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Zebrafish behavioral, physiological, and neural response to
anesthetic compounds

ABSTRACT

Anesthetics have revolutionized modern medicine by enabling the safe and painless per-
formance of invasive medical procedures. However, even widely used compounds can have
life-threatening side effects. It is therefore essential to understand the mechanisms of anes-
thesia and to develop new anesthetic compounds. Although several molecular pathways
are known, the system-wide dynamics of anesthesia are not fully understood. Larval ze-
brafish (Danio rerio) offer a unique opportunity as a vertebrate model to investigate anes-
thetic mechanisms due to their conserved physiology, measurable behavior, and optical
transparency. This thesis investigates the behavioral, physiological, and neural responses of
zebrafish larvae to established anesthetic compounds (ketamine and propofol) and presents
the first zebrafish quantification of ketofol (a mixture of ketamine and propofol) and a
newly developed compound, WB3. Cardiovascular measurements revealed that ketamine
has relatively modest effects on heart rate, followed by ketofol, propofol, and WB3, the
latter causing the most acute decline in cardiac activity. Free-swimming behavioral assays
showed that higher concentrations of propofol and WB3 significantly perturb locomotor
behavior, whereas ketamine-treated larvae displayed partial recovery. WB3 was associated
with slow and ineffective anesthesia recovery and increased mortality at higher doses, sug-
gesting limited anesthetic potential for the compound. Light-sheet imaging analyses iden-
tified strong locus coeruleus suppression to be associated with deep anesthesia and lack of
recovery. We also identified sensory and motor nuclei in which increased activity is asso-
ciated with locomotor restoration after anesthesia. The findings of this thesis establish a
framework for comparing anesthetic efficacy and deciphering the mechanisms of anesthesia
in larval zebrafish.
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Introduction

The development of anesthesia has been a pivotal milestone in the history of humankind.
The advent of modern general anesthesia was a notable step in enabling physicians to per-
form invasive surgical procedures and minimize pain under adverse conditions. The first
modern instance of the use of general anesthesia in humans dates to 1846, when the first

surgical procedure with ether gas as general anesthesia was performed in Massachusetts



General Hospital (Robinson and Toledo, 2012). During the 1840s, a variety of gases in-
cluding diethyl ether, nitrous oxide, and chloroform were used as general anesthetics (Robin-
son and Toledo, 2012). Nevertheless, despite the significance of general anesthesia in ad-
vancing medicine, few major breakthroughs have occurred regarding the discovery and de-
velopment of new anesthetic compounds. Furthermore, the transition of many procedures
from a hospital-only setting to outpatient clinics where patients tend to be older and more
vulnerable represents a shift in medical practice that highlights the need for new and better
compounds (Chitilian et al., 2013).

More specifically, rapid onset of action and recovery, and minimal side effects such as
nausea, vomiting, psychosis, and pain are characteristics that would improve anesthetic use
(Chitilian et al., 2013).

In addition to having anesthetic properties, an ideal anesthetic compound should pre-
serve vital physiological functions and not cause acute changes in breathing and cardiac
function. Because many anesthetics depress the Central Nervous System (CNS), the brain-
stem circuits responsible for breathing and cardiac activity can also be disrupted. Suppres-
sion of heart activity and respiration during anesthesia can have drastic consequences such
as hypoxia and tissue death, and in severe cases, death. Thus, it is imperative to study the
effect of anesthetic compounds on physiological function. Maintaining stable heart and

respiratory function while achieving adequate sedation is the desired outcome.
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Compounds that bring about general anesthesia act primarily by modulating the CNS
to suppress neuronal activity and induce a reversible state of unconsciousness and analgesia,
which can be achieved through different chemical and biological pathways. These effects
are generally achieved by enhancing inhibitory transmission (e.g., via GABA, receptor po-
tentiation) or through silencing excitatory pathways (e.g., NMDA receptor antagonism)
(Son, 2010). -opioid receptors can also be modulated to produce an analgesic effect with-

out necessarily bringing about full unconsciousness (Garcia-Dominguez, 2025).

1.1 NEURAL CIRCUITRY OF GENERAL ANESTHESIA

Although anesthetic compounds have been used extensively for decades, their specific
mechanism in the brain remain unclear. Most of what is known about anesthetic activity
is limited to the receptor and neuronal level, but the interconnectedness of the brain means
that there are further large-scale effects that are poorly understood (Shin et al., 2022).

Anesthesia can generally be defined as a loss of consciousness and a state where the or-
ganism or individual is incapable of feeling pain. Generally, the activity in the brain is re-
duced during anesthesia. Stimulating the thalamus and locus coeruleus has been shown to
counteract the effects of anesthesia, reducing time required for emergence and increasing
arousal in mice (Ao et al., 2021). Similarly, in humans, thalamic lesions show that the tha-

lamus is crucial for consciousness (Cacciatore et al., 2025). Moreover, Reed and Plourde
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(2015) showed that anesthesia is associated with an attenuation of high-frequency elec-
troencephalogram (EEG) markers in the thalamus, localizing to some extent the areas af-

fected during general anesthesia.

1.2 ANESTHETIC COMPOUNDS UNDER INVESTIGATION

1.2.1 PROPOFOL

Propofol is a fast-acting intravenous anesthetic compound. It is widely used because of
its fast metabolism in the liver. It reduces blood flow to the brain and subsequently, cere-
bral metabolism and intracranial pressure. It results in less nausea and vomiting in patients
compared to other compounds, making it an appropriate compound for widespread clini-
cal use (Lundstrom et al., 2005). On a molecular level, it is believed to target GABA, recep-
tors to induce anesthesia (KE Brown et al., 2013). It induces a large CI™ current, bringing
about hyperpolarization (Bademosi et al., 2018). Propofol does not directly target nocicep-
tive pathways and does not have an analgesic effect; it induces a state of unconsciousness so
that the patient does not feel painful stimuli (Sahinovic et al., 2018). The reduced vascular
resistance from propofol is the effect of sympathetic nervous system depression and not a
direct consequence of propofol activity (Sahinovic et al., 2018).

Propofol-induced anesthesia has been associated with an increase in low-frequency (<1

Hz) signals and reduction of alpha (813 Hz) oscillations. Conversely, emergence from
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propofol-induced anesthesia has been shown to closely correlate with an increase in alpha
amplitudes at low-frequency oscillations (Purdon et al., 2013). On a system-wide level,
propofol impairs feedback from parietal signaling while forward connections are preserved.
In humans, propofol affects the Default Mode Network (DMN) involved in cognitive ac-
tivities. It is hypothesized that part of the anesthetic effects of propofol are brought about
by the inhibition of reticular arousal mechanisms in the brainstem (Guldenmund et al.,
2017).

In zebrafish, Du et al. (2025) found that propofol inhibits norepinephrine release from
individual locus coeruleus-norepinephrine (LC-NE) neurons, highlighting the role of the
locus coeruleus (LC) in general anesthesia. LC has previously been established to be closely
involved in modulating cognition and arousal, highlighting the potential role that this re-
gion would play in the mechanism of general anesthesia (Sara and Bouret, 2012).

However, despite its widespread use, propofol carries the risk of cardio-respiratory de-
pression. It is particularly risky in patients with epilepsy, where seizures have been reported
in the past (Lundstrom et al., 2005). This can pose a significant risk for vulnerable patient

populations and widespread propofol use.

1.2.2 KETAMINE

Ketamine is another commonly used anesthetic. Ketamine acts on nicotinic, muscarinic,
opioid, and NMDA receptors. Chemically, ketamine is a mixture of two isomers, R- and
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S-ketamine. The former is a strong NMDA pore blocker, although the majority of medi-
cally available ketamine is a mix of both isomers given the difficulty of separating the two
stereoisomers (Hashimoto, 2019). Ketamine prevents sensitization in the superficial dor-
sal horn by blocking sodium and potassium channels. Dorsal horn neurons in the laminae
I-1IT of the spinal cord play a vital role in pain sensitization and transmission, and they are
thus the primary pharmacological target of spinal anesthetic drugs (Schnoebel et al., 2005).

On a molecular level, at lower doses, ketamine preferentially binds to NMDA receptors
on GABAergic inhibitory interneurons, resulting in the diffusion of excitatory activity
throughout the cortex (Seamans, 2008). When administered in higher doses, ketamine
blocks NMDA receptors present on excitatory pyramidal neurons that exist throughout
the brain and the CNS (EN Brown et al., 2018). Moreover, ketamine also disrupts the
frontal to parietal lobe connectivity and interferes with frontal lobe connectivity to other
DMN locations. Cortico-cortical interactions are also reduced after ketamine administra-
tion, while thalamocortical connectivity is increased (Hoflich et al., 202.1).

Previous studies on the effects of ketamine on the zebrafish brain have shown suppressed
neural activity in early visual areas and hindbrain motor regions, which is consistent with
ketamine’s inhibitory effects on spontaneous movement and response to sensory stimuli
(Duque et al., 2025).

The mechanism of ketamine activity is different from most other anesthetic compounds
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because its depressive effects on the cardiac and respiratory systems are much less pro-
nounced (Mion and Villevieille, 2013). The hemodynamic effects of ketamine are mostly
indirect and are a consequence of sympathetic stimulation, resulting in increased heart rate.
However, the direct effects of ketamine on inotropy, the contractile strength of heart mus-
cles, are negative (Kongsayreepong et al., 1993). Given its cardiac profile, ketamine was
used in battlefield surgical procedures such as the Vietnam War and is used for those at the
risk of hypotension (Denomme, 2018).

Ketamine brings about a notably different form of anesthesia commonly referred to as
dissociative anesthesia, where sensory inputs might reach the cortex but are not consciously
perceived and processed (Mion and Villevieille, 2013). A major concern with the use of
ketamine as an anesthetic and analgesic is its potential to induce cognitive disturbances and
psychotic symptoms (Davis et al., 2021). Although it is a fast-acting compound, ketamine
is not widely used for general anesthesia in humans due to the possibility of hyperexcitation

in patients after recovery (Kohtala, 2021).

1.2.3 WB3

Although propofol is widely used in clinical settings and ketamine can be a potent tool
for emergency anesthesia administration, both compounds have significant limitations.
Propofol causes significant cardiac suppression while ketamine is associated with psychosis.
The drawbacks associated with commonly used anesthetics highlight the need to develop
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and evaluate new anesthetic compounds with enhanced characteristics.

A recently developed compound under investigation is WB3. WB3 is an SNC8o deriva-
tive. SNC8o, originally intended to be a nonaddictive pain control agent, is a synthetic
compound known for its high selectivity as an agonist of the d-opioid receptor (Sperry et al.,
2024). SNC8o was found to have a reversible but fast effect on biochemical activity, induc-
ing anesthesia and analgesia, while preserving tissue viability (Sperry et al., 2024). Although
useful for pain management and the targeting of mood disorders, clinical applications of
SNC8o have been limited due to adverse side effects, namely convulsions at higher doses
(Danielsson et al., 2006). Efforts have been made to isolate the antidepressant and analgesic
effects of SNC8o from its convulsive effects. Jutkiewicz et al. (2005) found that slowing
the rate of administration could preserve the antidepressant effects without causing convul-
sions. Such findings increase the potential for the use of SNC8o0 and its analogs for their
other pharmacological properties.

Metcalf et al. (2012) investigated the antinociceptive effects of various SNC8o doses in
wildtype and 9-KO mice to test SNC80’s potential as a d-opioid receptor agonist. -KO
mice lack the gene encoding the d-opioid receptor, allowing for the analgesic properties
of SNIC8o to be studied. Metcalf et al. (2012) found that 9-KO mice exhibited lower anti-
nociceptive responses when administered SNC8o, but the effects were nonetheless present.

This raises the question of whether modifying SNC8o to have a lower affinity for certain
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receptor types can preserve its analgesic properties while reducing the risk of convulsions
and dependence.

WB3 is structurally modified to have lower afhinity for the d-opioid receptor, but can
still induce an anesthetic state. More specifically, WB3 lacks the distal basic nitrogen (N-
ally group) that SNC8o has, which has been hypothesized to be a critical d-opioid receptor
pharmacophore. Chemically, at physiological pH, this nitrogen carries a positive charge
which allows it to form a salt bridge with a conserved aspartate residue in the binding pocket.
Loss of this nitrogen therefore would reduce binding afhinity. Experimental results in tad-
poles have shown that WB3 has less d-opioid receptor activity than SNC8o by a magnitude
of almost 1,000 (Sperry et al., 2024). Figure 1.1 by Sperry et al. (2024) shows the molecular

structures of SNC8o and WB3; the latter lacks the N-allyl piperazine moiety.

.

| N
(S)
| « o
Target WB1 Target WB3

(SNC80)

Figure 1.1: An overview of the structure of WB3 vs SNC8o, adapted from Sperry et al. (2024)
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1.2.4 KETOFoOL

Recent anesthesia research has explored the potential of using ketofol, a combination of
both ketamine and propofol (Zaki et al., 2022). This is driven by the idea that using both
compounds in conjunction could mitigate the adverse side effects associated with the high-
dose single-compound administration of each anesthetic. Nevertheless, to our knowledge,
other than studies in clinical settings, no behavioral or physiological quantification of keto-

fol response has been done in a controlled laboratory setting with model organisms.

1.3 ZEBRAFISH AS A MODEL ORGANISM

Zebrafish, formally known as Danio rerio, can be used as a model to study the effects of
novel anesthetic compounds. Zebrafish are vertebrates and are similar to humans in many
aspects. Approximately 70% of human genes have one or more zebrafish orthologs. 47% of
the orthologous genes have a one-to-one human-to-zebrafish mapping (Howe et al., 2013).
Moreover, the number of protein-coding genes among zebrafish and mammals, including
humans, is similar (Howe et al., 2013). Specifically, ion channel structure, neurotransmit-
ters, and receptors share notable similarities in humans and zebrafish (Renier et al., 2007).
These proteins are known to be involved in the organism’s response to and recovery from
anesthetic compounds (Forman and Miller, 2016). Notably, zebrafish express GABA4 re-

ceptor subunits, NMDA receptor subunits, and opioid receptors, all of which are highly
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conserved in mammals and are the primary targets of propofol, ketamine, and WB3, respec-

tively (Forman and Miller, 2016; Howe et al., 2013).

a Mouse Chicken

Zebrafish

Figure 1.2: The number of orthologue genes shared between zebrafish, chicken, mouse, and human; adapted
from Howe et al. (2013)

Moreover, a study of the endogenous opioid system in zebrafish revealed that this system
is not significantly physiologically or structurally different from the mammalian system (De
Velasco et al., 2009), underscoring the value of zebrafish as a model organism for investigat-
ing signaling pathways underlying pain management and anesthesia.

Furthermore, zebrafish larvae can breathe as oxygen diffuses through their skin (Kim-
mer et al., 2024), which allows anesthetics to be administered more easily by exposing
the larvae to the treated solution. In addition, homozygous zacre mutant zebrafish lack

melanophores and are optically transparent (Lister et al., 1999), allowing for heart and
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brain imaging. Whole-brain imaging with transgenic zebrafish expressing calcium reporters
can show levels of activity in most neurons of the brain (Ahrens et al., 2013). C2*" is used
as a proxy for neuronal activity. GCaMP7 is one of the genetically encoded calcium in-
dicators used to measure neuronal activity, increasing in fluorescence as Ca*t levels rise
(Danaetal., 2019). At days post fertilization (dpf), zebrafish larvae are ~5 mm in length
(O’Neale et al., 2014), facilitating embedding and imaging. Thus, given their transparency,
zebrafish are unique as a model organism for studying the neural and physiological effects

of compounds in vivo, especially at the whole-brain level.

Figure 1.3: Image of wildtype (A) and homozygous nacre (B) zebrafish; adapted from Engeszer et al. (2004)

1.4 ZEBRAFISH BEHAVIOR

Zebrafish swimming behavior is highly reliable and reproducible across different indi-

viduals. Zebrafish swimming is characterized by saccade-like tail bouts that propel the fish
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forward and continuous gliding at a low speed (Mwafto et al., 2017). The simple movement
patterns of zebrafish larvae enable us to study motor control (Palmér et al., 2017) in the
context of anesthesia.

One particularly useful behavioral assay to understand consciousness is the optomotor
response (OMR), in which zebrafish instinctively swim in the direction of moving visual
stimuli. This reflexive behavior is present in different species and helps the animal stabilize
itself with respect to the direction of the movement of the visual field (Tanaka et al., 202.3).

OMR requires intact sensory-motor integration, and its attenuation under anesthesia
and exposure to anesthetic compounds provides a useful metric to assess CNS depression.
Therefore, we can measure changes in optomotor behavior to assess the effects of anesthetic
compounds. OMR depends on visual processing, sensorimotor integration, and coordi-
nated motor output, all of which can provide a quantifiable readout of the nervous sys-
tem’s response to anesthesia. The re-emergence of robust sensorimotor integration can

serve as a proxy of the recovery of consciousness.

1.5 RESEARCH QUESTION

This thesis focuses on studying the anesthetic properties and mechanism of action of
propofol, ketamine, WB3, and ketofol. More specifically, we aimed to investigate brain-

wide responses and recovery while monitoring heart function and behavior. To accomplish
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these aims, we 1) performed free-swimming locomotor assays to characterize zebrafish loco-
motor and optomotor responses to anesthetic compounds; 2) used free-swimming assays
to quantify changes in zebrafish inter-individual distance and speed following recovery
from anesthesia; 3) performed heart rate assays to evaluate the effects of these compounds
on cardiac activity and physiological stability; and 4) used whole-brain calcium imaging to
identify the brain regions and neural circuits involved in anesthesia induction and recov-
ery. These behavioral, physiological, and neural responses were quantified with automated
analysis pipelines to visualize changes across experimental conditions and compare different

compounds.

Research Question:

What are the zebrafish dose-dependent behavioral, physiological, and neuronal re-
sponses to commonly used and novel anesthetic compounds (ketamine, propofol,

WB3, and ketofol)?
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Materials and Methods

2.1 BREEDING AND EMBRYO COLLECTION

All free-swimming and head-fixed experiments used zebrafish from the Danio rerio
species. All of the fish used for the experiments were homozygous for the zacre mutant,
lacking melanophores. This mutant was chosen to allow for recording the heart rate of

the organism during the head-fixed experiments using infrared cameras. Breeding was per-
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formed in compliance with the standard breeding procedures approved by the IACUC. 8-
1o adult zebrafish were placed in overnight breeding tanks and the embryos were collected

the following day. The embryos were raised until they were used for experiments at 6 to 8

dpf.

2.2  EXPERIMENTS

2.2.1 FREE-SWIMMING

Two sets of free-swimming experiments were conducted, with and without visual stim-
uli. The dishes were round to avoid Snell’s window, a refraction phenomenon in which an
underwater observer perceives the above-water environment via a circular viewing cone of
approximately 96°. Figure 2.1 demonstrates how the visual field of a fish is distorted due to
the refraction of light at the water surface boundary, causing external stimuli to appear cir-
cular. Using circular dishes with angled walls reduced the refraction effects and minimized

visual distortions.
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Figure 2.1: Schematic of Snell’s window, adapted from Lynch (2015)

Moreover, clear petri dishes were not used for the experiments because the fish would be
drawn to the corners of the dish upon seeing their own reflection, resulting in an inaccurate
representation of their social behavior and increased tracking difficulty due to the sharp go°

angle at the edges of the petri dish.

2.2.1.1 INDIVIDUAL FREE-SWIMMING

The first set of free-swimming experiments involved placing one 6-8 dpf fishin a 4.5
cm sandblasted dish. Each fish was tracked by a respective camera and shown a random as-
signment of one of three visual stimuli. The trials had either a stimulus with right-moving
sine gratings relative to the fish, a stimulus with left-moving sine gratings relative to the fish,
or no stimulus. This was intended to measure zebrafish visual responsiveness. The dishes

were first filled with s mL of filtered fish water. A baseline swimming of fifteen minutes
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was recorded to establish fish behavior in normal conditions. Then, the filtered fish water
was removed and each fish was placed in a 5 mL solution of the respective anesthetic con-
centration. A treatment recording of 6o minutes was completed. After 6o minutes, the fish
were washed out 3 times using filtered fish water and placed in § mL of filtered fish water.
Recovery recording duration ranged from 120 minutes (ketamine) to 180 minutes (WB3)

due to the different nature and recovery rates of each compound.

2.2.1.2 SOCIAL FREE-SWIMMING

For the second set of free-swimming experiments, we wanted to examine the social be-
havior of zebrafish larvae post-exposure to the anesthetic compounds. 4—7 fish were placed
in the same sandblasted dishes for the baseline, treatment, and recovery recordings. They
were not shown a visual stimulus for this set of experiments since the primary aim was to
examine spontaneous swimming behavior. The fish were similarly washed 3x after a treat-
ment period that ranged from 6o minutes to 180 minutes, depending on the nature of the

compound and the strength of the concentration being tested.

2.2.2 HEeAD-F1xep

The homozygous nacre fish were head-embedded in 2% agarose made with filtered fish
water. The tail of the fish were freed to study their movement and mimic a more natural

physiological response. The head-embedded setup consisted of four infrared cameras each
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simultaneously tracking four head-embedded fish at 200 frames per second. Projectors were
used to project closed-loop grating visual stimuli from the bottom. A 4x objective was used

to get a higher resolution of the fish for the heart rate tracking.
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Figure 2.2: Behavioral assays and representative locomotor trajectories (A) Individual free-swimming set-up

(B) Head-embedded tail-free fish (C) Free-swim setup (D) Example trajectories (top to bott
treatment, recovery)
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2.2.3 LIGHT-SHEET IMAGING

Light-sheet fluorescence microscopy was used to assess brain-wide activity in larval ze-
brafish before, during, and after exposure to propofol. 7 dpf Tg(elav3:H2B-GCaMP7f) lar-
vae were used for both sets of experiments and were immobilized by embedding in agarose
to minimize motion artifacts and allow for accurate imaging. Propofol was perfused during
in vivo imaging for more controlled solution delivery and washout. Whole-brain volumet-

ric images were acquired by scanning z-planes across the plane.

2.2.4 OPTOMOTOR RESPONSE

To assess the fish optomotor response in free-swimming fish, trials were done under
three stimulus conditions: right-moving sine gratings, left-moving sine gratings, and no
visual stimulus. Optomotor response and sensorimotor integration would be required for
the fish to have turning angles in the direction of the moving stimulus, thus serving as a
behavioral metric for anesthesia recovery. Turn angles were calculated by subtracting the
heading angle of the fish at the end of a recorded bout time stamp from the heading angle
at the beginning of the recorded bout. This gave us a measure of the turn angle distribution

of the fish to be examined for each stimulus and compound.
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2.3 COMPOUND SOURCES

Table 2.1 summarizes the compounds and concentrations that were tested for each exper-

imental set-up. The solutions were all diluted with filtered fish water.

Compound Source

Ketamine Ketamine hydrochloride, from Patterson Veterinary, Cat#07-
803-6637

Propofol 2, 6-Diisopropylphenol, %97 purity, from Sigma-Aldrich,
Cat#D126608

WB3 Supplied by collaborators in the Wyss Institute

Table 2.1: Compounds used and their respective sources

Propofol is hydrophobic and lipophilic, requiring an organic solvent. Propofol was pre-
pared in the laboratory by diluting 3.6 ¢L propofol in 1 mL of dimethyl sulfoxide (DMSO)
to make a 20mM propofol stock solution. The resulting propofol solution was diluted

with filtered fish water, as with other compounds, to reach the desired concentration.

2.4 DATA AND ANALYSIS

2.4.1 INDIVIDUAL FREE-SWIMMING ANALYSES

The individual free-swimming setup simultaneously recorded and tracked the swimming
fish. An algorithm developed and published by Bahl and Engert (2020) used background
subtraction to detect the movement of the fish within the petri dish and record bout and
stimulus information. The recordings were then analyzed in Python. To ensure the accu-
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racy of the aggregate analysis for each concentration, individual fish bout rates were ana-
lyzed to determine if the fish was tracked or not. Fish that were not properly tracked were

excluded from the final analysis.

2.4.2  SOCIAL FREE-SWIMMING BEHAVIOR ANALYSES

The social free-swimming experiment raw videos were pre-processed using Fiji Image]
to perform a manual background subtraction with a rolling parameter of s pixels and dis-
abled smoothing and background options. This was done for videos where initial tracking
was not able to detect all fish. The videos were analyzed using idtrackerai, a deep-learning
algorithm developed by Heras et al. (2019) for tracking the movement of freely moving
animals. Figure 2.3a shows an example of fish tracked with idtrackerai. idtrackerai uses con-
volutional neural networks to identify and track individual fish in the recordings. The algo-
rithm then generates training data from each video and creates individual identities for each
tracked animal to ensure consistency across the recordings. During training, the program
reports two quality-control metrics of positive pairs and negative pairs. The positive pairs
metric quantifies the percentage of image pairs belonging to the same individual fish that
were incorrectly classified as different identities, showing within-identity fragmentation.
The negative pairs metric quantifies the percentage of image pairs belonging to different
fish that were classified as the same fish. Because we could not establish pairing between in-
dividual fish from the baseline recording to the recovery recording, we did not use a paired
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t-test. Instead, we used a Welch’s t-test, which does not assume equal variances and is an
independent two-sample t-test.

The results were analyzed in Python with custom code and using the trajectorytools
package, also developed by the authors (Heras et al., 2019).

To ensure comparability between baseline and recovery social behavior, and that any ob-
served differences could be attributed to altered movement patterns and potential social
modulation rather than residual anesthetic effects on reduced locomotion, analyses were
restricted to recovery frames that occurred after the mean movement speed had returned to
80% of the respective baseline speed. Figure 2.3b shows a schematic of the movement recov-
ery timeline and how the active frames are detected once the speed is at 80% of the baseline
threshold speed. Given the variability of baseline recordings and differences in movement
patterns across fish from different batches of crosses, each recovery video was compared to
the corresponding baseline video with the same group of fish.

To understand changes in the social behavior of zebrafish, we looked at inter-individual
distance (IID) between the fish before and after anesthesia exposure.

For IID, in lieu of comparing the raw distance between individual fish during the base-
line and recovery recordings, which are greatly influenced by speed and group density, we
adopted a shuffled-baseline approach to isolate non-random changes that would be pro-

duced by the treatment. The shuffled IID distribution was calculated by computing a
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probability density function (PDF) of the expected distance between fish as predicted by
random chance, determined using the number of fish in the dish and the overall speed. The
distances were reported in body lengths (BL), which were set to 100 pixels as a constant as-
sumption for all recordings. We then calculated the AIID, defined as the difference between
the observed IID and the shuffled distance. This metric shows whether the fish are closer or
farther away than what we would expect to see under random motion. Figure 2.3¢ shows a

schematic of the inter-individual distance PDF and the calculations.

2.4.3 HEART RATE ANALYSES

For the head-embedded experiments, the heart rate was tracked using a Python algo-
rithm developed by Kristian Herrera in the Engert laboratory. The results were then ana-
lyzed using custom code in Python. The system recorded the heartbeats using a background-
subtraction approach. The focal position of interest was chosen before starting the exper-
iment and set to the location with the greatest contrast in intensity as the heart pumped
blood. We developed a peak-detection approach to detect the peaks within the recorded
signal and extract the heartbeat frequency across each stage.

Figure 2.3d is a schematic representation of heart rate peak detection. To pre-process
the data, a third-order Butterworth bandpass filter was used to remove high-frequency
noise >8 Hz and low-frequency drift <o.5 Hz. Peak detection was then performed using
the find_peaks function in the scipy package. The height threshold was set to the 8oth
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percentile of the signal amplitude to ensure the detection of true heart beats. Also, a mini-
mum inter-peak distance of 0.2 seconds was determined. This corresponds to a maximum
heart rate of ~300 beats per minute, which is consistent with the upper end of zebrafish
heart rate reported by existing literature, ensuring that noise is not captured. Lastly, peak
prominence was calculated for each trial as the product of a scaling factor of 0.7 and the ro-
bust standard deviation of the filtered signal. This ensures that the peaks stand out relative
to local variability. These three parameters were optimized iteratively and by visual confir-
mation of recording intervals to verify that as many peaks as possible were detected without

capturing noise.
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2.4.4 WHOLE-BRAIN IMAGING ANALYSES

To quantify the fluorescence changes in response to anesthetic administration, we com-
puted AF/Fy for the period before and during the administration of the compound, and
during baseline and after emergence. Every frame corresponds to one second. Baseline flu-
orescence (£) was defined as the average signal across the first soo frames of the record-
ing, after which the propofol was administered and washed out at frame 1500. To mea-
sure brain activity after propofol was administered, we defined the (£) as frames 750-1250
since it takes time for the propofol perfusion to be completed and replace the fish’s cham-
ber water with the propofol-treated water. AF/F, was calculated as (F — F,)/(Fy). This
is a normalized measure of change in fluorescence compared to the baseline window. Posi-
tive AF/F, values indicated increased activity during treatment compared to baseline, and

negative values reflect decreased activity.
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Results

3.1 FREE-SWIMMING LOCOMOTOR ASSAYS

We performed individual fish free swimming locomotor assays to measure anesthesia in-
duction and recovery. These results show zebrafish locomotor and optomotor responses to
anesthetics. Figure 3.1 shows the baseline normalized bout rate for all fish aggregated. The

gaps between the phases in the plots are deliberate to highlight the discontinuous nature
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of the recordings brought about by the need to replace the filtered fish water with the anes-
thetic solution and the 3x washout for treatment and recovery phases, respectively. While
the swim bouts recorded during the treatment phase are partially due to the slower onset of
anesthesia and any fish that may not have responded to the treatment, there is some noise
associated with the recording. As seen in panel A, lower doses of ketamine have slower
anesthesia onset, while higher doses display a faster loss of movement. By the end of the
recovery period, all of the four tested concentrations have recovered to more than half of
the normalized baseline bout rate. Panel B shows that fish treated with 15 «M propofol
have higher normalized recovery bout rates compared to fish treated with 30 uM propo-
fol throughout the recovery period. Panel C shows that the onset of anesthesia for WB3
100 M is extremely rapid, such that there is almost no movement tracked after the fish are
transferred to the anesthetic solution and the recording starts. Recovery, however, is much
slower for both doses. Fish treated with 8o M and 100 uM WB3 solutions are at a similar

level of locomotor recovery after the conclusion of the two hour recovery period.
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3.1.1 OPTOMOTOR RESPONSE

Figure 3.2 shows the turn angle distributions for the individual free swimming zebrafish
before and after anesthetic exposure when shown stimuli with right and left-moving sine
gratings. Panels A and C show the recovery turning angle distributions for right and left-
moving sine gratings for each concentration, respectively. The averaged baseline turn angle
distribution across all experiments is shown with the dashed line. Panels B and D show the
difference between the recovery and baseline turn angle distributions for every baseline-
recovery pair of recordings for each fish, averaged across the tested concentration. Fish
treated with ketamine have similar recovery and baseline turn angle distributions for both
right and left-moving gratings. However, at roo ug/mL ketamine, the fish did not turn as
much compared to the other concentrations. Across all four concentrations of ketamine
tested, turn angles corresponding to both right and left-moving grating stimuli show re-
duced directional sensitivity, with a higher density around a o¢ turn angle.

For fish treated with propofol, recovery distributions are also similar to those of base-
line. At the lower tested dose of 15 #M, recovery density distributions appear similar to the
baseline curves. For the higher tested dose of 30 M, the recovery turn angle distribution
curves are more centered around o9, indicating that the fish swim in straighter trajectories
and make fewer turns.

At both WB3 concentrations tested (8o ug/mL and 100 ug/mL), turn angle distribu-
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tions are similar between baseline and recovery. However, for both concentrations and
both stimulus directions, the recovery distribution curves appear less uniformly distributed
when compared to the globally averaged baseline, with the recovery curve at some points
falling below the baseline curve. However, in panels C and D that show the A density, the
values near o appear positive. This is explained by the fact that for the A density calcula-
tions, we used each fish’s individual baseline and recovery, so a lower baseline for WB3 can

explain this observation.
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3.2 FREE-SWIMMING SocIAL BEHAVIOR

Figure 3.3 shows the difference between the observed and shuffled distances of fish for
each concentration before and after anesthesia administration. The same batch of fish
was used for each set of experiments to ensure consistency across the fish. The distance is
measured in body lengths (BL), which were normalized to be 100 pixels. This is an average
value and was set to facilitate the interpretation of results instead of reporting the observed
distance in pixels; the comparisons are relative and the precise number assumed for the BL
is arbitrary.

The results show that at ketamine 150 zg/mL, ketamine 200 ug/mL, and ketamine 250
ug/mL, there is a statistically significant decrease in the AIID. There is no directional differ-
ence associated with the strength of the administered ketamine dose and the recovery inter-
individual distance dynamics. Moreover, fish treated with ketofol (ketamine 25 #g/mL and
3 uM propofol) and fish treated with so xM WB3 also show a decrease in the AIID after
recovery. However, for propofol 30 uM, no significant reduction in this difference is ob-
served.

Figure 3.4 shows the change in mean swimming speed, measured in BL per second (100
pixels per second) during baseline and recovery. There is no statistically significant change
in the mean swimming speed except in fish treated with 200 ug/mL ketamine, although the

variance is higher during recovery for fish across all anesthetics.
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Figure 3.3: Change in inter-individual distance relative to a shuffled control (observed — shuffled), expressed
in body lengths (BL). Bars show group means with error bars; points show individual fish.

44



o
~
5]

=
u
o

=
N
v

N
°
=)

5.0

25

Mean Swimming Speed [BL/s]

0.0

Swimming Speed: Baseline vs Recovery

Body length manually set to 100 pr

[ Baseline distribution
71 Recovery distribution

n=24 n=15 n=13 n=14 n=13 n=21 n=21 n=10 n=10
v v N2 A N
o N & N N & &
o S O ) O > S
<) o¥ o¥ o¥ o¥ S >
® > ~? 03 P & &
<& <& <@ <& &K &K
3 5 5 5 o d
& & & & N
& ¥ & ¥ O
“
Z’L
X
\)
z@&
¥
<&
5O
&
Concentration

Figure 3.4: Mean swimming speed (BL/s) comparing baseline and recovery periods across concentrations.
Bars show group means with error bars; points show individual fish.

45



3.3 HEART RATE RECORDINGS

To understand anesthetic effects on heart rate, we performed head-embedded experi-
ments, recording the heart rate of zebrafish before, during, and after treatment. Zebrafish
were embedded in agarose and their tails were freed to allow for spontaneous swim bouts.
After a baseline recording, the filtered fish water in the petri dish was replaced with s mL of
the anesthetic compound diluted with filtered fish water.

As seen in panel A of figure 3.5, ketamine exhibits the lowest variability in heart rate
suppression, with all three tested doses producing little to change compared to baseline. At
the intermediate dose of ketamine tested (200 #g/mL), there is a clear but transient dip in
the heart rate at the beginning of recovery before convergence.

Panel B of figure 3.5 shows the heart rate changes in response to the five tested doses of
propofol. Atlower concentrations of 6, 10, and 15 #M, the effect on heart rate is modest
and some recovery is observed. At higher doses of 30 uM and so ©OM, there is a sharp de-
cline in the heart rate and no recovery is observed by the end of the recovery period.

Panel C of figure 3.5 shows the heart rate response to two doses of WB3. At 40 uM,
the heart rate is relatively stable followed by a quick drop; 2 out of n = 4 fish were visibly
dead at the end of the treatment period. At 8o M, heart rate drops steadily throughout
the treatment, and 3 out of n = 4 fish were visibly dead at the end of the treatment period.

Thus, no recovery period is included for the WB3 heart rate recordings since the experi-
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ments were stopped.
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3.4 WHOLE-BRAIN LIGHT-SHEET IMAGING

Figure 3.6 and figure 3.7 show the population-wide calcium activity and the tail vigor
before, during, and after the administration of 6 uM propofol for the fish that did and did
not recover, respectively. The heatmap compares neuronal activity across the brain during
treatment to baseline activity as measured by Ca*" levels. The heatmap shows the values of
AF/f, which is the baseline normalized fluorescence. A value of zero means that the mean
fluorescence level is at the baseline level, while a value of 1 means that the activity increased
by 100% (2x activity), and a value of 2 means that the activity increased by 200% (3x activ-
ity). When propofol is perfused and administered, there is a reduction in activity charac-
terized by the vertical bands of activity, as indicated by AF/fvalues decreasing. Once the
propofol is washed out, the fish that recovers shows a gradual return of activity patterns,
while activity remains suppressed for the fish that did not recover.

During baseline, prior to treatment with propofol, there are bursts of tail movement
which stop after propofol is administered and the fish is anesthetized. In figure 3.6, the tail
vigor recovery is associated with an increase in the calcium activity across the brain, show-
ing recovery.

For the fish that did not recover, as seen in figure 3.7, there is a change in the band of
activity at approximately 3950 seconds, where there is a decline in calcium levels. Right

before this decline there is an increase in cellular activity, as shown by the red banding pat-
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terns.

Brain region activity and tail vigor — Propofol 6 uM, Recovered fish
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Figure 3.6: Calcium activity during 6 uM propofol treatment and washout in recovered fish. Light-sheet
imaging experiments were performed by Marc Duque.

20



Brain region activity and tail vigor — Propofol 6 uM, non-recovered fish
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Figure 3.7: Calcium activity during 6 uM propofol treatment and washout in non-recovered fish. Light-
sheet imaging experiments were performed by Marc Duque.
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Figure 3.8 shows the mean fluorescence traces associated with the LC for the recovered
and non-recovered fish. For both fish, there is a decline in LC activity during anesthesia,
while the decline is much more pronounced for the fish that did not recover. LC activity is
restored after physical recovery and peaks immediately as the fish starts swimming again.
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Figure 3.8: Locus coeruleus activity for recovered (top) and non-recovered (bottom) fish. Light-sheet imag-
ing experiments were performed by Marc Duque.

Figure 3.9 shows the regions that had a significantly higher mean fluorescence during the
physical recovery period (once the fish started swimming and tail vigor was restored) com-
pared to baseline. A paired t-test was used to compare the activity of individual cells during
baseline and after physical recovery. Figure 3.10 shows the traces of the mean fluorescence
of these regions over time. The log, FC values correspond to the log-base-2 fold change in
fluorescence after emergence compared to baseline. A log, FC value of 1 means that the
region is 2x more active compared to baseline. The Retinal Arborization Field s, interpe-
duncular nucleus, diffuse nucleus of the intermediate hypothalamus, raphe—superior, torus
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semicircularis, and preglomerular complex showed the highest levels of significantly ele-
vated activity. We only included regions with more than 20 cells registered. Not all regions

are visibly discernible in the annotation due to differences in size and overlap.

Regions with significantly elevated activity
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B Interpeduncular Nucleus
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B Preg Complex [approxi area)
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Figure 3.9: Anatomical annotation of regions with elevated activity after emergence for recovered fish. Light-
sheet imaging experiments were performed by Marc Duque.
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Traces of significantly elevated regions during recovery
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Figure 3.10: Traces of regions with elevated activity after emergence from 6uM propofol anesthesia com-
pared to baseline for recovered fish. Light-sheet imaging experiments were performed by Marc Duque.
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Discussion

Through the sets of experiments conducted as part of this thesis, we show the behavioral,
physiological, and neural effects of commonly used and novel anesthetic compounds. This
thesis presents the first analysis of the newly developed SNC8o derivative compound WB3
and investigates its potential as an anesthetic compound. We also present results on dose-

dependent cardiac and behavioral responses to ketamine, propofol, and ketofol, a mixture
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of both compounds.

4.1  KETAMINE

As seen in panel A of figure 3.1, the effects of ketamine on swim bout rates, normalized
to baseline, are consistent with the known rapid onset of ketamine-induced anesthesia. Re-
covery is also rapid; once the recovery recording is started promptly after washing the fish
and transferring them to clean filtered fish water, some movement is observed.

Figure 3.2 shows that across all four tested ketamine concentrations, recovery turn angle
distributions are moderately comparable to that of baseline, meaning that OMR response
was restored to some degree. Compared to the averaged baseline turn angle distributions,
ketamine-treated fish have higher density around o°, showing overall reduced turn angle
sensitivity and a higher propensity to swim forward even when presented with right or left-
moving stimuli. Fish treated with roo ug/mL ketamine display reduced bias toward the
grating direction, swimming forward more and making fewer turns. This effect is compar-
atively higher than the optomotor distortion in fish treated with 5o zg/mL but lower than
that of 150 #g/mL and 200 ug/mL treated fish, indicating that perhaps part of the observed
effects could be explained by experimental conditions and imperfect tracking since no clear
directionality can be established.

Our findings regarding the change in the AIID presented in figure 3.3 in spontaneously
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free-swimming zebrafish without visual stimuli reveal that ketamine can result in decreased
AIID in treated fish. For three of the four tested doses, the fish were closer to each other
than predicted by random chance. Looking at the changes in the mean swimming speed for
fish before and after treatment with anesthetics, there are no statistically significant changes
except for fish treated with 200 xg/mL ketamine, which show an increase in speed during
recovery. This indicates that speed remains largely stable from baseline to recovery once
80% of movement has been restored.

Zakhary et al. (2011) examined the effects of sub-anesthetic ketamine on zebrafish behav-
ior. They found that treated zebrafish display rotational behavior, hyperactively swimming
in circular patterns, while control zebrafish did not display any circling behavior. This cir-
cular motion could result in lower inter-individual distance, which would be consistent
with our findings regarding patterns of AIID in recovery for ketamine-treated zebrafish.

Zakhary et al. (2011)’s findings have other implications for analyzing the observed AIID
patterns as well. It is possible that altered locomotor activity is indirectly reducing spacing
between fish. If ketamine causes circular patterns of swimming in fish, then it could be the
case that the fish become spatially clustered without any specific increase in social affinity.
This can also explain the trend that the average speed does not change from baseline to re-
covery while the AIID is reduced.

Overall, although the AIID is referenced as a measure of social spacing, it is capturing
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the differences in the inter-fish distances from a null where neighbor trajectories are ran-
domized. Thus, changes in motor activity could also explain the observed patterns with-
out changes in social behavior. Further inquiry is required to determine the social conse-
quences of ketamine exposure. It would be particularly useful to test older fish since they
are known to be more social and display more shoaling behavior (Buske and Gerlai, 2011).
Ketamine did not result in significant cardiac suppression in any of the doses tested as
part of this thesis. Guo et al. (201 5) also found that ketamine results in a moderate decrease
in the heart rate of treated Xenopus larvae. Our results show a slight downwards trend asso-
ciated with ketamine administration, and the recovery heart rate is comparable to baseline,

underscoring ketamine’s strength as a compound in preserving cardiac function.
g g p p g

4.2 ProroroOL

The results of free-swimming behavior assays shown in panel B of figure 3.1 show that
propofol causes very rapid locomotor sedation but slower recovery at both 15 and 30 uM.
Compared to ketamine, propofol induced a deeper and more prompt state of anesthesia,
and the bout rate returned gradually and not fully to baseline levels within the recording
window. The lipophilic nature of propofol (Baker et al., 2005) can explain the lasting anes-
thesia due to accumulation in the fat tissue.

As seen in figure 3.2, propofol treated fish display dose-dependent OMR disruption
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patterns. At the low propofol dose of 15 M, the fish show nearly complete recovery of
OMR, with turns in each direction being comparable to baseline. However, at 30 M, the
fish have less of a preference for the direction of the gratings and swim straight. This indi-
cates that higher propofol doses can reduce directional responsiveness, which is consistent
with previous observations regarding the longer recovery period associated with propofol-
induced anesthesia.

As shown in panel B of figure 3.5, propofol displays the most notable dose-dependent
cardiac suppression. At lower doses of 6, 10, and 15 zM, there is a downward trend asso-
ciated with propofol administration. However, the decline is much more notable for 30
and so uM doses. It must be noted that there is a slight time delay from administering the
anesthetic to restarting the recording, hence the discontinuous nature of the graphs and the
heart rate having already decreased once the treatment recording is started. At so zM, the
reduction in heart rate is most notable, and the cardiac activity does not recover by the end
of the 100 minute recording period. The comparatively more gradual heart rate decline for
fish treated with propofol so uM compared to lower concentrations could be explained by
the speed of starting the treatment recording. The final treatment heart rate and the recov-
ery heart rate are the lowest across all concentrations for the fish treated with so M propo-
fol. Across the different concentrations tested, the largest difference between the treatment

and recovery heart rates is between the lowest dose at 6 #M and the intermediate doses at
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1o and 15 #M. Fish treated with 6 M propofol show preserved heart rate during treatment,
whereas fish treated with 10 and 15 M propofol displayed a larger decline in heart rate
associated with treatment and slower incomplete recovery after washout. These results indi-
cate that the cardiac effects of propofol are non-linear and can increase with small increases
in dosage.

Propofol acts on the nervous system by activating aminobutyric acid receptors, resulting
in CNS depression (Kotani et al., 2008), which can explain the sudden drop in cardiac ac-
tivity. Moreover, propofol is known to cause bradycardia in human patients. The results
presented in this thesis are consistent with findings in humans that propofol, especially at
high doses, can result in extreme cardiovascular suppression. In humans, such bradycardia
is more likely to occur with propofol compared to other anesthetic compounds (Tramer

et al., 1997), highlighting one of the clear limitations associated with this compound.

4.3 WB3

Our free-swimming stimulus-induced results in panel C of figure 3.1 show that in mod-
erate concentrations, WB3 results in lagged anesthesia induction, but the recovery is also
slow and movement does not return to the baseline levels at either tested dose of 8o and
100 M. The novel anesthetic WB3 shows the slowest locomotor dynamics. Induction is

comparatively delayed and recovery is also slow and incomplete.
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Even though WB3 is shown to have lasting locomotor effects in terms of normalized
to baseline bout rates, it brought about relatively small changes in OMR across both the
80 and roo pg/mL doses. As seen in figure 3.2, the recovered turn angle distributions are
less uniform than baseline. This shows that even though WB3-treated fish display OMR
activity and directional sensitivity comparable to baseline, the recovered fish may exhibit
subtle directional biases toward the direction of the moving gratings that were not initially
present. This could indicate that although not all fish recover or recover to the baseline
bout rate, the ones that do recover have preserved OMR.

The WB3 heart rate analyses performed as part of this experiment show that WB3, to
our knowledge, is not a viable and appropriate anesthetic compound due to its extreme car-
diovascular suppression which results in death in some cases. As seen in panel C of figure
3.5, there is a sudden and sharp drop by the end of the treatment period for both concen-
trations. Paired with the observed deaths, this indicates the possibility of acute toxicity or
decompensation rather than gradual death caused by sedation. WB3 was shown to cause
bradycardia in Xenopus, followed by weak and slow recovery. Sperry et al. (2024) speculate
that this could be brought about by the lipophilic nature of WB3 that results in higher re-
tention rates in the fat tissue.

As a novel analog of SNC8o that has a putative d-opioid receptor pharmacophore re-

moved, WB3 has an approximately 1000 times weaker d-opioid binding compared to SNC8o
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(Sperry et al., 2024). Sperry et al. (2024) also report thermal proteome profiling for Xenopus
tadpoles treated with SNC8o and identify non-opioid binding targets such as the Na** /Ca**
exchanger 1, (NCX1). They note that NCX1 has been identified in cardiac tissue, hypothe-
sizing that blocking Na** /Ca®" activity could interrupt calcium influx into the mitochon-
dria, slowing down ATP synthesis and thus interfering with cardiac activity. Ebert et al.
(2005) found that disrupted calcium extrusion caused by a mutation in the NCX1h gene in
the #7e mutant zebrafish causes lethal cardiac arrhythmia in zebrafish embryos. They specifi-
cally report arrhythmia in the atrium with the tre ventricle being nearly silent, which could
explain the sudden drop in the heart rate and cardiac collapse as observed in our results.
Thus, it WB3’s ion transport protein interactions are similar to those of SNC8o, which
could be reasonably assumed due to the non-opioid nature of these interactions and the
fact that the only structural difference between WB3 and SNC8o is the removal of the 0-
opioid pharmacore, then severe bradycardia, arrhythmia, and even abrupt cardiac failure
are possible. Nevertheless, this hypothesis is formulated on the basis of the assumption of
similar protein interactions and requires further investigation.

Therefore, although OMR is preserved after WB3 anesthesia, the high mortality and low

recovery rates suggest that it is not, to our knowledge, an effective anesthetic.
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4.4 KeToroL (KETAMINE + PROPOFOL)

In this thesis we present the first account, to our knowledge, of quantified behavioral
and physiological responses to ketofol in zebrafish.

As seen in figure 3.3, fish treated with the low dose of ketofol display a statistically sig-
nificant reduction in the AIID during recovery compared to baseline. Since fish treated
with the higher dose of propofol do not show this trend, this observation may be driven by
ketamine. However, there are several considerations to be taken into account. The tested
dose of ketofol is low, and not all of the treated fish were anesthetized. Of the fish that were
anesthetized, recovery was rapid due to the weakness of the administered solution, so the
increase in activity, although calculated once movement is at 80% of baseline activity, could
be explained by the fact that some fish were not anesthetized to begin with or experienced a
relatively mild anesthesia that resulted in different recovery dynamics.

Our ketofol results in figure 3.5 show that the treatment heart rate is comparable to
higher tested doses of ketamine and lower tested doses of propofol. During recovery, the
ketofol heart rate was comparable to that of fish treated with higher doses of ketamine.
This could be caused by the propofol. When comparing the tested dose of ketofol to propofol-
treated fish, we see that the effects of ketofol (25 ug/mL ketamine and 3 uM propofol) were
comparable to those of fish treated with 6 M propofol. Thus, ketofol might bring about

higher cardiac suppression than comparable single-dose treatments of ketamine.
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Furthermore, the fact that ketamine and propofol have different degradation pathways
support the potential use of both compounds in conjunction to ensure faster and more
consistent recovery. Ketamine is mainly degraded through hepatic metabolism via the cy-
tochrome P450 system. Ketamine is N-demethylated to norketamine, which still has anes-
thetic effects (Dinis-Oliveira, 2017). Propofol, on the other hand, in humans, is degraded
by conjugation to propofol glucuronide and hydroxylation to 4-hydroxypropofol, both of
which are water-soluble compounds (Dinis-Oliveira, 2018). The fact that these two path-
ways use different enzymes could in fewer residual compounds remaining, leading to faster
recovery and decomposition of the anesthetic.

Our results indicate the potential of using ketofol to moderate the effects of each com-
pound if used separately. By using the two compounds in conjunction, it may be possible
to avoid the negative side effects of higher doses of ketamine and propofol. It is imperative
to test higher doses of ketofol with different ketamine to propofol ratios to understand the

interactions of the two compounds at different doses.

4.5 CoMPARISON OF COMPOUNDS

Our results are consistent with existing literature regarding the fast and short-acting ef-
fects of ketamine and the longer-lasting effects of propofol. We did not find WB3 to be

as effective as the other two known compounds in bringing about anesthesia or regaining
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baseline activity. We also find that anesthetic exposure overall affects zebrafish optomotor
response during recovery. Under baseline conditions, the fish show a moderate directional
bias toward the direction of the movement of the gratings. After recovery, this directional-
ity is reduced, with the effects being more pronounced for propofol compared to others.

In relation to the observed trends regarding the decreased AIID, the stability in speed
indicates that the results are not necessarily merely the byproduct of increased locomotion
and faster swimming and could be indicative of changes to swim patterns or social affinity.
The significant increase detected only at the 200 ug/mL dose of ketamine must be inter-
preted conservatively since this effect is not present in higher or lower tested doses.

The baseline heart rates across all experiments are consistent with existing literature that
the embryonic heart rate for zebrafish is between 140-180 beats per minute, showing some
degree of variability (Sarmah and Marrs, 2016). The observed differences in baseline heart
rate can be attributed to variation in the batches of fish. We show that ketamine had the
least significant cardiac suppression, followed by propofol, and WB3, which resulted in

sudden cardiac collapse.

4.6 WHOLE-BRAIN IMAGING

Whole-brain calcium imaging of zebrafish treated with 6 M propofol provides valuable

insight into the brain-wide mechanism of action of anesthesia. We imaged one fish that did
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and one that did not physically recover from after treatment with a low dose of propofol,
allowing for a comparison between the two outcomes. As seen in figure 3.8, we found that
mean fluorescence associated with locus coeruleus (LC) activity declined during propo-
fol administration, which is consistent with the findings of Du et al. (2025), reporting a
decrease in C2*" levels in presynaptic varicosities in the locus coeruleus norepinephrine
(LC-NE) neurons. Due to imaging and alignment constraints, there are overall fewer cells
registered to the atlas for the recovered fish compared to the non-recovered fish. Nonethe-
less, the suppression in LC fluorescence is much more pronounced for the fish that did not
recover. This is consistent with the role of the LC in arousal. Given the fact that the LC is
phylogenetically conserved across vertebrates (Hao et al., 2025), our results provide insight
into potential anesthesia mechanisms of action and localized effects in humans.

Moreover, our results show that some regions have higher activity once the fish emerges
from anesthesia compared to baseline. The Retinal Arborization Field 5 (AFs) showed
the highest increase in activity after emergence, with mean fluorescence levels being 2.5x as
high. This region is a visual center involved in optomotor reflexes. AFs contributes to op-
tokonetic and optomotor response (Orger et al., 2000) and whole-field motion (Dowell et
al., 2025). This is consistent with the increase in AFs activity once the fish starts swimming
again in response to the visual stimulus. The interpeduncular nucleus (IPN) is located ven-

trally on the midline of the zebrafish brain, encoding directional turning rates (Dragomir
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et al., 2020). The mean fluorescence increases over time as the fish regains locomotor activ-
ity, indicating OMR restoration. The diffuse nucleus of intermediate hypothalamus is a
hypothalamic GAD1b cluster involved in sensorimotor modulation and response to visual
stimuli (Heap et al., 2018), which is restored as locomotor function is regained. The dorsal
raphe nucleus also showed increased activity. Yang et al. (2025) found that the dorsal raphe
nucleus in zebrafish is suppressed by propofol. They report that the optogenetic activation
of this region is associated with faster anesthesia recovery, while ablation of the DRN is as-
sociated with prolonged emergence in fish treated with 30 M propofol. The torus semicir-
cularis processes vibrational cues (Ydfiez et al., 2024). The increase in activity in this region
could be explained by the fish’s response to water perception and self-generated movement
as sensory feedback integration is restored upon anesthesia recovery. The preglomerular
complex is the main source of visual and mechano-vibrational information relayed to the
pallium (Trinh et al., 2025). It inputs sensory information to the dorsal telencephalon,
which Yamamoto and Ito (2008) compared to the dorsal thalamus in mammals, which
relays sensory information to the telencephalon. The regions that showed elevated activ-
ity during emergence from propofol highlight that there is an increase in activity in both
sensory and arousal-associated nuclei when physical activity is restored. We hypothesize
that the increase in activity compared to baseline can be explained by renewed sensory and

motor feedback and a rebound of arousal systems.
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Furthermore, we hypothesize that the sudden decrease in activity for the fish that did not
recover at around 3950 seconds to be the point of neuronal cell death. Dekker et al. (2025)
reported that the onset of neuronal death is followed by an increase in calcium levels, which
can be observed before the drop in fluorescence levels throughout the brain at this time

point.

4.7 SUMMARY OF CONTRIBUTIONS

This thesis offers an investigation into the behavioral, physiological, and neural response
of zebrafish larvae to known and newly developed anesthetic compounds. This work presents
the first experiments on the effects of ketofol, a mixture of ketamine and propofol, on ze-
brafish cardiac and locomotor activity. Our experiments are also the first experiments to
examine the anesthetic potency of the SNC8o derivative WB3 in zebrafish. The breadth
of the anesthetic concentrations tested allow for a comprehensive comparative framework
to understand anesthetic mechanism of action. Furthermore, free-swimming social experi-
ments delineate the potential effects of these compounds even after locomotor activity has
been restored, illustrating the need for further investigations to understand the longer-term
effects of anesthetic compounds on behavior. Lastly, the light-sheet imaging data compar-
ing whole-brain response are a step further toward understanding the specific brain regions

involved in anesthesia induction and recovery.
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4.8 LIMITATIONS

Although utmost care was devoted to the design and implementation of all experiments
and analyses, our results are not without limitations. For all of the experiments discussed,
the dosage that we could control was the nominal media concentrations and not the guar-
anteed tissue concentrations. Because zebrafish larvae have high skin permeability and can
breathe as oxygen diffuses through their skin, we can administer the compound by expos-
ing the larvae to a solution of the compound. However, internal tissue doses are largely
affected by physicochemical properties and uptake. Therefore, the conclusions drawn from
these results should primarily follow a comparative framework instead of a focus on the
nominal concentrations.

Furthermore, as previously discussed, the discontinuous nature of the graphs highlight
the time delay between stopping the recording for one phase of the experiment and start-
ing the following phase after changing the treatment water. Thus, it is inevitable that the
fish were exposed to and affected by the anesthetic or already recovered to some extent
prior to starting the recording. This can explain the sharp declines in activity for the treat-
ment phase of some concentrations and the existence of movement at the beginning of the
recorded recovery phase.

Moreover, in our heart rate assays, the zebrafish were head-embedded in 2% agarose in

filtered fish water solution. The head-embedded configuration of this experimental setup
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can delay the diffusion of the anesthetic compared to the free swimming experiments where
the animal models were directly and entirely exposed to the compound. Additionally, the
tail data recorded as part of the head-embedded experiments lacked the required accuracy

and spatial resolution to sufficiently quantify tail bouts and be used in analysis.

4.9 FUTURE DIRECTIONS

The results presented in this work show that WB3 is not a suitable anesthetic compound.
However, the concrete molecular pathways of WB3 action on cardiac activity remain un-
known. More specific cardiac analysis, as well as proteome profiling for WB3, could illus-
trate whether the hypothesized binding targets, such as NCX1, are affected by this com-
pound.

Furthermore, all of the experiments conducted and presented in this thesis focus on lar-
val zebrafish. Future research could explore other developmental stages to see whether the
effects of these compounds remain consistent as the organism develops. Varying responses
to the anesthetics could imply different mechanisms of action for anesthetic onset, anesthe-
sia recovery, and social modulation.

Future extensions of this research could also focus on performing more light-sheet imag-
ing studies to establish a comparative measure of whole-brain response to anesthesia. It

would be particularly interesting to study the effects of ketofol on brain activity during and
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after anesthesia to understand whether the whole-brain neural responses are significantly

different than that of propofol and ketamine administered separately.
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