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�If you want to understand function, study structure.�
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Abstract

The cerebral cortex is the center in the mammalian brain for high-level
information processing and integration, which are supported by highly
differentiated neurons and glial cells. To study cortical signal processing
on the cellular level, methods such as microelectrode techniques are used to
directly collect data from living cells. However, in such studies the quantity
of sampled cells and the extent of manipulation (e.g., stimulation) in each
experiment are limited. It is therefore necessary to complement experimental
studies with computational models, which enable the systematic analysis
of hypothetical neuronal networks and thereby provide testable predictions
and directions for experiments. Such computational studies need models
that are realistic but generalizable and ef�cient for simulation, as well as tools
for standardized and reproducible model implementations.

In this thesis, we develop computational models to study inhibitory
interneurons and astrocytes in the cerebral cortex. Cortical interneurons
differentiate to form molecularly distinguishable groups that show different
inhibitory functions. Due to their diversity, it has been challenging to
incorporate them in models of multi-layer cortical circuits for a systematic
study. For this purpose, we developed a cortical column model incorporating
three major interneuron subtypes with biologically plausible parameters
based on experimental data of rodent somatosensory cortex. We incorporate
synaptic short-term plasticity of the interneurons in our model and examine
its role in network dynamics. The simulation results show that the short-term
plasticity can modify population responses to transient cell-type-speci�c
external inputs, likely by shifting the balance between inhibitory pathways.
We also implement a somatosensory input based on touch-evoked thalamic
activity in vivo and examine the induced cortical cell-type-speci�c responses
in our model. We �nd that simulations with the original model partly
reproduce the in vivo data, whereas slight adjustment of a few model
parameters leads to a further improved match with the experimental results.

The computational study of astrocytes has established models that
describe experimentally observed astrocytic dynamics. To study large-scale
neuron-astrocyte interactions, however, simulation tools compatible with
high-performance computing are required. To �ll this gap, we developed
a set of standardized simulation methods based on existing astrocyte models
and glutamatergic neuron-astrocyte interactions. In this development, we
further introduced a new algorithm for building tripartite neuron-astrocyte
connections. This algorithm is compatible with common connectivity
rules in neuronal networks and includes parameters to de�ne various
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neuron-astrocyte connectivity schemes. We verify the ef�ciency of our
implementation with performance benchmarks and validate its scienti�c
use with a simulation study to reproduce an experimentally observed
astrocyte-promoted neuronal synchrony. The results show a good simulation
performance with parallel computing and an astrocytic effect robust
against changes in connectivity pattern and network activity. Our
development supports ef�cient and reproducible simulations of large-scale
neuron-astrocyte networks.

In conclusion, the results of our work predict network dynamics in
the presence of interneuron subtypes and astrocytes. These results can be
further explored by experiments and extensions of our models. Through the
developed models and software, our work brings new tools for future studies
in the same direction to discover functions of the associated cell diversities
in the brain.
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Part I

Introduction
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1 Aim

Cortical interneurons release inhibitory neurotransmitters to shape neuron
activity in the cerebral cortex. Their critical role has been indicated by
pathological conditions where their dysfunction causes excitatory-inhibitory
imbalance (Dichter and Ayala, 1987; Kitamura et al., 2002; Marín, 2012;
Nakazawa et al., 2012), and their involvement in high-level functions such
as sensory processing and learning (Adesnik et al., 2012; Pi et al., 2013;
Fu et al., 2014; Muñoz et al., 2017; Khan et al., 2018). Due to limitations
in the possible sampling and manipulation of real brains and brain tissue,
experimental studies need to be complemented by computational modeling
to systematically analyze interneuron functions in cortical circuits. This
purpose requires models that take into account the diverse cell-type-speci�c
properties of interneurons.

Astrocytes are the largest group of glial cells and the majority of
all cells in the central nervous system (Sofroniew and Vinters, 2010;
Sofroniew, 2020; Quan, Uyeda, and Muramatsu, 2022). Experimental
studies have demonstrated their critical role in nervous system homeostasis
and integrity (Sofroniew and Vinters, 2010; MacVicar and Newman,
2015; Allen and Eroglu, 2017; Verkhratsky and Nedergaard, 2018;
Sofroniew, 2020; Quan, Uyeda, and Muramatsu, 2022). In recent years,
the astrocytes have been shown to modulate signal processing as well
(Bazargani and Attwell, 2016; Poskanzer and Yuste, 2016). Computational
models have reproduced experimentally observed astrocytic dynamics and
neuron-astrocyte interactions at the cellular level (Höfer, Venance, and
Giaume, 2002; Nadkarni and Jung, 2003; De Pittà et al., 2009). To study
these interactions and their effects on neuron activity on a larger scale, more
ef�cient simulation tools are needed.

This thesis is dedicated to studying the dynamical signi�cance of
interneurons and astrocytes with new computational modeling approaches.
Speci�cally, we focus on the following gaps in the relevant neuroscience:

• The three major interneuron types in the cerebral cortex are the
PV, SOM, and VIP cells. A biologically plausible computational
study of their functions requires a multi-layer microcircuit model
that is constrained by their cell-type-speci�c properties, uses minimal
parameter tweaking, and has a level of abstraction that supports
generalizable �ndings and easy simulations. Such a model for the
somatosensory cortex was missing to date.
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• The major cortical interneuron types have characteristic synaptic
short-term plasticity (STP), which affords them different roles in the
network. How this cell-type-speci�c STP affects the dynamics in a
cortical column has not been systematically modeled and analyzed.

• Simulation of large-scale neuron-astrocyte interactions requires
methods that use distributed parallel computing. Such methods for
neuron-astrocyte interactions were not previously available.

• Standardized algorithms for building tripartite connectivity between
neurons and astrocytes can facilitate the implementation and study of
large-scale neuron-astrocyte network models. Such algorithms have
not been developed.

We seek to �ll these gaps and thereby predict how interneurons and
astrocytes shape network dynamics in the cortical microcircuitry. The code
developed in this work can serve as a tool for future studies along these
lines.
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2 Structure of this thesis

Chapter 3 introduces the scienti�c background of this thesis. A brief
introduction is given into fundamental concepts in neuroscience, followed
by a description of the challenges in computational neuroscience we focus
on in this thesis.

Chapters 4 and 5 present the results of our works to address these
challenges. In Chapter 4, a multi-layer cortical microcircuit model is
developed for a computational study of neuronal networks with three major
inhibitory interneuron types. In this model, we incorporate cell-type-speci�c
parameters and synaptic short-term plasticity (STP) of interneurons, based
exclusively on experimental data from rodent somatosensory cortex. With
minimal �tting, the simulated resting state of the model is comparable to
experimental data of the three interneuron types. Further simulations of the
model predict network responses to external inputs in the presence of the
three interneuron types. In these simulations, we compare model versions
with and without the STP parameters to study their effects. The results
suggest that the STP may modulate responses of different populations to
transient cell-type-speci�c external inputs, by shifting the balance between
the inhibitory pathways associated with the involved interneurons. We
also simulate a sensory input based on experimentally observed thalamic
activity and compare the responses of speci�c interneuron types to in vivo
experimental data. We �nd that slight adjustments of the model parameters
yield results comparable to the experimental data. Taken together, these
results show that our model can serve as a good platform for studies of
the cortical microcircuitry distinguishing interneuron types and their speci�c
STP.

In Chapter 5, we develop a set of concepts and methods to support the
simulation of large-scale neuron-astrocyte interactions. This development
is implemented in NEST, an open-source simulation software for neural
networks, and includes two major parts. The �rst part is a set of
cell-level models, including an astrocyte model, an astrocyte-to-neuron
connection model, and a neuron model that can connect with and receive
inputs from the astrocytes. We implement these models based on existing
models of astrocytic dynamics and neuron-astrocyte interactions from the
literature. The second part is a new algorithm we developed to build
tripartite neuron-astrocyte connectivity in large networks. This algorithm
is compatible with common neuron-to-neuron connectivity rules and can
use distributed parallel computing. We verify the ef�ciency of our
implementation by performance benchmarks and validate the scienti�c use
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by reproducing an experimentally observed astrocytic effect of promoting
local neuron synchrony. We also show that this astrocytic effect is preserved
across several network connectivity patterns and activity levels that we
tested.

In the �nal chapter, we summarize the results and discuss their
contributions to neuroscience. We also propose potential future works along
these lines.

The appendix presents a work that reviews and summarizes the current
development of connectivity concepts in neuronal network modeling and
proposes a uni�ed graphical notation for network diagrams.
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3 Background

Neurons and cortical circuits

Although the study of nervous systems dates back to ancient times, the
exploration of the brain on the cellular level only started near the end of
the nineteenth century with the advance of microscopic techniques. Santiago
Ramón y Cajal used the Golgi method to observe the brain and proposed
the neuron doctrine, stating that individual nerve cells, or neurons, are the
fundamental units of the nervous system (Cajal, 1888; Figure 3.1, left panel
shows neurons drawn by Cajal). Since then, many efforts have been
dedicated to further exploring the structures and functions of neurons in the
brain.

A neuron has two major parts: the soma, i.e., cell body, and the neurites,
i.e., processes that extend from the cell body and are specialized for signal
transmission. Apart from some exceptions (e.g., undifferentiated neurons),
a neurite usually belongs to one of two types, the dendrite and the axon.
The dendrite receives signals from other neurons, and the axon delivers
signals to other neurons (Figure 3.1, right panel). When receiving inputs,
some neurons (e.g., in invertebrates such as nematodes) respond with graded
changes of membrane potentials, whereas others (e.g., typical mammalian
neurons) respond with action potentials and encode the input strength in their
�ring frequency. The action potential is a sequence of membrane potential
changes that is initiated when the membrane potential reaches a certain
threshold due to excitation (Figure 3.1, right panel, top inset). This sequence
of potential changes propagates across the cell membrane, usually starting
from the axon hillock (i.e., the part of the cell body that connects to the axon)
and then down the axon. The action potential and its propagation depend on
mechanisms that involve actions of voltage-gated ion channels, i.e., channel
proteins that dynamically gate ion �ows according to membrane potential
changes. These structures and properties of neurons allow them to process
signals and communicate with each other.

Neurons mainly rely on synapses to deliver the signals carried by action
potentials. The axon terminals of a neuron can form synapses with the
dendrites of other neurons (Figure 3.1, right panel and its bottom inset),
allowing signal transmission between neurons. The neurons before and after
the synapse are usually referred to as the presynaptic and postsynaptic neurons
respectively. When an action potential is generated in the presynaptic neuron
and reaches the axon terminal, it triggers a release of neurotransmitters, i.e.,
molecules that neurons produce and release to signal its target cells. There,
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