Repeated measurements were analyzed using two-way repeated-measures ANOVA

in Prism. Statistical significance values and sample sizes are described in the figure legends.
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Figure 3.1. Firing inhibition by synthetic IPSCs during ongoing activity.

(A) Top, Current injection protocol and recording configuration. Middle, Representative traces of
nRT (green) and TC (orange) neurons in response to synthetic IPSCs of increasing amplitude
and charge, with the duration held constant at 400 ms. *Traces selected for D. Bottom,
instantaneous firing rate plots. (B) Top, Current injection protocol. Middle, Representative traces
of nRT neurons in response to synthetic IPSCs of increasing duration and charge, with the
amplitude held constant at 50 pA. Bottom, Instantaneous firing rate plots. (C) Top, Current
injection protocol. Middle, Representative traces of nRT neurons in response to synthetic IPSCs
of increasing amplitude and decreasing duration, with the charge held constant at 22,500 fC.
Bottom, Instantaneous firing rate plots. (D) Zoomed-in traces showing responses to synthetic
(Figure caption continued on the next page.)
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(Figure caption continued from the previous page.)

IPSCs. Dashed lines indicate the start and end of synthetic IPSCs. Arrows indicate the time to
LTS. (E) Summary data for results shown in B (left), C (middle), and D (right). Dashed lines
indicate the duration of synthetic IPSCs used in the protocols. Two-way RM ANOVA comparing
the mean action potential resumption time between nRT (green) and TC (orange) neurons while
varying different IPSC shape parameters. IPSC amplitude (left) (nRT: n = 18 cells, TC: n = 17
cells, P=1.30 x 107#); IPSC duration (middle) (nRT: n=17 cells, TC: n =15 cells, P = 1.58 x 107#);
IPSC duration/amplitude ratio (right) (nRT: n = 16 cells, TC: n = 16 cells, P=1.48 x 1072). IPSCs,
inhibitory postsynaptic currents; LTS, low-threshold spike; nRT, nucleus reticularis thalami; TC,
thalamocortical nuclei. Statistical thresholds used were as follows: *P < 0.05; ***P < 0.001.

67



— 77
OpA 7 threshold |/
v 50ms —» 500ms
450pA
400ms
,, /] |
17 /
|/ } l
i S —
= i ' J ‘
! [ A
mV
mV _"(')v mV -0
IPSC start  IPSC end 20 IPSC start IPSC end 0
! | w‘ 1 {1 7 ‘ ‘ || il
| 1 1 Il
i :“ & i 1 +~40 ‘l | 40 w T4
. IH I ] _
—65.4mV| | ‘ L i \: . V_ews gmy. M 4:..,5_._. —782mv A}
= e 160 il A 80 e/ [P e __80
; - ; 1} — 1 = — |_go / / {11/
N\ : ~100 = | 11/,
i | | | B Vi -120 r/
I 1 PR— 1 i Y —— =——— 4120
—_— - 2001
! I 200ms | 440 ! ! 200ms ~120 200ms ms
1 1 1
c d 600

Time to LTS (ms)

LTS Cumulative probability

0 200 400 600
|PSC amplitude (pA) IPSC amplitude (pA) IPSC duration (ms)

0
0 100 200 300 400 500 0 100 200 300 400 500

Figure 3.2. LTS evoked by synthetic IPSCs from rest.

(A) Top, Current injection protocol. Middle, Representative traces of nRT (green) and TC (orange)
neurons in response to synthetic IPSCs of increasing amplitude and charge, with the duration
held constant at 400 ms. Bottom, Traces overlaid. Dashed lines indicate the start and end of
synthetic IPSCs. (B), Top, Current injection protocol. Middle, Representative traces of nRT (green)
and TC (orange) neurons in response to synthetic IPSCs of increasing duration and charge, with
the amplitude set at the threshold current, which is defined as the current that evokes LTS at all
steps. Bottom, Traces overlaid. (C) Cumulative probability of evoking LTS with increasing
synthetic IPSC amplitude. Two-way RM ANOVA comparing the two cumulative probability curves
between nRT (green) and TC (orange) neurons (nRT: n = 20 cells, TC: n = 18 cells, P = 6.57 x
107"). (D) Summary data for results shown in A and B. Dashed lines indicate the duration of
synthetic IPSCs used in the protocols. Two-way RM ANOVA comparing the mean time to LTS
from the start of synthetic IPSC between nRT (green) and TC (orange) neurons while varying
different IPSC shape parameters. IPSC amplitude (left) (nRT: n = 20 cells, TC: n =18 cells, P =
4.42 x 1073); IPSC duration (right) (nRT: n = 16 cells, TC: n = 18 cells, P = 6.23 x 107°). IPSCs,
inhibitory postsynaptic currents; LTS, low-threshold spike; nRT, nucleus reticularis thalami; NS,
(Figure caption continued on the next page.)
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(Figure caption continued from the previous page.)
not significant; TC, thalamocortical nuclei. Statistical thresholds used were as follows: **P < 0.01;
****P<0.0001.
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Figure 3.3. Firing evoked by synthetic EPSCs during ongoing activity.

(A) Top, Current injection protocol. Middle, Representative traces of nRT neurons in response to
synthetic EPSCs of increasing amplitude and charge, with the duration held constant at 400 ms.
Bottom, Instantaneous firing rate plots. (B) Top, Current injection protocol. Middle, Representative
traces of nRT neurons in response to synthetic EPSCs of increasing duration and charge, with
the amplitude held constant at 50 pA. Bottom, Instantaneous firing rate plots. (C) Top, Current
injection protocol. Middle, Representative traces of nRT neurons in response to synthetic EPSCs
of increasing amplitude and decreasing duration, with the charge held constant at 22,500 fC.
Bottom, Instantaneous firing rate plots. (D) Summary data for results shown in A (left), B(middle),
(Figure caption continued on the next page.)

70



(Figure caption continued from the previous page.)

and C (right). Two-way RM ANOVA comparing the mean number of action potentials evoked
between nRT (green) and TC (orange) neurons while varying different EPSC shape parameters.
The total count of action potentials evoked from the start of the synthetic EPSC to 500 ms after is
shown. The start of a synthetic EPSC is 1 s after the start of the depolarizing current injection.
EPSC amplitude (left) (nRT: n=16 cells, TC: n=15cells, P=2.75 x 107°); EPSC duration (middle)
(NRT: n =19 cells, TC: n = 14 cells, P = 4.34 x 1073); EPSC duration/amplitude ratio (right) (nRT:
n=18 cells, TC: n=19 cells, P =2.62 x 107°). EPSCs, excitatory postsynaptic currents; LTS, low-
threshold spike; nRT, nucleus reticularis thalami; TC, thalamocortical nuclei. Statistical thresholds
used were as follows: ***P<0.001; ****P < 0.0001.
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Figure 3.4. Firing evoked by synthetic EPSCs from rest.

(A) Top, Current injection protocol. Middle, Representative traces of nRT neurons in response to
synthetic EPSCs of increasing amplitude and charge, with the duration held constant at 400 ms.
Bottom, Instantaneous firing rate plots. (B) Top, Current injection protocol. Middle, Representative
traces of nRT neurons in response to synthetic EPSCs of increasing duration and charge, with
the amplitude held constant at 150 pA. Bottom, Instantaneous firing rate plots. (C) Top, Current
injection protocol. Middle, Representative traces of nRT neurons in response to synthetic EPSCs
of increasing amplitude and decreasing duration, with the charge held constant at 22,500 fC.
Bottom, Instantaneous firing rate plots. (D) Summary data for results shown in A (left), B (middle),
(Figure caption continued on the next page.)
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(Figure caption continued from the previous page.)

and C (right). Two-way RM ANOVA comparing the mean number of action potentials evoked
between nRT (green) and TC (orange) neurons while varying different EPSC shape parameters.
EPSC amplitude (left) (nRT: n=17 cells, TC: n=15 cells, P=7.95 x 1078); EPSC duration (middle)
(NRT: n =19 cells, TC: n = 16 cells, P = 4.39 x 10~°); EPSC duration/amplitude ratio (right) (nRT:
n=19 cells, TC: n=16 cells, P=2.75 x 107*). EPSCs, excitatory postsynaptic currents; LTS, low-
threshold spike; nRT, nucleus reticularis thalami; TC, thalamocortical nuclei. Statistical thresholds
used were as follows: ***P < 0.001; ****P < 0.0001.
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Figure 3.5. No difference in firing response to synthetic currents between VB and VL
neurons.

(A) Summary data for results shown in Fig. 4.1D with TC data split into VB and VL groups. Dashed
lines indicate the duration of synthetic IPSCs used in the protocols. Two-way RM ANOVA
comparing the mean action potential resumption time between VB (copper) and VL (blue) neurons
while varying different IPSC shape parameters. IPSC amplitude (top left) (VB: n=6 cells, VL: n =
8 cells, P =0.17); IPSC duration (top right) (VB: n =4 cells, VL: n =7 cells, P = 0.75); IPSC
(Figure caption continued on the next page.)

74



(Figure caption continued from the previous page.)

duration/amplitude ratio (bottom) (VB: n = 3 cells, VL: n = 10 cells, P = 0.89). (B): Summary data
for results shown in Fig. 4.2C with TC data split into VB and VL groups. Two-way RM ANOVA
comparing the two cumulative probability curves between VB (copper) and VL (blue) neurons (VB:
n =8 cells, VL: n = 4 cells, P = 0.41). (C) Summary data for results shown in Fig. 4.2D with TC
data split into VB and VL groups. Dashed lines indicate the duration of synthetic IPSCs used in
the protocols. Two-way RM ANOVA comparing the mean time to LTS from the start of synthetic
IPSC between VB (copper) and VL (blue) neurons while varying different IPSC shape parameters.
IPSC amplitude (left) (VB: n = 8 cells, VL: n = 4 cells, P = 0.97); IPSC duration (right) (VB: n=6
cells, VL: n = 6 cells, P = 0.53). (D) Summary data for results shown in Fig. 4.3D with TC data
split into VB and VL groups. Two-way RM ANOVA comparing the mean number of action
potentials evoked between VB (copper) and VL (blue) neurons while varying different EPSC
shape parameters. EPSC amplitude (left) (VB: n = 6 cells, VL: n = 8 cells, P = 0.15); EPSC
duration (middle) (VB: n=6 cells, VL: n =7 cells, P = 0.51); EPSC duration/amplitude ratio (right)
(VB: n=17 cells, VL: n =9 cells, P = 0.65). (E) Summary data for results shown in Fig. 2.4D with
TC data split into VB and VL groups. Two-way RM ANOVA comparing the mean number of action
potentials evoked between VB (copper) and VL (blue) neurons while varying different EPSC
shape parameters. EPSC amplitude (left) (VB: n= 8 cells, VL: n=5 cells, P=0.23); EPSC duration
(middle) (VB: n =9 cells, VL: n = 5 cells, P = 0.30); EPSC duration/amplitude ratio (right) (VB: n
= 8 cells, VL: n = 6 cells, P = 0.74). EPSCs, excitatory postsynaptic currents; IPSCs, inhibitory
postsynaptic currents; LTS, low-threshold spike; nRT, nucleus reticularis thalami; NS, not
significant; TC, thalamocortical nuclei; VB, ventrobasal nucleus; VL, ventrolateral nucleus.
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3.7. Tables

Table 3.1. Intrinsic properties of nRT and TC neurons

Sample size N (cells) is included in brackets.

* Measured in response to a 100 ms +5 mV test pulse.

# Atypically high membrane resistance due to the presence of synaptic blockers (i.e., DNQX, APV,
picrotoxin) in the bath

T Action potentials were evoked with a 2 s 150 pA injection. Action potential measurements were
taken 1 s after the start of injection. Action potential threshold was defined as the Vm when dV/dt
measurements first exceeded 15 V/s.

§The bolded p-values are significant when considering the Bonferroni-corrected thresholds for
multiple comparisons, which is 0.05/9 = 5.56x1073.

Mp?)rpeli'lrt?gle Input resistance c’:s;if:cee Tau (ms)* Action potential AC:%‘pﬂ?&ngl Action potential Act;zrllf Fﬁgﬂ"ﬁl Tonic Firing rate
N ; 2
Vim (mV) Rm (MQ)*# Cm (PR threshold (mV)t (mv)t width (ms)t (ms)t (Hz)t
ART -66.07 +0.93 912.03+£155.69 54.70+237 1.12 £0.05 -48.06+0.48 42.80x1.00 1.57 £+ 0.06 0.76 £0.03 3581211
(51) (50) (52) (52) (42) (42) (42) (42) (42)
TC -69.08+0.69 36254+41.20 99.94+395 2.07+0.09 -47.87 +0.71 55.32+1.26 3.04+0.09 1.51+0.09 22.89+1.54
(54) (51) (51) (51) (47) (47) (47) (47) (47)
p-value§
(Mann-Whitney 1.75x10-* <1.00x10-* <1.00x10-* <1.00x10-* 0.75 <1.00x10-* <1.00x10-* <1.00x10-* <1.00x10-*
test)
VB -69.71+0.97 38235:83.85 100.73:6.16 2.09:0.19 -47.07+£1.27 54.73:210 271£01 1.31+£0.05 20.88 £ 2.66
(18) (17) (17) (17) (17) (17) (17) a7 (17)
VL -69.50+1.12 360.85:59.76 102.17 £5.44 215£0.10 -48.51+0.97 55.58:1.76 3.34£0.10 1.69 £ 0.07 23.75+2.30
(25) (23) (23) (23) (24) (24) (24) (24) (24)
p-value§
(Mann-Whitney 0.94 043 0.63 0.52 047 0.63 4.67x10- <1.00%10-* 0.55
test)
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Table 3.2. Spearman correlation coefficients of time to LTS and intrinsic properties of
thalamic neurons

Sample size N (cells) is included in brackets.

* Measured in response to a 100 ms +5 mV test pulse.

T Action potentials were evoked with a 2 s 150 pA injection. Action potential measurements were
taken 1 s after the start of injection. Action potential threshold was defined as the Vm when dV/dt
measurements first exceeded 15 V/s.

§The bolded p-values are significant when considering the Bonferroni-corrected thresholds for
multiple comparisons, which is 0.05/9 = 5.56x1073.

Action Action

Membrane Membrane Membrane otential otential Action Action potential Tonic Firin
potential resistance capacitance Tau (ms)* p pote potential half-width g
Vim (mV) Rm (MQ)* Cm (pFY* threshold amplitude width (ms)t (ms)t rate (Hz)t
(mV)t (mv)t
nRT -8.96x10-2(17) 017 (17) 035(17) 0.50(17) 0.82(7) 0.54(7) 0.25(7) -0.32(7) 0.32(7)
p-value§ 0.73 0.54 0.17 4.30x10-2 3.41x10-2 0.24 0.60 0.48 0.48
TC -018(17)  5.39x10-2(17) 0.27(17) 0.28(17) 0.31(12) 0.36(12) 0.14(12) 0.27 (12) -0.38(12)
p-value§ 0.48 0.84 0.30 0.28 0.33 0.25 0.67 0.40 0.25

77



Chapter 4: Discussion

4.1. Summary

The studies presented in this dissertation aimed to investigate how GABAergic signaling
from the GPe is organized and integrated within the nRT, a structure that occupies a central
position in thalamocortical circuits. In Chapter 2, we provided the first comprehensive functional
characterization of an extrinsic GABAergic input from the GPe to the nRT. We revealed a novel
form of GABAergic signaling in which GABA can exert either excitation or inhibition based on
regional differences in chloride homeostasis. We provided evidence that this pathway is
modulated during movement, indicating the GPe—nRT projection may be a new route through
which the basal ganglia can influence thalamic activity and motor behavior. In Chapter 3, we
investigated how nRT and TC neurons transform synaptic inputs into spiking outputs using
synthetic current injections. We found that identical synthetic currents elicited distinct firing
responses in NRT and TC neurons, highlighting the importance of intrinsic cellular properties in
shaping activity output.

Collectively, these studies reveal multiple levels of transformation of GABAergic
transmissions in thalamic networks. The ultimate effect of GABA depends not only on the source
of the input, but also on chloride homeostasis and intrinsic cellular properties. Together, these
mechanisms provide a framework for understanding how GABAergic signaling contributes to the
flexible control of thalamic activity and behavior.

4.2. Short-term chloride dynamics as a substrate for state-dependent movement

modulation

In Chapter 2, we raised the possibility that short-term chloride plasticity could underlie the
state-dependent movement modulation of the GPe—nRT pathway. During periods of sustained

GABAe release from the GPe, chloride influx through GABAAa receptors could transiently
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overwhelm chloride extrusion mechanisms, resulting in intracellular chloride accumulation and a
depolarizing shift in Egasa. Under such conditions, GPe input may become excitatory, thereby
altering the effect of this pathway on downstream thalamic circuits. Conversely, during periods of
lower activity, chloride extrusion through KCC2 could restore a more hyperpolarizing chloride
gradient, shifting the effects of GABA back toward inhibition.

A critical question surrounding this state-dependent mechanism is that it remains unclear
whether chloride dynamics occur rapidly enough to influence neural activity on the timescale of
ongoing behavior. Intracellular chloride has been documented to vary across developmental
stages (7123), brain states (7124—127), and conditions (728), but these processes typically occur
over timescales of hours to days. Whether substantial fluctuations in intracellular chloride can
occur within milliseconds to seconds remains less clear.

Experimental and computational studies indicate that chloride extrusion is substantially
slower than chloride influx through GABAAa receptor channels, making transient shifts in Eg
theoretically possible (729—1317). High-frequency activation of GABAergic synapses has been
shown to produce transient chloride accumulation (732, 133), particularly within small neuronal
compartments such as dendrites (734), where diffusion is restricted, and the surface-area-to-
volume ratio is high.

More recently, chloride-loading experiments in nRT neurons demonstrated that somatic
chloride accumulation can occur and that restoration of hyperpolarized Ec by extrusion
mechanisms can take place within seconds (563). However, these experiments relied on brief puffs
of muscimol to the soma and do not recapitulate physiological activation of GABAergic synapses.
Whether comparable chloride dynamics can occur under activation of GPe—nRT synapses
remains unknown. In particular, it is unclear whether repetitive activation of GPe inputs can induce
sufficient chloride accumulation to shift GABAergic responses from inhibition to excitation.

If chloride dynamics can occur on behaviorally relevant timescales, the more speculative

question is whether they contribute to the state-dependent behavioral effects of the GPe—nRT
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pathway. At present, direct evidence linking intracellular chloride concentration to movement state
is largely absent. Indeed, we are unaware of studies demonstrating rapid movement-associated
fluctuations in intracellular chloride concentration in any brain region. Consequently, the proposed
framework that chloride dynamics underlie the behavioral effects observed in Chapter 2 remains
highly speculative. To test this possibility, future studies will require direct measurements of
intracellular chloride during behavior and selective manipulation of chloride homeostasis within
nRT neurons.

Despite these uncertainties, the potential implications are substantial. If intracellular
chloride can fluctuate dynamically during ongoing behavior and directly influence motor output,
this would reshape our understanding of chloride homeostasis from a largely cellular and synaptic
property to a dynamic mechanism for circuit and behavioral computation.

4.3. Functional organization of the GPe—nRT pathway in vivo

Much of the circuit logic of the GPe—nRT pathway presented in Chapter 2 was derived
from circuit studies performed in ex vivo slices. Ex vivo slices cannot fully capture the complexity
of neuronal activity in the intact brain. Further experiments will need to be performed to validate
whether the circuit effects of GPe stimulation hold during natural behavior.

Another unresolved question concerns the organizational principles of the GPe—nRT
projection itself. Our preliminary data suggest that the GPe—nRT pathway is organized
topographically, with anterior GPe targeting the anterior nRT and posterior GPe targeting the
posterior nRT. If both GPe populations are synchronously active during behavior, GPe could
simultaneously suppress activity in anterior nRT while promoting activity in posterior nRT. Such a
mechanism would generate opposing effects across distinct nRT subnetworks and downstream
thalamocortical nuclei. The experiments presented in Chapter 2 focused on the anterior nRT, and
therefore do not address how simultaneous engagement of anterior and posterior GPe—nRT

pathways influences circuit function or behavior. Future studies combining large-scale recordings
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with pathway-specific manipulations will be necessary to determine how the GPe—anterior nRT
and GPe—posterior nRT streams are coordinated in vivo and how their interactions shape
thalamic information processing and motor control. Understanding the spatiotemporal
organization of activity across the GPe—nRT pathway will ultimately reveal circuit functions that
cannot be predicted from studying individual pathway components in isolation.

4.4. Relevance to movement disorders

The GPe—nRT pathway characterized in Chapter 2 occupies a unique circuit node at the
interface between the basal ganglia and thalamus, two networks that are heavily implicated in a
wide range of neurological and neuropsychiatric disorders. In particular, alterations in this pathway
may contribute to movement disorders such as Parkinson’s disease. Classical models of
Parkinson’s disease pathophysiology focus on abnormal activity involving the canonical basal
ganglia output nuclei, the GPi and SNr. The discovery of this previously unappreciated pathway
opens new lines of investigation as to whether it could be altered in disease conditions and
contribute to motor and non-motor symptoms in Parkinson’s Disease. The GPe has emerged as
a potential target for deep brain stimulation, with studies showing long-lasting therapeutic effects
that persist beyond the stimulation period (735). The GPe—nRT pathway may contribute to some
of the therapeutic effects or may itself be leveraged as a future target for intervention.

At present, the clinical relevance of the GPe—nRT pathway remains speculative. The
studies presented here represent only the first step towards the functional and pathological

significance of this circuit.
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