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The need to arrest ongoing or planned actions is a hallmark of adaptive con-
trol that is crucial for goal-directed behaviors and survival. When the brain
is subjected to competing signals that try to express conflicting behaviors, it
needs to halt to evaluate the consequences under volitional control, or to
avoid aversive situations through reflexive suppression. The cortico-Basal
Ganglia system is responsible for mediating response inhibition to buy the
cognitive system time to implement the appropriate action. A subcortical
brain area whose dysfunctions result in pathology such as Parkinson’s, the
Subthalamic Nucleus (STN) is responsible for braking behavioral expression.
Experiments have shown that under response conflict conditions, STN spik-
ing and theta power are elevated. Unfortunately, the electrophysiological
mechanisms underlying these neural signatures remain poorly understood. To
address this, we have built a novel biophysically principled large-scale model
of the subthalamopallidal network, including prototypic and arkypallidal
units, that is sparsely and probabilistically connected. Conflict was simulated
by driving cortical input to STN and varying the level of co-activation across
cortical feeds. We test how biophysical, cortical dynamics, and architectural
constraints impact the relationship among cortical conflict, STN theta power,
and spiking. Our simulations show that the STN-GPe network does not
resonate at theta on its own, but can do so in response to cortical theta or to
cortical burst-events representing action selection dynamics. Rhythmic burst-
events, representing a state of conflict when cortical motor plans vacillate
in the theta range, led to prolonged theta and increased spiking, consistent
with empirical literature. Analysis of underlying mechanisms revealed that
NMDA, but not AMPA, currents were necessary and sufficient for theta
power expression and for an empirically observed STN triphasic response
characterized by spiking, silence and bursting periods. Finally, theta band
resonance was also strongly modulated by architectural constraints, with
maximal theta with increased presence of STN "coincidence-detector” units
that receive input from multiple cortical populations, due to an NMDA-
dependent supralinear response. Our results are insightful in connecting
biophysical principles with dynamic and architectural constraints to under-
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Chapter 1

Introduction

1.1 Overview

In our everyday lives, we are often confronted with circumstances when we have to choose
among competing and even mutually exclusive options. In such situations, the brain is
informed of the competing signals that try to engage the final common motor system to
initiate movements for us to interact with the outside world. For instance, consider how US
citizens would generally cross the road at a pedestrian crossing without traffic lights. They
first look to their left for oncoming vehicles closest to the curb they are at, followed by to
their right for oncoming traffic in the opposite direction, and then quickly check to their
left again. As they have been doing so for years, these motor sequences associated with the
goal of crossing the road have been so reinforced that they are automatically implemented
whenever required. However, when they travel to the UK where vehicles drive on opposite
sides and wish to cross the road there, the Americans are tempted to look to their left first
before crossing the road if they are not attentive to their new entourage. To achieve the
same goal, but in this different environment, they need to arrest premature expression of
the prepotent behavior and adapt the motor sequences, which requires conscious cognitive
control, in contrast to passive execution of automated motor activities.

Behavioral expression requires the coordination of the Cortico-Basal Ganglia system. When
a motor program needs to be implemented, the motor cortex sends a signal to the Basal
Ganglia [BG| which dynamically disinhibits the thalamus to gate the program through the

cortico-thalamic loop, Fig. 1.1A. Reinforced actions tend to be gated more quickly and
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Figure 1.1: Schematic of the interactions between Basal Ganglia and Corticotha-
lamic loops. Numbers indicate the sequential stages of signal processing. A Under no
conflict condition, the Motor Cortex sends a signal to the Basal Ganglia (1) that disinhibits

the thalamus (2). This allows the motor program to be gated in the corticothalamic loops
(3,4) to access the final lower motor resources(5)

. B When a prepotent activity (1) faces
opposition from a mutually exclusive behavior (2), the Executive Control system detects

the conflicting signals and participates in braking (3) the BG output to buy the system
time to resolve the conflict. Following resolution, the EC communicates the desired motor

program (3) to the BG input, and only one of the competing programs (1 or 2) accesses the
final motor pathway (5-8) as described in A.



easily via the BG. Consequently, when a mutually exclusive action needs to be expressed,
voluntarily or involuntarily, we require the Executive Control [EC] system of the Prefrontal
Cortex [PFC]| to swiftly exert a brake the BG output to halt all behavioral expressions.
Arresting such impulsive and potentially inaccurate behaviors buys the EC time to reflect
on the more appropriate response and communicate it to the striatum for eventually gating
through the cortico-thalamic pathways [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11], see Fig. 1.1B.
Simultaneous co-activation of antagonistic neural signals that engage in opposing planned
or initiated motor action constitutes a state of response conflict [12, 13, 14]. This state
is thought to invoke a dynamic response inhibition mechanism in Cortico-BG circuitry to
prevent prepotent responses from being executed prematurely. But what are the dynamical
neural mechanisms or correlates of conflict and how are they used to impact behavior?

As the differing tasks engage different cognitive systems and processes, the neural signa-
tures therein are modulated to reflect the various dynamical states across several scales
from synaptic activities to spiking to Local Field Potentials [LFP] to electroencephalogram
[EEG] signals. One of the main neurophysiological characterization of activities associated
with cognitive processes is the spectral representation of recorded neural signals across fre-
quency bands, where both power and phase are studied. The main bands are roughly delta,
2-4 Hz, theta, 4-8 Hz, alpha, 8-15 Hz, beta, 15-30 Hz and gamma, 30-100 Hz. Combinations
of neighboring bands are also studied, such as Low Frequency Oscillation [LFO] band that
lumps delta and theta activities. Of note, theta band activities, with time courses in the
range of 125 ms through 250 ms, reflecting 4 to 8 Hz activities, are implicated in various
cognitive functions, such as memory and learning [15, 16], facilitation of interregional com-
munication [17, 18], synaptic plasticity [19, 20] as well as behavioral expression [21, 22, 23].
Ubiquitous in the brain, theta band activity is also involved in response control [24], which
is a crucial component of conflict resolution [25, 26] in the brain. Unsurprisingly, recent
experiments [27, 28, 29] evidence a role for theta band activities during response conflict.
This chapter first reviews the roles of PFC and BG anatomy and physiology in reinforcing
prepotent behaviors and how signals opposing them lead to response conflict conditions. The
involvement of STN activities via the hyperdirect pathway in inhibiting response is described

along with empirical reports that detail the neural signatures and behavioral effects of



disrupting STN function, either physically or physiologically by Deep Brain Stimulation
[DBS] or optogenetics. A description of existing models across different levels, such as
systems level network model and the drift diffusion model, that capture both the neural
signals and the behaviors is provided along with their predictive contributions. Next, I
discuss the limitations of current models in explaining the recorded oscillatory signals, and
how that motivates the need for a biophysical model with a physiologically relevant timescale
to capture the temporal aspect precisely. This chapter concludes with the open questions

that are addressed in this doctoral work.

1.2 The Cortico-Basal Ganglia system in Prepotent

Behavioral Expression and Response Inhibition

1.2.1 The Cortico-Basal Ganglia system facilitates behavioral expression

through action selection

The Basal Ganglia are a set of subcortical nuclei that have been implicated in both motor
and cognitive functions. Conserved across vertebrates, it is estimated to be at least 400
million years old [9]. One of its major functions is action selection, achieved by facilitating
the execution of a single motor program while suppressing the competing ones [10, 11, 30,
8, 31, 32].

As shown in Fig. 1.2, the BG consists of three main pathways. Briefly, the input nucleus
of the BG is the striatum that receives dense cortical innervations. The output nuclei are
the Globus Pallidus internus and the Substantia Nigra pars reticulata.

The direct (GO) pathway, involved in facilitating actions and sensitive to reward, features
a direct connection from the input to the output nuclei, while the indirect (NoGo) pathway,
involved in suppressing actions and sensitive to punishment, features an intermediate station
known as the Globus Pallidus externus between the input and output nuclei [7, 1, 8, 9, 10,
11]. An action is eventually selected based on the activities in these two pathways [32, 3,
4,5, 2, 6], as described below. The STN is the only excitatory nucleus releasing glutamate

in this otherwise GABAergic circuit, and innervates both portions of the Globus Pallidus,
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Figure 1.2: Schematic of the Basal Ganglia circuitry. Line ends represent neuro-
transmitter release; Glu: Gluatamate (Excitatory), GABA: Gamma-AminoButyric Acid
(Inhibitory), DA: Dopamine (Modulatory). It consists of three main pathways, the Direct
(GO), the Indirect (NOGO) and Hyperdirect direct. The striatum contains two subpopu-
lations of Medium Spiny Neurons (MSN) that express either D1 or D2 dopamine receptor
channels. The striatopallidal pathway starting with the D1 MSNs innervating the Substan-
tia Nigra pars reticulata (SNpr) and Globus Pallidus internus (GP1i) is termed the Direct
pathway. It is involved in learning and facilitating rewarding actions. The Indirect pathway
starts with the D2 MSNs and innervates the SNpr and GPi via an intermediate station, the
Globus Pallidus externus (GPe). It is more involved in learning aversive outcomes and pre-
venting them. The cortico-subthalamic pathway, also known as the Hyperdirect pathway,
connects several parts of the cortex to the subthalamic nucleus that innervates the SNpr and
GPi. It allows the cortex to exercise control on the output of the Basal Ganglia. Moreover,
the Subthalamic Nucleus and the Globus Pallidus externus share reciprocal connections,
STN exciting GPe that inhibits it back. Functionally, when conflict level increases in the
cortex, the STN is excited and raises the decision threshold to prevent any actions gating
through the GPi/SNpr.




namely the GP externus and GP internus, and the Substantia Nigra pars reticulum [SNpr]
while it receives reciprocal inhibition from the GPe. While the classical model comprising
the two striatopallidal pathways and the subthalamopallidal loops was useful for accounting
for a variety of data, the more recent discovery of the hyperdirect pathway that provides
direct monosynaptic connections from the cortex to the STN [33, 34, 35, 36, 1] prompted a
revised understanding of the cortico-BG system. Ensuing theoretical and empirical research
has shown that cortically driven STN activity — particularly during response conflict or
surprising situations — plays a crucial role in response inhibition [37, 38, 39, 40, 41, 29,
42, 27, 43, 44, 45, 46, 47, 48] by exciting the SNpr/GPi to enhance inhibition of the
thalamus and thus prevent motor expression via the thalamocortical loops, Fig. 1.2. In
so doing, the STN overrides the striatopallidal control over motor behavior and provides a
quick mechanism for cortex to influence behavioral expression. Halting the BG output is
a crucial ingredient in adaptive control for goal-directed behaviors under volition and for

survival by reflexively suppressing aversive actions in more involuntary circumstances.

1.2.2 Prepotent action selection results from dopaminergic

Reinforcement Learning

Action selection through the BG is a dynamic process. Figures 1.1 and 1.2 depict the
circuits and pathways mediating this process. When an action is presented at the striatum,
its levels of reward and penalty are respectively weighed along the Direct and Indirect
pathways, with action selection and inhibition as the respective consequence of this tug of
war.

The striatum consists of Medium Spiny Neurons (MSN) that express either D1 or D2
dopamine receptor channels. The MSN subpopulations expressing D1 and D2 receptor
channels form the starting point of the Direct and Indirect pathways respectively. When the
D1 receptor is activated, it has a net excitatory effect on the cell, while its D2 counterpart has
a net inhibitory effect. The striatum receives a basal level of dopamine from the Substantia
Nigra pars compacta, which sets the basal levels of activities in both pathways.

During reinforcement learning, when a novel rewarding action is selected, there is a burst in

activity in the dopaminergic cells [49], while a dip is observed when the action turns out to



be aversive. These differing levels of dopamine release in the striatum drive corticostriatal
plasticity, with the burst promoting plasticity in the direct pathway to code for rewarding
values while the dip doing likewise in the indirect pathway to code for penalty values.
Hence, the synaptic strengths of the cortico-striatal connections inform the relative reward
versus penalty values, based on past reinforcements. Moreover, based on reinforcement
only, when two rewarding or two aversive actions compete with each other, the one with
the higher reward versus penalty value tends to get selected.

In the context of our example, the motor sequences of left-right-left have precedence when
the goal is to cross the road. However, when the person needs to cross the road in the UK, the
brain has to quickly take cognizance of the different environment, and the behavior should
be accordingly updated, namely to a right-left-right sequence. This, however, constitutes a
conflict situation as looking to the left first is the prepotent activity while looking to the
right is the required one. Moreover, the brain must be able to quickly halt execution of such
potentially harmful motor programs that would otherwise be preferentially selected based

on reinforcement.

1.2.3 Response Inhibition Mechanism is critical for arresting prepotent

motor response

Response Inhibition is a critical component of motor control and its timely implementa-
tion can be the difference between death and survival. It is employed both in consciously
withholding motor expression and reflexively withdrawing from premature motor output
in response to external stimuli that may signal danger. Contextually, crossing the road in
the different environment may engage the response inhibition mechanism by both reflective
and reflexive action [50, 37, 51]. For instance, in the former case, an attentive person may
realize the realize the different setting and elects to proactively restricts the prepotent urge
to look first to the left. Alternatively, an inattentive person may not implement volitional
control whereby the prepotent activities involuntarily get initiated. However, if the person
is informed of impending danger such as a honk or a road sign that instructs to look to
the right, the response inhibition mechanism is triggered and the person may arrest the

behavior. The earlier the initiation of the antagonistic signal, the more likely the response



inhibition is successful.

Several brain areas have been implicated in response inhibition, namely the Inferior Frontal
Gyrus (IFG), the pre-Supplementary Motor Area (preSMA) and the STN [52, 27, 53, 37].
Since the IFG and the preSMA, respectively parts of the Executive Control and Motor Im-
plementation systems, directly innervate the STN which can monosynaptically influence BG
output, the latter stands in a good position to implement the required braking mechanism

whilst integrating cortical information.

Cortical drive to the Subthalamic Nucleus via the Hyperdirect pathway

brakes Basal Ganglia output

Modifying the behavior takes time, while the previously reinforced rewarding movements
are primed for execution. Therefore, we have to be capable of quickly halting the latter
activity to buy the system time to eventually decide on which actions lead to the goal in
the different environment. Based on the physiologies of the different BG pathways, the
hyperdirect one has been implicated in such function [33, 38, 39, 40, 41, 29, 42, 27, 44,
45, 46, 47, 48]. Cortical excitation of the STN causes a phasic increase in firing rates of
the GPi and SNpr to further inhibit the thalamus. Therefore, any action that seeks to
gate through via the GO striatopallidal projections need to overcome the STN mediated
enhanced inhibitory effect of the GPi and SNpr in order to disinhibit the thalamus. In sum,
it can be construed that the STN brakes the output of the BG by eventually raising the
threshold such that no action can be selected (see Fig. 1.2).

In a situation of conflict when two mutually exclusive actions try to access the final motor
resources, the BG is faced with an over-constrained system that it cannot accurately solve.
However, because it is the motor cortex that presents competing signals to the striatum,
conflict should first be solved in higher motor areas such as the Anterior Cingulate Cortex
and pre-Supplementary Motor Area, and communicated to the lower level primary motor
cortex. The brain relies on the Executive Control system to resolve which signal eventually
excites the striatum to request gating. The frontal cortex thus not only has to swiftly direct
the STN to halt implementation of BG outputs, but also needs to resolve the conflict. The

sequential interactions are summarized in Fig. 1.1.



1.3 Empirical Literature on Effects of disrupting STN
activity on response and its neural signatures during

Response Conflict

1.3.1 Disrupting STN activity affects reaction times and response

accuracy

STN activities are disturbed in two main ways, namely physically through subthalamo-
topy or excitotoxic lesions, and physiologically through Deep Brain Stimulation (DBS) or

pharmacological blockades.

Physically disrupting STN activity

Baunez, Nieoullon, and Amalric [54] induced striatal DA depletion in rats and observed
motor initiation deficits, delayed responses and longer reaction times in a reinforcement
learning task. Bilateral excitotoxic lesions of the STN reversed the motor initiation deficits,
and promoted premature responses with shortened reaction times. The results indicated
that the STN played a crucial role in controlling behavioral expression.

In another set of experiments using a five-choice paradigm, Baunez and Robbins [44] showed
that bilateral STN lesions in the rats impaired their discriminative accuracy, and caused
compulsive behaviors in addition to elevated premature responses, thus establishing the
necessity of proper STN functioning in restraining inappropriate motor actions. Further

experiments [45] confirmed these observations.

Physiologically disrupting STN activity

Frank, Samanta, Moustafa, and Sherman [55] subjected PD patients, with implanted DBS
electrodes in the STN, to a probabilistic learning task which manipulated the conflict level
under which the patients had to respond. They showed that DBS stimulation caused the
patients to respond impulsively with shorter reaction times [RT] and higher proportion
of errors. These findings confirmed the predictions of a computational model [38] that

interfering with normal STN function by DBS compromises its basal level of braking with



the lesser restraint on motor activities accounting for impulsive behaviors.

Using a Simon task, Wylie, Ridderinkhof, Elias, Frysinger, Bashore, Downs, Wouwe, and
Wildenberg [56] similarly disrupted STN activities through DBS stimulations in PD pa-
tients, and found that they caused marked impulsive responding with shorter RTs and
lower accuracy for incongruent trials. This again highlighted the need for proper STN func-
tion to pause responding to buy the executive system time to resolve conflict and implement
the correct responses. More recently, Ghahremani, Aron, Udupa, Saha, Reddy, Hutchison,
Kalia, Hodaie, Lozano, and Chen [57] used DBS to disrupt STN function tied to specific
phases during a Stroop task and confirmed a direct causal role for the STN in assisting
conflict-related processing.

To test how the STN is involved while the executive system integrates information from
disparate stimuli before responding, Coulthard, Bogacz, Javed, Mooney, Murphy, Keeley,
and Whone [58] presented a triad of consecutive stimuli, each a presentation of two symbols
to guide response [55], and similarly used DBS to disrupt STN activities. They found
that when the first two stimuli would lead to consistent responses, thus making the latter
prepotent, while the third indicated an alternative conflicting response, DBS stimulation
caused the patients to respond impulsively in choosing the incorrect prepotent action. In
addition to its mechanistic braking activities, the STN serves a more fundamental role in
enabling complex cognitive functions.

Similar experiments [59] were carried out to investigate the influence of STN on the speed-
accuracy trade-off under a moving dot coherence task. They found that patients under DBS
stimulations were less likely to pay heed to the instructions and their responses accorded
more with their prepotent tendencies. They also reported that the effect of instruction
mattered less in low conflict for higher accuracy in contrast to high conflict where the
success of the trial was tied with attending to the instructions.

More recently, Fife, Gutierrez-Reed, Zell, Bailly, Lewis, Aron, and Hnasko [52] have shown
that optogenetically stimulating the STN caused mice to interrupt their behaviors. Since
surprise is a natural cause for suppressing ongoing activities, they also inhibited the STN
and found that the ability to pause in response to surprise is diminished, thus revealing a

causal role for the STN in arresting behaviors under cognitive demands.
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Both structural [54, 44, 45] and functional [55, 56, 58, 59, 52] disruptions of the STN have
shown its importance in response inhibition which is an indispensable process in conflict res-
olution. Interfering with the normal functioning of the STN, such as by DBS, compromises
its ability to brake the BG output. This leads to impulsive reactions that are more often
erroneous as the system does not get enough time to assess and evaluate competing, hence
conflicting, responses. Having established the importance of the STN in conflict condition,
we now investigate the nature of STN responses and its interaction with the cortex along

the hyperdirect pathway under conflict condition.

1.3.2 STN spiking increases upon successful inhibition

Isoda and Hikosaka [40] subjected two monkeys to a Switch-Trial-Task while recording in
the STN. After fixation, they were presented with two squares of different colors as stimuli
on opposite sides of the screen. For a correct response, the animals had to saccade to the
stimulus that matched the color of the presented cue. By successive presentation of the same
cue, the animals saccading responses were primed by having faster RTs. To induce conflict
condition against such prepotent behaviors, the cue’s color was changed in switch trials.
Under successful switches, the monkeys had slower RTs while STN spiking increased, Fig.
1.4 A,B. Conversely, faster RTs and no increase in STN activities were noted for failure to
make the correct switch. Thus, STN spiking is important for arresting impulsive behaviors.
Similarly, Schmidt, Leventhal, Mallet, Chen, and Berke [42] subjected rats to a Stop-Trial-
Task where they recorded extracellular STN activities. They showed that increased STN
spiking is necessary for arresting Cue-triggered planned movement in response to the Stop
cue. They categorized the Go trials into Fast Go and Slow Go and showed that the time
courses of STN activities for failure to stop resembled the Fast Go, while Slow Go aligned
more with those associated with successful stop.

Zaghloul, Weidemann, Lega, Jaggi, Baltuch, and Kahana [41] recorded from 14 PD patients
undergoing DBS surgery, collecting activities from 18 microelectrodes in the STN while they
performed a probabilistic learning and decision making task, similar to the one in Frank,
Samanta, Moustafa, and Sherman [55], that tested for different levels of conflict. They

pooled the spiking activities of the STN cells they recorded from, and showed that during
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Figure 1.3: Neural signatures of conflict in the STN. STN theta power A, B [29]
and spiking C [41] increased with higher levels of conflict when PD patients were subjected
to a probabilistic learning task [PLT] where they had to choose between two visual cues
that coded for different reward probabilities. D Under High conflict condition, higher
theta in the medial PreFrontal Cortex correlated with longer reaction times [RTs| [27],
whereas it predicted lower RTs under Low Conflict when PD patients performed a PLT.
DBS stimulation of the STN reversed the correlations between theta and RT.
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Figure 1.4: Systems level model captures behavioral data through mPFC-STN
interactions. A,B Monkey data [40]. C,D,E Model data [14]. A,C Distributions of reac-
tion times for correct (red) and (incorrect) switch trials are longer and shorter respectively.
B,D STN activities increase in successful switch trial (red) to suppress primed behavior,
while failure to elevate activities leads to erroneous response (gray). E Systems level (Emer-
gent model) interactions among various nuclei of the cortex and BG are required for the
STN to suppress planned activities in a diffuse global NoGo manner.

high conflict, the STN neurons had higher firing rates than during low conflict condition
, Fig. 1.3C. In sum, the dynamic alterations in spiking rates of STN neurons for correct

responses during conflict are consistent in both non-human and human primates.

1.3.3 Systems level modeling predicted that STN braking is implemented

via a Global NoGo mechanism

While Aron, Behrens, Smith, Frank, and Poldrack [37] indicated the regions involved in
response inhibition and Isoda and Hikosaka [40] showed the STN spiking patterns associated
with both successful and unsuccessful response inhibition and task accuracy, the relationship
between the observed behavioral measures of reaction times and the cortico-basal ganglia
circuitry to account for them was not clearly understood. To address this lacunae, Wiecki

and Frank [14] built a systems level model, Fig. 1.4E, comprising nuclei of Frontal Cortex
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and BG as well as sensory inputs to investigate the interactions among various areas that
could capture the electrophysiology and behavioral observations. They tested the network
across many tasks, including the Switch Trial Task, and were successful in replicating the
reaction time distributions and STN activities, Fig. 1.4C,D , under both ’Successful Switch’,
"Unsuccessful Switch” and "Non-Switch’ trails observed by Isoda and Hikosaka [40].

They found that response inhibition necessitated the STN to excite the output of the BG
to inhibit action selection in a global NoGo manner, Fig. 1.5A, that is, once conflict related
braking machinery was engaged, it did not filter which motor programs to locally inhibit,
but rather did so at a more general level. This is akin to the STN dynamically setting a
higher decision threshold such that any action trying to gate through the basal ganglia,
along the GABAergic striato-nigral pathway, would consequently need to provide more
inhibitory postsynaptic currents to offset the STN’s excitation that prevents disinhibition
of the thalamus.

The behavior of the network model could be approximated by quantitative fitting with the
Drift Diffusion Model [60], Fig. 1.5B, that captures how STN manipulations dynamically
affect the decision thresholds to explain the distributions of reaction times for both accu-
rate and inaccurate responses. When STN activity is high, the decision threshold is high
and it takes longer to hit the barrier. That reduces the probability that initial evidential
accumulation towards a wrong decision will eventually cross the threshold to be selected.
On the other hand, a low decision threshold, tied to low STN activity, would allow a greater
proportion of wrong decisions to be made, and with lower reaction times, as empirically

observed in [55, 27] where impulsive responses showed less accuracy.

1.3.4 Decision Thresholds are related to Theta Band activities

Cavanagh, Wiecki, Cohen, Figueroa, Samanta, Sherman, and Frank [27] subjected PD
patients to the Probabilistic Learning Task [55] whilst recording activity over the medial
PreFrontal Cortex using scalp EEG electrodes. When the patients were under the state
of uncertainty which increased with the experimentally induced level of conflict, spectral
analysis of EEG signals over the mPFC revealed resonance of theta band [4-8 Hz| power.

Disrupting STN activity via DBS stimulation perturbed the mPFC theta signals.
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Figure 1.5: STN global NoGo mechanism and the Drift Diffusion Model. A When
two competing motor actions are considered in cortex, they excite the striatum, the input of
the Basal Ganglia, to inhibit the BG output, GPi and SNpr, via the Go pathway to access
lower motor resources. See Fig. 1.1 for more details, including activities of GPe in the
NoGo pathway. The STN concomitantly receives the excitatory signals for the cortex via
the hyperdirect pathway, and subsequently excites the GPi/SNpr in a diffuse global NoGo
manner to brake the gating process, thus halting all actions from gating through. By so
doing, the STN dynamically sets a high decision threshold. B The Drift Diffusion Model is
a stochastic model that captures the effects of STN activities, decision thresholds, reaction
times and accuracy, see also Fig. 1.4. Briefly, when the STN activity is high, it dynamically
sets a high decision threshold so that it takes longer to hit the barrier, but with gain in
higher proportions of correct responses (green) and reduction for incorrect responses (red).
With a lower barrier, it takes less time to hit the barrier but at the cost of lowered accuracy,
that is typical of impulsive behaviors.
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This line of work motivated further work in patients to understand the neural signatures of

decision threshold in the STN.

1.3.5 STN theta power increases with conflict levels

In another conflict task, Zavala, Tan, Little, Ashkan, Hariz, Foltynie, Zrinzo, Zaghloul, and
Brown [29] recorded LFP signals from 13 PD patients undergoing bilateral electrode im-
plantation in the STN during DBS surgery, and scalp EEG over the mPFC. They thereafter
participated in a moving dot tasks that could simulate different levels of conflict. Briefly,
when the ratio of dots moving in one direction to those moving in the opposite direction is
high, it constitutes a low conflict case, whereas a ratio nearing one represents high conflict.
Their spectral analyses not only revealed that theta band activities were modulated under
high conflict, Fig. 1.3 A, B, but they also showed that the theta signal in the mPFC was
Granger causal to the theta in the STN, suggesting that mPFC theta was driving STN

theta.

Theta and Reaction Time correlations differ between Low and High conflict

conditions

The above studies [27, 29] have established a role for theta band oscillations both in the
STN and midline frontal cortex. Interregional communication [17, 18] is also subserved
within the theta range. Integrating these two facts suggests that the cortico-subthalamic
communication in the hyperdirect pathway may be in the theta range that relays some
specific information from prefrontral cortex to STN.

However, Cavanagh, Wiecki, Cohen, Figueroa, Samanta, Sherman, and Frank [27] showed,
Fig. 1.3D, that theta band power increase correlated with increase in reaction times only
under the high-conflict condition in healthy controls and OFF DBS patients. The trend
was reversed with DBS ON. In the low-conflict condition, the relationships between theta
power increases and reaction times were negative for both healthy controls and OFF DBS
patients. Likewise, DBS caused an inverse relationship. This directly shows that mPFC
theta may not be a hallmark of conflict per se.

Likening the fact that correct trials required longer reaction times for the high conflict
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condition than for the low conflict [55, 59]) to the fact that higher theta power was observed
in the high conflict condition in the STN [28, 29], it follows that STN theta band power
correlates positively with increase in reaction times.

If cortical theta was a measure of conflict, we would expect it to have a positive correlation
with reaction time even in the low conflict case, albeit a smaller one as compared to the high
conflict case. Moreover, Zavala, Tan, Little, Ashkan, Hariz, Foltynie, Zrinzo, Zaghloul, and
Brown [29] showed that under low conflict condition, cortical theta is not Granger causal
to STN theta, while the reverse holds true for the high conflict case.

This suggests that the communication between medial prefrontal cortex and STN via theta
band power modulation may not be conveying information about the level of conflict that
correlates positively with reaction time. Given the above, we propose that STN may not
just be mechanistically applying the brake on the BG under the dictate of the cortex to
halt behavior, but rather the STN may be participating at a more cognitive level during
conflict condition.

Further work from Herz, Zavala, Bogacz, and Brown [48] showed a similar trend in STN
theta power, and they argued that the relationship between STN theta and decision thresh-
old, equivalent with reaction time, could be attributed to the level of cautiousness. Under
High Conflict conditions, higher levels of cautiousness are reflected in higher theta power
and longer reaction times. Likewise, low level of cautiousness accompanies lower theta

power.

1.4 Implications for cortico-STN conflict signaling

1.4.1 A role for the Subthalamic Nucleus as a conflict detector

Conflict processing involves two main stages, namely conflict detection and conflict reso-
lution. Several lines of evidence implicate the Anterior Cingulate Cortex (ACC) [61, 62,
63] in conflict detection while dorso lateral prefrontal cortex, part of the Executive Control
system (see Fig. 1.1), is mostly involved in conflict resolution [64, 63] when the STN brakes
the output.

Because detection and resolution are dissociable stages, the former more bottom-up and the
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Figure 1.6: Cortico-STN topography Subpopulations of the STN receive efferent copies
of motor signals that try to access lower motor neurons via the Basal Ganglia for behavioral
expressions. Co-activation of several STN subpopulations from different cortical subpopu-
lations makes the nucleus more excitable, and thus the STN itself acts as a conflict detector
and brakes the Basal Ganglia output to prevent gating of any of the competing corticotha-
lamic signals. Left: In a segregated topography, the cortical information about a particular
motor program is sent to one subpopulation only, implying that information is segregated
through an organized columnar architecture. Middle: In a non-segregated scheme, cortical
information is also shared with STN subpopulations that code for competing motor pro-
grams. Such a network is characterized by more disperse connectivities between the cortex
and the STN. The more the synaptic dispersion, the less the segregation of information.
Right: The non-segregated network gives rise to four distinct classes of STN units in any one
subpopulation by virtue of how they are cortically driven, in contrast to the segregated case
where all STN units listen to a single cortical program. Since the cortico-STN topography
is probabilistically implemented in the non-segregated case, some units may receive no in-
puts, the majority receive from the motor program the STN subpopulation essentially codes
for, some receive from other single cortical programs only and some will receive from more
than one single motor program. The latter act as coincidence detectors, and the lower the
segregation level, the greater the proportion of coincidence detectors units in the network
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latter more top-down in their signaling, conflict detection can be initiated at a lower level
in the motor hierarchy. As regards conflict detection, it may be initiated in the cortex and
be communicated to all the STN neurons via the hyperdirect pathway. Under the dictate of
the frontal cortex, the STN neurons thus mechanically apply the brakes to halt any motor
programs, as per Fig. 1.6.

Alternatively, via the hyperdirect pathway, the STN may be informed of the different com-
peting motor programs that seek gating via the BG [55]. This demands that it receives
efferent copies of motor programs, and this is supported by the fact that its cortical affer-

ents derive mainly from axon collaterals of cortico-fugal pyramidal-tract neurons [65, 33,
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66] that are essentially involved in transmitting motor commands.

In such a topographical organization, (Fig. 1.6, left) distinct subpopulations of the STN
receive distinct motor programs. Indeed, such a somatotopic architecture [67] within the
motor domain [68, 69, 70, 71, 72] has been reported. However, the levels of intercommuni-
cation among domains and within somatotopic areas remain poorly understood. All these
excitatory disparate signals from the STN subpopulations are integrated in the nucleus, and
the STN universally applies the brakes to raise the decision threshold to prevent any one
motor program gating through. This buys the conflict resolution center time to evaluate
the best behavior and to change the cortico-striatal facilitation and inhibition.

The prediction of this model is that under high conflict condition, the dynamic surge in
activity, such as increased in spiking rates will be higher, because actions that are trying
to gate through more forcefully with higher prepotency will confer higher excitation onto
the STN subpopulations. This is summarized in Fig. 1.6. Lower levels of conflict will cause
lower net activation of the nucleus, implying a short duration of braking commensurate
with a shorter reaction time. We expect that the activities in the different subpopulations

will summate to LFPs in the theta band activities.

Summary

In sum, experiments have shown that STN is necessary for response inhibition, by globally
braking the BG output to pause action selection, thus buying the Executive Control system
time to resolve the conflict and implement the desired motor response. STN spiking goes up
with the level of conflict and correlates positively with reaction times. The STN dynamically
sets a decision threshold so that premature activation of motor signals cannot gate through
the BG quickly, thus improving accuracy at the cost of slower reaction times. Decision

thresholds have been shown to correlate with theta band power.

1.5 Open Questions addressed in this doctoral project

Despite the extensive work in STN electrophysiology and modeling, largely motivated by

its involvement in the etiology of PD, the electrophysiological mechanisms by which theta
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band power is modulated under response conflict have not been studied. The primary aim

of this collaborative efforts between two labs is to fill this lacuna.

1.5.1 Electrophysiological basis of theta band power modulation in the
STN

Given that neural communication is essentially discontinuous in addition to be highly non-
linear, it is not trivial that since the presynaptic structure mPFC shows theta band power
during response conflict and that it is Granger causal to STN theta that the latter should
directly show theta power. First, LFP power reflects small local circuits activities whereas
neuronal communication occurs through synchrony of individual cortical cells firing and
leading to neurotransmitter exocytosis to generate an appreciable postsynaptic current to
affect the receiving cell.

Moreover, given the tight coupling between the STN and the GPe, it is insufficient to study
the STN in isolation. Thus, understanding the mechanisms of theta band power modulation
requires a thorough analysis of the main currents in the STN and the GPe cells in addition
to their interactions in the subthalamopallidal network, and the latter’s response to cortical
stimuli.

Several models of STN-GPe network have been built [73, 74, 75], but most of them have not
implemented biophysical constraints that have been known in the literature for long [76, 77,
36, 78]. Moreover, several lines of work [79, 80, 81, 82, 83, 84, 85, 86] have pointed to the
different physiologies and connectivities of GPe subpopulations, but more often than not,
GPe tends to be modeled as a homogeneous population. The resultant network dynamics
of these diverse GPe cells need to be explored.

Furthermore, the study of frequency band activities is directly tied to some underlying
time course, and this requires a model whose parameters have direct biological relevance,
such as the Hodgkin-Huxley formulation. While previously the computational complexity
disfavored the extensive use of the latter model, contemporary advances in computational

prowess have helped to immensely filled these shortcomings.
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1.5.2 The effects of cortico-subthalamic topography to facilitate the STIN

to act as a conflict detector

First, conflict levels and reaction times for accurate responses are positively correlated [41,
55, 40, 14, 42]. If mPFC theta encoded the level of conflict, then irrespective of whether
it was Low or High Conflict, this demands that the relationship between mPFC theta and
reaction times be positive since reaction times are always positively correlated with conflict
levels. However, since this differs between Low and High conflict, this means that mPFC
theta per se may not be signaling the level of conflict to the STN.

Since STN dynamically raises the decision threshold commensurate with the level of con-
flict, and given the positive relationship with reaction times even under Low Conflict, this
broaches the question as to how the STN is made aware of the level of conflict since the
Granger causal mPFC theta appears unable to communicate this.

One possible way for the STN to brake in relation to conflict level to affect reaction times is
for the STN to act as a conflict detector itself by exploiting the direct connections between

the motor cortex and itself to integrate motor information to raise its own levels of activity.

Summary

Integrating across several levels of neuroscience, this doctoral work uses a mechanism-mining
approach to firstly understand and provide an electrophysiological account of theta band
power modulation in the STN and secondly investigates how the cortico-STN topography
can endow it with the ability to serve the systems level function of response conflict detec-

tion, a major component of the grander cognitive task of decision making.
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Chapter 2

Biophysical and Architectural
Mechanisms of Subthalamic Theta

under Response Conflict

2.1 Introduction

Various studies have implicated the Cortico-Subthalamic system via the hyperdirect path-
way in successful response inhibition. The subthalamic nucleus [STN] is involved in both
the outright need to cancel a planned behavior and in dynamically modulating the threshold
in decision making in the face of conflict or uncertainty, leading to slower but more accurate
choices [33, 38, 39, 40, 41, 29, 42, 27, 44, 45, 46, 47, 48, 50, 37]. The STN mediates these
functions by exerting a brake on the output of the Basal Ganglia [BG] in a diffuse manner
to globally suppress the striatal system’s ability to gate any motor behavior. Disruptions
of normal STN activities by ablation, Deep Brain Stimulation and optogenetics result in
failure to inhibit prepotent responses which lead to impulsive and potentially incorrect re-
sponses [54, 44, 45, 55, 56, 58, 59, 52, 57]. These results are consistent with network level
models of BG function [38, 60, 14]; see also [87] which predicted that increases in STN fir-
ing dynamically raise the decision threshold to arrest premature responding, conceptually
buying the executive system time to resolve the conflict and implement the appropriate

action.
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Despite the growing body of work on STN dynamics, the electrophysiological mechanisms
of these dynamics remain poorly understood. Many studies have shown that in conditions
of response conflict, frontal and STN theta power is elevated [27, 88, 28, 29, 48], with
frontal theta granger causal of STN theta [89]. Variability in such signals is related to
transient global suppression of motor activity [46] and an increase in the effective decision
threshold, manifest by slower but more accurate choices [27, 48, 29, 89, 90, 47]. But
how are such theta-band signals generated in STN and under which conditions do they
arise? An answer to such questions is critical not only in their own right but for advancing
our understanding of the functional role of this system. For example, while the above
studies showed positive relationships between STN theta and RT slowing during high conflict
conditions, these correlations are in the opposite direction during low conflict conditions [27,
48], thus questioning theta power per se as indexing the need for response caution.
Extending prior models [73, 74|, we have developed a novel biophysically principled [91]
large scale model of the subthalamopallidal circuit, including arkypallidal and prototypic
units, with sparse and probabilistic connectivities [76, 36, 78, 92, 93, 94, 95, 83, 86], to
query the conditions under which low frequency oscillations would emerge. Many factors,
including conductance dynamics of individual cells [96, 97, 98, 36, 99, 81, 84] and network
topography [68, 67, 69, 70, 71, 72], could potentially influence STN theta power. Moreover,
even if theta signals are already observed in cortex, since neural communication is essentially
nonlinear and discontinuous, it is non-trivial how observed frontal theta translates into
cortical spiking to synaptically drive STN theta. Another compounding difficulty is the lack
of understanding of cortical spiking under conflict condition. Given that the level of response
conflict is a key determinant of when theta leads to increases in reaction times, we consider
various regimes of cortical to STN input, including burst events and rhythmic activities [97]
that could constitute conflict conditions, and vary the topographical connectivities from
motor cortical units to STN to see how they impact theta.

Our simulations show that NMDA-dependent mechanisms, including glutamatergic evoked
triphasic response characterized by spiking, pause and bursting [100, 101, 92], robustly
give rise to theta in response to cortical conflict. Further, this process is enhanced in the

presence of coincidence detectors created by topographically overlapping motor programs
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with STN subpopulations.

2.2 Materials & Methods

2.2.1 Overview of STN-GPe Network

We constructed a large scale model of the STN-GPe network to understand the condi-
tions under which the STN exhibits changes in theta and spiking. Since STN activity is
predominantly patterned by the reciprocal excitatory and inhibitory interactions with the
GPe [36, 98, 78], we focus on the subthalamopallidal network whilst leaving out many key
contributors of Basal Ganglia physiology such as the striatum and the globus pallidus inter-
nus. Nevertheless, to compensate for these limitations, our model tuning was challenged by
biophysical constraints at various levels; we assume that the baseline activities of the GPe
subpopulations represent the net effects of the non-modeled nuclei. We have also prioritized
the ionotrophic effects of the synaptic transmission while leaving out metabotropic ones,
mainly because of lack of data to tune cellular dynamics.

Consistent with reported population ratios [76, 77], our model consisted of 300 STN and 900
GPe cells simulated as point neurons with Hodgkin-Huxley based active ionic conductances
[73]. Our network size was constrained by the sparse connectivities [36, 78] 2.1A which
requires a large enough network to have enough synaptic interactions, and the simulation
step of 0.0025 ms (dictated by the GPe stiff dynamics) which restricted the size due to
computational resources limitations.

The GPe network contained two different cell subtypes [83, 86]: 600 prototypic (GPeP)
and 300 arkypallidal (GPeA). Cells were randomly connected with predefined probabilities
as shown in Fig. 2.1A and described further below. The cells and synapses were tuned,
via several iterations, to reproduce a baseline state that represents a healthy condition
where the units in the network fire asynchronously within and across the populations (see
Fig. 2.1 B, C, E) with symmetrically and normally distributed spiking rates with means
for STN, GPeP and GPeA set around 11 [102, 103, 99], 30 and 5 spikes/s respectively
[79, 80, 81, 82, 83, 84, 85, 86]. To further constrain our parameter sets, we analyzed the

membrane potentials of the cells in the network and used only those that showed realistic
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Description Parameter | Value Unit
STN Na™ conductance 9INa 45 | mS/cm?
STN K™* conductance 9K 30 mS/cm?
STN Na* m—gate half activation voltage Om -35 mV
GPeP Na™ h—gate kinetics factor on 0.04

GPeP K n—gate kinetics factor bn 0.04

GPeP Ca*t pump rate kca 15.0

GPeA Na™ conductance 9INa 100 | mS/em?
GPeA KT conductance 9K 33 mS/cm?
GPeA Na* h—gate kinetics factor on 0.006

GPeA KT n—gate kinetics factor On 0.006

GPeA Ca?*t pump rate kca 15.0

Table 2.1: Parameters for cellular spontaneous activity. Symbols are same as in
Terman, Rubin, Yew, and Wilson [73]. Their GPe dynamics relates to the GPe Prototypic,
GPeP, in this study. The dynamics of the novel GPe Arkypallidal, GPeA, cells have been
adapted from the tuned GPeP.

non-pathological voltage traces.

To investigate the influence of cortical activity, the STN cells were driven with trains of
spikes that activated excitatory AMPA and NMDA synapses, as described below.

Our simulations used the Neuron framework in Python with MPI parallelization [104, 91]
and were run on the High Performance Computing resources at Brown University and

XSEDE resources [105, 106, 107].

2.2.2 Individual Cell Models

STN and GPeP cells were modeled as in Terman, Rubin, Yew, and Wilson [73], with the
Nat, K+, leak, L — type Ca®t, T — type Ca®*, and [Ca®t] — dependent K+ currents and
active conductances. Note that the GPe described in Terman, Rubin, Yew, and Wilson [73]
corresponds to our GPeP units, and we made parameter adjustments to the GPeP units
to model the novel GPeA cells. This addition was motivated not only because GPeP and
GPeA have very different firing rates but also due to the fact that GPeP send reciprocal
inhibition to the STN, whereas the GPeA do not. All equations and parameters for STN
and GPeP were as in Terman, Rubin, Yew, and Wilson [73] and Rubin and Terman [74],
except for changes detailed in Tab. 2.1.

Since baseline firing rates depend on both cellular dynamics and synaptic conductances
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(see section 2.2.3), we performed manual tuning to settle on the parameter set that met our
biophysical constraints.

The original STN model [73] had autonomous firing rate around 2 spikes/s, and to have an
in-network average firing rate of 11 spikes/s for the STN, we first tried to get the baseline
state by changing the synaptic conductances after fixing their kinetics (see section 2.2.3),
but parameter searches in the synaptic conductance space yielded no solution. We then pro-
ceeded by incorporating constant current clamps in the models. While these did increase
the firing rates to the desired levels, the subsequent subthreshold activities and action po-
tential shapes were significantly altered by these physiologically implausible depolarizing
forces, which also reduced the ability of the synaptic inputs to influence postsynaptic be-
haviors. Increasing synaptic conductances to alleviate the latter effects, in fact, led to more
pathological membrane potential trajectories, particularly in action potential generation
and shape. To circumvent all these issues, we eventually modified the intrinsic dynamics of
the cells as detailed in Tab. 2.1.

Based on membrane potential traces, we adjusted the STN’s firing threshold to -8 mV from
Neuron’s default value of 0. The stiff dynamics of the GPe cells dictated our simulation
timestep of 0.0025 ms. We downsampled our data to 0.025 ms for storage in 32-bit binary
format in the HDF5 hierarchical structure [108]. All spiking and STN synaptic data were

stored.

2.2.3 STN-GPe Synaptic Connections

Each STN unit had a GABA synapse for responding to GPeP stimulation. Both GPeP
and GPeA cells had an AMPA and an NMDA presynaptically connected to the STN, and a
GABA synapse that was triggered by GPeP and GPeA activities. The different units were
probabilistically connected as shown in Fig. 2.1A with the values in square boxes indicating
the sparse connection probabilities (Bernoulli trial), based on previous reports [92, 93, 94,
95, 36, 78, 85, 86].

In contrast to solving the first-order differential model in Terman, Rubin, Yew, and Wilson
[73] and Rubin and Terman [74], we opted for the computationally less expensive biexponen-

tial model, Neuron’s Exp2Syn mechanism [113], for synaptic responses, which has already

26



Property S-GX A | S-GX N | GP-X GP-S C-S A CS N

Synapse TTAMPA | NMDA | GABA | GABA | AMPA | NMDA

3 [pS] 170.15 0.225 100 IE var var

Tyise [ms] 0.83 5.5 0.89 0.875 0.83 5.5

Tdecay [ms] 4.53 48 4.75 7.72 4.53 48

Eqyn [mV] 0 0 65 -84 0 0

Ssyn [ms] 4.9 4.9 1 4.75 5 5

a 1 0 0 0 1 0

b 1 1 1 1 1 1

Vijy [mV] 30 -36 -39 9 30 -36

k 0.045 0.06613 | 0.5 0.125 0.045 0.06613

Ref. 109, [78, 111] | [101, [112]
110] 112]

Table 2.2: Parameters for synaptic models. Key: S=STN, GP=GPeP, GX={GPeP,
GPeA}, A=AMPA, N=NMDA. Code: S-GX_A refers to the AMPA (A) synapse on both
GPeP and GPeA (GX) units with STN (S) as presynaptic unit. Note: Due to unavail-
ability of data, we have assumed the kinetics and conductance voltage dependence for the
glutamatergic synapses on GPe subpopulations to be the same as those on the STN.

an analytic solution. However, we modified the model to allow maximal conductances, gy,
to be dependent on voltage for capturing I-V characteristics. To control the dynamic range,
saturation and positive/negative relationship for the voltage dependent maximal conduc-

tance, we used a logistic model,

b

9syn(V) = @+ 5wy

with parameters described in Tab. 2.2.

Despite its simplicity, the biexponential model does not have a closed-form solution to solve
for the (10-90%) rise 7ise, and decay Tgecqy rates. In order to replicate the time courses
of synaptic responses under voltage clamps, we manually fit the biexponential model by
guessing an initial solution of time rises and decays to achieve the 10-90% characteristics,
iteratively refining the ranges to converge upon a satisfying solution, which are reported in
Tab. 2.2

Ey, was the reversal potential of each synaptic channel. Our synaptic activities used the
Neuron’s NetCon mechanism with transmission delays, d5y,. Due to unavailability of data,

we have assumed the kinetics and conductance voltage dependence for the glutamatergic
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synapses on GPe subpopulations to be the same as those on the STN since they are all
subcortical structures.

Our baseline network tuning of cellular and synaptic activities minimized the incidence of
synchronous STN and GPe firing (see Fig. 2.1B and C) in network since such synchrony is

characteristic of pathological conditions [114, 115, 98, 36, 116].

2.2.4 Cortex to STN connectivity
Tuning Synapses

Each STN unit had an AMPA and an NMDA synapses for cortical responses. The cortico-
STN synaptic parameters, Tab. 2.2, were tuned as above and matched the data from Chu,
Atherton, Wokosin, Surmeier, and Bevan [112], both for kinetics and maximal conductance
voltage dependence. The latter formalism also helped to capture the rectifying effects of
M ¢t block in NMDA dynamics. The NMDA to AMPA maximal conductance ratio was
kept at 1.402.

Due to unavailability of cortical spiking data in response conflict condition, we adopted
two models of spiking profiles, Fig. 2.3(A,B,D,E) that have been described [97] to underlie
frequency band power modulation: a rhythmic mode and a burst event mode. In rhythmic
mode, the spikes were generated at fixed time periods, Tje,, (driving frequency, fgr, =
1/Tper) while in Burst Event mode, the spikes were generated as Bursts with short Inter-
Burst-Intervals (IBI) drawn from a Gaussian distribution, with the event lasting over some
fixed duration, Epy;.

We drove the network rhythmically with frequencies in the range from 2 through 32 Hz to
cover both theta and non-theta drives. We simulated the Burst Event over a wide range
of durations [10-250] ms and by varying the mean IBI and the standard deviation to the
Gaussian, we could create Low [IBI: mean = 9 ms, std = 6 ms] and High [IBI: mean = 3
ms, std = 2 ms] Stim Burst conditions.

Based on initial observations that replicated physiologically plausible synaptic responses
and non-pathological action potentials, we varied the NMDA conductances in the range

from 1 through 40 nS, with the values 3.66, 18.3 and 36.6 referred to as Low, Mid and High
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NMDA respectively.

Cortico-STN architecture

We assumed that cortical drive to the STN;, referred to as cortical "feed”, either Rhythmic or
Burst Event, coded for a particular motor program, and each feed innervated the STN units
in the reported somatotopic organization [67]. We divided our STN population into four
subpopulations, and probabilistically connected the cortical feeds to units in each subpop-
ulation, as described below. Since subpopulations conceptually represented somatotopic
areas, motor programs coding for mutually exclusive behaviors would thus preferentially
innervate their own target subpopulations.

To investigate the effect of such preferential STN targeting on theta power, we paramet-
rically varied the connection probability of a cortical feed to its own STN subpopulation.
When the cortical feed connected exclusively to its own subpopulation, consequently segre-
gating the cortico-STN communication, we call it a Segregated Topography, Fig. 2.7, with
target probability, pir, 1 (the cortical feed drives all the STN units in the subpopulation)
and non-target probability pnon—tar, 0. A Non-Segregated Topography was defined by al-
lowing cortical feeds and STN subpopulations to crosstalk by varying the value of piq, in
the set (0.85, 0.55 and 0.25) under the constraint pie, + 3 X Pron—tar = 1 to ensure that the
total expected synaptic connections stayed the same across all levels of segregations. This
disambiguated the contributions of cortico-STN topography from cortical input energy on
STN theta power.

Note that p;q, = 1 represented a fully organized columnar topography while pnon—tar @ fully
random one. The probabilistic connectivities in Non-Segregated cases gave rise to STN
units that received from more than one cortical feed, and they were termed coincidence

detectors, Fig. 2.7 C, since they could listen to multiple motor programs.

Simulating Conflict

To simulate Conflict conditions, we presented the network with two different cortical Burst
Events, each preferentially targeting a distinct STN subpopulation; contrast Fig. 2.7D, and

E with H and H respectively.
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To vary the levels of Conflict, we varied the durations Fg,, of the feeds, and the delay o
and overlap N between cortical feeds, Fig. 2.7H. For a High Conflict condition, we used a
duration of 50 ms and High Stim Bursts for both cortical feeds.

Since experiments reported that cortical theta could be Granger causal to STN theta [88,
29], we tested the effects of rhythmic cortical burst events by implementing the cortical

stimulation profiles in Fig. 2.71.

2.2.5 Analysis

Custom Python scripts were written for all analyses.

Spectral Analysis

Spectral analysis was performed on simulated local field potentials (LFP). As a proxy for
LFP, we use the net synaptic currents across the population of interest. To contrast single
STN unit LFP with no synaptic activity from GPeP, we used the net capacitative currents
instead, only for the panels of Fig. 2.2. Specifically, LFP was calculated as the mean of the
sums of synaptic currents across all cells in the population of interest at every recorded time
point. Spectral analysis was performed using the complex Morlet wavelet method, which
was generated using Scipy and further normalized to ensure that the net input energy of
the Morlet wavelet across various frequencies was controlled for. For every frequency in the
range of 2 through 64 Hz (logarithmically distributed), we calculated the complex Morlet
signal with 3.5 cycles and 2'7 (equivalent to around 3.3 s long kernel) points at a sampling
period of 0.025 ms to create a time frequency spectrogram.

For efficiency, we opted for spectral domain multiplication using the Scipy fftconvolve rou-
tine after demeaning our time series data. The amplitudes of the resulting process were
squared and treated as spectral power. To compute the power of a specific band, we average
over all the frequencies that are members of that band at every time points.

Resonant frequency was defined as the frequency that showed highest power.
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Spike Statistics

All raster plots shown represented the recorded spike times directly. The latter were directly
used to compute the Inter Spike Intervals, ISIs, for every unit in the network.

To compute population spike counts, we first discretized the spiking data of each cell in
fixed bin sizes of 5 ms, and the aggregates in each bin were taken over all STN units that
constituted a population of interest.

For cumulative spiking, we used the above spike counts for each subpopulation and cumu-
latively add them over succeeding time bins. To estimate the increase in spiking rate over
the stimulation period, we divided the total number of spikes over that period by the total
duration of the stimulation. For rhythmic bursts, the inter burst intervals were also counted
as part of the stimulation duration.

Silence of STN units was defined as the first ISI that followed the first spiking evoked by
cortical stimulation. We averaged over all STN units in a subpopulation as a measure of
population silence.

Burst rates, were calculated by counting the number of spikes over a fixed time interval,

usually 200 ms, immediately after the silence period, and averaged as above.

Statistical Analysis

We performed simple two-tail Welch’s T-test (SciPy Stats) between pairs of conditions, each
with matched number of trials, for both average theta power and average spiking rates, and

we used a significance level of 0.05.
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Figure 2.1: Baseline state of subthalamopallidal network A The subthalamopallidal
network model consists of 300 STN (red), 600 prototypic (blue) and 300 arkypallidal (green)
GPe single compartment units with Hodgkin-Huxley based dynamics, and probabilistically
connected as shown. Numbers in the squares indicate the sparse connection probabilities
between populations. B Raster plot of a typical network with no cortical input for all
300 STN units are shown in red. The spike counts (dark gray) are the sum of spikes
in 5 ms time bins and show that the network fires asynchronously both within and across
subpopulations. C The spike counts for all three subpopulations (color matched to A) show
that only a proportion of the units happen to fire in the same 5 ms time bins. D Membrane
potentials for each cell type after tuning. Top three rows represent the autonomous activities
of each isolated cell (color as in A). Bottom three rows show typical examples of each cell
embedded in the subthalamopallidal network (with no cortical input). E Top: Histograms
of ISIs. Bottom: Histogram of firing rates.
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2.3 Results

We first explore the biophysical properties, and impact of synaptic conductances and cortical
inputs on LFPs and spikes. We then proceed to simulate architectural effects of cortico-STN

topography on STN theta, and how they change under conflict condition.
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Figure 2.2: NMDA currents give rise to STN theta power in response to cortical
input Each panel shows spectrograms for the net capacitative currents under different
conditions. A Single STN unit with no synaptic input shows higher frequency signals but
does not spontaneously show theta activities. B Aggregate STN LFP does not show theta
activity in subthalamopallidal network without cortical drive. C 4Hz rhythmic cortical
drive is provided to the STN. Under NMDA blockade, AMPA currents are not sufficient for
theta band expression under cortical drive. Same results hold for cortical burst events (not
shown). D NMDA currents are both necessary and sufficient for theta resonance; example
same as in C. Other simulations show that NMDA alone (i.e., with AMPA blockade) is
sufficient for STN to resonate in theta band (data not shown).
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2.3.1 The Subthalamopallidal network requires cortically-driven NMDA

currents to show theta band resonance.

We first checked whether our adapted STN model, tuned to replicate in-network average
firing rate of 11 spikes/s, showed any theta band activity in its net capacitative currents
in the isolated neuron (i.e., unconnected network), based on its autonomous pacemaking
activity. In this setting, the STN unit showed only higher frequency band activities, Fig.
2.2A.

We next investigated whether subthreshold activities in the STN units would show theta
power due to reciprocal GPe interactions within the tuned (Fig. 2.1 A,E) subthalamopalli-
dal network. We averaged the net capacitative currents of all STN units and computed the
spectrograms from spectral power similar to the spectral analysis of net synaptic currents
described in the methods. Once again, no theta band power was observed, as shown in
Fig. 2.2B. Since the network was probabilistically connected, we ran several (n=15) instan-
tiations; the absence of theta band activity was consistent across all such trials (data not
shown).

We then tested if and how cortical inputs to the network could drive theta band rhythmicity.
Cortical drive was simulated either periodically over a fixed length of time or by providing
a burst of activities over a short duration, Fig. 2.2. To elucidate the contributions of
the cortically-driven glutamatergic synaptic currents, we ran the simulations with either
AMPA or NMDA blockade. Simulations show that cortically-driven AMPA currents alone
do not generate theta band resonance (see Fig. 2.2C for an example of 4 Hz rhythmic
drive. However, theta resonance emerged with the addition of NMDA synapses, Fig. 2.2D
(same 4 Hz drive), and persisted with the removal of AMPA currents (data not shown) and
under burst event drive (described below). As such, NMDA activity was both necessary,

Fig. 2.2D, and sufficient for theta band resonance.
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2.3.2 Cortical bursts are filtered by NMDA dynamics to robustly elicit
theta band activity
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Figure 2.3: Cortical dynamics alter STN theta expression Panels A-D show spectro-
grams of net synaptic currents (small overlays, see panel E for legends) of STN units under
different cortical dynamics. Results shown for mid NMDA level (see Methods). A, B When
cortical inputs are rhythmic, the resonant STN frequency follows the driving frequency. D,
E For cortical burst events, theta is robustly expressed over a wide range of cortical dynam-
ics, such as event durations and burst intensities. C, F Nonlinear interactions of NMDA

conductance on resonant frequency in rhythmic C and burst events F. Circled numbers on
plots correspond to exemplar spectrograms A-D.

A standard way to investigate resonance in nonlinear systems with feedback connections is
to analyze its response to rhythmic external drives. We drove the network across a range

of frequencies (2, 4, 8, 12.5, 20 and 32 Hz), to examine which might produce theta band
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activity. We observed that the STN showed resonance at the driving frequency, Fig. 2.3A,
B. When the network was driven rhythmically at 4 Hz with mid-NMDA level, both synaptic
activities showed theta band activity pattern (see Fig. 2.3A, insets). In this case, we also
observed spiking rates (not shown here) following the 4 Hz pattern. The synaptic activities
for a similar 20 Hz drive again showed resonance at the driving frequency, Fig. 2.3B, but
the cortical activity did not entrain STN spiking at 20 Hz (not shown).

We then tested the effects of cortical burst event patterns, as might occur during brief
periods of response conflict; [39, 40]. The duration and burst intensities of the events were
varied to contrast a "Low Stim’ protocol (10 ms duration and inter burst interval of 9 ms,
Fig. 2.3D) with a "High Stim’ protocol (80 ms duration, 3 ms inter burst interval, Fig.
2.3E). Despite this huge variability in burst events, both simulations yielded resonance in
theta power. Interestingly, the resonant frequency in the High Stim case was lower than in
the Low Stim case.

While both rhythmic and burst events were able to produce theta band activities, these
findings were differentially dependent on NMDA conductances, Fig. 2.3C,F. In the rhythmic
driving mode, high NMDA conductance was needed to support resonance in the lower
driving frequencies, whereas low NMDA conductance favored resonance at the higher driving
frequencies. In contrast, burst event stimulations yielded theta band resonance over all three
levels of NMDA and a wide range of durations (albeit with lower resonant frequencies with

longer event durations and higher burst spiking, as described above).
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2.3.3 A cortically-evoked triphasic response in STIN units is mediated by
NMDA currents.
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Figure 2.4: STN shows triphasic response to cortical stimulation A STN raster
plot and spike counts demonstrate the triphasic response following cortical stimulation,
characterized by initial spiking, pause in firing and finally, bursting behavior. Black bars
represent duration of cortical burst event. B Typical STN voltage traces underlying tripha-
sic response. After initial spiking, the cell exhibits depolarization block during which it
remains near-20 mV, followed by a slow relaxation until spiking resumes in burst mode. C
STN synaptic currents and D Spectrogram of net synaptic currents shows that the silence
period within the triphasic response aligns with large amplitude NMDA currents and corre-
sponding emergence of theta. E, F Experimental evidence of triphasic response in in vivo
conditions at cellular E and network F levels.

Consistent with empirical reports in both primates and rodents [117, 100, 114, 118, 119, 42],
following cortical stimulation, STN units in our model responded with a triphasic response
characterized by spiking, followed by a pause and then finally bursts, Fig. 2.4A. Of note,
we did not tune the parameters to exhibit this experimental observation, Fig. 2.4EF; it

emerged due to the biophysical constraints we incorporated in the design of the network

(Methods).

Notably, while one might expect that the silent period was induced by inhibition, the pause
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in firing occurred simultaneously with the time course of the NMDA currents. We analyzed
individual STN membrane potential traces, Fig. 2.4B, and found that this phenomenon was
due to a depolarization block mechanism that was induced by the rising amplitude of the
NMDA current followed by a long recovery period , Fig. 2.4C, that temporally aligned with
the decay period. Once the NMDA currents decayed enough for GPe-mediated GABAergic
currents to be effective in influencing the cells, we observed subthreshold oscillations in
the membrane potential followed by burst firing (which were also NMDA dependent, as de-
scribed below). Finally, since the NMDA currents dominated the generation of the resonant
theta frequency response, the duration of theta band resonance, Fig. 2.4D, corresponded
with the pause duration.

We further investigated how the activities in each phase depended on the synaptic con-
ductances (GABA and NMDA) in response to cortical spiking. We first confirmed that
increases in GPe GABAergic conductance had no effect on the initial spiking but increased
the pause durations [114] and reduced the burst activities (data not shown). For NMDA,
larger conductances had no effect on initial spiking, and counterintuitively, larger NMDA
conductances also prolonged the silence period. Phase space analysis revealed that this
effect was due to the excitatory postsynaptic currents inducing a blockage of potassium
currents, thus precluding hyperpolarization to enable action potential generation. Finally,
the post-silence bursts showed a nonlinear concave relationship with NMDA. One possi-
ble explanation comes from contrasting the time courses of NMDA mediated depolarization
block during silence and L-type gating dynamics. As NMDA conductance increases, it helps
in accelerating depolarization and L-type current activations, which lead to bursts once the
silence period terminates. However, under larger NMDA conductances, the pauses are so
prolonged that by the time the cell is ready to fire, the L-type currents have deactivated,

producing even fewer burst spikes.
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2.3.4 STN burst firing depends on nonlinear interactions between

NMDA and cortical spike timings
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Figure 2.5: Nonlinear effects of NMDA and cortical dynamics on STN bursting
A Under cortical rhythmic mode, STN burst rates showed an inverted-U relationship with
driving frequency, which is consistent across all NMDA levels. B Under a low intensity
cortical burst event, lower NMDA currents promote greater STN bursting and a wider
dynamic range. C In contrast, high intensity cortical events show lower STN bursting and
saturate faster with higher NMDA levels.

We also analyzed the STN burst rates, part of the third phase of the triphasic response,
following the same types of cortical drive. In the rhythmic cortical mode, Fig. 2.5A, higher
NMDA yielded more spiking at fixed driving frequencies, up to 20hz (f < 20). However,
the relationship between bursting activities and driving frequencies showed an inverted-U
shape for all NMDA levels, such the that highest spiking occurred near 12.5Hz.

In the bursting cortical model, high intensity bursts, Fig. 2.5C, led to saturation of STN
spiking with longer event durations; the rate at which this occurred increased with NMDA
levels. There was thus greater dynamic range in STN spiking with lower NMDA levels, Fig.
2.5B.
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2.3.5 Theta power is strongly modulated by conflict and cortical to STN
topography
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Figure 2.6: Simulating variations in architecture (cortico-STN topography) and
cortical dynamics of response conflict A-C STN subpopulations receive input from
cortical populations representing distinct motor actions, but the connectivity can be varied
probabilistically from fully segregated to fully divergent. A In a fully segregated topogra-
phy, a given cortical population projects to a single subpopulation only, implying that in-
formation is segregated through an organized columnar architecture. B In a non-segregated
scheme, cortical information is probabilistically divergent across STN subpopulations. C
The non-segregated network gives rise to four distinct classes of STN units depending on
their cortical inputs. Due to probabilistic connectivity, the majority of units receive from
a single cortical population, but others may receive from neither or both populations. The
latter act as coincidence detectors. Lower levels of segregation lead to a greater proportion
of coincidence detector units. The total connections were held constant across levels of
segregation. D, G Varying levels of cortical response conflict. In the no conflict condition,
a single cortical drive D is active and projects to its corresponding STN population. In the
conflict condition, two cortical populations are co-activated G. E, H Each cortical event
was simulated as a burst of spikes. In the conflict condition, these events overlapped in
time. F, I These cortical events were also presented rhythmically to simulate vacillations
in action selection over time (repeated bouts of conflict contrasted against repeated bouts
of no conflict).

With a clearer understanding of how NMDA was involved in theta power modulation,
we proceeded to test how cortico-STN topography and simulated response conflict impact
theta power using various simulation protocols Fig. 2.6. To simulate response conflict,
we considered conditions in which two populations of motor units (representing mutually
incompatible responses) were coactive with varying temporal delays, compared to low or
no conflict (only a single population active). We varied topography of cortical inputs from
completely segregated (each cortical population projects to a single STN subpopulation) to
fully random connections (each STN unit is equally likely to receive inputs from any motor
population). Note that as the topography is more random and less segregated, the number
of STN units that receive inputs from more than one population increases. We posited
that the presence of such ”coincidence detectors” would facilitate the encoding of response
conflict in the STN and that this would impact low frequency oscillations in accordance
with the literature (see introduction). Having established that cortical burst drive was
more efficient at driving theta, here we consider only burst drive either as single events or

repeated "rhythmic” burst events, Fig. 2.6E,F H 1.
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Figure 2.7: Cortico-STN topography interacts with conflict to enhance STN theta
power. A, G Under no conflict condition, STN theta was limited and if anything, showed
little variability with segregation. B STN theta was magnified with conflict and increasing
numbers of coincidence detectors (lower segregation levels) C In coincidence detector units,
theta power was larger than the sum of that across two populations that each received
single cortical inputs. D The relationship between theta power and segregation levels was
most prevalent when the delay between the two cortical feeds was low (0-7.25ms), thus
highlighting the need for co-activation. F. Controlling for the temporal overlap of cortical
drives B, E, at the delay of 10 ms, theta power was maximized not by the lowest segregation
but by the intermediate level. G-I Box and whisker plots, green triangle: mean value, orange
line: median value, significance level at 0.05. Average theta power during stimulation G,H
In no conflict condition, there was no significant monotonic relationship between theta
and segregation G,A, while theta showed significant negative correlation with segregation
H,B under high conflict condition with very short delay (5ms). I Increasing the delay while
keeping stimulation intensity and durations constant lead to lower theta power at the lowest
segregation levels.
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To understand the relationship between segregation levels and theta power, we considered a
high conflict situation, whereby two cortical populations were simultaneously driven (offset
by 0-15ms) with equally long and intense bursts). Notably, theta power increased with more
coincidence detectors (lower segregation). Note that this result is not simply due to more
input; indeed, we maintained the total number of inputs to the STN to be equal across all
levels of segregation. An example of such high conflict with a delay between two cortical
events () of 5ms is shown in Fig. 2.7B,H (two-sided Welch’s T-test, p<0.05).

These results recapitulate the dominant finding in the human STN LFP literature, whereby
response conflict increases STN theta power. To test whether the presence of coincidence
detectors mediate the increased theta, we computed the average theta power in STN subpop-
ulations, Fig. 2.6. We found that indeed, theta power was elevated in coincidence detectors
at all segregation levels. This finding stems from a supralinear summation afforded by the
biophysical properties of the STN network: theta power in coincidence detectors was greater
than the sum of power in two populations that each received from only one cortical feed
(see Fig. 2.6C for an example).

To further investigate whether the above effects are specific to response conflict per se we
manipulated the temporal overlap between the populations, given a definition of conflict in
terms of the co-activation of mutually incompatible responses, or Hopfield energy [12, 13,
38]. We manipulated the delays between cortical inputs for 6 = 0, 2.5, 5, 7.25, 10, 12.5, 15,
75 and 125 ms. We found that theta power was maximized in the unsegregated network
(more coincidence detectors) for the lowest delays: from 0 through 7.25 ms, Fig. 2.6B,D,I
(two-sided Welch’s T-test, p<0.05 for short delay of 5 ms). Beyond this delay, there was
an inverted-U effect, in which theta was largest for mid levels of segregation, Fig. 2.6F.
Controlling for the overlap at 45 ms, Fig. 2.6 B,E, the mid level of segregation gave the
maximum theta. For long enough delays with no overlap (no conflict), the highest level of
segregation yielded the most theta power (not shown).

Finally, we considered a condition without any conflict at all: a single high stimulation burst
event of 50 ms duration was fed to the network. These results converge with those above
with long delays, whereby theta power was maximal with higher levels of segregation, Fig.

2.7A,G (two-sided Welch’s T-test, no sig. diff.), and was somewhat reduced in the presence
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of ”coincidence detector” units (given that there was no coincidence to detect during no
conflict).

These results are notable in that the literature implicates higher theta powers that are
linked to higher RT levels during response conflict, but that this pattern is not seen — and
indeed is often reversed — in low conflict situations [48, 27]. An interpretation from the
model is that higher theta power during low conflict situations reflects greater activity in
segregated subpopulations that simply recapitulate cortical inputs from a single dominant
response, in which case the STN is not needed to pause behavior. Indeed, DBS and STN

manipulations have little to no effect on responses in low conflict situations (see discussion).
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2.3.6 Rhythmic Burst Events at theta frequency maximize STN spiking
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Figure 2.8: Rhythmic bursts of cortical conflict induce prolonged STN theta and
increased spiking. A-D Rhythmic burst events (see Fig. 2.6F, I) lead to longer theta
power. C Prolonged theta was observed when the inter event interval (IEI) between bouts
of conflict was 150 s (i.e., in the theta range). Other IEIs produce only transient peaks in
theta. A. Increasing the IEI to 75 ms B helped sustain theta at low amplitudes while a
large TEI of 350 ms D allowed larger rhythmic amplitudes but less sustained theta. E-H
Corresponding synaptic currents at various segregation levels. E, G The synaptic currents
reached larger peaks for IEI = 25 ms but the theta range (IEI of 150 ms) allowed for
sufficient time for NMDA currents to relax such that subsequent events could generate
higher current amplitudes in an oscillatory manner, contributing to higher theta power
in spite of lower peak values. F An IEI of 75 ms showed intermediate amplitude, while
increasing IEI to 350 ms H allowed higher oscillatory current amplitudes. I-L Cumulative
spiking of STN coincidence detector units. Rhythmic burst events with IEI in theta range,
150 ms, K, provided higher firing rates as compared to 25, 75 and 350 ms IEIs I,J,L. M-P
Box and whisker plots, green triangle: mean value, orange line: median value, significance
level at 0.05. M,N Average theta power during stimulation. O,P Average spiking rates
during stimulation M,O Effect of inter event interval at fixed segregation level = 25% (more
coincidence detectors). N,P Effect of segregation level at fixed IEI in theta range, 150 ms.

In the above simulations, we observed that STN theta power could be expressed either
by rhythmic cortical inputs in the theta range or by burst events, especially with conflict.
However, we also noted that higher theta power was associated with lower STN spiking
(longer pauses in the triphasic response). This latter result is counterintuitive because sev-
eral studies have shown increased STN spike rates during conflict which correlate with larger
decision thresholds [48, 40, 41]. To investigate a possible reconciliation of these observa-
tions, we first noted that STN bursting occurred only after NMDA currents decayed, which
also signaled the end of theta band resonance. We then assessed the impact of prolonged
response conflict in which rhythmic and burst event modes are combined, representing a
situation in which conflict persists for multiple cycles in cortex, Fig. 2.6I. We used the same
high stimulation burst event (50 ms duration, 3 ms inter burst interval, 12 burst events),
and then tested the impact of having these conflicting events repeat at different inter-event
intervals, with A, tested at 25, 75, 150 and 350 ms. Notably, 150ms falls in the theta range
period.

We first tested the rhythmic event spiking (12 burst events per cortical feed) in the no
conflict condition as above, and observed that, unlike in the previous case, theta power did

not differ significantly across segregation levels (results not shown). When A was 150 ms
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(theta range), theta power peaked due to being sustained for a longer period, and, critically,
this also increased STN firing. While interburst intervals of 75 and 200 ms resulted in spike
rates similar to the 150 ms condition, their theta powers were significantly lower.

Next, we presented two simultaneous rhythmic event drives (12 burst events per drive) to
examine the influence of conflict in the network, Fig. 2.6. Theta power was higher for
every inter burst interval as compared to the no conflict condition, as expected. While
the peak amplitudes of instantaneous theta power decreased with IEI, Fig. 2.6A, B, C,
they became more sustained at increasingly higher amplitudes, leading to overall net theta
power, Fig. 2.6N. With an IEI of 200 ms, we saw larger amplitudes with no sustained
activity. Nevertheless, theta power increased because the rhythmicity of the instantaneous
theta activity lied in the theta band, Fig. 2.6D. We then predicted that larger IEI would
elicit rhythmic activities outside of theta band. Indeed, for IEI of 450 ms, we found that
overall theta power was lower (not shown) due to less sustained activity, despite achieving
peak oscillatory instantaneous power.

To understand the mechanisms underlying the different instantaneous theta power dynam-
ics, we analyzed the net synaptic currents from which theta power were calculated. For the
large and brief theta powers, e.g. IEI 25 ms, the currents were high in magnitudes but lower
in oscillatory amplitudes, thus explaining why the brief bursts of theta power occurred at
the start and end of cortical stimulations, Fig. 2.6E, F. Instantaneous theta was sustained
because the synaptic currents themselves oscillated in theta band, Fig. 2.6H, consequently
contributing additional theta power. In the case of IEI of 350 ms, the currents had enough
time to decay to basal levels before being synaptically driven. Since these could be viewed
as successions of single events, each burst event contributed to theta resonance by virtue of
NMDA dynamics, Figs. 2.3D-F, 2.4C, D. We observed significant effects of segregation on
theta power between the lowest and highest tested conditions only, Fig. 2.6N.

Since STN spiking increases during response inhibition [40], we tested the effects of IEI
on spiking. We found that average spike rates peaked for IEI of 150 ms (theta range) Fig.
2.60, and these were significant across all segregation levels (shown here for the lowest 25%,
maximum conflict detectors). For any fixed IEI, we did not observe significant effects of

segregation, Fig. 2.6P, but the firing rates at the lowest segregation tended to be higher,
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suggesting that having more coincidence detectors is important for spiking and thus braking
behaviors. In fact, the high spiking rates were maintained across IEI of 125 through 200
ms, corresponding to the higher end of the theta frequencies.

These results are consistent with observations that cortical theta is Granger causal of STN
theta, while also accounting for STN-GPe cellular and network dynamics that mediate

changes in spiking.

2.4 Discussion

Our simulation studies provide a novel theoretical framework for interpreting the mecha-
nistic basis behind the growing body of evidence linking low frequency oscillations in the
STN to conflict and decision threshold adjustment [29, 28, 89, 120, 48, 90, 27, 121, 47,
59, 57, 46]. Such findings accord with existing neural network models of basal ganglia,
in which STN spike rates are elevated during response conflict, which, by modulating BG
output structures and thalamocortical activity, gives rise to a transient increase in decision
threshold [38, 14, 60]; see also [87]. However, such models do not provide insight into the
source and role of low frequency rhythms per se. The current biophysical explorations of
STN-GPe circuitry advances our understanding of the underlying mechanisms, leading to
the following novel and testable conclusions.

First, our model shows that power in low frequency (e.g., theta) band does not sponta-
neously emerge in the STN-GPe circuit, but rather require cortical input. Second, low
frequency power is strongly dependent on NMDA currents; AMPA currents alone were
insufficient. Third, we found that the dynamics of cortical input were important for deter-
mining net theta power: STN neurons could exhibit theta band resonance if the cortical
inputs themselves oscillate in theta [28, 29, 88, 46], but they also emerged robustly in re-
sponse to cortical burst events at a broad range of intensities and durations, particularly
when such events overlapped (mimicking conflict). Moreover, both low frequency power and
STN spiking were particularly elevated and prolonged when these two cortical modes were
combined during rhythmic burst events, representing a state of conflict in which cortical

motor plans oscillate back and forth in the theta range. These findings accord with the
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literature, whereby individual STN neurons exhibit increased spike rates to conflicting evi-
dence [40, 41]. Finally, theta band resonance was also strongly modulated by architectural
constraints, with maximal response when cortical inputs provided divergent connectivity
to multiple STN subpopulations. Analysis of the underlying mechanism of such effects

revealed an NMDA-dependent supralinear response in STN ”coincidence detector” units.

2.4.1 NMDA Mechanisms of Subthalamic Theta Band Power

The dependence on cortically-driven NMDA currents for theta band power expression is
explained by the slow time courses of the NMDA currents, which were biophysically con-
strained from the literature. For rhythmic drives, the oscillatory nature of the NMDA-
dominated synaptic currents dictated the resonant frequency. Conversely, in the case of
single burst events, theta band resonance emerged due to the time period of the envelope of
the decaying phase of the NMDA current. Both of these effects combined during rhythmic
burst events, contributing to sustained theta power. Notably, while theta band resonance
is often described in terms of low frequency “oscillations” , our investigations align with
biophysical models demonstrating how resonance can also emerge from burst events and
not just rhythmic activities, Jones [97].

On the applied end, such findings imply that it may be possible to enhance STN function
in tasks that require cognitive control by targeting local NMDA receptors, particularly the
NR2D subtype which is most prevalent in STN and GPe [122, 123]. Indeed, these authors
have recently developed a Positive Allosteric Modulator that target NR2D and showed that
in rats, it effectively reduced premature responding in a response conflict task. It is notable
that such premature responding to conflict is common in rats with STN lesions [45, 44] and
indeed, this phenomenon was a motivating influence on the theory that STN implements a
"hold your horses” mechanism in systems level neural models [38]. Our biophysical model
provides a rationale for why NMDA currents per se would influence such function, and
moreover suggest that yet stronger doses could reverse the effect due to depolarization
block and thus reduce the decision threshold rather than increasing it. Thus, in principle,
different doses of such an agent could be useful for both disorders of impulsivity (too low

decision threshold) and compulsivity (too high).
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2.4.2 Cortico-STN communication and implication for encoding conflict

When connectivity from cortical to STN subpopulations was fully segregated (i.e., no coin-
cidence detector units), we found that theta band resonance depended only on the overall
intensity of cortically driven NMDA currents. However, with increased presence of coin-
cidence detector units, while preserving the sum total of cortical inputs, we found that
STN theta was elevated particularly when cortical inputs from multiple populations over-
lapped in time (i.e., conflict). The primate STN is topographically organized by functional
domains, namely motor, associative and limbic with broadly defined boundaries though
there also exist convergence zones that receive from more than one domain [69, 71, 72].
In addition, Nambu [67] describes two broadly separated somatotopic organizations within
the motor domain, which receive mainly from M1 and SMA. Our findings regarding burst
events suggest that STN units can respond to conflict among motor representations, based
on the coactivation of cells that code for mutually exclusive behaviors, and hence some
local cross-talk (i.e., imperfect segregation within the motor domain). However, STN also
receives direct projections from dorsomedial frontal areas such as preSMA and anterior cin-
gulate, regions that themselves detect conflict and resonate in theta [37, 29, 121]. Thus,
our findings may have implications for both of these circuits, and suggest that STN theta
band resonance would be maximal when they are combined (albeit here within the same

cortical population).

2.4.3 Emergence of Triphasic response via NMDA depolarization block

Our biophysical model, while more detailed than extant models of STN-GPe (for example
containing multiple GPe populations [85, 86]), is still simplified relative to the complexity of
real STN units. Despite the simplicity of our synaptic models, our single compartment STN
unit successfully reproduced the experimentally observed triphasic phenomenon in response
to cortical stimulation, characterized by initial spiking, pause and subsequent bursting [100,
101, 92, 119, 124]. This dynamic behavior is believed to result from the STN spiking due
to cortically-driven Glutamatergic excitatory postsynaptic currents, followed by inhibition

from the GPe. The bursts are accounted for by rebound bursting due to T-type Calcium
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currents activated by removal of GPe mediated hyperpolarization following cortico-striatal
inhibition [114, 125, 92, 126]. Our investigations contribute an additional mechanistic
explanation for such triphasic activity. Congruent with the extant interpretations, it is
initiated by excitatory AMPA currents that promote initial spiking, and the onset of pause
is triggered by synchronous recruitment of GABA activities from GPe. However, our model
suggests that the pause is sustained beyond this inhibition due to the depolarization block
induced by NMDA currents that weaken the effects of K+ currents, thereby preventing the
hyperpolarization necessary for action potential generation. While this is prediction can be
experimentally tested, it accords with previous studies [127, 128] that report depolarization
block in the STN, and they stem from failure of potassium currents in regulating spiking
behaviors. We observed that as long as cortical spiking persisted, the membrane potential
was held at around -20 mV while NMDA current amplified. Once cortical spiking ceased,
the NMDA current started to relax with a slow time course which prolonged the pause.
Since the latter dynamics did not feature hyperpolarization, rebound bursting was due to
depolarization activation of L-type Calcium currents. Although we do not focus on this
in the present work, we have also varied GABA conductance from GPe and found that it

prolongs the pause but, in contrast to the NMDA mechanism, reduces subsequent bursting.

2.4.4 Reconciling the theta-RT conundrum

While many studies have replicated the finding that low frequency oscillations are related to
increases in response time and decision threshold, modulating the speed-accuracy tradeoff,
it is noteworthy that all of these findings were specific to high conflict task conditions [29,
28, 89, 120, 48, 90, 27, 121, 47, 59, 46]. If frontal and STN theta band power is simply a
"read out” of experienced conflict, then one should be able to predict RT from theta power
irrespective of task condition. However, empirical findings have shown this to not be the
case, but rather the opposite: within low conflict conditions, larger frontal and STN theta
power is related to reduced RT [27, 48]. Nevertheless, evidence abound across species that
STN is needed for stopping action rather than facilitating it [45, 37, 129, 40, 35, 52, 130,
46]. Our model provides two plausible mechanistic reconciliations of this observation.

First, we showed that during conflict conditions, increased theta was observed primar-
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ily in coincidence detector units that signaled the co-activation of mutually incompatible
responses. Indeed, theta power was stronger as a function of decreased segregation in
cortico-STN connectivities. However, in low conflict situations, there was still an overall
increase in theta with increased cortical intensity (driven by NMDA currents in individual
STN populations), and this effect was actually stronger in networks with more segregation
(less coincidence detectors). By this account, theta power during low conflict reflects strong
cortical activation of a dominant response and hence preparation of a motor action. In-
creased theta at the population level does not necessarily involve increased spiking across
the STN population. Indeed, empirical data show that STN spike rates increase in conflict
conditions [40, 41], that STN theta suppresses motor activity and corticospinal excitability
during conflict [46], and moreover, disrupting STN activity only impairs response inhibi-
tion during high conflict or surprising situations [55, 27, 57, 52]. Thus, we speculate that
STN theta power during low conflict situations primarily reflects cortical input and is not
suppressive on behavior either because overall net spiking is not increased, or because STN
output is not effective at changing behavior during low conflict conditions. This last account
is concordant with various evidence that basal ganglia is needed for modulation of action
selection with internal volition but not when the correct action is sufficiently salient [8, 131,
31].

At the more biophysical level, note that our metric for theta was temporal summation
of the spectral power, implying both magnitudes and durations matter. We found that
in high conflict situations (low delays and high overlap between cortical feeds), nonlinear
interactions between cortical spiking and NMDA caused the current to compound instead of
summate temporally. This nonlinear summation amplifies NMDA current eliciting a rapid
buildup of theta power. In contrast, during low conflict situations (longer delays between
cortical feeds), the rate of buildup of the NMDA currents is slower, and can hence produce

a negative theta-RT relationship.

2.4.5 Limitations and Future Directions

In these studies, we have provided both biophysical and architectural mechanisms associated

with theta band power modulation by focusing on cortically evoked STN-GPe interactions.

52



We have deliberately not included other parts of the BG network including the striatum,
in order to focus on the mechanisms of cortically driven theta power in STN which appear
to be critical for modulating response time during conflict tasks. This does not imply that
other parts of the network are irrelevant, and indeed it would be interesting to investigate
the role of the D1 and D2 striatal pathways on GPe and STN communication, particularly

as they are strongly implicated in motivated behavior.
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