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Resolving the mechanisms that orchestrate patterning in complex tissues — particularly
how positional identity is instantiated, remembered, and directed — is imperative to
understanding the morphogenesis of appendages. The zebrafish (Danio rerio) caudal fin
skeleton is a powerful model to investigate these questions, as its precisely patterned
bony fin rays are restored through regeneration. My aims in this thesis were to
investigate the role of endocrine metabolic regulator thyroid hormone (TH) signaling
during fin ray morphogenesis and how spatial identity is retained and redeployed during
regeneration. | began my work by resolving TH signaling effects on the fin skeleton.
Through nuclear receptor Thrab, TH acutely induces distal features in both development
and regeneration (Chapter 2). To better understand how distal features are remembered,
| established novel microsurgery techniques that would discriminate autonomous versus
environmental components of ray patterning. While the rate of regeneration does appear
to retain positional memory, | found ray patterning is instead informed by extrinsic cues
(Chapter 3). During my investigation of TH activity in Chapter 2, | noted robust TH
signaling in peripheral rays. Repurposing the microsurgeries developed in Chapter 3, |
discovered this TH signaling is an inherent feature of peripheral rays, and this activity

regulates local Notch pathway signaling (Chapter 4). My research has revealed many



mechanisms—both dependent and independent of TH—that regulate fin ray patterning

and how this positional identity is retained and redeployed during regeneration.
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CHAPTER 1

Introduction: Positional identity, transplantation, and zebrafish
skeletal patterning in development and regeneration

Some of the material in this chapter was adapted from:

Autumn, M., Zeng, J., Ranieri, |., McMenamin, S. Methods in Molecular Biology:
Experimentally manipulating the thyroid hormone axis in zebrafish. Springer Nature.
(accepted, 2025)




1.1 PATTERNING AND POSITIONAL IDENTITY

Tissues must develop into specific patterns to create functional morphologies.
Developmental processes orchestrate the morphogenesis of tissue patterning to yield
precise structures. As dysregulation of these can cause major morphological changes
including congenital abnormalities, it is critical to resolve the mechanisms that generate
proper tissue patterning. Studies of embryogenesis show developmental signaling
pathways (including Sonic hedgehog and Notch, Kong et al., 2015) can presage shapes
of organs and entire body plans (reviewed in Wolpert, 2011). Additionally, endocrine
signaling is also imperative for tissue growth and development (reviewed in Gicquel & Le
Bouc, 2006). All these cues are regulated spatially and temporally, the range, intensity,
and perdurance of these signals are precisely deployed. Positional identity—intrinsic
patterning information that can dictate final location and cell type—can be sufficient to
coordinate the morphogenesis of different tissues to generate a complex structure. Many
species can regenerate lost or damaged tissue, reactivating developmental signaling
pathways in a novel context; accurately redeploying remembered positional identity and
coordinating regenerative morphogenesis is essential for the regrowth of complex tissue
patterns (reviewed in Goldman & Poss, 2020; Londono et al., 2018). Uncovering the
processes that establish, retain, and execute morphogenesis is critical to understanding
the emergence of patterning, and transplantation procedures have been a critical

method for investigating these mechanisms.

1.2 100+ YEARS OF TRANSPLANTATION

For over a century, transplantation—grafting tissue into a non-native
environment—has been used to interrogate how tissues can influence or be affected by
novel biological environments, and the memory and fidelity of positional identity (Nabrit,
1929; Solini et al., 2017). From dorsal fin grafts in mummichog fishes (Kallman &

2



Gordon, 1957) to head transplants in axolotl (de Both, 1968), scientists showed complex
structures could be successfully integrated into a novel environment. Primordium
transplantations in embryos revealed grafted tissue could develop independent
structures, as seen by chicken chimeras sporting quail wings (Kinutani et al., 1986;
Kinutani et. al., 1985), or even direct morphogenesis of the host, as seen in Xenopus
tadpole body axis duplications (reviewed in De Robertis, 2009). In regeneration-
competent species (i.e. planaria (Rojo-Laguna et al., 2019), axolotls (Echeverri &
Tanaka, 2005; Stocum, 1984), and zebrafish (Murciano et al., 2002; Shibata et al.,
2018)), transplantation followed by regeneration of a graft in a non-native environment
has been a powerful method for assaying the redeployment of remembered positional
identity. If transplanted tissue can activate native signaling pathways to restore original

morphology despite the novel environment, positional identity must remembered.

1.3 THE ZEBRAFISH CAUDAL FIN AS A MODEL

Zebrafish (Danio rerio) are a powerful model for biomedical research and they
parallel mammalian endocrinology, allowing efficient investigation into hormonal
regulation of development, growth, behavior, and metabolism (Ghaddar & Diotel, 2022;
Léhr & Hammerschmidt, 2011; Porazzi et al., 2009). While zebrafish regenerate many
tissues, the regenerating caudal fin specifically is an outstanding model to investigate
interactions of developmental signaling pathways that guide skeletal patterning (as
reviewed in Harris et al., 2021; Pfefferli & Jazwinska, 2015; Poss et al., 2003; Sehring &
Weidinger, 2020; Wehner & Weidinger, 2015). This organ has two mirrored lobes, each
comprised of nine bony rays whose lengths shorten along the peripheral-central axis
(Fig 1.1A). Rays are built with individual bone segments which taper and shorten
progressively along the proximodistal axis (Fig 1.1A): proximal segments are long and
thick, distal segments are short and thin (Fig 1.1B). These morphologies are robustly
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regenerated despite repeated injury (Autumn et al., 2024; Azevedo et al., 2011).

Figure 1.1 Zebrafish caudal fin morphology. (A) Intact caudal fin. Blue & magenta arrow,
dorsal ray 2 (DR2): investigated in Chapter 2. Green arrows, DR4 and ventral ray 4 (VR4):
investigated in Chapter 3. Blue & magenta arrow and magenta arrows, DR1, DR2, DR5, DR7,
VR1, VR2, VR5, VRY: investigated in Chapter 4. (B) Dorsal lobe of intact caudal fin. Arrowheads,
primary bifurcations. Brackets, individual ray segments of proximal and distal regions.



1.4 DEVELOPMENT OF THE CAUDAL FIN

Within the first two weeks of larval development, all eighteen skeletal rays show
robust mineralization (Desvignes et al., 2022), with even-skipped homeobox 1 (evxT,;
protein critical for segment development) positive cells instigating the formation of
fibrous joints (Borday et al., 2001). Each ray has domain of Sonic hedgehog ligand
(shha) expression at its distal end, and Shh activity extends along the ray (Braunstein et
al., 2021). Between the second and third months of development, this shha domain will
split, presaging the formation of a bifurcation (one ray branching into two daughter rays)
(Harper et al., 2023). Zebrafish are indeterminate growers, extending ray length by
adding segments to the distal end of the ray. Older segments also increase in thickness,
with continued mineralization (Borday et al., 2001). Additional bifurcations will be added

by this outgrowth, and we see secondary, tertiary, and even quaternary branches form.

1.5 EPIMORPHOIC REGNERATION OF THE CAUDAL FIN

Epimorphic regeneration occurs in three distinct phases: wound epithelium
formation, blastema proliferation, and fin outgrowth. Upon amputation, epithelial cells
rapidly migrate to the injury, assembling into a multilayer structure over the course of 24
hours (Ferretti et al., 1995). This wound epithelium will persist to the completion of
regeneration, with the innermost basal layer functioning as a critical regenerative
signaling center (Armstrong et al., 2017; Chablais et al., 2010; Wang et al., 2019).

Over the course of two days, cells adjacent to the amputation plane
dedifferentiate, aggregate to the injury, and then proliferate into a mass of lineage-
restricted cells (Knopf et al., 2011; Tu & Johnson, 2011; Wehner et al., 2014). Though
grossly indistinguishable, the blastema arranges itself into discrete, organized units at

the distal end of each ray (Wehner et al., 2014). Roughly classified into two domains, the



distal blastema minimally proliferates, instead functioning as a signaling center
(Nechiporuk et. al., 2002; Wehner et. al., 2015). In contrast, the proximal blastema
quickly proliferates to provide the cellular material needed by the third phase of
regeneration: fin outgrowth.

By 3 days post amputation (dpa) outgrowth begins, a miniscule fringe of
blastemal tissue maintained at the distal fin periphery (Fig 1.2A). New growth is added to
the distal tip of the regenerate as developmental pathways reactivate (Fig 1.2B) to
simultaneously create the complex arrangement of bone, blood vessels, and epithelium
(Thorimbert et al., 2015). Depending on the location of amputation, regenerative
outgrowth will proceed for up to three weeks to replace the entire caudal fin (Wehner et

al., 2014).

1.6 REGENERATION OF CAUDAL FIN RAYS

By 2 dpa, epithelial and mesenchymal cells work together to build actinotrichia,
collagenous fibrils that support and direct osteoblast activity (Duran et al., 2011; Duran et
al., 2015; Konig et al., 2018; Sehring et al., 2022). Pre-osteoblasts migrate along the
fibrils, forming a distinguishable gradient of osteoblast redifferentiation: distal
proliferating pre-osteoblasts to proximal re-differentiated osteoblasts actively
synthesizing new bone (Lalonde & Akimenko, 2018). This mineral deposition displaces
actinotrichia into the medial mesenchyme, where the fibrils are degraded (Konig et al.,
2018). Through this mechanism dermal bone elegantly rebuilds—without cartilage
template—the specific morphology of each ray, including segment pattern and

bifurcation placement (Fig 1.2).

1.7 CAUDAL FIN RAY PATTERNING



Each of the nine rays that comprise one lobe has a unique length, segmentation

patterning, and bifurcation placement. Segments, individual bone segments linked by

6XTRE:gfp

Figure 1.2 Regenerating fin tissue has active thyroid hormone signaling. (A-B) Zebrafish
caudal fin lobes regenerating at various points after blastema formation has occurred and
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regrowth has been initiated. (B) 6xTRE-bglob1:eGFP reports TH activity. Arrowheads, TH activity.
Dashed line, amputation plane. Scale bar, 1 mm.

fibrous joints, permit flexibility of the ray; various bioelectric mutants and drug
(calcineurin, valproic acid) treatments increase or decrease segment length
(Bhattacharya et al., 2020; Daane et al., 2018; Perathoner et al., 2014; Silic et al., 2020;
Sims et al., 2009) or segment number (Goldsmith et al., 2003; Lee et al., 2020).
Bifurcations commonly form at the ~12" segment away from the body, although thyroid
hormone (TH) can shift this placement (Harper et al., 2023). The process of bifurcation
morphogenesis relies on Sonic hedgehog-dependent cell interactions (Armstrong et al.,
2017; Braunstein et al., 2021) and relative activities of osteoblasts and osteoclasts
(Cardeira-Da-Silva et al., 2022).

While ventral rays match the lengths of their corresponding dorsal rays (i.e.
ventral ray 2 versus dorsal ray 2), larger segments comprise these rays, as well as
bifurcations occur at a more distal location (Autumn et al., 2024). Ray patterning is
influenced by environmental cues (Autumn et al., 2024; Dagenais et al., 2021; Murciano
et al., 2002, 2007), although local signaling within the mesenchyme can extend or
reduce ray length regardless to the surrounding fin tissue (Daane et al., 2018, 2021,

Perathoner et al., 2014; Stewart et al., 2021; Yi et al., 2021).

1.8 THYROID HORMONE SIGNALING IN ZEBRAFISH

Thyroid hormone (TH) is a globally circulating endocrine factor crucial for the
development and function of organ systems across diverse vertebrate species (as
reviewed in Van Der Spek et al., 2017; Zwahlen et al., 2024), including in fishes
(Campinho, 2019; Laudet, 2011; McMenamin & Parichy, 2013). Endocrine systems in
zebrafish (Danio rerio) have numerous similarities with mammalian systems and can
allow efficient investigation into hormonal regulation of development, growth, behavior,
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and metabolism (Autumn et al., 2025; Ghaddar & Diotel, 2022; Lohr & Hammerschmidt,

2011; Porazzi et al., 2009).

A HPT axis
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Figure 1.3 Canonical thyroid hormone signaling pathway in zebrafish. (A) TH synthesis is
induced via the HPT axis. (B) Canonical TH signaling is mediated by nuclear receptors that bind
to histone acetylases to induce target gene expression.

The axis of TH production is well characterized: the hypothalamus produces
thyrotropin releasing hormone, triggering the pituitary gland to secrete thyroid stimulating
hormone (TSH) (Fig 1.3A) (Mullur et al., 2014). TSH interacts with receptors on the
thyroid follicular cells to induce the TH production cascade (Porazzi et al., 2009;
Zwabhlen et al., 2024). Once TH is released from the thyroid follicles into the circulatory

system, canonical signaling is facilitated by locally-produced, function-specific



combinations of TH membrane transporters, deiodinases (Dios), and TH nuclear
receptors (THRs), work together to modulate intracellular TH availability, bioactivity, and
transcriptional effectivity (Fig 1.3B).

TH must be actively transported into peripheral cells by membrane transporters,
which regulate the amount intracellular TH. Zebrafish have three characterized TH
transporters (Muzzio et al., 2014; Vatine et al., 2012), each expressed in different tissues
(Zada et al., 2016). As thyroid follicles secrete TH predominately as T4, the bioactivity of
this prohormone is enhanced or reduced by deiodinase enzymes, of which zebrafish
have at four (Heijlen et al., 2014; Thisse et al., 2003; Walpita et al., 2007), that can
remove iodine atoms from the molecule(Orozco & Valverde-R, 2005). Zebrafish have
several THR paralogues (Darras et al., 2011; Takayama et al., 2008) that interact with
TH responsive elements in the genome. In the absence of TH, THRs associate with
histone deacetylases to prevent target gene transcription (Bertrand et al., 2007; Sinha &
Yen, 2000). When TH binds to and thus alters the conformation of THRs, they now can
interact histone acetylases to permit gene expression (Bertrand et al., 2007; Li et al.,
1999).

1.9 RESEARCH TOPICS

At the beginning of my research journey, proximal and distal zebrafish caudal fin
tissues had many established differences. Proximal ray segments are longer and thicker
than distally positioned ones and primary/secondary bifurcations are exclusive to the
distal half of rays. These features would be properly regenerated, however proximal and
distal amputation planes would initiate different rates of regrowth (Lee et al., 2005). Most
notably, proximal and distal tissues collected from intact fins showed distinct
transcriptomes and proteomes (Rabinowitz et al., 2017). Unlike other regenerative
models that had known definitive factors regulating the proximodistal axis (Echeverri &
Tanaka, 2005), no analogous factors had been discovered in zebrafish. A serendipitous

10



observation of hypothyroid zebrafish right before | started my research showed that TH
may be responsible for distal feature formation. TH was well established as a factor in
skeletal development and maintenance in other systems (Duncan Bassett & Williams,
2016), so | first investigated if TH was the driving factor of proximodistal axis polarization
in development and regeneration.

Starting my second project, we now understood that proximodistal identity was
progressively conferred by TH in distal tissues. Precocious distal patterning was minimal
even in an excessively hyperthyroid environment, indicating that distal tissues may be
particularly receptive to TH’s distalizing action (Harper et al., 2023). Work with
peripheral-to-central ray transplants revealed that individual rays could retain aspects of
their original identity despite regrowing in a novel environment (Shibata et al., 2018).
Varying regeneration speed indicated inherent difference between proximal and distal
tissues (Lee et al., 2005), however distal-to-proximal blastema transplant experiments
did not support that proximodistal information was retained (Shibata et al., 2018). As it
was still undetermined how proximodistal information was remembered and redeployed,
| asked if proximodistal morphology was inherent to the tissue or if it was progressively
induced during outgrowth.

For my final project, | returned to investigate one of my initial findings from my
first research question: peripheral ray (DR1, VR1) specific TH activity (see Fig1.2B). In
central rays (all rays except DR1 and VR1, Fig 1.1A), hyperthyroid conditions yield
additional bifurcations and TH is sufficient to rescue branching in hypothyroid fins
(Harper et al., 2023). Despite markedly increased TH activity in development and
regeneration, peripheral rays never bifurcate. Domains of aristaless 4 (alx4, pectoral ray
identity factor) expression precede the formation of peripheral rays and then are

maintained throughout adulthood but little is known about its purpose (Desvignes et al.,
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2022). As peripheral rays had never been intensely studied, | wanted to interrogate the
specific signals that characterize these skeletal elements.

In summation, my dissertation work began with the question of thyroid hormone’s
role during fin ray regeneration, and this inquiry led me to all three of my research
chapters. First, | defined the role of TH in distalizing the appendicular fin skeleton
(Chapter 2). | continued to probe the proximodistal axis, pioneering microsurgeries to
disentangle autonomous components of fin ray identity (Chapter 3). Finally, using the
data on TH acquired in Chapter 2 and the procedures developed in Chapter 3, |

investigated a novel function of TH as a peripheral ray organizer (Chapter 4).
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CHAPTER 2

Thyroid hormone regulates proximodistal patterning in fin rays

The material in this chapter was adapted from:

Harper (Autumn), M. & Hu, Y., Donahue, J., Acosta, B., Dievenich Braes, F., Nguyen,
S., Zeng, J., Barbaro, J., Lee, H., Bui, H., McMenamin, S. Proceedings of the National
Academy of Sciences. (2023). Thyroid hormone regulates proximodistal patterning in fin
rays.
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2.1 INTRODUCTION
2.1.1 How are appendages shaped?

How organisms generate complex shapes is a central question in Biology. To
produce a robust phenotype, cells in a developing organ must interpret positional
information and execute growth and pattern morphogenesis in a regionally appropriate
and highly coordinated manner (Wolpert, 1969). Along an extending axis, even subtle
shifts in patterning processes relative to outgrowth can profoundly alter the ultimate
shape, e.g. by altering the number of somites along the anteroposterior axis (Gomez &
Pourquie, 2009).

Appendages such as limbs show specific proximodistal patterning, with different
character states expressed at different locations along the axis. Such patterning shows
incredible diversity between lineages, and relative shifts in proximodistal identity likely
facilitated major evolutionary transitions (T. A. Stewart et al., 2020). Developing tissues
create patterns through morphogenetic processes that may be cued by regional
gradients of morphogens, bioelectric or mechanical signals, as reviewed in (Mateus et
al., 2021; Tung & Levin, 2020). In addition to these local processes, global factors such
as hormones can coordinate morphogenesis in disparate tissues (Hu et al., 2019; S.
McMenamin et al., 2022; S. K. McMenamin et al., 2013); such systemic signals could

theoretically be leveraged to establish or reinforce patterns during outgrowth of an axis.

2.1.2 Zebrafish caudal fin rays are a model for proximodistal patterning.

Zebrafish fins are a premier model for studying growth and regeneration, and can
serve as informative models of proximodistal patterning. Fin length mutants have
allowed great progress towards understanding the mechanisms that regulate growth of
rays (Harris et al., 2021; Perathoner et al., 2014; S. Stewart et al., 2021). In contrast, the
signals underlying proximodistal patterning of the rays have remained largely elusive.
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Although more subtle than the polarity of tetrapod limbs, individual fin rays show distinct
patterning along the axis: ray segments taper and shorten distally, and periodically
bifurcate into branches (see Fig 2.1A). Ray segments are added distally during fin
outgrowth, in a manner resembling somitogenesis (Mari-Beffa & Murciano, 2010).
Likewise, bifurcations are added terminally during development or regeneration, with
most rays eventually forming one or more branches (e.g. see Supp Fig 2.1).

Changes in proximodistal patterning are important in evolutionary
transformations and adaptations. Notably, the fin-to-limb transition involved major
changes in patterning and proportion along the proximodistal axis (T. A. Stewart et al.,
2020; Tanaka, 2018; Woltering et al., 2020). Among teleosts, fin ray patterning varies
considerably between species, from uniformly thick rays with no bifurcations (e.g.
syngnathids, sculpins), to tapering rays with multiple bifurcations along each ray
(guppies, killifish). These differences in proximodistal morphology contribute to the
functional and biomechanical properties of the appendages.

The local mechanisms governing aspects of certain proximodistal features have
been elucidated. Formation of bifurcations requires precise Shh signaling as well as
coordinated and opposing activities of osteoblasts and osteoclasts (Armstrong et al.,
2017; Braunstein et al., 2021; Cardeira-Da-Silva et al., 2022; Zhang et al., 2012).
Nonetheless, it remains unknown what positional identity cues direct bifurcation
machinery to be deployed at correct locations along growing rays. Furthermore, while
certain mechanisms governing overall segment length have been discovered (Schulte et

al., 2011; Sims et al., 2009), pathways regulating the progressive distal shortening of
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segments remain entirely unknown (although they can be modeled computationally)

(Rolland-Lagan et al., 2012).

2.1.3 Thyroid hormone coordinates vertebrate development.

Thyroid hormone (TH) is an essential regulator of cellular metabolism and
homeostasis, This endocrine factor coordinates post-embryonic developmental
processes in diverse vertebrates, including zebrafish (Hu et al., 2019; Keer et al., 2019;
S. K. McMenamin et al., 2014, 2017; S. K. McMenamin & Parichy, 2013; Saunders et al.,
2019). In zebrafish reared under hypothyroid (HypoTH) or hyperthyroid (HyperTH)
conditions, we observed changes in the fin skeleton consistent with coordinated shifts
along the proximodistal axis. We hypothesized that TH regulates aspects of
proximodistal patterning, and that these processes operate independently from size-

instructive signals controlling fin ray length.

2.2 RESULTS

2.2.1 TH promotes distal features in developing fin rays.

We discovered that hallmarks of skeletal distalization are induced and
coordinated by developmental TH titer (Fig 2.1). Transgenic ablation of the thyroid
follicles during larval development results in permanently HypoTH fish (S. K.
McMenamin et al., 2014); fins of adults reared under these HypoTH conditions showed
markedly proximalized fin rays (Fig. 2.1B; Supp Fig 2.1B). Conversely, a congenitally
HyperTH mutant (S. K. McMenamin et al., 2014) showed moderate distalization (Fig
2.1C). Bifurcations are the most discrete indicators of proximodistal patterning, and in
caudal fins of WT adult fish, the majority of internal rays form at least one bifurcation
(peripheral rays never bifurcate). In the absence of TH (HypoTH conditions), far fewer
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bifurcations formed (Fig 2.1D). To examine the patterning along the length the axis, we
focused on the 2" dorsal ray. We found that bifurcations that did form in a HypoTH
context were positioned considerably farther from the body, suggesting proximalization
of the axis (Fig 2.1E). The shifted position of the bifurcation was also reflected in the
number of ray segments proximal to the bifurcation (Supp Fig 2.2B) as well as the
proportion of the total ray length at the bifurcation (Supp Fig 2.2C). A mutant with
reduced TH production (Chopra et al., 2019) also showed fewer bifurcations that were
shifted farther from the body (Supp Fig 2.3). Despite the differing pattern of branching,
HypoTH fish maintained overall similar rates of growth during development compared to
WT, euthyroid siblings (Supp Fig 2.1B-D). Contrasting with the proximalized patterning of
HypoTH fin rays, conditions of excess TH (HyperTH) caused bifurcations to develop
somewhat closer to the body, suggesting distalization of the axis (Fig 2.1C, I; Supp Fig
2.2G-I). All of the paired and median fins showed corresponding shifts in the relative
location of bifurcations (Supp Fig 2.4). WT control groups, sex did not appear to
influence ray patterning (Supp Fig 2.5).

Fin rays are composed of segments that become progressively shorter and
thinner along the axis. TH regulates the progressive shortening of rays: in the absence
of the hormone, longer segments continued to be built farther from the body (Fig 2.1F-G;
Supp Fig 2.2E-F). In contrast, HyperTH conditions caused segments to shorten
precociously along the axis (Fig 2.1K; Supp Fig 2.2K) resulting in slightly shorter distal
segments (Fig 2.1J). Rays from HypoTH fish also showed proximalized trends in bone
density (Supp Fig 2.6); the dense distal segments in the HypoTH context are particularly
striking since HypoTH conditions tend to decrease overall mineralization and bone
density in other skeletal elements(Keer et al., 2019).

We asked if treatment with TH during development could rescue proximodistal
patterning in HypoTH fish. Early treatments (5-30 or 30-60 days post fertilization, dpf) did
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not change patterning. However, treating HypoTH fish with exogenous TH during
juvenile development (60-90 dpf) was sufficient rescue the formation of bifurcations
(Supp Fig 2.7). In a WT background, continuous treatment with exogenous TH during

development did not significantly alter bifurcations (Supp Fig 2.8).
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Figure 2.1 Thyroid hormone induces distal morphology in fin rays. (A-C) Cleared and
stained dorsal lobes of caudal fins from zebrafish reared under different TH profiles. Black arrows
indicate location of the primary bifurcation on the 2" dorsal ray; arrowheads indicate all other
bifurcations. Conceptual cartoons below each image show proximodistal patterning of a single
ray. Scale bar, 1mm. Boxplots show (D, H) total number of primary bifurcations on each fin, (E, /)
the absolute distance from the base of the ray to the bifurcation on the 2" dorsal ray, and (F, J)
the average length of distal segments 16-18 on the 2" dorsal ray. Significance determined by
Welch two sample t-tests. (G, K) Plots showing the average length of each segment on the 2™
dorsal ray, starting from the 5" segment. Error bars show standard error. Arrows indicate the
average location of the primary bifurcation in each background. Significance reflects the
interaction term in a linear mixed-effects model. (L) Heatmap of transcripts that are differentially
expressed between proximal and distal regions of intact fins from WT (left). Right shows
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expression of the same transcripts in a HypoTH background. The proximodistal difference is
either lost in HypoTH (TH-dependent, top) or maintained in the HypoTH background (TH-
independent, bottom). (M) Multidimensional scaling plot comparing gene expression profiles for
different regions of the fin from WT and HypoTH fish; each data point represents a biological
replicate. Also shown is a previously published reference dataset (greyscale; Rabinowitz et al.,
2017). Note that dimension 2 captures proximodistality of all the datasets, and that HypoTH
transcriptomes are overall shifted ‘proximally’ along this axis relative to WT controls.

2.2.2 TH induces distal expression patterns in developing fins.

If TH alters axis identity, we hypothesized that in addition to the proximalized
aspects of patterning, HypoTH fins would show proximalized patterns of gene
expression. Examining transcriptomes from three proximodistal regions of uninjured fins,
we found 233 genes expressed differentially along the proximodistal axis in a control WT
background (Fig 2.1L; Supp Fig 2.9A-C), showing strong correspondence with a
previously published dataset (Rabinowitz et al., 2017). Of these proximally- or distally-
enriched genes, the majority lost differential expression in a HypoTH context (128/233,
55%; Fig 2.1L; Supp Fig 2.9B). In particular, characteristically distal expression patterns
were attenuated in distal regions of fins from HypoTH backgrounds (Fig 2.1L).
Multidimensional scaling suggested that expression patterns were shifted proximally in a
HypoTH context (Fig. 1M). Moreover, several transcripts known to characterize proximal
or distal identities (Rabinowitz et al., 2017) showed proximalized patterns of expression
in HypoTH conditions (Supp Fig 2.9D-G).

Consistent with previous analyses (Rabinowitz et al., 2017), we did not detect a
signal of TH-related genes being expressed in a proximodistal gradient in WT, although
we did find that dio2 (deiodinase 2; converts circulating TH into a more bioactive form
(Houbrechts et al., 2016)) was expressed more strongly in proximal regions of WT fins
(Supp Fig 2.9H). RA mediates axis patterning in tetrapods, and many RA-pathway genes
are expressed in a proximodistal gradient in uninjured WT fins (Rabinowitz et al., 2017;
Yashiro et al., 2004). Many genes associated with RA metabolism show gradients along

the proximodistal axis, and we asked if TH was required for this graded expression. Of
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the six RA-associated transcripts expressed in a proximodistal differential, only one
showed altered expression in a HypoTH context (Supp Fig 2.9B,G), suggesting that TH
does not regulate distal identity by altering regional production of RA transcripts. Other
genes associated with proximodistal identity in tetrapod limbs (e.g. meis, pbx, hox) did
not show expression differences between proximal and distal regions in WT, and also did
not show dependence on TH. The relative activities of osteoblasts and osteoclasts may
mediate formation of bifurcations(Zhang et al., 2012). We asked whether markers for
these two skeletogenic cell types might be relatively altered in a HypoTH context, but
none were differentially expressed between TH conditions above the significance
threshold (see Supp Fig 2.9/-J).

In all, these transcriptomic data suggest that TH is essential in establishing distal
patterns of gene expression in mature, intact fins. We did not detect evidence that the
hormone functions by regulating expression of a specific molecular pathway or cell type

(Supp Fig 2.9).

2.2.3 Developmental TH regulates distal features in the context of altered fin
length.

Fin length mutants show dramatic changes in the relative lengths of fins, but the
overall patterning of the rays is comparable to that in WT (Harris et al., 2021)(Fig 2.2;
Supp Fig 2.10). We predicted that altering TH in the context of a lengthened or
shortened fin would alter ray patterning along the axis. Indeed, HypoTH conditions
proximalized both lof and sof rays (Fig 2.2; Supp Fig 2.10), comparable to the

proximalization seen in fins of non-mutant HypoTH. This apparent lack of genetic

20



interaction suggests TH regulation of proximodistal patterning operates independently

from size-regulating pathways.
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Figure 2.2 Thyroid hormone regulates patterning in longfin and shortfin backgrounds.
Caudal fins of (A-B) longfin and (G-H) shortfin mutants that are either euthyroid (A-G) or HypoTH
(B-H). Black arrows indicate location of the primary bifurcation on the 2" dorsal ray, from which
all quantifications were taken. Arrowheads indicate all other bifurcations. Cartoons below each fin
show proximodistal patterning of a single ray. Scale bars, 1mm. Boxplots show (C, /) total number
of primary bifurcations on each fin, (D, J) the absolute distance from the base of the ray to the
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primary bifurcation (or the total length of the ray for non-bifurcating rays; filled datapoints), and (E,
K) the average length of distal segments (E) 16-18 or (K) 14-16. In D-E and J-K, filled circles
represent measurements from non-branching rays, empty circles represent measurements from
branching rays. Significance determined by Welch two sample t-test. (F, L) Plots showing the
average length of each segment, starting from the 5" segment. Error bars show standard error.
Arrows indicate the average location of the primary bifurcation in each background. Significance
reflects the interaction term in a linear mixed-effects model.

2.2.4 Unliganded Thrab inhibits distal identity.

Canonical TH signaling functions through dual-action nuclear TH receptors,
which repress transcription when the hormonal ligand is absent, and promote expression
when the hormone is present (Horlein et al., 1995). We hypothesized that TH functions
through one or more of the three zebrafish TH receptors—Thraa, Thrab and Thrb—to
modulate fin ray patterning. Rays of euthyroid thrab mutants showed patterning
comparable to that of WT siblings; in contrast, HypoTH thrab mutants showed a striking
rescue relative to HypoTH non-mutants (Fig 2.3A-F; Supp Fig 2.11). While HypoTH non-
mutant siblings (and HypoTH thrab +/- heterozygotes, see Supp Fig 2.11) rarely formed
bifurcations, thrab knockout (-/-) permitted formation of bifurcations even in a HypoTH
context (Fig 2.3C). We infer that unliganded Thrab actively represses distalization.
Nonetheless, the absence of Thrab did not completely rescue a WT morphology in the
HypoTH background (Fig 2.3C-E; Supp Fig 2.11), suggesting that Thrab-independent TH
mechanisms also positively regulate distalization of the rays. Contrasting with the
rescued patterning evident in HypoTH thrab mutants, HypoTH thraa and thrb mutants
showed typical HypoTH phenotypes with no evidence of rescue (Supp Fig 2.12).

We found that thrab is expressed at the tips of rays during regeneration,
including in both blastema and epidermis (Fig 2.3G-H), along with many other genes
actively expressed at the growing edge. We asked whether regional differences in thrab

expression along the proximodistal axis might mediate distalization by modulating

regional responses to circulating TH. However, the level of thrab expression remained
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comparable as different regions of the proximodistal axis regenerated (Fig 2.13A-B).
Thus, although the receptor is expressed during regeneration, regional differences in
Thrab expression along the axis do not correlate with different stages of proximodistal

morphogenesis.
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Figure 2.3 Unliganded Thrab inhibits distal patterning. Caudal fins of thrab -/- mutants reared
under (A) euthyroid or (B) HypoTH conditions. Arrows indicate location of the primary bifurcation
on the 2" dorsal ray, from which all quantifications were taken. Arrowheads indicate all other
bifurcations. Boxplots show (C) total number of primary bifurcations on each fin, (D) the absolute
distance from the base of the ray to the primary bifurcation (or the total length of the ray for non-
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bifurcating rays; filled datapoints), and (E) the average length of distal segments 15-17.
Significance determined by an ANOVA followed by Tukey’s HSD; significance indicated by letter
groups, with statistically indistinguishable groups sharing the same letter. (F) Plot showing the
average length of each segment, starting from the 5" segment. Error bars show standard error.
Arrows indicate the average location of the primary bifurcation in each background. (G-H) In situ
hybridizations showing thrab expression during regeneration in (G) a single ray of a whole-mount
fin and (H) longitudinal section of a ray. In the section, thrab is detectable in the blastema
(arrowhead) and epidermis (arrow). (/) 6xTRE-bglob1:e GFP reports TH activity and
runx2:mCherry identifies pre-osteoblasts as bifurcation forms in regenerating ray. Shown in (J) is
a longitudinal section of a regenerating ray stained with secondary antibodies against the
fluorophores. TH is active in the blastema (white arrowhead), epidermis (arrow) and presumptive
osteoblasts (black arrowhead). (K) Graph showing relative TH activity (reported by 6xTRE:eGFP)
of 2" dorsal ray quantified throughout regeneration. The fluorescence of each individual is
normalized to fluorescence at 3 dpa. In D-E and K, filled circles represent measurements from
rays before bifurcation; open circles identify rays after they have bifurcated. Scale bars for A, B,
1mm; Bars for G, H, I, J, 200uM.

2.2.5 TH is active at the leading edge of the fin.

We asked if thrab expression domains might correspond to regions of high TH
activity. A TH activity reporter (Matsuda, 2018) showed TH is indeed active at the distal
tips of both uninjured (Supp Fig 2.13C) and regenerating rays (Fig 2.3/-J, Supp Fig
2.13E; Supp Fig 2.14). TH activity was detectible in the presumptive blastema as well as
in the epidermis (Fig 2.3J; Supp Fig 2.13F). TH also appeared to be active the pre-
osteoblast lineage, and showed activity in regions where osteoblasts were present (Fig
2.3J; Supp Fig 2.13F). The TH activity reporter showed reduced activity in regenerating
thrab mutants, suggesting that the hormone acts via Thrab during regeneration (Supp
Fig 2.13G-/). We asked whether TH activity showed a gradient along the proximodistal
axis or any shifts in activity coincident with bifurcation. However, TH activity showed no

clear trends over the course of regeneration (Fig 2.3K; Supp Fig 2.14A-C).

2.2.6 TH is sufficient to distalize rays during outgrowth.
We tested if patterning could be rescued in fins from HypoTH fish during
regeneration. Indeed, treating HypoTH fish with exogenous TH throughout 3 weeks of

regeneration was sufficient to robustly rescue distalization (Fig 2.4C; Supp Fig. 2.15).

24



Positional information in the early blastema dictates regenerate length (Tornini et al.,
2016; Wang et al., 2019), and we asked if our rescue of distal morphology was due to
effects of TH on the early blastema. To test this, we treated HypoTH fish with TH for 24
hours during each of the first 3 dpa, but none of these treatments were sufficient to
rescue distal patterning in regenerates (Supp Fig 2.16). This led us to hypothesize that
TH is acutely required to create distal morphology, and we tested this possibility by
delaying TH treatments until later stages of regenerative outgrowth. Even when the
onset of treatment was delayed to 7 or 14 dpa, exogenous TH was still sufficient to
rescue the formation of bifurcations (Fig 2.4D-E; Supp Fig 2.15). These data suggest
that fin rays remain receptive to TH-induced distalization throughout the regenerative

process.

2.2.7 Proximodistal patterning is not remembered, but is built in response to TH.

Our rescue experiments demonstrated that previously proximalized HypoTH
patterning can be overridden during regeneration by treatment with TH. We next asked if
normal distal patterning could be remembered and rebuilt during regeneration even in
the absence of TH, and we tested this in two different ways. First, we treated WT fish
with either of two TH-blocking drugs during regeneration; these indeed inhibited
bifurcations from forming (Supp Fig 2.17). Second, we used HypoTH fish that had been
rescued with TH during development (as in Supp Fig. 2.7), then regenerated the fins in
the absence of TH. Despite developing with a WT-like pattern, regeneration in the
absence of additional TH caused fins to revert to a proximalized HypoTH pattern (Supp
Fig. 2.18). These experiments demonstrate that proximodistal patterning is not

remembered by tissues, but is generated in direct response to TH during outgrowth.
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Figure 2.4 Exogenous thyroid hormone is sufficient to distalize hypothyroid fin rays during
regeneration. (A) Experimental timeline for treatments. (B-E) Regenerated fins from a HypoTH
background, treated with either (B) vehicle control or (C-E) 5nM T4 during different time periods
of regeneration. Amputation planes indicated with dashed lines. Arrows indicate primary
bifurcation of the 2" dorsal ray (or total ray length when ray does not branch); arrowheads
indicate all other bifurcations. Scale bar, 1mm. Boxplots show (F) total number of primary
bifurcations on each fin, (G) the absolute distance from the base of the ray to the primary
bifurcation (or the total ray length for non-bifurcating rays; filled datapoints), and (H) the average
length of distal segments 15-17. Filled circles represent measurements from non-bifurcating rays,
empty circles represent measurements from bifurcating rays. Significance determined by an
ANOVA followed by Tukey’s HSD; significance indicated by letter groups, with statistically
indistinguishable groups sharing the same letter.
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2.2.8 Proximalized patterning despite intact Shh/Smo machinery.

Since Shh signaling is essential for the establishment of bifurcations (Armstrong
et al., 2017; Braunstein et al., 2021; Zhang et al., 2012), and since thrab and TH activity
are detectible in the epidermis where Shh is active, we hypothesized that the hormone
might be required for Shh activity. We found that HypoTH regenerates maintained shha
expression, although the overall expression level was somewhat decreased relative to
WT (Fig 2.5A-C). Notably, shha domains failed to distinctly separate in the absence of
TH (Fig 2.5B”). This finding contrasts markedly with experimental treatments that can
functionally inhibit or delay bifurcations, but nonetheless show clear separation of shha
expression domains (Armstrong et al., 2017; Azevedo et al., 2011; Zhang et al., 2012).

We asked if TH was required for the integrity of downstream Shh machinery and
the migration of Shh-responsive cells. As fins regenerate, Shh/Smo signaling is essential
for establishing bifurcations(Armstrong et al., 2017; Braunstein et al., 2021), and as in
(Armstrong et al., 2017) we used a photoconvertable ptch2 reporter (Huang et al., 2012)
to assess dynamic activity of the pathway. Even in a HypoTH context, new ptch2 was
continuously expressed during regeneration. Previously Shh/Smo responsive cells are
shown to be displaced to the distal tips of growing rays in WT regenerates (Armstrong et
al., 2017; Braunstein et al., 2021). This process was not dependent on TH, and
previously ptch2-expressing cells showed displacement even in HypoTH (compare
arrows, Fig 2.5D-E). In all, the Shh-dependent machinery underlying branch formation

appears to be intact in regenerating fins of HypoTH fish; yet bifurcation processes are
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not initiated at the appropriate locations.
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HypoTH ® not bifurcated
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days post amputation

Figure 2.5 Thyroid hormone acts upstream of the Shh pathway to coordinate bifurcation
with outgrowth. (A-B) Expression of transgene -2.7shha:GFP as bifurcations form in fins of WT
(A, arrowheads) and HypoTH fish (B). A’ and B’ show brightfield images of the corresponding
regions. Note failure of shha domains to separate in (B”) HypoTH, a magnification of the boxes in
B. Representative images captured and processed to best show domains at each time point;
brightness should not be compared between images. (C) Quantification of relative shha:GFP
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expression in regenerating rays (2" dorsal) from WT and HypoTH imaged under identical
conditions. (D-E) Regenerating fins of fish transgenic for BAC(ptch2:Kaede) at 6 dpa in (D) WT
and (E) HypoTH backgrounds. Entire fins were photoconverted at 5 dpa so that unconverted
kaede (green) in brackets represents new expression produced in 24hr post photoconversion on
the 2n dorsal rays. Arrows indicate regions of old, converted kaede (magenta) displaced to the
distal edges. Scale bars, 200 yM.

2.2.9 TH regulates ray patterning across teleost species.

We asked if a requirement for TH in ray patterning was limited to zebrafish. TH
was required for distal patterning in a closely related Danio species(Mccluskey et al.,
n.d.): transgenic thyroid ablation in Danio albolineatus resulted in proximalized fin rays
as it did in D. rerio (Fig 2.6A-B; Supp Fig 2.19A-F). Medaka (Oryzias latipes) are
separated from zebrafish by ~200 million years of evolution (Chowdhury et al., 2022;

Furutani-Seiki & Wittbrodt, 2004), and even in this distant relative, pharmacologically

blocking TH inhibited bifurcation during regeneration (Fig 2.6 C-D; Supp Fig 2.19H-J).

2.3 DISCUSSION

2.3.1 Summary of findings.
Collectively, our results demonstrate that TH is both necessary and sufficient to induce
distal patterning of fin rays during developmental and regenerative outgrowth. Numerous
indicators of proximodistal identity showed coordinated responses to developmental TH
titer: the location of bifurcations, ray segment morphology, bone density, and expression
patterns along the axis are all influenced by TH. The requirement for TH to build
bifurcations in an appropriate proximodistal location is shared across all the fins of the
zebrafish as well as across multiple teleost species.

Our findings suggest that the processes regulating size and processes regulating
patterning are governed by distinct developmental modules that may be decoupled.

Previous work established that growth of the rays is regulated by bioelectricity pathways
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(Harris, 2021), and we have shown that even when fin length is disrupted, there remains
a requirement for TH in patterning the rays (Fig 2.2; Supp Fig 2.10). In principle,
modulating proximodistal patterning can produce a spectrum of different ray phenotypes
like those found in nature, from non-branching, uniformly thick, proximalized rays (e.qg.
those of sculpin) to highly distalized, multi-branched rays (e.g. guppy). These types of
modular changes to patterning could underlie evolutionary diversity across fins and other
appendages. Patterning shifts in the fins could be mediated by changes in local or global
TH metabolism, or could be entirely independent of TH, acting on downstream or parallel

mechanisms that regulate axis patterning.
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Figure 2.6 TH is required for bifurcation morphogenesis in other teleost species and a
model for TH-induced distal identity. (A-B) Danio albolineatus that are either (A) WT or (B)
trangenically thyroid-ablated. (C-D) Oryzias latipes (medaka) treated with a (C) vehicle control or
(D) a TH-inhibiting cocktail throughout regeneration. Arrows indicate primary bifurcation of the 2
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(A-B) or 3 (C-D) dorsal ray or total ray length when ray does not branch. Arrowheads indicate all
other bifurcations. Scale bars, 1mm (E) Model for progressive TH action across the proximodistal
axis during fin outgrowth.

2.3.2 Segment morphology is sensitive to thyroid hormone.

In addition to the location of bifurcations, our study considers the morphology of
ray segments as a readout of proximodistal patterning. Certain mutations cause fins to
develop with overall shorter segments (lovine et al., 2005; Nakagawa et al., 2022) or
overall lengthened segments along the entire length of the ray (Harris et al., 2021; Lanni
et al., 2019; Perathoner et al., 2014). In contrast, fins from HypoTH and HyperTH
backgrounds showed proximal segments comparable in length to those of WT siblings,
but which exhibited shifts in the slope of segment length decrease (Fig 2.1G, K; Supp
Fig 2.2E, K), resulting in distal segments with lengths significantly different than those in
WT siblings (Fig 2.1 F, J). In addition to the ‘flattened’ slope of segment length in fins of
HypoTH, we note that there is increased variability in segment length (see Fig 2.1G and
Supp Fig. 2.2E), which suggests a role for TH in stabilizing placement of the segment

joints.

2.3.3 Thyroid hormone independent fin patterning.

Notably, not every distal feature is dependent on TH. Leucophores still form at
the peripheral, distal edges of HypoTH fins (see Supp Fig 2.13C-D) and segment width
tapering occurs regardless of TH titer (Supp Fig 2.2F, L). Despite enriched TH activity
(see Supp Fig 2.13; Supp Fig 2.14), the peripheral-most rays were never observed to
produce bifurcations, even under HyperTH conditions or when Thrab was absent.
Peripheral rays maintain unique expression of several genes(Desvignes et al., 2022),
highlighting the uniqueness of these rays in the fin and potentially suggesting additional
roles for TH in ray identity beyond proximodistal patterning. In the absence of TH, some

distal features are eventually produced—the longest rays of HypoTH fish produce

31



bifurcations and moderately shortened distal segments—but these processes are
deployed in a delayed fashion and the ultimate fin structure is consequently highly
proximalized. In the other extreme, there appears to be a limit to how distalized a fin can
become by modulating TH levels: HyperTH conditions shift the proximodistal axis only
slightly (Fig 2.1H-K). Indeed, HyperTH conditions did not change the total number of
bifurcations in the fin (Fig 2.1H), presumably because the maximum number of fin rays
bifurcate even in a WT background. Although the extent of HyperTH-induced
distalization is limited, it appears to be dose-sensitive, as individuals heterozygous for
the HyperTH mutation opallus typically showed intermediate phenotypes for aspects of
proximodistal patterning (see Supp Fig 2.2G-J). In all, it is likely that other TH-
independent pathways buffer the proximodistal morphology of the rays, limiting the

severity of the phenotypes in Hypo- and HyperTH contexts.

2.3.4 Thyroid hormone action is acute.

The phenotype of a HypoTH fin can be rescued both during development (Supp
Fig 2.7) and regeneration (Fig 2.4) by treatment with exogenous TH. Moreover, rays
regenerating in a HypoTH context remain competent to produce distal features into late
stages of outgrowth (Fig 2.4). Treatment with TH at early stages of development (Supp
Fig 2.7) or during early periods of regeneration (Supp Fig 2.16) produces no effects on
the fin patterning phenotype. Together, these findings suggest that the hormone acts on

tissues acutely during outgrowth.

2.3.5 Sonic hedgehog signaling.

During regeneration, TH is active in the epidermis and promotes high Shh
pathway activity. Shh-active basal epidermal cells are required for branching
morphogenesis (Armstrong et al., 2017; Braunstein et al., 2021), and these cells still
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exhibit distal displacement in HypoTH fins as in WT (Fig 2.5D-G), suggesting that these
components of bifurcation machinery are not dependent on TH. Nonetheless, the
hormone appears to be required for the two Shh domains to separate (Fig 2.5A-C).
Recent evidence suggests that bone resorption activity counteracts
mineralization activity to produce branches (Cardeira-Da-Silva et al., 2022). Our RNAseq
data did not suggest that TH affects expression levels of genes associated with the
overall abundance of osteoblasts or osteoclasts in intact, uninjured fins (see Supp Fig
2.9/-J). However, these data from intact tissue may differ from expression during
regeneration; osteoclast/osteoblast ratios may be altered after injury. Moreover, it is
possible that TH might regulate relative activities of these cell populations along the
proximodistal axis to regulate where bifurcations form along the growing axis. Indeed,
pre-osteoblasts appear show TH activity during regeneration (Fig 2.3J), which may alter

their relative activity.

2.3.6 There is no single distalizing factor.

Fins developed under HypoTH conditions showed proximalized gene expression
profiles (Fig 2.1L-M), suggesting that proximodistal identity is legitimately shifted in a TH-
disrupted context. Our data do not identify a single ‘smoking gun’ pathway or cell type
through which TH likely acts to impart distalization. Instead, the hormone appears to
progressively orchestrate numerous suites of genes along the axis, including pathways
regulating skeletal morphogenesis, extracellular organization, as well as gas transport
and adhesion (Supp Fig. 2.9C). We note, however, that the shifts in gene expression
could be either causes or effects of the phenotypic distalization observed, and that
expression patterns during outgrowth may differ from these profiles in the intact organ.

The repressive activities of unliganded Thrab and the permissive context of TH
appear to work in conjunction to mete out progressively distal features during fin
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outgrowth. Unliganded TH receptors serve to repress developmental processes in other
contexts, inhibiting amphibian metamorphosis (Buchholz et al., 2003) and gating
morphogenesis of zebrafish skin and pigment (Aman et al., 2021; Saunders et al., 2019).
Removing the repressive unliganded receptor rescues patterning in a HypoTH
background (Fig 2.3). HypoTH thrab mutant fin rays are still somewhat proximalized
relative to those of WT and euthyroid mutant siblings, suggesting that TH-related
mechanisms independent of Thrab also help to promote distalization. Furthermore, the
euthyroid thrab mutants show patterning comparable to that of WT (despite showing less
TH activity, see Supp Fig 2.13G-/), suggesting that Thrab is more active as an inhibitor

than as an enhancer of distal morphology.

2.3.7 Distalization of the fin is progressive.

Unlike a limb, the fin grows indeterminately from the distalmost edge throughout
adult life (lovine & Johnson, 2000). TH is active at this growing edge, even in an
uninjured adult fin (Supp Fig 2.13C), potentially reflecting the metabolic demands of
continuous isometric growth. During regeneration, functional TH activity at the leading
edge remains relatively constant as outgrowth progresses (Fig 2.3K), suggesting that the
hormone does not function in the “source-sink” manner of certain limb identity pathways.
Indeed, distalization appears to be a progressive process along the continuously
growing axis of the fin. The proximodistal patterning of the rays is actively orchestrated
by TH during outgrowth. During regeneration it is the continuous presence of TH—rather
than memory of previous pattern—that dictates ray morphology along the axis. In
parallel, active bioelectric signaling during outgrowth—rather than positional memory of
size—determines fin length (Daane et al., 2018).

We propose a model in which TH relieves the repression of Thrab to deploy
bifurcation morphogenesis in the correct proximodistal contexts by coordinating suites of
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pathways that result in progressive distalization during outgrowth (Fig 2.6E). In all,
modulating the TH pathway changes the ultimate proximodistality of the appendicular
skeleton. Thus, the TH axis and its downstream targets are attractive candidates for fin
ray diversification and changes to axis identity in other contexts. Our study demonstrates
that ray patterning changes may be largely decoupled from size, providing insight into

the regulatory logic underlying fin morphogenesis during development and regeneration.

2.4 MATERIALS AND METHODS

2.4.1 Fish lines.
HypoTH and their WT controls were both Tg(tg:nVenus-v2a-nfnB) (S. K.

McMenamin et al., 2014). HyperTH zebrafish were opallus®’®"

, which constitutively
overproduce TH (S. K. McMenamin et al., 2014). The other transgenic strains used
were: Tg(6xTRE-bglob1:eGFP) (Matsuda, 2018); Tg(-2.7shha:GFP) (Neumann &
Nuesslein-Volhard, 2000); TgBAC(ptch2:Kaede) (Huang et al., 2012); and
Tg(runx2:mCherry) (Shannon Fisher Lab, Boston University). The other mutant strains
used were: duox®°? (Chopra et al., 2019); longfin®kcnh2a (Daane et al., 2021; S.
Stewart et al., 2021; Van Eeden et al., 1996); shortfin?’®?/cnx43 (Perathoner et al.,
2014); thrab"*"™"  thraa"*®*’ and thrb""***'(Saunders et al., 2019). Other species used
were pink pearl danios (Danio albolineatus) transgenic for tg:nVenus-v2a-nfnB (S. K.

McMenamin et al., 2014) and commercially-obtained Japanese medaka (Oryzias

latipes).

2.4.2 Fish rearing conditions.
All fish were reared at 28°C with a 14:10 light:dark cycle, and fed 2-3 times per
day. All larval fish were fed with live marine rotifers and Artemia. Juvenile and adult fish

35



stocks that were not TH-modulated (e.g. the 6xTRE-bglob1:e GFP line) were fed with
Gemma Micro (Skretting, Stavanger, NOR) and Adult Zebrafish Diet (Zeigler, Gardners
PA, USA). To minimize potential introduction of exogenous TH, HypoTH adults (below)
and their WT controls were fed pure Spirulina flakes (Pentair, London, UK) and live

Artemia instead of the enriched pellet diet.

2.4.3 Thyroid follicle ablations.

To generate HypoTH fish, we performed conditional transgenic ablations of the
larval thyroid follicles. The thyroid ablation line Tg(tg:nVenus-v2a-nfnB) expresses a
gene encoding bacterial nitroreductase specifically expressed in the TH-producing
thyroid follicles (S. K. McMenamin et al., 2014). In the presence of the drug
metronidazole, nitroreductase produces cytotoxic metabolites that specifically ablate
cells (Curado et al., 2008). We incubated tg:nVenus-v2a-nfnB 4-5 dpf larvae overnight in
1% DMSO with 10 mM metronidazole (Thermo Scientific Chemicals, AAH6025814; for
HypoTH), or with 1% DMSO alone (for euthyroid, WT controls) in 10% Hanks or fish
water (S. K. McMenamin et al., 2014). Thyroid-ablated fish remain HypoTH throughout

their lives (S. K. McMenamin et al., 2014).

2.4.4 Imaging.

Anesthetized (using MS-222, ~0.02% in system water) or cleared and stained
(Walker & Kimmel, 2007) samples were imaged on an Olympus SZX16 stereoscope
using an Olympus DP74 camera, or on an Olympus IX83 inverted microscope using a
Hamamatsu ORCA Flash 4.0 camera. Images were processed in CellSense (Olympus,
Tokyo JPN) or on FIJI and adjusted for contrast, brightness and color balance;

corresponding adjustments were made for images of both control and experimental fish.
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For paired images shown in figures, adult fish were size-matched as closely as possible

and always within 2mm SL (Parichy et al., 2009).

2.4.5 Statistical analysis.

Analyses were performed in RStudio (build 372). Morphological data were
typically analyzed with either Welch two sample t-test or ANOVA followed by Tukey’s
Honest Significant Differences (using a 95% family-wise confidence level). In graphs
showing a single comparison, significance is indicated as follows: p <0.05, *; p <0.001,
**. p <0.0001, ***. In graphs showing multiple comparisons, significance is indicated on
graphs by letter groups, with statistically indistinguishable groups sharing the same letter

(p-value threshold <0.05).

2.4.6 Photoconversions.

Sibling WT and HypoTH TgBAC(ptch2:Kaede) individuals were imaged at 5 dpa.
Kaede was photoconverted by ~90s DAPI exposure at 4x on a Olympus 1X83 inverted
microscope. Images were acquired pre- and post-DAPI exposure to confirm complete
photoconversion. Fins were reimaged 24hrs later (at 6 dpa) to assess new Kaede

expression as in (Armstrong et al., 2017).

2.4.7 Fin amputation.

All regeneration experiments were performed on adult zebrafish 18-23 mm SL.

Caudal fins were amputated from anesthetized fish under a stereoscope at the 4-5™ ray

segment using a razor blade.

2.4.8 Pharmacological treatments.
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Stocks of T4 (L-thyroxine; Sigma, St. Louis MO, USA) were prepared in NaOH,
then diluted into fish system water to 5 nM T4 with 194 nM NaOH or 10 nM with 388 nM
NaOH; vehicle controls were prepared with a corresponding amount of NaOH in system
water. Stocks of MPI cocktail (Salis et al., 2021) were prepared in DMSO, then diluted
into system water to a final concentration of 1.0 mM methimazole, 0.10 mM potassium
perchlorate, and 0.010 mM iopanoic acid with 0.05% DMSO; vehicle controls were
0.05% DMSO in system water. Thiourea was diluted to 0.1125% directly in system water.

Water changes were performed at least every other day throughout the treatment period.

2.4.9 In situ hybridization.

For In situ hybridization fin tissues were collected at different stages during
regeneration, fixed in 4% paraformaldehyde in PBS, then stored in methanol (Thisse &
Thisse, 2007). Probes for thrab were prepared using the primers F:
agtgcacgtcctaaagagcaaac and R: acgtcacacgtcctgatcctc. Riboprobes were fractionated
to an average size of ~600nt. To ensure probe penetrance (Smith et al., 2008), a subset
of specimens were embedded and cryosectioned, in situ hybridization was subsequently

performed on sectioned tissues.

2.4.10 Immunohistochemistry.

Fin tissues was collected during regeneration, fixed in 4% paraformaldehyde in
PBS, embedded in agarose/sucrose solution re-embedded in Tissue-Plus™ Optimal
Cutting Temperature Compound (Fisher Healthcare, 23-730-571) and frozen. Blocks
were cryosectioned into 16uM slices, dried overnight on slides, then immunostained with
anti-GFP (Sigma Aldrich, Burlington MA, USA, SAB4301138) and anti-mCherry (Novus
Biologicals, Minneapolis MN, USA, NBP2-25158) followed by secondary antibodies
(Jackson ImmunoResearch, West Grove PA, USA, 711-545-152 and 703-585-155).
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2.4.11 Fluorescence quantifications.

A size for a region of interest was determined for each experiment, such that the
smallest domain in the image series would be captured by the region. Using ImageJ, the
region of interest was placed over the terminal portion of the ray to capture the mean

fluorescence intensity.

2.4.12 Fin ray morphology quantifications and comparisons.

A landmark-based approach was used to quantify fin ray morphology using the R
package StereoMorph (Olsen & Westneat, 2015) . Landmarks were manually placed on
segment joints (to measure segment length), both sides of the segment (segment width),
and bifurcations for the 2" dorsal ray (zebrafish and D. albolineatus) or 3™ dorsal ray
(medaka). Fin ray morphology was calculated using the coordinates of these landmarks
(See Fig. S2A). Measurements from occasionally misshapen or obviously damaged rays
were excluded from analyses. In all analyses, we make statistical comparisons between
clutch mates reared simultaneously, and present only a single ray from each individual.
To obtain sibling controls for HyperTH and thrab mutants, full siblings from heterozygote
crosses were individually genotyped and identified as +/+, +/- or -/-. Sibling controls for
thraa mutants came from a homozygous mutant backcross; offspring were genotyped as

+/- or -/-.

2.4.13 Parametric and non-parametric tests.

Parametric statistics were used to test for differences between groups and are
shown in figures. For datasets that were not normally distributed (according to a
Shapiro-Wilks test with a p-value threshold of 0.01), we additionally performed a Mann-

Whitney U test or Kruskal-Wallis test (p-value threshold of 0.01) followed by a Dunn Test.
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The parametric and non-parametric test outcomes were largely consistent throughout; all
statistical results are shown in Dataset S1. Multiple preliminary analytical methods were
applied to comparisons, and a subset are presented, detailed in the two following

sections.

2.4.14 Quantifications of bifurcation location.

There are several ways to geometrically capture the location of the bifurcation
point along the axis of the ray, each with certain shortcomings. We present two different
methods for evaluating the location of the bifurcation in the context of the fin. In the
primary figures, we present the absolute distance from the base of the ray to the
bifurcation—or the total length of the ray in non-bifurcating rays. A shortcoming of this
approach is that if a ray is short but does not bifurcate, it can appear statistically similar
to a ray that branches at a similar length. For example, in Fig 4G, control HypoTH fish
look statistically more similar to WT than HypoTH fish that were rescued late with TH.
Additionally, in the Sl figures, we present the location of the bifurcation as a proportion of
the total ray length—which is captured as 1.0 in non-bifurcating rays. This allows the
bifurcation (or lack thereof) to be taken in the context of the actual length of the ray,
however this proportion data violates the assumptions of an ANOVA. Since in many
experiments with overall shorter rays, none of the rays in HypoTH fins actually form

bifurcations (and therefore all have a proportion of 1.0), normality is frequently violated.

2.4.15 Quantifications of segment lengths.

Distalmost segments were removed from assessments of segment length, since
these did not represent fully formed ray segments. We assessed the progressive
shortening of distal segments by multiple methods, presenting two of these for most

experiments. First, we compared the average length of distal segments. Between
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experiments, the sizes of the fins differed, therefore, within each experiment, we
selected 3 consecutive segments as far distally as possible such that they could be
captured from most fins. Second, we considered the overall trends in segment length
decrease, plotting the length of every segment from the 5th to the penultimate segment.
After preliminarily testing several models, we used linear mixed effects to evaluate

interaction between experimental treatment and segment number.

2.4.16 Micro-computed tomography scans.

Samples were fixed and embedded in 1% agar and scanned on a SkyScan 1275
micro-CT system (Bruker, Billerica MA, USA) at a scanning resolution of 10.5 ym with an
x-ray source at 40 kV and 250 mA. >2800 projection images were generated over 360°
with a 0.1° rotation step and 6 averaging frames. Thresholding, ring artifact reduction,
and beam hardening corrections were performed consistently across all scans during
reconstruction using NRecon (Bruker). Reconstructed BMP slices were analyzed using
Amira 6.5 (Thermo Fisher Scientific, Waltham MA, USA). Density heatmaps were
generated with the volume rendering module and physics load transfer function. Density
along the proximodistal axis of the 2nd dorsal ray was measured from greyscale density

renderings using ImagedJ v.1.49(1).

2.4.17 RNA sequencing.

Intact caudal fin tissue was sampled from adult siblings (>18 mm SL) reared
under WT or HypoTH conditions. Each fish was first anesthetized and the entire fin was
amputated using a razor blade. Proximal, middle and distal regions of the fin were
collected and flash frozen. Three biological replicates each containing five fin regions

were collected for each TH backgrounds. RNA was immediately extracted using Quick-
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RNA Microprep kit R1050 (Zymo Research, Irvine CA, USA). Sample libraries were
made with NEBNext Ultra 1| RNA Library Prep kit and sequenced on an lllumina
Novaseq 6000 platform with 20M 150bp paired-end sequences per sample (Novogene,
Beijing, China). Raw sequence reads were aligned to Zebrafish GRCz11 using STAR
version 2.7.3(Robinson et al., 2010), gene counts were called using Ensembl GRCz11
gene annotation. Differential gene expression analyses were performed with
Bioconductor package edgeR(Robinson et al., 2010). Genes were considered
significantly expressed if they showed a log fold difference higher than 2 and a false
discovery rate lower than 0.01. Genes were considered to be differentially expressed
between proximal and distal regions if the log fold change difference the WT condition
was higher than 2, and the false discovery rate was less than 0.01. Differentially
expressed genes were determined to be TH-dependent if they showed proximal or distal
enrichment in the WT condition, but not in HypoTH condition. Gene Ontology analysis

was performed using clusterProfiler (Yu et al., 2012).

2.4.18 Quantitative PCR.

Regenerating fin tissue (~4 segments wide) was sampled on days 5, 7, 9 and 15
post amputation in adult WT zebrafish. Four samples were pooled as one biological
replicate and a total of three biological replicates were collected at each time point.
Sample was stored in RNAlater at -80°C. RNA was extracted with Quick-RNA Microprep
kit (Zymo Research, Irvine, CA) cDNA was produced using the SuperScript IV First-
Strand Synthesis System (Invitrogen, Carlsbad, CA), gPCR of thrab was performed on
QuantStudio 3 (Applied Biosystems, Foster City CA, USA) cycler using primers F:
tctgatgccatcttcgacttg; R: gtacatctcctggeacttctc. Data were analyzed with ThermoFisher

Connect software (Thermo Fisher Scientific).
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Supplemental Figure 2.1 Developmental hypothyroidism inhibits ray bifurcation but has
little influence on growth rates. A clutch of (A) WT and (B) HypoTH fish was imaged weekly
throughout development; fins shown at 27, 42, 55 and 69dpf. Graphs of (C) standard length and
(D) total length of 2™ dorsal ray as a function of days post fertilization (dpf). Note that fins of
HypoTH fish are extremely prone to damage when imaged repeatedly; after 76 dpf no
undamaged 2" dorsal rays could be measured from HypoTH backgrounds. Fins of 20-month-old
fish showing (E) normal patterning in the WT and (F) proximalized patterning in the HypoTH
context. Arrows indicate primary bifurcation of the 2" dorsal ray or total ray length when ray does
not branch; arrowheads indicate all other bifurcations. (Scale bars, 1 mm).
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Supplemental Figure 2.2 Thyroid hormone regulates proximodistal morphology. (A) On the
2n dorsal ray, individual landmarks (blue dots) were manually placed to capture bone
morphology. Landmarks were placed on the joints between segments to measure segment
length; two landmarks were placed across the middle of each segment to measure width, and
one landmark was placed at the primary bifurcation node (indicated with arrow). The distance to
the bifurcation on each ray was the sum of all segments (and the partial segment) proximal to the
primary bifurcation. The total length of the ray was the sum of all complete segments in the ray.
(Scale bar, 1 mm). Boxplots showing (B, H) the number of segments on the ray up to the
bifurcation, (C, /) the proportion of the total ray length at the primary bifurcation, and (D, J) the
total ray length divided by SL and (G) the absolute distance from the base of the ray to the
bifurcation. Note that heterozygote data is added here alongside its sibling WT/HyperTH data
shown in Fig. 1. Significance determined by a Welch two-sample f test or an ANOVA followed by
Tukey’s HSD. (E, K) Plots showing the average length of each segment, starting from the 5%
segment. Note that for clarity, some of the extreme outliers are cut off in the graphs. (F, L) Plots
show average segment width as a function of segment number. In G-L data are shown for a
single clutch genotyped as WT (+/+), heterozygote (+/opallus), or HyperTH mutant homozygote
(opalluslopallus).
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Supplemental Figure 2.3 Genetic hypothyroidism proximalizes fin rays. Developed fin from
adults of a heterozygous intercross of congenitally hypothyroid mutant nadph@-°x (Chopra et al.
2019) (A) Fin of either WT (+/+) or heterozygous sibling (+/duox) and (B) homozygous mutant
(duox/duox). Arrows indicate primary bifurcation of the 2" dorsal ray or total ray length when ray
does not branch; arrowheads indicate all other bifurcations. (Scale bar, 1 mm). Boxplots showing
(C) the total primary bifurcations of each fin, and (D) the absolute distance to bifurcation of the 2nd
dorsal ray (or the total ray length for non-bifurcating rays). In D, filled circles represent
measurements from non-bifurcating rays, empty circles represent measurements from bifurcating
rays. Significance determined by a Welch two-sample t-test.
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Supplemental Figure 2.4 Thyroid hormone is required for distal ray morphology in paired
and medial fins. The three medial fins (caudal, dorsal, and anal) and two paired fins (pectoral
and pelvic) of adult zebrafish reared under three TH profiles. Black arrows, location of the primary
bifurcation on the 2" dorsal caudal ray; grey arrowheads, all other bifurcations. pr, procurrent
rays. Note that the number of procurrent rays scales inversely with developmental TH titer:
procurrent rays in HypoTH fish are longer, wider, and more numerous; HyperTH fish have fewer,
shorter procurrent rays. (Scale bars, 1 mm).
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Supplemental Figure 2.5 Sex does not influence ray patterning. (A-B) Caudal fin from adult
female (A) and male (B). Box plots showing (C) the total number of primary bifurcations of each
fin, (D) the absolute distance of the ray up to the bifurcation, (E) the average length of distal
segments 16-18, (F) the number of segments of the ray up to the bifurcation, (G) the proportion of
total ray length at bifurcation, and (H) the ratio of total ray length to SL. (/) Plot showing the
average length of each segment, starting from the 5% segment. Error bars indicate standard error;
Red, female; blue, male. Arrows indicate the average location of the primary bifurcation in each
background. None of comparisons show significant differences. Groups used to assess for effects
of sex were the DMSO-treated transgenics (controls for HypoTH) and the individuals genotyped
as WT that were siblings of the opallus mutant clutch; individuals were sexed visually in images.
For distal segment length (shown in E), we note that when the control groups are analyzed
separately, males have somewhat longer distal segments within DMSO-treated transgenic
controls (t=-3.01, df=4.70, p=0.03), while females have somewhat longer distal segments within
WT siblings of HyperTH (t=3.46, df=9.40, p=0.01). Significance determined by Welch two-sample
t tests.
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Supplemental Figure 2.6 Thyroid hormone regulates density of fin rays along the
proximodistal axis. Left shows Micro-CT scans of fins from fish reared under different TH
profiles. Scanning conditions and thresholds are identical, and each fish is 20 SL. Warmer colors
show higher density tissue; cooler colors show less dense tissue. Procurrent rays indicated with
“pr” in each scan; note that the density of procurrent ray density appears to scale inversely with
TH. Arrows indicate primary bifurcations of the 2" dorsal ray. Right graphs show density of the
2 dorsal ray along the proximodistal axis. Note that the ray in a HypoTH background shows high
density along the entire length of the ray and into distal regions, highlighted by bracket. (Scale
bar, 1 mm).
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Supplemental Figure 2.7 Effects of developmental hypothyroidism can be rescued by
exogenous thyroid hormone during the third month. (A) Experimental timeline: developed
fins from a HypoTH background, treated 0-1, 1-2, or 2-3 months post fertilization with either (B)
vehicle control or (C) 5nM T4. Arrows indicate primary bifurcations of the 2" dorsal ray,
arrowheads indicate all other primary bifurcations. (Scale bar, 1 mm). Boxplots show (D) the total
primary bifurcations of each fin and (E) the absolute distance of the ray up to the bifurcation (or
the total ray length for non-bifurcating rays). Filled circles represent measurements from non-
bifurcating rays, empty circles represent measurements from bifurcating rays. Significance
determined by an ANOVA followed by Tukey’s HSD.
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Supplemental Figure 2.8 Treatment with exogenous thyroid hormone is not sufficient to
induce detectable supernumerary or precocious bifurcation in WT. WT fish were treated with
(A) vehicle control or (B) 10nM T4 from a larval stage until adulthood. (Scale bar, 1 mm). Boxplots
showing (C) the number of total primary bifurcations of each fin, and (D) the absolute distance of
the ray up to the bifurcation. Significance determined by a Welch two-sample { test.
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Supplemental Figure 2.9 Thyroid hormone promotes distal gene expression profiles. (A)
Volcano plot showing genes differentially expressed between proximal (yellow) and distal (blue)
regions of fins from WT zebrafish. Genes with proximodistal differential expression independent
of TH are shown as circles; genes with proximodistal differential expression that is dependent on
TH are shown as triangles. (B) Heat map of the 233 genes expressed in a proximodistal
differential in WT fins. Dendrogram at the top represents hierarchical clustering of the samples.
Relative high expression shown as red; relative low expression shown as blue. Arrows to the right
of the heat map identify transcripts associated with the RA pathway. Note that fapb1b.2,
associated with RA metabolism (Rabinowitz et al., 2017), is the only of these transcripts showing
a proximodistal differential that is dependent on TH. (C) Gene Ontology terms for genes that
show proximodistal expression differentials. Terms enriched in differentials that are dependent on
TH shown in orange; terms enriched in differentials that are not dependent on the presence of TH
are shown in yellow. (D-J) Boxplots comparing expression levels of select proximodistal-
differentiated genes between WT and HypoTH fish. Each boxplot shows expression in the three
regions of tissue (proximal, middle, and distal) from WT (green) and HypoTH (purple)
backgrounds. (D-G) Each of these four genes was identified in (Rabinowitz et al., 2017) as
proximally or distally enriched by both RNAseq and proteomic analysis. Note that while ¢4, mbpa
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and krt94 show proximalized expression patterns in fins of HypoTH fish, fabp1b.2 expression is
merely depressed at all proximodistal levels. (H) Boxplot showing the proximal enrichment of
dio2, which encodes an enzyme that converts TH into its more active form; it is proximally
enriched in a non-TH-dependent manner. Boxplots showing relative expression of markers of (/)
osteoclasts and (J) osteoblasts. None of these genes rose above a significance threshold for
being TH-dependent or expressed in a proximodistal gradient.
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Supplemental Figure 2.10 Thyroid hormone distalizes fins in shortfin and longfin mutant
backgrounds. Boxplots showing (A, E) number of segments to the bifurcation (or the total
number of segments for non-bifurcating rays), (B, F) the proportion of total ray length at
bifurcation, and (C, G) the total ray length divided by body length (SL). Plots (D, H) show
individual segment lengths, starting at the 5" segment, for every 2" dorsal ray in each condition.
Filled circles represent measurements from non-bifurcating rays, empty circles represent
measurements from bifurcating rays. Significance determined by a Welch two-sample f test.
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Supplemental Figure 2.11 Unliganded Thrab inhibits distal morphology. Boxplots showing
(A) the total primary bifurcations of each fin, (B) the absolute distance of the ray up to the
bifurcation (or the total ray length for non-bifurcating rays), (C) the average length of distal
segments 15-17, (D) the number of segments of the ray up to the bifurcation (or the total number
of segments for non-bifurcating rays), (E) the proportion of total ray length at bifurcation, and (F)
the total ray length divided by body length (SL). Filled circles represent measurements from non-
bifurcating rays, empty circles represent measurements from bifurcating rays. Significance
determined by an ANOVA followed by Tukey’s HSD.
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Supplemental Figure 2.12 Thraa and Thrb are not required for proximodistal patterning.
Homozygous mutants for (A, B) thrab, (C, D), thraa or (E, F) thrb that were reared under either
(A, C, E) normal euthyroid or (B, D, F) HypoTH conditions. (Scale bar, 1 mm). Arrows indicate
primary bifurcations of the 2" dorsal ray, arrowheads indicate all other primary bifurcations. Note
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that thraa and thrb HypoTH mutants show proximalized patterning comparable to non-mutant
HypoTH, contrasting the rescued phenotype of the thrab mutant (B). For (G-J) thraa and (K-N)
thrb mutants and siblings, boxplots show (G, K) the total primary bifurcations of each fin, (H, L)
the absolute distance of the ray up to the bifurcation (or total ray length for non-bifurcating rays),
(I, M) the average length of distal segments 16-18 and (J, N) the number of segments proximal to
the bifurcation (or the total number of segments for non-bifurcating rays). Filled circles, non-
bifurcating rays; empty circles, bifurcated rays. Significance determined by a Welch two-sample ¢
test or an ANOVA followed by Tukey’s HSD.
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Supplemental Figure 2.13 thrab is expressed at the leading edge throughout fin
regeneration. (A) In situ hybridization of fins at different stages of bifurcation morphogenesis.
Top, thrab antisense probe; bottom, thrab sense control. Arrows show thrab expression at the
leading edges of regenerating rays. (Scale bar, 200 uM). (B) Relative quantification of gene
expression levels from the distal edge of regenerating fins at 5, 7, 9 and 15 dpa determined by
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quantitative PCR. (C-D) TH activity as reported by 6xTRE-bglob:egfp (Matsuda, 2018)expression
in (C) an uninjured, WT fin and (D) absence of GFP in the fin of a HypoTH fish. Green
arrowheads indicate leucophores at the tips of the peripheral rays, present in both WT and
HypoTH. Note the presence of autofluorescence in the bones and leucophores in both WT and
HypoTH backgrounds. In the WT, expression is high in the peripheral ray (arrowhead) and at the
tips of the rays (dashed circle). (E-F) 6xTRE-bglob1:egfp reports TH activity and runx2:mCherry
identifies pre-osteoblasts in regenerating fins. (E) Whole-mount regenerating fins at 6dpa, and (F)
fluorophores are stained with secondary antibodies in a transverse section at 4dpa. (G-/)
Expression of 6xTRE-bglob:egfp reporter in (G) WT sibling control expressed in peripheral ray
(arrowhead) and ray tips (arrow) and (H) reduced expression in sibling thrab -/- mutant. (/) Graph
showing TH activity of regenerating 2" dorsal rays at 10dpa.

6XTRE-bglob:egfp

¥ — L

Supplemental Figure 2.14 Thyroid hormone is active at the tips of adult fin rays. (A-C)
Three different WT transgenic regenerating fins at different magnifications. Paired images (A'-C’)

56



show matched brightfield images of the regions. In A, dashed line shows amputation plane and
arrowheads indicate bifurcation nodes as they appear. In B-C, the 3™ dorsal ray is labeled. In C,
scale bars, 1 mm; in B-C, scale bars, 250 uM.
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Supplemental Figure 2.15 Effects of hypothyroidism can be rescued during regeneration
with exogenous thyroid hormone. WT or HypoTH fish were treated with 5nM T4 or vehicle for
7, 14 or 21 days, starting at 14, 7, or 1dpa, respectively. Boxplots showing (A) the total primary
bifurcations of each fin, (B) the absolute distance of the ray up to the bifurcation (or the total ray
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length for non-bifurcating rays), (C) the average length of distal segments 15-17, (D) the number
of segments of the ray up to the bifurcation (or the total number of segments for non-bifurcating
rays), (E) the proportion of total ray length at bifurcation, and (F) the total ray length divided by
body length (SL). In B-E, filled circles represent measurements from non-bifurcating rays, empty
circles represent measurements from bifurcating rays. Significance determined by an ANOVA
followed by Tukey’s HSD. (G) Experimental timeline for treatments.
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Supplemental Figure 2.16 Exogenous thyroid hormone treatment during blastema
formation does not rescue distalization in the regenerated fin. (A) Experiment timeline: fish
were treated with either 5nM T4 or NaOH vehicle for periods 0-1, 1-2 or 2-3dpa. HypoTH fish
were treated with (B) vehicle or (C) 5nM T4 for 24 hours starting 1 day after amputation. Arrows
indicate primary bifurcations of the 2™ dorsal ray, arrowheads indicate all other primary
bifurcations. (Scale bar, 1 mm). Boxplots showing (D) the total primary bifurcations of each fin, (E)
the absolute distance of the ray up to the bifurcation (or the total ray length for non-bifurcating
rays), and (F) the proportion of total ray length at bifurcation. In E-F, Filled circles represent
measurements from non-bifurcating rays, empty circles represent measurements from bifurcating
rays. Significance determined by an ANOVA followed by Tukey’s HSD.
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Supplemental Figure 2.17 Pharmacologically-induced hypothyroidism proximalizes fin
rays during regeneration. Regenerated fins of WT zebrafish treated with (A) vehicle control or
goitrogenic drug treatments (B) MPI cocktail or (C) thiourea throughout the regenerative period.
Arrows indicate primary bifurcations of the 2" dorsal ray, arrowheads indicate all other primary
bifurcations. (Scale bar, 1 mm). Boxplots showing (D) the total primary bifurcations of each fin,
and (E) the absolute distance to bifurcation of the 2" dorsal ray (or the total ray length for non-
bifurcating rays), (F) the number of segments proximal to the bifurcation (or the total number of
segments for non-bifurcating rays), and (G) the proportion of the total ray length at the bifurcation.
In E-G, Filled circles represent measurements from non-bifurcating rays, empty circles represent
measurements from bifurcating rays. Significance determined by ANOVA followed by Tukey’s
HSD.
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Supplemental Figure 2.18 Developmental rescue is not remembered during regenerative
patterning. (A) Timeline of experimental treatment. Fish treated with (B) vehicle or (C) 5nm T4
for one month, starting at 2mpf. After developmental rescue, fish were returned to system water
for one month before amputation, amputated and allowed to regenerate (B’, C’). Arrows indicate
primary bifurcations of the 2" dorsal ray, arrowheads indicate all other primary bifurcations.
(Scale bar, 1 mm). Boxplots showing (D) the total primary bifurcations of each fin, (E) the
absolute distance of the ray up to the bifurcation (or the total ray length for non-bifurcating rays),
and (F) the proportion of total ray length at bifurcation. Filled circles represent measurements
from non-bifurcating rays, empty circles represent measurements from bifurcating rays.
Significance determined by an ANOVA followed by Tukey’s HSD.
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Supplemental Figure 2.19 Thyroid hormone promotes ray bifurcation in other teleost
species. D. albolineatus were reared under WT conditions or else thyroid-ablated at 4dpf, then
reared under HypoTH conditions. (A, B) Two medial fins (dorsal and anal) and two paired fins
(pectoral and pelvic) of adult D. albolineatus reared under two TH profiles. (C) D. albolineatus
caudal fins regenerate with original patterning: individual fin (C) before amputation and (C’) after
regeneration. Arrows indicate primary bifurcations of the 2" dorsal ray in C, arrowheads indicate
all other primary bifurcations. (Scale bars, 1 mm). Boxplots showing (D, H) the total primary
bifurcations of each fin, (E, /) the absolute distance of the ray up to the bifurcation, (or the total
ray length for non-bifurcating rays), and the proportion of total ray length at bifurcation in (F) D.
albolineatus 2" dorsal ray or (J) O. latipes (medaka) 3™ dorsal ray. Caudal fins of medaka were
amputated and regenerating individuals were treated either with a vehicle control or TH-inhibiting
cocktail (MPI) during regeneration. In graphs, filled circles represent measurements from non-
bifurcating rays, empty circles represent measurements from bifurcating rays. Significance
determined by a Welch two-sample f test.
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CHAPTER 3

Growth patterns of caudal fin rays are informed by both external
signals from the regenerating organ and remembered identity
autonomous to the local tissue

The material in this chapter was adapted from:

Autumn, M., Hu, Y., Zeng, J., & McMenamin, S. K. (2024). Growth patterns of caudal fin
rays are informed by both external signals from the regenerating organ and remembered
identity autonomous to the local tissue. Developmental Biology, 515, 121-128.
https://doi.org/10.1016/J.YDBI0.2024.07.008
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3.1 INTRODUCTION

3.1.1 Fin rays are an excellent regenerative model.

To restore the original morphology of an appendage, regeneration must faithfully rebuild
lost tissue. The morphology and size to which regenerating tissue grows must be
determined by positional information (Wolpert, 1969). Such cues could be informed by
remembered positional identity or could be interpreted from environmental cues from
surrounding tissue (e.g. diffusible or spatially distributed factors). However, these two
potential inputs can be difficult to disentangle.

Zebrafish fins are powerful models for studying regeneration and can provide
new insights into the nature of positional memory and the pathways that regulate
regional growth and patterning. The caudal fin is made up of symmetrical dorsal and
ventral lobes, each composed of nine segmented fin rays. Upon amputation, a blastema
of de-differentiated cells forms (Knopf et al., 2011; Tu & Johnson, 2011), and each ray
regrows from the wound site to rebuild its original morphology (reviewed in Harris et al.,

2021; I. M. Sehring & Weidinger, 2020).

3.1.2 Known proximodistal-dependent features of fin ray tissue.

Regeneration rate is informed by the relative proximodistal location of the
regenerating tissue on the fin (Lee et al., 2005). Distal amputations are followed by slow
regenerative growth, while proximal amputations close to the body initiate rapid growth
that progressively slows as the regenerate approaches the original size (Akimenko et al.,
1995; Banu et al., 2022; Lee et al., 2005; Uemoto et al., 2020). Regardless of how much
tissue is removed, regeneration restores the organ to its original size within three weeks

(Wehner et al., 2014).
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Intact fin rays exhibit morphological differences along the proximodistal axis. At
the proximal base, ray segments are longest and widest, tapering and shortening
progressively towards the distal edge; rays also form bifurcations at specific locations
along the axis (Harper et al., 2023). Components of proximodistal patterning are
regulated by thyroid hormone (TH), which induces distal features (Harper et al., 2023).
Proximal and distal tissues from intact adult fins show unique transcriptomic profiles
(Rabinowitz et al., 2017), and these expression patterns are regulated by developmental
TH (Harper et al., 2023). Here, we tested if transcriptomic differences are apparent

during the regeneration of proximal compared to distal regions of the fin.

3.1.3 Previous transplant experiments indicate memory of ray length.

The relative length of individual rays appears to be remembered autonomously
by tissues (Uemoto et al., 2020). Fin rays differ in length from the central to the
peripheral regions of the fin, giving the organ an overall forked shape. Previous
transplantation experiments demonstrate that when short central rays are swapped with
long peripheral rays, the tissue regenerating in the new environment produces a ray of
intermediate length (Shibata et al., 2018). However, it remains unclear whether
proximodistal location along an intact ray imprints remembered positional information
that could inform morphology during regeneration.

Transplants of blastema cells from different proximodistal locations were not able
to influence lengths of regenerates (Shibata et al., 2018). Further, hemi-rays—the
apposed contralateral bones that make up individual ray segments—can be transplanted
to different proximodistal locations; the resulting recombinant rays regenerate with
morphologies expected for the regenerating environment (Murciano et al., 2007).
Nonetheless, given the notable differences in gene expression and morphology along
the intact proximodistal axis, we asked if entire ray segments could remember
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proximodistal identity, and we tested the ability of this memory to influence gene

expression, regrowth rates, ultimate length and patterning of regenerating rays.

3.2 RESULTS

3.2.1 Regenerating fin tissue shows unique proximodistal transcription.

Many genes show proximodistal differences in expression as the caudal fin regenerates
(Akimenko et al., 1995; Lee et al., 2005), and we aimed to capture trends across the
transcriptome during the regeneration of the organ. Amputating at a consistent proximal
location, we evaluated expression from three regions as they regenerated a proximal
region collected after the blastema had already formed (Wang et al., 2019; 4 days post
amputation, dpa), a middle region midway through regeneration as the ray bifurcations
were forming (7 dpa), and a distal region (15 dpa; see Supplementary Fig 3.1C). We
identified 489 transcripts that were differentially expressed between proximal and distal
regenerating tissue (Fig 3.1A-B): 29 genes were proximally enriched and 460 were
distally enriched. GO term analysis of differentially expressed transcripts along the
proximodistal axis showed enrichment of genes involved in pigmentation, likely reflecting
differentiation of pigment cells (Supplementary Fig 3.1G). Transcripts dependent on
thyroid hormone were enriched for gas transport GO terms, potentially reflecting shifts in
circulation and metabolism (Supplementary Fig 3.1H). In our regenerates, ray
bifurcations were actively forming during the middle time point (7 dpa). While this tissue
had significantly different expression from either proximal or distal tissue, there were no
middle tissue unique transcripts that were differentially expressed when compared to

both proximal and distal tissue.
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3.2.2 Hypothyroid tissues lose proximodistal differential expression of many
genes.

Developmental hypothyroidism proximalizes both transcriptional expression and ray
morphology in intact fins (Harper et al., 2023), and we asked if fins regenerating in a
hypothyroid context also showed proximalized gene expression patterns. We reasoned
that transcripts with a TH-regulated expression differential would be strong candidates

as mediators of proximodistal

A 7 B
(o]
0 2 ®
- °
(=]
= — © ®
N ) ° B o ®
c v | =] ® ®
o = © o @ ™
» > @
c (=2 o ® ®
s & ‘s.. .
w NI ‘
£ @ | o
a < o) L
] IN_
w
- 7] o
| | | | I T T T I T
-2 - 0 1 2 -10 -5 0 5 10
Dimension 1 log,FC

C scpp?
- ¢

{
| offflo

T T T
0 2 4 6 8

WT
|

F relative expression level
°
S posina - &
>
£ mwed P
e
g e
>
e I I [ [ I

0 2 4 6 8
relative expression level

Figure 3.1 Thyroid hormone distalizes gene expression patterns during regeneration. (A)
Multidimensional scaling plot comparing gene expression profiles in different regions (proximal, 4
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dpa; middle, 7 dpa; distal, 15 dpa) of regenerating tissue from WT and hypothyroid fish; each
data point represents one biological replicate. (B) Volcano plot showing differential gene
expression between regenerating proximal and distal regions in WT. Filled grey circles indicate
thyroid hormone-dependent genes. (D, F) scpp7 relative expression in (C) WT and (F)
hypothyroid tissue samples. Note increased proximal expression in hypothyroid distal tissues.
Whole mount fluorescent in situ hybridization using custom scpp7 RNAscope probe on (D-E) WT
and (G-H) hypothyroid tissue regenerating (D, G) proximal or (E, H) distal fin tissues. Warm
colors indicate highest regions of expression. Scale bar, 200 pm.

patterning and distal identity. Analyzing the transcriptomes holistically, the major axes of
variation robustly captured proximodistal location (dimension 1) and TH condition
(dimension 2), but there was little apparent correlation between the two (Fig 3.1A).
Nonetheless, certain transcripts showed a proximodistal differential in expression that
was dependent on the presence of TH. Indeed, of the 489 differentially expressed genes
found in WT tissue, 364 lost proximodistal specificity in hypothyroid tissue: ~86% (25/29)
of proximally enriched and ~76% (349/460) of distally enriched genes lost proximodistal

differential expression in a hypothyroid context.

3.2.3 scpp7 is proximally enriched during regeneration.
Of the transcripts showing TH-dependent proximal enrichment, secretory calcium-
binding phosphoprotein 7 (scpp7) could be robustly visualized using RNAscope (Fig
3.1D-E, G-H). Along with other SCPP factors, SCPP?7 is involved in bone mineralization
(Kawasaki, 2009), and is strongly upregulated during scale regeneration (Bergen et al.,
2022). Proximal tissues showed robust expression of scpp7 in both WT and hypothyroid
backgrounds, but the gene was more strongly expressed in distal tissue from
hypothyroid regenerates compared to those of WT (Fig 3.1C-H).

We asked if the variation in scpp7 expression in the different regions could be
attributed to differences in the time since injury rather than proximodistal position of

regeneration. To test this possibility, we performed distal amputations on WT fins (see
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Supplementary Fig 3.1D) and assessed scpp7 expression in 4 dpa distally-regenerating
tissue. scpp7 expression was similar to that of 15 dpa distally-regenerating tissues
(Supplementary Fig 3.1E-F), suggesting that this expression differential indeed

characterizes distal regenerating tissue.

3.2.4 scpp7 expression in regenerating tissues reflects original proximodistal
location rather than regenerative environment.

We asked whether attenuated scpp7 expression would be remembered by distal tissues
if they regenerated in a proximal context. To test this, we designed a distal-to-proximal
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Figure 3.2 scpp7 expression in regenerating tissues reflects original position rather than
current environment. (A-C) Example of a fin lobe subjected to the distal-to-proximal
transplantation procedure. (D) Whole mount fluorescent in situ hybridization with scpp7
RNAscope probe on dist-to-prox regenerating fins at 4 dpa. Warm colors indicate highest regions
of expression. (E) Boxplot showing mean fluorescence intensity of dist-to-prox transplant tissue
(asterisk) and the average intensity of its peripheral-most and center-most neighbors (n).
Significance determined by a Welch two-sample paired t test. Scale bars, (A) 1 mm; (D) 200 uym.
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transplantation procedure in which a ray was removed from the fin, and a distal portion
of the extirpated ray was transplanted into the proximal position. After the distal
transplant integrated into the proximal location, the entire fin was amputated (through the
transplant) to allow distal tissue to regenerate alongside proximal tissue (“dist-to-prox”,
Fig 3.2A-C; see Methods and Supplementary Fig 3.10 for additional details). A
completely extirpated ray with no transplant produced no regeneration (Supplementary
Fig 3.2). We assessed scpp7 expression in the regenerate originating from the dist-to-
prox transplant and found expression was significantly reduced compared to those of
neighboring proximal rays at 4 dpa (Fig 3.2D-E). This recapitulation of distal-like
expression while regenerating in a proximal context suggests that expression level of

this transcript is informed by original tissue identity.

3.2.5 Distal-to-proximal transplanted tissue restores shorter fin rays.

We predicted that if dist-to-prox transplanted tissue possessed remembered positional
identity, precocious distal features should be apparent in the resulting regenerate. To
adequately evaluate subtle differences in regrowth, we needed a comparison that had
undergone identical microsurgery without introducing a major axis translocation. Thus,
we performed control “prox-to-prox" transplants, extirpating a ray, then grafting the entire
tissue back into its position (Fig 3.3A-D). Interestingly, these prox-to-prox rays were not
able to regenerate to the same length as the corresponding rays on the ventral lobe
(Supplementary Fig 3.3K) and were ultimately slightly shorter than undisturbed
neighboring rays. During microsurgery, prox-to-prox rays inevitably lost 1-3 segments
and about a mm in length (Supplementary Fig 3.31), so the change in ultimate length
may reflect a slight positional shift. Additionally (or alternatively), the manipulation of the

microsurgery itself may be sufficient to affect patterns of regeneration.
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Compared to the microsurgery-controlled baseline of prox-to-prox rays, rays
originating from dist-to-prox transplants were consistently shorter, through eleven weeks
after amputation (Fig 3.3l). Dist-to-prox regenerates were obviously shorter than both
neighboring rays (Fig 3.3G-H) and the corresponding ray on the ventral lobe
(Supplementary Fig 3.3G-H). These differences in ultimate length suggest that the dist-

to-prox transplants autonomously retain memory of their original proximodistal identity.

3.2.6 Growth rates during regeneration reflect both intrinsic identity and
environmental context.

Since the dist-to-prox regenerates were significantly shorter compared to prox-to-prox
regenerates, we asked whether these regenerates grew at a relatively slower pace.
During the first week of regeneration (weeks 0-1), prox-to-prox transplants regenerated
rapidly, adding 2.6 mm (0.37 mm per day); in contrast, dist-to-prox regenerates grew
much more slowly, adding only 2.0 mm during this first week (0.27 mm per day; Fig 3.3J-
K). By the second week (weeks 1-2), the two types of transplants were growing at
comparable speeds, adding 1.9 mm length (0.27 mm per day). Through the remainder of
the eleven-week period, dist-to-prox and prox-to-prox rays maintained similar regrowth
speeds (Fig 3.3J-K). Growth rates plateaued after week nine, as the regenerates
reached isometric growth (Fig 3.3J-K). Prox-to-prox rays’ regrowth speed was reduced in
comparison to corresponding ventral rays during the first week of regeneration but by the

second week they kept pace (Supplementary Fig 3.3J-K).

3.2.7 Fin ray patterning is environmentally coordinated.

Bifurcations are a discrete indicator of proximodistal morphology (Harper et al., 2023).

We asked whether the origin of tissue (distal versus proximal) would influence the

70



0 J 0-1 o0-Goda - *
week1|: _J ]ﬁ B E1-2 G}'_@ﬁ *
ol 3£2-34 B Oqy *
week2|:p_ Q):H £53-57 Qﬂ)]§ *
. o $85-7 @ 1, 3
p - w * = 7-9 o@D *
Week3|: _ % ]1 m9_11 _O ]I‘IS
o e - » | | | T T |
weeks[ | e i K -to-proximal
p_
week 7[[ | = 7, 0-1 g
i ¢plo FS1-2 STDO 13
week9|: B & :l* 8--?_3'2'3_ E@E[ e ¥
p— ® o %é?:?: $o *
Week11|: 7 m]o.osm g%7_g —todio Jo.044
N & o 9-11 - @ ]ns
[ I [ [ [ I | I [ [ [
0.05 0.15 0.25 00 01 02 03 04 05

ray length / SL average growth (mm / day)

Figure 3.3 Regrowth rate reflects both intrinsic identity and the regenerative environment.
Dorsal fin lobes of (A-D) proximal-to-proximal (blue asterisk) or (E-H) distal-to-proximal (green
asterisk) transplantation: (A, E) intact pre-transplantation, (B-F) one day post-transplantation, (C-
G) regenerating at 21 dpa, (D, H) regenerating at 77 dpa. Amputation plane, dashed line. (1) Prox-
to-prox versus dist-to-prox ray length (measured from amputation plane) normalized by standard
length (SL) for each week. Average amount of growth per day during different growth periods for
(J) prox-to-prox or (K) dist-to-prox rays. Significance determined by (J-K) paired or (I) unpaired
Welch two-sample t tests. Scale bar, 1 mm.

location of the bifurcation in a regenerate, and we quantified the bifurcation position in

dist-to-prox and prox-to-prox rays. Bifurcations formed in the location expected for the
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environment regardless of transplant type (Fig 3.4C), suggesting bifurcation position is
the result of globally coordinated cues (Dagenais et al., 2021; Murciano et al., 2002,
2007) rather than being locally regulated by tissues based on remembered identity.

In evaluating appropriate controls for our dist-to-prox transplants, we discovered that
while ray length is similar between dorsal and ventral lobes, the proximodistal patterning
differs between the dorsal and ventral lobes of uninjured fins (Supplementary Fig 3.4).
Further, regenerated ray segments were somewhat longer and wider than segments of
the intact fin, with bifurcations farther from the body (Supplementary Fig 3.5E-F;
Supplementary Fig 3.61-J; also see Azevedo et al., 2012). Therefore, we the prox-to-prox
transplants were used as the best comparisons for dist-to-prox proximodistal patterning.
While dist-to-prox rays regrew marginally thinner segments, segment length was

comparable to that of prox-to-prox ray segments (Fig 3.4D-E).
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Figure 3.4 Fin ray patterning matches environment. Dorsal fin lobe at 35dpa after either (A)
proximal-to-proximal (blue asterisk) or (B) distal-to-proximal (green asterisk) transplantation.
Amputation plane shown with dashed line. Arrowheads indicate primary bifurcations. Boxplots
showing the (C) proximodistal position of the bifurcation, (D) average segment length, and (E)
average segment width in regenerate. Significance determined by a Welch two-sample t test.
Scale bar, 1 mm.

The total length of a regenerating fin can be increased by treating with a
calcineurin inhibitor, but these treatments do not alter positional memory and rays return
to their WT baseline upon regeneration (Daane et al., 2018). We asked if regenerating
from a pharmacologically-lengthened segment would alter the patterning of a
regenerating ray; however, once calcineurin inhibition was removed, segment length and
location of bifurcation were indistinguishable from control regenerates (Supplementary

Fig 3.8).

3.2.8 Rays originating from distal transplants remember their length through
multiple rounds of regeneration.

To test whether the intermediate length of dist-to-prox rays would be remembered, we
performed multiple rounds of regeneration, amputating distal to the previous amputation
plane (Fig 3.5A-D). Even after three rounds of regeneration, rays originating from dist-to-
prox transplants were always significantly shorter than corresponding ventral rays (Fig

3.5E-G).

3.3 DISCUSSION

3.3.1 Transcriptional differences across the PD axis.
Intact fins show transcriptomic differences across the proximodistal axis (Harper et al.,

2023; Rabinowitz et al., 2017), and here we identified a suite of genes that shift as the
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Figure 3.5 Shorter ray length is remembered through multiple regeneration cycles. (A)
Intact fin. (B-D) Regenerating fin after distal-to-proximal transplantation: (B) 28 days post first
amputation, (C) 28 days post second amputation, (C) 28 days post third amputation. Green
asterisk, dist-to-prox; purple asterisk, ventral ray. Black dashed line, most recent amputation.
Grey dashed lines, previous amputation planes. Boxplots showing the total length standardized
by SL after (E) first, (F) second, and (G) third regeneration. Ray length was measured from the
most recent amputation plane. Significance determined by paired Welch two-sample t test. Scale
bar, 2 mm.

fin regenerates different proximodistal regions. Previous transcriptomic analyses of
regenerating fins have focused on the early shifts in expression as the tissue initiates
regenerative regrowth (Li et al., 2021; Nauroy et al., 2019); we found that there are
substantial shifts in expression patterns even after regeneration is underway,
corresponding with different stages of outgrowth proceed (see Akimenko et al., 1995;

Lee et al., 2005). Indeed, we found ten times as many distally- as compared to
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proximally-enriched transcripts; this may reflect the increased number of differentiated

cells in the more mature regenerate (Nauroy et al., 2019).

3.3.2 Thyroid hormone induced transcriptional differences.

The presence of TH throughout development distalizes gene expression patterns
as fins develop (Harper et al., 2023); however, during regeneration, hypothyroidism did
not proximalize pattern of gene expression. It is possible that temporal shifts in the
regenerating transcriptome overwhelmed any TH-dependent proximodistal pathways in
our analysis, since the three stages analyzed vary in both time since injury and
proximodistal regions of regeneration. Nevertheless, we identified many genes
expressed in a proximodistal differential that was dependent on TH, and these are strong
candidates for mediators of distal patterning. Notably, we did not identify any genes or
pathways that were differentially expressed in the middle of the fin where bifurcations
formed. This suggests that there are not unique pathways underlying bifurcation, and
that expression patterns become progressively distalized as the proximodistal axis

grows.

3.3.3 Growth and ultimate ray length regulation in zebrafish.

We showed that proximally-transplanted distal portions of zebrafish fin ray tissue
produced regenerates that were informed by retained memory of their original distal
identity. Regenerates originating from dist-to-prox transplants retained a distal pattern of
gene expression for a proximally-enriched transcript, initiated regeneration at a markedly
slower pace, and regrew to a shorter length than expected for their location. Dist-to-prox
transplanted rays regenerated much longer than the original size of the transplanted
tissue, indicating that the proximal environment can induce considerable growth in a
regenerate. Notably however, dist-to-prox regenerates grew to an ultimately much
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shorter length than was appropriate for their regenerating environment, and this altered
length was remembered through multiple rounds of regeneration. In contrast to the
regenerate length, however, we found no evidence that proximodistal patterning was
remembered by dist-to-prox transplanted tissue, as these produced regenerates with
segment patterning and bifurcation placement appropriate for their environmental
context.

Speed of regeneration is specific to proximodistal location: proximal tissue
regrows quickly while distal tissue regrows at a slower rate (Banu et al., 2022; Lee et al.,
2005; Uemoto et al., 2020). Dist-to-prox transplanted rays regenerated at a slower pace
during the first week of regrowth, suggesting a retained memory of distal identity.
Thinner, smaller dist-to-prox rays provide fewer cells for the initial proliferation of the
blastema; this smaller pool of cells may depress the initial speed of regeneration and
ultimately shorten the total regenerated ray length through multiple rounds of
regeneration (as in Wang et al., 2019).

Although fin rays are known to retain memory of their original length (Shibata et
al., 2018), the existence of remembered identity along the proximodistal axis of the fin
rays has not previously been demonstrated. Previous proximodistal transplants of
blastema cells or hemi-rays did not demonstrate any retained memory of these tissues,
however these transplants grafted a much smaller portion of distal tissue (Murciano et
al., 2007; Shibata et al., 2018, see experimental setup diagram in Supplementary Fig
3.9). There may be a threshold cell number required to specify proximodistal identity not
met in these previous experiments. Our dist-to-prox transplantation relocates large
numbers of numerous cell types, presumably including osteoblasts, fibroblasts,
ectoderm, blood vessels, nerve tissue and other cell types—intra-ray fibroblasts are the

likely mediators of positional information (Perathoner et al., 2014). Our transplant
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translocated sufficient types and/or numbers of cells into a proximal location to

permanently alter positional memory in the regenerate.

3.4.4 Regenerating fin ray tissue along the proximodistal axis is unique.

In all, regenerating caudal fins show progressive changes in expression along the
proximodistal axis, and many of these progressive changes are dependent on TH. We
have shown that proximodistal gene expression patterns can be remembered
autonomously by fin tissues, with dist-to-prox transplants producing regenerates with
attenuated, distally-appropriate levels of scpp7 expression. Initial rates of regenerative
growth are further informed by remembered tissue identity: dist-to-prox rays begin
regeneration at a slow (distally appropriate) rate. This early setback maintains the ray
originating from the transplant at a shorter length than neighboring rays, and this

decrease in length is remembered even through multiple rounds of regeneration.

3.4 MATERIALS AND METHODS

3.4.1 Fish rearing conditions.

Zebrafish were reared at 28°C with a 14:10 light:dark cycle. Hypothyroid fish and their
WT controls were Tg(tg:nVenus-2a-nfnB) (McMenamin et al., 2014). All other fish were
WT (TUubingen line). WT fish were fed marine rotifers, Artemia, Gemma Micro (Skretting,
Stavanger, NOR) and Adult Zebrafish Diet (Zeigler, Gardners PA, USA) 2-3 times per
day. Hypothyroid fish and their WT controls were fed a diet of Spirulina flakes (Pentair,

London, UK) and live Artemia.

3.4.2 Thyroid follicle ablations.
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To generate hypothyroid individuals, we performed transgenic thyroid ablations (as in
McMenamin et al., 2014). Briefly, to ablate the thyroid follicles of Tg(tg:nVenus-2a-nfnB),
4-5dpf larvae were incubated overnight in 10 mM metronidazole (Thermo Scientific
Chemicals) dissolved in 1% dimethyl sulfoxide (DMSO, Sigma) in larval water, and

controls with just 1% DMSO in larval water.

3.4.3 RNA Sequencing.

Regenerating caudal fin tissue was collected from sibling adults (>18 standard length;
SL) reared under wildtype or hypothyroid conditions during regeneration of three
different regions. To minimize enrichment of genes involved in blastema formation (Li et
al., 2021; Nauroy et al., 2019), we chose 4 dpa regenerates to represent proximal
outgrowth. Tissue was collected at 4 dpa (proximal tissue), 7 dpa (middle tissue) or 15
dpa (distal tissue). Fish were anesthetized with tricaine (MS-222, Pentair; ~0.02% w/v in
system water), the distal-most portion of the regenerating fin (~3 segments closest to the
leading edge) was collected and immediately flash frozen in a dry ice / ethanol bath.
Three or four biological replicates, each containing tissue from six individual fins, were
collected at each time point and TH condition. Total RNA was extracted immediately with
Zymo Quick-RNA Microprep kit R1050 (Zymo Research, Irvine CA, USA). Quality check,
library preparation, and sequencing were performed by Genewiz (Cambridge, MA).
Sample libraries were made with Illumina Truseq RNA Library Prep kit and sequenced
on an lllumina HiSeq platform with 150bp paired-end sequence reads. Raw sequence
reads were aligned to Zebrafish GRCz11 using STAR version 2.7.3 and gene counts
were called with Ensembl GRCz11 gene annotation. Differential gene expression
analyses were performed with Bioconductor package limma (Michaud et al., 2008). All
transcriptomes were analyzed by a multidimensional scaling plot to detect overall
differences in the transcriptomes. Subsequently, comparisons were made between
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proximal and distal regenerating regions in both WT and hypothyroid backgrounds;
these were subsequently compared to identify the subset of differentially expressed
genes that lost differential expression in a hypothyroid context. Genes were considered
significantly expressed if they showed a log fold difference higher than 2 and a false

discovery rate lower than 0.01.

3.4.4 Microsurgeries.

Transplantation was most reliable using larger adults. Tracking individuals for months
necessitated a wider range of fish standard length (SL), as fish grew within the course of
the experiment: individuals that began and ended within a range of 25-40mm SL were
sampled. For ray extirpation, the interray tissue on both sides of dorsal ray four (DR4)
was cut (using Surgical Grade Blades #11) to separate the ray from its neighbors. The
entire ray was then plucked from the peduncle, by securing the zebrafish body with
General-Purpose Broad-Tipped Forceps (Fisher Scientific) while using Dumont #5
Forceps (Fine Science Tools, 1125240) to grasp the base of the ray. For dist-to-prox
transplants, DR4 was extirpated from the fin, ~2 mm of the distal tip was clipped off, and
this portion was grafted back into the now-empty DR4 site (see Supplementary Fig 3.10
for further detail). For prox-to-prox transplants, DR4 was extirpated and then re-inserted
in its native position (Supplementary Fig 3.11). Directly after transplantation, fish were
maintained in a lightly anesthetized state for 30-60 minutes using ~0.01% tricaine and
3PPM clove bud oil (Sigma-Aldrich). One day post-transplant, we assessed fins for graft
success: dist-to-prox transplants grafted ~80% of the time while prox-to-prox transplants
only grafted in ~60% of microsurgeries. After allowing 24 hours for recovery and for the
graft to fuse with neighboring tissues, fish were again anesthetized with tricaine, and the
entire fin (including the transplanted graft) was amputated along a single plane with a
razor blade.

79



3.4.5 RNAscope whole mount in situ hybridization.

Regenerating fins were collected at 4 dpa (proximal tissue or dist-to-prox tissue) or 15
dpa (distal tissue) and fixed for 30 minutes in 4% PFA at room temperature. Fins were
stained as described in (I. Sehring et al., 2022) with the modification that all 0.2x SSCT
washes were only performed twice. We used the RNAscope Multiplex Fluorescent
Reagent Kit v2 (ACD Bio-techne, 323100) to screen seven candidate probes (ACD Bio-
techne: scpp7 1265951-C1, rhbg 1315181-C2, kenmata 1315191-C3, nfil3-6 1265961-
C2, noxo1a 1265971-C3, defbl1 1265981-C4, olfmi2ba 1315201-C4) in proximal and
distal regenerating tissue. Only the scpp7 probe was able to reliably label transcripts in
our whole mount tissues. Selecting candidates with known function, gene targets were
manually curated from the 45 transcripts that showed proximal or distal enrichment was

dependent upon TH.

3.4.6 Imaging.

For brightfield images, zebrafish were lightly anesthetized with tricaine and imaged on
an Olympus SZX16 stereoscope with an Olympus DP74 camera. This set-up allowed for
whole-fin imaging while preserving the resolution to identify individual segments of each
ray. For fluorescent imaging, an Olympus 1X83 inverted microscope with a Hamamatsu
ORCA Flash 4.0 camera was used to achieve greater resolution of individual rays.
Identical microscope settings (including exposure and magnification) were used for all
samples within each fluorescent in situ experiment. Images were transformed in FIJI with
the Fire LUT for visualization. For fluorescent quantifications, we used FIJI to capture
mean fluorescent intensity of the blastema by sampling the distal end of dorsal ray three,

dorsal ray four transplant, and dorsal ray five (DR3, DR4, and DRS).
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3.4.7 Analyses.

All analyses were done in R 4.2.2. DR4 was used for all transplant procedures, with non-
transplanted ventral ray four (VR4) serving as an internal comparison. Any damaged
rays were excluded from analysis. Fin ray morphology was quantified with the
StereoMorph R package (Olsen & Westneat, 2015) as described in (Harper et al., 2023).
We used paired or unpaired Welch two-sample t tests or a paired repeated samples
ANOVA followed by pairwise t tests to account for the two rays from a single fin or
multiple time points assessed. Significance was marked as: p <0.05, *; p <0.01, **; p

<0.001, ***.

3.4.8 Pharmacological treatments.

FK506 (Selleck Chemicals) was suspended in DMSO, then diluted to 200 nM FK506 and
0.02% DMSO. Controls were treated with 0.02% DMSO. ~70% water changes were
performed every other day throughout the treatment before washout. Fish recovered for

seven days, then were amputated a second time with no drug treatment.
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3.5 SUPPLEMENTAL DATA
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Supplementary Figure 3.1 Differentially expressed gene candidates for fluorescent in situ
hybridization. Thyroid hormone-dependent gene candidates that are either (A) proximally
enriched or (B) distally enriched in WT tissues. Custom RNAscope probes were made and tested
for all genes, but only the scpp7 probe showed specific staining. (C-D) Schematic showing
sample collection with (C) proximal or (D) distal amputation. (E) Proximally amputated at 15dpa
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or (F) distally amputated 4dpa tissue stained for scpp7. Amputation plane, dashed line. Warm
colors indicate highest regions of expression. (G) GO enrichment of the 489 genes proximodistal
differentially expressed in WT. (H) GO enrichment of the 45 genes that were thyroid hormone
dependent and proximodistal differentially expressed in WT. Scale bar, 400 um.

18 intact rays extirpated amputated 17 regenerated rays

(fish = 8)

Supplementary Figure 3.2 Regeneration does not originate from an extirpated ray. (A) Intact
fin with 18 rays, dorsal ray 4 (D4) marked with yellow asterisk. (B) Fin one day post D4
extirpation. (C) Freshly amputated fin, one day post D4 extirpation. (D) Fin regenerates with 17
rays (one-less ray than original, intact fin). n indicates neighboring dorsal rays 3 and 5.
Amputation plane, dashed line. Scale bar, 2 mm.
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Supplementary Figure 3.3 Non-transplanted rays regenerated faster than transplanted
rays. Fins of (A-D) proximal-to-proximal (blue asterisk) or (E-H) distal-to-proximal (green asterisk)
transplantation: (A, E) intact pre-transplantation, (B-F) one day post-transplantation, (C-G)
regenerating at 21 dpa, (D, H) regenerating at 77 dpa. Ventral rays indicated with purple
asterisks. Amputation plane, dashed line. (I) Length of the rays after transplantation, as measured
from the peduncle. (J) Average amount of growth per day during a one/two week periods for all
the ventral ray comparisons. (K) Prox-to-prox rays versus ventral ray comparisons, ray length

84



(measured from amputation plane) divided by SL at each week. Significance determined by
paired Welch two-sample t tests. Scale bar, 1 mm.
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Supplementary Figure 3.4 Dorsal ray patterning is unique from ventral ray patterning. (A)
Intact fin. A yellow or purple asterisk indicates dorsal ray 4 or ventral ray 4, respectively.
Arrowheads, primary bifurcations. Boxplots showing the (B) total length of the ray, (C)
proximodistal position of the bifurcation, (D) average segment length, and (E) average segment
width measured from a set distance from the peduncle. Significance determined by a paired
Welch two-sample t test. Scale bar, 2 mm.
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Supplementary Figure 3.5 Intact and regenerated ray patterning are different. (A-B) Ventral
lobe of (A) intact or (B) regenerating fin at 35dpa. Purple asterisks indicate ventral ray 4.
Arrowheads, primary bifurcations. Amputation plane, dashed line. Boxplots showing the (C) total
length of the ray, (D) proximodistal position of the bifurcation, (E) average segment length, and
(F) average segment width measured from a set distance from the peduncle. Significance
determined by a paired Welch two-sample t test. Scale bar, 2 mm.
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Supplementary Figure 3.6 Regenerative ray patterning differs from previous regenerated
morphology. (A) Intact fin. (B-D) Regenerating fin after distal-to-proximal transplantation: (B) 28
days post first amputation, (C) 28 days post second amputation, (C) 28 days post third
amputation. Green or purple asterisks indicate dist-to-prox or ventral ray, respectively. Black
dashed line, most recent amputation. Grey dashed lines, previous amputation planes. (E, H)
Boxplots showing the proximodistal position of the bifurcation. Note that bifurcations form at
increasingly distal location after each amputation, as previously described . Boxplots showing (F,
I) average segment length, and (G, J) average segment width. All measurements were taken from
a set distance from the peduncle. Significance determined by paired repeated samples ANOVA
followed by pairwise t tests. Scale bar, 2 mm.
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Supplementary Figure 3.7 Proximodistal patterning is dependent upon the current
regenerative environment. Regenerating fins at 35dpa after either (A) proximal-to-proximal
(blue asterisk) or (B) distal-to-proximal (green asterisk) transplantation. Purple asterisks indicate
ventral ray comparison. Amputation plane shown with dashed line. Arrowheads indicate primary
bifurcations. C-H) Boxplots showing the (C, F) proximodistal position of the bifurcation, (D, G)
average segment length, and (E, H) average segment width of intact or regenerated rays,
measured from a set distance from the peduncle. (C-E) Prox-to-prox or dist-to-prox ray
measurements are shown alongside their ventral ray comparisons. Significance determined by a
paired Welch two-sample t test. Scale bar, (A-B) 2 mm.
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Supplementary Figure 3.8 Calcineurin inhibition-induced morphologies are not
remembered in subsequent regeneration cycles. (A, E) Intact dorsal lobe before treatment. (B,
F) Regenerated fin after (B) DMSO (yellow asterisk) or (F) 200 nM FK506 (turquoise asterisk)
treatment, 21 days post amputation. (C, G) Fins after one week wash to clear remaining drug
from water. (D, H) Regenerated fin 21 days post second amputation with no treatment. Black
dashed line, most recent amputation. Grey dashed lines, previous amputation plane. Boxplots
showing (I, M, Q) total ray length, (J, N, R) total number of segments of the ray, (K, O, S)
bifurcation position, and (L, P, T) average segment length for (I-L) intact, (M-P) first regeneration
with respective drug treatment, and (Q-T) second regeneration with no drug treatment. All
measurements were taken from a set distance from the peduncle. Note in (P), rays were built
from only ~5 segments, making segments lengths so long that none were contained by the
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standard region of interest measured. Significance determined by unpaired Welch two-sample t
test. Scale bar, 1 mm.
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Supplementary Figure 3.9 Historical transplantation experiments. (A) Shibata et al., 2018
performed full ray transplantations, moving dorsal ray 3 into dorsal ray 7 position and vise versa.
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After successful grafting, they amputated the entire. (B) Shibata et al., 2018 also made a proximal
and distal amputation in a fin, collected blastema tissue from each region, and then transplanted
these tissues into a proximally regenerating fin. (C) Murciano et al., 2007 extirpated an entire
distal hemiray from the fin. A distal hemiray segment was grafted onto a proximal region to
appose a proximal hemiray segment, then the entire fin was amputated through the graft. (D)
Murciano et al., 2007 further extirpated a single hemiray, then grafted a proximal hemiray

segment onto a distal region to appose a distal hemiray, then the entire fin was amputated
through the graft.

Supplementary Figure 3.10 Distal-to-proximal transplantation. (A) Interray tissue is cut sliced
on either side of dorsal ray 4, permitting the ray to be cleanly plucked out of the peduncle. (B)

91



Distal ray tissue is removed from the rest of the ray. (C-D) After allowing 24hrs for the
transplanted tissue to graft, the entire fin is amputated.
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Supplementary Figure 3.11 Graphical abstract of transplantation procedures.
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CHAPTER 4

Notch activity in peripheral rays of zebrafish caudal fin requires
nuclear thyroid hormone signaling

The material in this chapter was adapted from:

Autumn, M., Zeng, J., & McMenamin, S. K. Notch activity in peripheral rays of zebrafish
caudal fin requires nuclear thyroid hormone signaling (in preparation)
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4.1 INTRODUCTION

4.1.1 Fin rays regenerate skeletal patterning that reflects original identity.
Complex tissues require precise guidance to generate functional shapes and
identities. In regeneration-competent species, developed identities can be remembered
upon injury and used to recreate original shape. The external fin skeleton of zebrafish
(Danio rerio) allows for straightforward investigation of tissue morphogenesis and the
emergence of shape during both development and regeneration. The caudal fin is
composed of two symmetrical lobes, each supported by a skeleton of nine fin rays
(dorsally, DR1-DR9 and ventrally VR1-VR9). After injury or amputation, each ray forms
an individual blastema and regrows from the distal edge to restore its initial skeletal
patterning and length (Lee et al., 2005; Uemoto et al., 2020), the entire fin regrowing to

its original shape and size within three weeks (Wehner et al., 2014).

4.1.2 Peripheral-most rays are morphologically and transcriptionally unique from
other rays in the fin skeleton.

The peripheral-most rays of each lobe of the caudal fin (DR1 and VR1;
“peripheral rays” see Fig 1.1) develop and regenerate characteristics that distinguish
them from all other rays of the fin. While internal rays (DR2-DR9 and VR2-VR9) branch
into daughter rays, the peripheral rays never form these bifurcations and are slightly
thicker than the central rays. The peripheral rays further show pathway activity unique
from other rays in the fins: DR1 and VR1 show the highest expression of aristaless 4
(alx4, known to define pectoral ray identity) during development (Desvignes et al., 2022;
Nachtrab et al., 2013). Along with the next most peripheral rays (DR2-DR3 and VR2-
VR3), the distal portions of peripheral rays have white pigment cells called leucophores
(Lewis et al., 2019).
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4.1.3 Thyroid hormone activity and Notch activity are required for fin regeneration.

TH is a globally circulating endocrine factor, crucial for a diverse array of
functions across vertebrates, including in fishes (McMenamin & Parichy, 2013; Porazzi
et al., 2009). In zebrafish and other fishes, the hormone coordinates proximodistal
patterning of fin rays during both development and regeneration (Harper et al., 2023).
Seemingly independent of its role as a distalizing factor, TH shows uniquely high activity
in the peripheral rays (Harper et al., 2023).

In contrast to the circulating endocrine factor TH, Notch activity is locally
regulated by the physical interaction of transmembrane receptors and ligands (see
Hamada et al., 2014). In the regenerating zebrafish caudal fin, Notch signaling maintains
the plasticity of pre-osteoblasts, stimulating proliferation and self-renewal while inhibiting
terminal differentiation during ray formation (Grotek et al., 2013; Minch et al., 2013).
Further, we found novel peripheral ray-specific Notch activity in developed and
regenerating fins.

Despite peripheral ray morphology being distinct from all other rays of the fin,
little is known about the mechanisms that permit these differences. Here we investigate
the function and interaction of peripheral TH and Notch activity, assessing them
alongside the rays’ marker alx4. Using ray transplants, we asked if peripheral ray
patterning is regulated in a similar manner as central rays. Through this work we seek to
establish the developmental signaling pathways that orchestrate peripheral ray

formation.

4.2 RESULTS

4.2.1 High thyroid hormone activity characterizes peripheral ray.
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The transgenic line 6xTRE-bglob:egfp reports nuclear TH activity (Matsuda et al., 2017)
and shows uniquely high expression in the peripheral rays of the adult caudal fins
(Harper et al., 2023; Fig 4.1A). The nuclear TH receptor Thrab inhibits distalization of fin
rays in the absence of the TH ligand (Harper et al., 2023), and we asked whether high
TH activity in the peripheral rays was dependent on Thrab. Indeed, TH activity in the
peripheral rays was severely reduced in thrab-/- mutants (Fig 4.2B). Deiodinase
enzymes locally modulate the nuclear activity of the hormone (Orozco & Valverde-R,
2005), and we found deiodinase 2 (Dio2) to be coincidently enriched in the peripheral
rays (Supplementary Fig 4.1).

Thyroid hormone activit Notch activit

Figure 4.1 High activity of thyroid hormone and Notch in the peripheral rays of the caudal
fin. Intact caudal fins (A) 6xTRE-bglob1:eGFP reporting TH activity, (B) Tg(Tp1bglob:e GFP™13)
reporting Notch activity. Arrowheads, peripheral rays. Grey arrows, leucophores. Scale bar, 1
mm.

We asked if the external hydrodynamic environment at the peripheral edge of the
fin might directly induce the increased TH activity. To test this possibility, we trimmed the
peripheral rays of intact fins over 47 days so they could not regrow, making the next-
most-peripheral rays (DR2 or VR2) would be exposed to the external environment.
Although deprived of a peripheral neighbor, the exposed DR2 and VR2 did not show TH

activity to match an intact peripheral ray (Fig 4.2C, E). To test the possibility that ray
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growth in the external environment might establish high TH activity, we amputated the
entire fin and continued to trim the peripheral rays throughout regeneration: this did not
induce DR2 or VR2 to acquire high TH activity (Fig 4.2D, F). Even in the absence of the
peripheral rays, exposed DR2 rays can form bifurcations: 2/3 exposed DR2 rays
bifurcated, although none of the three exposed VR2 rays formed bifurcations.

To test if high TH activity is autonomously remembered by peripheral ray tissues,
we transplanted peripheral rays into central positions. Once successfully grafted, fins
were amputated through the graft and allowed to regenerate. These peripheral-to-central
transplants regenerated tissue showing high TH activity despite the new central position
(Supplementary Fig 4.2A). The transplanted peripheral rays grew to lengths expected for
their new environment, and they were shorter than peripheral rays regenerated at the
edge of the fin (Supplementary Fig 4.3C-D). This stands in contrast to transplants using
branching rays. When transplanted to central regions of the fin, DR2 and VR2 grow
excessively relative to their neighbors, suggesting that positional information
autonomous to the rays influences ultimate length (Shibata et al., 2018; also see
Supplementary Fig 4.3G). Certain components of the peripheral rays were maintained
even in peripheral-to-central transplanted regenerates. These regenerates did not form
bifurcations (Supplementary Fig 3C)—although a single bifurcation (out of four
transplants) was observed forming in a transplanted ray after a second round of
regeneration (Supplementary Fig 4.3D”). Peripheral-to-central transplanted regenerates
also restored leucophore pigment cells (Supplementary Fig 2A’, B’), which are not
normally found in central tissues. We asked whether leucophores originating from other
medial fins could be rebuilt in the caudal fin. Indeed, when dorsal rays were transplanted
to the caudal fin, they regenerated with both leucophores and uniquely dorsal pigment

patterns (Supplementary Fig 4.4).
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thrab +/+ thrab -/-

intact

DR1 removed

VR 1 removed

Figure 4.2 Thyroid hormone activity specific to the peripheral rays. 6xTRE-bglob1:eGFP
reports TH activity. Full sibling comparison (A) thrab +/+ (WT) or (B) thrab-/- fish highlight
peripheral activity dependency on the nuclear receptor. Intact fin after 47 days of (C) dorsal or (E)
ventral ray 1 removal. Regenerated fin at 47 dpa with continuous (D) dorsal or (F) ventral ray 1
removal. Arrowheads, peripheral-associated TH activity. Asterisk, excised ray. Scale bars, 1 mm.
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4.2.2 Thyroid hormone activity colocalizes with alx4 expression.

alx4 is expressed in fibroblasts and osteoblasts and is known to localize to peripheral
rays of the caudal fin, as well as the leading rays of pectoral, pelvic, dorsal and anal fins
(Desvignes et al., 2022; Nachtrab et al., 2013), and we found that TH activity was high in
these anterior rays as well (Supplementary Fig 4.5). TH activity is present in several
different cell types in the rays (see Harper et al., 2023), and the highest activity was

detected in inter ray mesenchyme adjacent to the ray; this region overlapped with alx4

positive tissue (Fig 4.3).

A

Figure 4.3 alx4 is expressed in thyroid hormone active tissue. (A) alx4:dsRed and 6xTRE-
bglob1:eGFP reports alx4 expression and TH activity in intact fin. Shown in (B) is a transverse
section of an intact ray stained with secondary antibodies against the fluorophores. Arrowheads,
peripheral TH activity. Scale bars, 100 ym.

4.2.3 High Notch activity characterizes but is not remembered by peripheral rays.
We evaluated activity of the Notch pathway using the Tp7bglob:eGFP“"" line (Parsons
et al., 2009). Notch activity was notably high in the peripheral rays (Fig 4.1B). In

contrast, Wnt activity (Wang et al., 2012) and expression of shh (Neumann & Nuesslein-
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Volhard, 2000) do not show enrichment in the peripheral rays, suggesting that
enrichment in the peripheral rays is not generic to all developmental signaling pathways
(Supplementary Fig 4.6). To test if Notch activity was remembered by peripheral ray
tissues, we again performed peripheral-to-central transplants. In contrast to TH activity,
which was reestablished in transplants, Notch activity was abolished in regenerated
peripheral-to-central transplants (Supplementary Fig 4.2B’). We asked if peripheral
activity was also associated with alx4 expression. However, Notch activity was restricted
to the epithelium and did not overlap with alx4 in the mesenchyme (Fig 4.4). Despite
this, Notch activity was present along with alx4 in all paired and medial fins

(Supplementary Fig 4.9).

A

Figure 4.4 Notch activity is superficial to alx4-expressing tissue. (A) alx4:dsRed and
Tg(Tp1bglob:eGFP“m13) reports alx4 expression and Notch activity in intact fin. Shown in (B) is a
transverse section of an intact ray stained with secondary antibodies against the fluorophores.
Arrowheads, peripheral Notch activity. Scale bars, 100 ym.

4.2.4 Notch activity in peripheral rays is downstream of TH signaling.
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To test if TH activity is regulated by Notch, we treated fish with LY411575, a y-secretase
inhibitor that reduces Notch signaling (Grotek et al., 2013). When Notch was inhibited,
TH activity in the peripheral rays was maintained (Supplementary Fig 4.8), suggesting
that peripheral TH activity does not require Notch signaling.

To test if Notch activity is regulated by TH, we examined the Notch reporter line in
a thyroid-ablated background and found that peripheral ray Notch activity was lost in
hypothyroid conditions (Fig 4.5A-B). Despite the striking reduction in Notch signaling in
the absence of TH, Notch activity was still present in neuromasts. Actinodins are
structural proteins essential for outgrowth and patterning of regenerating rays
(Nakagawa et al., 2022), with and? is known to be up regulated by Notch (Grotek et al.,
2013), and we did not observe a reduction of and? in a hypothyroid context
(Supplementary Fig 4.9).

To determine if TH was sufficient to rescue Notch activity during regeneration, we
treated regenerating fins of hypothyroid fish with exogenous TH (thyroxine; T4).
Peripheral-specific Notch activity was dependent on TH, as T4 treatment was sufficient

to restore peripheral Notch activity in regenerating fins of hypothyroid fish (Fig 4.5E’).

4.3 DISCUSSION

4.3.1 Transplanted peripheral rays restore a morphology that reflects their original
identity and the central environment.

Many peripheral ray features were remembered and restored by peripheral-to-central
transplants: transplants formed leucophores and did not bifurcate. In contrast to
branching rays transplanted to central positions in the fin (Shibata et al., 2018),
peripheral rays restored lengths appropriate to their new central location, rather than
restoring the longer lengths predicted by their original position. Previous work showed
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intact fins

hypothyroid

WT

+ NaOH

hypothyroid hypothyroid

Figure 4.5 Thyroid hormone stimulates peripheral Notch activity. Tg(Tp1bglob:e GFPm13)
reports Notch activity. (A-B) Intact dorsal lobe of a (A) WT or (B) hypothyroid fish. (C-E)
Regenerated dorsal lobe of (C) WT fish or hypothyroid fish after treatment with (D) vehicle control
or (E) thyroxine (T4). Neuromasts, sensory cells of the lateral line system, are known to be Notch-
dependent (Matsuda & Chitnis, 2010). Note the distal ends of regenerating fins maintained
considerable Notch activity most likely supporting osteoblast proliferation as previously described
in (Grotek et al., 2013; Minch et al., 2013). Arrowheads, peripheral Notch activity. Arrows,
neuromasts. Dashed line, amputation plane. Scale bar, 400 uym.
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peripheral tissue transplanted centrally is competent to initiate bifurcations (Murciano et
al., 2002), but we observed occasional branching only after a second amputation
(Supplementary Fig 4.3D). These findings suggest peripheral rays retain and deploy

identity differently than central, branching rays.

4.3.2 Thyroid hormone is necessary and sufficient to induce competent peripheral
ray-specific Notch activity.

We found peripheral TH activity—but not Notch activity—was restored in
regenerated peripheral-to-central transplants. Previous work with inter-individual fin ray
transplants show ray grafts contribute tissue to the regenerating mesenchyme, while
epithelial tissue is replaced by host tissues (Shibata et al., 2018). However, tissue
replacement may be less prevalent in self-self-transplants than between two different
individuals. Perhaps TH activity was restored because transplanted mesenchymal cells
contribute to the regenerate, while Notch activity was lost due to transplanted epithelium
being replaced by central host tissue. TH activity was not sufficient to impart peripheral
Notch activity to central tissue; this suggests epithelial tissue must be predisposed to
respond to the hormonal signal. Nevertheless, Exogenous TH was sufficient to restore
peripheral activity, indicating peripheral epithelium is competent to respond appropriately

to TH signaling.

4.3.3 Peripheral ray patterning appears Thrab independent.

While peripheral ray segments are TH-responsive, bifurcations never form in
peripheral rays under hypothyroid or hyperthyroid conditions (Harper et al., 2023).
Previous work demonstrates that Thrab serves to gate the functions of TH in the
developing pigment pattern (Saunders et al., 2019), squamation (Aman et al., 2021), and
the patterning of the rays (Harper et al., 2023). Although proximodistal patterning is
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altered in a hypothyroid context, peripheral rays appear morphologically
indistinguishable regardless of TH titer; | speculate that Thrab-mediated TH activity is

not required for bone morphogenesis.

4.3.4 Thyroid hormone’s induction of Notch activity is peripheral ray specific.

The Notch pathway is crucial in the development of numerous morphological
structures (reviewed by Kopan & llagan, 2009), and the pathway is involved in
regeneration in both vertebrate and certain invertebrate systems (Beck et al., 2003;
Mashanov et al., 2020). Additionally, TH induction of Notch activity has been robustly
documented in other systems (Hasebe et al., 2017; Morte et al., 2018; Silva et al., 2017,
Sirakov et al., 2015), and here we report a novel instance of TH dependent Notch
activity. High TH activity does not appear to colocalize with Notch; nonetheless, TH
regulates Notch activity specifically in the peripheral rays. Notch activation requires a
physical interaction of membrane-bound ligand and receptor between adjacent cells, so
colocalization is not necessary for their interaction.

TH-regulation of Notch appears exclusive to the peripheral activity, as we don'’t
note reduced Notch blastema activity in regenerating hypothyroid rays. Further, Notch
activity, which also promotes the expression of structural proteins (actinodins) critical for
ray outgrowth (Grotek et al., 2013), are not reduced by hypothyroid conditions

(Supplementary Fig 4.9).

4.3.5 alx4 may interact with thyroid hormone or Notch.

In peripheral tissue, alx4 and highest TH activity appear in the same region of the
inter ray mesenchyme, whereas Notch activity is external to and more superficial than
either alx4 or TH activity (as modeled in Supplementary Figure 4.10). Nonetheless,
Notch and TH signaling are active in alx4-positive rays in all zebrafish fins, hinting at the
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possibility of regulatory interactions. As alx4 defines pectoral fin ray identity and shows
robust expression throughout caudal fin development, perhaps this transcription factor
also serves to dictate peripheral identity. Unlike TH and Notch peripheral activity, which
are exclusive to DR1 and VR1 and persist throughout adulthood, alx4 transcription is
often restricted to the ventral lobe in later adulthood (Desvignes et al., 2022; Nachtrab et
al., 2013). As alx4 defines pectoral fin ray identity and shows robust expression
throughout caudal fin development, perhaps this transcription factor also serves to
dictate peripheral identity. Future work will unravel the regulatory interactions between
TH, Notch, and alx4, and will determine whether alx4 is necessary for proper ray

patterning during fin regeneration.

4.4 MATERIALS AND METHODS

4.4.1 Fish rearing conditions.

Zebrafish were reared at 28°C with a 14:10 light:dark cycle and fed 2-3 times per day.
Wild-type zebrafish were fed marine rotifers, Artemia, Gemma Micro (Skretting,
Stavanger, NOR) and Adult Zebrafish Diet (Zeigler, Gardners PA, USA). HypoTH and
their controls were fed a TH-free substitute of Spirulina flakes (Pentair, London, UK) and

Artemia.

4.4.2 Fish lines.

Fish lines used in this study were Tg(tg:nVenus-v2a-nfnB) (McMenamin et al., 2014),
Tg(6XTRE-bglob1:eGFP) (Matsuda et al., 2017), Tg(Tp1bglob:eGFP“™"®) (Parsons et al.,
2009), Tg(-2.7shha:GFP) (Neumann & Nuesslein-Volhard, 2000), Tg(alx4a:DsRed2)P**?
(Nachtrab et al., 2013), Tg(7xTCF-Xla.Siam:GFP)**(Wang et al., 2012),
Tg(2Pand1:eGFP) (Lalonde et al., 2016), or wild-type (Tubingen).
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4.4.3 Thyroid follicle ablations. Thyroid follicles ablations of Tg(tg:nVenus-2a-nfnB)
were performed (as in McMenamin et al., 2014). Larvae were incubated overnight in 10
mM metronidazole (MTZ) dissolved in 1% dimethyl sulfoxide (DMSO; Sigma) in larval

water, with controls treated with 1% DMSO in larval water.

4.4.4 Imaging.

Zebrafish were anesthetized with tricaine (MS-222; Pentair, ~0.02% w/v in system water)
then imaged on an Olympus SZX16 stereoscope with an Olympus DP74 camera or an
Olympus IX83 inverted microscope using a Hamamatsu ORCA Flash 4.0 camera.
Identical microscope settings (exposure, magnification, gain) were used for experimental

and controls; image processing was performed in ImageJ.

4.4.5 Peripheral-to-central ray transplantation.

Microsurgery was performed as in (Autumn et al., 2024). Dorsal or ventral ray 1 (DR1,
VR1) was clipped off at the base and dorsal or ventral ray 5 (DR5, VR5) was extirpated
from the peduncle. DR1 or VR1 was then transplanted into the DR5 or VRS5 position,
respectively. We note that peripheral rays could not be extirpated, and the residual ray
base allowed DR1/VR1 rays to regenerate completely. For bifurcating ray
transplantations, DR2 and R rays were transplanted into the positions of DR7 and VRY.
After the transplanted ray was secured in its new location 24 hours after transplant, the
entire fin was amputated, allowing transplant and native central tissues to regenerate

side by side.
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4.4.6 Dorsal fin ray to caudal fin transplantation.

Dorsal fin ray 3 (counting from the leading edge) was clipped off at the base and caudal
fin ray (DR4) was extirpated from the peduncle. The dorsal ray was grafted into the
caudal fin. The entire caudal fin was amputated 24 hours later, allowing dorsal fin ray

tissue to regenerate alongside caudal fin ray tissue.

4.4.7 Fin amputation.
After anesthetizing fish with tricaine, we performed a full amputation between the 4-5"
segment away from the peduncle with a razor blade. Second amputations were made

distal to original amputation plane.

4.4.8 Drug treatments.

L-thyroxine (T4; Sigma-Aldrich, St. Louis MO, USA) was diluted into 0.5 M sodium
hydroxide (NaOH; Sigma-Aldrich), this working stock further diluted into fish system
water for a final concentration of 10 yM T4 with 194 nM NaOH. Controls were treated
with 194 nM NaOH in fish system water. 50% water changes were performed every
other day throughout treatment. and LY411575 (TargetMol, T6063) was diluted with
DMSO into a 10mM stock, and then further diluted with fish water to final concentrations

of 5uM.

4.4.9 Immunohistochemistry.

Whole-mount fins were stained for Dio2 using Deiodinase Type Il (Antibodies-
Online.com, ABIN652664). Longitudinal cryosections were stained for transgenically
expressed eGFP and dsRed using anti-GFP(Sigma Aldrich, Burlington MA, USA,
SAB4301138) and anti-mCherry (Novus Biologicals, Minneapolis MN, USA, NBP2-
25158), respectively. Secondary antibodies used were AffiniPure Alexa Fluor 488 Anti-
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Rabbit and Alexa Fluor 594 Anti-Chicken (Jackson ImmunoResearch, West Grove PA,

USA, 711-545-152 and 703-585-155).
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4.5 SUPPLEMENTAL DATA

Supplementary Figure 4.1 Dio2 localizes to peripheral and distal tissues. Whole-mount
intact fin stained for deiodinase 2 (Dio2). Arrows, peripheral-associated Dio2. Scale bars, (A) 2
mm; (B) 400 uym.
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Supplementary Figure 4.2 Peripheral-to-central transplants only restore TH activity.
6xTRE-bglob1:eGFP reports TH activity in regenerated fin. (A) Regenerated fin after peripheral-
to-central ray transplantation and regeneration. Note that both the regenerated peripheral ray and
the ray originating from the transplanted stump of peripheral ray tissue both show TRE activity
and leucophore pigmentation. Tg(Tp1bglob:e GFP“m3) reports Notch activity. (B) Regenerated fin
after peripheral-to-central ray transplantation and regeneration. Note that only the regenerated
peripheral ray shows Notch activity. Arrowheads, peripheral rays. Asterisks, leucophores pigment
cells. Scale bar, 400 ym.
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DR1 and VR1

DR1 and VR1
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Supplementary Figure 4.3 Peripheral-most rays regenerate central-appropriate lengths. (A,
E) Intact fins. (B, F) Fin one day post transplantation of (B) DR1 and VR1 or (F) DR2 and VR2 to
central positions. (C, G) Regenerated fin 54 days after amputation. Note only DR2/VR2
transplanted rays grow longer than neighboring rays. (D) Regenerated D1/V1 fin was amputated
a second time and assessed at 35 dpa. Note aberrant bifurcation formed in the dorsal lobe’s
peripheral transplant. Arrows, transplanted rays. Dashed line, amputation plane. Scale bar, 2 mm.
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intact dorsal fin intact dorsal fin

Supplementary Figure 4.4 Dorsal fin ray pigment cells restore origin pattern in a caudal fin
environment. (A) Intact dorsal fin. (B) Intact WT dorsal fin. Note autofluorescence of
leucophores. (C) Intact dorsal lobe of caudal fin. (D) A dorsal fin ray 3 was transplanted into the
caudal fin and then the all rays were amputated to allow rays from different fins to regenerate
together. (E) Dorsal fin ray to caudal fin regenerated fin. Note dorsal fin-like speckled
melanophore pattern and leucophores. Dashed line, amputation plane. Arrowheads, dorsal fin
ray. Arrows, leucophores. Scale bars, 1 mm.
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Supplementary Figure 4.5 alx4 and TH activity each localize to anterior and leading rays of
fins. alx4:dsRed and 6xTRE-bglob1:e GFP reports alx4 expression and TH activity in intact
medial (A) dorsal and (B) anal fins and paired (C) pectoral and (D) pelvic fins. Arrowhead,
anterior or leading ray of fin. Scale bar, 400 ym.
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Supplementary Figure 4.6 Peripheral rays do not show enriched Wnt activity or shh
expression. (A) Tg(7xTCF-Xla.Siam:GFP)#4 reporting Wnt pathway activity and (B)
Tg(—2.7shha:GFP) showing sonic hedgehog ligand expression. Arrowheads, peripheral rays.
Scale bar, 1 mm.
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dorsal fin

pectoral fin anal fin

pelvic fin

Supplementary Figure 4.7 alx4 and Notch activity each localize to anterior and leading rays
of fins. alx4:dsRed and Tg(Tp1bglob:e GFP“"3) reports alx4 expression and Notch activity in
intact medial (A) dorsal and (B) anal fins and paired (C) pectoral and (D) pelvic fins. Arrowhead,
anterior or leading ray of fin. Scale bar, 400 ym.
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Supplementary Figure 4.8 Thyroid hormone activity is not dependent upon Notch
signaling. Regenerated fins at 21 dpa after continuous treatment with (A) vehicle control (DMSO)
or (B) Notch inhibitor (LY411575). 6xTRE-bglob1:eGFP reports TH activity in regenerating dorsal
lobe at 6 dpa after 2 days treatment with (C) vehicle control or (D) Notch inhibitor. Arrowheads,
peripheral activity. Dashed line, amputation plane. Scale bars, 500 pm.
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Supplementary Figure 4.9 Actinodin expression is not thyroid hormone dependent.
Tg(2Pand1:eGFP) reports actinodin expression. Notch activity promotes the expression of
actinodins, structural proteins necessary for bone formation, as reported in (Grotek et al., 2013).
Intact caudal fin of a (A) WT or (D) hypothyroid fish. Regenerated fins at (B, E) 5 dpa and (C, F)
10 dpa. Dashed line, amputation plane. Scale bar, 400 um.
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Supplementary Figure 4.10 Peripheral thyroid hormone activity stimulates Notch. Proposed
model in which mesenchymal enrichment of TH activity stimulates Notch signaling in epithelial
tissue in peripheral rays.
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CHAPTER 5

Discussion: Thyroid hormone’s direction of ray pattering
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5.1 RESEARCH SUMMARY AND FUTURE DIRECTIONS

5.1.1 Research goals.

My three goals in this thesis were (1) To resolve TH’s direction of proximodistal
patterning along the fin ray axis during development and regeneration; (2) To
disentangle the different aspects of positional memory that inform regenerative ray

patterning; and (3) To characterize Notch-mediated TH signaling in peripheral rays.

5.1.2 Thyroid hormone regulates distal patterning of the appendicular skeleton.
Processes that regulate size and patterning along an axis must be highly
integrated to generate robust shapes; relative changes in these processes underlie both

congenital disease and evolutionary change. Fin length mutants in zebrafish have
provided considerable insight into the pathways regulating fin size, with alterations in
segment size (Perathoner et al., 2014) and number (Goldsmith et al., 2003) contributing
to novel lengths, yet signals underlying patterning have remained less clear. The bony
rays of the fins possess distinct patterning along the proximodistal axis, reflected in the
location of ray bifurcations and the lengths of ray segments, which show progressive
shortening along the axis (Christou et al., 2018).

In Chapter 2, we showed that TH regulates aspects of proximodistal patterning of
the caudal fin rays, regardless of fin size. Not only does TH coordinate ray bifurcations
and segment shortening with skeletal outgrowth along the proximodistal axis, but we
also discovered it promotes distal gene expression patterns, suggesting a genuine role
for the hormone in inducing distal identity. This distalizing role for TH is conserved
between development and regeneration, in all fins (paired and medial), and between
Danio species as well as distantly-related medaka. Further, we found TH acutely induces
Shh-mediated skeletal bifurcation (Armstrong et al., 2017) during regenerative
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outgrowth. Zebrafish have multiple nuclear TH receptors (Darras et al., 2011; Takayama
et al., 2008), and we discovered that unliganded Thrab—but not Thraa or Thrb—inhibits
the formation of distal features. Broadly, our results have demonstrated that
proximodistal morphology is regulated independently from size-instructive signals.
Modulating proximodistal patterning relative to size—either through changes to TH
metabolism or other hormone-independent pathways—can shift skeletal patterning in
ways that recapitulate aspects of fin ray diversity found in nature.

As bifurcations serve as one of the most discrete indicators of proximodistality,
further work should elucidate how TH times this morphological event. Recent studies
highlight osteoclast/osteoblast interplay as a physical regulator of bifurcation (Cardeira-
Da-Silva et al., 2022), so the next step would be to investigate how TH interacts with the
prevalence and/or activity of these two cell populations.

Previous caudal fin models include defined roles and activity domains for many
developmental signaling pathways (Shh, RA, Notch, BMP, Wnt, ect; Wehner &
Weidinger, 2015). With this work we introduced TH and comprehensibly defined its
action, adding another signaling factor to the model of known actors. Indeed, we
identified the driver of proximodistal-specific gene expression and showed TH regulates
the location of bifurcations. Not only did we establish TH to be critical for zebrafish
skeletal patterning, but our work in medaka and D. albolineatus suggests the TH’s action

is conserved across teleosts.

5.1.3 Regeneration speed is remembered autonomously by fin ray tissue.
Regenerating tissues must remember or interpret their spatial position, using this

information to restore original size and patterning. The external skeleton of the zebrafish

caudal fin is composed of 18 rays; after any portion of the fin is amputated, position-

dependent regenerative growth restores each ray to its original length (Lee et al., 2005;
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Uemoto et al., 2020). In Chapter 3, we tested for transcriptional differences during
regeneration of proximal versus distal tissues and identified 489 genes that differed in
proximodistal expression. TH directs multiple aspects of ray patterning along the
proximodistal axis, and we identified 364 transcripts showing a proximodistal expression
pattern that was dependent on thyroid hormone context.

Next, we disentangled which aspects of ray positional identity are directed by
extrinsic cues versus remembered identity autonomous to the tissue itself with distal-to-
proximal transplanted rays. Evaluating scpp7, a transcript with TH-regulated proximal
enrichment, in regenerating distal-to-proximal transplants, we found neighboring
proximal tissue showed robust expression while regenerating rays originating from
transplanted distal tissue showed reduced (distal-like) expression during outgrowth.
Despite this transcriptional remembrance, we discovered most aspects of fin ray
morphology —bifurcation and segment length— were determined by the environment with
only segment width showing a minor reduction in regenerated width.

However, these distal-to-proximal transplants regenerated far beyond the length
of the graft itself, which indicated cues from the proximal environment can promote
additional growth. Nonetheless, these transplants initially regenerated at a much slower
rate compared to controls, which suggests retained memory of distal identity. We found
this early growth retardation caused rays that originated from transplants to become
noticeably shorter than their native neighboring rays. Lastly, we determined that
regeneration speed and ray length are remembered autonomously by tissues, as it
persisted across multiple rounds of amputation and regeneration.

Bioelectric mutants (Perathoner et al., 2014) and previous transplantation
experiments (Shibata et al., 2018) implicate mesenchymal fibroblasts as sufficient to
retain ray length positional identity. Distal-to-proximal transplants did not appear to retain
memory of distal patterning features, only ray length information, so perhaps
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mesenchymal osteoblasts are also responsible for carrying proximodistal ray length
information.

Here our findings reinforce the model of progressive distalization established in
Chapter 2: distal patterning features are not remembered but must be induced.
Regardless, distal tissue retains distal-like transcription and initiates growth with a slower
regeneration rate despite a proximal environment. Most excitingly, this suggests
regeneration speed is not arbitrary, instead, it is highly regulated to determine ray
morphology. Indeed, slowing proliferation slows ultimate ray length (Wang et al., 2019),
so perhaps encoded regeneration speeds cause the extended/truncated regenerated ray
lengths documented in other transplant experiments (Birnie, 1947; Murciano et al., 2002;

Shibata et al., 2018).

5.1.4 Thyroid hormone dependent Notch activity is exclusive to peripheral rays.

Accurate readout of positional identity is required for proper tissue patterning
during skeletal development and regeneration. The rays at the edge of the caudal fin,
the peripheral rays, differ from the more central rays in several respects: the peripheral
rays never form bifurcations and show differences in gene expression. In Chapter 4, we
found TH activity—mediated by TH receptor Thrab—is enriched in peripheral ray tissue,
reiterating the transcription pattern of alx4, which was previously identified as being
highly expressed in peripheral rays (Desvignes et al., 2022; Nachtrab et al., 2013).
Transplanting peripheral rays to central locations, we found TH activity, as well as other
peripheral ray features, were restored upon amputation, even in a novel central
environment. Further, by amputating and regenerating fins without peripheral rays, we
discovered second-most peripheral rays do not acquire TH activity.

Next, we discovered epithelial Notch pathway activity corresponded with TH

peripheral activity during development and regeneration. Indeed, TH activity, Notch

123



activity and alx4 expression were all high in specific rays in all paired and medial fins of
the zebrafish. In hypothyroid conditions, Notch activity was substantially reduced, and
exogenous TH supplementation was sufficient to restore Notch signaling. This TH-
dependence of Notch appeared exclusive to peripheral rays, as other domains of Notch
activity are unaffected in a hypothyroid context. The signals that regulate and define the
identity of the peripheral rays are still poorly defined, making this Notch-mediated TH
activity a strong candidate for further investigation. The critical next step of this project
would be to determine if alx4 interacts with this novel peripheral activity, and if alx4 alone
is sufficient to imbue peripheral identity.

By discovering two new locally expressed actors in peripheral rays, we lay the
groundwork for understanding how TH, Notch, and alx4 form these unique structures.
Additionally, our Notch findings show a possible explanation for how TH can differentially
produce peripheral or central ray guidance cues. Further, we present evidence that
peripheral ray identity is regulated differently than central rays. Peripheral rays have long
been overlooked for their central counterparts, so this work highlights them as an
exciting model for discovering novel mechanisms regulating caudal fin development and

regeneration.

5.1.5 Summary.

In this dissertation, each chapter increasingly reveals TH’s action upon the fin ray
skeleton. Additionally, we have discovered many aspects of patterning and ray identity
are independent upon this global endocrine factor. First, | established TH is necessary
for the formation of distal features in fin rays, with exogenous TH sufficient to rescue
developing and regenerating morphologies. Next, | discovered the majority of
proximodistal fin ray patterning is not remembered autonomously, the regenerating fin

environment overrides tissue identity to rebuild properly shaped bones. Lastly, | found an
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additional, precise role for TH in regulating Notch activity that may define peripheral ray
identity. Together these findings have expanded the field’s knowledge of TH’s action
(Borisov & Shkil, 2024; Miyamoto et al., 2024; Qu et al., 2024; Roux et al., 2024;
Zwabhlen et al., 2024) and furthered work in regenerative patterning mechanisms (Ortega

Granillo et al., 2024; VanWinkle, Lee, et al., 2024; VanWinkle, Wynn, et al., 2024).

5.1.6 Interpretation and speculation.

As HypoTH skeletal patterning was proximalized, | first evaluated the
transcriptome along the proximodistal axis in both intact and regenerating tissues. Gene
expression is position dependent along the axis, with TH necessary for maintaining this
differential expression, so | confirmed TH was functioning via canonical signaling using
dual receptor thrab loss-of-function mutants. As this mode of TH action drives gene
expression through the epigenetic modification of chromatin, | assessed whether TH
could impart lasting distal identity into tissue. | found that distal patterning is not
remembered tissues: distal patterning features only form in the active presence of TH,
and distal tissue regenerates proximal features when grafted to a proximal position.
Additionally, | found bioelectric regulation of segment length is not TH-dependent, and,
unlike sonic hedgehog inhibition, HypoTH conditions do not prevent bifurcation
morphogenesis.

As the physical mechanisms that permit fin ray patterning morphogenesis appear
independent of TH signaling, | believe TH acts as a global coordinator to regulate the
time in which distal patterning is initiated. Distal tissue transplants build properly
patterned rays along the proximodistal axis, reiterating this idea of TH action being a fin-
wide coordinator that progressively distalizes tissue during outgrowth. Removing Thrab
alleviates HypoTH phenotypes and induces proximalized fin rays in WT conditions, so

TH is likely required for both the suppression of this default proximal gene programs and
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the activation of a distalizing gene suite. Further, many distal-enriched genes are not
upregulated in HypoTH distal tissues and HyperTH conditions induce only marginal
precocious distalization. Therefore, | speculate that proximal morphologies may be
encoded as the default patterning information in fin ray tissue.

Caudal fin tissue remains receptive to TH signaling, as distal features can be
induced at any point during regeneration in a HypoTH context (peripheral-specific TH
activity maintains receptivity as well). The transcriptome is progressively distalized along
the proximodistal axis, with a myriad of genes showing TH-dependent proximodistal
differential expression, and | have not found evidence of a single downstream distalizing
agent. Likely, TH signaling stimulates a multitude of distalizing factors. Canonical TH
signaling acts through chromatin acetylation, so | believe interrogating the chromatin
landscape across the proximodistal axis and in different TH backgrounds will provide

further resolution of TH-induced patterning.
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