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ABSTRACT 

 

Corticosterone Promotes Development of Cannibalistic Morphology and Inhibits Tissue 

Regeneration in Axolotls (Ambystoma mexicanum) 

 

Shawn MacFarlane 

 

Salamanders are capable of tissue regeneration throughout all life-stages, which requires the 

dedifferentiation of mature cells to regrow lost tissues. Dedifferentiation is promoted by 

degradation of the extracellular matrix by matrix metalloproteases, as well as lysosomal 

degradation of intracellular and cell-surface proteins that mark cells as part of a mature lineage. 

Salamanders are also capable of developing cannibalistic phenotypes, plastic traits that are elicited 

by environmental stressors that result in elevated circulating glucocorticoid (e.g., corticosterone) 

levels that underlie many fundamental adaptive changes in morphology. Interestingly, the direct 

effect of corticosterone on regeneration and the cannibalistic phenotype have yet to be examined. 

In the present thesis, axolotls (Ambystoma mexicanum) were exposed to exogenous corticosterone 

and 50% of the distal tail tissue was removed.  The effects of high corticosterone levels on matrix 

metalloprotease (MMP-2, MMP-9) and lysosomal acid phosphatase (LAP) activity were assessed; 

these are two classes of enzymes which are markers of extracellular matrix and intracellular 

remodeling during regeneration, respectively.  We found that elevated corticosterone levels 

inhibited tissue regeneration, by prolonging the dedifferentiation phase as indicated by increased 

LAP and reduced MMP-2 and MMP-9 activity.  Elevated corticosterone levels also promoted the 

cannibalistic morphology and this effect was strongest among smaller individuals.   
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Chapter 1: General Introduction 

 

Stress and General Physiological Responses to Stress: 

 

 The term stress describes the physiological state of an organism when encountering a 

stimulus perceived as being challenging or adverse (i.e., a stressor), which can include a variety of 

environmental cues (e.g., predators, resource limitation, temperature fluctuation, isolation).  

Perception of a stressor triggers a stress response, during which an organism incurs an energetic 

cost in order to execute behavioural and physiological strategies allowing them to cope with the 

stressor (Narayan, 2013).  The stress response is highly conserved among vertebrates and generally 

heightens physiological arousal (e.g., elevated metabolism, energy mobilization, heart rate, blood 

pressure, muscle tone), vigilance and memory formation, while temporarily inhibiting vegetative 

processes such as digestion and immunological function (Malisch & Breuner, 2010; Watson, 

Brüne, & Bradley, 2016).  

Once a stressor is perceived, the stress response is initiated, affecting the release of 

catecholamines from the sympathetic nervous system to prepare the body for flight or fight 

(Watson et al., 2016); concurrent with the release of the catecholamines is the activation of the 

hypothalamic-pituitary-adrenal (HPA) axis.  Activity of the HPA axis helps to initiate, maintain, 

and regulate physiological and behavioural responses mounted to cope with the stressor. 

Activation of the HPA axis begins with the release of corticotrophin releasing hormone (CRH) 

from the hypothalamus, which triggers the release of adrenocorticotrophic hormone (ACTH) from 

the anterior pituitary gland.  ACTH then triggers elevated glucocorticoid synthesis and release 

from the adrenal cortex (interrenal gland in amphibians), occurring just minutes following the 

initial perception of the stressor (Narayan, 2013).  The principal glucocorticoids released following 

HPA activity are cortisol in humans and corticosterone in amphibians. 
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Once corticosterone is secreted from the adrenal/interenal cortex, it may either remain 

unbound as “free” corticosterone, or associate with a corticosterone binding globulin (CBG), 

which promotes the retention of corticosterone in the blood stream (Breuner & Orchinik, 2002; 

Busillo & Cidlowski, 2013).  Free corticosterone can pass through the lipid bilayer of the cell and 

bind to cytosolic corticosteroid receptors (i.e., mineralocorticoid and glucocorticoid receptors; MR 

and GR, respectively).  Once bound by corticosterone, MR or GR dimers translocate to the nucleus 

and bind to glucocorticoid responsive elements (GRE) of DNA that control the transcription of 

genes related to processes such as ionic balance, metabolism, reproduction, and immunological 

function (Busillo & Cidlowski, 2013; Webster, Tonelli, & Sternberg, 2002).  High circulating 

levels of corticosterone act to supress HPA axis activity, via negative feedback, by inhibiting CRH 

and ACTH transcription (Iegler, 2002).  Negative feedback is mediated by the GR since the MR 

has a 10-fold higher affinity for corticosterone than does the GR.  Thus, the MR regulates 

corticosterone release during the typical diurnal cycle, whereas in times of higher corticosterone 

levels, the MR would be saturated, leaving corticosterone to bind to GR, to initiate negative 

feedback  (Juruena, 2014).  In addition to modifying transcriptional activity, free corticosterone as 

well as CBG and CBG-corticosterone complexes also affect cell function by binding to 

transmembrane receptors to alter transmembrane signalling (Breuner & Orchinik, 2002; Schoech, 

Romero, Moore, & Bonier, 2013) 

The behavioural and physiological responses brought about by increases in circulating 

corticosterone are generally considered beneficial when encounters with, or the effects of, a 

stressor are relatively acute.  However, bouts of chronic stress without appropriate physiological 

and behavioural coping responses may become detrimental to an organism as continuous 

physiological arousal and inhibition of the vegetative processes cause energetic deficits and 
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compromised health (Watson et al., 2016).  Immune functioning is an example of a vegetative 

process that can be inhibited by stress.  The trade-off between mounting an effective stress 

response and maintaining effective immunological competency is thought to occur as the 

immediate benefit to survival gained by mounting a stress response outweighs the temporary 

vulnerability to pathogens (Stier et al., 2009).  Unfortunately, this trade-off becomes less beneficial 

during bouts of chronic stress, as immunological function is continually supressed and potentially 

facilitates the onset of disease (Webster et al., 2002). 

Inflammation is a main feature of the immune response to either pathogens or general tissue 

damage.  The innate/non-specific immune response plays a primary role in the initiation of the 

inflammatory response, as antigen presenting cells such as macrophages detect pathogens or tissue 

damage and subsequently release inflammatory cytokines (Busillo & Cidlowski, 2013). 

Macrophages are typically the first immune cell activated following tissue damage, as they possess 

receptors that recognize molecules only found among damaged tissues.  Once bound, such 

receptors cause intracellular cascades that promote the synthesis and secretion of numerous pro-

inflammatory cytokines (Busillo & Cidlowski, 2013; Webster et al., 2002).  These cytokines are 

responsible for the recruitment, maturation, differentiation and proliferation of myeloid cells and 

lymphocytes that promote the proper regulation of the inflammatory response (Flaster, Bernhagen, 

Calandra, & Bucala, 2007). 

 The increase in circulating glucocorticoids during the stress response inhibits inflammatory 

responses via actions of the GR, which once bound to GREs prevent the release of pro-and anti-

inflammatory cytokines by inhibiting their transcription, while also inhibiting transcription of 

macrophagic receptors that detect tissue damage (Busillo & Cidlowski, 2013; Webster et al., 

2002).  Stress-induced elevation of corticosterone also inhibits inflammation as activated GREs 
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prevent the synthesis and secretion of proteins such as elastase, matrix metalloproteases (MMPs), 

and tissue plasminogen activators by macrophages and fibroblasts (Murawala, Tanaka, & Currie, 

2012).  Such proteins are responsible for the digestion and remodeling of the extracellular matrix 

(ECM), which is essential to create an environment that facilitates tissue repair (i.e., wound 

healing, tissue regeneration) (Murawala et al., 2012; Webster et al., 2002).  Conversely, 

mechanisms also exist which promote the immune response/inflammation in the presence of 

elevated corticosterone.  For example, lysosome activity hinders corticosterone-mediated 

immunological suppression as lysosomal peptidases within the lysosomes of antigen presenting 

cells modify the GR-corticosterone complex, preventing its binding to GREs (Ge, Li, Gao, & Cao, 

2015).  Additionally, lysosome activity is promoted by the MR, which is present in relatively high 

abundance among immune cells (Muñoz-Durango et al., 2015).  Therefore, corticosterone 

promotes lysosome activity at low levels through MR activation (i.e., MR saturation with little GR 

binding), and supresses lysosome activity at high concentration (i.e., MR and GR saturation) 

through GR activation (Tanaka et al., 1997).  

 

Amphibian Responses to Stress and the Role of Corticosterone 

 Environmental stressors trigger a number of plastic morphological and behavioural traits 

(i.e., traits which are induced when particular environmental cues are present) in larval amphibians 

(Maher, Werner, & Denver, 2013).  A common environmental stressor employed to assess 

phenotypic plasticity in amphibians is exposure to chemical cues associated with predation risk.  

In such experiments, prey species rely on olfactory sensation of water borne chemical cues that 

may originate from the predator and/or injured prey, as well as visual cues (if present) to detect 

the presence of a predator (Relyea, 2001).  Such cues generally reduce the activity of larval 
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amphibians (e.g., locomotion, foraging), thereby increasing the likelihood of survival by reducing 

risk of detection by prospective predators (Chivers & Hall, 1998; Davis & Gabor, 2014; Dayton, 

Saenz, Baum, Langerhans, & DeWitt, 2005).  Larval locomotion and feeding behaviors are 

reduced when exposure to predator cues are infrequent and fleeting (acute stress), however, this 

effect diminishes when predator cues are encountered frequently and persistently (chronic stress), 

as the risk of predation is outweighed by the threat of attrition (Davis & Gabor, 2015). 

In larval anurans and urodeles, acute predator stress generally produces more short-term 

behavioral and physiological effects whereas chronic predator stress (i.e., daily or persistent 

encounters throughout larval ontogeny) is more often associated with development of anti-predator 

morphology (Relyea, 2001; Van Buskirk & Schmidt, 2000; Yurewicz, 2004).  Anti-predator 

morphology includes increased tail fin width and decreased tail length (Hossie, Ferland-Raymond, 

Burness, & Murray, 2010; Maher, Werner, & Denver, 2013), which promote predator evasion and 

escape, given that large tail fin depths act to lure predatory strikes away from the body toward the 

non-vital collagenous tissues of the tail fin (Shaffery & Relyea, 2016). This antipredator 

morphology also allows larvae to develop more thrust during burst-swimming (evasion), which 

translates to increased escape efficiency, and possibly fitness (Chivers et al., 1998; Dayton et al., 

2005). 

 In addition to affecting amphibian morphology, chronic stress also affects body mass and 

growth rate.  Such changes may be mediated by the effects of corticosterone on appetite, given 

that high levels of corticosterone can increase metabolism (Wack et al., 2012) as well as suppress 

CRH activity (Crespi, Vaudry, & Denver, 2004), both of which may increase appetite.  However, 

larval amphibians may not always exhibit discernible changes in feeding behavior given the role 

that stressors can play on the activation and persistence of behaviours (Davis & Gabor, 2015). 
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Interestingly, the literature is currently inconclusive regarding the effects of stress on growth, as 

some report that predator cues decreased mass/growth rate over time (Maher, Werner, & Denver, 

2013; Van Buskirk & Schmidt, 2000) and others report no effect (Hossie & Murray, 2012; Relyea, 

2001; Schmidt & Van Buskirk, 2005).  Such discrepancy may be due to differences in experimental 

venue, study species, cue delivery schedules, food availability, and other conditions that are 

associated with a particular experiment.  

Exogenous corticosterone (CORT) has been used to elevate corticosterone levels in 

amphibians to demonstrate that corticosterone is a key effector of the stress response (Glennemeier 

& Denver, 2002; Maher, Werner, & Denver, 2013).  In such investigations the effects produced 

by CORT and natural stressors are compared to assess whether similar phenotypes are observed 

between treatments.  This is accomplished by adding CORT to rearing water to allow for passive 

diffusion of CORT from the water across the epidermis of the larvae.  Exogenous CORT delivery 

via rearing water has effectively demonstrated that CORT treatments mimic many of the 

morphological anti-predator responses produced by natural stressors (Glennemeier & Denver, 

2002; Maher et al., 2013).  This highlights the importance of corticosterone in the development of 

morphological responses to chronic stressors in a natural system.  Interestingly, similar to the 

effects of natural stressors on morphology, CORT treatment also has been shown to decrease body 

mass and growth rate (Belden, Moore, Wingfield, & Blaustein, 2005; Dahl, Orizaola, Winberg, & 

Laurila, 2012) although some studies have shown no effect (Belden, Wingfield, & Kiesecker, 

2010).  

Urodeles as a Model of Cannibalistic Phenotypes 

A cannibalistic morphology is elicited in response to stressors across a variety of 

salamander species.  Cannibalistic traits tend to develop in the presence of elevated conspecific 
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density, resident pond desiccation, and low prey abundance which promote intra- and inter-specific 

competition (Jefferson et al., 2014; McLean, Stockwell, & Mushet, 2016; Okada & Hasegawa, 

2007).  Both morphological and behavioural traits of cannibalistic phenotypes improve foraging 

success, which further increases overall fitness relative to non-cannibals (Jefferson et al., 2014). 

In larval Ambystoma, cannibalistic morphological traits are characterized by allometric growth of 

the head and jaw width as well as enlargement of vomerine teeth (Okada & Hasegawa, 2007).  As 

such, salamanders with cannibalistic traits are more efficient foragers than their non-cannibalistic 

counterparts, as they can consume a wider variety of prey items, including conspecifics, that would 

otherwise be unviable due to gape limitations.  This increased foraging efficiency often leads to 

drastic disparity between the overall body size of cannibals and non-cannibals, as cannibals acquire 

resources more efficiently and grow more rapidly (McLean et al., 2016).  The development of 

these traits reinforces cannibalistic behaviours, which has been confirmed by assessing the 

stomach contents of salamanders possessing cannibalistic and non-cannibalistic morphologies 

from natural populations (see Jefferson et al., 2014).  Although it has been shown that exposure to 

stressors promotes cannibalistic morphology, the relationship between corticosterone and the 

cannibalistic morphology has yet to be directly investigated.  

 

Principles of Tissue Regeneration  

 As vertebrates evolve, they frequently encounter numerous sources of tissue damage (e.g., 

pathological, physical, toxicological).  As such, all animals have some form of tissue repair 

mechanism that prevents infection as well as the loss of blood and fluids, and also acts to remove 

dead and devitalized tissues (Gurtner, Werner, Barrandon, & Longaker, 2008; Murawala et al., 

2012).  An effective repair mechanism can be considered as one that returns both proper form and 
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function to the damaged tissues (i.e. tissue regeneration), although this is not the norm across most 

vertebrate repair programs.  For instance, mammalian tissues, with exception of very few tissue 

types (e.g., hepatic tissues, the epidermis of the palms and soles of the feet), respond to damage by 

forming a fibrotic scar marked by a highly collagenous and acellular tissue matrix (Gurtner et al., 

2008).  The process of fibrotic wound healing begins with inflammation that is triggered by 

activation of tissue macrophages (Busillo & Cidlowski, 2013; Webster et al., 2002), which 

promote the recruitment of pro-inflammatory macrophages to the wound site (Gurtner et al., 2008). 

Macrophages play a role in initiating the second phase of wound healing—tissue reformation—by 

persistently secreting transforming growth factor beta (TGFβ) which causes fibroblasts at the 

wound site to differentiate into myofibroblasts.  Myofibroblasts then act to close the wound and 

work in concert with fibroblasts to lay down the highly collagenous extracellular matrix (ECM) 

that is typical of scar tissue (Gurtner et al., 2008; Murawala et al., 2012).  Fibroblasts also secrete 

keratinocyte growth factor (KGF), which promotes the recruitment of keratinocytes to the wound 

periphery, initiating re-epithelization to seal the wound.    

Interestingly, wound healing still occurs in tissues where macrophage activity has been 

ablated, although it occurs at a much slower rate and produces less fibrotic scar tissue (King, Neff, 

& Mescher, 2012).  This implicates macrophages in the production of fibrotic scars, as they 

activate the myofibroblasts responsible for collagen deposition.  Interestingly, myofibroblast 

activity does not occur during early embryological development, despite a pulsatile release of 

macrophagic TGFβ shortly after tissue damage (Murawala et al., 2012).  The lack of myofibroblast 

activity in this case grants mammalian fetuses and larval amphibians (i.e., during the first two 

trimesters in humans and premetamorphic larval stages in anurans) the capacity for both scar-free 

wound healing and limited tissue regeneration (Gurtner, Callaghan, & Longaker, 2007; King et 
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al., 2012).  Scar-free wound healing and tissue regeneration are similar processes that employ 

many of the same cell types and signalling molecules responsible for fibrotic wound healing 

(Murawala et al., 2012).  The focus of this thesis is on tissue regeneration in urodeles that, unlike 

their anuran relatives, possess the capacity for tissue regeneration not only during their larval 

stages, but throughout all life stages. 

Axolotls (Ambystoma mexicanum) are commonly used to study the process of regeneration, 

a process which occurs in four stages following tissue injury: (i) wound healing/re-

epithelialization, (ii) dedifferentiation of mature cells to form a pool of pluripotent progenitor cells, 

(iii) blastema (a mass of pluripotent/multipotent cells) formation through proliferation of 

dedifferentiated cells and resident stem cells, and (iv) differentiation of blastema cells to reform 

lost tissues (Makanae & Satoh, 2012; Murawala et al., 2012).  Much like in fibrotic wound healing, 

resident macrophages are initially activated by damage-associated molecular patterns, causing 

macrophagic release of proinflammatory cytokines.  Unique to regeneration is a pulsatile release 

of KGF and fibroblast growth factors 2 and 8 (FGF-2, FGF-8) from neurons at the wound site, 

which occurs concurrently with macrophage activation (Ju, Shin, & Kim, 2013; Murawala et al., 

2012).  The neurogenic release of FGF-2 prevents the differentiation of resident fibroblasts to 

myofibroblasts, while both FGF-2 and FGF-8 promote the release the collagenase class of matrix 

metalloproteases (MMP-2 and MMP-9) from macrophages and other leukocytes within the ECM 

(Murawala et al., 2012).   

The role of the collagenase class of matrix metalloproteases (i.e., MMP-2 and MMP-9) 

during regeneration is to prevent collagen deposition (i.e., formation of fibrotic scar tissue), while 

degrading pre-existing collagen fibers within the ECM throughout the dedifferentiation phase.  

Degradation of the ECM initiates numerous molecular processes that prime resident cells for 
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dedifferentiation and re-entry into the cell cycle (Lee, Ju, & Kim, 2012).  This dedifferentiation is 

pivotal for regeneration as it generates a pool of pluripotent pseudo-embryonic stem cells (pESC) 

of each germ layer (i.e., mesoderm, endoderm, ectoderm) which are necessary for later phases of 

regeneration (i.e., blastema formation, re-differentiation) (Satoh, Makanae, Hirata, & Satou, 2011).  

During dedifferentiation, collagenases and numerous other proteases degrade extracellular and 

cell-surface proteins that once marked a cell as a part of a mature lineage (e.g., making it a muscle 

cell as opposed to an endothelial cell), which promotes their transition to pESC (Ju & Kim, 2010; 

Ju et al., 2013).  The importance of macrophagic collagenase activity was shown by Godwin et al. 

(2013) who prevented axolotl limb regeneration by depleting macrophage activity at the wound 

side, which prevented dedifferentiation and produced a fibrotic scar.  As such, the degree of 

dedifferentiation can be evaluated by measuring activity of MMP-2 and MMP-9 through 

collagenase zymography.  Another commonly used marker of dedifferentiation is elevated 

lysosome activity within activated macrophages, fibroblasts, and mature cells that have begun 

dedifferentiation, as is indicated by lysosomal acid phosphatase (LAP) activity.  Lysosomes are 

highly active during dedifferentiation as they are responsible for degrading cells and cellular debris 

that are phagocytosed by macrophages following tissue damage, as well as for the degradation of 

intra-cellular and cell-surface proteins that once marked cells within the damaged tissues as part 

of a mature lineage (Ju & Kim, 2010).  

The function of LAP is the dephosphorylation of phosphomonoester substrates (e.g., 

glucose 6-phosphate, adenosine monophosphate, tyrosine phosphatases) and is believed to affect 

protein-protein interactions as it dephosphorylates phosphotyrosine residues (Ju & Kim, 2010; 

Suter et al., 2001).  Although the role of  LAP in regeneration is not yet fully understood (Ju & 

Kim, 2010), it is implicated in embryological development where it is upregulated during 
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cerebellar morphogenesis and is dynamically expressed during mid/hindbrain development in rats 

(Bailey, Rahimi Balaei, Mehdizadeh, & Marzban, 2013).  In tissue regeneration, LAP activity is 

drastically increased in macrophages, and is also detected among mesenchymal cells of the 

blastema and wound epithelium during the dedifferentiation phase (Ju & Kim, 2010; Lee et al., 

2012; Weiss & Rosenbaum, 1968).  Interestingly, Ju and Kim (2010) demonstrated that injection 

of lysosomal extracts into blastema tissues following amputation increased LAP activity, resulting 

in prolongated dedifferentiation and slower tissue regeneration.  

Numerous factors such as ambient temperature and the cross-sectional area of the plane of 

amputation/tissue damage may affect the rate of tissue regeneration (Voss, Kump, Walker, & Voss, 

2013).  To the best of our knowledge, it has yet to be determined how elevated corticosterone 

levels will affect the process of tissue regeneration in amphibians.  One possibility is that the 

immunosuppressive effects of glucocorticoids may inhibit tissue regeneration, as others have 

shown that macrophage depletion in axolotl regenerates prevents regeneration and promotes the 

formation of a fibrotic scar (Godwin et al., 2013).  Such macrophage depletion also reduced 

collagenase activity, suggesting that regeneration is hindered by insufficient degradation of the 

ECM (i.e., hindering initiation of the dedifferentiation phase).  Therefore, in the present study it is 

expected that exposure to CORT will inhibit macrophage activity prior to and during 

dedifferentiation, suppressing regeneration by reducing macrophagic MMP and lysosome (i.e., 

LAP) activity, and thus extracellular remodeling.  Dedifferentiation is also expected to be hindered 

by exposure to CORT as the GR-corticosterone complex inhibits lysosome activity among 

dedifferentiating cells within the damaged tissues, thus inhibiting the intra-cellular/cell surface 

remodeling necessary for dedifferentiation to occur (Belden & Kiesecker, 2005; Ju & Kim, 2010; 

Tanaka et al., 1997). 
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Hypotheses and Predictions: 

 

Hypotheses 

 1: Chronic administration of CORT in juvenile axolotls will affect: 

a) the development of cannibalistic morphologies, as indicated by allometric growth 

of the greatest head width. 

b) tissue regeneration following tail tissue amputation, as indicated by the 

regenerative growth rate of the tail following partial amputation. 

c) the dedifferentiation phase of tissue regeneration, as indicated by the activity of 

the collagenases, matrix metalloprotease 2 and 9, and lysosomal acid phosphatase 

in tail regenerates.  

 

Predictions 

 1: Chronic elevation of corticosterone levels will: 

a)  increase the allometric growth of juvenile axolotl head width (i.e., expression of 

cannibalistic morphology) over time.  

b) inhibit tail tissue regeneration rate in juvenile axolotl over time. 

c) inhibit dedifferentiation by reducing the activity of matrix metalloprotease 2 and 

9, and lysosomal acid phosphatase in the regenerates of juvenile axolotls. 
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Chapter 2: Corticosterone promotes development of cannibalistic morphology and inhibits 

tissue regeneration in axolotls (Ambystoma mexicanum). 

 

Introduction 

Environmental stressors like competition or predation risk elevate glucocorticoid hormones via 

activation of the hypothalamic-pituitary-adrenal (HPA; stress) axis (Cockrem, 2013; Maher, 

Werner, & Denver, 2013c; Patel et al., 2017),  increasing circulating glucocorticoid hormones 

(e.g., corticosterone), which play a role in a variety of behavioural, morphological and 

physiological responses to stress in animals, including amphibians (Chivers & Hall, 1998).  For 

example, acute exposure to predator stressors (e.g., perceived predation risk) can elicit changes in 

feeding activity and the use of structural cover by prospective amphibian prey, whereas prolonged 

exposure to stress, and therefore chronic elevations of corticosterone, can induce the expression of 

morphological traits (e.g., wider tail, brighter coloration) or alter developmental strategies to 

facilitate escape from predators or deter predatory attempts (Hossie, Ferland-Raymond, Burness, 

& Murray, 2010; Krain & Denver, 2004; Maher et al., 2013b; Shaffery & Relyea, 2016).  Larval 

salamanders are often used to model such stress-induced morphological and behavioral traits 

(Davis & Gabor, 2015; Yurewicz, 2004).  Salamanders, more specifically axolotl (Ambystoma 

mexicanum), are also used to study tissue regeneration as, unlike other vertebrates, they can 

regenerate most tissues throughout their lifetime (e.g., limbs, organs, including brain and spinal 

cord) (Murawala et al., 2012).  

The process of salamander regeneration occurs in four stages following tissue 

injury/amputation: i) Wound healing/re-epithelialization; ii) Dedifferentiation of mature cells to 

form multipotent progenitor cells; iii) Blastema (a mass of pluripotent cells) formation through 

proliferation of dedifferentiated cells and resident stem cells; and iv) Differentiation of pluripotent 
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cells to reform lost tissues (Makanae & Satoh, 2012; Murawala et al., 2012).  Macrophages are 

essential in the process of regeneration (Godwin & Rosenthal, 2014) owing to their role in 

phagocytosis, cytokine signaling, and the secretion of matrix metalloproteases (MMP)s that 

promote digestion of the extracellular matrix (ECM) throughout dedifferentiation and blastema 

formation (Godwin et al., 2013; Makanae & Satoh, 2012).  Activity of the collagenase class of 

MMPs (e.g., MMP-2 and MMP-9) are upregulated at the site of injury during dedifferentiation and 

blastema formation and are integral to axolotl limb regeneration (Godwin et al., 2013; Ju et al., 

2013; Lee et al., 2012).  Given that the immunosuppressive effects of glucocorticoids are well 

established (Busillo & Cidlowski, 2013; Patel et al., 2017; Webster Marketon & Glaser, 2008), 

and include inhibition of macrophage activation and recruitment (Busillo & Cidlowski, 2013; 

McKay & Cidlowski, 2003), it is possible that corticosterone may hinder regeneration by 

supressing macrophage activity in the early phases of regeneration and, therefore, hindering 

extracellular matrix remodelling by reducing MMP-2 and MMP-9 activity levels.  

 Regeneration shares many of the molecular mechanisms that are common among processes 

such as limb development (Milaire, 2003), morphogenesis (Bailey et al., 2013), and amphibian 

metamorphosis (Ling & Lyerla, 1976), that involve the proliferation of undifferentiated cells that  

promote growth of new structures, and subsequent cellular differentiation to promote development 

of function among newly grown tissues (Kishida, Tezuka, Ikeda, Takatsu, & Michimae, 2015).  

During regeneration, pools of undifferentiated cells arise through dedifferentiation of existing 

tissues, which is promoted by lysosomal degradation of intracellular and cell surface proteins 

among dedifferentiating cells (Ju & Kim, 2010; Ju et al., 2013).  Lysosomal acid phosphatase 

(LAP) activity is commonly used to quantify lysosome activity and is considered as a marker of 

dedifferentiation, where its activity is initially localized to macrophages and subsequently among 
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dedifferentiating mesenchymal cells of the blastema and wound epithelium (Ju & Kim, 2010; 

Weiss & Rosenbaum, 1968).  Thus, in addition to affecting ECM remodeling by macrophagic 

collagenases as previously mentioned, the immunosuppressive properties of corticosterone may 

also hinder regeneration by suppressing macrophagic phagocytic activity and, therefore, 

macrophagic lysosome activity during dedifferentiation.  Elevated concentrations of corticosterone 

are also known to directly suppress lysosome activity through the actions of the glucocorticoid 

receptor (Ge et al., 2015; Tanaka et al., 1997).  Therefore, corticosterone may also suppress 

regeneration by inhibiting lysosome activity among the cells of the wound epithelium and 

mesenchymal cells of the developing blastema, in addition to simply inhibiting macrophage 

activity (Ge et al., 2015; Tanaka et al., 1997).  Inhibition of lysosome activity in such a way would 

hinder intracellular and cell surface protein remodeling among dedifferentiating cells (Ju & Kim, 

2010), slowing and prolonging dedifferentiation.  

We are not aware of previous work directly examining how corticosterone affects 

amphibian regenerative rates.  However, recently Sallin and Jaźwińsk (2016) demonstrated that 

acute stressors (heat shock and crowding) elevated plasma cortisol (a stress hormone analogous to 

corticosterone in amphibians, see Cockrem, 2013) in adult zebrafish (Danio rerio), which 

promoted the formation of fibrotic scars rather than regenerative blastema, thus impeding heart 

regeneration.  Interestingly, fibrotic scars typically result from imperfect wound healing in humans 

and other mammals, whereas many amphibians have the capacity for scar-free wound healing—a 

process similar to regeneration (Godwin & Rosenthal, 2014).  In a related study, Thomas and 

Woodley (2015) demonstrated that corticosterone slows scar-free wound healing in dusky 

salamanders (Desmognathus fuscus), suggesting that corticosterone may have similar effects on 

tissue regeneration, given its similarity to scar-free wound healing.  
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In addition to influencing tissue regenerative rates, corticosterone also can affect normal 

growth and development of an animal which, as in the growth of a regenerate, are reflected in the 

proliferation of undifferentiated cells and the formation of functional tissue through differentiation, 

respectively (Chivers & Hall, 1998; Kishida et al., 2015).  Amphibians exhibit several plastic 

morphological traits that arise through specialized growth and development in response to 

particular environmental stressors (Bennett et al., 2016; Maher et al., 2013).  One such phenotype 

is the cannibalistic morphology exhibited by larval salamanders of the genus Ambystoma, which 

is observed in association with high conspecific density, pond desiccation, or low food abundance 

(Jefferson et al., 2014; McLean et al., 2016; Okada & Hasegawa, 2007).  Salamanders adopting a 

cannibalistic morphology reportedly undergo allomeric growth of their head and mouth parts, and 

typically have larger bodies than are seen in their non-cannibalistic counterparts (McLean et al., 

2016).  Thus, under challenging conditions, salamanders with cannibalistic traits maximize 

foraging as they have access to prey, including conspecifics, that otherwise would not be available 

for consumption due to gape limitation experienced by non-cannibals.  It follows that higher food 

intake among cannibals leads to increased body size (Jefferson et al., 2014) and likelihood of 

survival (Hokit, Walls, & Blaustein, 1996).  Notably, the same stressors that elicit cannibalistic 

morphology in salamanders also elevate corticosterone in anuran tadpoles (Glennemeier & 

Denver, 2002; Reeve, Crespi, Whipps, & Brunner, 2013), although the relationship between 

corticosterone and cannibalistic morphology in salamanders has yet to be investigated. 

In this study, we assessed how stress-like levels of circulating corticosterone affect tissue 

regeneration and cannibalistic morphology in axolotls. We predicted that, because of the 

immunosuppressive effects of corticosterone and the importance of macrophage activity early in 

regeneration (Godwin et al., 2013), tissue regeneration would be inhibited by exposure to stress-
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like levels of circulating corticosterone.  We also predicted that suppressed tissue regeneration will 

be associated with decreased MMP and LAP activity, suggesting that tissue regeneration is 

hindered by insufficient dedifferentiation.  Finally, we predicted that exogenous CORT treatment 

would promote development of cannibalistic features, given that environmental stressors causing 

development of such morphologies tend to be associated with higher corticosterone.   

 

Methods 

Husbandry: 

 All procedures performed herein involving animals were reviewed and approved through 

the institutional review process of Trent University’s Animal Care Committee. Axolotl broods 

from three unique breeding pairs were obtained from the Ambystoma Genetic Stock Center 

(Kensington, Kentucky, USA) and housed separately in 10.0 L aquaria containing 4.0 L of 

modified 40% Holtfreter’s solution (ozonated river water, 5.90 mM NaCl, 670 µM KCl, 760 µM 

CaCl2, 832 µM MgSO4; mHolt) at 15-19°C.  Twenty percent water changes were performed on 

alternate days, with broods being inspected twice daily and newly-hatched larvae removed and 

housed individually in 400 mL mHolt in 500 mL containers.  Enrichment consisted of two large 

sterilized stones and a refuge (i.e., inverted, halved, sterilized, plastic flower pot holder). Each day, 

axolotls were fed 2.5 mL of brine shrimp (Artemia franciscana) nauplii reconstituted in mHolt. 

After 21 days of experimentation (14 days following tail ablation, see below) enclosure volume 

was increased to 2.0 L mHolt within 8.0 L aquaria. Once axolotls were introduced to larger 

enclosures, sinking cichlid food pellets (Aqueon®) were provided daily, while brine shrimp were 

provisioned on alternate days. Experimental manipulations (i.e., introduction to chemical 

treatment, see below) began 10 weeks following hatching.  This corresponded with axolotls 
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reaching 7.34 ± 0.34 cm (Mean ± SE), which allowed us to obtain sufficiently large tissue 

regenerates for individual molecular assays.  

Treatment: 

 Axolotls from each brood were randomly assigned to one of two treatment groups: i) 125 

nM corticosterone (Sigma, 27840) dissolved in mHolt and 0.008% ethanol (CORT), and ii) mHolt 

and 0.008% ethanol in the vehicle control (VEH).  The CORT concentration was chosen because 

it produces tissue corticosterone concentrations that correspond to natural stress levels in 

amphibians (Belden & Kiesecker, 2005; Glennemeier & Denver, 2002; Maher et al., 2013). 

Treatment water was replaced on alternate days, where treatment continued for the entire duration 

of the investigation.  

Tail amputation: 

 One week following exposure to CORT or VEH, axolotls were immersed in anesthetic 

solution containing 0.02% w/v benzocaine, 0.02% w/v NaOH, and 0.05% ethanol, pH = 7.0 (Voss, 

Kump, Walker, & Voss, 2013) until loss of equilibrium—the ability to self-right—was exhibited 

(approx. 6 minutes).  Anaesthetized axolotls were transferred to mHolt to allow deeper anaesthesia 

(i.e., unreactive to physical stimuli).  Anaesthetized axolotls had 50% of their tail tissue amputated 

(as determined by measuring from the proximal to distal ends of the tail) along the ventral/dorsal 

axis. Amputated tail tissues were rinsed with deionized water and preserved by flash freezing.  

Tail-amputated axolotls were placed in fresh mHolt containing appropriate enclosure water (i.e., 

CORT of VEH) for a ten-minute recovery period, then returned to their respective enclosures.  

Data Collection and Analysis: 

 Mass and dorsal morphology (see below) were recorded seven days pre-amputation (-7 

Dpa), 12 hours post-amputation (0 Dpa), 7, 14, 21, and 28 Dpa. Tissue corticosterone 
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concentrations, matrix metalloprotease activity, and lysosomal acid phosphatase activity were 

measured at 0, 7 and 14 Dpa (i.e., after 7, 14, and 21 days of CORT or VEH exposure).  The 

experiment began with 35 axolotls per treatment group, with 10 individuals per treatment group 

being euthanized by submersion in a solution of 1.0 % w/v benzocaine, 0.02% w/v NaOH, and 

0.05% ethanol, pH = 7.0 for tissue collection at both 7 and 14 Dpa (amputated tail tips provided 

tissues on the day of amputation).  These days were chosen because LAP (Ju & Kim, 2010) and 

MMP (Ju et al., 2013; Lee et al., 2012) activity should peak by 7 Dpa and return to baseline by 14 

Dpa.  

Sample Collection and Radioimmunoassay:  Tissue samples were collected by truncating 

newly-regenerated tissues for use in matrix metalloprotease (MMP) zymography and lysosomal 

acid phosphatase (LAP) assays.  Additional distal tail tissues proximal to the regenerates were 

collected for CORT analysis.  All collected tissues were flash frozen and stored at -80°C.  Tissue 

homogenization for corticosterone analysis followed procedures outlined by Bennett et al. (2016); 

briefly, axolotl tail tissues were thawed on ice, submerged in de-ionized water in a 1:2 w/v ratio, 

and homogenized.  Methanol was added to homogenates in a 1:2 w/v ratio prior to sonication. 

Dichloromethane extraction and corticosterone radioimmunoassay were conducted (see Bennett et 

al. 2016). The intra and inter-assay coefficient of variation were 6.8% and 8.8%, respectively.  

Zymography and LAP Assays:  Tissues were homogenized as outlined by Ju, Shin, & Kim 

(2013). Briefly, tissues were thawed and submerged in ice-cold homogenization buffer (500 mM 

Tris–HCl {pH 7.0}, 1.0% Triton X-100, 200 mM NaCl, 10 mM CaCl2) prior to homogenization. 

Homogenates were centrifuged at 12,000xg for 20 minutes and supernatants were collected and 

assayed for total protein content using the Bio-Rad DC™ Protein Assay.  Gelatin zymography 

followed closely Frankowski et al. (2012) where samples of 20 µg total protein were run in 
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duplicate on a zymographic gel, with 7-10 samples per group from each time point, using 2.0 ng 

recombinant MMP9 (Sigma-Aldrich; M8945) and 8.0 ng recombinant MMP-2 (Sigma-Aldrich; 

SRP3118) standards.  Gel images were analyzed by densitometry, using ImageJ “Gels” function 

(Schindelin et al., 2012).  Intra- and inter-assay coefficients of variation for MMP92 were 10.4% 

and 14.7%, respectively.  The intra- and inter-assay coefficients of variation for MMP9 are 11.2% 

and 13.8%, respectively.  Lysosomal acid phosphatase assays were accomplished by measuring 8-

10 samples per group at each time point using an AbcamTM Acid Phosphatase Assay Kit 

(Colorimetric).  Lysosomal acid phosphatase activity was calculated for each sample as the 

difference in activity between total acid phosphatase and tartrate resistant acid phosphatase.  

Regenerative Rate: Lateral-view photographs of axolotls were taken on a scaled grid at 0, 

7, 14, 21 and 28 Dpa.  Lateral photographs were analyzed following Voss et al. (2013), where Fiji 

(i.e., image analysis software, see Schindelin et al., 2012) was used to draw and determine the area 

of a polygon encompassing the entire tissue regenerate and measure the width of the tail adjacent 

to the plane of amputation.  Regenerative rates were then calculated as the difference between the 

area of the tissue regenerates from 0-7, 7-14, 14-21, and 21-28 Dpa.  

Mass & Dorsal Morphology:  Excess water was removed from the axolotls prior to 

weighing by placing each axolotl atop a sieve.  Dorsal photos were taken using a top-mounted 

DSLR camera against a scale grid background.  The “Lines function” in ImageJ measured distance 

from the left and right lateral aspects of the skull corresponding with the greatest head width 

(GHW) (McLean et al., 2016).  Head length (HL) consisted of the distance from the snout to head-

trunk junction; GHW was corrected for relative head size by treating HL as a covariate (i.e., results 

were qualitatively similar whether body mass or body length was a covariate; however, HL was 

chosen because of its stronger association with GHW).  Given that allometric increases in head 
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width are associated with cannibalism (McLean et al., 2016), we considered corrected GHWs as 

representative of cannibalistic morphology. 

Statistical Analyses: 

Axolotl body mass was log-transformed and analyzed using a linear mixed-effect model 

(LMEM), treating time and treatment group as fixed effects, and individual being nested within 

brood as random effect.  Rates of tissue regeneration and GHWs were log-transformed and 

analyzed similarly to body mass, while also including tail width and head length as covariates, 

respectively.  MMP and log-transformed LAP activity and log-transformed corticosterone 

concentrations were analyzed by LMEM, with time and treatment group as fixed effects and brood 

as a random effect.  Statistical significance was further explored with Tukey’s HSD post hoc tests 

for comparisons of multiple means, using the “lsmeans” function in R library (Lenth, 2016). We 

conducted LMEM in R (R Developement Core Team, 2010; see Bates, Mächler, Bolker, & 

Walker, 2014) and extracted F-values using “pamer.fnc” in R library 

(LMERConvenienceFunctions; see Tremblay & Ransijn, 2015). 

 

Results 

Tissue Corticosterone Concentrations: 

 Chronic treatment with exogenous CORT increased axolotl tissue corticosterone 

concentrations by 108.6% (95% CI: 87.4%, 129.8%) compared to VEH controls (F2, 56 = 66.38, P 

< 0.001).  However, tissue corticosterone concentrations in both CORT- and VEH-treated axolotls 

decreased with time, with concentrations among both CORT- and VEH-treated axolotls at 0 and 7 

Dpa being 67% (95% CI: 35%, 100% and 64% (95% CI: 33%, 96%) higher than those measured 
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at 14 Dpa, respectively (F2, 56 = 10.38, P <0.001; pairwise comparisons: t56
 = 5.11, P < 0.001 and 

t56
 = 4.89, P < 0.001, respectively, Fig. 1).  

Lysosomal Acid Phosphatase and Matrix Metalloprotease Activity:  

 Lysosomal acid phosphatase activity decreased following tissue amputation, regardless of 

treatment condition (F1, 53 = 21.218, P < 0.001); LAP activity in non-regenerative tissue at 0 Dpa 

was 58.0% (95% CI: 31.6%, 84.4%) and 60.7% (95% CI: 34.7%, 86.7%) greater than in the tissue 

regenerates collected at 7 and 14 Dpa, respectively (pairwise comparisons of differences: 0-7 (t53 

=5.43, P < 0.001), and 0-14 (t53 =5.74, P < 0.001), Dpa).  Exposure of axolotls to chronic CORT, 

increased LAP activity in regenerating tail tissue (F1, 53 = 8.909, P = 0.004, Fig. 2a), where on 

average, LAP activity in tail regenerates was 25.2% (95% CI: 7.7%, 42.7%) higher in the CORT 

treatment.   

 Matrix metalloprotease 2 activity in regenerating tail tissues of axolotls exposed to chronic 

CORT did not differ from pre-amputation values, whereas MMP-2 activity in VEH-treated 

axolotls was significantly higher than the pre-amputation value at 7 Dpa and returned to levels 

similar to those pre-amputation by 14-Dpa (F2, 43 = 7.454, P = 0.002; pairwise comparisons of 

differences: 0-7 (t41 = 3.07, P = 0.041), and 7-14 Dpa (t43 = 3.92, P = 0.004); Fig. 2b).  MMP-2 

activity in the CORT treatment was lower than VEH controls at 7 Dpa (t41 = 4.77, P < 0.001), no 

differences were detected between treatment groups at 0 and 14 Dpa.  

 The activity of MMP-9 followed a similar pattern as MMP-2 activity, where MMP-9 

activity following amputation also did not differ from pre-amputation values with CORT 

treatment, whereas activity varied with time among controls (F2, 43 = 9.500, P < 0.001, Fig. 2c) 

such that MMP-9 activity reached its peak at 7 Dpa and decreased to baseline levels from 7-14 

Dpa (t43 = 4.96, P < 0.001).  MMP-9 activity in the CORT treatment was lower than VEH-treated 
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axolotls at 7 Dpa (t41 = 4.24, P = 0.001); no differences were detected between treatment groups 

at 0 and 14 Dpa. 

Regenerative Rate:  

Regenerative rate increased over time (F3, 106 = 253.147, P <0.001), with axolotls having 

larger tail widths (measured 4.0 mm proximal of the plane of amputation) undergoing more rapid 

tissue regeneration (F1, 106 = 915.730, P < 0.001).  Overall, CORT treatment reduced the 

regenerative rate by 23.0% (95% CI: 11.5%, 34.5%) compared to controls (F1, 57 = 15.814, P < 

0.001, Fig. 3a).  

Cannibalistic Morphology and Body Mass:  

Cannibalistic morphology increased with exposure to CORT, as CORT-treated axolotls 

exhibited larger size-corrected GHWs after two weeks of chronic CORT exposure, as indicated by 

a time X treatment interaction (F1, 168 = 12.24, P < 0.001).  This interaction revealed that GHWs 

of CORT-exposed individuals did not differ from those of VEH-treated axolotls at -7 (t47 = 0.69, 

P = 0.495), 0 (t75 = 0.96, P = 0.339) or 7 (t46 = 1.16 P = 0.251) Dpa, although they were increased 

by 4.7% (95% CI: 1.6%, 7.7%), 3.9% (95% CI: 0.0%, 7.3%), and 7.5% (95% CI: 3.9%, 11.0%) 

relative to VEH at 14, 21 and 28 Dpa, respectively (pairwise comparisons: 14 (t46 =3.08, P = 

0.004), 21 (t60 = 2.30, P = 0.025), and 28 (t76 =4.12,  P < 0.001, Fig. 3b) Dpa).  The head length X 

treatment interaction revealed that axolotl with smaller head lengths which were treated with 

CORT exhibited the cannibalistic morphology (greatest head width: GHW) to a greater degree 

than their larger counterparts (i.e., a 1.0 cm increase in HL reduced GHW by 5.8% (F1, 160 = 5.054, 

P = 0.026); this pattern was not observed in VEH-treated axolotls).  Interestingly, when both body 

length and body mass were treated as covariates in place of head length similar results (i.e. positive 

effect of CORT on head width and CORT X covariate interactions) were observed, likely due to 
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the correlation between these three metrics.  This suggest smaller individuals treated with CORT 

express the cannibalistic morphology to greater degree than their large counter parts.  

In general, body mass increased over time, with CORT-treated axolotls showing greater 

mass 1-3 weeks following exposure to CORT as indicated by a time X treatment interaction (F5, 

156 = 2.490, P < 0.005).  Specifically, CORT-exposure increased mass by 7.3% (95% CI: 0.0%, 

1.5%), 11.3% (95% CI: 3.9%, 20.4%) and 11.4% (95% CI: 3.0%, 19.5%) relative to VEH-treated 

axolotls at 0, 7 and 14 Dpa, respectively (pairwise comparisons: 0 (t59 =1.76, P = 0.084), 7 (t59 = 

2.95, P = 0.0045), and 14 (t59 =2.73, P = 0.0081, Fig. 3c) Dpa).  Body mass was not affected by 

exposure to exogenous CORT at -7 (t59 = 1.10, P = 0.273), 21 (t59 = 0.27, P = 0.783) or 28 (t59 = 

0.83, P = 0.412) Dpa.  

 

Discussion: 

 As predicted, chronic exposure to exogenous CORT, at a concentration that has been 

shown to correspond to natural stress levels in anuran larvae (Glennemeier & Denver, 2002; Maher 

et al., 2013), elevated tissue corticosterone among CORT-treated animals compared to controls, 

and this difference remained despite the fact that whole body corticosterone concentration 

decreased in all treatment groups over time.  The origins of this temporal reduction in 

corticosterone levels is unknown, but it may result from endogenous mechanisms governing 

corticosterone levels during amphibian development.  Our finding that chronic elevations of 

corticosterone reduced tail tissue regeneration rates corresponds with other studies showing that 

stress hormones inhibit myocardial regeneration (Sallin & Jaźwińsk, 2016) and wound healing 

(Thomas & Woodley, 2015).  The broadly detrimental effects of glucocorticoids on regenerative 

function among vertebrates is likely due to the immunosuppressive effect of the glucocorticoids, 
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given the importance of macrophage recruitment and activity in the early phases of regeneration 

(Godwin et al., 2013).  Indeed, macrophage ablation prevents regeneration with corresponding 

reductions in MMP activity (Godwin et al., 2013; Ju et al., 2013; Makanae & Satoh, 2012).  

Therefore, elevated corticosterone in our study likely inhibited, but did not completely ablate, 

macrophage activity, given that CORT-treated axolotls retained their regenerative capacity. Future 

analyses are required to confirm that macrophage inhibition was responsible for the deficit of 

collagenase activity during supressed regeneration.  

Interestingly, we detected LAP, MMP-2, and MMP-9 activity in tail tissues on the day of 

amputation, which is atypical of non-regenerative tissues (Ju & Kim, 2010; Ju et al., 2013), but 

has been reported during growth, morphogenesis and metamorphosis (Bailey et al., 2013; Milaire, 

2003; Page-McCaw, Ewald, & Werb, 2007).  Therefore, LAP and MMP activity in tail tissue prior 

to amputation may have been detected as axolotls were actively growing their tail tissues at this 

time (unpublished data), given that growth requires proper maintenance of proliferating cells in an 

undifferentiated state (Kishida et al., 2015).  As expected, MMP activity peaked seven days post 

amputation among vehicle-treated controls, nearly doubling baseline values for both MMP-2 and 

MMP-9 (see. Ju et al., 2013).  However, there was no change from baseline MMP-2 or MMP-9 

activity among axolotl exposed to CORT, which corresponds with other studies showing that 

glucocorticoids inhibit MMP activity (see Chuang, Pearce, & Khorram, 2015; Yang et al., 2002). 

These findings suggest that elevated corticosterone levels inhibited regeneration specifically by 

inhibiting and prolonging the dedifferentiation phase (and therefore extracellular remodelling) 

through suppression of MMP activity.  

Interestingly, we observed that elevated corticosterone levels increased LAP activity across 

all time points, which was counter to our prediction.  Others have shown that corticosterone levels 
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that cause MR saturation with little GR binding promote lysosome activity, and that lysosome 

activity is only suppressed by very high corticosterone concentrations (i.e., both MR and GR 

saturation) (Ge et al., 2015; Tanaka et al., 1997).  Thus, in the present study, exposure to exogenous 

CORT at stressor-related levels (i.e., at levels where MR is saturated and there is moderate GR 

binding) also promoted lysosome activity and thus perhaps slowed regeneration by prolonging 

dedifferentiation.  Reduced regeneration rates have also been shown to occur in response to 

prolonged dedifferentiation when wound stumps are injected with lysosomal extracts (i.e., 

increasing lysosome activity; see Ju & Kim, 2010). 

The cannibalistic morphology in Ambystoma, previously shown to be promoted by 

environmental stressors in salamanders (Jefferson et al., 2014; McLean et al., 2016; Okada & 

Hasegawa, 2007), was directly induced by exposure to exogenous CORT at levels that mimic a 

stress response.  This clearly demonstrates that the resulting elevated whole-body corticosterone 

levels mediate this morphological response, and the fact that axolotl with smaller head lengths 

show more cannibalistic morphology compared to their larger counterparts suggests size-

dependent resource allocation into morphology.  It follows that future research should address 

whether cannibalistic morphology is dependent on the intensity of stress or perceived risk, or 

whether responses can be amplified by combining visual/olfactory predator cues and exogenous 

CORT treatment, thus providing context for the elevated corticosterone levels (see Alcaraz, López-

Portela, & Robles-Mendoza, 2015).  Also, exogenous CORT treatment in undamaged axolotls may 

provide insight into whether energetic costs of the regenerative process results in a caloric deficit 

that drives the exhibition of cannibalistic traits (see Wood, Marti, & Brodie, 2014), which would 

otherwise not be observed in intact axolotl.  



27 

 

 

 

Cannibalistic salamanders are often much larger than their non-cannibalistic counter parts 

as cannibalistic traits improve their ability to capture and consume prey (Jefferson et al., 2014; 

Kishida et al., 2015).  In the present study, body mass among CORT-treated axolotl increased after 

7 and 14 dpa (i.e., 14 and 21 days of CORT-exposure) relative to VEH, perhaps owing to increased 

food consumption as corticosterone increases metabolism (Wack et al., 2012) and appetite (Crespi 

et al., 2004), while also promoting a cannibalistic morphology that increases the efficiency of 

capturing prey (i.e., artemia nauplii) (see Kishida et al., 2015).  Interestingly, axolotl body mass 

beyond 21 days of CORT exposure did not differ from vehicle-treated control (also see 

Glennemeier and Denver, 2002).  This is likely attributed to introducing a non-ambulatory food 

source (i.e., food pellets) at 21 days of CORT exposure to accommodate the dietary requirements 

of growing axolotl, as the mass of all axolotl rapidly increased beyond this point (see Fig. 3).   

The fact that axolotls had equal body mass, but differential head width and regenerate area, 

suggests that there was a trade-off between tissue regeneration and development of cannibalistic 

morphology.  In this case, resource allocation appeared to favour development of the cannibalistic 

morphology over tissue regeneration, which may be beneficial in nature given that in environments 

laden with competitors, predators, or cannibals, individuals should avoid resource allocation 

towards regeneration of structures (e.g., tails) that may be further damaged by such stressors.  

Rather, resources should be invested into structures that will broaden potential prey types and 

further resource accumulation.  This is especially true as escape velocity (i.e., burst swim speed) 

was not affected by CORT and the resulting reduction in regeneration rate (unpublished data).  

In conclusion, our results demonstrate that elevated tissue corticosterone promotes 

development of the cannibalistic morphology in tail-ablated axolotls, and that this effect is more 

prominent in smaller individuals.  This suggests that environmental stressors inducing 
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cannibalistic morphology (e.g., elevated conspecific density, resident pond desiccation, low food 

abundance) likely do so via endogenous release of corticosterone associated with risk perception. 

Future research would benefit from a fixed diet that allows for quantification of food consumption, 

to better elucidate relationships among resource accumulation and allocation; regeneration rate, 

somatic growth and the cannibalistic morphology.  We also show that injured axolotls favour a 

cannibalistic morphology over tissue regeneration when circulating corticosterone levels are 

elevated.  Elevated corticosterone was shown to inhibit tissue regeneration by increasing LAP and 

reducing MMP activity in tissue regenerates, suggesting that CORT treatment prolonged 

dedifferentiation.  We acknowledge that our study could not identifying the cellular origins of the 

observed MMP and LAP activity (e.g., macrophagic, wound epithelium, blastema, neural tissues) 

given that our regenerate was completely homogenized.  Therefore, further research would benefit 

from immunohistochemical analyses of tissue regenerates to assess relative abundance of MMP-

2, MMP-9 and LAP to improve our understanding of the cellular origins of such activity.  This 

would allow us to confirm that corticosterone reduced regenerative rate by inhibiting macrophage 

recruitment and activity, and therefore dedifferentiation.  Such an approach also could identify the 

mechanisms underlying development of the cannibalistic morphology following CORT treatment, 

as development of this phenotype may have been prompted, in part, by modulation of MMP and 

LAP activity given their roles in growth and morphogenesis (Bailey et al., 2013; Page-McCaw et 

al., 2007).  
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Chapter 3: General Discussion and Future Directions 

 Both acute and chronic stressors increase HPA activity, resulting in the elevation of 

corticosterone which in turn affects behavioural and physiological responses. Many of these 

responses can also be elicited through treatment with exogenous CORT, at appropriate 

concentrations that elevate tissue corticosterone levels in a physiologically relevant manner. 

Therefore, interpretation of our results in terms of what may be physiologically relevant requires 

us to have knowledge relating to baseline tissue corticosterone levels for axolotls, as well as tissue 

corticosterone levels during times of stress.  The few studies that have examined corticosterone 

levels in axolotls have shown that baseline corticosterone levels are approximately 500 pg/ml 

whereas levels during induced metamorphosis (a time of significant physiological demand/stress), 

are as high as 5,000 pg/ml (Kloas, Reinecke, & Hanke, 1997; Kühn, De Groef, Grommen, Van 

Der Geyten, & Darras, 2004).  Even though we did not measure corticosterone from axolotl plasma 

(due to body size limitations), our findings regarding base-line corticosterone levels parallel those 

of Kuhn et al (2004) as CORT levels of our VEH-treated animals were on average 500 pg/g of 

tissue.  Given the similarity between our baseline corticosterone levels and those of Kuhn et al. 

(2004), it seems that 1.0 g of tissue and 1.0 ml of blood have similar corticosterone content among 

untreated axolotl. Regarding stress-induced corticosterone levels, we cannot definitively state that 

the nearly 3-fold elevation of tissue corticosterone (average: 1,450 pg/g) produced by exogenous 

CORT treatment in our study is within the physiological range of stressed axolotls as, to the best 

of our knowledge, no other studies have measured stress-induced CORT levels.  However, in 

comparison to other species, the nearly 3-fold increase in corticosterone levels among our CORT-

treated axolotl is well within the physiological range for amphibians exposed to natural stressors 
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(Bennett et al., 2016; Davis & Gabor, 2015; Maher et al., 2013; Ricciardella, Bliley, Feth, & 

Woodley, 2010).  

 This thesis has demonstrated that elevated corticosterone levels are associated with 

morphological and regenerative plasticity in axolotls.  The results presented demonstrate that 

elevated tissue corticosterone promotes cannibalistic morphologies in tail ablated axolotls (i.e., 

allometric increases in head width) and that this response is strongest in smaller individuals.  It is 

important to note that salamanders may exhibit changes in relative head width as part of their 

natural ontogeny, thereby making it difficult to distinguish between large individuals and those 

expressing the cannibalistic morphology (Okada & Hasegawa, 2007).  However, the positive effect 

of corticosterone on the cannibalistic morphology is clear from our findings, as elevated 

corticosterone produced more prominent increases in greatest head width among smaller 

individuals relative to larger axolotl, which was not observed among controls.  Additionally, the 

greatest head width of CORT-treated axolotl at 28 Dpa was greater than that of controls, whereas 

there were no differences in body mass between the two groups (i.e., elevated corticosterone 

increased head width without increasing body size).  Our findings could be further supported by 

replicating former studies showing that environmental stressors promote cannibalistic 

morphology, while also quantifying tissue corticosterone in cannibals an non-cannibals through 

time (Jefferson et al., 2014; McLean et al., 2016; Okada & Hasegawa, 2007).  This approach would 

confirm that corticosterone is also elevated in urodeles that develop the cannibalistic morphology.  

As mentioned above, our results indicate that the cannibalistic morphology is related to 

increases in corticosterone levels.  Although the present study examined this relationship only in 

tail-amputated axolotl, in a parallel study, we demonstrated that elevated corticosterone also 

produces this effect among tail-intact axolotl, and that the development of cannibalistic 
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morphology was greater in tail-intact axolotl compared to those who had their tails amputated 

(unpublished data).  As a result, intact axolotl likely have a significant advantage over their 

wounded counterparts, as they gradually become more efficient foragers given their uninhibited 

development of cannibalistic traits (McLean et al., 2016).  Additionally, rapid and uninhibited 

development of cannibalistic traits further benefit cannibals by increasing their ability to inflict  

damage to conspecifics during cannibalistic attempts, which increases their relative fitness by 

reducing intraspecific competition (Jefferson et al., 2014) and inhibiting development of 

cannibalistic morphology in other members of the population.  

The results from this thesis show that stressor-related levels of corticosterone induce 

cannibalistic morphology, while also negatively affecting tail regeneration rates.  This suggests 

that when axolotls are chronically stressed they face a trade-off between recovering structures that 

promote efficient burst swimming (i.e., escape behaviours) and the development of cannibalistic 

morphology that will increase foraging efficiency (Dayton et al., 2005; McLean et al., 2016). 

Favouring cannibalistic morphology over tissue regeneration in a stressful environment, such as 

one harbouring other predators (including conspecifics with cannibalistic tendencies), likely 

increases an individual’s fitness by preventing resources from being allocated towards 

regeneration of a structure which may once more become damaged during predation attempts. 

 In the present thesis, chronic elevation of corticosterone, to levels that are similar to those 

observed in stressed amphibians, was shown to inhibit tissue regeneration.  Similarly, exogenous 

corticosterone has been shown by others to inhibit scar-free wound healing in salamanders 

(Thomas & Woodley, 2015), while cortisol (an analogue to corticosterone) has been shown to 

inhibit myocardial regeneration—a class of imperfect regeneration—in fish (Sallin & Jaźwińska, 

2016).  Together the results of these studies suggest that the glucocorticoids have detrimental 
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effects on tissue repair programs among vertebrates.  The results of this thesis further identified 

mechanisms governing this effect by demonstrating that elevated corticosterone levels decreased 

collagenase (MMP-2 and MMP-9) activity and increased LAP activity, suggesting that 

corticosterone prolonged dedifferentiation, thus slowing regeneration.  It is likely, given the 

immunosuppressive effects of corticosterone (Busillo & Cidlowski, 2013), that CORT-treatment 

inhibited macrophage activity which resulted in the observed MMP activity (Godwin et al., 2013; 

Ju & Kim, 2010; Lee et al., 2012).  Future research would benefit from immunological (e.g., 

immunohistochemical) analysis of regenerates to quantify macrophage numbers and activity, 

allowing for confirmation of the origin of MMP and LAP during regeneration in the presence of 

elevated corticosterone.  Such an approach would confirm that corticosterone reduced regenerative 

rates by inhibiting macrophage recruitment and activation, while elevating LAP activity in 

mesenchymal cells of the blastema and cells of the wound epithelium.  This method may also be 

extended to assess the effects of CORT on immunological function by investigating the relative 

abundance of anti- and pro-inflammatory cytokines during dedifferentiation.  Additionally, the 

inhibitory effect of CORT could be further investigated by assessing the relative abundance of the 

fibroblast growth factors in early regeneration, as fibroblasts are essential for initiating and 

maintaining dedifferentiation (Flaster et al., 2007; Makanae & Satoh, 2012). 

Interestingly, we detected MMP-2, MMP-9 and LAP activity in the intact-tail tissues on 

the day of amputation, which is atypical of nonregenerative tissues (Ju & Kim, 2010; Ju et al., 

2013), but activities of which have been observed during processes related to growth, 

morphogenesis and metamorphosis (Bailey et al., 2013; Page-McCaw et al., 2007).  Therefore, the 

increased activity of these enzymes may have been related to morphological development of the 
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tail tissues prior to amputation, given that the tail tissues were undergoing morphogenesis related 

to increases in tail fin-depth at the time of amputation (unpublished data).    

 Finally, this research would also benefit from the use of natural stressors.  For instance, 

Alcaraz et al. (2015) have demonstrated that axolotl respond behaviourally (i.e., reducing  activity 

and increasing refuge use) to the kairomones of non-native tilapia predators (CORT levels were 

not measured however).  Therefore, tilapia kairomone could be used in future investigations to 

assess the effects of the natural stress response on processes like tissue regeneration and 

phenotypic plasticity.  This would allow for the assessment of the roles of CRH, ACTH and the 

catecholamines related to sympathetic nervous system activity during regeneration.  For instance, 

it is possible that the release of CRH, and concomitant release of macrophage migration-inhibitory 

factor, upon perception of a natural stressor provides a method of rescuing regenerative rates, as 

macrophage migration-inhibitory factor acts to antagonize the immunological suppression 

produced by corticosterone (Flaster et al., 2007).  

Overall, our results suggest that elevated corticosterone levels promote the development of 

the cannibalistic morphologies in axolotls, and that this effect is more evident in smaller 

individuals.  Such findings demonstrate that the environmental cues historically associated with 

the induction of the cannibalistic morphology (e.g., elevated conspecific density, resident pond 

desiccation, and low food abundance) do so through mechanisms related to elevated corticosterone 

levels.  These findings further our understanding of the processes that govern the development of 

cannibalistic morphologies.  Our results demonstrate that elevated corticosterone decreases tail 

tissue regeneration rates which was associated with the inhibition of  MMP-2 and MMP-9 activity, 

and promotion of LAP activity, thereby delaying and prolonging the process of dedifferentiation.  

These findings provide insight into the interactions that govern the molecular mechanisms of 
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regeneration and how exposure to stressors may affect those mechanisms.  Overall, our results can 

provide insight into similar processes including scar-free wound healing, embryological 

development, carcinogenesis; and transplantation and regeneration. 
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Figure 1: Mean ± SE tissue corticosterone concentrations of intact (0 days post amputation) and 

tail ablated (7 and 14 days post amputation) juvenile axolotl. Animals were housed in rearing water 

containing 125 nM exogenous corticosterone (CORT) or vehicle control (VEH), which was 

renewed every other day. Corticosterone levels were measured at 0, 7 and 14 days post amputation. 

Time points left of the dotted line indicate time point which precede tail amputation. Slim overhead 

bars represent differences between treatment time points, and stars above error bars indicate 

significant differences between treatment groups at each time point (*** P < 0.001).   
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Figure 2: Mean ± SE a) lysosomal acid phosphatase (LAP) activity, b) matrix metalloprotease 

(MMP)-2 activity, and c) MMP-9 activity within tail tissue and tissue regenerates of juvenile 

axolotl housed in rearing water containing 125 nM exogenous corticosterone (CORT) or vehicle 

control (VEH), which was renewed every other day. Activity was measured at 0, 7 and 14 days 
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post-amputation. Time points left of the dotted line indicate measurements from intact tail tissues, 

where as those from the right indicate measurements from tissue regenerates post-amputation. 

Stars indicate significant differences between treatment groups at specific time points, and 

differing letters indicate significant differences among groups through time (* P < 0.05, ** P < 

0.01).   
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Figure 3: Mean ± SE of a) tail tissue regeneration rate, b) greatest head width, and c) body mass 

of juvenile axolotl housed in rearing water containing 125 nM exogenous corticosterone (CORT) 

or vehicle control (VEH), which was renewed every other day. Measurements were taken weekly 

from -7 to 28 days post-amputation. Time points left of the dotted line precede tail amputation (• 

P < 0.10, * P < 0.05, ** P < 0.01, *** P < 0.001).  


