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Abstract 9 

Developmental psychobiology (DPB) is a sub-discipline of developmental biology 10 

investigating behavioral development. Regenerative biology is also a sub-discipline of 11 

developmental biology, studying how tissues and organs heal and regenerate after 12 

injury. One aspect of healing and regeneration is behavioral recovery, involving the 13 

nervous system and coordinated movements. Behavioral recovery is often a secondary 14 

measure in many regeneration studies, primarily focusing on molecular and cellular 15 

mechanisms. Integrating regenerative biology with DPB would provide a basis for 16 

behavioral research on regenerative systems as a separate biological question to 17 

increase our understanding of behavioral recovery and the underlying role behaviors 18 

can have on the regeneration process. Here, I introduce three general principles of 19 

DPB: probabilistic epigenesis, “development from,” and Tinbergen’s four questions. I 20 

elaborate on how these principles reveal gaps in our knowledge concerning 21 

regeneration.  22 

  23 
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Introduction 24 

Regenerative biology aims to understand how regenerative-competent animals 25 

regrow tissues and organs without scarring. For example, how does a salamander 26 

regrow a limb after amputation? After over a century of studies, we have made 27 

significant strides in understanding the processes underlying limb regeneration. 28 

However, we still face substantial gaps in our knowledge, such as understanding the 29 

recovery of limb behavior after injury. This is a crucial area of research, as 30 

understanding how behaviors recover after injury is essential for successfully applying 31 

regenerative biology in human medicine. Integrating developmental psychobiology 32 

(DPB) into regenerative biology could be crucial because functional 33 

recovery/regeneration is as necessary as structural recovery/regeneration. Support for 34 

this integration of disciplines is the focus of this manuscript. 35 

 36 

DPB is a subdiscipline of developmental biology that integrates psychology to 37 

understand how behaviors develop1–4. Some relevant research topics include the 38 

development of animal behaviors (e.g., bird song, courtship displays, social 39 

attachments, food preferences) and human behaviors (e.g., reaching, grasping, walking, 40 

language, and learning). To understand the development of these behaviors, DPB takes 41 

a systems approach. It investigates the contribution of physiological, biomechanical, 42 

and environmental processes underlying behavioral development. All contributing 43 

aspects of these three underlying processes hold equal weight and coact as a team, 44 

much like the area of a rectangular prism depends 100% on the length, width, and 45 

height. Traditional dichotomies from other fields, like gene-environment, innate-46 
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acquired, nature-nurture, and hardwired-plastic, are traditionally disparaged by DPB 47 

researchers. From the DBP perspective, the development of a phenotypic trait results 48 

from the contributions of various physiological, biomechanical, and environmental 49 

processes. The goal of DPB research is to identify and specify how each of these 50 

processes contributes to the developmental expression of any behavioral attribute/trait. 51 

This is an important perspective because DPB allows us to understand all processes 52 

involved during each developmental phase to understand the induction, transformation, 53 

and maintenance of any behavior. Of course, such research can be cumbersome. Thus, 54 

individual DPB scientists typically investigate subsets of these processes while 55 

acknowledging that other unstudied processes continue contributing to the development 56 

of the behavior.  57 

 58 

In this manuscript, I propose that general principles from DPB can help us 59 

understand how the regeneration of a vertebrate limb—or any other regenerative 60 

process—recovers function/behavior. Also, the perspective of DPB will focus attention 61 

on some ignored processes underlying regeneration because behaviors can play an 62 

active role in regeneration, similar to molecular and cellular signals. To elucidate the 63 

value of DPB for regenerative biology, I will describe three general principles from DPB: 64 

probabilistic epigenesis, “development to” versus “development from,” and Tinbergen’s 65 

four questions. I will briefly use each of these principles within the scope of DPB and 66 

then apply them to studies in regenerative biology to show their value in addressing 67 

some knowledge gaps. The aim of proposing the integration of DPB with regenerative 68 

biology is to stimulate research on these knowledge gaps to enhance our understanding 69 
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of regenerative biology and promote the successful application of regenerative biology 70 

in human medicine. 71 

Probabilistic Epigenesis 72 

Probabilistic epigenesis is a framework proposed by Gilbert Gottlieb5,6 that 73 

encompasses the coactional perspective employed in DPB. It was expanded and 74 

simplified from the developmental theories of the embryologist Paul Weiss7 and 75 

population geneticist Sewall Wright 8, among other DPB scientists like Zing-Yang Kuo, 76 

T.C. Schnierla, and Daniel Lehrman9. It begins with a critique of predetermined 77 

epigenesis, which states that DNA codes for RNA, RNA codes for proteins, proteins 78 

lead to structures, and structures lead to function, activity, or experience. Simply, DNA 79 

→ RNA → protein → structure → function. Instead of unidirectional effects, probabilistic 80 

epigenesis proposes bidirectional effects. Simply, DNA ↔ RNA ↔ protein ↔ structure 81 

↔ function. Thus, instead of a unidirectional view of DNA serving as a blueprint for 82 

structure and function, the bidirectional view proposes that functions, experiences, 83 

structures, proteins, RNA, and genetic activity interact equally to make a phenotypic 84 

trait. 85 

 86 

Modern molecular biology, epigenetics, and ecological developmental biology 87 

strongly support the coaction of multiple systems. They broadly indicate that each 88 

system is inseparable from the organism's development and directly affects one 89 

another. For example, incubation temperature affects sex determination in reptiles10, 90 

gravity affects body axis formation in Xenopus11, and monozygotic identical twins reared 91 
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apart can have significant phenotypic differences12. At the time, incubation temperature, 92 

gravity, and other normally occurring aspects of the environment were frequently 93 

neglected when considering the role of genetic activity. Thus, Gottlieb proposed that 94 

they should be incorporated into research on behavioral development. To do so, he 95 

provided a framework of probabilistic epigenesis (Fig. 1). Here, genetic activity, neural 96 

activity, behavior, and environmental influences have coactional effects on one another 97 

throughout an individual’s development. They each also have an equal effect on 98 

development. Thus, gene activity is equal to the role of the environment and behavior. 99 

Fig. 1 Bidirectional influences in probabilistic epigenesis and regenesis. This is a 100 

modified framework of the one proposed by Gilbert Gottlieb (2) that can be applied to 101 

regeneration. The asterisks denote that cellular activity and regeneration have been 102 

added to the original framework. Each factor of environment, behavior, neural activity, 103 

genetic activity, and cellular activity interact across individual development and 104 

regeneration. Note that development continues with a directional arrow. At the same 105 
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time, regeneration has a designated initiation from the injury (denoted by the circle) and 106 

an ending when regeneration is theoretically complete (denoted by a square). The listed 107 

factors are not exhaustive.  108 

 109 

Evidence of the probabilistic epigenesis framework already exists within 110 

regenerative biology. Much like development, the regenerating tissue uses DNA to 111 

make RNA to make proteins, make structures, and restore functions over time. 112 

Moreover, current biology recognizes that many external and internal factors can affect 113 

gene expression in a reciprocal, bidirectional, or coactional manner. The effect of 114 

crowding on zebrafish heart regeneration nicely demonstrates these reciprocal 115 

actions13. Zebrafish were exposed to one hour of crowding (i.e., ten fish per 250ml) daily 116 

for 30 days after ventricular cryoinjury to the heart. Only 30% of those exposed to 117 

crowding regenerated their hearts, while 100% of the control condition regenerated their 118 

heart. Thus, the environment has a direct effect on the regeneration of structures and 119 

subsequent functions (i.e., environment → structure and function).  120 

 121 

This failure to regenerate was linked to a two-fold reduction in cardiomyocyte 122 

proliferation. Follow-up studies with the stress hormone agonist dexamethasone 123 

suggested that increased levels of stress hormones were a driving factor in the reduced 124 

cardiomyocyte proliferation. Thus, the environment affected hormone release, altering 125 

cell proliferation during regeneration (i.e., environment → hormones → cell 126 

proliferation). RNA-sequencing analysis showed that three genes were downregulated: 127 

ankrd9, nr4a1, and igfbp1b. This demonstrated that the environment also affected gene 128 
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expression (i.e., environment → gene expression). Follow-up studies also suggested 129 

that the stressed zebrafish maintained proteins in the heart that were associated with a 130 

stress response14. The environment affected proteins, which later affected cell 131 

proliferation, etc. Overall, this research would support the bidirectional relationships 132 

between the processes underlying regeneration (i.e., DNA ↔ RNA ↔ protein ↔ 133 

structure ↔ function ↔ environmental experiences).  134 

 135 

While there are several reviews on the role of the environment and experiences 136 

on regeneration15–18, a common practice is to ignore or neglect their potential role. 137 

Probabilistic epigenesis—and the role of crowding on heart regeneration—suggests that 138 

the environment and social responses have an equal contribution to regeneration, such 139 

as gene expression, hormones, neural activity, etc. They are inseparable from one 140 

another. However, like many animal experiments19, studies on regenerative animals 141 

neglect the role of the environment by housing them in simple and standardized 142 

environments to minimize potential interactions with the study question. From a DPB 143 

perspective, this minimization is virtually impossible because each animal is an 144 

individual with its own unique experiences or environments across development20,21.  145 

 146 

For example, individual differences cannot be “removed” from an inbred mouse 147 

housed in a standardized environment. These differences include sporadic gene 148 

changes via mini-satellite variation, the individual in utero experiences depending on the 149 

sex of their neighboring littermates, individual nutrition from their mother after birth, and 150 

different social dominance statuses in adulthood22–26. These unique experiences 151 
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contribute to normal variability across a norm of reaction27,28, and this norm of reaction 152 

is central to understanding development and regeneration. Only housing animals in a 153 

standardized environment limits our understanding of that reaction norm to regeneration 154 

in a simple environment. Whether our whole understanding of regeneration applies to 155 

any other environment remains unknown. Thus, manipulating the environments and 156 

experiences of regenerative animals would provide insight into the mechanisms 157 

underlying regeneration. Moreover, such research may help us fine-tune variables to 158 

improve regeneration outcomes in our research and clinics. 159 

 160 

Another example of the importance of a probabilistic epigenesis perspective on 161 

regenerative biology concerns the role of biomechanical experiences on skeletal 162 

development. Classic studies in embryology paralyzed chick embryos during 163 

development and found improper joint development with bone fusions29,30. This 164 

paralysis was linked to differences in gene expression of mechanosensitive signaling 165 

pathways like Wnt, Bmp, and Hippo31,32. Thus, the movement of joints and limbs can 166 

affect bone development and likely regeneration.  167 

 168 

This is further demonstrated by recent work in ecological developmental biology 169 

on the fin or “limb” development of Polypterus fish reared in aquatic or terrestrial 170 

environments33,34. Polypterus can survive on land as “tetrapods” or in water as fish, and 171 

they will move differently depending on the environment they are reared in. When 172 

reared on land, they intermittently pick up their nose and significantly twist their body 173 

back and forth while walking. However, when swimming, they keep their nose level, and 174 
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their body will only slightly side to side. These differences in biomechanical forces (e.g., 175 

significant twisting vs. slight movements side to side) across development contribute to 176 

differences in the development of their skeletal system. For example, Polypterus, raised 177 

in a terrestrial environment, had more narrow and elongated bones in the fins and 178 

pectoral girdles. This illustrates the importance of mechanical loading and 179 

environmental experiences on bone development. Whether similar effects are present in 180 

bone and joint regeneration remains unclear, but imperfect skeletal morphologies occur 181 

in salamander limb regeneration, and the specific regulators remain unclear35–38. 182 

 183 

In summary, like development, the processes underlying regeneration coact with 184 

one another across regeneration in a form of probabilistic re-genesis. These processes 185 

traditionally include DNA, RNA, proteins, cells, the immune system, etc. However, they 186 

should also include behavior, environmental experience, and biomechanical processes 187 

and consider the inseparable nature of all underlying systems across regeneration (Fig. 188 

1). Recent reviews on the environment and regeneration provide further examples15–18. 189 

However, these reviews often neglect these systems' coactional and inseparable 190 

nature. 191 

“Development to” versus “Development from” 192 

 Now, I would like to provide more details on what development in DPB means 193 

and apply this perspective to regeneration. DPB commonly describes its perspective on 194 

development as “development from” rather than “development to”39, or that 195 

development is “constructive” rather than “supportive”40 (Fig. 2). This originates from 196 
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Lehrman41,42 and Schneirla43, who discuss that the “innate-acquired” (or nature-nurture) 197 

dichotomy restricts our understanding of the role development. From a “development to” 198 

perspective, genes or heredity specifies a predisposition for a phenotype, and the 199 

environment supports the manifestation of that phenotype as it unrolls. This allows 200 

experiences or environments to be permissive or non-permissive (i.e., disruptive) to 201 

phenotypic development. For example, you either develop the typical gait for walking or 202 

some aspect of the environment disrupts gait development to be abnormal or 203 

pathological. The same could be said for structural development; you either develop a 204 

perfectly formed limb or some aspect of the environment disrupted limb development to 205 

be abnormal or pathological44. This is because natural selection has selected for a 206 

specific heritable gene that encodes the adaptive trait (e.g., a “normal” gait or a body 207 

plan). However, the “development from” approach follows the probabilistic framework, 208 

applying equal weight to all underlying factors constructing the phenotype across 209 

development. In this case, natural selection has selected for the entire coactional 210 

system, which includes adaptability and an unknown range of phenotypes (e.g., a range 211 

of gaits or limb formations). Indeed, natural selection can only operate when variability 212 

exists. Thus, phenotypes “develop from” a coactional system constructing the 213 

phenotypic trait across development, and this developmental trajectory is unique to 214 

each individual rather than everyone “developing to” an encoded trait.  215 

 216 
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Fig 2. A comparison of “Development to” and “Development from”. This is 217 

modified from Gottlieb’s “Roles of Experience”(2) to include a diagram of “Development 218 

to” and the “Norm of Reaction.” In the “Development to” section, an encoded trait 219 

symbolized by DNA unrolls in a permissive environment to allow for normative walking, 220 

or unrolls in a disruptive environment leading to pathological walking like “Uner Tan” 221 

Syndrome. In the “Development from” section, developmental trajectories are plotted 222 

across age on the x-axis depending on the relative high or low achievement on the y-223 

axis. First, there is induction, perhaps leading to spontaneous movements, which then 224 



13 

increase in coordination over time. Further experience from birth allows for more 225 

sensory experiences to facilitate the development of walking. Or a specific behavior 226 

(e.g., crawling) never transforms and is maintained. These walking behaviors are 227 

neither normative nor pathological but occur on a norm of reaction, as shown by the 228 

imaginary distribution of walking behavior from the green bell curve on the far right.  229 

 230 

While this perspective of “development from” is non-traditional, it reveals non-231 

intuitive and counter-intuitive influences on the development of a phenotypic trait. Thus, 232 

it will likely reveal non-intuitive and counter-intuitive influences on regeneration and 233 

behavioral recovery. To employ a “development from” perspective, Gottlieb5 and other 234 

DPB scientists39 suggested that individual experiences contribute to three 235 

developmental consequences: (1) induction, where experience is necessary to alter the 236 

expression of a trait; (2) facilitation, where experience regulates the rate of development 237 

for the expression of a trait; and (3) maintenance, in which experience sustains a trait in 238 

an individual’s repertoire. While experience can be difficult to categorize within the 239 

reality of the coactional system, induction, facilitation, and maintenance can have 240 

significant consequences on development.  241 

 242 

Studies on the development of walking illustrate the value of the “development 243 

from” perspective. For example, a “development to” perspective may assert that there is 244 

a set of genes for walking, demonstrated by the “primitive reflex” of stepping behavior at 245 

birth. The “primitive reflex” of stepping can be elicited in a newborn by supporting them 246 

under the arms and holding them upright, and they will make well-coordinated stepping 247 
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movements. As the baby develops, this reflex disappears and then reappears as 248 

walking—as the encoded program unfolds45. Environmental factors can support or 249 

disrupt the unfolding of this encoded program.  250 

 251 

In contrast, a “development from” perspective suggests there is no innate reflex; 252 

it is a manifestation of coordinating limb movements that continually transform due to 253 

sensorimotor experiences that normally occur and construct the phenotype across 254 

development. For example, walking in human infants can be induced to arrive earlier in 255 

development by daily facilitation with stepping practice, which also encourages longer 256 

durations of stepping before walking46. Thelen and colleagues also showed that the 257 

“primitive reflex” disappears because the limbs get heavier, causing stepping to 258 

manifest as kicking while lying on their back. Indeed, heavier babies have a later onset 259 

of walking than lighter babies47; ankle weights can decrease stepping, while submerging 260 

legs underwater increases stepping48; and a treadmill can help increase leg strength49. 261 

Thus, the “development from” perspective revealed the constructive and facilitative role 262 

of sensorimotor experiences on the transformations of air-stepping to kicking to crawling 263 

to walking.  264 

 265 

The role of stepping experience can also be seen when comparing cultures. 266 

Jamaican parents expected their infants to walk at ten months, and most began walking 267 

independently at ten months. English parents expected their infants to walk at 12.5 268 

months, while most began walking at 13 months50. Notably, a third of Jamaican infants 269 

skipped the crawling stage, compared to three out of 41 English infants. Also, several 270 
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Turkish families with “Uner Tan” syndrome walk on all fours. This abnormal style of 271 

walking is due to the maintenance of crawling behavior. A “development to” perspective, 272 

however, would assert that genetic mutations or factors of the environment did not 273 

support the normal unrolling of the encoded walking trait. They may also claim that 274 

quadrupedal walking is reminiscent of our evolutionary ancestors. However, careful 275 

behavioral analyses shows that crawling in “Uner Tan” syndrome is not similar to 276 

quadrupedal walking of our evolutionary ancestors51. Thus, the “development from” 277 

perspective revealed that different cultures create different environmental contexts for 278 

the development of walking behavior, altering the phases of facilitation and 279 

maintenance.  280 

 281 

This “development from” perspective can be directly applied to tissue 282 

regeneration and behavioral recovery to understand the underlying processes better 283 

and inform potential therapies. Consider limb regeneration in axolotls and newts. The 284 

entire limb can be amputated and then allowed to regenerate. It is well established that 285 

some molecular pathways associated with limb development are used during limb 286 

regeneration52. This can lead one to ask: Are developmental pathways associated with 287 

walking also involved in behavioral recovery after injury? It is established in mice and 288 

rats that walking begins in utero with spontaneous limb movements that begin to have 289 

coordination due to sensorimotor feedback and biomechanical restrictions of the uterine 290 

environment53,54. So, when do the regenerating limbs begin showing spontaneous or 291 

coordinated movement during regeneration? When is the onset of coordinated stepping 292 

after injury? Can this onset be manipulated via practice stepping, etc.? How does a 293 
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salamander behaviorally compensate for losing a limb and then continually recalibrate 294 

its nervous system as the limb regrows? Do biomechanical restrictions during 295 

regeneration affect the behavioral recovery of walking? What is the range of variability 296 

in the functional recovery of regenerated limbs? The answers to these questions remain 297 

unknown.  298 

 299 

One attempt to modify—or facilitate—the outcome of regeneration with behavior 300 

comes from a study on hindlimb regeneration in newts. One hindlimb of the newt was 301 

amputated mid-femur, and they were forced to walk on a wet surface 48 hours after 302 

amputation, for five minutes, twice daily, five days a week for eight months55. A naïve 303 

developmental psychobiologist may predict that this locomotor training would facilitate 304 

the recovery of stepping behavior. However, the newts with locomotor training had 305 

delayed regeneration and heterogenous digit formation. Thus, the experience of 306 

stepping, which could theoretically increase stepping recovery, also led to poor 307 

structural regeneration. The authors note that the friction of the wound epidermis with 308 

the ground did not disrupt limb regeneration. This study suggests that newts naturally 309 

adopt a set of behaviors (e.g., compensatory, maintaining, inductive, facilitative, etc.) 310 

that aid in the synonymous regeneration and behavioral recovery of the limb. 311 

Importantly, this study neglected the neural underpinnings and recalibration for the loss 312 

and subsequent regeneration of the limb (i.e., neuroplasticity).  313 

 314 

 315 
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These “regeneration from” questions can be applied to any regenerative system 316 

that requires behavior to be functional: the spinal cord and locomotion (e.g., swimming 317 

and walking), the skin and sensation, muscle and movement, the optic nerve and vision, 318 

the axolotl brain and memory, the planaria pharynx and eating, breathing of the lungs, 319 

etc. Research investigating the typical arrival of behaviors after injury and methods to 320 

induce, transform, and maintain the behaviors are essential for translating regeneration 321 

and maximizing behavioral recovery after injury. Such research in humans has proved 322 

successful in spinal cord injury56 and stroke57. This research should also exist on 323 

regenerative-competent systems and follow a “regeneration from” perspective.  324 

Tinbergen’s Four Questions, plus one 325 

When defining the aims and methods of ethology, Tinbergen developed four 326 

questions to serve as a roadmap for behavioral research58. The questions were derived 327 

from Thomas Huxley’s three major problems in biology: function, proximate causation, 328 

and evolution. Tinbergen added the fourth problem, or question, of ontogeny, and here I 329 

will add the fifth question of regeneration (Fig. 3). Each question should be examined 330 

separately as its own area of research. Answers to one question should not be answers 331 

to others. Once several questions are understood to an appreciable degree, they can be 332 

compared through discussion, and the answers can be integrated to understand the 333 

behavior further1,58. I will briefly expand on each question through examples of 334 

swimming behavior in fish since it is a common measure of behavioral recovery in 335 

regenerative biology59–61. 336 

 337 
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Fig 3: Summary diagram of Tinbergen’s four questions plus regenerative 339 

causation. See text for details. 340 

 341 

Biological and adaptive function question 342 

Functional questions about behavior can be divided into biological and adaptive. 343 

For example, in the case of fish, swimming's biological function is to propel the fish 344 

forward in the water62. To determine swimming's adaptive function, however, one must 345 

test whether differences in swimming behaviors have a consequence for individual or 346 

group survival and reproduction (i.e., fitness).  347 

 348 

Regenerative biologists attempting to understand the restoration of behavioral 349 

function after regeneration must recognize the biological and adaptive function of the 350 

behavior under investigation. Indeed, a fish might only recover their behavior if its 351 

biological and adaptive functions are fully restored. Determining the biological function 352 

of propelling forward is more or less straightforward because it does not matter how the 353 

regenerated fish swims forward, just that it does swim forward. Determining whether the 354 

adaptive function is restored, however, is more complex. One must understand what 355 

characteristics of swimming are adaptive. For instance, hydrodynamic thrust, fin 356 

kinematics, beats per second, peak beat velocity, etc. Each of these characteristics will 357 

have a phenotypic range for fitness. It is possible that the necessary evidence to 358 

determine the adaptive function of each characteristic in swimming is not yet 359 

understood. Until this is understood, regenerative biologists should at least compare the 360 
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behaviors of regenerated and uninjured animals from the same developmental stage. 361 

Each individual's behaviors before injury could also be recorded, but changes in 362 

behavior could be confounded by the time it takes to regenerate the tissue. In summary, 363 

studying the biological function alone is insufficient for determining whether the 364 

behavioral function is restored.  365 

Proximate causation question 366 

The proximate causation question addresses the immediate causes leading to 367 

the behavior. This would relate to both external and internal influences. For instance, a 368 

fish might swim forward to catch prey, escape from a predator, or during shoaling 369 

behavior, etc. This swimming also relates to internal hormone levels, neural processes 370 

preceding the onset of swimming or its maintenance, memory, and gene activation. 371 

Proximate causation questions comprise the majority of research in physiology and 372 

psychology in relation to behaviors. To the regenerative biologist, the proximate 373 

causation of a behavior is critical to understanding whether similar proximate causations 374 

continue to initiate or maintain the behavior, etc.  375 

Evolutionary history question 376 

Evolution or phylogenetic history questions address the phylogenetic causes of 377 

behavior that can be traced back several generations to determine its precursors. The 378 

phylogenetic causation question can also be helpful in comparative research to 379 

understand which precursors animals share with humans, for example.  380 

 381 
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Phylogenetic research on swimming nicely demonstrates the power of such 382 

research. Swimming behavior has a long evolutionary history, and we can start with 383 

lancelets or amphioxus, typically considered the oldest common ancestor of 384 

vertebrates63. Lancelets swim using the coordination of their spinal cord and waves of 385 

movement in their epidermal cilia64. They also swim in chains, attaching themselves to 386 

others in a long chain and swimming in unison65, and often swim backward to bury their 387 

tail in the sand66. As we progress through phylogenetic history, fish gain pectoral and 388 

dorsal fins and lose the epidermal cilia. Notably, cilia can be found in early development 389 

in some fishes, but that is related to ontogeny, which is a separate question67. Adding 390 

pectoral fins requires subsequent coordination of pectoral muscles in unison with side-391 

to-side movement seen in lancelets. Also, with pectoral fins comes the addition of 392 

mechanosensation on the fins, which varies with fin morphology to assist with swimming 393 

and the eventual evolution of walking68.  394 

 395 

As previously mentioned, some fish like Polypterus can walk in terrestrial 396 

environments and swim in aquatic environments using their pectoral fins. Here, different 397 

sensorimotor feedback alters the skeletal system and the coordination and development 398 

of the spinal cord and central nervous system. As animals continue to walk, they evolve 399 

hindlimbs from the pelvic fins69. In the hindlimbs, we have the mechanosensory 400 

feedback and coordination with the spinal cord observed in the pectoral fins or 401 

forelimbs. Eventually, mechanosensory systems take on a primary role in the forelimbs 402 

with the evolution of bipedal walking. Thus, simple movements of the spinal cord in 403 

lancelets contributed to the evolution of swimming in fish, giving rise to 404 
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mechanosensation in pectoral fins and the ability to walk on land, which later led to 405 

quadrupedal walking, and then bipedal walking—with an increase in forelimb 406 

mechanosensation.  407 

 408 

This phylogenetic history is essential to the regenerative biologist, especially 409 

when studying behavior. Specific structures, like pectoral fins, may not regenerate, and 410 

the fish may adopt more lancelet-like swimming—albeit likely without chain swimming. 411 

Also, insight into the behavioral recovery of swimming may provide insight into walking 412 

since swimming is an evolutionary precursor to walking, and they share neural, 413 

muscular, and skeletal systems.  414 

Ontogenetic history question  415 

The fourth question is ontogenetic history, addressing the causes of a behavior 416 

across an animal's lifetime. One can track all the antecedent events in an individual’s 417 

life (i.e., the life history) related to the behavior to understand the ontogenetic 418 

precursors of a behavior and how the behavior has transformed across development. 419 

This question relates back to the “development from” versus “development to” 420 

discussion. Thus, depending on the perspective, a behavior might have different 421 

ontogenetic causes.  422 

 423 

Like walking, spontaneous movements precede swimming behavior as a point of 424 

induction in swimming behavior. Spontaneous movements begin at 17 hours post 425 

fertilization (hpf), and their speed variably changes each hour70. At 21 hpf, the embryo 426 
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responds to sensory stimulation, suggesting that the system is open to sensorimotor 427 

feedback changes around this time. From here, swimming movements become more 428 

frequent and powerful across development70. Upon hatching, 48 hpf, zebrafish larvae 429 

swim infrequently in undirected “bursts” lasting several seconds to a minute. By four 430 

days post fertilization (dpf), swimming follows a slower “beat-and-glide” pattern, where 431 

the beats are almost half as frequent as the “burst” pattern71. As zebrafish enter the 432 

juvenile and adult stage, their swimming diverges from the “beat-and-glide” pattern to 433 

something more infrequent and continuous, traversing longer distances with each 434 

swimming bout72. This variable pattern can be expected since adult fish more readily 435 

respond to environmental changes such as turbulence73 and compensate for individual 436 

differences in body and fin size74. Some mutant zebrafish may also swim on their side, 437 

upside down, vertically, or have other anomalies75,76. As zebrafish get older, their ability 438 

to swim declines77. Understanding this ontogenetic process is important to understand 439 

the starting point of the behavior and locomotor system before the injury. It may also 440 

provide a model for the recovery of behavior, but again, that should be a separate 441 

question. 442 

Regenerative history question 443 

 The final question concerns regenerative history, addressing all the behavioral 444 

and neural changes that occur after injury and until the system is maintained to a point 445 

of recovery. Since the ontogenetic history question covers the entire lifetime of the 446 

animal, regenerative history is just a special question or period that exists within the 447 

ontogenetic period. In most cases, the animal is paralyzed immediately after injury. This 448 
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causes immediate and temporary changes to behavior and the neural underpinnings of 449 

the behavior as the animal compensates and recalibrates for the loss of function78,79. As 450 

axons regenerate into the regenerating tissue, behaviors return with spontaneous 451 

movement, transforming into coordination and behavioral recovery—as observed in 452 

spinal cord injury80. This pattern can be reminiscent of the original ontogenetic history of 453 

the behavior, similar to how regeneration follows some molecular signals associated 454 

with the molecular development of the regenerating structure. Notably, the regenerating 455 

adult's environment, the biomechanical interactions, and the time it takes to make the 456 

structure are markedly different from the embryo or neonate81. Thus, the morphological, 457 

biochemical, physiological, and behavioral mechanisms that occurred during 458 

development must be modified or suppressed during regeneration. This may result in a 459 

regeneration-specific adaptation that bears little to no resemblance to the original 460 

ontogenetic history. Once the regenerative history or regeneration-specific adaptation is 461 

understood, we may begin manipulating different aspects of the coactional system to 462 

modify the outcome and construction of regeneration and recovery.  463 

 464 

 To my knowledge, there don’t appear to be any good examples of the 465 

regenerative history of a regenerating structure that consider this perspective at the 466 

moment. As an initial starting point, research from DPB would suggest that we should 467 

consider how the degree of structural regeneration, environmental constraints, and 468 

neuroplasticity coact to affect behavioral recovery across the time required to 469 

regenerate the tissue (Fig. 4). Any changes to these four factors (structure, 470 

environment, neuroplasticity, or time) will directly impact behavioral recovery. For 471 
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example, delaying or increasing regeneration time will lead to differences in structural 472 

regeneration, altering environmental experiences and any changes in the brain (i.e., 473 

brain reorganization or neuroplasticity). It is important to first understand the “natural 474 

history” of regeneration from this perspective before empirically altering it since 475 

regenerative animals likely adopt novel behaviors or neuroplasticity to facilitate 476 

behavioral recovery.  477 

 478 

Fig 3: Initial framework for regenerative history research. Each circle represents 479 

either structural regeneration, the environment, or neuroplasticity. Each circle has a 480 

different area to illustrate different “degrees of x” (e.g., degrees of structural 481 

regeneration). The nexus of these circles is the degree of behavioral recovery. The time 482 

to regenerate is represented below the circles. As the animal regenerates, the area of 483 

the nexus, or intersection, will flux across regeneration time as the degree of each circle 484 

(i.e., the area) also changes. Understanding this triadic relationship across regenerative 485 
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time will be the firs step in understanding the regenerative history question in relation to 486 

behavioral recovery. 487 

Conclusion 488 

 Integrating DPB into regenerative biology provides new research questions on 489 

behavioral recovery after injury and the role of behavior in regeneration. A probabilistic 490 

regenesis framework will allow behavior to contribute equally with molecular, cellular, and 491 

environmental components to the processes underlying regeneration. A “regeneration from” 492 

perspective will help identify factors that induce, facilitate, or maintain behavioral recovery. 493 

Tinbergen’s four questions and the question of regenerative causation will also help us better 494 

understand behavioral recovery regarding the restoration of function and proximate causes, how 495 

behavioral recovery relates to the evolution and ontogeny of the behavior, and how behaviors 496 

specific to regeneration may arise. Since DPB and regenerative biology are both sub-disciplines 497 

of developmental biology and include a focus on behavior, their integration would likely promote 498 

significant advancements in each. 499 
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