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Abstract

Visual impairments, such as refractive errors and cataracts, present a growing global health
challenge, driving the critical need for advanced diagnostic imaging and genetically tractable
animal models. The zebrafish (Danio rerio) has emerged as a premier model for vision research;
however, translating clinical Optical Coherence Tomography (OCT) to adult zebrafish presents
significant optical challenges regarding tissue penetration and lateral resolution. This thesis
presents an interdisciplinary approach bridging mechanical engineering and vision biology,
aiming to optimize a customized OCT imaging framework to uncover the structural
consequences of targeted genetic modifications in the adult zebrafish eye.

To overcome inherent optical limitations, a dual Spectral-Domain OCT (SD-OCT) platform was
engineered and optimized. A custom 1310 nm system was tailored to maximize tissue
penetration depth, enabling comprehensive whole-eye biometry from the anterior cornea to the
posterior retina. Concurrently, an 880 nm system equipped with a specialized probe was
optimized for high-resolution microstructural retinal imaging. Paired with rigorous image
processing, including multi-volume despeckle averaging and index-matching protocols applied
to freshly euthanized specimens, this dual-system approach successfully achieved measurement-
grade structural clarity and mitigated scattering artifacts.

This validated imaging framework was subsequently applied to investigate the roles of gap
junction (connexin) and hemichannel (pannexin) proteins in ocular development and structural
maintenance. Quantitative biometry revealed distinct, channel-specific phenotypes. Depletion of
the connexin gjd2b/Cx35.1 resulted in significantly reduced axial length and hyperopic shifts,
whereas closely related Cx27.5 knockouts exhibited no structural biometric

alterations. Investigations into the pannexin family demonstrated that

both Panx1b and Panx2 deficiencies led to increased axial lengths and myopic shifts,

with Panx2 knockouts also displaying marked lens epithelial malformations. Furthermore, a
comprehensive longitudinal study of Panxla mutants revealed a progressive structural decline
characterized by axial myopia, age-related cataract-like lens texture change, epithelium lens
defects, and significant retinal ganglion cell layer thinning.

Ultimately, this research establishes a robust, non-invasive quantitative phenotyping
methodology for small animal models. By directly linking optical instrumentation design to
biological discovery, this work provides critical insights into the genetic regulation of ocular
growth and integrity, establishing a strong structural foundation for future translational
investigations into human visual diseases
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¥ <0.01 *¥*F* <0.005 **** <0.001. Scale bars: (G) (150pum), (J) (50pm). ceeueeenrerneeennennnnnne. 68
Figure 19: Ocular geometry measurements of 8-month-old and 1-year-old zebrafish. (A)
shows an OCT 3-D volume in different cuts. (B-C) display B-mode and en-face images with the
measured parameters (scale bar = 500 pm). (D-K) present estimation plots for normalized axial
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length (axial length/body length), RRE, Lens diameter and proportion of lens diameter to
normalized axial length for each group respectively. (N=30/genome/age). As it is shown, in the
8-month-old and 1-year-old group the normalized axial length of the eye is significantly
elongated, and RRE has a significant negative shift(p-value<0.001). (L-O) shows the
development of normalized axial length, RRE, Lens diameter and proportion of lens diameter to
normalized axial length in Panxla™" versus Panxla”" group in both developmental stages.
Statistical analysis: Welch’s t-test; Significance * p<0.05, ** p<0.01, ***p<0.001,
ekl N (0100 OO PPPRPPPRRPRt 71
Figure 20: Progressive lens defects in the Panx1a mutant. (A) Presenting an OCT image of a
Panx1a™* healthy eye. (B) Depicts a specific type of lens defect in the eye of an 8-month-old
Panx1a™ fish (Scale bar = 500 um). (C) Illustrates a different type of lens defect in the eye of a
1-year-old Panx1a” fish. (D) shows another variant of lens defect in the eye of a 1.5-year-old
Panxla” fish. (E) Presents an OCT image indicating complete aphakia, observed in a fish from
the 1.5-year group. Blue rectangles mark the same area of the lens in all the B-modes. Yellow
squares emphasize the same retina section in all the B-modes that in the mutants we can observe
the retina bumps. Yellow arrows are showing the lens rings which are different in mutant eyes
(B-E) compared to healthy eyes (A). (F — I) Represent the selected lens area from the whole-eye
images above each, respectively. The green arrow is pointing to the highly scattering areas. (J)
Displays a pie chart of Panx1a” eyes with lens defects across different age groups, indicating an
age-related increase in the occurrence of this phenotype. Panel (K) shows a 4% histological

image of a 1.5-year-old Panxla™*

eye, highlighting the normal lens structure, while panel (M)
presents a corresponding 20x magnified view of the same area, displaying the clear lens interior
and organized, square-shaped epithelial cells. In contrast, panel (L) shows a 4x histological
image of a Panxla” eye with a defective lens, and panel (N) provides a 20x magnified view of
the same region, revealing disorganized cellular structures within the lens, including migrated
epithelial-like cells With ViSible NUCIEI. c..vvunieneiii e e 73
Figure 21: Panxla mutant lenses have abnormal lens texture and focusing power. (A, B)
Macroscopic comparison of Panx1a**and Panx1a” eyes under the same lighting conditions. (C)
shows the light focus pattern through a control Panx1a™" lens with the black arrow highlighting
the 140um lens working distance. (D) Illustrates the laser light passage through a defective
Panxla™ lens, where no distinct focal point is observed. (E) demonstrates how the MATLAB
code selects a region of interest (ROI) from the lens and calculates the full width at half
maximum (FWHM) and mean intensity to analyze lens texture (Scale bar=500um). (F, G)
Histograms of representative healthy Panx1a** lens and a mutant lens. (H-K) Estimation plots
representing the FWHM and mean intensity in both groups, revealing that both FWHM and
mean intensity were significantly higher (p < 0.05) in the mutant group at 8-month-old and 1-
year-old, indicating notable differences in the texture of healthy and Panx1a’ lenses, like
cataracts. (L, M) Histology images of Panxla™* and Panxla’" lens with different texture.
Statistical analysis: Welch’s t-test; Significance * p<0.05, ** p<0.01, *** p<0.001, ****
P<0.0001. Scalebar=>500 UM ......ccuuiiiruiiiiiiiiiiieii ettt e e et e eea e eaaaes 75

Xii



Figure 22: Retinal immunohistochemistry and OCT image of adult zebrafish. Panel (A) and
(B) present the expression and localization of the Panxla (in green) antibody throughout the
retinal layer. The Panx1a is localized in the horizontal cell layer (HC) and in the ON/OFF
ganglion cell layer as it is shown in panel (al). The Panx1a-KO served as the negative control
(Scale bar = 25um). Panel (C) is a B-mode OCT image of the TL zebrafish retina obtained using
our modified 880 nm OCT system and zebrafish retina probe and Panel (D) is a B-mode retina
OCT of Panxla-/-. The red square in Panel (C) indicates the region selected by the custom
MATLAB code for analysis and measurement of each layer's thickness. Panel (E) shows the
fitted plot of the retinal layers. The green line shows the thickness of the GCL layer, and the
yellow line presents the whole retina thickness. Panels (F-G) present estimation plots of whole-
retina thickness and ganglion cell layer (GCL) thickness in the 8-month-old group,
demonstrating a significant decrease in both measurements (n=30 for Panx1la™* and KO,
Statistical analysis: Welch’s t-test; p < 0.05). Panel (H) is showcasing an en-face OCT image of
Panx1la™* retina. Panel (I) is an en-face OCT image of Panx1a”" retinal vessels, with the red
rectangle highlighting the "tortuous vessel" phenotype observed in a few Panxla™ eyes. ........ 77
Figure 23: Graphical summary of the study and tested hypothesis. Initial OKR analysis in
larvae revealed ocular motor deficiencies in Panx1a”- zebrafish, leading to the hypothesis that
Panx1la deletion causes structural and/or functional deficits in the eye. Subsequent analyses in
adult control and mutant zebrafish confirmed that Panx1a mutation affects emmetropization,
induces RGC loss, and produces cataract-like changes/structural defects in lens, thereby
verifying the hypothesis and validating the understanding that Pannexinla regulates visual
system development and ocular integrity in zebrafish. ........ccccoveiuiiiiiiiiiiiiiiiiinie e, 78
Figure 24: Schematic of 1310nm SD-OCT system. The system used a 1310 nm near-infrared
super-luminescent diode light source (Exalos, Switzerland), with a 50/50 fiber coupler to split
light between the reference and sample arms. A polarization controller in the reference arm
adjusted polarization to the cross-polarization state. The spectrometer incorporated a 2048-pixel
line scan camera (140 kHz maximum line rate), and OCT B-scans were displayed in real time
using a GPUbased processing ProGraml. ....c.u.veiuueeiuunieruuieiuiernieiieerieeriieerneeraeerneennnes 94
Figure 25: Schematic of the custom-ordered 880 nm SD-OCT system (Lumedica). The
system incorporated an 880 nm near-infrared laser source and a custom-ordered zebrafish retinal
probe for image acquisition. OCT images were captured using the Lumedica application and
subsequently postprocessed i MATLAB. .....couiiiiiiiii e e eee 95
Figure 26: Schematic of the laser setup for lens focus visualization. The surgically removed
zebrafish lens was placed in a glass chamber with a glass-slide bottom, filled with PBS. A 526
nm green laser, mounted on a fixed stand, was directed through a 500 um pupil to reduce the
beam diameter to approximately half the lens diameter (~800 um—1 mm). An inverted
microscope equipped with a camera was used to image laser transmission through the lens and
determine the focal POINt. .......viuuiiiiiiiiiiiii e 95
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CHAPTER ZERO

0.1 Introduction

Vision impairment remains a major global health challenge, driven primarily by uncorrected
refractive error, cataract, glaucoma, diabetic retinopathy, and age-related macular degeneration.
Understanding the biological mechanisms underlying ocular growth and refractive development
is therefore critical for advancing early diagnosis and therapeutic strategies. In particular,
refractive error is strongly influenced by axial eye growth, making it a valuable quantitative
endpoint for translational research in vision science and biomedical engineering. Global
projections indicate that the prevalence of myopia will continue to increase significantly,
underscoring the need to identify genetic regulators of eye development across vertebrate
models. [1-4]

Advances in ocular genetics have identified numerous candidate genes associated with refractive
error and retinal disease; however, functional validation requires experimental models capable of
linking genetic perturbations to precise structural phenotypes. Zebrafish (Danio rerio) provide an
effective vertebrate model for such studies due to their genetic tractability, conserved ocular
anatomy, and suitability for longitudinal imaging across the lifespan. These characteristics enable
efficient genotype—phenotype mapping relevant to human ocular biology.[5-9]

Optical coherence tomography (OCT) is a non-invasive, high-resolution imaging modality
widely used in clinical ophthalmology and experimental vision research. Spectral-domain OCT
(SD-OCT) allows quantitative measurement of ocular biometry and retinal microstructure with
micrometre-scale resolution. In zebrafish, OCT-derived metrics such as axial length and relative
refractive error (RRE) provide reliable, non-destructive indicators of refractive status and ocular
development.[5, 10, 11]

Despite these advances, quantitative phenotyping of adult zebrafish eyes remains technically
challenging. Conventional OCT systems operating near 800-900 nm provide high resolution but
limited penetration through the adult anterior segment and crystalline lens, restricting accurate
whole-eye biometry. [5]This limitation creates a bottleneck in translating rapid genetic
manipulation into robust structural phenotyping in adult specimens.

This thesis addresses that bottleneck through an engineering redesign of adult zebrafish OCT
phenotyping. The objective is bipartite: (i) engineer and validate a dual-system SD-OCT



framework that can robustly deliver whole-eye biometry and high-resolution retinal
microstructure in adult zebrafish, and (i) use that framework to test how targeted mutations in
intercellular channel genes reshape ocular growth, refractive status, lens integrity, and retinal
organisation. To span the depth—resolution trade space, two complementary systems are
optimized. A custom 1310-nm SD-OCT for depth-enabled whole-eye imaging and an 880-nm
SD-OCT equipped with a specialised retinal probe for higher-resolution retinal imaging. The
workflow is coupled to computational and sample-preparation strategies (including multi-volume
averaging for speckle reduction and refractive-index matching at the sample surface) to improve
boundary visibility and measurement fidelity.

The biological focus is the connexin and pannexin gene families, which form gap junctions and
large-pore channels that contribute to retinal signalling and ocular homeostasis.[12-19] By
combining advanced OCT instrumentation with genetic analyses, this work establishes a
quantitative framework for adult zebrafish ocular phenotyping and demonstrates gene-specific
effects on eye growth, refractive development, lens integrity, and retinal architecture.

The central biological pillar of this thesis is the Panx/a knockout line, examined with particular
depth and with longitudinal sampling across adult aging. The Panx1 family is implicated in
ocular and retinal signaling, and zebrafish possess distinct Panx1 paralogs that support gene-
specific functional hypotheses. Phase one studies on Cx36/GJD2 and Cx27.5 knockouts help
establish generalizability and context, while emerging Panx1b results and Panx2 study motivate
forward-looking directions in phase two studies with addressing the limitations learned from
phase one and demonstrate how the engineered platform can continue to generate hypotheses and
phenotypes.

Overall, this research contributes both an engineering innovation, a validated dual-wavelength
OCT imaging pipeline, and a biological insight into the roles of intercellular channel proteins in
vertebrate ocular development. The workflow presented here bridges instrumentation design with
translational vision science, enabling precise genotype-phenotype correlations relevant to human
refractive disorders and retinal disease.

0.2 Research Questions

1. Technical gap of whole eye imaging of adult zebrafish:
Does the proposed adult whole-eye protocol produce repeatable, segmentable 3D
datasets that support quantitative biometry in a single acquisition session?

2. Longitudinal studies focused on development of refractive errors through different ages:
Do targeted genetic perturbations produce age-dependent shifts in refractive status and
ocular growth (axial length) relative to control fish?



3. Development of image processing techniques to quantify effects of genetic modifications
on structure of zebrafish eye:
Can the image-processing pipeline quantify genotype effects on whole-eye and retinal
structural biomarkers with reproducibility?

4. Gaining deeper understanding of correlations of genetic modifications with lens clarify
and performance:
Can quantitative texture analysis of OCT images be systematically implemented to detect
and characterize microstructural differences in lens architecture between genetic
knockout and wild-type models, and can these structural findings be functionally
validated through the development of a controlled optical assay to assess lens focusing
performance?

0.3 Research Objectives

The primary objective of this thesis is bipartite, encompassing both engineering and biological
goals. From an engineering perspective, the study aims to optimize two complementary Spectral-
Domain Optical Coherence Tomography systems with central wavelengths of 880nm and
1310nm specifically for the high-resolution imaging of the adult zebrafish whole-eye and retina.
By physically modifying and computationally enhancing these systems to overcome fundamental
optical depth and resolution trade-offs, this work introduces a robust, non-invasive
methodological pathway for the macroscopic and microscopic ocular phenotyping of small
animal models. Concurrently, the biological objective is to investigate the structural impact of
targeted genetic modifications, specifically within the connexin and pannexin gene families on
ocular development, refractive status, and overall tissue integrity. Utilizing the optimized SD-
OCT platforms, this research extracts detailed quantitative biometry of the anatomical deviations
resulting from these mutations, directly contributing to the broader understanding of genetic
factors that influence visual impairment.

By synthesizing advanced optical instrumentation with targeted genetic models, this study
systematically addresses several distinct research needs. First, it validates that customized SD-
OCT systems can effectively produce high-fidelity, three-dimensional volumetric data of the
adult zebrafish eye, enabling precise structural assessments that were previously constrained by
tissue scattering and technical limitations. Second, it demonstrates the efficacy of the adult
zebrafish as a highly accurate model for ophthalmic genetic studies. By leveraging the genetic
tractability and anatomical homology of the zebrafish eye, the optimized imaging framework
allows for the rapid, reliable observation of complex ocular phenotypes. Finally, this
interdisciplinary approach elucidates the specific roles of gap junction and hemichannel proteins
in long-term ocular maintenance, translating observable physical phenotypes such as axial length



shifts and lens density, alterations into a deeper understanding of the genetic mechanisms
governing refractive errors.

The successful optimization and deployment of these customized SD-OCT systems carry
substantial methodological and clinical implications. Technologically, the established protocols
provide a validated, non-invasive toolset that can be readily adopted for longitudinal vision
studies, drastically reducing the reliance on destructive histological sampling. This capability
significantly enhances overall research efficiency, allowing high-resolution volumetric datasets
to be acquired rapidly and reproducibly. Clinically, mapping the precise structural consequences
of specific genetic mutations is a critical step in isolating the etiology of human visual
impairments. The morphometric insights gained from these genetically modified zebrafish
models provide foundational data that can inform subsequent mechanistic models and potential
therapeutic strategies for human ocular diseases.

Ultimately, this thesis bridges the disciplines of biomedical engineering and vision biology. The
integrated application of depth-enabled and high-resolution SD-OCT systems to zebrafish
genetics establishes a new methodological standard for ophthalmic studies. By linking physical
instrumentation design directly to fundamental biological discovery, this work provides a
rigorous framework for future investigations into the genetic mechanisms driving structural
ocular conditions such as myopia, hyperopia, and cataract genesis.

INTERDISCIPLINARY SYNTHESIS: MECHANICAL ENGINEERING & VISION BIOLOGY
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Figure 1:Workflow of the thesis



0.4 Interdisciplinary Rationale and Biological Discoveries

This thesis represents a cohesive interdisciplinary synthesis of mechanical engineering
instrumentation and biological discovery. The primary objective is to demonstrate how a
carefully optimized, depth-enabled OCT imaging strategy can be utilized to resolve genotype-
specific ocular phenotypes in adult zebrafish. Consequently, all incorporated studies integrate
custom OCT instrumentation and image-processing algorithms with biological and behavioral
assays conducted in collaboration with the Department of Biology. The research progressed in
two distinct methodological phases, evolving from initial pilot studies on fixed tissues to
advanced, multi-modal imaging of fresh specimens.

0.4.1 Phase I: Pilot Studies on Fixed Specimens

Overview of the First Paper: Connexin 36
Journal: Frontiers in Cell and Developmental Biology

C. A. Brown-Panton, S. Sabour, G. S. O. Zoidl, C. Zoidl, N. Tabatabaei, and G. R. Zoidl, "Gap
junction Delta-2b (gjd2b/Cx35.1) depletion causes hyperopia and visual-motor deficiencies in

the zebrafish,” (in English), Frontiers in Cell and Developmental Biology, Original Research vol.
11, 2023-March-02 2023.

doi: 10.3389/fcell.2023.1150273

This initial pilot study optimized the custom-developed 1310 nm Spectral-Domain Optical
Coherence Tomography (SD-OCT) system for whole-eye biometry in adult zebrafish. The
investigation focused on four-month-old, fixed zebrafish featuring a targeted knockout of the
Connexin 36 (gjd2b/Cx35.1) gene, alongside age-matched wild-type (TL) controls. During
hardware calibration, corneal dehydration was identified as a critical factor degrading optical
signal quality. This was mitigated by applying a thin layer (approximately 80 pm) of phosphate-
buffered saline (PBS) to the cornea prior to imaging, which stabilized light transmission and
improved measurement accuracy. Quantitative analysis of the resulting high-resolution volumes
revealed that the Cx35.7 knockout zebrafish possessed a significantly shorter axial length and a
positive shift in relative refractive error (RRE), indicating a hyperopic phenotype. The results of
this study are presented in Chapter 2.

My Contribution to This Work

In this study, my primary contribution was the OCT-based structural analysis of the adult
zebrafish eye. I imaged both gjd2b/Cx35.1 knockout and wild-type control zebrafish using the
modified 1310 nm OCT system and processed the acquired datasets to obtain images suitable for
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reliable quantitative analysis. I then used ImageJ to measure ocular parameters, including axial
length and lens diameter, and calculated the relative refractive error for each fish. I also
performed the statistical analyses used to determine whether structural differences were present
between mutant and control groups. In addition, I prepared the figure associated with these
results, wrote the corresponding results section, contributed to the introduction, methods,
discussion, and references, and participated in the overall conceptual development, manuscript
revision, responses to reviewer comments, and final editing of the paper.

Overview of the Second Paper: Connexin 27.5
Conference: SPIE 2024

Shiva Sabour, Cherie A. Brown-Panton, Anna Kotova, Georg S. O. Zoidl, Christiane Zoidl,
Georg R. Zoidl, Nima Tabatabaei, "Whole-eye OCT imaging of refractive errors in genetically
modified zebrafish,” Proc. SPIE 12830, Optical Coherence Tomography and Coherence Domain
Optical Methods in Biomedicine XXVIII, 128300D (12 March 2024)

https://doi.org/10.1117/12.3001760

Building upon the initial pilot study, the imaging protocol was further modified to accommodate
larger, eight-month-old adult zebrafish to assess whether structural phenotypes manifest more
prominently with age. To achieve this, the scanning objective was replaced with a 10x lens
featuring a longer working distance, allowing sufficient clearance for the adult specimens and the
customized positioning mount. This extended methodology was applied to fixed eight-month-
old Cx27.5 knockout zebrafish. Despite the genetic proximity of Cx27.5 to Cx35.1 and prior
behavioral data indicating hyperactive visual motor responses in the Cx27.5 mutants, OCT
biometry revealed no significant structural refractive errors; axial length and RRE parameters
remained comparable to wild-type controls. This study is also presented in Chapter 2.

My Contribution to This Work

In this study, I served as the first author and led the OCT-based analysis and presentation of the
work. I was primarily responsible for organizing and interpreting the biometric findings,
preparing the figures, and writing the manuscript in full, including the introduction, methods,
results, discussion, and references. I also played a central role in shaping the scientific narrative
of the paper, particularly in presenting the Cx27.5 findings as an important comparative result
within the broader connexin framework. My work ensured that the absence of significant
structural changes was communicated clearly, rigorously, and in its proper biological context.

While these pilot studies successfully established the baseline utility of the 1310 nm OCT
system, methodological limitations were identified. Specifically, tissue fixation induced


/Users/shiva/Desktop/biomed_thesis/ https:/doi.org/10.1117/12.3001760

dehydration artifacts that potentially altered native ocular dimensions and constrained the
accuracy of in vivo approximations. These insights directed the methodological refinements
implemented in the subsequent phase of the research.

0.4.2 Phase II: Next Step Studies Utilizing Fresh Specimens

To eliminate fixation-induced dimensional artifacts and preserve native ocular geometry,
subsequent investigations transitioned to utilizing freshly euthanized specimens coupled with
advanced optical index-matching techniques. This research phase focused on the Pannexin gene
family.

Overview of the Pannexin 1b (Panx1b) Study
(In preparation for publication)

Utilizing the refined fresh-tissue protocol, the imaging framework was applied to eight-month-
old Panx1b knockout zebrafish and age-matched wild-type controls. Avoiding tissue fixation
significantly enhanced OCT image fidelity, enabling highly reliable biometry of the ocular
components in their natural anatomical state. Comprehensive statistical analysis of the extracted
morphological parameters revealed that the Panx/b mutants exhibited structural characteristics
consistent with axial myopia. The detailed methodology and findings of this research are
presented in Chapter 3.

Overview of the Third Paper: Pannexin 2 (Panx2)
Journal: Biochimica et Biophysica Acta (BBA) - Molecular Basis of Disease

Riya Shanbhag, Shiva Sabour, GeorgS.O. Zoidl, Fatema Nakhuda, Heike Naumann,
Christiane Zoidl, Armin Bahl, Nima Tabatabaei, Georg R. Zoidl, “Pannexin-2 deficiency

disrupts visual pathways and leads to ocular defects in zebrafish” Biochimica et Biophysica Acta
(BBA) - Molecular Basis of Disease, Volume 1871, Issue 5, 2025, 167807, ISSN 0925-4439,

https://doi.org/10.1016/i.bbadis.2025.167807

This investigation further advanced the imaging protocol by utilizing a specialized index-
matching liquid in place of PBS to optimize optical coupling during the scanning of freshly
euthanized specimens. Application of this technique to Panx2knockout zebrafish revealed an
increased axial eye length and a negative shift in RRE, indicative of a distinct myopic phenotype.
Furthermore, macro-structural alterations within the crystalline lens were detected. The complete
results of this investigation are incorporated into Chapter 3.

My Contribution to This Work

In this study, my primary contribution was the OCT-based structural analysis of the adult
zebrafish eye using the refined imaging workflow for freshly euthanized specimens. I imaged
both Panx2 knockout and wild-type control zebrafish with the modified 1310 nm OCT system,
processed the datasets to improve image quality, and used ImagelJ to quantify ocular parameters,
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including axial length and lens diameter. I calculated the relative refractive error for each fish
and performed the statistical analyses used to compare mutant and control groups and assess
structural differences. I also prepared the figure associated with these findings, wrote the
corresponding results section, contributed to the introduction, methods, discussion, and
references, and took part in study conceptualization, manuscript revision, responses to reviewer
comments, and final editing of the manuscript.

Overview of the Final Paper: Pannexin 1a (Panx1a)
Journal: iScience

Shiva Sabour, Sarah Houshangi-Tabrizi, Georg S.0. Zoidl, Georg R. Zoidl, Nima Tabatabaei,
“Pannexin 1a regulates visual system development and ocular integrity in zebrafish”, iScience,
Volume 29, Issue 3, 2026, 114925, ISSN 2589-0042,

https://doi.org/10.1016/].isci.2026.114925

The culmination of this research program involved a comprehensive, multi-modal investigation
of Panx1a knockout zebrafish, initiated by observations of light-dependent behavioral deficits.
To determine the structural etiology of these visual impairments, the complete ocular axis was
phenotyped using the dual-system OCT platform on freshly euthanized, index-matched
specimens. The 1310 nm system was utilized for whole-eye biometry, revealing myopic shifts
and severe, age-progressive lens defects. Concurrently, the 880 nm system was deployed for
high-resolution retinal profiling, which identified significant retinal thinning. To characterize the
functional consequences of the lens abnormalities, a supplementary optical assay was designed
wherein lenses were surgically excised and illuminated with a collimated green laser to evaluate
post-lens light propagation. This optical data was supported by custom MATLAB-based image
processing algorithms developed to quantify lens texture heterogeneity, as well as histological
sectioning to confirm internal cellular disorganization. The detailed results of this highly
interdisciplinary study are presented in Chapter 4.

My Contribution to This Work

In this study, I served as the first author and led the work from experimental design through
manuscript preparation including conceptualization, data acquisition, analysis, manuscript
revision, responses to reviewer comments, and final editing of the manuscript. I performed the
OCT-based whole-eye and retinal imaging, processed and analyzed the imaging datasets, carried
out the quantitative measurements and statistical comparisons, prepared the figures, and wrote
the manuscript in full. T also designed and completed the additional structural and optical
analyses used to characterize the lens phenotype and integrated the different experimental
datasets into the overall interpretation of the study. The immunohistochemistry imaging and the
optokinetic response experiments were performed by collaborators; however, I incorporated
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these findings into the broader analysis, interpreted them in relation to the imaging results, and
led the revision and final editing of the paper.

0.5 Thesis Overview

This thesis is presented in a paper-based format because the research program produced distinct
publishable studies that share a single engineering foundation of an OCT platform optimized for
adult zebrafish ocular phenotyping. The chapters are structured as follows:

e Chapter 0: Introduction Provides the interdisciplinary rationale and significance of the
study, research questions, objectives and the workflow.

o Chapter 1: Background Provides background information on the importance of vision,
the impact of visual impairments, the fundamentals of OCT imaging, the role of genetics
in ocular health and the use of zebrafish as a model organism.

o Chapters 2—4: Research Papers Each chapter presents detailed research papers focusing
on one of the gene lines (Cx35b, Cx27.5, Panx2, Panx1a), including methodology,
results, and discussion.

e Chapter 5: Conclusion Summarizes the findings, discusses their implications, and
suggests directions for future research.

Ultimately, this work establishes a validated, non-invasive imaging framework that connects
instrumentation design to structural biological discovery, setting a new standard for quantitative
phenotyping in adult small-animal models.



CHAPTER ONE

Background

1.1 Vision and Its Impact on Quality of Life

Vision is the most dominant of human senses, integral to nearly every aspect of life. It enables us
to perceive and interpret the world around us, supporting our capacity to learn, navigate, read,
participate in educational activities, perform professional tasks, and enjoy leisure pursuits. Any
impairment in vision can significantly compromise these activities, affecting overall quality of
life.

Globally, visual impairments and blindness pose substantial public health challenges. According
to the World Health Organization (WHO) [4], the primary causes of vision impairment and
blindness worldwide include refractive errors, cataracts, diabetic retinopathy, glaucoma, and age-
related macular degeneration [2]. Over the past decade, the number of people affected by visual
impairment and blindness has steadily risen. Early projections indicate that these incidences
could double between 2015 and 2050, with significant increases in the prevalence of refractive
errors such as myopia. Studies predict that by 2050, nearly half of the world's population will be
affected by myopia [1-3].

The increasing prevalence of visual impairments underscores the urgent need for research
focused on understanding the underlying causes and developing effective interventions.
Refractive errors, in particular, are among the most common visual impairments and can
significantly affect individuals' educational and occupational opportunities, as well as their social
interactions and mental health [3].

Ophthalmology research is crucial not only for the development of effective treatments but also
for advancing our understanding of the complex mechanisms underlying ocular diseases.
Continuous research efforts contribute to early detection, improved management, and prevention
of visual impairments, thereby enhancing the quality of life for millions around the world. By
exploring new diagnostic techniques, investigating the progression of diseases, and evaluating
the efficacy of emerging therapies, researchers are paving the way for more personalized and
precise interventions in eye care.

One particularly promising tool in the field is Optical Coherence Tomography [10]. OCT has
revolutionized ophthalmology by providing high-resolution, cross-sectional images of the retinal
layers and other ocular structures. This non-invasive imaging modality is invaluable for the early
diagnosis of conditions such as diabetic retinopathy, glaucoma, and age-related macular
degeneration, where subtle structural changes may precede clinical symptoms. The ability to
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visualize detailed microstructural alterations in real time not only facilitates prompt and accurate
clinical decision-making but also aids in monitoring disease progression and evaluating
treatment outcomes.

Beyond its diagnostic applications, OCT has become an essential tool in ophthalmic research. Its
capacity to deliver detailed, quantitative data supports the investigation of the pathophysiological
processes that underlie various eye diseases[20]. This, in turn, fosters the development of
innovative therapeutic strategies and contributes to the broader goals of precision medicine in
ophthalmology. As research continues to evolve, OCT is expected to play a pivotal role in both
clinical practice and experimental studies, ultimately reducing the global burden of visual
impairment.

1.2 Optical Coherence Tomography

Optical coherence tomography is a non-invasive, high-resolution optical imaging technique
capable of capturing two- or three-dimensional images from optical scattering media[10]. It has
become a widely adopted method for the tomographic imaging of biological tissues due to its
impressive imaging resolution (typically 1-10 pm) and rapid acquisition speed, which together
enable the fast three-dimensional visualization of internal tissue structures. OCT operates by
measuring the interferometric differences in the path lengths and intensities of back-scattered
light from tissue microstructures. Typically, near-infrared (NIR) coherent light sources are used,
providing a millimeter-range penetration depth while maintaining an image resolution of around
10 um in biological tissues.

The widespread clinical and research adoption of OCT is driven by several key

advantages. Primarily, it enables rapid, real-time in vivo imaging of subsurface tissue structures
without the need for invasive procedures. With axial resolutions typically ranging from 5 to 10
um, OCT functions effectively as an "optical biopsy," capable of detailing disease-induced
abnormalities without the administration of exogenous contrast agents. Furthermore, the imaging
components of OCT systems can be miniaturized into catheters and small probes, facilitating
integration into standard medical devices such as endoscopes, laparoscopes, and surgical
needles. OCT also requires minimal to no sample preparation for excised tissues and relies on
non-ionizing electromagnetic radiation, ensuring safety during the imaging of biological
tissues. Consequently, OCT systems have become invaluable for examining tissues in locations
where excisional biopsies are not feasible, such as the eye, arteries, and nervous tissues.

Fundamentally, OCT creates cross-sectional images by detecting interference signals between
the light reflected from a sample and a local reference arm, providing real-time morphological
data. Its capacity to generate high-resolution images relies on the capture of both ballistic and
near-ballistic photons. By performing laterally adjacent depth scans, analogous to A-scans in
ultrasound imaging, CT constructs two-dimensional maps of reflective sites within a sample.

The evolution of this technology began in the early 1990s, with early implementations utilizing
low-coherence interferometry (LCI) conducted in the time domain. A significant milestone
occurred in 1990 when Fercher demonstrated an in vivo cross-sectional image of the retinal
pigment epithelium (RPE) using a dual-beam LCI technique, which was later published by
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Hitzenberger in 1991. Subsequently, the fundamental principles of OCT were further detailed by
Naohiro Tanno in 1990, and Fujimoto and colleagues pioneered the use of fiber-optic Michelson
interferometry in OCT, famously reported by Huang et al. in 1991. The early 1990s also marked
the publication of the first in vivo tomograms of the human retina by Fercher et al. and Swanson
et al. [21], representing monumental advancements in retinal imaging. Later technological leaps
included the introduction of wavelength-tuning interferometry (WTI) by Chinn et al. in 1997 for
synthesizing OCT images, alongside contributions from Hausler and Lindner utilizing spectral
interferometry. Today, OCT has undergone significant transformations and is a popular imaging
modality across numerous medical fields, including ophthalmology, cardiology, oncology, and
dermatology.

Compared to other medical imaging techniques, OCT provides a unique balance of penetration
depth and resolution that is unmatched by alternative modalities. As illustrated in Figure 2,
which compares the spatial parameters of ultrasonography, confocal microscopy, and OCT,
ultrasonography can reach depths of up to 10 cm but is limited by a relatively low resolution of
approximately 300 um, which is often insufficient to detect subtle, disease-related morphological
changes. In contrast, OCT offers a much finer resolution, typically between 1 and 15 um,
allowing for the detailed visualization of microstructures. Although its penetration depth is
shallower than that of ultrasonography, it far exceeds the minimal depth achievable by confocal
microscopy. Thus, OCT effectively bridges the gap between these methods, delivering high-
resolution imaging of tissue structures located near the surface.[22]
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Figure 2: Comparison of different imaging modalities. This figure compares the image resolution and penetration depth of
traditional structural imaging methods used in medicine and biology, highlighting how OCT effectively bridges the gap between
ultrasound and confocal microscopy. Figure adapted from[22] . Copyright 2015, Springer Nature Publishing Group.

1.2.1 Applications of OCT in Ophthalmology

In medicine, OCT systems are extensively utilized for both research and clinical applications
across various disciplines, including ophthalmology, cardiology, dermatology, oncology, urology,
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dentistry, and gastroenterology[22] . Notably, OCT has achieved its greatest success in
ophthalmology, establishing itself as the gold standard for diagnosing retinal diseases[23]. It is a
common fixture in eye clinics, where it is routinely used for the diagnosis and screening of
conditions such as macular hole, macular pucker, macular edema, glaucoma, diabetic
retinopathy, and vitreous traction [24-26]. This success is primarily due to the unique structure of
the human eye, which consists of multiple layers of semi-transparent media that allow the near-
infrared light employed in OCT to penetrate deeply to the posterior segment (fundus oculi),
enabling comprehensive tomographic imaging of the organ (see Fig. 3).

6| [8[=[>][=[=[a]¢[o[c]n

Figure 3: OCT of macula. a is showing a B-mode of detached macula and b is showing a macular cube report which includes
the heat map and 3-D reconstruction of the macula.

1.2.2 Fundamentals of Optical Tomography

Tomographic techniques are essential for generating slice images of three-dimensional objects,
offering critical non-invasive diagnostic capabilities in medicine. Unlike X-ray and magnetic
resonance imaging, which rely on the Fourier slice theorem, optical techniques are dominated by
diffraction effects. This distinction necessitates unique methodologies, primarily categorized into
Diffuse Optical Tomography (DOT) and Optical Diffraction Tomography (ODT). DOT utilizes
diffusely propagating photons introduced into tissue, reconstructing images from transmitted
light via back-projection, perturbation techniques, and nonlinear optimization[27-29].
Conversely, ODT employs singly scattered light, deriving tomographic images through the
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Fourier diffraction projection theorem [30], with recent advances extending these methods to
imaging with diffuse photon density waves [31]. Optical Coherence Tomography (OCT) is
fundamentally rooted in ODT principles, establishing it as a pivotal technology in biomedical
imaging, particularly in ophthalmology.

1.2.3 Technical Realizations of OCT

The initial implementation of OCT, known as Time-Domain OCT (TD-OCT), mechanically
modulated the reference arm length of a low-coherence fiber-optic interferometer for each depth
scan[10]. By recombining back-reflected light from the sample and a scanning reference mirror,
interference occurs only when the optical path lengths are matched. Detecting these interference
fringe bursts generates a precise depth profile (A-scan), while lateral scanning constructs a cross-
sectional image (B-scan).

The paradigm shifted significantly with the development of Fourier-Domain OCT (FD-OCT),
which utilizes spectral information to generate A-scans without the need for mechanical optical
path length scanning. FD-OCT is primarily realized in two forms: Spectral-Domain OCT (SD-
OCT) and Swept-Source OCT (SS-OCT). Introduced by Fercher et al. [27, 32], SD-OCT
replaces the point detector with a spectrometer equipped with a diffractive element and a high-
speed line-scan camera. The resulting spectral interferogram simultaneously encodes information
from all depth layers, allowing a Fourier transform to extract individual depth contributions
where the squared amplitude yields power values (Figure 3). Alternatively, SS-OCT,
demonstrated by Chinn et al. [33-35], employs a rapidly tunable narrow-linewidth laser
sequentially detected by a high-speed photodetector. The transition to FD-OCT provided
substantial advantages over TD-OCT, including a significant increase in the signal-to-noise ratio
(SNR)[36], vastly improved imaging speeds for real-time volumetric acquisition, and reduced
sensitivity to motion artifacts, parameters that are critical for dynamic ophthalmic imaging.
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Figure 4: Schematic representation of the principles of interferometry behind OCT. (a) A schematic of Michelson
interferometer, the system typically consists of a light source, a beam splitter, 2 mirrors and a screen. The frequency of the
interference pattern on the screen is a function of the path length difference of mirrors (d1-d2). (b) A schematic of SD-OCT
system. The output light from the laser source illuminates the sample and the reference mirror after passing through the beam
splitter. The back-reflected light from the sample and the mirror is merged and delivered to the spectrometer. In the spectrometer,

the frequency of modulated wave correlates with the depth of layers in the sample. After applying Fourier transformation on
received signals, an A-line is obtained.

1.2.4 Lateral and Axial Resolution in OCT

A defining physical advantage of OCT is the complete decoupling of its axial and lateral
resolutions. The axial resolution (8z) is dictated strictly by the coherence properties of the light
source, specifically its central wavelength (A0) and spectral bandwidth (AAFWHM). In air, the
axial resolution is equivalent to the source's coherence length (Ic) and is expressed as:

_2In(2) A
T .AAFWHM

Consequently, a broader spectral bandwidth yields a shorter coherence length and higher axial

resolution, which dictates that longer central wavelengths require proportionally wider
bandwidths to maintain resolving power.

Conversely, lateral resolution (6x) is determined by the focusing optics, defined by the spot size
(w0) of the probing Gaussian beam at its waist, and is given by:

A0

ox =V2In2-wy, = V2In2 - ——
m-NA
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where NA is the numerical aperture of the focusing optics (NA = n sin(8)). While increasing the
numerical aperture yields tighter focusing and improves lateral resolution, it simultaneously
reduces the depth of focus (b), which dictates the axial range where the beam remains sharply
focused:

_ n'/‘{o
- NA2

Furthermore, the maximum axial imaging depth (zmax) is governed by the highest detectable
fringe frequency in the interference spectrum and is calculated as:

A5
Zmax = m :

where N corresponds to the number of sample points (pixels on the line-scan camera in
SD-OCT, or data points per sweep in SS-OCT). Because OCT inherently measures optical
path lengths, axial metrics must be scaled by the tissue's refractive index (n) to obtain true
geometric distances. By stepping the beam laterally across maximum scan angles, a
volumetric dataset is acquired. In specialized applications, such as the whole-eye and
retinal imaging of adult zebrafish, carefully balancing a high numerical aperture for fine
lateral resolution against an adequate depth of focus is paramount to capturing sharp,
anatomically accurate datasets across

highly variable structural depths.

1.2.5 Signal Averaging and Speckle in OCT

Optical Coherence Tomography inherently produces a granular intensity pattern known

as speckle, which arises from the coherent detection scheme of the interferometric principles
employed in OCT. Speckle results from the mutual interference of light scattered by multiple
scattering centers within the sample's resolution element, also referred to as the coherence
volume.

Within this coherence volume defined by the system's optical lateral and axial resolutions
multiple scattering events can interfere constructively or destructively. Consequently, the OCT
signal from a single resolution element can exhibit significant variability and is sensitive to slight
variations in scan geometry. In homogeneously scattering tissues, this manifests as a speckle
pattern where the typical speckle size corresponds to the dimensions of the resolution element.
The spatially averaged brightness of this pattern reflects the overall backscattering properties of
the tissue.

While speckle contains valuable information about the microstructure of the tissue, it can also
degrade image quality in structural OCT images. Speckle noise may obscure small image

16



features or hinder the recognition of layer boundaries, which are critical for accurate diagnosis
and analysis. To mitigate the adverse effects of speckle and enhance the visibility of structural
details, signal averaging is commonly employed.

1.2.5.1 Signal Averaging Technique

Signal averaging involves scanning the tissue multiple times and averaging the OCT power
values to produce the final B-scan image. This process reduces speckle noise by averaging out
the random variations in the speckle pattern, thereby enhancing the signal-to-noise ratio (SNR)
of the image. The inherent variations in scan geometry and slight patient movements between
scans introduce the necessary changes in the speckle pattern to facilitate effective averaging.

Mathematically, the improvement in SNR through averaging follows the relationship:
SNRgverage = SNRsingie X VN

Where SNRaverage 15 the signal-to-noise ratio after averaging, SNRsingle 15 the signal-to-noise ratio
of a single acquisition and N is the number of acquisitions averaged.

This relationship indicates that the SNR increases proportionally to the square root of the number
of averaged scans. Therefore, by averaging multiple scans, one can significantly reduce speckle
noise and improve image quality.

1.2.5.2 Speckle in Functional Imaging

It is important to note that changes in the speckle pattern are not merely noise but can also
convey valuable information about the tissue's dynamics. Variations in speckle arise from
changes in the distribution of scattering particles within the resolution element. In functional
OCT imaging, such as blood flow imaging or angiography, these changes are exploited to
differentiate between static tissue and moving particles like red blood cells.

By analyzing the temporal fluctuations of the speckle pattern across sequential scans, OCT can
detect motion contrast, enabling the visualization of blood flow without the need for exogenous
contrast agents. Techniques like Optical Coherence Angiography (OCTA) utilize this principle to
generate detailed maps of the microvasculature.

In summary, while speckle is an inherent characteristic of OCT imaging due to its coherent
detection method, it can be managed and even utilized advantageously. Signal averaging is an
effective strategy to reduce speckle noise and enhance image quality in structural OCT imaging.

1.2.6 Engineering High-Resolution Dual SD-OCT Systems for Adult Zebrafish
Imaging

Based on the foundational principles of Optical Coherence Tomography and its applicability to
biological imaging, this research optimized and deployed two distinct Spectral-Domain OCT

(SD-OCT) systems to achieve comprehensive, high-resolution imaging of the adult zebrafish
eye. The fundamental physical trade-off in optical imaging dictates that a single wavelength
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cannot simultaneously provide maximum tissue penetration depth and supreme axial resolution.
To thoroughly phenotype the adult zebrafish eye, a dual-system approach was strictly necessary.
A longer central wavelength mitigates optical scattering, allowing photons microscopic, multi-
layered architecture of the retina demands a shorter central wavelength paired with a broad
spectral bandwidth to maximize axial resolution. Therefore, this study utilized a complementary
dual-system framework to bridge the macroscopic and microscopic imaging regimes, enabling
the precise, non-invasive investigation of genetic ocular defects.

1.2.6.1 Custom-Developed 1310 nm SD-OCT System

The first platform utilized is a custom-developed SD-OCT system operating at a central
wavelength of 1310 nm, configured as a fiber-optic Michelson interferometer to capitalize on its
balanced path lengths and robust alignment stability [37-39](Figure 5). The light source is a
super luminescent laser diode (SLD) (Exalos, Switzerland) centered at 1310 nm with a spectral
bandwidth of £75 nm at 10 dB. This specific near-infrared wavelength was strategically selected
to dramatically reduce Rayleigh and Mie scattering within biological tissues, providing the
extended penetration depth requisite for complete whole-eye imaging from the anterior cornea to
the posterior retina. The detection module integrates a high-speed spectrometer equipped with a
2048-pixel line-scan camera (Wasatch Photonics, USA), achieving a maximum acquisition rate
of 147 kHz. This high-throughput detection enables the rapid capture of spectral data,
minimizing motion artifacts during dense volumetric acquisition. The system achieves a lateral
resolution of 10 um and an axial resolution of 8.5 um in tissue. The theoretical axial resolution
(0z) is governed by the source’s central wavelength (A0 = 1310 nm) and its full width at half-
maximum (FWHM) spectral bandwidth (AA = 150 nm, corresponding approximately to the 10
dB bandwidth), calculated as:

_ 2In(2) 23
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Figure 5: Graphical representation of the custom-made spectral-domain optical coherence tomography (SD-OCT) system
used for tomographic imaging of adult zebrafish. The system utilized a 1310nm near-infrared super-luminescent diode light
source (Exalos, Switzerland) to take images of zebrafish. A 50/50 fiber coupler was used to split light into the reference and the
sample arms. To adjust polarization to the cross-polarization state a polarization controller was used in the reference arm. The
SD-OCT system employed a line scan camera (2048 pixels with 140 kHz maximum line rate) in the spectrometer. A GPU
(Graphics Processing Unit)-based processing program was developed for real-time display of OCT B-scans.

1.2.6.2 Customized 880 nm SD-OCT System

Complementing the whole-eye biometry platform, a second SD-OCT system (Lumedica) was
extensively customized to operate at a central wavelength of 880 nm, specifically dedicated to
high-resolution retinal imaging. This system is driven by an SLD centered at 880 nm with a
broad spectral bandwidth of £90 nm at 10 dB (Exalos, Switzerland). The combination of a
shorter central wavelength and a broad spectral bandwidth fundamentally dictate a substantially
higher axial resolution. The detection module incorporates a 2048-pixel line-scan camera
spectrometer operating at a maximum acquisition rate of 80 kHz, which provides sufficient
temporal resolution for detailed microstructural imaging. In air, the system achieves axial and
lateral resolutions of 2 pm; within biological tissue, this resolution scales proportionally with the
local refractive index (n). To overcome the extreme curvature and small anatomical dimensions
of the adult zebrafish eye, custom optical modifications were implemented, most notably the
design of a specialized zebrafish retinal probe. The focusing optics were meticulously adjusted to
maximize lateral resolution while maintaining a precise depth of focus strictly confined to the
retinal layers, enabling the visualization of subtle, genotype-specific morphological alterations at
the cellular scale.

1.2.6.3 System Optimization and Integration

To effectively deploy these dual systems for high-fidelity quantitative analysis, hardware and
software optimizations were integrated. Specialized optical alignment and routine calibration
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protocols were established to maintain consistent interferometric performance and resolution
across all imaging sessions. Furthermore, custom silicone mounts and precision positioning
stages were engineered to securely stabilize the adult zebrafish during imaging, minimizing
motion artifacts and ensuring geometrically reproducible imaging planes. Custom software was
simultaneously modified to control scanning protocols, synchronize data acquisition, and manage
the massive datasets generated by the high-speed spectrometers.

Critically, to overcome the inherent speckle limitations of coherent detection and achieve
measurement-grade interpretability in the adult zebrafish eyes, a signal averaging protocol was
implemented. During whole-eye imaging with the 1310 nm system, ten distinct volumetric scans
were acquired for each eye. These datasets were subjected to multi-volume despeckle averaging
to synthesize a single, high-fidelity 3D volume. To further refine structural clarity for exact
quantitative phenotypic analysis, the central 20 B-mode images within each synthesized volume
were heavily averaged to generate a single, highly optimized central cross-section (Figure 6).
This disciplined post-processing approach effectively suppressed speckle noise and dramatically
improved the visual contrast of fine ocular microstructures and tissue boundaries.

Step 1 Step 3

De-speckling Averaging
with 10 20 central
volumes images

Figure 6: The effect of de-speckling and averaging of same b-mode OCT. Step one is showing the raw OCT image of an adult
zebrafish eye. Step two is presenting the exact same b-mode after de-speckling with gathering 10 volumes of same sample and
step three is showcasing the final b-mode oct after averaging the 20 central images.

1.2.6.4 Significance and Qutcomes

The successful optimization and integrated application of the 1310 nm and 880 nm SD-OCT
systems establish a powerful, non-invasive platform for adult zebrafish ocular phenotyping. By
effectively decoupling the physical limitations of penetration depth and axial resolution through
a complementary dual-system approach, this methodology provides comprehensive 3D
visualization ranging from macroscopic whole-eye biometry to microscopic retinal layer
quantification. This technological framework preserves the anatomical integrity of the
specimens, bypassing the dehydration and shrinkage artifacts associated with destructive
histological sampling and allows for the precise extraction of quantitative metrics such as axial
eye length, lens morphometry, and exact retinal thickness. Ultimately, this imaging solution
directly enables highly accurate, comparative morphological analyses between mutant zebrafish
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lines and age-matched wild-type controls. The successful adaptation of these customized
biomedical optics platforms advances ophthalmic research, providing a critical new toolset for
isolating the structural consequences of genetic modifications and evaluating the mechanisms of
inherited ocular diseases.

1.3 Zebrafish as a Model Organism in Vision Research

Model organisms are foundational to biomedical research, providing controlled in vivo systems
necessary to elucidate complex disease mechanisms and evaluate targeted interventions.[6]
Within the field of vision science and ophthalmology, the teleost zebrafish (Danio rerio) has
emerged as a premier translational model due to its unique combination of anatomical, genetic,
and developmental attributes. Crucially, zebrafish exhibit a 70 percent of genomic homology
with humans, possessing highly conserved orthologs for the vast majority of genes governing
ocular organogenesis, tissue homeostasis, and visual function.[9]

Anatomically, the zebrafish eye shares many conserved vertebrate features with the human eye,
including a laminated neural retina with the major retinal cell classes organized into nuclear and
plexiform layers. This balanced distribution of rods and cones provides a distinct translational
advantage over traditionally rod-dominated nocturnal mammalian models (such as mice),
making the zebrafish particularly highly suited for the study of daylight vision and related retinal
dystrophies.[6, 40, 41]

Furthermore, the developmental and reproductive characteristics of the zebrafish significantly
accelerate the pace of genetic research. While the optical transparency of zebrafish embryos and
their ex-utero development have long been exploited for the real-time in vivo imaging of early
neurodevelopment, their utility extends robustly into adulthood. Their high fecundity, rapid
generation times, and fast physiological maturation facilitate statistically powerful, high-
throughput longitudinal studies of adult-onset or age-progressive structural phenotypes.[11, 42,
43]

Most importantly for the scope of this research, the zebrafish demonstrates exceptional genetic
tractability. Targeted genome-editing methods, including TALENs and CRISPR/Cas9, have been
widely implemented in zebrafish and allow efficient generation of heritable targeted mutations,
gene knockouts, knock-ins, and transgenic or tissue-specific genetic models. Early TALEN
studies demonstrated heritable gene targeting in zebrafish, while CRISPR/Cas9 rapidly became a
powerful and scalable method for inducing targeted genetic modifications in zebrafish embryos
and generating stable mutant lines. [44-47]These characteristics collectively establish the
zebrafish as an unparalleled in vivo platform for isolating the precise structural and
developmental consequences of specific genetic mutations. By leveraging this genetically
malleable model alongside advanced, non-invasive imaging modalities like optical coherence
tomography, researchers can systematically map the etiology of ocular diseases from the
molecular level up to macroscopic structural phenotypes.[7, 48]
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Figure 7: Zebrafish in the biomedical research. (a) A size comparison between zebrafish at 5 days post-fertilization (dpf) and 60
dpf- (b) A transverse histological section of the zebrafish brain stained with Hematoxylin and Eosin (H&E). [Bio-Atlas
slide: http.//bio-atlas.psu.edu/zf/view.php?s=193&atlas=16, accessed October 1, 2022, reference 8] (c) An H&E-stained
histological image of the zebrafish eye. [Bio-Atlas slide: http://bio-atlas.psu.edu/zf/view.php?s=182&atlas=16; accessed October
1, 2022, reference 8] Both histology images were obtained from a one-year-old wildtype zebrafish. Biomedical research areas
and applications where zebrafish models have been utilized (measured in days, weeks, and months post-fertilization: dpf, wpf,
and mpf, respectively). The figure is obtained from https://doi.org/10.3390/bioengineering10010005

1.4 The Role of Genetics in Visual Impairments

Advancements in genetic research over the past three decades have exponentially increased our
understanding of ocular diseases and their genetic foundations. [49]Genetic factors play a crucial
role in the development and progression of various eye conditions, including refractive errors,
cataracts, glaucoma, and retinal degenerations. Identifying genetic variations that influence
vision and ocular health is essential for early diagnosis, risk assessment, and the development of
targeted treatments.

Genetic research has enabled the identification of numerous genes and their variants associated
with visual impairments. Genome-wide association studies (GWAS) have been instrumental in
uncovering the complex inheritance patterns and molecular pathways involved in ocular
diseases. [50]Early genetic diagnosis through testing is becoming increasingly important for
evaluating patients' conditions and implementing treatment plans to prevent vision

22


http://bio-atlas.psu.edu/zf/view.php?s=193&atlas=16
http://bio-atlas.psu.edu/zf/view.php?s=182&atlas=16
https://doi.org/10.3390/bioengineering10010005

complications. Moreover, gene therapy is emerging as a promising approach for treating
inherited retinal diseases, as evidenced by the first FDA-approved gene therapy targeting a
retinal degenerative disease[51, 52].

Despite these advancements, challenges remain in fully understanding the genetic mechanisms
underlying visual impairments. The complexity of genetic interactions and the influence of
environmental factors necessitate a multidisciplinary approach, combining genetics, cell biology,
imaging techniques, and clinical research.

1.5 The Role of Gap Junction Proteins in Ocular Physiology

this research focuses on the impact of genetic modifications in gap junction proteins namely,
connexins and pannexins, on ocular structure and visual function. Gap junction proteins are
critical for cell-to-cell communication, metabolic coordination, and the maintenance of
homeostasis within the highly organized tissues of the eye[15, 53-55]. Connexins, such as Cx36
(orthologous to zebrafish gjd2b/Cx35.1), form channels that allow direct electrical and metabolic
coupling between adjacent neurons, playing an essential role in the development and function of
electrical synapses in the retina. Pannexins, conversely, form large-pore channels that facilitate
the extracellular release of signaling molecules like ATP[13, 16, 56]. Within the zebrafish visual
system, the pannexin family members including Panxla, Panx1b, and Panx2, exhibit distinct yet
complementary expression profiles across the retina, lens, and central nervous system[57-

63]. The expression of these proteins throughout the eye suggests they have versatile functions in
both neuronal and non-neuronal cells, potentially impacting ocular development, refractive
status, and susceptibility to diseases. However, the precise contributions of these channel
proteins to the macroscopic structural integrity of the adult eye, refractive emmetropization, and
long-term tissue maintenance have remained uncharacterized due to prior imaging limitations.

23



CHAPTER TWO

Gap junction Delta-2b (gjd2b/Cx35.1) depletion causes hyperopia and visual-
motor deficiencies in the zebrafish
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Note: This chapter is a modified version of the published paper.

2.1. 1 Abstract

The zebrafish serves as a robust model for studying the developmental roles of electrical
synapses due to the high conservation of signaling pathways that regulate nervous system
development from fish to humans. In this study, we present evidence linking gjd2b/Cx35.1, the
zebrafish ortholog of mammalian connexin-36 (Cx36) and a key component of electrical
synapses, to refractive errors accompanied by morphological, molecular, and behavioral changes
in zebrafish larvae.

Two major abnormalities were observed. Optical coherence tomography of the adult whole-eye
revealed altered refractive properties caused by reduced axial eye length, resulting in hyperopic
shifts. Additionally, gjd2b/Cx35.1 depletion was associated with changes in head-to-body ratios
in larvae. Differential expression of genes involved in Wnt/B-catenin signaling, connexins, and
dopamine receptors suggested a molecular basis for the phenotypic differences.

Behaviorally, larvae displayed altered visual-motor responses (VMR) to abrupt light transitions,
with enhanced cone photoreceptor activity following gjd2b/Cx35.1 depletion. Notably, these
visual disturbances were mitigated under low-light conditions. Supporting this, qRT-PCR
analysis showed downregulation of two rhodopsin genes, suggesting reduced rod photoreceptor
sensitivity to bright light transitions. Together, these findings highlight the critical role

of gjd2b/Cx35.1 in visual system development and visually guided behaviors in zebrafish.
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2.1.2. Introduction

Electrical synapses (gap junctions) transiently couple groups of neurons in the mammalian
central nervous system throughout development and adulthood, playing key roles in neuronal
differentiation, migration, synaptogenesis, and neural circuit formation. Connexin-36 (Cx36) is
the primary component of neuronal gap junctions, coordinating metabolic and electrical activities
in developing neurons. Despite its established roles in mature systems, its developmental
functions remain underexplored.

Zebrafish serve as a valuable model for studying these roles due to their conserved signaling
pathways and the presence of multiple Cx36 orthologs, including gjd2b/Cx35.1. This gene is
expressed during neural induction and is critical for electrical synapse formation and function.
Recent research has shown that gjd2b/Cx35. 1 regulates glutamatergic synapse formation,
dendritic growth, and ocular biometry, with its depletion linked to hyperopic shifts, nuclear
cataracts, and altered visual-motor responses.

This study examined the role of gjd2b/Cx35.1 in 6-7 days post-fertilization (dpf) zebrafish
larvae, identifying two key abnormalities: reduced axial eye length leading to hyperopia and
morphological changes in head and body ratios. Changes in Wnt/B-catenin signaling, connexin,
and dopamine receptor expression correlated with these phenotypes. Behavioral analysis
revealed enhanced cone photoreceptor activity and light-ON hyperactivity under bright
conditions, linked to rod photoreceptor downregulation. These visual disturbances were reversed
under low-light conditions.

Overall, the findings highlight the critical role of gjd2b/Cx35.1 in visual system development and
visually guided behaviors in zebrafish.

2.1.3. Methods

2.1.3.1 Zebrafish lines and husbandry

Zebrafish (Danio Rerio) of the strain Tubingen long fin (TL) were maintained in groups with
mixed sex in a recirculation system (Aquaneering Inc., San Diego, CA) at 28°C on a 14h
light/10h dark cycle. All animal work was performed at York University’s zebrafish vivarium and
in a S2 biosafety laboratory in accordance with the Canadian Council for Animal Care guidelines
after approval of the study protocol by the York University Animal Care Committee (GZ#2019-
7-R2). The Cx35.1 mutant line was generated and characterized in-house.

2.1.3.2 Optical Coherence Tomography Assay

A custom-built spectral-domain optical coherence tomography (SD-OCT) system, in a
Michelson configuration, was used for imaging. The system featured a superluminescent laser
diode with a central wavelength of 1,310 nm (£75 nm at 10 dB; Exalos, Switzerland) and a
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2048-pixel line-scan camera spectrometer with a maximum acquisition rate of 147 kHz (Wasatch
Photonics, USA).

The setup employed a 50/50 fiber coupler to split the light source into the reference and sample
arms. In the sample arm, the light passed through a reflective beam collimator (Thorlabs, USA),
a 2-degree-of-freedom (2-DOF) galvo mirror, and an objective lens (LSMO02, Thorlabs, USA)
before illuminating the sample surface. The 2-DOF galvo mirror facilitated raster scanning of the
sample surface and collection of the reflected light. The reference arm included a polarization
controller, a dispersion compensation block, and a gold-coated reference mirror.

Light reflected from both arms was recombined via the beam splitter and directed to the
spectrometer through an optical circulator. The interference pattern captured by the spectrometer
was recorded by the line-scan camera, digitized, and processed on a computer. To generate an A-
line (a depth profile of sample reflections at a specific surface point), the spectrometer signal was
background-subtracted, mapped to k-space, and processed via Fourier transformation to compute
depth profiles in physical depth space (z-space). This process was repeated for raster-scanned
data to construct 3D OCT tomograms of the zebrafish eye. The axial and lateral resolutions of
the system in tissue were determined to be 8.5 um and 10 pum, respectively.

Prior to imaging, age-matched adult zebrafish were humanely euthanized using MS222 and fixed
in 4% paraformaldehyde (PFA) in 1xPBS overnight at 4°C. Fixed zebrafish (n = 26 per
genotype) were positioned in a silicon mold to align the eye with the OCT system’s objective
lens. To minimize specular reflections, a thin layer of PBS (~80 um) was applied over the eye
before imaging. Captured OCT tomograms were analyzed in ImageJ software, which facilitated
the measurement of various geometric parameters through a standard calibration process.

2.1.3.3 Behavioral Assays

At 6 days post-fertilization (dpf), zebrafish larvae were acclimated in the behavioral testing room
for 24 hours. On the testing day (7 dpf), individual larvae were transferred into 48- or 96-well
transparent plates (Greiner) containing egg water for free-swim, visual-motor response (VMR),
and fast-start response (FSTR) assays. A custom-designed cross-maze was used for color vision
assessment.

Behavioral tests were conducted using the Zebrabox® system and Zebralab analytical software
(Viewpoint Life Technology, Lyon, France), enabling automated tracking from video recordings.
The recording chamber, equipped with a water heating and flow system, maintained the
temperature at 28°C. Plates were illuminated from below using LED and infrared lights. Larvae
were dark-adapted for two hours before testing unless otherwise specified. Experiments
involving light used a standard intensity of 30%, with the Zebrabox® system capable of
producing up to 8,000 lux at 100%.

Behavioral data were collected at intervals of 1 second, 10 seconds, 1 minute, or 5 minutes, over
durations ranging from 5 minutes to 4.5 hours, as specified in the figures. Experimental protocols
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for VMR (Emran et al., 2008) and color vision (Park et al., 2016) were adapted from established
studies. Activity was categorized into three states: inactivity (0.0 mm/s), coast swimming (0.0—
20.0 mm/s), and burst swimming (>20 mm/s).

Where applicable, results were normalized through a three-step process to account for variability
due to differences in light intensity received by individual wells, batch effects arising from
experimental replicates and baseline activity variations measured during the final 5 minutes of
light or dark adaptation, as described by Xie et al. (2019).

2.1.3.4 Statistical Analysis

Unless otherwise specified, data are presented as mean + SEM. Sample sizes for behavioral
studies ranged from n=48 to n=144 across a minimum of two experimental replicates, with
specific sizes indicated in the respective figures. Statistical significance was assessed using a
two-tailed unpaired Student’s #-test or its non-parametric equivalent, the Mann-Whitney test. For
comparisons involving more than two groups, one-way ANOVA or its non-parametric
counterpart, the Kruskal-Wallis test, was applied. Two-way ANOVA with Tukey’s post hoc test
was used where appropriate. Normality of the data was evaluated with the Shapiro-Wilk test, and
a p-value of <0.05 was considered statistically significant.

All statistical analyses were conducted using GraphPad Prism 6 (GraphPad Software, La Jolla,
CA, USA). Gardner-Altman estimation plots were generated using the R statistical program (The
R Foundation, Auckland, New Zealand; dabestr package). These plots display the mean
difference between groups: raw data for both groups are shown on the left (or top) axes, while
the mean difference is represented as a bootstrap sampling distribution on the right (or bottom)
axes. The mean difference is marked with a dot, and the 95% confidence interval is represented
by the ends of the vertical error bar.

All other figures were prepared using MATLAB custom code.

2.1.4. Result and Discussion

Gjd2b/Cx35.1 Depletion Alters Ocular Dimensions and Induces Hyperopic Shifts in Adult
Zebrafish

Building on recent findings that associate gjd2b/Cx35.1 with refractive error development and
nuclear cataracts (Quint et al., 2021), spectral-domain optical coherence tomography (SD-OCT)
was employed to image the eyes of age-matched adult zebrafish. OCT B-mode and en face
images (Figures 8A, B) were used to quantify six primary parameters. These geometrical
measurements were normalized to individual body lengths of wild-type (WT) controls (strain:
TL) and gjd2b-/-/Cx35. 1-/- fish (mean body length in mm: TL = 24.33 + 1.84; Cx35.1-/- = 24.94
+ 1.52; p=0.194, n = 26/genotype). Measurements of body weight (in grams: TL = 0.27 +
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0.08; Cx35.1-/-=0.29 £ 0.05; p = 0.358, n = 26/genotype) were excluded from normalization
due to variability introduced by fixation.

Statistical analysis (Figures 8C-1) showed no significant differences between WT and Cx35.1-

/- fish in the lens diameter ratio (proximal-distal/anterior-posterior; TL = 1.01 £ 0.02; Cx35.1-/~- =
1.02 £ 0.02; p = 0.150) or retinal thickness (in um: TL = 196.07 + 15.17; Cx35.1-/- =204.16 +
25.36; p = 0.169). Cataracts were absent in both groups. However, significant differences were
observed in eye axial length (in pm/mm: TL = 8.92 £ 0.86; Cx35.1-/-=7.97 £ 0.50; p <0.001),
lens radius (in um: TL = 362.12 + 20.50; Cx35.1-/-=351.15£17.99; p = 0.046), and retinal
radius (in pm: TL = 717.52 + 66.23; Cx35.1-/- = 643.52 £ 78.40; p = 0.001), indicating reduced
ocular dimensions in the mutants compared to WT.

To assess the functional implications of these differences, Relative Refractive Error (RRE) was
calculated as RRE=1-(retinal radius/F), where F is the idealized focal length (lens radius X
2.324), following previous methods (Collery et al., 2014). Positive RRE values indicate
hyperopia, with larger values reflecting a more pronounced hyperopic shift. Statistical analysis
showed a significant increase in RRE in Cx35. -/~ fish compared to WT controls (in pm/um: TL
=0.19+0.08; Cx35.1-/-=0.26 £ 0.08; p = 0.006, n = 26/genotype). The hyperopic shift
observed in WT controls was attributed to fixation effects, as previously reported (Collery et al.,
2014).

These findings confirm that the loss of gjd2b/Cx35.1 function contributes to a hyperopic
phenotype in adult zebrafish.
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Figure 8: Shortening of the Eye Axial Length Induces a Hyperopic Shift in Adult Gjd2b/Cx35.1-/- Fish. Representative SD-
OCT (A4) B-mode and (B) en face images of a zebrafish eye (scale bars = 500 um); geometrical parameters extracted from the
OCT datasets are shown and annotatedwith different colors, the spherical lens is seen as an oval in the B-mode image (panel A)
due to a significantly higher refractive index of lens compared to soft tissue. The quantification of (C) the body length (mm), (D)
the lens ratio (um/um) as a measure of circulatiry, and (E) the retinal thickness (um) revealed no statistically significant
difference between TL controls and gjd2b-/-/Cx35.1-/-. However, the (F) axial length (from top of the lens to the RPE) normalized
by body length (um/mm), the (G) lens radius (um), and the (H) retinal radius (from the center of the lens to the RPE, um)
collectively showed significantly smaller values (i.e., reduction in size of the eye) in gjd2b-/~/Cx35.1-/-. The (1) calculated relative
refractive error (RRE, see text for definition) was significantly higher in gjd2b-/-/Cx35.1-/- which suggested a hyperopic shift,
presumably, due to loss of gjd2b/Cx35.1 function. The sample size (N) was 26 for each of the TL and gjd2b-/-/Cx35.1-/- adult fish

groups.

Loss of gjd2b/Cx35.1 Leads to Dysmorphic Head Features

Due to the resolution limitations of the OCT system, retinal analysis in larvae was not feasible.
However, at 7 dpf, morphological alterations in head-to-tail (body) length, head length, and
midbrain diameter (MD) were observed (Figures 9A, B). The body and head lengths of gjd2b-/-
/Cx35.1-/- larvae were significantly greater than those of WT controls (Body Length in mm:
WT: 3.844+0.06, n=19; Cx35.1-/~: 4.12+0.03, n=19; p=0.0003; Head Length in mm:

WT: 0.70+£0.01; Cx35.1-/-: 0.75+0.01; p=0.0038, Mann-Whitney test). In contrast, no significant
difference was found in MD between genotypes (MD in mm: WT: 0.52+0.003; Cx35.1-
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/-2 0.52+0.004; p=0.95) (Figures 9C-E). To determine whether the differences in body size were
proportionate, the head-to-body and head-to-midbrain ratios were calculated. The head-to-body
ratio remained consistent between genotypes, indicating that gjd2b-/-/Cx35.1-/- larvae were
proportionately larger in both body and head length (Head-to-Body Ratio:

WT: 0.184+0.003; Cx35.1-/-: 0.18+0.002; p=0.84) (Figure 9F). However, the head-to-midbrain
ratio was significantly smaller in gjd2b-/-/Cx35.1-/- larvae (Head-to-Midbrain Ratio:

WT: 0.74+0.71; Cx35.1-/-: 0.69+0.01; p=0.008) (Figure 9G). These findings suggest

that gjd2b/Cx35.1 expression influences overall larval growth and development. The reduced
midbrain diameter observed in gjd2b-/-/Cx35.1-/- larvae could imply functional impairments in
visual sensory integration and motor output pathways in the knockout larvae.
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Figure 9: Loss of Gjd2b/Cx35.1 Caused a Dysmorphic Head Feature. (A) lllustration of the zebrafish measurements taken in
Image J. (B) Images of 7dpf wildtype TL and gjd2b/Cx35.1-/- zebrafish larva. Quantification of the (C) body length, (D) head
length, and (E) midbrain diameter. Gjd2b-/-/Cx35.1-/- larvae were larger in both body and head length in comparison to the age-
matched wild-type larvae. The (F) Head-to-Body ratio and (G) Head-to-Midbrain ratios demonstrated a reduction in the
midbrain diameter in gjd2b-/-/Cx35.1-/- larvae relative to their body size, suggesting a developmental alteration. The statistical
significance was determined by the Mann-Whitney test, p < 0.05. (C—G) Shows Estimation Plots. The sample size (N) was 19 for
WT and gjd2b-/-/Cx35.1-/- larvae.

Loss of gjd2b/Cx35.1 Alters Larval Dominant Swimming Behavior in Darkness

The structural and genetic changes observed in gjd2b-/-/Cx35.1-/- larvae suggested potential
visual-motor deficits, which could be reflected in behavioral phenotypes. To investigate this,
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spontaneous locomotor activity was quantified in 7 dpf zebrafish under light-ON and light-OFF
conditions. Both WT and gjd2b-/-/Cx35.1-/- larvae showed increased swimming activity under
light-ON conditions compared to light-OFF conditions (WT: p<0.001; Cx35.1-/-: p<0.001;
both n=72). However, the total swimming distance was comparable between the two genotypes
under both light-ON (Figures 10A, B) and light-OFF conditions (mm/10s: light-OFF -

WT: 28.49+0.56, Cx35.1-/-: 27.76+0.52, p=0.858; light-ON - WT: 33.85+0.78, Cx35.1-
/~:35.19£0.71, p=0.471, Two-Way ANOVA).

Next, swimming bouts were analyzed. Larvae use a combination of slow rhythmic and fast burst
bouts, known as the burst-glide swimming pattern, during free swimming (Muller et al., 2008;
Voesenek et al., 2018). Slow rhythmic bouts (swim speeds <20 mm/s) and fast burst bouts (swim
speeds >20 mm/s) rely on distinct motor neuron circuits and muscle recruitment patterns. As
such, both dominant (coasting) and subordinate (burst) swimming behaviors, mediated by slow
motor neurons and Mauthner neurons, respectively, were separately quantified. For subordinate
swimming competence, no significant differences were observed between WT and gjd2b-/-
/Cx35.1-/- larvae under both light-ON (ins: WT: 2.53+0.07, Cx35.1-/-: 2.54+0.04,p>0.999)
(Figure 10C) and light-OFF (ins: WT: 2.58+0.202.58+0.20, Cx35.1-/-: 2.33+0.09, p=0.416)
conditions. In contrast, while coasting duration in light-ON conditions was similar between
genotypes (ins: WT: 30.9040.25, Cx35.1-/-: 30.82+0.30, p=0.998) (Figure 10D), a significant
reduction in coasting duration was observed in gjd2b-/-/Cx35.1-/- larvae under light-OFF
conditions (ins: WT: 35.07+0.30, Cx35.1-/-: 27.86+0.32, p<0.001).

These findings suggest that the loss of gjd2b/Cx35.1 function results in impaired dominant
swimming behavior, which is particularly evident in the dark.
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Figure 10: The Spontaneous Swimming Activity of Zebrafish Larvae in Continuous Light (Light-ON). (A-D) Spontaneous
larval swimming activity was assessed in a free-swimming assay under light (light-ON) conditions for 5 min (4, B) The distance
larvae swam (mm) lacking the gjd2b/Cx35.1 gene was indistinguishable from the WT. (C, D) The duration (s) of larval swimming
bouts was assessed by analyzing the burst and coast swimming modalities separately. Gjd2b-/-/Cx35.1-/- larvae were
indistinguishable from the WT. The statistical significance was determined by the Two-Way ANOVA test with the light-OFF

dataset, p < 0.05. The sample size (N) was 72 for WT-type and gjd2b-/-/Cx35.1-/- larvae.

Discussion

This study investigates the roles of gjd2b/Cx35.1 in the developing visual system of zebrafish

larvae, utilizing a new mutant line generated with Cas9/CRISPR technology. The mutant line
differs from previous gjd2bh mutants, and the study highlights the minimal 1bp substitution

causing a premature stop codon in gjd2b. The study examines the depletion of Cx35.1 using an
anti-Cx36 antibody, observing changes in immunoreactivity in the photoreceptor and inner
plexiform layers of the retina, consistent with prior findings in rodents and adult zebrafish.

The primary focus of the study was on the morphological and functional consequences
of gjd2b/Cx35.1 depletion, including its impact on eye and head biometrics, retinal gene

expression, and visual-motor behavior. Notably, the study used Optical Coherence Tomography
(OCT) to assess eye structural changes. However, OCT analysis of the larvae did not reveal
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significant changes in the retinal structure. Despite this, the study documented other changes,
including reduction in the axial length of eye and hyperopia as well as alterations to head and
body proportions, suggesting that loss of gjd2b/Cx35.1 affects overall visual processing and
retinal development.

In summary, the study presents findings that highlight the gene's role in visual system
development, particularly in terms of refractive properties and visual behavior. The results
suggest gjd2b/Cx35.1 depletion leads to changes in visual processing pathways, despite the lack
of detectable retinal structural changes via OCT.
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2.2.1 Abstract

Refractive errors, including myopia and hyperopia, are leading causes of visual impairment
globally. As the genetic factors underlying these conditions are increasingly understood,
zebrafish have become an important model for studying refractive disorders. In this study, we
provide evidence linking the mammalian connexin-36 (Cx36) ortholog gjd2b/Cx35.1, a crucial
component of electrical synapses in zebrafish, as well as connexin-27 (Cx27.5), to refractive
errors. We examined morphological and behavioral changes in adult zebrafish, using a custom
1310nm optical coherence tomography system to analyze the entire eye. The results showed that
Cx35.1 knockout zebrafish developed hyperopic shifts, mainly due to a reduction in eye axial
length, while no refractive abnormalities were detected in Cx27.5 knockout zebrafish.

2.2.2 Introduction

Refractive errors are vision disorders that occur when the eye fails to properly focus light onto
the retina. The most common types include myopia (nearsightedness), hyperopia
(farsightedness), and astigmatism. The genetic underpinnings of these errors are becoming
clearer, and zebrafish have proven to be a valuable model for studying these conditions. The
zebrafish genome shares significant similarities with the human genome, suggesting that genes
involved in refractive errors in zebrafish may also play a role in human refractive disorders.

Optical coherence tomography is a non-invasive imaging technique that uses low-coherence light
to capture cross-sectional images of tissue. By detecting the reflected light through
interferometry, OCT provides high-resolution, 3D images of internal tissue structures. It has been
widely applied to study various tissues, including the eye, brain, and heart. In eye research, OCT
is used to measure the axial length of the zebrafish eye, a key factor in refractive errors, and to
observe structural changes related to these conditions.

In this study, we employed a custom-built 1310 nm OCT to examine structural changes in the
eyes of zebrafish with genetic modifications. Our findings revealed that zebrafish

lacking gjd2b/Cx35.1, the zebrafish ortholog of human CX36/GJD2, developed hyperopia. This
was linked to a reduction in axial eye length and altered expression of genes related to Wnt/l3-
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catenin signaling, connexins, and dopamine receptors. Additionally, Cx27.5, a zebrafish connexin
orthologous to human CX32/GJBI (which is implicated in Charcot-Marie-Tooth disease X-
linked dominant 1), was co-localized with Cx36/35.1 in the zebrafish retina. However, in

the Cx27.5 knockout line, no significant changes in axial length or lens defects were observed.

2.2.3 Methods

Zebrafish Strains and Generation of Knockout Lines

Zebrafish (Danio rerio) of the Tubingen Long Fin (TL) strain were housed in mixed-sex groups
within a recirculation system at 28°C, following a 14-hour light/10-hour dark cycle. The TL
strain was used to create the gjd2b-/-/Cx35. I-/~knockout line using the CRISPR-Cas9 system.
Potential target sites within the gjd2b/Cx35.1 gene were identified using the E-CRISP tool. For
generating Cx27.5 knockouts, a TALEN cRNA pair targeting the Cx27.5 gene (NM_131811) was
microinjected into one-cell stage embryos at a concentration of 12.5 picograms (pg). Fish with
confirmed Cx27.5knockouts were selected for breeding and further experiments.

Optical Coherence Tomography Assay

A custom-designed spectral-domain optical coherence tomography (SD-OCT) system was built
in a Michelson configuration, utilizing a superluminescent laser diode at 1,310 nm £75 nm
(Exalos, Switzerland) and a 2048-pixel line scan camera spectrometer capable of a maximum
acquisition rate of 147 kHz (Wasatch Photonics; USA). The system's axial and lateral resolutions
in tissue were measured at 8.5 um and 10 pm, respectively. Further details of the custom OCT
system can be found in our previous publications.

Before imaging, age-matched adult zebrafish were euthanized using MS222 and fixed in 4%
paraformaldehyde (PFA) in 1xPBS overnight at 4°C. Fixed zebrafish were positioned in a
custom silicone mold to align the eye toward the OCT system’s objective lens. A thin PBS layer
(~80 um) was applied to the eye to minimize specular reflections during imaging. Ten
volumetric acquisitions were obtained from each sample with B-mode spacing of 5 um. These
images were processed using a custom LabView graphical user interface (GUI) for despeckling
and combining them into a single volume. ImagelJ software was then used to further enhance
image quality by adjusting contrast levels and averaging a subset of 20 central images. All OCT
tomograms were analyzed using ImageJ to measure various geometrical parameters, with a
standard calibration process employed.

Visual Motor Response (VMR) Assay

Larvae were dark-adapted for 2 hours before tracking their locomotor activity for 3.5 hours (3
hours during the experiment and 30 minutes before illumination) in the standard setup. For
mesopic VMR, activity was recorded for 2.5 hours (2 hours during the experiment and 30
minutes before illumination). Two to three trials of alternating lighting conditions (30 minutes
Light-ON; 30 minutes Light-OFF) were performed. Light-ON intensity for mesopic VMR was
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set at 5%. Mean activity, measured by burst duration, was recorded 1 second after the light
transition, and the data were normalized.

2.2.4 Results and Discussion
Depletion of Gjd2b/Cx35.1, but not Cx27.5, Caused Hyperopic Shifts in Adult Zebrafish

Adult zebrafish of matched age were analyzed using spectral domain optical coherence
tomography (SD-OCT) to assess ocular changes. Six key parameters were measured from OCT
B-mode and en face images (Figure 11A, B), and results were expressed as ratios or normalized
values relative to the body length of wild-type (WT, strain: TL) controls and gjd2b-/-/Cx35.1-
/- mutants. The body lengths of WT and gjd2b-/-/Cx35. 1-/- zebrafish were similar, with no
significant differences (TL: 24.33 £1.84 mm; Cx35.1-/-: 24.94 £1.52 mm; p=0.194,n =
26/genotype). No cataracts were observed in either group. However, comparative analysis
revealed significant differences in normalized eye axial length (TL: 8.92 £ 0.86 um; Cx35.1-/-:
7.97 £ 0.50 pm; p<0.001), lens radius (TL: 362.12 £ 20.50 um; Cx35.1-/-: 351.15 £ 17.99 um;
p=0.046), and retinal radius (TL: 717.52 £ 66.23 um; Cx35.1-/-: 643.52 = 78.40 um; p= 0.001),
suggesting a reduction in eye size in gjd2b-/-/Cx35.1-/- mutants, potentially causing hyperopic
shifts. To further explore this, the Relative Refractive Error (RRE) was calculated using the
formula 1 - (retinal radius/F), where F is an idealized focal length based on the lens radius. A
significant increase in RRE values was found in gjd2b-/-/Cx35. 1-/-mutants (TL: 0.19 +0.08;
Cx35.1-/-: 0.26 £0.08; p = 0.006), indicating hyperopia. The positive RRE in TL controls was
due to slight hyperopia caused by the fixation process, confirming that the loss

of gjd2b/Cx35.1 function results in a hyperopic phenotype. No significant differences in axial
length (TL: 43.67 = 2.9 um; Cx27.5: 44.31 + 2.8 um; p=0.59) or RRE (TL: 0.2606 + 0.04;
Cx27.5: 0.2502 £+ 0.09; p=0.72) were observed in Cx27.5 knockout zebrafish, suggesting no
ocular changes in these mutants (Figure 11D-I).
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Figure 11: Shortening of the Eye Axial Length Induces a Hyperopic Shift in Adult Gjd2b/Cx35.1-/- Fish. Representative SD-
OCT (A) B-mode and (B) en-face images of a zebrafish eye (scale bars = 500 um); geometrical parameters extracted from the
OCT datasets are are shown and annotated with different colors, the spherical lens is seen as an oval in the B-mode image (panel
A) due to a significantly higher refractive index of lens compared to soft tissue. The schematic of an eye is shown in (C). The
quantification of (D) the body length (mm) revealed no statistically significant difference between TL controls and gjd2b-/-
/Cx35.1-/-. The (E) axial length (from top of the lens to the RPE) normalized by body length (um/mm) showed significantly
smaller values (i.e., reduction in size of the eye) in gjd2b-/-/Cx35.1-/-. The (F) calculated relative refractive error (RRE; see text
for definition) was significantly higher in gjd2b-/-/Cx35.1-/- which suggested a hyperopic shift, presumably, due to loss of
2jd2b/Cx35.1 function. The sample size (N) was 26 for each of the TL and gjd2b-/-/Cx35.1-/-adult fish groups. The quantification
of (G)the body length (mm), (H) the axial length normalized by body length (um/mmy), and (I) the RRE revealed no statistically
significant difference between TL controls and Cx27.5 knockouts. The sample size was 12 for each adult fish groups.

Gjd2b-/-/Cx35.1-/- and Cx27.5-/- Larvae Showed Increased Sensitivity to Photopic Light
Stimuli

The functional integrity of the retina in gjd2b-/-/Cx35. 1-/- mutants was assessed using the Visual
Motor Response (VMR) assay, which measures burst activity in response to light intensity
changes. Both mutant genotypes exhibited a significant increase in burst duration during light-
ON transitions, with gjd2b-/-/Cx35.1-/- larvae showing hyperactivity compared to WT (WT: 0.16
+0.01; Cx35.1-/-: 0.18 £ 0.01, n =48, p < 0.001). In the light-OFF condition, no significant
differences were observed between the two groups (WT: 0.28 + 0.02; Cx35.1-/-: 0.21 £ 0.01, p =
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0.754). These results suggest that the gjd2b-/-/Cx35. I-/- larvae are particularly sensitive to
photopic light stimuli, indicating alterations in retinal signaling related to cone photoreceptors.
However, it was hypothesized that signaling to rod photoreceptors remained unaffected (Figure
12).

In a similar assay, activity during light transitions was measured in Cx27.5 knockout and WT
larvae. Both groups showed a significant increase in burst activity during Light-OFF to Light-
ON transitions, but Cx27.5-/- larvae displayed significantly higher hyperactivity compared to
WT (WT: n= 80, Cx27.5-/~: n = 120), suggesting heightened sensitivity to light stimuli in these
mutants.
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Figure 12: VMR of Cx27.5-/- and Cx35.1-/- larvae. (4, C) The line graph shows the change in activity as the light changes from
Light-OFF to Light. Activity is shown from 1 minute (min) preceding and 1 min succeeding the light switch. (B, D) The average
activity comparison between two groups right at the light switch. The values are the average of the second trial from five
independent tests. Data was collected every second. Sample sizes were the following: wild-type: n = 80, Cx27.5-/-: n = 120, 48
for wild-type and gjd2b”"/Cx35.17 larvae. Error bars show the standard error of the mean. ****p <0.0001, ns - not significant.

2.2.5 Conclusion

This study highlights the critical role of the gjd2b/Cx35.1 gene in eye development and the
manifestation of refractive errors in zebrafish, making them an effective model for studying
human visual impairments. By using a custom 1310 nm optical coherence tomography system,
we demonstrated how genetic modifications in zebrafish lead to significant changes in eye
structure, particularly hyperopic shifts resulting from reduced axial length in Cx35./ knockouts.
Our OCT system provided high-resolution images that enabled detailed analysis of these
morphological changes, showing promise for enhancing non-invasive diagnostic techniques for
refractive errors. In contrast, no significant ocular dimensional changes were observed in
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the Cx27.5 knockout zebrafish, highlighting the specific roles of different connexins in refractive
development.

The Visual Motor Response assays confirmed these structural findings, showing increased
sensitivity to photopic stimuli in Cx35./ deficient larvae, reinforcing the connection between
genetic alterations and sensory behavior.

Our study also underscores the value of OCT as a non-invasive tool for imaging the entire eye of
adult zebrafish with high resolution, allowing for precise measurement and analysis of ocular
parameters like axial length. This method provides a comprehensive approach to studying
refractive errors and holds promise for diagnosing a wide range of ophthalmic conditions,
including glaucoma. The high-resolution and deep imaging capabilities of our OCT system
bridge the gap between basic research and clinical applications. In conclusion, this study not only
advances our understanding of the genetic factors influencing eye development and refractive
errors but also demonstrates the potential of our OCT system in both research and clinical
diagnostics. Combining this advanced imaging technique with genetic and behavioral analyses
offers a robust model for exploring and diagnosing a variety of ocular diseases.
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CHAPTER THREE

Panx1b Results and Panx2 Study

3.0 Introduction

In previous chapters, we explored the influence of genetic factors on the ocular structures of
adult zebrafish using SD-OCT imaging. Our initial studies on the Cx36b gene line, detailed in
Chapter 2, revealed several practical limitations and guided us toward refining our imaging
protocols. Specifically, we determined that imaging fixed samples could introduce artifacts due
to dehydration and other fixation-induced changes in ocular tissue morphology. These artifacts
potentially skewed the measured axial lengths, lens diameters, and relative refractive errors
(RRE), thus affecting the reliability of our data. Learning from these challenges, we focused on
further optimizing our 1310 nm SD-OCT system to achieve consistent, high-resolution imaging
of fresh adult zebrafish eyes. By imaging freshly euthanized fish, the anatomical integrity of the
eye is better preserved, enabling more accurate and reproducible measurements.

Following the advancements achieved during the Cx36b studies, our next phase focused on
expanding our genetic investigation to include Panx1b and Panx2. This decision was grounded in
a dual rationale: first, pannexin channels, especially those of the Panx1 family, are well
recognized as vital regulators of visual system physiology; and second, our previous work on
connexins underscored the necessity of exploring other channel-forming proteins that influence
visual signaling pathways.

The investigation into Panx1b was particularly compelling because, in zebrafish, the two Panx1
ohnologs (Panx1a and Panx1b) exhibit both distinct and overlapping channel properties as well
as tissue-specific expression profiles. Whereas Panx1a channels, primarily localized to the
horizontal cells of the outer retina, mediate early retinal processing and adaptation to changing
illumination through ATP/pH-dependent mechanisms and dopamine/adenosine signaling
pathways (detailed in Chapter 4), Panx1b channels are predominantly situated in the inner retina,
particularly within the ganglion cell layer. This strategic localization suggests that Panx1b plays
a crucial role in modulating the final output of the visual pathway. Indeed, previous studies using
a TALEN-generated panx1b knockout model demonstrated that the absence of Panx1b disrupts
retinal responses to sudden decreases in illumination, alters visually evoked locomotor
behaviors, and impairs the processing of both luminance and motion cues as confirmed by RNA-
seq, real-time PCR, and behavioral tests. Moreover, the observed impact on the circadian clock
system hints at a role for Panx1b in non-image-forming processes that synchronize the visual
system’s sensitivity with daily light/dark cycles.
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In parallel, our focus shifted to Panx2, a unique ion channel localized at ER-mitochondria
contact sites specialized microdomains that are critical for cellular signaling and metabolism.
Although Panx2 is the least studied member of the vertebrate-specific pannexin family, early
investigations revealed that its expression is dynamically regulated, with low levels during
prenatal development and a marked postnatal increase, suggesting a role in CNS expansion.
Initially thought to be confined to the central nervous system, Panx2 has since been detected in
multiple tissues, with particularly high expression in the skin, skeletal muscles, and the eye.
Recent structural analyses have uncovered that Panx2 forms channels with a unique pore
architecture permitting the passage of small molecules such as ATP. Furthermore, distinctive
post-translational modifications such as N-glycosylation at asparagine (N86) in its first
extracellular loop set Panx2 apart from its paralogs, Panx1 and Panx3. The existence of multiple
Panx2 isoforms in both humans and zebrafish, characterized by conserved transmembrane
domains and intracellular loops yet divergent C-terminal sequences, further underscores its
potential functional significance. Given the structural and functional similarities between Panx1
and Panx2, we hypothesized that Panx2 might also play an integral role in visual processing. To
test this, we employed a combination of behavioral assays and OCT imaging studies, the results
of which are detailed in the following sections of this chapter.

Pannexinlb Study

3.1.1 Study Design and Methods for Panx1b Imaging

Given these insights, our objective was to apply our improved OCT imaging strategy to adult
Panx1b knockout zebrafish. We sought to examine whether the anatomical and refractive
characteristics observed in larvae extend into adulthood, and to what extent Panx1b channels
shape the mature visual system. To accomplish this, we implemented the following study design:

Sample Population:

We selected a cohort of 25 Panx1b knockout adult zebrafish (1 year old) and 26 age-matched TL
(wild-type) controls. All zebrafish (Danio Rerio) of strain Tupfel long fin (TL) were maintained
in a recirculation system (Aquaneering Inc., San Diego, CA) at 28 °C on a 14 h light/10 h dark
cycle. All animal work was performed at York University’s zebrafish vivarium and in S2
biosafety laboratory in accordance with the Canadian Council for Animal Care guidelines after
approval of the protocol by the Animal Care Committee (GZ: 2020-7-R3). All fish were raised
under same laboratory conditions, ensuring uniform environmental factors and reducing
variability in ocular development due to non-genetic influences.

Imaging System Optimization:

For this experiment, we employed the custom-developed 1310 nm SD-OCT system previously
described. Drawing on the lessons from the Cx36b experiments, we made specific optimizations,
including refined sample positioning techniques and careful calibration of the imaging arm.
Additionally, we ensured that the lens optics provided sufficient working distance to
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accommodate adult zebrafish and the silicone mounting mold used for stable placement. Freshly
euthanized specimens were critical for maintaining natural hydration levels and anatomical
integrity. By doing so, we anticipated more reliable measurements of axial length, lens diameter,
and RRE. As detailed in Chapter 1, the RRE calculations followed the previously established
protocols, which rely on precisely measured ocular parameters.

Sample Preparation and Imaging Procedure:

The zebrafish were humanely euthanized using MS-222 (tricaine methanesulfonate) in
accordance with ethical guidelines. Immediately following euthanasia, the fish were positioned
under the OCT imaging setup. To prevent corneal dryness and reduce reflectance artifacts, a thin
(~80 um) layer of sterile phosphate-buffered saline (PBS) was applied to the eye’s surface. This
method ensured that optical scattering and reflectance properties remained consistent throughout
the imaging process. The OCT system was then used to capture high-resolution volumetric scans
of each eye, with particular attention paid to controlling for potential motion and ensuring that
the eye was aligned correctly with the imaging beam.

Measurements and Data Analysis:

For each specimen, we acquired ten volumetric OCT datasets of the entire eye using the 1310 nm
SD-OCT system. To reduce speckle noise and enhance image quality, we employed a custom
LabVIEW-based program, to combine and "despeckle" these ten volumes into a single, high-
quality dataset.

Next, we identified the central B-mode image for measurements. This involved manually
locating the center of the eye in the volumetric dataset and then averaging the ten B-scans before
and ten B-scans after this center slice (20 scans in total) to generate a single representative
"center" B-mode image. All subsequent measurements were performed on this averaged center
image.

We utilized ImageJ (National Institutes of Health, Bethesda, MD) to manually measure key
ocular parameters. Specifically, we measured the axial length of the eye and the lens diameter
from the averaged B-mode image. Additionally, we recorded the body length of each fish from
the tip of the mouth to the start of the fin as a normalizing parameter to account for inter-
individual size variations.

From these measurements, we calculated the retinal radius (distance from the center of the lens
to the retinal pigment epithelium, RPE) and derived the focal length using the formula:

Focal Length=Lens Radiusx2.324

Corrections for refractive indices of the lens and other ocular media were applied to ensure
accurate anatomical and optical calculations.

After collecting the measurements for both the TL (wild type) and knockout (KO) groups under
identical conditions, we performed statistical analyses using a custom MATLAB script. Initially,
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we tested the normality of each dataset. For normally distributed data, we employed a student’s
t-test to compare the TL and KO groups. This statistical approach allowed us to determine
whether any observed differences in ocular parameters were significant and potentially
attributable to the genetic modifications of interest.

3.1.2 Results and Discussion for Panx1b

Adult zebrafish of matched age were analyzed using spectral domain optical coherence
tomography (SD-OCT) to quantify ocular morphology and assess the impact of Panx1b loss on
eye structure. In this study, freshly euthanized specimens were used to acquire high-quality
whole-eye OCT images, preserving the anatomical integrity of the ocular structures. As
illustrated in Figure 13a, OCT images from fixed zebrafish eyes were compared with those from
freshly euthanized eyes (Figures 13b and 12c¢), confirming enhanced visualization in the latter
preparation. Key ocular parameters, including lens diameter, axial length, and retinal radius,
were measured from B-mode OCT images, with results expressed as ratios or normalized to the
body length of wild-type (TL) controls and panx1b-/- mutants.

Statistical analysis revealed that the lens diameter ratio (proximal-distal/anterior-posterior) did
not differ significantly between TL (1.01 + 0.02) and panx1b-/- fish (1.02 + 0.02; p = 0.150), nor
did the normalized lens diameter (TL: 29.42 + 1.2 pm/mm; panx1b-/-: 29.6 + 1.49 pym/mm; p =
0.5) (Figure 13g). All measurements conformed to a normal distribution as confirmed by the
Kolmogorov-Smirnov test (Figure 13h), and no cataracts were observed in either group. In
contrast, significant differences were identified in other ocular parameters. The normalized axial
length of the eye was significantly greater in panx1b-/- mutants (mean = 49.38 um/mm, N = 50)
compared to TL controls (mean =48.13 pum/mm, N = 52; p = 0.0106) (Figure 13d), suggesting
increased ocular dimensions in the mutants. Furthermore, the ratio of lens diameter to axial
length was significantly lower in the panx1b-/- group (TL: 0.64 + 0.01; panx1b”-/-: 0.62 + 0.01;
p =0.0003) (Figure 13f).

To assess the functional implications of these structural differences, Relative Refractive Error
(RRE) was calculated as RRE = 1 — (retinal radius/FL), where FL represents the idealized focal
length determined by multiplying the lens radius by 2.324 (Collery et al., 2014). Negative RRE
values indicate a myopic shift, with more negative values reflecting greater myopia. Analysis
revealed that panx1b-/- fish exhibited a significant decrease in RRE (TL: 0.02 + 0.03; panx1b-/-:
—0.005 £ 0.01; p = 0.0002) (Figure 13e). These findings collectively confirm that the loss of
Panx1b function in adult zebrafish is associated with significant alterations in ocular dimensions
and a myopic phenotype.
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Figure 13: Elongation of the Eye Axial Length Induces a Myopic Shift in Adult Panx1b-/- Fish. Panel A displays a
representative OCT image of a fixed zebrafish eye, while Panels B and C show images from freshly euthanized
specimens, demonstrating enhanced anatomical preservation. Quantitative analyses were performed on B-mode and
en face OCT images with ocular parameters normalized to body length. Panel D shows that panx1b-/- mutants
exhibit a significantly increased normalized axial length compared to TL controls (49.38 um/mm vs. 48.13 um/mm;
p = 0.0106). Panel E illustrates a significant myopic shift in panx1b-/- fish, evidenced by a lower Relative Refractive
Error (TL = 0.02 + 0.03; panx1b-/- = —0.005 + 0.01; p = 0.0002). Panel F depicts a significantly reduced ratio of
lens diameter to axial length in the mutants (TL = 0.64 + 0.01; panx1b-/- = 0.62 = 0.01; p = 0.0003), while Panel G
shows no significant differences in the normalized lens diameter (TL = 29.42 + 1.2 um/mm; panx1b-/- = 29.6 + 1.49
um/mm; p = 0.5). Finally, Panel H confirms that all measurements conform to a normal distribution as assessed by
the Kolmogorov-Smirnov test. Data represent means + SEM; sample sizes were 52 eyes from TL controls and 50
eyes from panx1b-/- mutants.
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Note: This chapter is a modified version of the published paper.

3.2.1 Introduction

Panx2 is the least-studied member of the pannexin family, yet emerging evidence highlights its
significant role in ocular physiology. Although early research focused on its low prenatal
expression and subsequent postnatal increase implicating it in central nervous system
development later studies revealed that Panx2 is highly expressed in multiple tissues, most
notably in the eye. This elevated expression in ocular tissues has spurred our investigation into
Panx2’s role in visual perception and ocular structure.

Our study employed a global Panx2 knockout zebrafish model, generated via TALEN
technology, to probe the protein’s involvement in the visual system. Using a custom antibody,
we localized Panx2 to the inner segments of photoreceptors and the outer retina, suggesting that
Panx2 may be critical in modulating retinal signaling. Transcriptome analyses of Panx2-deficient
zebrafish revealed differential expression of genes associated with visual perception and
circadian rhythm, providing molecular evidence of its functional relevance in the eye.

Complementing these molecular findings, behavioral assays demonstrated that the absence of
Panx2 impairs visual-motor and optomotor responses, indicating deficits in visual information
processing. Optical coherence tomography (OCT) was a key tool in our study; OCT imaging of
adult zebrafish eyes uncovered structural alterations in the lens, which manifested as a myopia-
like phenotype. These imaging findings suggest that early-life molecular changes due to Panx2
loss may lead to significant disruptions in ocular structure and function.

In summary, our work establishes a novel and essential role for Panx2 in vision. By integrating

genetic, molecular, behavioral, and OCT imaging approaches, we provide comprehensive
insights into how Panx2 contributes to maintaining proper visual function and ocular integrity.
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3.2.2 Results

Generation of a Global Panx2 Knockout Zebrafish Line

Using TALEN-mediated genome editing, we generated a panx2 mutant allele by targeting the
BamHI restriction site in the first exon of the panx2 gene (Fig. 14a). Sequencing of
microinjected embryos revealed deletions ranging from 4 to 11 base pairs within exon one. An
adult founder (FO) harboring an 11 bp deletion (panx2A11) was selected for further study (Fig.
14b). This 11 bp deletion caused a frameshift at amino acid G28, introducing a premature stop
codon that truncated the Panx2-C protein to just 27 amino acids effectively removing 640 of the
651 amino acids (Fig. 14c¢).

The resulting Panx2A11 zebrafish were viable and bred successfully over multiple generations.
When comparing age-matched male and female adults to wild-type siblings, we observed a
modest but significant reduction in body length (Fig. 14d, e). Importantly, the editing event in
exon one abolished the shared start codon for all three known Panx2 isoforms isoform A (580
aa), isoform B (604 aa), and isoform C (651 aa). RT-qPCR analysis of 6 dpf TL (Panx2+/+)
larvae confirmed that the Panx2-C isoform is the most abundantly expressed, suggesting a
dominant role in Panx2-mediated functions (Fig. 14f).

To verity the knockout at the protein level, we generated a custom polyclonal anti-Panx2 peptide
antibody. In wild-type larvae, low but specific Panx2 immunoreactivity was detected in the outer
retina, inner plexiform layer, and lens epithelium (Fig. 12g, indicated by open triangles). In
contrast, Panx2 knockout larvae showed a significant reduction in fluorescence, with residual
signals attributable to collagen autofluorescence in the sclera and at the lens epithelium margins
(Fig. 14h). High-magnification imaging further confirmed Panx2 localization in the axons of
photoreceptor inner segments and the lens epithelium in wild-type specimens, while no
immunoreactivity was observed in horizontal cells that express Panxla and Panx1b (Fig. 14 1,j;
Prochnow et al., 2012).
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Figure 14: Generation and Characterization of a Global Panx2 Knockout Zebrafish Line.

(a) TALEN-mediated targeting of the BamHI site in the first exon of panx2. (b) Sequence analysis of a founder F0 fish revealed
an 11 bp deletion (panx2411). (c) This deletion induces a frameshift at amino acid G28, creating a premature stop codon that
truncates the Panx2-C protein to 27 amino acids from 651. (d,e) Panx2411 zebrafish are viable, fertile, and display a modest but
significant reduction in body length compared to wild-type siblings. (f) RT-qPCR of 6 dpf larvae confirms that the Panx2-C
isoform is predominantly expressed. (g—j) Immunostaining with a custom polyclonal anti-Panx2 antibody shows specific labeling
in the outer retina, inner plexiform layer, and lens epithelium of wild-type larvae, while knockout larvae exhibit markedly reduced
fluorescence with residual signals due to collagen autofluorescence; no staining is observed in horizontal cells expressing
Panxla and Panx1b.
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Panx2 ablation alters visual processes and lens structure.

Transcriptomic analysis of 6 dpf Panx2+/+ and Panx2A11 larvae revealed 5355 differentially
expressed genes (DEGs; padj <0.05), with 2512 up-regulated and 2843 down-regulated (Fig.
13a). Gene Ontology (GO) analysis (GOSeq 1.56.0) showed significant down-regulation in
vision-related categories, including Sensory Perception of Light Stimulus (GO:0050953; 61
genes) and Sensory Perception (GO:0007600; 70 genes) (Figs. 15 c,d), processes essential for
converting light into molecular signals. Notably, the Structural Component of the Lens
(GO:0005212; 38 genes) was the most down-regulated molecular function (Fig. 15f), indicating
compromised lens integrity, while the Humoral Immune Response (GO:0006959; 17 genes) was
markedly up-regulated (Fig. 15¢).

Further STRING analysis with k-means clustering of the 61 down-regulated genes in the Sensory
Perception category identified two clusters: one comprising key retinal genes such as retinal
arrestins (arr3a, arr3b), rhodopsins (rho, rhol), and guanylyl cyclases (gucalg, gucy2d) and a
second cluster featuring lens-specific crystallin genes, including fish-specific members of the
gamma-crystallin M-subfamily, which are critical for lens structure and are implicated in cataract
formation. Additionally, up-regulated genes within the Humoral Immune Response category
included liver-expressed genes (e.g., si: dkey-2215.9, c8a, c8g, ¢9) and genes associated with
human eye diseases and age-related macular degeneration (e.g., cfb, c2/si:ch1073-280e3.1).
These combined findings underscore the significant impact of Panx2 ablation on both retinal and
lens functions, reinforcing the prioritization of vision-related biological processes.
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Figure 15: Panx2 ablation alters visual and lens-specific gene expression.

(a) DESeq?2 analysis of RNA-seq data from 6 dpf Panx2+/+ and Panx2A11 larvae identified 5355 differentially expressed genes

(adjusted p < 0.05). (b) GOSeq analysis revealed significant downregulation of vision-related biological processes, notably



Sensory Perception of Light Stimulus (GO:0050953) and Sensory Perception (GO:0007600), while the Humoral Immune
Response (GO:0006959) was upregulated. (c) The most downregulated molecular function was the Structural Component of the
Lens (GO:0005212). (d) STRING analysis with k-means clustering of genes from the Sensory Perception and Humoral Immune
Response categories identified two major clusters: retina-specific genes involved in phototransduction and lens-specific
crystallin genes, with a third group related to immune response.

Panx2 loss leads to lens malformation in adult zebrafish.

Whole-eye optical coherence tomography (OCT) images of adult, one-year-old Panx2+/+ and
Panx2A11 zebrafish were obtained using a custom-developed 1310 nm Spectral Domain OCT
(SD-OCT) system. For each eye, we performed a detailed microstructural analysis and quantified
geometric parameters including axial length, lens diameter, retinal radius, and corneal thickness
as illustrated in Fig. 16a. Detailed examination of the OCT images revealed significant
disruptions in the lens epithelium of Panx2A11 fish. These disruptions were characterized by the
presence of protruding rings within the lens, in stark contrast to the smooth, well-organized
epithelium observed in Panx2+/+ fish (Figs. 16b, 16¢, 16d). We speculate that these structural
defects may impair the lens’s light-focusing ability by disrupting the normal pathway of light
through the eye.

To account for individual variations in body size, we normalized the geometric data to body
length following methods previously described (Brown-Panton et al., 2023; Collery et al., 2014).
Our analysis demonstrated that Panx2A11 fish exhibited a significantly longer mean axial length
compared to wild-type controls (Panx2+/+ = 47.57 + 1.39 um/mm; Panx2A11 =51.97 £2.26
um/mm; P <0.0001; Fig. 16e).

To further investigate potential refractive anomalies, we calculated the Relative Refractive Error
(RRE) using high-resolution whole-eye OCT images. RRE is a standardized metric defined as 1
— (retinal radius/F), where F is an idealized focal length calculated as the lens radius multiplied
by 2.324. Our examination revealed that Panx2 ablation resulted in a significant decrease in RRE
values (Panx2+/+ = 0.02 + 0.03; Panx2A11 =-0.03 = 0.03; P < 0.0001; Fig. 16f). Eyes with a
distance from the lens center to the retinal pigment epithelium (RPE) greater than the expected
retinal radius exhibit negative RRE values (Collery et al., 2014), further underscoring the impact
of Panx2 loss on refractive development.

In addition, we detected a significant increase in corneal thickness in Panx2A11 fish when
normalized to lens diameter. The corneal thickness was measured using a custom MATLAB
code that analyzes pixel intensities to accurately determine thickness (Panx2+/+=10.07 + 0.01
um/mm, n = 38 eyes; Panx2A11 =0.08 + 0.01 um/mm, n =40 eyes; P <0.001; Fig. 16g).
Finally, Panx2A11 fish also showed reduced retinal thickness when normalized to lens diameter
(Panx2+/+ = 0.040 £+ 0.0039 pm/mm, n = 38 eyes; Panx2A11 = 0.036 £ 0.0035 pum/mm, n = 40
eyes; P <0.0001; Fig. 16h).

For these parameters, a total of 38 eyes from 19 Panx2+/+ control fish and 40 eyes from 20 age-
matched Panx2A11 fish were examined. Altogether, our comprehensive OCT analysis
demonstrates that Panx2 loss-of-function leads to significant lens abnormalities and altered
retinal thickness, suggesting that Panx2 plays a crucial role in maintaining normal visual function
in adult zebrafish.
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Figure 16: Panx2 loss leads to lens malformation consistent with myopia.

Adult zebrafish eyes were imaged using an SD-OCT system. (a) Schematic depicting four geometric parameters used to quantify
high-resolution whole-eye OCT images. Representative OCT images from Panx2+/+ fish (b) and Panx2A411 fish (c, d) show
disruptions in the lens epithelium. Scale bars = 500 um. Bar plots illustrate significant differences between genotypes for axial
length normalized to body length (e), relative refractive error (f), corneal thickness (g), and corneal thickness normalized to lens
diameter (h). Sample sizes were 38 eyes from 19 Panx2+/+ fish and 40 eyes from 20 Panx2A11 fish. Significance: ***P < 0.001,
*EXEP < (0.0001. See also Supplementary Table 6.

3.2.3 Discussion

This study demonstrates that Panx2 plays a critical role in visual function in zebrafish, supported
by three distinct lines of evidence. First, we observed that Panx2 mRNA is elevated in brain
regions involved in visual processing. This finding is corroborated by RNA-seq analysis, which
revealed significant differential expression of genes associated with the sensory perception of
light. Such molecular signatures strongly suggest that Panx?2 is intricately involved in retinal
signaling pathways.

Second, behavioral assessments of Panx2-deficient larvae indicate that loss of Panx2 profoundly
affects visual processing. When exposed to various light stimuli, these larvae exhibit marked
alterations in locomotor behavior and impaired optomotor responses. These deficits, distinct
from those seen in Panx1a or Panx1b knockouts, underscore a unique and non-redundant role for
Panx2 in modulating visual acuity and overall retinal function.
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Third, in adult zebrafish, Panx2 ablation is associated with significant structural alterations in the
eye. Whole-eye optical coherence tomography (OCT) revealed disruptions in lens morphology
manifested as irregularities in the lens epithelium consistent with a myopia-like phenotype and
changes in other geometric parameters such as axial length and retinal thickness. These
anatomical alterations further support the conclusion that Panx?2 is essential for maintaining
normal ocular architecture and refractive properties.

Our findings extend previous work on the pannexin family. Earlier studies established that
Panx1a, predominantly expressed in the outer retina, and Panx1b, localized to the inner retina
and ganglion cell layer, are both integral to retinal function. In contrast, Panx?2 is expressed in
both inner and outer retinal layers, with particularly prominent localization in the photoreceptor
inner segments. This pattern aligns with murine data showing Panx2 expression in similar retinal
compartments and suggests that Panx2 may have a broader role in retinal signaling. The severe
behavioral phenotypes and the substantial downregulation of light-detection genes in Panx2
knockouts further indicate that its function is not redundant with that of Panx1a or Panx1b.
Rather, these proteins likely work in complementary or synergistic ways to regulate different
aspects of visual processing.

Beyond its role in the retina, the strategic localization of Panx2 at ER—mitochondria contacts
(MAMs) and its enrichment in the neuropil hint at additional mechanisms underlying the
observed visual deficits. Neuronal function is highly dependent on precise calcium regulation
and energy homeostasis, processes critically mediated by interactions between the endoplasmic
reticulum and mitochondria. We propose that the loss of Panx2 in photoreceptor inner segments
regions rich in mitochondria and closely associated with MAMs may disrupt the biosynthetic
machinery essential for photoreceptor maintenance. Such disruptions could lead to impaired
calcium buffering, altered energy production, and ultimately contribute to degenerative
conditions such as retinitis pigmentosa or age-related macular degeneration.

In the lens, our transcriptome data showed significant downregulation of genes encoding lens-
specific proteins, including alpha- and beta/gamma-crystallins, with particular emphasis on the
fish-specific gamma-crystallin M-subfamily. Given that these proteins are vital for maintaining
lens integrity and that their mutations are linked to cataracts, the altered expression profile
suggests that Panx2 is crucial for lens cellular energy homeostasis. The resultant structural
defects may disrupt the light-focusing ability of the lens, leading to a myopic phenotype.

Lastly, transcriptome profiling also indicated that Panx2 may regulate immune responses, a
finding that raises the possibility of a neuro-immune axis contributing to retinal and lens
degeneration. Although this aspect remains to be fully explored, it suggests that immune
dysregulation might exacerbate the structural and functional deficits observed in Panx2-deficient
zebrafish.

In summary, our study not only reinforces the essential role of Panx2 in visual function but also
broadens our understanding of its multifaceted contributions to retinal physiology, ocular
morphology, and possibly immune regulation. These insights open new avenues for further
investigation and highlight Panx2 as a potential therapeutic target for a range of vision-related
disorders.

55



3.2.4 Methods

Generation of Panx2A11 Zebrafish

Potential TALEN target sites within exon 1 of the panx2 gene (NM_001256641) were identified
using Mojo Hand software (http://talendesign.org) (Ambrosi et al., 2010; Penuela et al., 2009).
TALEN constructs were synthesized in Dr. Stephen Ekker’s laboratory (Mayo Clinic Cancer
Center, Rochester, MN) using the Golden Gate assembly method for repeat-variable di-residues
(RVDs) (Cermak et al., 2011) and cloned into pT3TS-GoldyTALEN expression vectors (Bedell
et al., 2012; Bedell and Ekker, 2015). Plasmids were linearized with Sacl (ThermoFisher
Scientific, Canada) at 37°C for 15 minutes and served as templates for in vitro transcription.
Capped cRNAs were produced from equimolar TALEN pairs using the mMESSAGE
mMACHINE T3 Transcription Kit (Life Technologies, Canada) and purified with the Oligotex
mRNA Mini Kit (Qiagen Inc., Toronto, Canada). The TALEN cRNAs were diluted to 1 pg/pL in
DNase/RNase-free water and stored at —80°C until microinjection.

One-cell stage zebrafish embryos were microinjected with TALEN cRNA pairs at a dose of

25 pg/nL. At 4 days post-fertilization (dpf), genomic DNA (gDNA) was extracted from
individual embryos by incubating them in 100 mM NaOH at 95°C for 15 minutes, followed by
neutralization with 1/10th volume of 1 M Tris (pH 8.0) and addition of an equal volume of TE
buffer (pH 8.0). gDNA was then stored at —20°C. Indel mutations were screened via gPCR using
BamHI digestion, with primers 5’-CGAATGCAGAATATCCTCGAGCAG-3’ (forward) and 5°-
GTGACGACCCGGTCAAAGG-3’ (reverse). Mutations were confirmed by sequencing gel-
purified PCR products cloned into the pJetl.2 vector (Life Technologies). Adult mosaic FO
zebrafish were anesthetized with a pH-buffered ethyl 3-aminobenzoate methanesulfonate

(0.2 mg/mL MS-222, Sigma-Aldrich) and a caudal fin clip was collected for gDNA isolation and
mutation screening as described (Bedell et al., 2012). FO adults were out-crossed to wild-type TL
zebrafish, and F1 progeny were analyzed by PCR and BamHI restriction digestion to confirm
germline transmission. Heterozygous Panx2+/- F1 mutants were intercrossed to establish
homozygous F2 mutants (Panx2A11). All experiments were conducted with F3 or later
progenies, using age-matched siblings as controls.

Differential Gene Expression and Functional Enrichment Analyses

RNA-seq data were processed to generate final read counts, normalization, and differential
expression analysis using both the edgeR R package (v4.0.16) (Chen et al., 2016) and DESeq2 R
package (v1.42.1) (Love et al., 2014). Genotypes were incorporated into the statistical model,
and multiple hypothesis testing was controlled using the Benjamini-Hochberg procedure, with a
default significance threshold of p < 0.05 (adjusted p-value, padj). Gene Set Enrichment Analysis
(GSEA) was performed to determine whether defined gene sets exhibited statistically significant,
concordant differences between genotypes. Data were filtered at padj < 0.05 and enrichment was
assessed using GOseq (v1.56.0) (Young et al., 2010). Additional tools, including HCOP
(https://www.genenames.org/tools/hcop/) and db2db at bioDBnet
(https://biodbnet.abcc.nciferf.gov/db/db2db.php) (Mudunuri et al., 2009; Yates et al., 2021),
were used to convert curated human or mouse gene lists to zebrafish orthologs. Curated gene sets
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were further analyzed using STRING (v12.0) (Szklarczyk et al., 2023) and visualized with
ggplot2 (v3.5.1) from the tidyverse package (v2.0.0) in R.

Confocal Image Acquisition and Analysis

For confocal imaging, zebrafish larvae were embedded in a custom 3D-printed z-mold or 8-teeth
mold using 2% low-melting agarose on glass-bottom culture dishes (MatTek, P35G-0-10C)
(Geng and Peterson, 2021). Larvae were positioned in larva-shaped slots and oriented dorsal side
down in 0.5% low-melting agarose. Imaging was performed on a Nikon A1R confocal system
equipped with a 20x water-immersion objective using 546 nm and 468 nm lasers. Image stacks
were processed and analyzed in FIJI (v2.9.0). Z-stacks were aligned to the mapZebrain atlas
(Kunst et al., 2019; Shainer et al., 2023) using the DAPI channel as a reference, and median
fluorescence values from Panx2 probe signals were extracted from defined anatomical regions.
For visualization, these regions were overlaid onto the Panx2 image stacks and displayed as
transversal or lateral sections, or as 3D dorsal projections.

Zebrafish Locomotion Assays

Behavioral analysis was performed using the Zebrabox system and ZebraLab analytical suite
(ViewPoint Life Technology, Lyon, France; http://www.viewpoint.fr) for automated video
tracking and extraction of behavioral parameters. Videos were recorded at 30 frames per second
under infrared (for light-OFF) or visible light (for light-ON) using a Point Grey Research
Dragonfly2 DR2-HIBW camera (Teledyne-FLIR, Burlington, ON, Canada). [llumination was
provided from below by a lightbox delivering light intensities ranging from 0% to 30% (0—1200
lux). Six-day post-fertilization (dpf) larvae were housed in 24- or 48-well plates maintained at
28°C, with all experiments conducted between 12:00 and 2:00 pm to ensure stable activity
levels. For the spontaneous free-swimming assay, larval locomotor behavior was tracked for 30
minutes, and three speed thresholds were defined: slow (<2 mm), medium (2-20 mm), and fast
(>20 mm). Total distance traveled and velocity in medium and fast swim speeds were used for
statistical analysis.

Optical Coherence Tomography (OCT) Assay

A custom spectral-domain OCT (SD-OCT) system was constructed in a Michelson configuration
using a super luminescent laser diode centered at 1,310 nm (£75 nm at 10 dB; Exalos,
Switzerland) and a 2048-pixel line scan camera spectrometer with a maximum acquisition rate of
147 kHz (Wasatch Photonics, USA). A 50/50 fiber coupler divided the source light into
reference and sample arms. In the sample arm, light was collimated (Thorlabs, USA), directed by
a 2-DOF galvo mirror, and focused onto the sample using an objective lens (LSMO02, Thorlabs,
USA) for raster scanning. The reference arm comprised a polarization controller, dispersion
compensation block, and a gold-coated mirror. Back-reflected light from both arms was
recombined and routed via an optical circulator to the spectrometer, where interference patterns
were captured, digitized, and processed. A-lines were generated by background subtraction, k-
space mapping, and Fourier transformation to yield depth profiles, which were combined during
raster scanning to form 3D volumetric images of the zebrafish eye. The system achieved axial
and lateral resolutions of 8.5 um and 10 um, respectively. Prior to imaging, adult zebrafish were

57


http://www.viewpoint.fr/

humanely euthanized using MS-222, oriented in a silicon mold with the eye facing the OCT
objective, and a thin layer (~80 um) of index matching liquid was applied to minimize specular
reflections. OCT images were calibrated for axial and lateral pixel dimensions using ImageJ for
subsequent quantification of geometric parameters. For measuring corneal thickness from whole-
eye OCT images given its small size and to eliminate subjective bias we employed a custom-
developed MATLAB code. The code sums the pixel intensities of each row within a predefined
square region of interest (ROI) on the cornea and generates a corresponding plot. The full width
of the intensity profile at the lower part of the plot is then measured and recorded as the corneal
thickness.

Statistics and Data Reproducibility

All statistical analyses were performed using GraphPad Prism (VS10.2.3). Data are presented as
mean * standard deviation (SD) or standard error of the mean (SEM) for behavioral
measurements. Molecular analyses (RT-qPCR, RNA-seq) were conducted with at least three
independent replicates (n > 3). Sample sizes for behavioral experiments were determined using
G*Power analysis. Normality and homogeneity of variance were assessed using the Shapiro-
Wilk Test and Levene’s Test, respectively. Comparisons between experimental groups were
made using unpaired t-tests, Welch’s t-tests, or two-way ANOVA, with a p-value < 0.05
considered statistically significant. Detailed sample sizes, statistical tests, and corresponding p-
values are provided in the figure legends.
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4.1 SUMMARY

Pannexin la (Panxla), a large-pore ATP release channel broadly expressed in the vertebrate eye,
has an unclear role in ocular development. Using a zebrafish Panx1a knockout, we observed
progressive ocular phenotypes, including impaired visuomotor behavior, axial myopia, cataract-
like lens abnormalities, lens defects, and retinal thinning. Optokinetic response (OKR) assays
revealed markedly reduced responsiveness in Panxla 7/~ larvae, with response rates declining
from 91.7% to 50% at 20% contrast and from 100% to 41.7% at 100% contrast, along with
prolonged saccade intervals (twofold at 20% and fourfold at 100% contrast). High-resolution
optical coherence tomography (OCT) in adults showed increased normalized axial length (7-8%
across ages) and reduced lens-to-axial length ratios (0.58 vs. 0.63 at 8 months). Histology
revealed age-dependent lens epithelial disruption and increased light scatter. Retinal analyses
demonstrated thinning of the whole retina (10%) and ganglion cell layer (33%), with occasional
vascular tortuosity. Together, these findings identify Panxla as a key regulator of ocular integrity
and refractive development in zebrafish.

KEYWORDS
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4.2 INTRODUCTION

Visual impairments such as myopia, cataracts, and glaucoma are major global health challenges,
affecting hundreds of millions of people and substantially diminishing both quality of life and
economic productivity [1]. These disorders are complex, multifactorial, and often progressive,
necessitating deeper insights into their underlying genetic, molecular, and cellular mechanisms.
To this end, animal models have been instrumental in elucidating the pathophysiology of ocular
diseases, providing tractable platforms to dissect gene function and test therapeutic strategies.
For example, zebrafish models have advanced clinical health outcomes by enabling the
discovery of disease-causing genes such as SLC25A38 in sideroblastic anemia [2] and CCBE1 in
Hennekam syndrome [3], while also facilitating drug development efforts including
Prostaglandin E2 (ProHema) for hematopoietic stem cell transplantation [4] and Leflunomide for
melanoma treatment [5].

Among available vertebrate models, the zebrafish (Danio rerio) has emerged as a powerful
system for studying ocular development and disease. Zebrafish exhibit key anatomical and
functional similarities to the human eye, including a layered retina, cone-dominant
photoreception, and diurnal vision cycles [6, 7]. Their external fertilization, optical transparency,
and rapid development allow high-resolution in vivo imaging and large-scale genetic screening,
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making them particularly suitable for studying refractive errors, lens biology, and retinal
degeneration [8, 9].

Recent genome-wide association studies and functional genomics have implicated numerous
genes in eye development and disease, yet many remain incompletely characterized. One such
candidate is Pannexinl(Panx1), a large-pore ATP-permeable channel protein known for its roles
in purinergic signaling, mechanotransduction, and cell-cell communication. Panx1 is expressed
in a variety of tissues, including the retina, lens, and cornea, where it participates in responses to
membrane stretch, extracellular ATP, and calcium flux [10, 11]. Its relevance to ocular
physiology is underscored by studies in mice and humans suggesting that Panx1 contributes to
intraocular pressure regulation, neuronal survival, and inflammation, all of which are processes
relevant to glaucoma and other degenerative eye conditions [12-15].

In zebrafish, the gene family includes two Panx1 paralogs, Panxla and Panx1b, arising from a
teleost-specific genome duplication event [16, 17]. While Panx1a is predominantly expressed in
the horizontal cells of the outer retina, Panx1b is enriched in the inner retinal layers including
ganglion and amacrine cells, indicating potentially non-redundant functions [16]. Functional
studies have begun to elucidate these roles; for instance, Panx/a knockout zebrafish exhibit
visual behavior deficits, including impaired optokinetic response (OKR) and abnormal
dopaminergic signaling [18]. These findings suggest that Panx/a plays a key role in retinal
processing and sensorimotor integration.

However, the potential role of Panx/a in lens development, refractive tuning, and epithelial
homeostasis has not yet been explored in zebrafish. This represents a significant knowledge gap,
as pannexins are broadly expressed in vertebrate ocular tissues and are key regulators of
extracellular ATP signaling and ionic fluxes. Evidence from rodent, porcine, and other
mammalian lenses demonstrates that Panx1 functions as an ATP-release channel that modulates
purinergic signaling, Ca*>" wave propagation, and epithelial stress responses. In these systems,
Panx1 activity regulates Na*/K*-ATPase function and intracellular Ca** dynamics, processes
essential for maintaining lens transparency, ionic balance, and volume homeostasis [64]. Panx1
activation has also been linked to oxidative stress pathways and redox-sensitive ATP release,
both of which are particularly relevant to the metabolically active lens epithelium [16].
Furthermore, given its structural and functional parallels with connexins, proteins indispensable
for lens fiber differentiation, gap-junctional communication, and refractive development, Panx/a
may plausibly contribute to axial length regulation and emmetropization through analogous
regulatory mechanisms [15, 53, 54, 56, 65, 66]. Collectively, although no studies have previously
examined Panxla function in the zebrafish lens, mammalian evidence strongly supports a model
in which Panxla could influence lens ionic homeostasis, ATP-dependent signaling, and optical
integrity.

Human data also supports the clinical relevance of this channel. A germline mutation in PANX1
was recently associated with a multisystemic disorder characterized by intellectual disability,
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sensorineural hearing loss, and night blindness, suggesting a broader role in sensory system
development [27]. Yet, ocular-specific phenotypes in such cases remain poorly defined, and
functional modeling in vertebrates is lacking.

In this study, we investigate the role of Panxla in ocular development using a knockout zebrafish
model across four developmental stages, assessing visual behavior, ocular biometry, lens
transparency, and retinal morphology. Building on our previous findings of altered visual-motor
behavior and dopaminergic signaling in Panxla/~ larvae [28-32], we carried out optokinetic
response assays and found significant abnormalities in the mutants during larval development.
Because OKR performance is dependent on the integrity of image-forming structures such as the
retina and lens and impaired OKR can be indicative of structural visual deficits rather than only
primary reflex pathway dysfunction [33, 34], we sought to further investigate the basis of this
impairment. We therefore refined our hypothesis to distinguish between two possible
mechanisms: (1) a functional disturbance of visuomotor reflex circuitry, or (2) structural
abnormalities in ocular tissues responsible for forming a clear image. Given the nature of the
OKR deficits, we hypothesized that Panx1a deficiency primarily leads to structural defects in
ocular components rather than a generalized functional visual reflex disorder. To test this, we
performed high-resolution whole-eye and retinal 3D OCT imaging and complementary
histological analyses to characterize the adult ocular phenotypes. Our findings reveal that
Panxla deletion is associated with a distinct ocular phenotype, including progressive myopia,
lens structural defects and cataract-like changes, and retinal thinning, highlighting Panxla as a
critical regulator of ocular structure and function. This work expands our understanding of
pannexin channel biology in the eye and establishes the Panx/a knockout zebrafish as a valuable
disease model for investigating the impact of Panx1 mutations in humans, providing a foundation
for future studies into ATP signaling and mechano-transduction in refractive development and
visual pathology.

4.3 RESULTS

Panxla” Larvae Exhibit Ocular Motor Deficiency.

To determine whether Panx/a contributes to visual-motor function during early development, we
assessed the optokinetic response (OKR) in Panxla/~ and Panx1a*/* zebrafish larvae using
contrast-dependent visual stimuli. Here, we evaluated the optokinetic response (OKR) in six-day
post-fertilization larvae. Eye movements were recorded under clockwise-moving gratings at 20%
and 100% contrast (Figure 18A). Horizontal saccadic movements (>15°) were extracted from
traces (Figure 18B). Panx1a”" larvae exhibited reduced responsiveness to moving gratings
compared to Panx1a** larvae (Figure 18C). At 20% contrast, 91.7+1.3% of Panx1a*" larvae
responded, while percentage responded was significantly lowered to 50+15.1% in Panxla™”
larvae (p = 0.027). Similar trend was observed at 100% contrast, with 100% of Panx1a** larvae,
and 41.7£14.9% of Panx1a™" larvae, responding to the stimuli (p = 0.0024).
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Saccade intervals in Panx1a*" larvae were significantly reduced with increased contrast (20%:
13.6+1.3s vs. 100%: 4.0+1.5s, p < 0.0001) (Figure 18D). An increase in the contrast from 20%
to 100% had no significant effect on the saccade intervals of Panx1a” larvae. However, Panxla™
larvae showed prolonged saccade intervals at both contrasts (20%: 24.1+3.4s, 100%: 16.3%1.8s),
significantly differing from controls at 20% (p = 0.012) and 100% contrast (p < 0.0001).

Saccade amplitude decreased with higher contrast in Panx1a™" larvae (20%: 23.3+0.7°, 100%:
20.3+0.9°, p = 0.0187) (Figure 18E). However, Panxla” larvae showed no significant amplitude
change (20%: 21.4+1.0°, 100%: 20.8+0.6°). Similarly, saccade duration remained unchanged
across all groups (Panx1a™* 20%: 129.1+5.8ms, 100%: 109.6+10.0ms; Panxla’~ 20%:
137.5+£5.6ms, 100%: 125+4.1ms) (Figure 18F).

The immunohistochemistry image highlights Panxla expression (green) in the inner plexiform
layer (IPL) of the retina, arborization fields in the midbrain (including the optic tectum), and
cells surrounding the lens (Figure 18G, J). In larval zebrafish, the localization of Panxla
supported its roles in both retinal signal processing and sensorimotor integration, which are
essential for OKR function. The presence of Panx/a in cells around the lens raised the possibility
that it may also contribute to lens maintenance or transparency.

To further investigate the extent of Panx/a's influence on the visual system we prioritized the
question whether structural and synaptic integrity deficits can be observed in the adult retina.
Given its expression in the lens, the lens morphology and transparency were also investigated to
determine whether Panxla deletion predisposes the zebrafish to cataract-like phenotypes or other
refractive abnormalities during adult developmental stages, further contributing to visual
dysfunction.
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Figure 18: Panx1 ablation affects responsiveness to moving gratings. (A) Moving gratings were presented to
immobilized 6 days post-fertilization larvae of both genotypes. The eye movements were video recorded and
analyzed offline using Stytra (Vilim Stih et al., PLos Computational Biology, 2019). (B) Traces of angular horizontal
eye movements of both genotypes at 20% and 100% light. n = 3 larvae (C) Positive responses (%) of larvae
stimulated by moving gratings at 20% and 100% light. n = 12 larvae. (D) Time between saccades was identified as
the time between the maximum amplitude of a saccade and the onset of a new saccade. (E) Saccade amplitudes were
identified as the maximum angle (in degrees) reached when eyes jerked in response to the stimulus presented at
3.6%sec. (F) Saccade duration was calculated as the time between the onset and the peak of the eye movement (ms).
(G, J) Immunohistochemistry-based detection of Panxla in the brain and retina using the anti-Panx1a antibody
from [18]. Arrows in (G) indicate immunoreactive arborization fields in a cross-section of a whole head (6dpf).
Arrows in (J) indicate the optic nerve (ON), inner plexiform layer (IPL), retinal ganglion cell layer (RGCL), and
lens epithelium (LE) in the retina. The number of animals used for analysis, Panxla** (20%) n = 8, Panxla™"*
(100%) n = 3, Panxla” (20%) n = 12 and Panxla™ (100%) n = 5. Statistical analysis: Welch's t-test; p-value
significance * <0.05 ** < 0.01 *** < (0.005 **** < 0.001. Scale bars: (G) (150um), (J) (50um).
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Panxla Deletion Induces Myopic Ocular Alterations Revealed by Volumetric Whole-Eye OCT
Imaging

To assess the refractive status of the mutant eyes, we measured geometrical parameters using
Optical Coherence Tomography (OCT), a non-invasive imaging technique that has become a
gold standard analytical tool in the field of ophthalmology [28, 32, 35]. Ophthalmic OCT studies
in zebrafish frequently use shorter central wavelengths (800—1050 nm) to obtain high-resolution
retinal images. However, these wavelengths experience greater light attenuation in larger adult
eyes, which can limit penetration depth and reduce the visibility of deeper ocular structures.
Although adult zebrafish imaging has been successfully performed using commercial systems
such as those described by Collery et al., the image quality at shorter wavelengths often does not
fully resolve whole-eye morphology in older fish. To overcome these limitations, we optimized a
custom-developed 1310 nm Spectral-Domain OCT (SD-OCT) system to enable high-resolution
whole-eye 3-D imaging of adult zebrafish (Figure 19A). By raster scanning the laser beam
across the eye we acquired high resolution volumetric images which could be sliced to obtain
either B-mode (aka. sagittal or coronal planes), or en-face images (aka. transverse plane). The
central B-mode images of the volumetric datasets were then used for extracting geometrical
measures, as schematically shown in the OCT B-mode and en-face images of Figure 19B, C. To
avoid developmental biases, we normalized the measured axial length of each eye to the
respective fish body length, measured from the top of the head to the beginning of the fin. We
also calculated the Relative Refractive Error (RRE) for each eye, which is a unitless measure,
with values less than zero indicating myopia and positive values indicating hyperopia. The
formula commonly used for calculating RRE of zebrafish is RRE = 1 — retinal radius/F; where
F =idealized focal length = lens radius * 2.324 [36-39]. Measurements were conducted for
both Panx1a** and Panx1a” groups at three developmental stages of 8 months, 1 year, and 1.5
years of age with n=30 eyes per age group per genotype. Figures 19D and 19H depict the
normalized axial lengths measured from OCT images of 8-month-old and 1-year-old Panx1a™*
and Panx1a”-zebrafish. Results from the 1.5-year-old Panx1a”~ group are not included in Figures
3D and 3H because of the presence of severe lens defects in these eyes (discussed in the next
section) which significantly altered the eye structures and rendered measurements of the
geometrical parameters inaccurately. Our results indicate a significant elongation in the
normalized axial length of the eye in mutants at 8-month-old (Panxla’": 48.794+2.24 um/mm,
Panxla**: 45.34+3.59 pym/mm, p < 0.0001). Similar pattern was observed in the 1-year-old
mutants (Panxla”": 48.73+1.38 um/mm, Panxla**: 47.57+1.58 pm/mm, p = 0.0012).
Additionally, the relative refractive error (RRE) in the 8-month-old and 1-year-old mutant groups
showed a significant negative shift compared to age-matched controls (8-month-old, Panxla™ : -
0.05+0.04 pm/um, Panxla** : 0.04+0.05 um/pum, p < 0.0001) (1-year-old, Panxla’ : -0.05+0.03
pum/pm, Panxla™* : 0.02+0.03 um/pum, p < 0.0001) (Figures 19E, I). Both the elongated axial
length and the negative shift in RRE indicated a myopic shift in the mutants' eyes. While the
difference of the normalized lens diameter of the two genotypes was not statistically significant
at 8 months (p >0.05), the normalized lens diameter was significantly reduced in mutants at the
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1-year-old developmental stage (Panxla”: 28.02+1.28 um/mm, Panxla**: 29.42+1.20 pm/mm,
p <0.0001). Accordingly, the ratio of lens diameter to axial length of the eye was significantly
reduced in the 8-month-old and 1-year-old Panx1a’- mutants (8-month-old, Panxla’ :
0.58+0.017 pm/um, Panx1a** : 0.63£0.024 pm/um, p < 0.0001) (1-year-old, Panxla™ :
0.58+0.014 pm/um, Panxla™* : 0.61+0.016 pm/pum, p < 0.0001).

To study the variation of geometrical parameters with age, we compared the normalized axial
length, RRE, normalized lens diameter, and ratio of lens diameter to axial length for 8-month-old
and 1-year-old groups (Figures 19 L-O). Figure 2L shows significant growth in the normalized
axial length of the eye from 8 months to 1 year of age (p <0.01) in the Panx1a** group (as
expected), but such growth is not observed in the Panx1a” group (p>0.05). The relative
refractive error (RRE) followed a similar pattern with a significant difference between the two

developmental stages in the Panx1a™* group (p<0.05), but not in the Panx1a” group (p>0.05).

Similarly, the growth of normalized lens diameter from 8 months old to 1 year old was different
** and Panx1a”" (Figure 19N). The normalized lens diameter was significantly
increased from 8 months old to 1 year old in Panx1a** group (p<0.001) while no significant
growth was detected in the Panxla” between 8-month-old and 1-year-old groups. As the axial
length in the mutants does not increase at the same rate as in the Panxla™*

between Panxla

group and their lens
diameter was not growing with age in the Panx1a”~ group, the ratio of lens diameter to axial
length stays the same from 8 months to 1 year old (Figure 190). However, in the Panx1la"
group the proportion of lens diameter to axial length is significantly decreased from 8-month-old
to 1 year old (p <0.05). (Supplementary tablel)
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Figure 19: Ocular geometry measurements of 8-month-old and 1-year-old zebrafish. (A) shows an OCT 3-D
volume in different cuts. (B-C) display B-mode and en-face images with the measured parameters (scale bar = 500
um). (D-K) present estimation plots for normalized axial length (axial length/body length), RRE, Lens diameter and
proportion of lens diameter to normalized axial length for each group respectively. (N=30/genome/age). As it is
shown, in the 8-month-old and 1-year-old group the normalized axial length of the eye is significantly elongated,
and RRE has a significant negative shift(p-value<0.001). (L-0) shows the development of normalized axial length,
RRE, Lens diameter and proportion of lens diameter to normalized axial length in Panxla™" versus Panxla” group
in both developmental stages. Statistical analysis: Welch's t-test; Significance * p<0.05, ** p<0.01, ***p<0.001,
*HE*H<0.0001.
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Panxla Deletion Induces Age-Progressive Lens Epithelial Disorganization and Cellular
Intrusion in Zebrafish

Another significant finding from our whole-eye OCT images is the presence of lens epithelial
defects in the Panx1a” mutants. Figure 20A shows a control Panx1a™" lens with epithelial layers
and the capsule appearing round and intact (as evident in the zoomed view in panel F). In
contrast, OCT images from 8-month-old, 1-year-old, and 1.5-year-old mutants show
representative epithelial defects highlighted by the blue rectangles in Figure 20B-D, and in
zoomed views in panels G-I. The observed epithelial defects appear as saturated regions (green
arrows in panels G-I) in the OCT images and frequently with rupture-like presentations.
Additionally, we identified three cases of complete aphakia (absence of the lens) in the 1-year-
old (n=1) and 1.5-year-old (n=2) mutant groups (Figure 20E). Qualitatively, we observed
increase in severance and quantity of defects with age in the Panx1a”~ groups, many of which
manifested as complete holes in the lens epithelium surrounded by highly scattering areas
accompanied by disorganization of the lens layers. Quantitative analysis revealed an age-related
increase in the number of lens defects with 13% of cases (3/23) in the 8-month-old group, 26%
(6/23) of cases in the 1-year-old group, and 61% (14/23) of cases in the 1.5-year-old group.
(Figure 20J). Additional observations in the whole-eye images include apparent "bumps" in the
Panxla’ retina, highlighted with yellow squares in panels (B-D), whereas no such bumps are

*/* retina shown in panel A. These “bumps” are not true structural
protrusions of the retina, but rather optical artifacts caused by the altered material properties of
the mutant lens and discontinuity of refractive index through which the light passes before it gets

observed in the Panxla

to the retinas. Upon closer inspection, the lens epithelium rings (yellow arrows in Figure 20A-D)
exactly above these perceived retina bumps in the mutant fish appear thicker and more light
scattering compared to controls.

Histological H&E staining on representative defective eyes provided a more comprehensive
understanding of nature of defects visualized in OCT images (Figure 20K-N). Panel (K) (and
the zoomed view in panel (M)) depict the typical histological structure of a healthy Panxla**
lens, characterized by square-shaped lens epithelial cells lining the anterior surface and an
otherwise clear lens interior with no cellular content or scattering structures. In contrast, a
defective Panxla” lens, shown in panel (L) and the magnified panel (N), display abnormal
cellular features within the lens. These include cells with visible nuclei (arrow in panel N) that
resemble differentiated, migrated epithelial cells, some showing signs of lumen formation. These
abnormal cell types correspond to the regions of high scattering observed in the OCT images of
Panxla’ lenses. Notably, such scattering patterns and intra-lens cellular structures are absent in
the Panx1a** controls. These correlations between OCT and histological findings reveal the
histological origins of the lens defects observed in the OCT images of Panx1a™~ groups.
Collectively, our results demonstrate presence of several types of lens defects in Panx1la”> which
increased in severity and quantity with age.
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Figure 20: Progressive lens defects in the Panxla mutant. (A) Presenting an OCT image of a Panxla*’* healthy
eye. (B) Depicts a specific type of lens defect in the eye of an 8-month-old Panxla™ fish (Scale bar = 500 um). (C)
Lllustrates a different type of lens defect in the eye of a 1-year-old Panxla™” fish. (D) shows another variant of lens

defect in the eye of a 1.5-year-old Panxla™ fish. (E) Presents an OCT image indicating complete aphakia, observed
in a fish from the 1.5-year group. Blue rectangles mark the same area of the lens in all the B-modes. Yellow squares
emphasize the same retina section in all the B-modes that in the mutants we can observe the retina bumps. Yellow

arrows are showing the lens rings which are different in mutant eyes (B-E) compared to healthy eyes (A). (F - 1)

Represent the selected lens area from the whole-eye images above each, respectively. The green arrow is pointing to
the highly scattering areas. (J) Displays a pie chart of Panxla™ eyes with lens defects across different age groups,
indicating an age-related increase in the occurrence of this phenotype. Panel (K) shows a 4 histological image of a
1.5-year-old Panxla™" eye, highlighting the normal lens structure, while panel (M) presents a corresponding 20
magnified view of the same area, displaying the clear lens interior and organized, square-shaped epithelial cells. In
contrast, panel (L) shows a 4% histological image of a Panxla’~ eye with a defective lens, and panel (N) provides a
20% magnified view of the same region, revealing disorganized cellular structures within the lens, including
migrated epithelial-like cells with visible nuclei.
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Panxla Deletion Induces Abnormal Lens Texture and Impaired Focusing Power in Zebrafish.

Qualitative macroscopic inspection of zebrafish eyes suggested increased opacity in the lenses of
Panxla”- compared to those of Panx1a** (Figure 21A vs 4B), suggesting possible textural
alterations in the mutants. To investigate further, we performed texture analysis of OCT datasets
from a subset of Panx1a” lenses that did not show overt structural abnormalities as described in
the previous section. To assess the functional capacity of these morphologically subtle lenses, we
also surgically removed the lenses from the eyes and evaluated their focusing power on a
controlled environment using a custom-designed experimental setup (see methods section for
details). Using this setup, we studied the lens' ability to focus green collimated light for both
Panxla** and Panxla” zebrafish (Figure 21C vs. 4D). Results show that Panx1a** lenses
produced a sharp and distinct focal point with a working distance of 140um (Figure 21C),
indicating ability to effectively focus light on the retina. In contrast, Panx1a’ lenses, while
narrowing the laser beam, failed to focus the light into a sharp focal point (Figure 21D),
indicating a disruption in lens focusing ability. These results suggest that Panx1a”" lenses are
functionally compromised, likely leading to impaired visual performance, and motivated us to
pursue quantitative analysis using OCT.

To quantitatively assess structural abnormalities in Panx1a” lenses, we performed OCT texture
analysis on defined regions of interest (ROIs, e.g., yellow rectangle in Figure 21E) across
multiple age groups (8 months, 1 year, and 1.5 years), with 30 lenses analyzed per genotype per
age group. Histograms of pixel intensity within each ROI were generated, and two metrics were
extracted: mean intensity and full width at half maximum (FWHM) of distributions. Mean
intensity value serves as an indicator of average scattering of light by lens tissue. FWHM values,
on the other hand, serve as an indicator of textural heterogeneity higher values reflect increased
disturbance and non-homogeneity, whereas lower values indicate more uniform, organized tissue
microstructure.

Qualitative analysis of the extracted texture data revealed that Panx1a*" lenses exhibited narrow
histograms with low mean intensities and FWHM values, indicating minimal and uniform optical
scattering as expected from a homogenous internal lens microstructure. In contrast, Panxla”
lenses showed significantly broader histograms with elevated mean intensities compared to those
of Panx1a™" lenses, suggesting more scattering and heterogeneous microstructures in the mutants
(Figures 21F vs 21G). Quantitative analysis (Figures 21H—K) confirmed significantly larger
mean intensities for Panx1la’ groups compared to the Panx1a** groups at both 8-months (p <
0.0001) and 1-year (p < 0.001) developmental stages (93.85+7.31 vs. 83.03+£7.82 and 98.15+7.4
vs. 90.1+4.08, respectively). Similarly, FWHM values were significantly different at both 8
months (Panxla”: 29.1 £ 6.51, Panxla**: 22.19 £ 3.56, p < 0.0001) and 1 year (Panxla”": 34.7 =

7.5, Panxla**: 26.2 £ 4.9, p < 0.0001).

To shed light on the origins of the observed OCT textural differences, we performed histological
analysis using H&E staining. In Panx1a™* lenses, we observed well-organized concentric rings
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extending from the core to the epithelium, with no nucleated cells present within the lens body
(Figure 21L). In contrast, Panx1a”" lenses exhibited disrupted ring organization. That is, while
the organized rings were detectable in the lens core, they abruptly ceased toward the periphery,
which also stained lighter and lacked the structural definition observed in controls (Figure 21M).
These histological disruptions are consistent with the increased textural heterogeneity and optical

scattering identified in the OCT analyses.
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Figure 21: Panx1la mutant lenses have abnormal lens texture and focusing power. (A, B) Macroscopic comparison
of Panxla™* and Panxla” eyes under the same lighting conditions. (C) shows the light focus pattern through a
control Panxla*" lens with the black arrow highlighting the 140um lens working distance. (D) Illustrates the laser
light passage through a defective Panxla™ lens, where no distinct focal point is observed. (E) demonstrates how the
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MATLAB code selects a region of interest (ROI) from the lens and calculates the full width at half maximum
(FWHM) and mean intensity to analyze lens texture (Scale bar=500um). (F, G) Histograms of representative healthy
Panxla*" lens and a mutant lens. (H-K) Estimation plots representing the FWHM and mean intensity in both
groups, revealing that both FWHM and mean intensity were significantly higher (p < 0.05) in the mutant group at 8-
month-old and 1-year-old, indicating notable differences in the texture of healthy and Panxla™ lenses, like
cataracts. (L, M) Histology images of Panxla™" and Panxla™ lens with different texture. Statistical analysis:
Welch's t-test; Significance * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. Scalebar=500 um.

Panxla Deletion Induces Retinal Structural Deficits and Ganglion Cell Layer Loss Revealed
by Multimodal Imaging.

Previous studies have correlated Panx1 with glaucoma, characterized by retinal thinning and
retinal ganglion cell (RGC) loss [13, 14]. Given these prior reports, we performed

immunohistochemistry using adult Panxla** and mutant zebrafish retina to identify differences

in the localization of the Panx/la protein (green expressions in Figure 22A, B). In Panxla™",
Panxla was localized in the horizontal cell layer (HC) and the ON/OFF ganglion cell layer.
Conversely, in PanxIa knockout (Panel B) PanxIa protein was absent from the retina,
particularly within the ganglion cells of the Ganglion Cell Layer (GCL). In addition to the loss of
Panx1a protein, qualitatively, the mutant inner nuclear layer exhibited a noticeably sparser
distribution of nuclei, aligning with the retinal thinning observed in our quantitative OCT

measurements.

To determine whether the absence of Panxla is associated with anatomical remodeling at the
tissue level, we optimized our 880 nm OCT system equipped with a zebrafish retinal probe lens
to investigate in vivo retinal structure and geometrics (Figure 22C). Acquired volumetric
datasets were analyzed to extract thicknesses of retina and GCL layer (Figure 22D). The retina
of 8-month-old Panx1la** and Panxla”- zebrafish (N=30 per genotype) showed changes in both
the retina and GCL layer thicknesses. In the Panx1a’~ mutants the retina and the GCL layer
thickness were significantly reduced when compared to Panx1a™* controls (Retinal thickness,
Panxla’ : 56.3£5.7 pixels, Panx1a™" : 62.243.6 pixels, p < 0.0001) (GCL layer thickness,
Panxla™ : 11.624.07 pixels, Panx1a** : 17.4+4.08 pixels, p < 0.0001) (Figure 22E,F). We also
analyzed the volumetric images in the en-face orientation which indicated presence of tortuous
blood vessels in a few of the mutants (N=3), all of which had defective lenses in the same eye
(Figure 22H). We did not find such a pattern in the retina en face images of any of the Panxla
group fish (Figure 22G).

++
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Figure 22: Retinal immunohistochemistry and OCT image of adult zebrafish. Panel (4) and (B) present the expression and
localization of the Panxla (in green) antibody throughout the retinal layer. The Panxla is localized in the horizontal cell layer
(HC) and in the ON/OFF ganglion cell layer as it is shown in panel (al). The Panx1a-KO served as the negative control (Scale
bar = 25um). Panel (C) is a B-mode OCT image of the TL zebrafish retina obtained using our modified 880 nm OCT system and
zebrafish retina probe and Panel (D) is a B-mode retina OCT of Panxla-/-. The red square in Panel (C) indicates the region
selected by the custom MATLAB code for analysis and measurement of each layer's thickness. Panel (E) shows the fitted plot of
the retinal layers. The green line shows the thickness of the GCL layer, and the yellow line presents the whole retina thickness.
Panels (F-G) present estimation plots of whole-retina thickness and ganglion cell layer (GCL) thickness in the 8-month-old
group, demonstrating a significant decrease in both measurements (n=30 for Panxla*" and KO, Statistical analysis: Welch's t-
test; p < 0.05). Panel (H) is showcasing an en-face OCT image of Panxla™" retina. Panel (I) is an en-face OCT image of
Panx1a’ retinal vessels, with the red rectangle highlighting the "tortuous vessel” phenotype observed in a few Panxla’ eyes.
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4.4 DISCUSSION

This study presented the first comprehensive analysis of the structural and functional
consequences of Pannexinla (Panx/a) deletion in the adult zebrafish eye. Our findings
established Panxla as a critical regulator of ocular development and function, affecting multiple
anatomical compartments of the eye, including the retina, lens, and axial dimensions. The
phenotypic spectrum we observed ranging from visual behavior deficits to myopia, lens
structural defects and opacification, and retinal thinning highlighted a pleiotropic role for Panxla
in maintaining ocular integrity (Figure 23).
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Figure 23: Graphical summary of the study and tested hypothesis. Initial OKR analysis in larvae revealed ocular
motor deficiencies in Panxla™ zebrafish, leading to the hypothesis that Panxla deletion causes structural and/or
Sfunctional deficits in the eye. Subsequent analyses in adult control and mutant zebrafish confirmed that Panxla
mutation affects emmetropization, induces RGC loss, and produces cataract-like changes/structural defects in lens,
thereby verifying the hypothesis and validating the understanding that Pannexinla regulates visual system
development and ocular integrity in zebrafish.

Visual Behavior and Sensorimotor Dysfunction in Panxla-Deficient Zebrafish

Our previous work demonstrated that Panxla’ larvae exhibit altered visual-motor behavior and
dopaminergic signaling, as assessed by visual motor response (VMR) analysis [18]. In zebrafish,
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VMR and optokinetic response (OKR) assays probe distinct, yet complementary, aspects of
visual processing. VMR measures gross locomotor responses to abrupt changes in illumination,
making it a robust and high-throughput approach for detecting broad visual deficits [40, 41]. In
contrast, OKR evaluates reflexive eye movements in response to moving visual stimuli, enabling
assessment of image-forming ocular structures and pathways and fine-scale functional
impairments. Together, these assays provide a comprehensive framework for investigating visual
system development and function [34, 42, 43].

In zebrafish, the OKR is mediated by a well-defined visuomotor pathway that begins with retinal
image detection and projects to the pretectal nuclei and tegmental regions of the midbrain before
descending to the oculomotor nuclei to drive compensatory eye movements. The pretectum,
particularly the nucleus of the optic tract (NOT), plays a central role in motion detection and
direction selectivity, while downstream premotor neurons in the tegmentum transform retinal slip
signals into motor commands for the extraocular muscles [67, 68]. Electrophysiological studies
have demonstrated that deficits in any component of this circuit, including reduced retinal
contrast sensitivity, altered pretectal activation, or disrupted tegmental firing can impair OKR
gain and saccade timing [69].

Using OKR assays, we observed that Panx1a” larvae exhibited significant deficits in visual
behavior. These included prolonged saccade intervals and reduced contrast sensitivity, suggesting
impairments in both photoreceptor function and central sensorimotor processing. Previous
studies have localized Panxla expression to the inner plexiform layer of the retina and visual
midbrain regions in zebrafish, implicating its involvement in retinal signal integration and
dopaminergic neuromodulation [17, 18]. The localization of Panx/a to the inner plexiform layer
and midbrain regions suggests a role in retinal signal transduction and central visual pathway
integration [12, 16]. These observations are consistent with a broader role for pannexin channels
in modulating visual-motor coordination via ATP release and purinergic signaling pathways.
Furthermore, our behavioral data parallel those from other Panx1-deficient models, including
rodents, in which altered visual reflexes and electroretinographic responses have been reported
[13]. This supports the evolutionary conservation of Panx1-mediated neurosensory regulation
across vertebrate species. Taken together, the OKR anomalies observed at the larval stage, along
with histological evidence of abundant Panx/a expression in the zebrafish eye, led to the
hypothesis that Panxla deletion causes defects specifically affecting image-forming ocular
structures. To test this, control and mutant zebrafish at three adult developmental stages (8, 12,
and 18 months) were examined using whole-eye OCT, high-resolution retinal OCT, histology,
and immunohistochemistry. These analyses confirmed that Panx/a deletion is associated with
systemic ocular structural and functional deficiencies:

Axial Myopia and Refractive Shift

Our quantitative biometric analyses revealed a significant elongation of axial length and a
corresponding negative shift in relative refractive error (RRE) in Panx1a”- zebrafish, particularly
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from 8 months to 1 year of age. These changes are indicative of progressive axial myopia; a
condition associated with excessive eye growth and image defocus on the retina [47]. The
reduction in the lens-to-axial length ratio in mutants further supports this refractive imbalance,
aligning with emmetropization theories where a mismatch between ocular components leads to
refractive error [48].

While the molecular underpinnings of axial elongation remain incompletely understood,
previous work has implicated purinergic and dopaminergic signaling in regulating eye growth
[49, 50]. While the molecular mechanisms underlying axial myopia remain incompletely
defined, prior studies have implicated dopaminergic and purinergic signaling in the regulation of
ocular growth [47, 49]. Given that Panx1 channels are known mediators of ATP release, their
absence may disrupt extracellular signaling environments critical for controlling scleral
remodeling and choroidal feedback loops involved in eye growth regulation. The deletion may
alter signaling cues essential for ocular growth regulation. However, such mechanistic
connections warrant targeted further molecular and functional validation in future studies.
Although the refractive error in panx/a mutants was statistically significant, the magnitude of the
myopic shift was relatively modest. Importantly, the axial elongation and resulting refractive
phenotype in panx/a mutants may be partially attributable to lens abnormalities. The pronounced
epithelial disruption, internal defects, and increased light scatter seen in the mutant lenses are
expected to degrade image quality at the retina. Because retinal image blur is a well-established
driver of experience dependent axial elongation and myopia in fish and other vertebrates, the
optical degradation caused by Panx1a”~ lenses may actively contribute to the axial elongation
observed in these mutants. In this framework, the modest but significant myopic shift may reflect
a downstream consequence of insufficiently sharp retinal images rather than an isolated defect in
axial growth regulation. Future studies that experimentally separate lens-induced optical blur
from intrinsic axial-growth mechanisms will be essential for determining the extent to which lens
pathology drives the refractive changes in Panxla™’ eyes.

Lens Opacification and Structural Abnormalities

Combined OCT imaging and histological evaluation of Panx1a” zebrafish revealed marked
disruptions in lens structure, including epithelial abnormalities and increased light scattering.
These changes were progressive with age and, in advanced cases, resulted in aphakia.
Quantitative texture analysis of OCT images indicated elevated pixel intensity and broader full-
width at half maximum (FWHM) values in Panx1a”" lenses, parameters commonly associated
with cataract formation.

These observations are consistent with prior evidence implicating Pannexin 1 in maintaining lens
homeostasis. Specifically, Panx1 has been linked to regulation of epithelial Na*/K*-ATPase
activity and calcium signaling processes that are critical for lens transparency and the
organization of fiber cells [25, 51]. In line with this, similar disruptions in lens circulation and
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clarity have been documented in models of connexin deficiency, suggesting that Panx1 and
connexins may participate in overlapping or complementary regulatory pathways [21, 52].

Our OCT analysis confirmed that Panx1a™/~ lenses were not only reduced in size but also
exhibited distinct internal abnormalities, including localized regions of increased scatter, focal
opacification, and discrete voids or lumen-like structures. These features increased in prevalence
and severity with age. Correspondingly, histological sections revealed the presence of nucleated
cells beneath the lens epithelium in regions where mature, enucleated fiber morphology would
normally predominate. While these findings are consistent with an aberration in epithelial
organization or differentiation, we cannot determine the precise cellular identity or origin of
these structures based solely on OCT and routine histology. Without transmission electron
microscopy or molecular markers, interpretations involving epithelial migration or failed fiber
maturation remain hypotheses. Future studies employing TEM or targeted immunostaining will
be essential to resolve the underlying cellular pathology associated with Panx1a deficiency.
Although the mechanisms underlying these structural changes remain to be fully clarified, one
possibility is that they represent an early morphological change associated with tissue
remodeling. Prior work has implicated Panx1 in regulating cellular processes related to vascular
development, including ATP-mediated signaling and modulation of VEGF pathways. While
angiogenesis is not a typical feature of lens tissue, the presence of organized luminal structures in
the mutant lenses may warrant further investigation into whether similar signaling pathways are
aberrantly activated in this context [11, 53, 54].

Retinal Thinning and Ganglion Cell Loss

In adult Panx1a”~ zebrafish, retinal OCT imaging revealed significant thinning of the retinal
ganglion cell layer (GCL) and overall retinal thickness, hallmarks of retinal degeneration often
associated with glaucoma [14]. Immunohistochemistry confirmed the absence of Panx/a in
mutant GCL layers. These structural alterations mirror prior findings in Panx1-deficient rodent
models where GCL dysfunction was observed [13]. Given that Panx1 channels respond to
mechanical stress and modulate inflammatory signaling, their absence could impair pressure
homeostasis and increase susceptibility to retinal ganglion cell loss under stress conditions [11,
15].

Additionally, the observation of vascular tortuosity in some Panx1a”" retinas raises the possibility
of vascular remodeling secondary to lens and retinal degeneration. While the genetic basis of
vessel tortuosity includes contributions from angiogenic regulators such as VEGF, its relevance
in this context requires further molecular and histological validation [55].

Panx1 channels have been proposed to act as mechanosensitive conduits for ATP release,
modulating intraocular pressure and glial signaling in response to biomechanical stress [11, 15].
Their deletion may impair pressure adaptation mechanisms, contributing to retinal ganglion cell
loss which manifested in our OCT images as reduction in the GCL layer thickness. Furthermore,
sporadic vascular tortuosity observed in mutant retinas suggests possible remodeling of the
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ocular vasculature, which could be secondary to hypoxic or inflammatory responses, though this
remains speculative without further molecular analysis [55].

Broader Implications

Our findings establish Panx/a as a critical regulator of ocular structure and function,
highlighting its potential relevance to the pathogenesis of multiple human eye diseases. The
phenotypes observed in zebrafish, myopia, lens opacification, and ganglion cell loss, are key
hallmark features of human refractive errors, cataract, and glaucoma, respectively. Together,
these disorders account for most of the global visual impairment, underscoring the translational
potential of these findings.

In mammalian systems, Panx1 is highly expressed in the retina, lens epithelium, and ciliary body,
where it contributes to aqueous humor dynamics and cellular stress responses. Mouse models
have demonstrated that Panx1 dysregulation sensitizes RGCs to oxidative stress, alters visual
processing, and modulates immune signaling pathways [13, 14]. The similarity of these
phenotypes to those described here in zebrafish supports the conserved role of pannexins in
ocular homeostasis.

Limitations of the study

Although our analyses across multiple developmental stages demonstrated that ocular and retinal
defects in panxla knockout zebrafish progressively increased in both frequency and severity with
age, several limitations should be considered. First, while the use of wild-type littermates as
controls minimizes confounding from genetic background, these comparisons cannot fully
exclude indirect effects, such as activation of compensatory pathways or developmental
alterations in non-ocular tissues that may secondarily influence eye morphology.

Second, although the temporal analyses presented here support a critical role for panxla in both
the development and long-term maintenance of ocular integrity, we did not perform functional
rescue experiments to directly test causality. The generation of transgenic zebrafish lines
expressing panxla under the control of lens- or retina-specific promoters, followed by
longitudinal assessment of phenotypic rescue, would provide the most definitive evidence.

Third, we did not explicitly examine whether males and females exhibit differential susceptibility
to the ocular phenotypes associated with panx1la loss. Subtle sex-specific differences in growth
rate, lens aging, or retinal maintenance may contribute to variability in our measurements and
should be evaluated in future work through sex-stratified analyses.

Fourth, although all fish were reared under standardized photoperiod and light-intensity
conditions, environmental lighting is known to influence ocular growth, refractive development,
and retinal physiology in zebrafish. Because we did not test how variations in light intensity or
spectral composition interact with panxla loss, the extent to which our findings generalize to
other lighting environments remains limited. Future studies incorporating controlled
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manipulation of light conditions will help clarify how the photic environment interacts with
Panx1a function during eye development.

Finally, our study focused primarily on structural endpoints obtained through ocular imaging.
While these provide robust evidence of morphological disruption, they do not fully capture
functional consequences of panxla loss. Incorporating complementary functional assays, such as
electrophysiological recordings or intraocular pressure measurements, would provide a more
comprehensive assessment of visual capacity and retinal physiology.
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RESOURCE AVAILABILITY.
Lead contact

Requests for further information and resources should be directed to and will be fulfilled by the
lead contact, Nima Tabatabaei (nimatab@yorku.ca).

Materials availability

This study did not generate new unique reagents.

Data and code availability

e All data are available from Nima Tabatabaei upon reasonable request and signing of
institutional materials transfer agreements (MTAs).

e All original code has been deposited at https://doi.org/10.7910/DVN/ADFBXZ and is
publicly available as of the date of publication.

e Any additional information required to reanalyze the data reported in this paper is
available from Nima Tabatabaei upon request.
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4.5 STARXMETHODS

KEY RESOURCES TABLE
REAGENT OR RESOURCE SOURCE IDENTIFIER
Antibodies
anti-Panx1a (rabbit polyclonal) Custom-made ZDB-ATB-
https://www.davids- 100609-1
bio.de/ Prochnow et al.

2009
Safarian et al. 2020
Vroman et al. 2014

Kurtenbach et al.
2013

Secondary antibody Alexa Fluor 488 conjugate

Thermo Fisher
Scientific

Cat # A-11094

Bacterial and virus strains

Biological samples

Tuebingen Long Fin (TL)

in-house colony

ZDB-GENO-
990623-2

ZFIN line: ykul (Panxla-/-)

generated in-house

ZDB-ALT-210414-
16

Safarian et al. 2020
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Chemicals, peptides, and recombinant proteins

Critical commercial assays

Deposited data
Texture analysis code Custom MATLAB https://doi.org/10.
code 7910/DVN/ADFB
XZ
Retina layer detection code Custom MATLAB https://doi.org/10.
code 7910/DVN/ADFB
XZ

Experimental models: Cell lines

Experimental models: Organisms/strains
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Tuebingen Long Fin (TL)

in-house colony

ZDB-GENO-
990623-2

ZFIN line: ykul (Panxla-/-)

Generated in-house

ZDB-ALT-210414-
16

Safarian et al. 2020

Oligonucleotides

Recombinant DNA

Software and algorithms

Stytra

Open source, Github

(Vilim Stih et al.,
PLos
Computational
Biology, 2019

https://github.com/
portugueslab/stytra

GraphPad Prism

Commercial,
GraphPad

https://www.graph
pad.com

Mojo Hand software

Commercial

http://talendesign.o
rg
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Image] software Commercial https://imagej.net

ZEISS ZEN software Commercial https://www.zeiss.c
om

Other

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Zebrafish (Danio rerio) of the Tupfel Long Fin (TL) strain were used to generate the panxla™’
mutant line. The fish were maintained in a recirculation system (Aquaneering Inc., San Diego,
CA) at 28 °C on a 14-hour light/10-hour dark cycle. All experiments and procedures involving
animals were conducted at York University’s zebrafish vivarium, in accordance with the
guidelines of the Canadian Council for Animal Care (CCAC) and were approved by the Animal
Care Committee (ACC) under protocol GZ#2014-19 (R3). The number of experiments,
including those involving zebrafish larvae, was minimized to the necessary amount. In this study
we used adult zebrafish in 4 developmental stages of larvae, 8-month-old, 1-year-old and 1.5-
year-old. We used zebrafish larvae for OKR study and for all other tests we humanly used adult
zebrafish. Additionally, all other experiments were approved by the York University Biosafety
Committee (YUBC) under permit #04-11.

METHOD DETAILS
Generation of Panxla™ line

Potential TALEN target sites on the panx/a gene (NM_200916.1) were identified using the Mojo
Hand software (http://talendesign.org). Sequence-specific TALEN constructs were assembled
using Golden Gate cloning methods. The Panx1a” zebrafish line used in this study was generated
previously by our group using transcription activator-like effector nuclease (TALEN) technology,
as detailed in Safarian et al published paper [18].
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Briefly, for generation of the knockout zebrafish, adult founder (FO) zebrafish were anesthetized
in pH-buffered 0.2 mg/ml ethyl-3-aminobenzoate methane sulfonate solution (MS-222; Sigma-
Aldrich), and a 2 mm segment of the caudal fin was excised for genomic DNA extraction and
screening of indel mutations in the panx/a locus. Mutant FO carriers were subsequently out-
crossed with wild-type TL zebrafish to generate F1 offspring, which were genotyped by PCR and
Afel restriction digestion to confirm germline transmission. Verified heterozygous (panxla*-) F1
fish were in-crossed to establish homozygous F2 mutants, and all experiments in the present
work were conducted on progenies of the homozygous F3 generation.

Optical Coherence Tomography (OCT) Imaging

Two OCT imaging systems were developed and optimized for whole-eye imaging
(supplementary figure 1) and high-resolution retinal imaging (supplementary figure 2) of
zebrafish, respectively.

Whole-eye imaging: Each sample was placed on a XYZ translation stage (Thorlabs MT3-Z8) for
imaging. All whole-eye images were collected using our custom-developed spectral-domain
optical coherence tomography (SD-OCT) system. The system was built in Michelson
configuration, employing a super luminescent laser diode centered at 1,310 nm (+ 75 nm at

10 dB; Exalos, Switzerland) and a 2048-pixel line scan camera spectrometer with a maximum
acquisition rate of 147 kHz (Wasatch Photonics; United States of America). The details of the
system can be found in supplementary figure 1. The axial and lateral resolutions of the system in
tissue were measured as 8.5 um and 10 pm, respectively.

Before imaging age-matched adult zebrafish were humanely euthanized using MS222 and
immediately imaged. Zebrafish (n = 15/genotype/age) were placed in a silicon mold to orient the
eye toward OCT system’s objective lens. To minimize specular reflections from sample surface,
a thin layer of matching index liquid (~80 um, n=1.33) was placed over the eye before imaging.
We collected 10 volume scans of 2.5x5mm?. All volumes were then computationally averaged to
yield one despeckled volume from each sample. The despeckled OCT volumes were interrogated
in ImageJ software which enabled measurement of various geometrical parameters through a
standard calibration process. Because the axial distances measured by OCT represent optical path
lengths (OPL) rather than true geometric distances, we corrected for the refractive index of each
constituent ocular medium. Specifically, we divided the OPL by the refractive index n of the
medium to obtain the true geometric length:

, OPL
geometric length = —

For the zebrafish lens, we used the peak refractive index value of 1.5 as reported by Wang et al.
[56] for adult zebrafish lenses. A uniform refractive index was assumed for the aqueous/vitreous
compartments (n =1.33), consistent with previous biometry studies in zebrafish [57]. After index-
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correction, we calculated normalized lens-to-axial length ratios and refractive error metrics. In
addition, we developed a MATLAB code to analyze our OCT images, specifically for texture
analysis of the lens using whole-eye images. A fixed-size square region of interest (ROI) was
placed at the geometric center of the lens in each B-scan. The lens core was used as a landmark
to ensure consistent sampling across lenses of different sizes and to avoid peripheral artifacts or
localized defects. The code selects the same region of interest from the images and calculates the
mean intensity and full width at half maximum (FWHM) of histogram of the ROI. This analysis
was performed on both 8-month-old and 1-year-old groups (N=30 eyes per genotype per age

group).

Retinal imaging: Each sample was placed on an XY Z translation stage (Thorlabs MT3-Z8) for
imaging. All retinal images were collected using a modified Lumedica SD-OCT system
(supplementary figure 2), employing a super luminescent laser diode centered at 880nm

(£ 90 nm at 10 dB; Exalos, Switzerland) and a 2048-pixel line scan camera spectrometer with a
maximum acquisition rate of 80 kHz. The OCT system was outfitted with a custom retina probe
specialized for imaging zebrafish retina. Similar to whole eye imaging, zebrafish (n =
15/genotype) were placed in a silicon mold to orient the eye toward OCT system’s objective lens.
To minimize specular reflections from sample surface, a thin layer of matching index liquid
(~80 um, n=1.33) was placed over the eye before imaging. Despeckling was carried out by
averaging 10 volumes from each sample.

For measuring the whole retina and retinal ganglion cell (RGC) layer thickness, we used another
custom MATLAB code. This code selects the same square region from the retina in each image.
By summing up the values in each row and plotting the results, the code generates a plot with
peaks and valleys representing different layers of the retina. Total retinal thickness was
calculated from the distance between the first and last major peaks, while RGC layer thickness
was defined as the full width at half maximum of the first peak. As our aim was to compare
relative differences between genotypes rather than absolute biometric values, this approach
ensured robust internal consistency.

Histology

++

After capturing the OCT images, 3 mutant eyes with proper defects and 2 Panxla™" eyes were
chosen for histology study. The eyes were surgically removed from the eye cap in a way that
optic nerve is visible. Then submerged in 4% PFA overnight and then transferred to ethanol
solution for 5 hours. The sample then is positioned in paraffin block so sagittal cuts can be made
to be comparable with our B-mode OCT images. The sample then went under histological
processing. Each histological slide contained one 5-um-thick hematoxylin and eosin—stained
tissue samples sectioned at an interval of 20 microns per slide to catch the lens defect at its best.
Ultimately, we received 50 slides from each eye and imaged them using Nikon Eclipse Ti
Inverted Fluorescence microscope with white light at 20x,10x and 4x lens with Tucsen FL20

camera.
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Setup for studying the zebrafish lens

We designed a set up using a Nikon Eclipse Ti Inverted microscope, Tucsen FL20 camera, and a
526nm collimated green laser source to study focusing dynamics of light by zebrafish lens
(supplementary figure 3). From the selected eyes, the lens was surgically removed without any
harm to the lens (supplementary video 1). Next, we place the lens in a glass chamber filled with a
dilute water-lipid emulsion to enable visualization of green light propagation in chamber and
focus by zebrafish lens.

Immunohistochemistry

The adult zebrafish was humanly euthanized using MS-222 solution (0.2%, Sigma-Aldrich).
Tissues were fixated with 4% Paraformaldehyde (PFA) in 1xPBS for 5 days at 4° fridge,
followed by an overnight fixation with 15% sucrose, and another overnight fixation with 30%
sucrose the following day. An OCT medium (obtained from VWR clear Frozen Section
Compound, cat#95057-838) was used for freezing the tissues at room temperature (RT). A
Cryotome FSE machine (serial#CC0220C0904) acquired from ThermoSCIENTIFIC was used to
cut 15p tissue slices. To eliminate unwanted debris, the tissues were placed in 1XxPBS medium
(obtained from 100ml of 10xPBS, 900ml of distilled water, and 2ml of 0.1% Tween®20). The
tissues were washed 3x for Sminutes for a total of 15minutes with 1xPBS. The tissues were then
placed in a moist chamber, and an antibody dilution blocker was added to each slice. Tissues
were left at RT for an hour. This was followed by another 3x wash with 1xPBS and then placed
in the wet chamber and the primary antibody was applied onto the tissues and left at 4° fridge for
2 hours. Afterwards, another 3x wash with 1xPBS and then the secondary antibody was applied.
Slides were kept in the dark at RT for an hour. This was followed by the last 3x wash with
1xPBS and one wash with distilled water to wash out the ions. 10ul DAPI is applied onto the
tissues to stain the nuclei and microscopic cover glass (18x18mm) was placed onto the tissue
slides. The LSM 700 laser scanning microscope was used to visualize the staining and ZEISS
ZEN software was used to capture the high-resolution images (2048x2048 pixel).

OKR

A custom-made OKR setup was built with a 55mm/F2.0 59873 lens (acquired from EDMUND
OPTICS) to investigate the 6dpf larvae’s eye movement. The videos were captured at 40fps and
recorded at 60-second intervals. A constant speed of 0.01 degree/second was utilized to evoke an
OKR response. The OKR response was captured at spatial frequency 0.2 cycle/degree and the
larvae were exposed to two contrasts (20% and 100%). The Python code for the moving grating
stimulus was created using PsychoPy (https://www.psychopy.org/). For OKR, the 6dpf larvae

were used for the experiment, and in each run, one larva was placed in a plate and was
immobilized with 6% methylcellulose under the OKR camera. A sample size of 12 was used for
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each condition. The videos acquired from the OKR experiment were analyzed using Stytra
(acquired from https://portugueslab.com/stytra/) to acquire an Excel file as an output and
investigate the precision and efficacy of the larvae’s eye movement patterns and visual tracking

behavior.

The larva's eye movement patterns were analyzed using a custom Python script to detect
saccades. The script removed eye movement under a threshold of 15° and isolated saccades
greater than 15° (aka. positive responses). The rightward-moving grating stimulus was analyzed.
The parameters saccade amplitude, duration, responsiveness to the stimulus, and time between
saccades were analyzed at the highest (100%) and lowest (20%) contrast settings in both
Panxla** and Panx1la”. The custom Python script will be shared upon reasonable request. Raw
traces were smoothed using GraphPad Prism. Significance was determined using Welch’s t-test.

QUANTIFICATION AND STATISTICAL ANALYSIS

For all measurements, data visualization was performed using violin plots, followed by normality
tests to assess the distribution of the data. For parameters exhibiting a normal Gaussian
distribution, a two-tailed, two-sample Student's t-test (Welch t-test) was conducted to compare
the Panx1a™* and Panx1a’- groups. For parameters that did not follow a normal distribution, non-
parametric tests such as the Mann-Whitney test were used. Each group per age and genotype
included a sample size of 30 eyes from 15 different fish. Complete results of the statistical
analyses of geometrical eye parameters extracted from OCT tomograms are depicted in
supplementary table 1. For the OKR analysis a sample size of 12 larvae was used. Statistical
significance was determined with p-values less than 0.05 and significance is defined as * p<0.05,
** p<0.01, *** p<0.001, **** p<0.0001. All statistical analyses and plots were performed using
GraphPad Prism 10.
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4.6 SUPPLEMENTAL INFORMATION
Document S1. Figures S1-S3, Tables S1

Video S1. Zebrafish Lens Extraction

Procedure for zebrafish lens extraction without damage to the retina or lens.

Generation of Panxla-/-: TALEN Technology

The panxla-/- zebrafish line used in this study was generated previously by our group using
transcription activator-like effector nuclease (TALEN) technology, as detailed in [1].

Briefly, for generation of the knouckout zebrafish, adult founder (FO) zebrafish were
anesthetized in pHbuffered 0.2 mg/ml ethyl-3-aminobenzoate methane sulfonate solution (MS-
222; Sigma-Aldrich), and a 2 mm segment of the caudal fin was excised for genomic DNA
extraction and screening of indel mutations in the panxla locus. Mutant FO carriers were
subsequently out-crossed with wild-type TL zebrafish to generate F1 offspring, which were
genotyped by PCR and Afel restriction digestion to confirm germline transmission. Verified
heterozygous (panxla+/-) F1 fish were in-crossed to establish homozygous F2 mutants, and all
experiments in the present work were conducted on progenies of the homozygous F3 generation.

1310nm SD-OCT Setup

Dispersion
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Figure 24: Schematic of 1310nm SD-OCT system. The system used a 1310 nm near-infrared super-luminescent diode light
source (Exalos, Switzerland), with a 50/50 fiber coupler to split light between the reference and sample arms. A polarization
controller in the reference arm adjusted polarization to the cross-polarization state. The spectrometer incorporated a 2048-pixel
line scan camera (140 kHz maximum line rate), and OCT B-scans were displayed in real time using a GPUbased processing
program.
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880nm SD-OCT Setup
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Figure 25: Schematic of the custom-ordered 880 nm SD-OCT system (Lumedica). The system incorporated an 880 nm near-
infrared laser source and a custom-ordered zebrafish retinal probe for image acquisition. OCT images were captured using the
Lumedica application and subsequently postprocessed in MATLAB.

Lens Study Setting
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Figure 26: Schematic of the laser setup for lens focus visualization. The surgically removed zebrafish lens was placed in a
glass chamber with a glass-slide bottom, filled with PBS. A 526 nm green laser, mounted on a fixed stand, was directed through a
500 um pupil to reduce the beam diameter to approximately half the lens diameter (~800 um—1 mm). An inverted microscope
equipped with a camera was used to image laser transmission through the lens and determine the focal point.
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TableS1: Quantification and statistical analysis of geometrical eye parameters extracted

from OCT tomograms

Parameter(unit) | 8 -month 8 -month P-value 1-year 1-year P-value
Panx1a+/+ | Panx1a-/- Panx1a+/+ | Panx1a-/-
(mean+SD) | (mean+SD) (mean+SD) | (mean+SD)
Body length(mm) | 30.39+1.8 28.63+1.9 0.0008 31.41+1.3 31.15¢1.5 0.46
Axial length(um) | 1374486 1394458 0.3 1463+47.5 1501+48.7 0.001
Axial length/body | 45.34+3.59 | 48.79+2.24 | <0.0001 47.57+1.58 | 48.73+1.38 | 0.0012
length (um/mm)
Normalized Lens | 28.2+1.77 28.27+1.43 | 0.8 29.42+1.2 28.02+1.28 | <0.0001
Diameter
(Mm/mm)
Lens 0.6232 + 0.5795+ <0.0001 0.6128+ 0.5807+ <0.0001
diameter/Axial 0.02480 0.01714 0.01697 0.01438
length (um/ pym)
RRE (um/ pm) 0.04+0.05 -0.05+0.04 | <0.0001 0.02+0.03 -0.05+0.03 <0.0001

MovieS1: Zebrafish Lens Extraction
Procedure for zebrafish lens extraction without damage to the retina or lens. A diamond cataract

scalpel was used to create a corneal flap, after which a Sinsky hook gently separated the lens

from the surrounding gel before removing it through the corneal incision.
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CHAPTER FIVE

Conclusion and Future Work

5.1 Conclusion

This thesis presents a cohesive interdisciplinary research program in which OCT system
engineering and zebrafish genetics were co-developed to enable quantitative, adult-stage ocular
phenotyping at scales and depths that are not reliably accessible with standard approaches. The
work addresses a concrete limitation in the zebrafish OCT literature, the inability of commonly
used ~800—900 nm commercial ophthalmic OCT systems to consistently achieve whole-eye
penetration in adult zebrafish, by re-optimizing the imaging problem around depth penetration
and measurement fidelity, and then applying this capability to resolve genotype-specific ocular
phenotypes across connexin and pannexin models. The result is a methodological framework that
is both technically generalizable and biologically productive. It enables robust whole-eye
biometry and retinal-layer analysis in adult zebrafish and supports structural interpretation of
genetic perturbations in refractive status, lens integrity, and retinal organization.

5.1.1 Engineering contribution: a depth-enabled whole-eye OCT strategy for adult
zebrafish

A central engineering contribution of this thesis is the development and validation of a whole-
eye OCT imaging strategy that resolves a fundamental constraint in adult zebrafish ocular
imaging present in much of the prior literature. Most zebrafish OCT studies have employed
commercially available systems operating near 800-900 nm. Although these wavelengths offer
high resolution, penetration depth through the adult zebrafish anterior segment and crystalline
lens is limited by scattering and depth-range constraints, which restricts consistent visualization
of the complete ocular axis (cornea—lens—retina) within a single volumetric dataset. This depth
limitation directly impedes adult whole-eye biometry and refractive analyses because key
anatomical boundaries cannot be reliably captured with sufficient contrast and continuity.

To overcome this limitation, this work deliberately re-optimized the imaging design around
penetration depth by employing and refining a 1310 nm spectral-domain OCT platform for
whole-eye imaging. The longer central wavelength increases depth penetration through
scattering ocular media and enables volumetric acquisition across the full adult zebrafish ocular
depth in a manner not reliably achievable with standard 800—900 nm systems. Because this
wavelength shift imposes an inherent resolution trade-off, the thesis further demonstrates how
measurement-grade image utility can be recovered through a coupled set of optical and
computational interventions tailored to adult zebrafish anatomy and the requirements of
quantitative biometry.
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First, index-matching strategies were incorporated to reduce reflection losses and refractive
index discontinuities at tissue—medium interfaces, improving optical coupling and effective
signal quality across the ocular axis. Second, acquisition protocols were engineered to support
repeated volumetric imaging and controlled averaging, reducing speckle noise and improving
boundary definition required for robust measurements. Third, post-processing workflows
including averaging of selected B-scans within volumes were implemented to enhance contrast
and anatomical delineation while preserving geometric fidelity. In combination, these
engineering choices convert a high-penetration 1310 nm configuration into a quantitatively
reliable whole-eye imaging modality for adult zebrafish. This capability is the enabling
foundation of the biological findings in this thesis: it provides the depth coverage and
measurement reproducibility required to compare genotypes, compute relative refractive error,
and connect anterior-segment and retinal structural changes within the same experimental
framework.

Complementary to the whole-eye capability, optimization of a shorter-wavelength OCT system
(880 nm) provided high-resolution retinal imaging appropriate for layer-resolved assessment
where penetration depth is less limiting and lateral resolution is at a premium. The dual-system
approach whole-eye penetration at 1310 nm coupled with layer-level retinal resolution at 880 nm
establishes a technically coherent imaging pipeline spanning organ-scale biometry and retinal
microstructure.

5.1.2 Biological contribution: channel-specific regulation of ocular growth and integrity,
anchored by Panx1a progression across adult aging

The biological contribution of this thesis is a structured, comparative characterization of how
connexin and pannexin gene perturbations shape adult ocular morphology, refractive status, lens
integrity, retinal thickness, and visually guided function in zebrafish. Critically, these phenotypes
are not interpreted as isolated outcomes of separate studies, but as convergent evidence that
channel-forming proteins through distinct expression patterns and pathway roles exert non-
redundant control over ocular development and long-term structural maintenance.

Within this program, the Panx1a study constitutes the principal biological pillar of the thesis
because it integrates whole-eye imaging, retinal imaging, targeted sub-studies of lens optics, and
age-resolved analysis to reveal progressive ocular pathology in a single genetic model. The
Panx1a investigation was explicitly longitudinal across adulthood, employing cohorts at 8
months, 12 months, and 18 months to evaluate structural progression with aging. This age-
resolved design provides a stronger basis for inference than a single cross-sectional snapshot
because it distinguishes stable developmental differences from progressive deterioration of
ocular integrity.

Using the optimized imaging framework, Panx1a deficiency was shown to be associated with
myopic shifts, prominent lens pathology, and retinal structural changes, with the longitudinal
adult design revealing that lens defects worsen with age from 8 months through 1.5 years. The
ability to quantify these changes across adult time points establishes Panx1a as a regulator not
only of developmental visual system formation but also of long-term ocular maintenance and
stability. Importantly, the imaging strategy is central to this inference: whole-eye OCT resolves
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the global biometric consequences of Panx1a deficiency (e.g., axial and lens-related
contributions to refractive status), while retinal OCT enables layer-informed assessment of
retinal thinning that accompanies or follows anterior-segment dysfunction. This multi-scale
imaging integration is what allows the structural basis of visual impairment to be localized and
interpreted across the eye rather than inferred from behavior alone.

The additional genetic investigations broaden the thesis from a single-gene case study into a
comparative framework that highlights channel- and compartment-specific effects. Connexin-
related work demonstrates that disruption of electrical synaptic components can measurably alter
ocular growth and refractive state, supporting the broader conclusion that retinal signaling
networks are coupled to emmetropization and ocular scaling. In contrast, the Cx27.5 work
provides an informative negative control within the same measurement pipeline, indicating that
genetic proximity or behavioral effects do not necessarily imply whole-eye biometric changes,
and underscoring the need for quantitative structural readouts rather than assumption-driven
phenotype assignment.

The Panx2 and Panx1b results extend the pannexin findings beyond Panx1a and support the
interpretation that pannexin family members exert distinct influences on adult ocular
morphology. Panx2 deficiency is associated with structural ocular alterations and refractive
effects consistent with lens-mediated contributions to myopia-like phenotypes, reinforcing the
significance of pannexin-mediated pathways in maintaining ocular optical integrity. The Panx1b
work, while still in preparation for publication, is integrated in this thesis as completed and
measurement-supported evidence that the imaging framework is sufficiently sensitive to detect
whole-eye biometric differences in additional pannexin models. Together, these studies support a
unified conclusion: the combined OCT pipeline developed here enables comparative,
quantitative genotype—phenotype mapping in adult zebrafish, revealing both shared and gene-
specific structural signatures across channel families.

5.1.3 Generalizable impact of the framework

Beyond the specific genes examined, the lasting contribution of this thesis is the establishment of
an engineering-driven phenotyping methodology that is transferable in principle to other small-
animal ocular models and other genetic or experimental perturbations. The core design logic
prioritizing penetration depth to capture full-axis anatomy, then recovering measurement-grade
interpretability through index matching, averaging, and disciplined post-processing addresses a
common problem in small-eye imaging where curvature, scattering media, and limited working
geometries constrain performance. By providing a reproducible approach to extracting
quantitative ocular biomarkers from volumetric datasets, this work creates a platform that can be
extended to broader gene panels, environmental manipulations, and intervention studies while
remaining aligned with clinically familiar OCT-derived endpoints.
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5.2 Future Work

The work presented in this thesis demonstrates that optimized OCT can support high-quality
adult whole-eye imaging and age-resolved (longitudinal across adulthood) phenotyping, as
established by the Panx1la cohorts spanning 8 months to 18 months. Future work should build
directly on these demonstrated capabilities, extending the framework along three logically
connected axes: (1) engineering refinements that increase throughput and automation while
preserving quantitative rigor, (ii) expanded longitudinal and genetic studies that leverage
standardized biomarkers and progression models, and (iii) translational alignment with
mammalian and human ophthalmic disease questions.

5.2.1 Immediate next steps: instrumentation, workflow robustness, and automated
quantification

In the near term, the most impactful improvements are those that increase measurement
throughput and reproducibility without changing the biological question space. On the
instrumentation side, refinements that improve acquisition stability and repeatability, particularly
in alignment robustness, sample positioning reproducibility, and scan protocol standardization
would reduce between-session variance and facilitate larger cohort studies. On the processing
side, further formalization of the post-processing pipeline into a consistent, version-controlled
workflow would strengthen traceability of quantitative outputs, especially as datasets grow and
multiple operators contribute.

A priority technical direction is automated segmentation and biomarker extraction. Whole-eye
biometry and retinal layer measurements are currently constrained by the time and variability
associated with manual or semi-manual delineation. Development of validated automated
segmentation tools designed specifically for the adult zebrafish eye geometry and the optical
appearance of lens and retinal boundaries would enable high-throughput phenotyping with
consistent criteria across studies. Such automation is also a prerequisite for scaling longitudinal
designs to more time points and more genotypes.

5.2.2 Data-driven feature discovery: machine learning on large volumetric OCT datasets

The volumetric OCT datasets generated in this thesis contain structural information that extends
beyond conventional scalar metrics such as axial length, lens diameter, or average retinal
thickness. A technically grounded next step is to apply machine learning methods to extract
higher-dimensional features that capture subtle texture, boundary irregularity, and spatial
heterogeneity in the lens and retina. Supervised models could be trained to classify genotype or
age group using imaging-derived features, while unsupervised approaches could identify latent
phenotype clusters that correspond to progression states or sub-phenotypes not apparent through
traditional measurements.

To be scientifically rigorous, such approaches should be coupled to careful dataset curation,

standardized preprocessing, and clear separation of training and evaluation cohorts. The goal is
not algorithmic novelty for its own sake, but increased sensitivity and objectivity in detecting
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early or subtle structural deviations, quantifying progression, and identifying composite
biomarkers that better predict functional impairment than any single measurement.

5.2.3 Medium-term directions: expanding longitudinal modeling from larvae to aging
adults

This thesis establishes longitudinal feasibility across adulthood, but a natural expansion is to
extend longitudinal imaging across the full life course, from larvae through juvenile development
into adulthood and aging. Such an extension would allow direct mapping of growth trajectories
and the timing of phenotype emergence. Integrating larval and juvenile imaging with the adult
whole-eye pipeline would clarify whether refractive or lens phenotypes originate as early
developmental deviations, emerge during growth-driven emmetropization, or represent
progressive degeneration that becomes apparent only later.

A life-course longitudinal design also enables stronger mechanistic inference because it separates
onset from progression. For example, a phenotype that is stable from early time points implies
developmental patterning effects, whereas a phenotype that intensifies with age suggests failure
of maintenance mechanisms, chronic stress pathways, or cumulative structural instability. The
Panx1a study already demonstrates the value of this approach across adulthood; extending the
framework earlier in development would complete the trajectory and significantly strengthen
genotype—phenotype interpretation.

5.2.4 Biological expansion: broader connexin/pannexin pathways and interaction mapping

The standardized OCT phenotyping pipeline developed here is well suited to systematic
expansion across additional connexin and pannexin family members and their functional
networks. Future studies can leverage this platform to compare progression rates, structural
signatures, and compartment-specific vulnerability across gene families, including models that
affect synaptic coupling, ATP signaling, circadian regulation, and neurovascular interactions. A
key methodological advantage is that the same quantitative endpoints can be maintained across
genotypes, enabling direct comparisons and meta-analytic interpretation rather than disconnected
one-off phenotype reports.

In parallel, integrating imaging with molecular readouts already present in the broader
collaboration (e.g., transcriptional changes, targeted expression localization, and behavioral
assays) can yield a tighter structure—function mapping. The objective should be to identify which
structural biomarkers most consistently predict functional impairment, and which are gene-
specific versus pathway-general.

5.2.5 Long-term translational relevance: aligning zebrafish OCT biomarkers with
mammalian and human disease

In the longer term, this thesis positions zebrafish OCT phenotyping as a translationally relevant
preclinical platform because the major measurable endpoints of axial scaling, lens integrity, and
retinal layer thickness mirror structural biomarkers used clinically in human ophthalmology. The
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methodological parallels are particularly strong for longitudinal monitoring, where progression
dynamics are often more informative than cross-sectional differences.

Future work can therefore focus on two translational trajectories. First, intervention studies
(genetic rescue, pharmacologic modulation, or environmental manipulation) can use OCT-
derived biomarkers as quantitative efficacy endpoints, enable rapid screening while maintain
anatomical relevance. Second, comparative studies in mammalian models can evaluate whether
specific structural signatures observed in zebrafish map onto conserved mechanisms of refractive
error development, lens pathology, or retinal degeneration. The aim is not to claim direct
equivalence, but to position zebrafish as a controlled genetic system in which OCT-visible
structural trajectories can be used to generate and test mechanistic hypotheses that inform higher-
order models and, ultimately, human disease interpretation.

5.3 Closing Statement

This thesis demonstrates how a carefully engineered imaging strategy explicitly designed to
overcome adult whole-eye penetration limits and to recover measurement-grade interpretability
through index matching, averaging, and disciplined post-processing can unlock a new level of
quantitative phenotyping in adult zebrafish. Anchored by a longitudinal adult-aging analysis of
Panxla and complemented by comparative connexin and pannexin studies, the work establishes
a coherent framework linking imaging system design to biological discovery. The result is both a
technical platform and a biological contribution: a validated OCT methodology for adult whole-
eye and retinal imaging, and a set of genotype-resolved structural insights that motivate future
longitudinal, data-driven, and translational investigations in vision science.
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