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Abstract: Optogenetics has revolutionized neuroscience, enabling precise control and monitoring of neural circuits. This study
focuses on the neural mechanisms underlying combat behaviors in mice, particularly the roles of the ventromedial hypothalamus
(VMH) in freezing, jumping escape, and defensive attack behaviors. The research employed a combination of optogenetic tools,
behavioral assays, and high-resolution imaging techniques. Genetically modified mice expressing channelrhodopsin-2 (ChR2)
and halorhodopsin (NpHR) were used. Viral vectors were injected into specific brain regions, and optogenetic stimulation was
performed to activate or inhibit neuronal populations. Behavioral responses were documented and analyzed using specialized
software, and brain tissues were prepared for histological examination. Activation of VMH neurons increased jumping escape
behavior, while inhibition reduced defensive attack behaviors, highlighting the VMH's critical role in these responses. High-
resolution video analysis provided detailed metrics on behavior, and histological examination confirmed precise targeting and
expression of optogenetic proteins in the brain. The results demonstrated the direct influence of specific neural circuits on combat
behaviors. The study elucidated the roles of VMH and associated neural circuits in mediating combat behaviors in mice.
Optogenetic techniques provided precise control over neuronal activity, revealing critical insights into the neural mechanisms
underlying these behaviors. The findings support the VMH's central role in regulating instinctual defensive actions and offer
potential applications for developing therapeutic strategies for anxiety and pain disorders.

Keywords: Optogenetics; Neural Circuits; Ventromedial Hypothalamus; Combat Behaviors; Freezing; Jumping Escape;
Defensive Attack.

in defensive behaviors and could have broader implications
for understanding anxiety, fear, and pain in higher organisms,
including humans.

1. Chapter 1 Introduction

1.1. Research Background
The field of optogenetics has revolutionized our 1.2. Research Objectives

understanding of neural circuits and behaviors. Developed The primary objective of this research is to elucidate the
over the past few decades, optogenetics integrates genetic and neural mechanisms underlying combat behaviors in mice,
optical methods to control and monitor the activities of with a specific focus on the role of the VMH in controlling
individuql neurons i.n living tissues. Initially applied to farm these behaviors. By employing optogenetic tools, we aim to
animals, its application has expanded through electronics and achieve precise activation and inhibition of specific neuronal
photonics, paving the way for significant advancements in populations within this brain region, thereby delineating their
neuroscience. The current project focuses on neuroethology, contributions to behaviors such as freezing, jumping escape,
specifically the combat behaviors of mice, providing insights and defensive attack.
into the fundamental mechanisms underlying these behaviors. This study also aims to establish a robust experimental
Combat behavior.s inmice, such as freezing, jumping framework for observing and recording these behaviors under
escape, and defensive attack, are instinctual responses to controlled conditions. By integrating various methodologies,
threats. Freezing behavior is characterized by the mouse including behavioral assays, optogenetic manipulations, and
remaining immobile when faced with a predator, a survival high-resolution imaging, we seek to develop a comprehensive
strategy that reduces the likelihood of detection. Jumping understanding of the neural circuitry involved.
escape, controlled by the ventromedial hypothalamus (VMH), Additionally, this research intends to investigate the pain
involves a mouse leaping upwards to evade a predator after perception mechanisms driving defensive attack behavior.
an initial attack. Defensive attack, where a mouse bites back Through the use of controlled stimuli, such as simulated
when grabbed, is driven by nociceptive mechanisms and is a predator attacks and the application of various sensory inputs
vital aspe.ct of understanding.pain percept.ion and response. (e.g., visual, olfactory), we aim to isolate and analyze the
Exploring these behaviors necessitates a  detailed factors influencing this behavior. Understanding these
understanding of the brain regions and neural circuits mechanisms can provide valuable insights into the broader
involved. Advances in optogenetics allow precise principles of pain and fear response in mammals.
manipulation and observation of these circuits, facilitating a Ultimately, our objectives extend to potential translational
deeper exploration of the VMH and other relevant brain areas. applications. Insights gained from this research could inform
This research utilizes various experimental setups, including  the development of new therapeutic strategies for anxiety and
behavior chambers and advanced imaging techniques, to pain disorders, leveraging the principles of neural circuit
observe and record these behaviors in real-time. Such studies modulation observed in mice. By understanding the
are crucial for unraveling the complexities of neural control fundamental processes at work, we can better address similar
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issues in human health.

1.3. Research Significance

The significance of this research lies in its potential to
advance our knowledge of neural control mechanisms in
behavior. Combat behaviors in mice serve as a model for
understanding complex survival strategies that are
evolutionarily conserved across species. By investigating
these behaviors, we can gain insights into the basic principles
of neural circuitry that govern instinctual responses to threats.

Optogenetics, as a cutting-edge technology, provides
unparalleled precision in manipulating and observing specific
neurons, offering a powerful tool for dissecting the roles of
different brain regions. This research not only contributes to
the field of optogenetics by applying it to a novel context but
also enhances our methodological approaches in
neuroscience.

The findings from this study have broader implications
beyond basic science. Understanding the neural basis of fear
and pain can inform clinical practices and therapeutic
interventions for anxiety and pain-related disorders. For
instance, identifying key neural circuits involved in defensive
behaviors can lead to targeted treatments that modulate these
circuits to alleviate symptoms in patients.

Moreover, this research fosters interdisciplinary
collaboration, combining expertise in neuroscience, genetics,
and behavioral science. It serves as a platform for training and
developing new methodologies, which can be applied to
various other research areas within neuroscience and beyond.

2. Chapter 2 Literature Review
2.1. Evolution of Optogenetics

Optogenetics has emerged as a groundbreaking technique
in neuroscience, revolutionizing our ability to control and
understand the functioning of neural circuits. The origins of
optogenetics can be traced back to the early 2000s when
researchers began to harness light-sensitive proteins to
manipulate neuronal activity. The foundational work by Karl
Deisseroth and colleagues at Stanford University introduced
channelrhodopsins, light-activated ion channels derived from
algae, into mammalian neurons, allowing precise control of
neuronal firing with light. This innovation provided an
unprecedented level of spatial and temporal precision in the
manipulation of specific neural circuits, surpassing traditional
electrical or pharmacological methods.

The initial applications of optogenetics were primarily
focused on understanding basic neural processes in simpler
organisms, such as the nematode Caenorhabditis elegans.
However, the technique rapidly evolved, with subsequent
studies demonstrating its utility in more complex mammalian
systems. Researchers began using optogenetics to dissect the
roles of specific neurons and neural circuits in a variety of
behaviors and physiological processes. For instance,
optogenetic activation of dopamine neurons in the ventral
tegmental area (VTA) was shown to be sufficient to induce
reward-seeking behavior in rodents, providing insights into
the neural mechanisms of addiction and reward.

Over the years, the toolkit of optogenetics has expanded
beyond channelrhodopsins. The  development  of
halorhodopsins, light-driven chloride pumps, enabled the
inhibition of neuronal activity with light, complementing the
excitatory effects of channelrhodopsins. Additionally, the
introduction of more refined genetic targeting strategies, such
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as Cre-loxP systems and viral vectors, allowed for the
selective expression of optogenetic tools in specific neuronal
populations. These advancements have facilitated more
detailed investigations into the functional connectivity and
dynamics of neural networks.

The evolution of optogenetics has also been marked by
significant technological improvements. The development of
fiber optics and wireless devices has enabled the delivery of
light to deep brain structures in freely moving animals,
broadening the scope of behavioral experiments. Furthermore,
the integration of optogenetics with other techniques, such as
calcium imaging and electrophysiology, has provided
complementary insights into the real-time activity of neural
circuits. This multidisciplinary approach has been
instrumental in unraveling the complex interplay between
different brain regions during behavior and cognition.

Optogenetics has made substantial contributions to our
understanding of various neurological and psychiatric
disorders. For example, studies using optogenetic
manipulation of neural circuits have provided valuable
insights into the pathophysiology of conditions such as
Parkinson's disease, epilepsy, depression, and anxiety. By
selectively modulating the activity of affected circuits,
researchers have been able to identify potential therapeutic
targets and develop novel intervention strategies. The
precision and versatility of optogenetics continue to drive its
application in both basic and translational research, making it
a cornerstone of modern neuroscience.

2.2. Advances in Neuroethology

Neuroethology, the study of the neural basis of natural
animal behavior, has experienced substantial advancements
due to the integration of modern techniques such as
optogenetics, electrophysiology, and advanced imaging. The
field aims to understand how specific neural circuits and
mechanisms give rise to complex behaviors observed in
natural environments. By studying model organisms,
neuroethologists seek to uncover universal principles of brain
function that can be applied across species, including humans.

One of the significant areas of advancement in
neuroethology has been the elucidation of the neural circuits
underlying instinctual and survival behaviors. Studies on
predation, mating, and social interactions have provided
insights into the brain regions and pathways involved in these
behaviors. For instance, the hypothalamus has been identified
as a critical region for controlling aggressive and defensive
behaviors. Research using optogenetics has shown that
activation of specific neurons in the ventromedial
hypothalamus (VMH) can induce predatory hunting behavior
in mice, while inhibition of these neurons reduces aggression.
These findings highlight the VMH's role in modulating
complex behaviors essential for survival.

Another area of significant progress is the understanding of
sensory processing and its role in guiding behavior.
Neuroethological studies have explored how animals
integrate sensory information from their environment to make
decisions and execute behaviors. For example, research on
echolocation in bats has revealed how auditory processing in
the brainstem and midbrain enables these animals to navigate
and hunt in complete darkness. Similarly, studies on visual
processing in insects, such as the fruit fly Drosophila
melanogaster, have provided insights into the neural circuits
involved in motion detection and flight control.

Advances in neuroethology have also been driven by the



development of novel experimental paradigms and
technologies. High-throughput behavioral assays, automated
tracking systems, and machine learning algorithms have
enabled more precise and comprehensive analysis of animal
behavior. These tools allow researchers to quantify subtle
behavioral changes and correlate them with specific neural
activities. Additionally, the use of virtual reality environments
has provided a controlled setting for studying behavior in a
more naturalistic context, bridging the gap between
laboratory experiments and real-world scenarios.

Social behaviors have been another focus of
neuroethological research, with studies examining the neural
mechanisms underlying communication, cooperation, and
competition. For example, research on songbirds has
identified the neural circuits involved in song learning and
production, offering parallels to human speech and language
acquisition. Studies on social hierarchies in primates and
rodents have shed light on the neural substrates of dominance
and submission, revealing the influence of neuromodulators
such as serotonin and dopamine on social behavior.

Neuroethology has also contributed to our understanding
of behavioral plasticity and learning. Investigations into the
neural basis of habituation, sensitization, and conditioning
have provided insights into how experiences shape behavior.
Research on spatial learning and memory in rodents, such as
the use of the Morris water maze, has elucidated the role of
the hippocampus in navigation and memory consolidation.
These studies have implications for understanding cognitive
processes and disorders in humans.

The study of combat behavior in mice has garnered
considerable attention in the field of neuroethology due to its
implications for understanding aggression, defense
mechanisms, and social hierarchies. Mice exhibit a range of
combat behaviors that serve as models for investigating the
neural circuits and mechanisms underlying aggression and
defense in mammals. These behaviors include freezing,
jumping escape, and defensive attack, each of which is
associated with specific neural pathways and brain regions.

Freezing behavior is a defensive response where a mouse
remains immobile when faced with a predator or threat. This
behavior is thought to reduce the likelihood of detection and
is commonly observed in laboratory settings where mice are
exposed to predator cues such as the scent of a snake or cat.
Research has identified the amygdala and the periaqueductal
gray (PAG) as critical regions involved in mediating freezing
behavior. The amygdala processes threat-related cues and
projects to the PAG, which coordinates the freezing response.
Optogenetic studies have further elucidated the role of
specific neuronal populations within these regions in
controlling freezing behavior.

Jumping escape behavior, controlled by the ventromedial
hypothalamus (VMH), involves a mouse leaping upwards to
evade a predator after an initial attack. This behavior is a rapid
and dynamic response that requires precise coordination
between sensory processing and motor output. The VMH has
been shown to play a crucial role in initiating and regulating
this behavior. Studies using optogenetic activation and
inhibition of VMH neurons have demonstrated that this
region is essential for the expression of jumping escape
behavior. Additionally, neural circuit mapping has revealed
connections between the VMH and other brain regions
involved in sensory processing and motor control,
highlighting the integrative nature of this behavior.

Defensive attack behavior, where a mouse bites back when
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grabbed, is driven by nociceptive mechanisms and is a vital
aspect of understanding pain perception and response. This
behavior is typically observed when a mouse is physically
restrained or attacked by a predator. Research has shown that
the dorsal periaqueductal gray (dPAG) and the rostral
ventromedial medulla (RVM) are key regions involved in
mediating defensive attack behavior. The dPAG receives
inputs from the amygdala and other brain regions that process
threat-related cues, while the RVM modulates pain perception
and defensive responses. Optogenetic manipulation of these
regions has provided insights into the neural circuits that drive
defensive attack behavior and their modulation by pain
signals.

Recent studies have also explored the genetic and
molecular underpinnings of combat behavior in mice. Genetic
knockout and transgenic mouse models have been used to
identify specific genes and molecular pathways that regulate
aggression and defense. For example, the role of serotonin
receptors in modulating aggression has been extensively
studied, with findings indicating that alterations in serotonin
signaling can influence aggressive behavior. Additionally, the
involvement of neuropeptides such as oxytocin and
vasopressin in social behaviors and aggression has been
investigated, providing a deeper understanding of the
molecular mechanisms underlying combat behavior.

Behavioral assays and experimental paradigms have been
developed to systematically study combat behavior in mice.
These include resident-intruder tests, where a resident mouse
is introduced to an unfamiliar intruder, and predator exposure
tests, where mice are exposed to predator cues or live
predators. These assays allow researchers to quantify
aggression, defensive behaviors, and other related responses,
providing a framework for investigating the neural and
molecular mechanisms underlying these behaviors.

Pain perception is a complex and multifaceted process that
involves the integration of sensory, emotional, and cognitive
components. Understanding the neural mechanisms
underlying pain perception has been a major focus of research
in neuroscience, with significant implications for the
treatment of pain and pain-related disorders. Pain perception
is mediated by nociceptors, specialized sensory neurons that
detect noxious stimuli and transmit signals to the central
nervous system. These signals are processed and integrated at
various levels of the nervous system, resulting in the
perception of pain and the initiation of appropriate behavioral
responses.

The primary afferent nociceptors are located in peripheral
tissues and respond to mechanical, thermal, and chemical
stimuli. These nociceptors transmit signals to the spinal cord,
where they synapse onto second-order neurons in the dorsal
horn. The dorsal horn of the spinal cord plays a critical role in
the modulation and transmission of pain signals to higher
brain centers. Within the dorsal horn, various
neurotransmitters and neuromodulators, such as glutamate,
substance P, and gamma-aminobutyric acid (GABA), are
involved in the synaptic processing of nociceptive
information.

From the spinal cord, pain signals are relayed to the
brainstem, thalamus, and ultimately to the cerebral cortex,
where the sensory and emotional aspects of pain are
processed. The spinothalamic tract is one of the main
pathways transmitting nociceptive signals to the thalamus,
which then projects to the somatosensory cortex, anterior
cingulate cortex, and insular cortex. These cortical regions are



involved in the localization, intensity, and emotional
interpretation of pain. Functional imaging studies in humans
have identified these regions as key components of the pain
matrix, a network of brain areas activated during pain
perception.

The descending pain modulatory system, which includes
the periaqueductal gray (PAG), rostral ventromedial medulla
(RVM), and locus coeruleus, plays a crucial role in regulating
pain perception. This system modulates pain signals at the
level of the spinal cord through descending inhibitory and
facilitatory pathways. The PAG, located in the midbrain,
receives inputs from higher brain centers and projects to the
RVM, which in turn modulates spinal nociceptive processing.
The descending pain modulatory system is influenced by
various factors, including stress, emotions, and cognitive
states, highlighting the complex interplay between different
components of the pain perception network.

Research on pain perception mechanisms has also focused
on the role of endogenous opioids and other neuromodulators
in modulating pain. Endogenous opioids, such as endorphins,
enkephalins, and dynorphins, are produced within the body
and act on opioid receptors to inhibit pain signals. These
endogenous opioids are released in response to stress,
exercise, and other stimuli, providing natural analgesia. The
discovery of the opioid system has led to the development of
opioid analgesics, which are widely used for pain
management. However, the clinical use of opioids is
associated with significant side effects and the risk of
addiction, underscoring the need for alternative pain
management strategies.

Recent advancements in optogenetics have provided new
tools for studying pain perception mechanisms. By using light
to control specific populations of neurons, researchers have
been able to dissect the neural circuits involved in pain
processing with high precision. Optogenetic manipulation of
nociceptors, spinal neurons, and brain regions involved in
pain perception has provided insights into the dynamic
modulation of pain signals. For example, optogenetic
activation of inhibitory interneurons in the dorsal horn can
reduce pain sensitivity, while activation of excitatory
pathways can enhance pain perception. These studies have
revealed the complex and plastic nature of pain processing,
highlighting potential targets for therapeutic intervention.

In addition to optogenetics, other advanced techniques such
as chemogenetics, functional imaging, and electrophysiology
have been employed to study pain perception mechanisms.
Chemogenetics allows for the selective activation or
inhibition of specific neuronal populations using designer
receptors exclusively activated by designer drugs
(DREADDs). Functional imaging techniques, such as
functional magnetic resonance imaging (fMRI) and positron
emission tomography (PET), provide insights into the activity
of brain regions involved in pain processing.
Electrophysiological recordings from nociceptors and central
neurons allow for the detailed characterization of pain
signaling pathways.

3. Chapter 3 Materials and Methods

3.1. Experimental Materials

The materials used in this study were meticulously selected
to ensure the accuracy and reproducibility of the experiments.
Key materials included genetically modified mice, viral
vectors for optogenetic manipulation, and various chemicals
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and reagents for physiological and histological processes. The
mice used were specific strains bred for neuroscience research,
with modifications allowing for precise optogenetic control.
Viral vectors, such as adeno-associated viruses (AAVs), were
employed to deliver light-sensitive proteins into targeted
brain regions. Additional materials included standard
laboratory supplies such as anesthetics, fixatives, buffers, and
staining agents. Each material was sourced from reputable
suppliers to maintain the integrity of the experimental results.

3.2. Mouse Strains and Genotypes

The experimental subjects were mice specifically bred for
genetic modifications conducive to optogenetic studies. The
primary strain used was the C57BL/6J, known for its robust
health and genetic consistency, making it ideal for
neuroscience research. Genetically, these mice were modified
to express channelrhodopsin-2 (ChR2) or halorhodopsin
(NpHR) in specific neuronal populations. The genotypes were
confirmed through polymerase chain reaction (PCR) and
sequencing, ensuring that only appropriately modified mice
were used in the experiments. Mice were housed under
standard conditions, with controlled temperature, humidity,
and a 12-hour light/dark cycle, and had access to food and
water ad libitum.

The experiments employed a range of specialized
equipment and tools designed for precision and reliability.
Key equipment included optogenetic stimulation devices
such as lasers and LED light sources, connected via fiber
optics to deliver light to specific brain regions. Behavioral
assays were conducted in custom-built chambers equipped
with cameras for high-resolution video recording. The setup
included both opaque and translucent surfaces to control
environmental lighting conditions. Additional tools included
programmable electrical stimulators, stereotaxic frames for
precise brain injections, and a cryostat for brain tissue
sectioning. Data analysis was supported by software for video
tracking, image processing, and statistical analysis, ensuring
comprehensive and accurate interpretation of results.

The experimental procedures were meticulously designed
to ensure thorough investigation and reliable data collection.
Initially, discussions with the supervising professor provided
foundational knowledge on the development and current state
of optogenetics and neuroethology. These discussions
outlined the project's focus on mouse combat behavior and
the neural circuits involved.

Behavioral chambers were set up to observe mouse combat
behaviors such as freezing, jumping escape, and defensive
attack. The chambers were equipped with cameras positioned
to capture detailed video footage. Camera positions and focus
were adjusted to ensure clear visibility of the mice's
movements, and appropriate lighting was arranged to enhance
video quality.

Optogenetic stimulation required careful calibration of
laser devices. Before behavioral observations, the lasers were
adjusted to the appropriate intensity, measured using a
photometer, and connected to programmable stimulators.
Mice were then selected from the colony, verified for the
correct genotype, and fitted with fiber optic cables for light
delivery to the brain.

Behavioral observations began with the mice adapting to
the testing environment, followed by optogenetic activation
of specific brain regions. Behaviors were recorded and
analyzed, with each trial involving a sequence of light
activation and rest periods. Video recordings were later edited



to highlight significant behavioral responses, focusing on the
periods immediately before and after light activation.

Cryopreservation techniques were used to store mouse
sperm for genetic consistency in long-term studies. Sperm
samples were collected, cryopreserved, and stored until
needed for future breeding. Genetic verification of the
samples ensured the integrity of the genetic modifications.

Perfusion and brain extraction procedures were conducted
following standard protocols. Mice were anesthetized, and
perfusion was performed using saline and paraformaldehyde
to fix the tissues. Brain extraction required meticulous
dissection techniques to preserve the neural structures for
subsequent analysis.

Preparation of 0.9% saline solution involved dissolving
NaCl in distilled water, with thorough mixing to ensure
uniform concentration. This solution was used for various
physiological processes throughout the experiments.

Optogenetic training involved conditioning mice to
associate light activation with specific environmental cues.
Mice were observed for changes in room preference and
behavioral responses to light stimulation. Training sessions
were repeated to reinforce the association and observe
consistent behavioral patterns.

Viral injections required precise stereotaxic techniques.
Mice were anesthetized, and viral vectors were injected into
targeted brain regions using stereotaxic apparatus. Post-
injection, mice were monitored for recovery and any signs of
distress, with appropriate post-operative care provided.

Finally, brain tissue sectioning and histological processing
were performed using a cryostat. Brain tissues were sectioned
at defined intervals, stained, and mounted on slides for
microscopic analysis. Fluorescent imaging was used to
visualize the expression of optogenetic proteins and confirm
the accuracy of viral injections.

These comprehensive experimental procedures ensured the
collection of high-quality data, providing a robust foundation
for understanding the neural mechanisms underlying combat
behaviors in mice. The integration of advanced techniques
and meticulous methodological approaches facilitated the
detailed investigation of these complex behaviors,
contributing valuable insights to the field of neuroscience.

4. Chapter 4 Experimental Results

4.1. Documentation of Combat Behavior in
Mice

The documentation of combat behavior in mice was
conducted using a controlled experimental setup that allowed
for the precise observation and recording of various defensive
and aggressive behaviors. Mice were introduced into a
behavior chamber, where their interactions with predator
stimuli, such as simulated snake attacks, were closely
monitored. The primary behaviors recorded included freezing,
jumping escape, and defensive attack. Freezing behavior,
characterized by complete immobility, was observed when
mice were exposed to predator cues. This behavior was
recorded using high-resolution cameras, and the duration of
freezing episodes was measured. Jumping escape behavior,
where mice leap upwards to evade a threat, was analyzed in
terms of frequency, latency, and height of jumps. Defensive
attack behavior, involving counter-attacks on perceived
threats, was documented through detailed video recordings,
noting the intensity and targets of such attacks. These
observations provided a comprehensive dataset on the natural
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defensive strategies employed by mice in response to
predatory threats.

The analysis of light-activated behavior involved the use of
optogenetic techniques to precisely control the activation of
specific neural circuits within the mice's brains. By delivering
light pulses through implanted fiber optics, we were able to
selectively stimulate or inhibit neuronal populations within
the ventromedial hypothalamus (VMH) and other relevant
brain regions. The effects of light activation on combat
behaviors were systematically recorded. Activation of VMH
neurons resulted in a significant increase in jumping escape
behavior, with mice exhibiting rapid and high-intensity jumps
upon light stimulation. Conversely, inhibition of these
neurons through light-induced hyperpolarization reduced the
frequency of defensive attacks, indicating the critical role of
VMH in mediating these behaviors. The temporal dynamics
of these responses were analyzed, showing that the onset of
light activation led to immediate behavioral changes,
confirming the direct influence of specific neural circuits on
combat behaviors. These findings underscore the importance
of the VMH and associated pathways in regulating instinctual
defensive actions.

High-resolution video recordings were integral to the
analysis of combat and light-activated behaviors. The
behavior chamber was equipped with multiple cameras to
capture different angles and ensure comprehensive coverage
of the mice's activities. Video footage was meticulously
reviewed and analyzed using specialized software capable of
tracking movements and quantifying behavioral parameters.
The software provided detailed metrics such as movement
trajectories, speed, and interaction times with predator stimuli.
For each experimental session, key behavioral events were
annotated, and relevant segments were extracted for further
analysis. The data revealed distinct patterns of behavior
corresponding to different phases of the experiments, such as
pre-stimulation, during light activation, and post-stimulation
periods. Statistical analyses were performed to compare the
frequencies and durations of specific behaviors across
different conditions, yielding insights into the effects of
optogenetic manipulation on combat behaviors. The visual
evidence from the recordings corroborated the quantitative
data, providing a robust framework for understanding the
behavioral phenotypes associated with neural activation and
inhibition.

Perfusion and brain extraction procedures were performed
to prepare the brain tissues for detailed histological analysis.
Mice were anesthetized and subjected to perfusion with saline
followed by paraformaldehyde to fix the tissues. This process
was essential for preserving the structural integrity of the
brain for subsequent examination. The extraction of brains
was conducted with precision, ensuring minimal damage to
the delicate neural tissues. Post-extraction, the brains were
carefully inspected for completeness and any signs of artifacts
or damage. The perfused brains exhibited well-preserved
anatomy, with clear demarcation of major brain regions. This
preparation allowed for high-quality sectioning and staining,
facilitating the detailed examination of neural circuits
involved in the observed behaviors. The quality of perfusion
and extraction was critical for ensuring the reliability of
downstream histological and imaging analyses.

The brain tissues were processed for histological
examination through a series of precise sectioning and
staining procedures. Using a cryostat, the brains were
sectioned into thin slices, typically 40 micrometers thick,



allowing for detailed examination of the internal structures.
The sections were stained using DAPI to visualize nuclei and
fluorescent markers to identify the expression of optogenetic
proteins. The stained sections were analyzed under a
fluorescence microscope, revealing the distribution and
density of neurons expressing channelrhodopsin-2 (ChR2) or
halorhodopsin (NpHR). The imaging showed distinct patterns
of expression in targeted brain regions, with strong
fluorescence indicating successful viral transduction and
protein expression. The stained sections also provided
insights into the structural organization of the VMH and its

connections to other brain areas involved in combat behaviors.

High-resolution images were captured and analyzed to
quantify the extent of viral expression and the integrity of the
neural circuits. These results confirmed the precise targeting
of optogenetic manipulations and provided a detailed map of
the neural substrates underlying the observed behaviors. The
combination of behavioral data and histological analysis
offered a comprehensive understanding of the neural
mechanisms driving defensive and aggressive behaviors in
mice.

5. Chapter 5 Discussion

The experimental results presented in this study provide a
comprehensive understanding of the neural mechanisms
underlying combat behaviors in mice. Through meticulous
documentation of behaviors such as freezing, jumping escape,
and defensive attack, we have elucidated the roles of specific
brain regions, particularly the ventromedial hypothalamus
(VMH), in mediating these responses. The use of
optogenetics has allowed us to precisely control and observe
the effects of neural activation and inhibition on these
behaviors, revealing critical insights into the neural circuits
involved.

The data indicate that the VMH plays a central role in
initiating and regulating combat behaviors. Activation of
VMH neurons led to an increase in jumping escape behavior,
suggesting that this brain region is crucial for the rapid motor
responses required for evasion from predators. Conversely,
inhibition of VMH activity resulted in a decrease in defensive
attack behaviors, highlighting its importance in aggressive
responses to threats. These findings are consistent with
previous studies that have implicated the VMH in defensive
and aggressive behaviors across various species. Our results
extend these findings by demonstrating the specific effects of
optogenetic manipulation on combat behaviors in a controlled
experimental setting.

The analysis of light-activated behavior provided clear
evidence of the direct influence of neural circuits on behavior.
The immediate changes in behavior upon light activation
underscore the precision and effectiveness of optogenetic
techniques in studying neural function. This approach
allowed us to temporally and spatially control neuronal
activity, providing a powerful tool for dissecting the
contributions of specific brain regions to complex behaviors.
The consistency of behavioral responses across trials and
subjects further validates the robustness of our experimental
design and the reliability of our findings.

The video recordings and subsequent analysis played a
crucial role in quantifying and visualizing the behaviors of
interest.  High-resolution  footage captured detailed
movements and interactions, enabling precise measurement
of behavioral parameters such as frequency, duration, and
intensity. The use of specialized software for tracking and
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analysis provided quantitative data that complemented the
qualitative  observations, ensuring a comprehensive
understanding of the behavioral phenotypes associated with
neural activation and inhibition. This dual approach of visual
and quantitative analysis strengthened the validity of our
conclusions.

Perfusion and brain extraction procedures were essential
for preparing high-quality brain tissues for histological
analysis. The integrity of the extracted brains ensured that
subsequent sectioning and staining could be conducted with
minimal artifacts, allowing for accurate examination of neural
structures. The successful visualization of optogenetic protein
expression in targeted brain regions confirmed the
effectiveness of our viral transduction methods and the
precision of our stereotaxic injections. These histological
results provided a detailed map of the neural circuits involved
in combat behaviors, corroborating our behavioral findings
and offering additional insights into the anatomical basis of
these responses.

The experimental methods used in this study were
generally feasible and effective in achieving the research
objectives. However, there are areas for potential
improvement. For instance, optimizing the viral transduction
efficiency and ensuring consistent expression levels across
subjects could enhance the reliability of the optogenetic
manipulations. Additionally, refining the behavioral assays to
reduce variability and increase the sensitivity of
measurements would further strengthen the robustness of the
findings. Implementing advanced tracking systems and
machine learning algorithms for behavioral analysis could
also improve the precision and depth of data interpretation.
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