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Abstract The mechanisms that regulate growth and size of the regenerating limb in tetrapods 
such as the Mexican axolotl are unknown. Upon the completion of the developmental stages of 
regeneration, when the regenerative organ known as the blastema completes patterning and differ-
entiation, the limb regenerate is proportionally small in size. It then undergoes a phase of regenera-
tion that we have called the ‘tiny- limb’ stage, which is defined by rapid growth until the regenerate 
reaches the proportionally appropriate size. In the current study we have characterized this growth 
and have found that signaling from the limb nerves is required for its maintenance. Using the regen-
erative assay known as the accessory limb model (ALM), we have found that growth and size of the 
limb positively correlates with nerve abundance. We have additionally developed a new regenerative 
assay called the neural modified- ALM (NM- ALM), which decouples the source of the nerves from the 
regenerating host environment. Using the NM- ALM we discovered that non- neural extrinsic factors 
from differently sized host animals do not play a prominent role in determining the size of the regen-
erating limb. We have also discovered that the regulation of limb size is not autonomously regulated 
by the limb nerves. Together, these observations show that the limb nerves provide essential cues to 
regulate ontogenetic allometric growth and the final size of the regenerating limb.

Editor's evaluation
It has long been known that nerves regulate the early formation of the blastema during limb regen-
eration through the promotion of cell proliferation. The manuscript provides an interesting new role 
for nerves during salamander limb regeneration by showing that nerves also determine how much 
tissue to regenerate. They demonstrate that increased nerve abundance makes bigger limbs while 
a decrease in nerve abundance generates smaller limbs. Size regulation of organs is a broadly inter-
esting and clinically important problem, which is why this manuscript should be of interest to a large 
general audience.

Introduction
It is estimated that over 2.1  million Americans are living with limb loss or limb difference, which 
has profound effects on the function, health, and quality of life in these patients (Ziegler- Graham 
et al., 2008). The long- term goal of regenerative medicine is to replace or repair damaged limbs by 
inducing endogenous regenerative responses in humans. Studies in tetrapods capable of regener-
ating complete and functional limb structures, such as the Mexican axolotl (Ambystoma mexicanum), 
have been invaluable in terms of understanding the basic underlying biology of limb regeneration 
and the mechanisms that control this process (McCusker et al., 2015). Much research in the axolotl 
system has focused on the essential aspects of the initial stages of regeneration; how the regeneration 
permissive environment is established, how mature limb cells become regeneration competent, and 
how the unique pattern of the regenerated limb structures is generated. However, to date, very little 
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is known about the later stages of regeneration that are required for the regenerating structure to 
mature into a fully functional limb.

One key occurrence at the later stages of limb regeneration is the growth of the limb regenerate 
to the size that is proportionally appropriate to the rest of the animal. When the limb is amputated, a 
transient regenerative organ known as the blastema develops at the site of injury and contains limb 
progenitor cells that will grow and eventually pattern and differentiate into the missing limb structure. 
After these developmental (blastema) stages of regeneration, the limb is small in size relative to the 
animal’s body and undergoes a period of rapid ontogenetic allometric growth until the size of the 
regenerate is proportional to the rest of the animal. Ontogenetic allometric growth refers to the rate 
of growth of a structure (i.e. the limbs) relative to the rest of the animal. Little is known about how this 
growth is regulated to impact the overall scaling of the regenerated limb. Moreover, axolotl are an 
indeterminately growing species, and continue to grow in size throughout their life cycle. Thus, the 
size of the limb at the time of amputation is different from that once the limb has completed regen-
eration (Riquelme‐Guzmán et al., 2021). This simple observation indicates that rather than having a 
‘set- point’ of size, growth must be dynamically regulated throughout the process of limb regeneration 
in the axolotl.

Most of what is known about the factors that impact tetrapod limb size has been discovered 
by mutant analyses on determinately growing species, such as humans, mice, and chicken, which 
cease growing after they reach adulthood due to the closure of the epiphyseal growth plates. 
These studies reveal that mutations to genes that play roles in patterning, long bone growth, or 
overall cell physiology in the developing limb tissues can have large impacts on the final size of the 
limb. For example, the developing bat forelimb bud has increased expression of HoxD transcription 
factors compared to hindlimb bud and is required for the extreme positive allometric growth that 
occurs in this tissue as it grows into a wing (Booker et al., 2016). At the later stages of tetrapod 
limb formation, allometric growth is primarily driven through the elongation of the long bones 
through the regulation of growth plate activity. As a result, alterations in expression of genes that 
impact paracrine signals which regulate the growth plates, such as fibroblast growth factor (FGF), 
bone morphogenetic protein (BMP), and Indian hedgehog (IHH), can all positively and negatively 
regulate the final size of the limb (Iwata et al., 2001; Iwata et al., 2000; Lee et al., 2017; Segev 
et al., 2000; Eswarakumar and Schlessinger, 2007; Toydemir et al., 2006; Tseng et al., 2010; 

eLife digest Humans’ ability to regrow lost or damaged body parts is relatively limited, but some 
animals, such as the axolotl (a Mexican salamander), can regenerate complex body parts, like legs, 
many times over their lives. Studying regeneration in these animals could help researchers enhance 
humans’ abilities to heal. One way to do this is using the Accessory Limb Model (ALM), where scien-
tists wound an axolotl’s leg, and study the additional leg that grows from the wound.

The first stage of limb regeneration creates a new leg that has the right structure and shape. The 
new leg is very small so the next phase involves growing the leg until its size matches the rest of the 
animal. This phase must be controlled so that the limb stops growing when it reaches the right size, 
but how this regulation works is unclear. Previous research suggests that the number of nerves in the 
new leg could be important.

Wells et al. used a ALM to study how the size of regenerating limbs is controlled. They found that 
changing the number of nerves connected to the new leg altered its size, with more nerves leading 
to a larger leg. Next, Wells et al. created a system that used transplanted nerve bundles of different 
sizes to grow new legs in different sized axolotls. This showed that the size of the resulting leg is 
controlled by the number of nerves connecting it to the CNS. Wells et al. also showed that nerves can 
only control regeneration if they remain connected to the central nervous system.

These results explain how size is controlled during limb regeneration in axolotls, highlighting the 
fact that regrowth is directly controlled by the number of nerves connected to a regenerating leg. 
Much more work is needed to reveal the details of this process and the signals nerves use to control 
growth. It will also be important to determine whether this control system is exclusive to axolotls, or 
whether other animals also use it.

https://doi.org/10.7554/eLife.68584
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Wen et al., 2016; Duprez et al., 1996; Aizawa et al., 2012; Barna et al., 2000; Bhattacharyya 
et al., 2015; Evers et al., 1996; Karst et al., 1986; Klüppel et al., 2005; Lallemand et al., 2005; 
Zhang et al., 2020; Caparrós- Martín et al., 2013; Joeng and Long, 2009; Kim et al., 2017; Long 
et al., 2001; Mo et al., 1997; Razzaque et al., 2005; Ruiz- Perez et al., 2007; Sohaskey et al., 
2008; St- Jacques et al., 1999; Yoshida et al., 2015; Zhang et al., 2015; Bren- Mattison et al., 
2011; Minina et al., 2002). Thus, ontogenetic allometric growth in the developing limb bud can be 
impacted by intrinsic or extrinsic factors at both the developmental and maturation stages of limb 
formation.

Given the similarities between the developing limb bud and the regenerating limb blastema, these 
mechanisms are likely to hold true during limb regeneration. Supporting this notion, studies using 
pharmacological inhibitors for FGF, BMP, or TGFβ signaling on the developing axolotl limb blastema 
all result in smaller limbs compared to controls by negatively impacting patterning, differentiation, 
or overall blastema physiology (Lévesque et al., 2007; Purushothaman et al., 2019; Vincent et al., 
2020). Conversely, treatment of the axolotl blastemas with exogenous retinoic acid (RA), which nega-
tively regulates HoxA13 (a marker of distal limb) (Gardiner et al., 1995) during blastema patterning, 
results in the elongation of skeletal elements in the regenerated limb (Maden, 1983; Niazi et al., 
1985). However, how these and other signals that regulate limb growth are so tightly coordinated 
during regeneration such that the size of the completed limb is proportional to the animal is not 
known. Identifying the source of this coordination is the focus of the current study.

Multiple pieces of evidence point to the possible involvement of neural signaling in the regula-
tion of allometric growth in limbs. In amphibians, neural signaling is an essential component of the 
developmental stages of limb regeneration in both the induction and maintenance of the blastema 
(Singer, 1978). Nerve signaling is essential for proliferation in the blastema, and loss of innerva-
tion at early stages of regeneration results in complete regenerative failure (Singer, 1978). Multiple 
protein- based nerve- dependent factors have been identified to play key roles in the maintenance 
of the limb blastema including anterior gradient (AG), BMPs, FGFs, and neuregulin- 1 (Kumar et al., 
2007; Makanae et al., 2014; Farkas et al., 2016). At the late- bud blastema stage, when the pattern 
of the regenerated limb has been established, the loss of nerve signaling results in the formation of 
complete, yet miniaturized, limb regenerates (Mullen et al., 1996). Last, permanently miniaturized 
limbs, generated by the repeated removal of the limb bud, have a significant decrease in the abun-
dance of innervation (Bryant et al., 2017). Thus, the loss of neural signaling during the develop-
mental stages of limb formation in the axolotl correlates with negative ontogenetic allometric growth 
and smaller limb size.

Nerve abundance, or altered nerve signaling, also correlates with growth and limb size in humans. 
Damage to the limb nerves during the birth of a human infant results in impaired limb growth and 
size, which can be alleviated by surgical repair of the nerves (Bain et al., 2012). Additionally, the 
presence of neurofibromas or hamartomas in human arms or hands, which increases the abundance 
of neural signals, results in the formation of proportionally large digits (Frykman and Wood, 1978; 
Razzaghi and Anastakis, 2005; Tsuge and Ikuta, 1973). These observations support the idea that 
neural signaling plays a role in the regulation of growth in the tetrapod limbs. In the current study, we 
directly test this possibility in the regenerating axolotl limb.

Here, we characterize the growth in the regenerating limb and reveal that its growth is biphasic. By 
removing nerve signaling from regenerating limbs at different stages, we show that neural signaling is 
required for multiple cellular behaviors that contribute to growth, and that this requirement changes 
during the different phases of growth. Using the accessory limb model (ALM) assay, our data shows 
that nerve abundance positively correlates with the rate of growth and the ultimate size of the limb 
regenerates. To evaluate the potential role of non- neural signals in the regulation of growth, we have 
developed a new assay that we call the NM- ALM, which decouples the nerve source from the host 
animal. Using this assay, we found that non- neural extrinsic factors do not play a direct instructive role 
in the regulation of scaling in the regenerating limb tissue. We have additionally used the NM- ALM to 
evaluate whether neurons work autonomously to regulate growth in the regenerate and have discov-
ered that they require a connection with their native environment to coordinate this process. These 
observations will be foundational to future work on the identification of the molecular mechanisms 
that regulate ontogenetic allomeric growth of the regenerating axolotl limb.

https://doi.org/10.7554/eLife.68584
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Results
The axolotl limb undergoes at least three stages of growth during 
regeneration
Because there was so little known about how allometric growth occurs in the regenerating limb, 
we started by characterizing the growth of the regenerate until it had completed regeneration. We 
measured limb and body length to calculate both limb ‘proportionality’ (ratio of limb length to body 
length) (Figure 1—figure supplement 1) and the growth rate in 10 cm sized animals over a period of 
140 days, which is when the regenerated limb was no longer significantly different in size relative to 
the uninjured limbs on the same sized animal, and the growth rate of these limbs was also equivalent. 
Because axolotls are indeterminate growers, both their limb and body lengths continue to increase 
in size during the course of regeneration, thus the ratio of limb length to body length was used to 
normalize for the changes in animal size as time proceeded.

We observed that the regenerating limb underwent at least three phases of growth before it reached 
the size of the unamputated limb, which occur during the blastema and the post- developmental 
stage of regeneration (Figure 1A and B). The growth during the blastema stage starts immediately 
following amputation all the way through the digit stage of blastema development. Previous studies 
have shown that the expression of growth factors and signaling molecules associated with blastema 
development are lost by the digit staged regenerate, thus indicating the end of the blastema stage, 
and initiation of post- developmental regenerative processes (day 38) (Gerber et  al., 2018; Nacu 
et al., 2016; Satoh et al., 2008). The digit staged regenerate is significantly smaller than the unampu-
tated limb on size- matched animals (Figure 1A and B). This small regenerate undergoes rapid onto-
genetic allometric growth until it has reached the proportionally appropriate size, at which point the 
regenerate grows isometrically with the rest of the animal. We have named this post- blastema staged 
regenerate the ‘tiny limb’. We observed that the allometric growth is biphasic in the tiny limb. The 
initial phase of growth is rapid, similar to the speed of growth during the blastema stage at 0.04 cm/
day (Figure 1B and Figure S2A). Approximately 4 weeks later (in 10 cm sized animals), the rate of 
growth of the tiny limb slows significantly to 0.02 cm/day over the following 9 weeks and gradually 
decreases over time, until both the size and the growth rate of the regenerated limb are not signifi-
cantly different than the unamputated limb on size- matched animals (Figure 1B and Figure 1—figure 
supplement 2A). Based on this difference in the rate of allometric growth, we have separated the tiny 
limb stage of development into two phases of growth: the early tiny limb (ETL) stage and the late tiny 
limb (LTL) stage.

Both the growth rate and the amount of time spent in each of the three stages (blastema, ETL, 
and LTL) are dependent on the size of the animal at the time of limb amputation. Comparison 
between 4, 10, and 20 cm animals (snout to tail tip) showed that as body length increases, the 
growth rate decreases (Figure 1—figure supplement 2), and the amount of time spent in the ETL 
and LTL phase increases (Figure 1C). In fact, when comparing animals twofold different in size, the 
amount of time in the ETL phase increases by 30–40% (Figure 1C) and growth rate falls by 30–40% 
(Figure 1—figure supplement 2). This difference in growth rate (measured in terms of regenerate 
elongation) may be due to the difference in the amount of tissue that needs to be regenerated, 
since larger animals have more tissue to regenerate than the smaller animals. Additionally, smaller 
animals grow more rapidly than larger animals, which also might contribute to these differences 
(Figure 1—figure supplement 2B).

Growth of the tiny limb is mediated by increased cell number and cell 
size
We next wanted to determine what cellular mechanisms were contributing to growth in the tiny limb. 
Multiple processes can contribute to tissue growth including increased cell number via regulation of 
cell proliferation and cell death, increased cell size, and increased extracellular matrix (ECM) depo-
sition (Conlon and Raff, 1999; Leevers et al., 1996; Penzo- Méndez and Stanger, 2015; Stanger, 
2008; Stocker and Hafen, 2000). Thus, we quantified each of these processes during the different 
growth phases of regeneration, relative to uninjured limbs, to determine which could be contrib-
uting to growth of the tiny limb. Additionally, we speculated that the contribution of these cell 
processes could vary in the different tissue types in the regenerating limb. Rather than quantifying 

https://doi.org/10.7554/eLife.68584
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Figure 1. The tiny limb grows at an increased rate compared to an unamputated limb. (A) Time course of growth in amputated (top panel) and the 
contralateral non- amputated (lower panel) limbs on a 10 cm animal over 146 days. (B) The ratio of limb to body length in regenerating and unamputated 
limbs was measured over time (10 cm animals; n = 10). We have separated the growth of the limb regenerate into three stages: the blastema stage 
(dark gray), the early tiny limb stage (medium gray), and the late tiny limb stage (light gray). Error bars = standard deviation. t- Test was used to evaluate 
significance between the regenerating and uninjured limb size at each time point. All data points not marked with N.S. had p- values less than 0.005. (C) 
Histogram showing the average amount of time in days that the regenerating limb is in each growth stage for animals of different sizes (4, 10, and 20 cm 
in length).

The online version of this article includes the following figure supplement(s) for figure 1:

Figure supplement 1. Axolotl size measurements.

Figure supplement 2. Animal size corresponds with growth rate during limb regeneration.

https://doi.org/10.7554/eLife.68584
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the above- described processes globally, we analyzed the epidermis, soft tissue (including all tissues 
except for skeleton and epidermis), and skeletal tissue (bone and cartilage) separately.

Regenerating limbs at the different stages of growth were sectioned transversely mid- zeugopod, 
and cell proliferation and cell death were each analyzed by either EdU incorporation or TUNEL 
staining, respectively. We observed significantly more cell proliferation and significantly less cell death 
in all tissues analyzed in the ETL and LTL staged regenerates compared to the unamputated and 
fully regenerated limbs (Figure 2A and B). Interestingly, the fold increase or decrease in cell prolif-
eration or death, respectively, differed depending on the tissue type. The largest increase in cell 

Figure 2. Tiny limb staged regenerates have increased proliferation, decreased cell death, and smaller cell sizes than uninjured or completely 
regenerated limbs. Transverse sections through the zeugopod of limbs at different stages of regeneration were analyzed for cell proliferation (A), cell 
death (B), cell size (C), and extracellular matrix (ECM) size (D). (A and B) Cell proliferation and death were analyzed in the epidermis, soft tissue, and 
skeletal elements. (A) Cell proliferation was analyzed by EdU labeling (n = 5). (B) Cell death was analyzed using TUNEL labeling (n = 4). (C and D) Cell 
and ECM size measurements were quantified in the epidermis, muscle, and skeletal elements. (C) Cell size was quantified using fluorescently tagged 
wheat germ agglutinin (plasma membrane) for epidermal and muscular analysis and Alcian blue staining (collagen) for skeletal analysis (n = 4). (D) ECM 
area was calculated by [(tissue area – cellular area)/tissue area] (n = 4). Error bars = SEM. p- Values calculated by ANOVA and the Tukey post hoc test. * = 
p < 0.05 ** = p < 0.005.

The online version of this article includes the following figure supplement(s) for figure 2:

Figure supplement 1. Measurement of cell and extracellular matrix (ECM) size.

https://doi.org/10.7554/eLife.68584
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proliferation was observed in the epidermis (3.7- fold increase, Figure 2A), while soft tissue and skel-
etal tissue had slightly more modest increases (3.2- and 2.4- fold increases respectively, Figure 2A). 
The largest decrease in cell death was seen in the skeletal tissue (20.8- fold decrease, Figure 2B), while 
the soft tissues and epidermis exhibited more moderate decreases of 3.0- and 3.3- fold, respectively 
(Figure 2B).

Cell size and ECM area were analyzed using a combination of fluorescent and histological stains 
on sectioned limbs. Wheat germ agglutinin (WGA) was used to label the plasma membrane of the 
epidermal and muscle cells, and Alcian blue stained the ECM of the skeletal tissue (Figure 2—figure 
supplement 1) (more detail in Materials and methods). To standardize our quantification of the average 
cell size, we measured only the area of cells where the nucleus was observable (Figure 2—figure 
supplement 1A). We observed that cell size was significantly smaller in the regenerating tissue than 
the uninjured tissue and increased as regeneration progressed (Figure 2C). This was most profound 
in the muscle (4.5- fold smaller) and least in the epidermis (1.4- fold smaller, Figure 2C). The ECM area 
was calculated indirectly by subtracting the total cellular area from the tissue area and dividing by the 
tissue area (Figure 2—figure supplement 1B) (more detail in Materials and methods). However, we 
did not observe any significant differences in the extracellular compartment of limbs, indicating that 
ECM deposition does not play a significant role in growth of the tiny limb (Figure 2D).

We also observed stage- specific differences in the above- described growth characteristics. In 
almost all tissues, the largest differences were observed between the ETL stage and the unamputated 
limb, while the differences between the LTL and the unamputated limb were more modest. Apart from 
cell size in the muscle tissue, there were no significant differences in the growth characteristics when 
the unamputated and fully regenerated limb were compared.

Together, this data indicates that a combination of increased cell proliferation, decreased cell 
death, and increased cell size contributes to the allometric growth of the tiny limb staged regen-
erate. While all tissue types showed the same trends in all the cell processes that we analyzed, our 
data suggests that different cell processes contribute more or less to growth in different tissue types. 
Future studies will be required to resolve these tissue- specific contributions to growth in more detail. 
Last, the tissue- specific contributions to growth also depend on the stage of growth of the regenerate 
and correlate with the overall growth rate of the regenerate at these stages.

Growth of the tiny limb is dependent on limb nerves
One interesting observation from the above- described characterization is that the abundance of cell 
proliferation, cell death, and cell size all show similar trends regardless of the tissue type assessed 
during each stage of growth in the regenerate. This suggests that there could be a singular signal 

Figure 3. The tiny limb staged regenerate has increased relative nerve abundance. (A) Fluorescent images were obtained of transverse sections of 
uninjured, early, and late tiny limb stages, and fully regenerated limbs (DAPI = blue, phalloidin (for actin filaments) = red, acetylated tubulin (for nerves) 
= green; scale bars are 1000 µm). (B) Nerve area relative to total limb area was quantified from the sections represented in A (n = 5). Error bars = SEM. 
p- Values calculated by ANOVA and the Tukey post hoc test. * = p < 0.05 ** = p < 0.005.

The online version of this article includes the following figure supplement(s) for figure 3:

Figure supplement 1. Absolute abundance of nerves in different staged regenerates.

https://doi.org/10.7554/eLife.68584
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that coordinates these processes such that the highest growth- promoting signal is occurring during 
the ETL stage when growth is most abundant and decreases as the growth rate slows during the LTL 
stage. Thus, we next sought to determine the source of the signal that regulates cell proliferation, 
death, and size during regeneration.

Previous studies indicate that nerve signaling is required for growth in developing and regener-
ating limbs. The role and mechanism of neurotropic regulation during the early (blastema) stages of 
regeneration has been widely studied (Farkas et al., 2016; Farkas and Monaghan, 2017; Kumar 
et al., 2010; Makanae et al., 2014; Singer, 1978; Singer, 1952; Singer, 1946; Singer and Inoue, 
1964). It has been well established that nerve signaling is required for, and is a key driver of, blas-
temal cell proliferation (Brockes, 1984; Brockes and Kintner, 1986; Lehrberg and Gardiner, 2015). 
Furthermore, generation of permanently miniaturized limbs through repeated removal of limb buds 
results in ‘mini limbs’ that are hypo- innervated compared to controls (Bryant et  al., 2017). We 
therefore hypothesized that nerves could play a role in driving growth during the tiny limb stages of 
regeneration.

To test this idea, we first characterized the abundance of nerves during these post- developmental 
stages of regeneration. We collected ETL and LTL staged regenerates, as well as unamputated and 
fully regenerated limbs for comparison, and sectioned them transversally through the zeugopod. The 
sections were stained with an anti- acetylated tubulin antibody (Figure 3A), and we measured the 
abundance of innervation relative to the limb area (Figure 3B). This quantification revealed signifi-
cantly higher levels of relative innervation during the ETL and LTL stages compared to unamputated 
and fully regenerated limbs (Figure 3B). Interestingly, the absolute abundance (not normalized to 
tissue area) of innervation is lowest at the ETL stage and increases during the later stages of regenera-
tion . Thus, the decrease in relative innervation during the transition from the ETL to LTL stages is likely 
due to the substantial increase in limb area of the later staged regenerate. The relative abundance 
of innervation also correlates well with the growth rate in these tissues. We speculated that nerves 
could provide growth- promoting signals during regeneration, which decreases (or is diluted) as the 
limb grows in size and the relative abundance of innervation decreases, slowing the growth of the 
regenerate as it reaches its final size.

To determine whether nerve signaling plays a functional role regulating ontogenetic allometric 
growth, we next tested whether nerve signaling is required to maintain growth in the tiny limb staged 
regenerate. Limbs were amputated and permitted to regenerate to the ETL stage, at which point nerve 
signaling was severed via denervation at the brachial plexus (Figure 4A). To test for a possible dose- 
response or signaling threshold effect, we severed either one, two, or all three of the nerve bundles at 
the plexus. Mock denervation surgeries were performed as controls. The limbs were measured prior 
to denervation and 4 days post denervation, when they were collected for analysis. The growth rate, 
abundance of cell proliferation, abundance of cell death, and cell size were all analyzed (Figure 4B–E).

We observed that nerve signaling is required for growth of the tiny limb. Fully denervated ETLs had 
a 9- fold slower growth rate than ETLs with the nerve intact (Figure 4B). Likewise, cell proliferation was 
negatively impacted by denervation in all tissue types analyzed (1.7-, 4.9-, and 4.8- fold decreases in 
the epidermis, soft tissue, and skeleton, respectively; Figure 4C). Cell death levels in all tissues were 
significantly increased following full denervation (21.6-, 1.6-, and 25.7- fold increases in epidermis, soft 
tissue, and skeleton, respectively; Figure 4D). Lastly, cell size appears to only be significantly affected 
in the muscle, where there is a near 2- fold decrease in average cell size in the denervated ETLs 
(Figure 4E). It is possible that this change in muscle could be due to atrophy as a result of decreased 
muscle activity in the denervated limb. When LTLs were fully denervated, only the growth rate and 
abundance of cell proliferation were significantly decreased (Figure 4—figure supplement 1). Thus, 
the impact of neural signaling is different depending on whether the regenerating limb is in the early 
or late phase of growth.

The partial denervations revealed either a dose- response or threshold response depending on 
the tissue and growth characteristic quantified. A dose response is reflected by a linear relationship 
between abundance of signal and the phenotype. A threshold response indicates a specific abundance 
of a factor is required for a phenotype, for example, a specific amount of nerves per limb volume is 
required for growth. We observed that cell proliferation in the soft tissue and skeleton decreased 
significantly, to full denervation levels, with partial denervations indicating that there is a high threshold 
of nerve abundance required for maintaining cell proliferation in these tissues (Figure 4C). Conversely, 

https://doi.org/10.7554/eLife.68584
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cell death in the epidermis had a strong dose response, with significant incremental increases with 
increased denervation (Figure  4D). These results indicate that each tissue responds differently to 
nerve abundance to maintain growth. This differential contribution of the different limb tissues could 
also explain why the overall growth rate of the regenerate is significantly impacted only when a full 
denervation is performed (Figure 4B).

Nerve abundance correlates with growth rate and overall size of the 
regenerated limb
Having established that nerves are required for growth during the late stages of limb regeneration, 
we next wanted to determine whether we could positively and negatively manipulate the size of the 
regenerate by altering the abundance of nerves the regenerating tissue is exposed to. To test this, 
we performed a grafting experiment between differently sized axolotl (Figure 5A). The size of the 
nerve bundles originating from the spinal column increases as the animal grows, and quantification of 

Figure 4. The effect of denervation on the growth of the tiny limb staged regenerate. (A) Dorsal root ganglia (DRGs) 3, 4, and 5 (green dots) are located 
lateral to the spinal column and their nerve bundles (green lines) feed into the forelimbs. Limbs were amputated and permitted to regenerate to the 
early tiny limb stage, at which point, either a mock, partial (1/3 = DRG 5 or 2/3 = DRGs 4 and 5), or full denervation (represented) was performed by 
severing (blue line) and removing sections of the nerve bundles. Limbs were collected 4 days post denervation, and growth rate (B), cell proliferation 
(C), cell death (D), and cell size (E) were analyzed for limbs with mock denervations (n = 6), 1/3 denervations (n = 5), 2/3 denervations (n = 5), and full 
denervations (n = 6). The color of the bars in panels C–E refers to the color of the bars in panel B. Error bars = SEM. p- Values calculated by ANOVA and 
the Tukey post hoc test. * = p < 0.05 ** = p < 0.005.

The online version of this article includes the following figure supplement(s) for figure 4:

Figure supplement 1. Impact of denervation on the growth characteristics of the late tiny limb (LTL) staged regenerate.

https://doi.org/10.7554/eLife.68584
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the cross- sectional area of these bundles stained immunofluorescently in situ reveals that the size is 
almost 2- fold larger in 14 cm long animals compared to 7 cm animals (Figure 5—figure supplement 
1). Thus, blastema grafts onto the limbs of large hosts will be exposed to larger nerve bundles than 
grafts on small host animals.

To generate large and small animals we housed age- matched GFP+ (donors) and GFP- (hosts) 
axolotl at either 19°C or 4°C. Housing half the animals at 4°C stunted their growth while the 19°C 
animals grew at a faster rate. After approximately 2 months, the 19°C animals were 2- fold larger in 
body length and limb length than the 4°C animals (Figure 5B). After the large and small siblings were 
both incubated at 19°C for 14 days, both forelimbs on small (~6 cm) and large (~12 cm) GFP+ axolotl 
were amputated and permitted to regenerate to the mid- bud blastema stage (Figure 5A and B). The 
blastemas and approximately 2 mm of stump tissue were grafted onto regenerative permissive envi-
ronments on small (~6 cm) and large (~12 cm) GFP- host animals (Figure 5A). It has previously been 
found that cells from approximately 500 μm of stump tissue migrate and contribute to the regenerate 

Figure 5. Host size correlates with the final size for the regenerated limb in the accessory limb model (ALM) assay. 
(A) Blastemas with approximately 2 mm of stump tissue from large and small GFP+ donor animals were grafted 
onto a regenerative permissive environment, a wound site with a deviated limb nerve bundle, on large or small 
host animals. (B) Limb length and body length were measured on the GFP+ donor animals. (C) The regenerating 
grafted tissues were measured at 0 and 130 days post graft (DPG). Blastemas from large donors (dark gray) were 
grafted onto large (n = 7) and small (n = 9) host animals, and blastemas from small donors (light gray) were grafted 
onto large (n = 9) and small (n = 10) host animals. (D) The regenerating large (n = 10) and small (n = 20) animal 
donor limbs were measured at 15- and 145 days post amputation. Error bars = SEM. p- Values calculated by 
ANOVA and the Tukey post hoc test. * = p < 0.05 ** = p < 0.005.

The online version of this article includes the following figure supplement(s) for figure 5:

Figure supplement 1. Size of nerve bundles in the peripheral nervous system correlate with animal size.

Figure supplement 2. Growth of grafted limbs in accessory limb models (ALMs) and neural- modified ALMs (NM- 
ALMs).

https://doi.org/10.7554/eLife.68584
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(Currie et al., 2016). Therefore, stump tissue was included with the blastemas to prevent the contri-
bution of cells from the host environment to the regenerate.

A regeneration permissive environment on the large animal hosts was generated by deviating the 
branchial nerve bundle to an anterior located wound site on the limb, using the standard accessory 
limb model (ALM) surgery (Figure 5A; Endo et al., 2004; McCusker and Gardiner, 2013). Because 
the limb circumference of the small host animals was too small to receive the grafted blastema tissue 
from the large donors, we deviated the branchial nerve to a wound site on the flank of the host, where 
a larger skin wound could be made to fit the larger graft size (Figure 5A). The length of the ectopic 
limbs was measured bi- or tri- weekly. They were considered fully regenerated when the rate of growth 
of the ectopic limb was no longer significantly different from the uninjured limbs on the host animals. 
The donor animal limbs that were amputated to harvest the blastema grafts were also continually 
measured during regeneration as an additional control to measure the final sizes of the regenerated 
limbs if left on their native environment.

We hypothesized that if nerve abundance can regulate size of the limb regenerate, we would 
observe that the lengths of the grafted regenerates will correspond to the size of the host environ-
ment rather than the donor. Thus, blastemas from the small donors will produce large ectopic limbs 
when grafted to large hosts, and blastemas from large donors will produce small ectopic limbs when 
grafted to small hosts. Alternately, if nerve abundance does not influence regenerate size, then we 
would expect to see the blastemas from small donors on large hosts produce ectopic limbs smaller 
than the control grafts from large animals, and vice versa.

We observed that ALM environments with different nerve abundances altered both the growth 
rate and overall size of the regenerated limb structure. The blastemas (15 days post amputation) from 
small donors were initially 2- fold smaller than those from large donors when they were grafted onto 
the small and large hosts (Figure 5C, left panels, 0 day post graft [DPG]). Interestingly, we observed 
that the grafted tissues were the same size by 18 DPG within each host type and remained that way 
until regeneration was completed (Figure 5—figure supplement 2A). In comparison, the regenerated 

Figure 6. Decoupling host environment with nerve abundance using the neural- modified accessory limb model (NM- ALM). (A) The traditional ALM (as 
used in Figure 5) requires a blastema donor and a host animal with a nerve bundle deviated to the wound site. (B) The NM- ALM requires a GFP+ dorsal 
root ganglia (DRG) donor, blastema donor, and host limb with a wound site. (B’) The DRG’s GFP+ axons regenerate and innervate the ectopic limb.

https://doi.org/10.7554/eLife.68584
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limbs that remained on the donor animals remained significantly different in size (Figure 5D). Although 
there was no significant difference in the size of regenerates that formed within an individual host type 
regardless of the origin of the blastema, we did observe significant differences when we compared 
regenerate sizes between the large and small hosts. By approximately 38 DPG, there was a significant 
difference in size between the ectopic limbs on the large and small host animals, and this continued 
until 130 DPG, when the growth rate of the grafted limbs matched that of the host limbs (Figure 5C, 
right panels; Figure  5—figure supplement 2A). This difference in size was due to a more rapid 
increase in the growth rate of the blastemas grafted to the large host animals (Figure  5—figure 
supplement 2). We hypothesize that the host environment on the large animals reaches a critical 
threshold of nerves to support growth at an earlier time and/or accumulates more nerve- dependent 
factors that promote growth in the regenerating tissues.

Together these data indicate that the growth rate and sizing of the limb regenerate positively 
correlates with nerve abundance in the host environment. However, it does not rule out other poten-
tial influences from the host environments that may also contribute to growth. Thus, we next designed 
an assay that decouples nerve abundance from the size of the host to test whether non- neural signals 
contribute to the sizing of the limb regenerate.

Non-neural extrinsic signals in different sized hosts do not impact 
growth rate or size of the regenerated Limb
To evaluate the potential role of non- neural sources of growth regulation that may be present in 
the differently sized host animals, we developed a new regenerative assay called the NM- ALM that 

Figure 7. Regenerate scaling is not impacted by non- neural extrinsic factors in the neural- modified accessory limb model (NM- ALM). (A) Dorsal root 
ganglia (DRGs) from GFP+ donor animals (~14 cm) were grafted into wound sites on large (~14 cm, n = 12) and small (~7 cm, n = 19) host animals 
followed by mid- bud blastemas from (~7 cm) donor animals. (B) If non- neural extrinsic factors play an instructive role in size regulation, then the large 
host animals would produce a larger ectopic limb than those on the small host animal. If non- neural factors do not play an instructive role, then the 
ectopic limbs will be the same size, regardless of host size. (C) The ectopic limb lengths were the same size at 0 day post graft (DPG) and remained the 
same throughout regeneration (135 DPG). (D) The unamputated limbs on the control animals remained different sizes throughout the course of the 
experiment (n = 10). Error bars = SEM. p- Values calculated by t- tests. *** = p < 0.0005.

https://doi.org/10.7554/eLife.68584
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decouples the source of the nerves from the host environment (Figure  6B). In the NM- ALM, the 
forelimb- specific dorsal root ganglia (DRGs) from GFP+ donor animals are harvested and grafted into 
lateral limb wounds on host animals (one DRG per wound). The GFP+ DRGs are grafted below the 
mature skin next to the wound site, and the axon bundles are pulled into the middle of the wound 
site in a similar manner as the traditional ALM surgery. Mid- bud blastema staged regenerates from 
age- matched donors are then grafted onto the wound site (Figure 6B). We measured the length of 
the ectopic limbs in the NM- ALM weekly or bi- weekly, and their growth rates (cm/day) were compared 
to the unamputated limbs on the donors. The grafted limbs were considered to have completed 
limb regeneration when their growth rates were not significantly different from the growth rates of 
the unamputated limbs on the control animals. We observed that the implanted DRG supported 
the continued development of the blastema into a completely patterned and differentiated limb 
(Figure 6B’). Thus, the implanted DRGs are able to provide the appropriate signals to support the 
regenerative process.

To test whether non- neural extrinsic signals from the host environment provide cues that regulate 
the growth of the regenerating limb, we performed the NM- ALM on differently sized host animals 
(Figure 7A). If non- neural extrinsic signals play a role in regulating allometric growth of the regen-
erate, then we expected to observe that the regenerates that grew in the NM- ALMs on the large 
(14 cm) hosts would be larger in size than the ones that grew on the small (7 cm) hosts (Figure 7B). 
Alternately, if the limb nerves play the central regulatory role, we would not expect to see differences 
in the size of the regenerates on the different sized hosts. After 135 DPG, we observed that there 
continued to be no significant difference in growth rates and the length of the grafted regenerates 

Figure 8. Neurons lose the ability to regulate allometric growth in the neural- modified accessory limb model (NM- ALM). (A) Dorsal root ganglia 
(DRGs) from large (~14 cm, n = 12) and small (~7 cm, n = 16) GFP+ animals were grafted into wound sites on host animals (~14 cm) followed by mid- 
bud blastemas from (~7 cm) donor animals. (B) If the ability to regulate size is autonomous to the DRGs, the DRGs from large animals will produce 
larger ectopic limbs than those from small animals. If size regulation is not autonomous, there will be no difference in ectopic limb size between grafts 
supplied by large or small animal DRGs. (C) The ectopic limb lengths were the same size at 0 day post graft (DPG) and remained the same throughout 
regeneration (135 DPG). Error bars = SEM. p- Values calculated by t- tests. (D) GFP+ innervation abundance was quantified in transverse sections of the 
ectopic limbs, showing significantly more nerve area (mm2) in the NM- ALMs grafted with DRGs from large donors compared to small donors (n = 5). 
Error bars = SEM. p- value = 0.0079, calculated by Mann- Whitney test.
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on the different sized host animals (Figure 5—figure supplement 2B and Figure 7C). This trend was 
observed in NM- ALMs that were performed with DRGs that were harvested from both large and small 
animals (Figure 5—figure supplement 2B). In contrast, the control uninjured limbs on the small and 
large animals remained significantly different in size (Figure 7D). Because the size of the limb regen-
erate was not impacted by the host environment when the abundance of nerves was held constant, 
we conclude that non- neural extrinsic factors do not play a direct role in regulating allometric growth 
of the regenerating limb structure.

Regulation of ontogenetic allometric growth is not autonomous to limb 
nerves
To test whether growth of the regenerate is autonomously regulated by the nerves, we leveraged our 
newly developed NM- ALM using DRGs that were harvested from different sized GFP+ donors (14 cm 
versus 7 cm) (Figure 8A). Our expectation was that if neural regulation occurs autonomously (at the 
DRG level), then the growth rate and overall size of the regenerated limb that grew on the DRG from 
the large donor would be larger than that which grew on the one from the small donor (Figure 8B). 
Conversely, if the DRGs require a connection with their native environment to regulate regenerate 
size, then we expected to see no difference in the regenerate growth rate and size regardless of the 
donor source of the DRG (large or small) (Figure 8B). Because we had previously observed a dose 
response in limb growth in partially denervated regenerating limbs (Figure 4), we hypothesized that 
allometric growth was regulated by nerve abundance alone. We quantified the abundance of innerva-
tion from the GFP+ DRGs in the ectopic limbs that grew from the NM- ALMs and found significantly 
more GFP+ neurons in the limbs with the large versus small DRG implants (Figure 8D). However, 
our data showed that there was no statistical difference in growth rates and the ectopic limb length 
between the regenerates from NM- ALMs with the DRGs from small or large animals (Figure 5—figure 
supplement 2B and Figure 8C). This trend was observed on the NM- ALMs on both the large and 
small hosts (Figure 5—figure supplement 2B). Thus, we concluded that nerve abundance alone does 
not regulate the final size of the regenerate and that factors from the DRGs’ endogenous environment 
are required for the neural regulation of ontogenetic allometric growth during the tiny limb stage of 
regeneration. It is possible that without these upstream signals in NM- ALM, the DRGs from large and 
small donor animals generate the same amount of growth- promoting factors. Alternately, because the 
DRGs only contain sensory neurons, it is possible that motor neurons are required to control growth. 
Future studies will focus on the cells and signals that play a role in this upstream regulation.

Discussion
One of the last essential steps of regeneration required to generate a fully functional limb is the 
growth of the regenerate to a size that is proportionally appropriate to the animal. However, little 
data had previously been collected on the post- blastema stages of regeneration and how allometric 
growth is regulated. This study constitutes the first thorough investigation of how the regenerating 
limb grows to the proportionally appropriate size. We have discovered that there are three distinct 
phases of growth prior to the limb completing regeneration: the blastema phase, the ETL phase, 
and the LTL phase (Figure 1). During the tiny limb phases of growth, the regenerate grows through 
increased cell proliferation, survival, and cell size (Figure 2), and limb nerves are required to maintain 
this growth (Figures 4 and 5). Our data indicates that limb nerves play a central role in the regulation 
of allometric growth (Figures 5 and 7), and that this regulation is not autonomous to the neurons but 
is somehow dependent on factors from the native neural environment (Figure 8).

Regulation of growth and size in developing versus regenerating 
amphibian limbs
Previous studies on developing amphibian limbs suggest that both intrinsic and extrinsic factors deter-
mine size during embryogenesis. One example is from the classic cross- grafting study performed by 
Ross Harrison using limb buds between two differently sized salamander species (Harrison, 1924). 
In this experiment, limb buds from Ambystoma tigrinum (adult body length of 27 cm) were grafted 
to Ambystoma punctatum (adult body length of 16 cm, now known as Ambystoma maculatum) hosts 
and vice versa (Harrison, 1924). It was observed that the grafted limb buds grew to sizes that failed 
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to correspond with limbs from either donor or host. Rather, the limb buds from A. punctatum grew to 
a size that was smaller than both the host and donor limbs when grafted to A. tigrinum, while the A. 
tigrinum limb buds grew larger than the host and donor limbs when grafted to A. punctatum. Because 
the overall size of the grafted limb was influenced by both the host environment and the source of 
the graft, it was concluded that the growth of the limbs was regulated by both the intrinsic growth 
capacity of the limb bud cells and an extrinsic growth- promoting factor that is present in different 
abundances in the embryos of different host species (Harrison, 1924). It was later shown by Twitty 
and Schwind that when the host animals were fed to capacity, the growth rates of the grafted limb 
buds mimicked the donor animal’s growth rate, but final size of the limb was more closely matched 
to the host (Twitty and Schwind, 1931). This observation suggests that the rate of allometric growth 
appears to be intrinsically regulated, while the duration of this growth is impacted more by extrinsic 
factors.

While our study also shows that extrinsic signals play a central role in the scaling of the regenerate, 
it is unknown whether the same nerve- dependent mechanisms are at play during limb bud develop-
ment in the axolotl. During embryonic limb development, the apical ectodermal ridge (AER) signaling 
center is required for the production of paracrine factors such as FGFs and BMPs, which maintain an 
undifferentiated state and drive proliferation in the limb bud mesenchyme (Purushothaman et al., 
2019; Ovchinnikov et al., 2006). The AER is established in an aneurogenic environment in multiple 
amphibian species including Xenopus laevis, Rana pipiens, and A. punctatum/maculatum (Keenan 
and Beck, 2016; Kumar et al., 2011; Nieuwkoop and Faber, 1958; Taylor, 1943; Yntema, 1959), 
while regenerating amphibian limbs require signaling from the nerve to establish the analogous struc-
ture, the apical epithelial cap (AEC) (Singer, 1978; Singer and Inoue, 1964). However, axolotl develop 
limb buds as larvae, not as embryos, and it is not clear whether the axolotl limb bud is innervated or 
not. Therefore, it is possible that the regulation of growth is dependent on nerve signaling in both 
embryonic and regenerating limbs.

It should be noted that the current study does not evaluate the influence of intrinsic factors that 
regulate the size of the regenerating limb. Because our study was performed on sibling A. mexi-
canum, there were minimal genetic differences between donor and host animals. Performing a similar 
cross grafting experiment, as was performed by Harrison, 1924, between species of different sizes in 
the context of regeneration would yield valuable insight in this regard.

Mechanism of neurotrophic regulation of size during limb regeneration
Observations from multiple tetrapod species indicate that neural regulation of limb growth and size 
is a conserved mechanism. As we have explained previously, damage to the limb nerves in humans 
co- relates to decreased limb size, while overabundance of nerve signaling corresponds to limb or digit 
enlargement (Bain et al., 2012; Cerrato et al., 2013; Labow et al., 2016; Tsuge and Ikuta, 1973). 
The current study shows that the limb nerves also influence limb size in regenerating amphibians as 
well. This poses the amphibian limb regenerate as an exciting new model to study the general mech-
anisms underlying neural regulation of limb allometry.

Studies in developing embryos show that the alteration of factors that regulate patterning, elon-
gation of the long bones, and cell physiology in the developing limb can all influence the final size 
of the limb. Interestingly, altering the expression of intrinsic factors, such as Hox transcription factors 
or paracrine factors such as FGFs, during the patterning or maturation stages of limb development, 
respectively, can both positively and negatively impact limb size (Booker et al., 2016; Cho et al., 
2008; Fromental- Ramain et al., 1996; Hérault et al., 1996). In contrast, the alteration of factors 
that are required for the maintenance of cell physiology, such as DNA damage repair gene Trp63, 
only negatively impact limb size (Vernersson Lindahl et al., 2013). We interpret these observations 
to indicate that genes that regulate patterning or long bone growth are ‘instructive’ regarding the 
overall size of the limb, whereas genes that impact cell physiology play a more permissive role in this 
process. Whether and how the limb nerves regulate one or more of these different influencers of 
allometry during regeneration is an important outstanding question. However, it is interesting that the 
role of neural signaling appears to differ depending on the phase of growth. Limb denervation at the 
ETL phase negatively impacted proliferation, cell survival, and cell size, while the same manipulation 
at the LTL stage only impacted cell proliferation. It is unclear at this time whether the change in neural 
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requirement is due to alterations in the generation of growth- promoting signals from the nerve, the 
responsiveness of the regenerating tissue to these signals, or both.

While the molecular mechanism by which nerves regulate scaling has not been determined, the 
role of the limb nerves during the early stages of limb regeneration has been extensively studied and 
might be drawn upon to provide insight into their role in size regulation. Innervation of the wound 
epithelium during the early stages of limb regeneration is essential to establish the AEC. The AEC 
then produces growth factors essential to induce and maintain the cells in a dedifferentiated state and 
drive blastema cell proliferation (McCusker et al., 2015). Satoh et al., 2016 demonstrated that FGF8 
and BMP7 are directly produced by the nerves in the DRGs and migrate to the wound epithelium. 
Furthermore, regenerative failure caused by the denervation of the regenerating limb can be rescued 
by cocktails of growth factor proteins including FGFs and BMPs (Makanae et al., 2014; Satoh et al., 
2016; Vieira et al., 2019), neuregulin- 1 (Farkas et al., 2016), or AG (Kumar et al., 2007). Although 
the AEC is no longer present during the post- blastema stages of growth that we have focused on in 
the current study, nerves could both generate and induce the expression of similar growth- promoting 
factors in the late staged regenerating tissues. Alternately, or in conjunction with, the limb nerves may 
also regulate limb growth through their modulation of bioelectric signals which has been shown to 
regulate fin size in zebrafish (Perathoner et al., 2014; Daane et al., 2018). Regardless, the nature of 
the nerve- derived signals, and the downstream tissue and molecular targets of these signals, will be 
an essential focus of future research.

Potential role of other extrinsic factors in determining size of the limb 
regenerate
The cessation of limb growth in determinately growing tetrapods, such as humans, is brought about 
by hormone- based changes which leads to alterations of chondrocyte behavior in the growth plate 
and completion of the terminal phase of differentiation in this tissue (reviewed in Ağırdil, 2020). In 
contrast, axolotl are an indeterminately growing species that maintain active growth plates in the long 
bones throughout life. Thus, the transition of positive to isometric ontogenetic allometric growth in 
the regenerated limb must occur without the closure of the axolotl growth plates and suggests an 
alternate mechanism of regulation. Our studies using the NM- ALM indicate that non- neural extrinsic 
factors, which would include systemic factors such as hormones, do not directly promote growth 
in the regenerating limb tissue, which further supports this idea (Figure 7). However, it is possible 
that systemic factors are permissive to regenerative growth. In determinately growing species, these 
factors play important roles in regulating the growth of long bones in preadult limbs (Williams, 1981; 
Boersma and Wit, 1997; Penzo- Méndez and Stanger, 2015).

Our observation that neurons, when separated from their typical environment within the vertebrae, 
are unable to support the positive allometric growth of the regenerate may indicate that additional 
signals that are extrinsic to the regenerating limb tissue are required for the neural regulation of 
scaling (Figure 8 ad Figure 5—figure supplement 2). It is possible that either the vertebrae provide 
a permissive environment which allows the nerves to provide the appropriate cues to the regenerate, 
or there is some upstream signal that requires a direct connection of the limb nerves to the CNS to 
regulate growth. Alternately, because the NM- ALM assays that we performed only contain sensory 
neurons, it is possible that motor neurons can autonomously instruct growth in the regenerate. It will 
be important to resolve this issue in future studies.

Conclusion
This study provides foundational knowledge on how proportion becomes reestablished in the regen-
erating limb in a continually growing system. Our data indicates that nerve signaling plays a central 
role in coordinating ontogenetic allometric growth, and future studies will focus on identifying the 
molecular mechanism(s) underlying this regulation. Furthermore, our data suggests that there is an 
upstream factor (or factors) required for the neural regulation of growth, potentially deriving from 
the endogenous environment of the limb nerves or the CNS. Lastly, as previously stated, our studies 
have not ruled out the likely intrinsic factors involved in size regulation. In total, there are still many 
unknowns, both up- and downstream of nerve signaling, that must be resolved to fully understand 
how allometric growth is regulated during axolotl limb regeneration. Furthermore, as regenerative 
medicine seeks to tap back into the developmental mechanism in order to regrow a fully functional 
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limb, it will be important to study size regulation in multiple species to identify the shared mechanisms 
regulating this process.

Materials and methods
Key resources table 

Reagent type (species) or 
resource Designation Source or reference Identifiers

Additional 
information

Genetic reagent 
(Ambystoma mexicanum) White- strain 518

Ambystoma Genetic Stock 
Center at the University of 
Kentucky RRID: AGSC_101J

Genetic reagent 
(Ambystoma mexicanum) GFP- strain

Ambystoma Genetic Stock 
Center at the University of 
Kentucky RRID: AGSC_110J

Genetic reagent 
(Ambystoma mexicanum) RFP- strain

Ambystoma Genetic Stock 
Center at the University of 
Kentucky RRID: AGSC_112J

Chemical compound, drug MS- 222 Sigma- Aldrich E10521- 50G

Chemical compound, drug Formaldehyde RICCA Chemical Company R3190000- 1A

Other DAPI Sigma- Aldrich D9542- 5MG (1:1000) dilution

Chemical compound, drug Ethylenediaminetetraacetic acid (EDTA) VWR VWRV0105- 500G

Commercial assay or kit In Situ Cell Death Detection Kit, Fluorescein Roche 11684795910

Commercial assay or kit Click- iT Plus EdU Proliferation Kit Roche C10337 100 ng EdU/Animal

Software, algorithm ZenPro software Zeiss 410138- 1104- 260

Software, algorithm FIJI ImageJ Open Source

Other Tissue- Tek OCT Compound Sakura 4583

Other Permount Mounting Medium Thermo Fisher Scientific SP15- 100

Other
VECTASHIELD
612 Antifade Mounting Medium Vector Laboratories H- 1000–10

Other Wheat- Germ Agglutinin
Thermo Fisher
Scientific W32466

Other Rhodamine phalloidin Thermo Fisher Scientific R415

Other Hematoxylin Solution, Harris Modified Sigma- Aldrich HHS16- 500ml

Other Eosin Y Thermo Fisher Scientific E511- 100

Other Alcian Blue Sigma- Aldrich A- 5268

Antibody
(Mouse Monoclonal) Anti- Acetylated Tubulin 
antibody Sigma- Aldrich T7451- 200UL (1:200) dilution

Antibody
(Goat polyclonal) Anti- Mouse IgG Alexa Fluor 
488 Abcam ab150173 (1:200) dilution

Animal husbandry and surgeries
Ethical approval for this study was obtained from the Institutional Animal Care and Use Committee at 
the University of Massachusetts Boston (Protocol # IACUC2015004) and all experimental undertak-
ings were conducted in accordance with the recommendations in the Guide for the Care and Use of 
Laboratory Animals of the National Institutes of Health. Axolotls (A. mexicanum) were spawned either 
at the University of Massachusetts Boston or at the Ambystoma Genetic Stock Center at the Univer-
sity of Kentucky. Experiments were performed on white- strain (RRID: AGSC_101J), GFP- strain (RRID: 
AGSC_110J), and RFP- strain (RRID: AGSC_112J) Mexican axolotls (A. mexicanum). Animal sizes are 
measured snout to tail tip and described in the text for each experiment. They were housed in 40% 
Holtfreters on a 14/10 hr light/dark cycle and fed ad libitum. Animals were fed every day or three 
times a week depending on the size of the animal. Animals were anesthetized in 0.1% MS222 prior to 
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surgery or imaging. Live images were obtained using a Zeiss Discovery V8 Stereomicroscope with an 
Axiocam 503 color camera and Zen software (Zeiss, Oberkochen, Germany).

To generate large and small animals, larval animals were either housed at 19°C or 4°C, which slows 
their growth rate. Animals were grown at these temperatures until their body lengths were approxi-
mately 2- fold different, at which point the smaller animals were moved to 19°C for 2 weeks prior to 
any surgical manipulation.

Animal measurements
When measuring limb length and body length to determine limb proportionality and growth during 
regeneration, limbs were measured from the trunk/limb interception to the elbow and from the elbow 
to the longest digit tip (Figure 1—figure supplement 1). Body length was measured from snout to tail 
tip. All measurements were taken in centimeter (cm; Figure 1—figure supplement 1). Measurements 
were recorded prior to experimentation and weekly following surgical manipulation. After 5 weeks 
measurements were bi- weekly, and after 10 weeks they were taken tri- weekly.

Limb amputations and staging of tiny limbs
Forelimb amputations are done mid- stylopod (mid- humerus). If the bone protruded from the ampu-
tation plane after contraction of the skin and muscle, it was trimmed back to make a flat amputation 
plane. Limb regeneration stages were determined through an observation of patterning and growth 
rates. Limbs were considered in the ‘ETL’ stage when they reached the mid- digit stage of patterning 
(Iten and Bryant, 1973). Prior to this, they are considered in the ‘blastema’ stage of limb regener-
ation. The transition from ‘ETL’ to ‘LTL’ is determined by a statistically significant decrease in limb 
length growth rate (cm/day). The regenerating limb is fully regenerated when the growth rate is no 
longer statistically significant from the unamputated control limbs.

Limb denervation surgeries
Denervation of limbs was done by making a posterior incision on the flank, at the base of the arm, 
and severing and removing a piece of the three nerve bundles that come from spinal nerves 3, 4, and 
5, proximal to the brachial plexus. A 2–3 mm piece of the nerve bundle was cut out in an effort to 
delay the regeneration of the nerves into the regenerates. Partial denervations were also performed 
by severing 1, 2, or all three of the limb nerve bundles.

denervations were performed by severing spinal nerve 5. 2/3 denervations were performed by 
severing spinal nerves 4 and 5. Full denervations were performed by severing all three nerves. Mock 
denervations were also performed by creating the same incision on the posterior side of the limb and 
dissecting the nerve bundles as in a typical denervation but leaving the nerve bundles intact. Because 
limb denervation last approximately 7 days before nerves begin to re- innervate the limb, experimental 
limbs were analyzed 4 days post denervation.

ALM/blastema grafting
Limbs on large (average 12 cm snout to tail tip) and small (average 6 cm snout to tail tip) GFP+ donor 
axolotls were amputated mid- stylopod and allowed to regenerate until mid- bud stage. At that stage, 
they were amputated along with approximately 2 mm stump tissue, and grafted onto a regenerative 
permissive environment on large (12 cm snout to tail tip) RFP+ host axolotls or small (6 cm snout to tail 
tip) white host axolotls. Stump tissue was included in the graft to ensure the ectopic limb is composed 
primarily of donor animal cells, since stump cells contribute to the regenerate (Currie et al., 2016). 
The regenerative permissive environment on the large hosts was created by removing an anterior 
patch of full thickness skin from the stylopod and deviating a limb nerve bundle to the wound site 
(Endo et al., 2004; McCusker and Gardiner, 2013). The blastemas on the large donor animals were 
substantially larger than the limbs of the small host animals, making it impossible to perform this 
test on the small limbs. Thus, a regenerative permissive environment on the small host axolotl was 
generated by removing a patch of full thickness skin from flank of the animal posterior to the forelimb. 
The limb nerve bundle is dissected from the limb and deviated to the flank wound site on the small 
animal. After the blastemas are grafted on to the host wound sites, hosts are kept on ice and misted 
frequently for 1 hr, permitting attachment of the graft.

https://doi.org/10.7554/eLife.68584
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Neural-modified ALM
We developed the NM- ALM assay to determine if non- neural extrinsic factors were contributing to 
size regulation. In the NM- ALM the nerve source and host environment are decoupled by grafting 
a limb DRG from a donor animal in lieu of the deviated nerve bundle from the host animal into the 
wound site, as in the standard ALM surgery. Anterior wounds are created on white- strain host animals. 
Limb DRGs were carefully extracted postmortem from GFP+ donor animals and implanted below 
the proximal skin surrounding the wound site (Figure 6A). The limb axon bundle is positioned in the 
middle of the wound site (Figure 6A). Mid- bud staged blastemas, along with approximately 2 mm 
of stump tissue, were amputated from white- strain donor animals and immediately grafted onto the 
DRG nerve bundle and wound site on the host animals. Animals were kept on ice and moist for 2 hr 
following grafting to ensure attachment of the graft.

In the NM- ALM experiment reported here, we used large (average 14 cm snout to tail tip) and small 
(average 7 cm snout to tail tip) GFP+ and white- strain siblings, generated by crossing heterozygous 
GFP parents, as blastema donors, DRG donors, and NM- ALM hosts. DRGs from both large and small 
GFP+ donor animals were dissected postmortem and grafted into anterior limb wound sites on large 
and small white host animals (Figure 6C). Mid- bud staged blastemas from small white- strain donors 
were then grafted onto the NM- ALM.

Tissue histology and immunofluorescence
Tissues were fixed overnight at 4°C in 4% formaldehyde (RICCA Chemical Company, Arlington, TX), 
decalcified in 10% EDTA (VWR, Radnor, PA) for 5–14 days depending on tissue size, rehydrated in 
30% sucrose for 2 days, and embedded in Tissue- Tek OCT Compound (Sakura, Torrance, CA). The 
OCT blocks were then flash- frozen in liquid nitrogen and stored at –20°C. They were cryo- sectioned 
on a Leica CM 1950 (Leica Biosystems, Buffalo Grove, IL) through the mid- zeugopod at 7 μm thick-
ness. Following staining, histological stained slides were mounted using Permount Mounting Medium 
(Thermo Fisher Scientific, Waltham, MA). VECTASHIELD Antifade Mounting Medium (Vector Labo-
ratories, Burlingame, CA) was used to mount coverslips on the fluorescently stained slides. Sections 
were imaged on the Zeiss Observer.Z1 at 20× magnification. Tile scans were taken of the entire tissue 
section and then stitched together using the ZenPro software (Zeiss).

Quantification of cell proliferation and cell death
For analysis of cell proliferation in the limbs, 100 ng of EdU (Roche, Basel, Switzerland) was injected into 
the intraperitoneal space on the flank of the animal. The limbs were then collected exactly 4 hr after 
injection and prepared for staining. Harvested tissues were process for cryo- sectioning as described 
above. The Roche Click- It EdU kit was used, following manufacturer’s protocol, and co- stained with 
DAPI (1:1000 dilution – Sigma- Aldrich, St Louis, MO). The Roche In Situ cell death detection kit (Fluo-
rescein) was used to analyze apoptosis cell death using the manufacturer’s protocol. TUNEL- stained 
sections were also co- stained with DAPI to obtain percent cell death. Using the Open Source FIJI soft-
ware, the number of either proliferating (EdU+) or dying (TUNEL+) cells and DAPI+ cells was counted 
and used to calculate the labeling indices for each. In each section, the tissues were visually separated 
based on morphology into three basic categories: epidermal, skeletal (bone or cartilage), and soft 
tissue (all other tissue), and the labeling indices were generated for each separately. Three technical 
(three sections per limb) and at least three biological replicates were performed for each sample.

Quantification of cell size and ECM size
The quantification of average cell size and extracellular area were performed separately on the entire 
epidermal, muscle, and skeletal tissues in each tissue section. The epidermal and muscle tissues were 
identified based on morphology in WGA (Thermo Fisher Scientific), Rhodamine phalloidin (Thermo 
Fisher Scientific), and DAPI (1:1000 dilution – Sigma- Aldrich) stained sections. Skeletal tissues (bone or 
cartilage) were identified in sections stained with Harris Hematoxylin (Sigma- Aldrich), Eosin Y (Thermo 
Fisher Scientific), and Alcian Blue (Sigma- Aldrich). To measure the average cell size of epidermis and 
muscle in the fluorescent images, the area within WGA plasma membrane- stained cells, where the 
nucleus was observed (DAPI signal), was quantified using the FIJI software and averaged (Figure 2—
figure supplement 1). While muscle cells are elongated syncytial cells, our measurements only 
quantified a cross- sectional area. For the skeletal elements, the average cell area was quantified by 
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measuring the area of Alcian blue negative areas in the element that contained a nucleus (Figure 2—
figure supplement 1).

To analyze ECM size for the epidermis and muscle, the area of all WGA internal cell spaces (with 
and without DAPI) were quantified. For skeletal tissue, the area of the Alcian blue negative cell spaces 
were quantified. The sum of these areas was calculated to obtain the ‘total cellular area’. The area of 
the complete tissue ‘total tissue area’ was then quantified (Figure 2—figure supplement 1B). Since 
the tissue sizes can vary, percent ECM was determined through the following equation:

 Percent ECM Deposition = Total Tissue Area−Total Cellular Area
Total Tissue Area × 100  

Neural staining
The quantitative analysis of nerve abundance was performed on regenerating limb and flank sections 
using the Mouse Monoclonal Anti- Acetylated Tubulin antibody (1:200 dilution – Sigma- Aldrich), 
followed by the Goat- Anti- Mouse IgG Alexa Fluor 488 (1:200 dilution – Abcam, Cambridge, MA) 
secondary antibody. They were co- stained with Rhodamine phalloidin and DAPI as a general tissue 
stain, and to provide positional context for the location of the axon bundles. Limb nerve abundance 
was quantified by determining the percentage of limb area that is positive for Anti- Acetylated Tubulin 
staining. To determine limb- bound axon bundle size, the sum of the area of axon bundles from 
DRGs 3, 4, and 5 were quantified as they emerged from the skeletal muscle surrounding the spine 
(Figure 5—figure supplement 1).

Acknowledgements
The authors wish to thank Dr Kellee Siegfried Harris, her lab members, and the members of the 
McCusker lab for their insightful comments during the development of this project.

Additional information

Funding

Funder Grant reference number Author

National Institutes of 
Health

0R15HD092180-01A1 Catherine D McCusker

University of Massachusetts 
Boston

Doctoral Dissertation 
Grant

Kaylee M Wells

The funders had no role in study design, data collection and interpretation, or the 
decision to submit the work for publication.

Author contributions
Kaylee M Wells, Conceptualization, Data curation, Formal analysis, Funding acquisition, Investiga-
tion, Methodology, Project administration, Validation, Visualization, Writing - original draft, Writing 
- review and editing; Kristina Kelley, Data curation, Formal analysis, Investigation, Validation, Visu-
alization, Writing - review and editing; Mary Baumel, Data curation, Formal analysis, Methodology, 
Validation, Visualization, Writing - review and editing; Warren A Vieira, Conceptualization, Formal 
analysis, Investigation, Methodology, Writing - review and editing; Catherine D McCusker, Conceptu-
alization, Funding acquisition, Methodology, Project administration, Resources, Supervision, Visualiza-
tion, Writing - original draft, Writing - review and editing

Author ORCIDs
Mary Baumel    http:// orcid. org/ 0000- 0002- 8551- 4785
Catherine D McCusker    http:// orcid. org/ 0000- 0003- 0127- 433X

Ethics
This study was carried out in accordance with the recommendations in the Guide for the Care and Use 
of Laboratory Animals of the National Institutes of Health. The experimental work was approved by 

https://doi.org/10.7554/eLife.68584
http://orcid.org/0000-0002-8551-4785
http://orcid.org/0000-0003-0127-433X


 Research article      Developmental Biology | Stem Cells and Regenerative Medicine

Wells et al. eLife 2021;0:e68584. DOI: https:// doi. org/ 10. 7554/ eLife. 68584  21 of 25

the Institutional Animal Care and Use Committee of the University of Massachusetts Boston; protocol 
number IACUC2015004, animal welfare assurance number D16- 00246 (A3383- 01).

Decision letter and Author response
Decision letter https:// doi. org/ 10. 7554/ eLife. 68584. sa1
Author response https:// doi. org/ 10. 7554/ eLife. 68584. sa2

Additional files
Supplementary files
•  Transparent reporting form 

Data availability
The raw data used to generate the figures for this paper are available in the source data files corre-
sponding to that figure.

References
Ağırdil Y. 2020. The growth plate: a physiologic overview. EFORT Open Reviews 5: 498–507. DOI: https:// doi. 

org/ 10. 1302/ 2058- 5241. 5. 190088, PMID: 32953135
Aizawa R, Yamada A, Suzuki D, Iimura T, Kassai H, Harada T, Tsukasaki M, Yamamoto G, Tachikawa T, Nakao K, 

Yamamoto M, Yamaguchi A, Aiba A, Kamijo R. 2012. Cdc42 is required for chondrogenesis and interdigital 
programmed cell death during limb development. Mechanisms of Development 129: 38–50. DOI: https:// doi. 
org/ 10. 1016/ j. mod. 2012. 02. 002, PMID: 22387309

Bain JR, DeMatteo C, Gjertsen D, Packham T, Galea V, Harper JA. 2012. Limb length differences after obstetrical 
brachial plexus injury: a growing concern. Plastic and Reconstructive Surgery 130: 558e–571e. DOI: https:// doi. 
org/ 10. 1097/ PRS. 0b013e318262f26b, PMID: 23018717

Barna M, Hawe N, Niswander L, Pandolfi PP. 2000. Plzf regulates limb and axial skeletal patterning. Nature 
Genetics 25: 166–172. DOI: https:// doi. org/ 10. 1038/ 76014, PMID: 10835630

Bhattacharyya S, Feferman L, Tobacman JK. 2015. Regulation of chondroitin- 4- sulfotransferase (CHST11) 
expression by opposing effects of arylsulfatase B on BMP4 and Wnt9A. Biochimica et Biophysica Acta 1849: 
342–352. DOI: https:// doi. org/ 10. 1016/ j. bbagrm. 2014. 12. 009, PMID: 25511584

Boersma B, Wit JM. 1997. Catch- up growth. Endocrine Reviews 18: 646–661. DOI: https:// doi. org/ 10. 1210/ edrv. 
18. 5. 0313, PMID: 9331546

Booker BM, Friedrich T, Mason MK, VanderMeer JE, Zhao J, Eckalbar WL, Logan M, Illing N, Pollard KS, 
Ahituv N, Desplan C. 2016. Bat Accelerated Regions Identify a Bat Forelimb Specific Enhancer in the HoxD 
Locus. PLOS Genetics 12: e1005738. DOI: https:// doi. org/ 10. 1371/ journal. pgen. 1005738

Bren- Mattison Y, Hausburg M, Olwin BB. 2011. Growth of limb muscle is dependent on skeletal- derived Indian 
hedgehog. Developmental Biology 356: 486–495. DOI: https:// doi. org/ 10. 1016/ j. ydbio. 2011. 06. 002, PMID: 
21683695

Brockes JP. 1984. Mitogenic Growth Factors and Nerve Dependence of Limb Regeneration. Science 225: 
1280–1287. DOI: https:// doi. org/ 10. 1126/ science. 6474177

Brockes JP, Kintner CR. 1986. Glial growth factor and nerve- dependent proliferation in the regeneration 
blastema of Urodele amphibians. Cell 45: 301–306. DOI: https:// doi. org/ 10. 1016/ 0092- 8674( 86) 90394- 6, 
PMID: 3698099

Bryant DM, Sousounis K, Farkas JE, Bryant S, Thao N, Guzikowski AR, Monaghan JR, Levin M, Whited JL. 2017. 
Repeated removal of developing limb buds permanently reduces appendage size in the highly- regenerative 
axolotl. Developmental Biology 424: 1–9. DOI: https:// doi. org/ 10. 1016/ j. ydbio. 2017. 02. 013, PMID: 28235582

Caparrós- Martín JA, Valencia M, Reytor E, Pacheco M, Fernandez M, Perez- Aytes A, Gean E, Lapunzina P, 
Peters H, Goodship JA, Ruiz- Perez VL. 2013. The ciliary Evc/Evc2 complex interacts with Smo and controls 
Hedgehog pathway activity in chondrocytes by regulating Sufu/Gli3 dissociation and Gli3 trafficking in primary 
cilia. Human Molecular Genetics 22: 124–139. DOI: https:// doi. org/ 10. 1093/ hmg/ dds409, PMID: 23026747

Cerrato F, Eberlin KR, Waters P, Upton J, Taghinia A, Labow BI. 2013. Presentation and treatment of 
macrodactyly in children. The Journal of Hand Surgery 38: 2112–2123. DOI: https:// doi. org/ 10. 1016/ j. jhsa. 
2013. 08. 095, PMID: 24060511

Cho KW, Kim JY, Cho JW, Cho KH, Song CW, Jung HS. 2008. Point mutation of Hoxd12 in mice. Yonsei Medical 
Journal 49: 965–972. DOI: https:// doi. org/ 10. 3349/ ymj. 2008. 49. 6. 965, PMID: 19108020

Conlon I, Raff M. 1999. Size control in animal development. Cell 96: 235–244. DOI: https:// doi. org/ 10. 1016/ 
s0092- 8674( 00) 80563- 2, PMID: 9988218

Currie JD, Kawaguchi A, Traspas RM, Schuez M, Chara O, Tanaka EM. 2016. Live Imaging of Axolotl Digit 
Regeneration Reveals Spatiotemporal Choreography of Diverse Article Live Imaging of Axolotl Digit 
Regeneration Reveals Spatiotemporal Choreography of Diverse Connective Tissue Progenitor Pools. 
Developmental Cell 39: 411–423. DOI: https:// doi. org/ 10. 1016/ j. devcel. 2016. 10. 013

https://doi.org/10.7554/eLife.68584
https://doi.org/10.7554/eLife.68584.sa1
https://doi.org/10.7554/eLife.68584.sa2
https://doi.org/10.1302/2058-5241.5.190088
https://doi.org/10.1302/2058-5241.5.190088
http://www.ncbi.nlm.nih.gov/pubmed/32953135
https://doi.org/10.1016/j.mod.2012.02.002
https://doi.org/10.1016/j.mod.2012.02.002
http://www.ncbi.nlm.nih.gov/pubmed/22387309
https://doi.org/10.1097/PRS.0b013e318262f26b
https://doi.org/10.1097/PRS.0b013e318262f26b
http://www.ncbi.nlm.nih.gov/pubmed/23018717
https://doi.org/10.1038/76014
http://www.ncbi.nlm.nih.gov/pubmed/10835630
https://doi.org/10.1016/j.bbagrm.2014.12.009
http://www.ncbi.nlm.nih.gov/pubmed/25511584
https://doi.org/10.1210/edrv.18.5.0313
https://doi.org/10.1210/edrv.18.5.0313
http://www.ncbi.nlm.nih.gov/pubmed/9331546
https://doi.org/10.1371/journal.pgen.1005738
https://doi.org/10.1016/j.ydbio.2011.06.002
http://www.ncbi.nlm.nih.gov/pubmed/21683695
https://doi.org/10.1126/science.6474177
https://doi.org/10.1016/0092-8674(86)90394-6
http://www.ncbi.nlm.nih.gov/pubmed/3698099
https://doi.org/10.1016/j.ydbio.2017.02.013
http://www.ncbi.nlm.nih.gov/pubmed/28235582
https://doi.org/10.1093/hmg/dds409
http://www.ncbi.nlm.nih.gov/pubmed/23026747
https://doi.org/10.1016/j.jhsa.2013.08.095
https://doi.org/10.1016/j.jhsa.2013.08.095
http://www.ncbi.nlm.nih.gov/pubmed/24060511
https://doi.org/10.3349/ymj.2008.49.6.965
http://www.ncbi.nlm.nih.gov/pubmed/19108020
https://doi.org/10.1016/s0092-8674(00)80563-2
https://doi.org/10.1016/s0092-8674(00)80563-2
http://www.ncbi.nlm.nih.gov/pubmed/9988218
https://doi.org/10.1016/j.devcel.2016.10.013


 Research article      Developmental Biology | Stem Cells and Regenerative Medicine

Wells et al. eLife 2021;0:e68584. DOI: https:// doi. org/ 10. 7554/ eLife. 68584  22 of 25

Daane JM, Lanni J, Rothenberg I, Seebohm G, Higdon CW, Johnson SL, Harris MP. 2018. Bioelectric- calcineurin 
signaling module regulates allometric growth and size of the zebrafish fin. Scientific Reports 8: 1–9. DOI: 
https:// doi. org/ 10. 1038/ s41598- 018- 28450-6

Duprez D, de H. Bell EJ, Richardson MK, Archer CW, Wolpert L, Brickell PM, Francis- West PH. 1996. 
Overexpression of BMP- 2 and BMP- 4 alters the size and shape of developing skeletal elements in the chick 
limb. Mechanisms of Development 57: 145–157. DOI: https:// doi. org/ 10. 1016/ 0925- 4773( 96) 00540-0

Endo T, Bryant SV, Gardiner DM. 2004. A stepwise model system for limb regeneration. Developmental Biology 
270: 135–145. DOI: https:// doi. org/ 10. 1016/ j. ydbio. 2004. 02. 016, PMID: 15136146

Eswarakumar VP, Schlessinger J. 2007. Skeletal overgrowth is mediated by deficiency in a specific isoform of 
fibroblast growth factor receptor 3. PNAS 104: 3937–3942. DOI: https:// doi. org/ 10. 1073/ pnas. 0700012104, 
PMID: 17360456

Evers M, Saftig P, Schmidt P, Hafner A, McLoghlin DB, Schmahl W, Hess B, von Figura K, Peters C. 1996. 
Targeted disruption of the arylsulfatase B gene results in mice resembling the phenotype of 
mucopolysaccharidosis VI. PNAS 93: 8214–8219. DOI: https:// doi. org/ 10. 1073/ pnas. 93. 16. 8214, PMID: 
8710849

Farkas JE, Freitas PD, Bryant DM, Whited JL, Monaghan JR. 2016. Neuregulin- 1 signaling is essential for 
nerve- dependent axolotl limb regeneration. Development 143: 2724–2731. DOI: https:// doi. org/ 10. 1242/ dev. 
133363, PMID: 27317805

Farkas JE, Monaghan JR. 2017. A brief history of the study of nerve dependent regeneration. Neurogenesis Vol. 
4: e1302216. DOI: https:// doi. org/ 10. 1080/ 23262133. 2017. 1302216, PMID: 28459075

Fromental- Ramain C, Warot X, Messadecq N, LeMeur M, Dollé P, Chambon P. 1996. Hoxa- 13 and Hoxd- 13 play 
a crucial role in the patterning of the limb autopod. Development 122: 2997–3011 PMID: 8898214. https:// doi. 
org/ 10. 1242/ dev. 122. 10. 2997, 

Frykman GK, Wood VE. 1978. Peripheral nerve hamartoma with macrodactyly in the hand: Report of three cases 
and review of the literature. The Journal of Hand Surgery 3: 307–312. DOI: https:// doi. org/ 10. 1016/ s0363- 
5023( 78) 80029- x, PMID: 98554

Gardiner DM, Blumberg B, Komine Y, Bryant SV. 1995. Regulation of HoxA expression in developing and 
regenerating axolotl limbs. Development 121: 1731–1741 PMID: 7600989., 

Gerber T, Murawala P, Knapp D, Masselink W, Schuez M, Hermann S, Gac- Santel M, Nowoshilow S, Kageyama J, 
Khattak S, Currie JD, Camp JG, Tanaka EM, Treutlein B. 2018. Single- cell analysis uncovers convergence of cell 
identities during axolotl limb regeneration. Science 362: eaaq0681. DOI: https:// doi. org/ 10. 1126/ science. 
aaq0681, PMID: 30262634

Harrison RG. 1924. Some Unexpected Results of the Heteroplastic Transplantation of Limbs. PNAS 10: 69–74. 
DOI: https:// doi. org/ 10. 1073/ pnas. 10. 2. 69, PMID: 16576784

Hérault Y, Hraba- Renevey S, van der Hoeven F, Duboule D. 1996. Function of the Evx- 2 gene in the 
morphogenesis of vertebrate limbs. The EMBO Journal 15: 6727–6738. DOI: https:// doi. org/ 10. 1002/ j. 1460- 
2075. 1996. tb01062. x, PMID: 8978698

Iten LE, Bryant SV. 1973. Forelimb regeneration from different levels of amputation in the newt,Notophthalmus 
viridescens: Length, rate, and stages. Wilhelm Roux’ Archiv For Entwicklungsmechanik Der Organismen 173: 
263–282. DOI: https:// doi. org/ 10. 1007/ BF00575834

Iwata T, Chen L, Li CL, Ovchinnikov DA, Behringer RR, Francomano CA, Deng CX. 2000. A neonatal lethal 
mutation in FGFR3 uncouples proliferation and differentiation of growth plate chondrocytes in embryos. 
Human Molecular Genetics 9: 1603–1613. DOI: https:// doi. org/ 10. 1093/ hmg/ 9. 11. 1603, PMID: 10861287

Iwata T, Li CL, Deng CX, Francomano CA. 2001. Highly activated Fgfr3 with the K644M mutation causes 
prolonged survival in severe dwarf mice. Human Molecular Genetics 10: 1255–1264. DOI: https:// doi. org/ 10. 
1093/ hmg/ 10. 12. 1255, PMID: 11406607

Joeng KS, Long F. 2009. The Gli2 transcriptional activator is a crucial effector for Ihh signaling in osteoblast 
development and cartilage vascularization. Development 136: 4177–4185. DOI: https:// doi. org/ 10. 1242/ dev. 
041624, PMID: 19906844

Karst SY, Berry ML, Reinholdt LG, Fairfield HE, Bergstrom DE, Donahue LR. 1986. Brachypodism 5 Jackson, a 
Mouse Model of GDF5 Genetic Diseases. The Jackson Laboratory.

Keenan SR, Beck CW. 2016. Xenopus Limb bud morphogenesis. Developmental Dynamics 245: 233–243. DOI: 
https:// doi. org/ 10. 1002/ dvdy. 24351, PMID: 26404044

Kim Y, Osborn DP, Lee J, Araki M, Araki K, Mohun T, Känsäkoski J, Brandstack N, Kim H, Miralles F, Kim C, 
Brown NA, Kim H, Martinez‐Barbera JP, Ataliotis P, Raivio T, Layman LC, Kim S. 2017. WDR11‐mediated 
Hedgehog signalling defects underlie a new ciliopathy related to Kallmann syndrome. EMBO Reports 19: 
269–289. DOI: https:// doi. org/ 10. 15252/ embr. 201744632

Klüppel M, Wight TN, Chan C, Hinek A, Wrana JL. 2005. Maintenance of chondroitin sulfation balance by 
chondroitin- 4- sulfotransferase 1 is required for chondrocyte development and growth factor signaling during 
cartilage morphogenesis. Development 132: 3989–4003. DOI: https:// doi. org/ 10. 1242/ dev. 01948, PMID: 
16079159

Kumar A, Godwin JW, Gates PB, Garza- Garcia AA, Brockes JP. 2007. Molecular basis for the nerve dependence 
of limb regeneration in an adult vertebrate. Science 318: 772–777. DOI: https:// doi. org/ 10. 1126/ science. 
1147710, PMID: 17975060

Kumar A, Nevill G, Brockes JP, Forge A. 2010. A comparative study of gland cells implicated in the nerve 
dependence of salamander limb regeneration. Journal of Anatomy 217: 16–25. DOI: https:// doi. org/ 10. 1111/ j. 
1469- 7580. 2010. 01239. x, PMID: 20456522

https://doi.org/10.7554/eLife.68584
https://doi.org/10.1038/s41598-018-28450-6
https://doi.org/10.1016/0925-4773(96)00540-0
https://doi.org/10.1016/j.ydbio.2004.02.016
http://www.ncbi.nlm.nih.gov/pubmed/15136146
https://doi.org/10.1073/pnas.0700012104
http://www.ncbi.nlm.nih.gov/pubmed/17360456
https://doi.org/10.1073/pnas.93.16.8214
http://www.ncbi.nlm.nih.gov/pubmed/8710849
https://doi.org/10.1242/dev.133363
https://doi.org/10.1242/dev.133363
http://www.ncbi.nlm.nih.gov/pubmed/27317805
https://doi.org/10.1080/23262133.2017.1302216
http://www.ncbi.nlm.nih.gov/pubmed/28459075
http://www.ncbi.nlm.nih.gov/pubmed/8898214
https://doi.org/10.1016/s0363-5023(78)80029-x
https://doi.org/10.1016/s0363-5023(78)80029-x
http://www.ncbi.nlm.nih.gov/pubmed/98554
http://www.ncbi.nlm.nih.gov/pubmed/7600989
https://doi.org/10.1126/science.aaq0681
https://doi.org/10.1126/science.aaq0681
http://www.ncbi.nlm.nih.gov/pubmed/30262634
https://doi.org/10.1073/pnas.10.2.69
http://www.ncbi.nlm.nih.gov/pubmed/16576784
https://doi.org/10.1002/j.1460-2075.1996.tb01062.x
https://doi.org/10.1002/j.1460-2075.1996.tb01062.x
http://www.ncbi.nlm.nih.gov/pubmed/8978698
https://doi.org/10.1007/BF00575834
https://doi.org/10.1093/hmg/9.11.1603
http://www.ncbi.nlm.nih.gov/pubmed/10861287
https://doi.org/10.1093/hmg/10.12.1255
https://doi.org/10.1093/hmg/10.12.1255
http://www.ncbi.nlm.nih.gov/pubmed/11406607
https://doi.org/10.1242/dev.041624
https://doi.org/10.1242/dev.041624
http://www.ncbi.nlm.nih.gov/pubmed/19906844
https://doi.org/10.1002/dvdy.24351
http://www.ncbi.nlm.nih.gov/pubmed/26404044
https://doi.org/10.15252/embr.201744632
https://doi.org/10.1242/dev.01948
http://www.ncbi.nlm.nih.gov/pubmed/16079159
https://doi.org/10.1126/science.1147710
https://doi.org/10.1126/science.1147710
http://www.ncbi.nlm.nih.gov/pubmed/17975060
https://doi.org/10.1111/j.1469-7580.2010.01239.x
https://doi.org/10.1111/j.1469-7580.2010.01239.x
http://www.ncbi.nlm.nih.gov/pubmed/20456522


 Research article      Developmental Biology | Stem Cells and Regenerative Medicine

Wells et al. eLife 2021;0:e68584. DOI: https:// doi. org/ 10. 7554/ eLife. 68584  23 of 25

Kumar A, Delgado JP, Gates PB, Neville G, Forge A, Brockes JP. 2011. The aneurogenic limb identifies 
developmental cell interactions underlying vertebrate limb regeneration. PNAS 108: 13588–13593. DOI: 
https:// doi. org/ 10. 1073/ pnas. 1108472108, PMID: 21825124

Labow BI, Pike CM, Upton J. 2016. Overgrowth of the Hand and Upper Extremity and Associated Syndromes. 
The Journal of Hand Surgery 41: 473–482. DOI: https:// doi. org/ 10. 1016/ j. jhsa. 2015. 08. 012

Lallemand Y, Nicola MA, Ramos C, Bach A, Cloment CS, Robert B. 2005. Analysis of Msx1; Msx2 double mutants 
reveals multiple roles for Msx genes in limb development. Development 132: 3003–3014. DOI: https:// doi. org/ 
10. 1242/ dev. 01877, PMID: 15930102

Lee YC, Song IW, Pai YJ, Chen SD, Chen YT. 2017. Knock- in human FGFR3 achondroplasia mutation as a mouse 
model for human skeletal dysplasia. Scientific Reports 7: 43220. DOI: https:// doi. org/ 10. 1038/ srep43220

Leevers SJ, Weinkove D, MacDougall LK, Hafen E, Waterfield MD. 1996. The Drosophila phosphoinositide 
3- kinase Dp110 promotes cell growth. The EMBO Journal 15: 6584–6594DOI: https:// doi. org/ 10. 1002/ j. 
1460- 2075. 1996. tb01049. x, PMID: 8978685

Lehrberg J, Gardiner DM. 2015. Regulation of Axolotl (Ambystoma mexicanum) Limb Blastema Cell Proliferation 
by Nerves and BMP2 in Organotypic Slice Culture. PLOS ONE 10: e0123186. DOI: https:// doi. org/ 10. 1371/ 
journal. pone. 0123186, PMID: 25923915

Lévesque M, Gatien S, Finnson K, Desmeules S, Villiard É, Pilote M, Philip A, Roy S, Blagosklonny M. 2007. 
Transforming Growth Factor: β Signaling Is Essential for Limb Regeneration in Axolotls. PLOS ONE 2: e1227. 
DOI: https:// doi. org/ 10. 1371/ journal. pone. 0001227

Long F, Zhang XM, Karp S, Yang Y, McMahon AP. 2001. Genetic manipulation of hedgehog signaling in the 
endochondral skeleton reveals a direct role in the regulation of chondrocyte proliferation. Development 128: 
5099–5108. DOI: https:// doi. org/ 10. 1242/ dev. 128. 24. 5099

Maden M. 1983. The effect of vitamin A on the regenerating axolotl limb. Development 77: 273–295. DOI: 
https:// doi. org/ 10. 1242/ dev. 77. 1. 273

Makanae A, Mitogawa K, Satoh A. 2014. Co- operative Bmp- and Fgf- signaling inputs convert skin wound 
healing to limb formation in urodele amphibians. Developmental Biology 396: 57–66. DOI: https:// doi. org/ 10. 
1016/ j. ydbio. 2014. 09. 021, PMID: 25286122

McCusker CD, Gardiner DM. 2013. Positional information is reprogrammed in blastema cells of the regenerating 
limb of the axolotl (Ambystoma mexicanum). PLOS ONE 8: e77064. DOI: https:// doi. org/ 10. 1371/ journal. pone. 
0077064, PMID: 24086768

McCusker C, Bryant SV, Gardiner DM. 2015. The axolotl limb blastema: cellular and molecular mechanisms 
driving blastema formation and limb regeneration in tetrapods. Regeneration 2: 54–71. DOI: https:// doi. org/ 
10. 1002/ reg2. 32, PMID: 27499868

Minina E, Kreschel C, Naski MC, Ornitz DM, Vortkamp A. 2002. Interaction of FGF, Ihh/Pthlh, and BMP signaling 
integrates chondrocyte proliferation and hypertrophic differentiation. Developmental Cell 3: 439–449. DOI: 
https:// doi. org/ 10. 1016/ s1534- 5807( 02) 00261- 7, PMID: 12361605

Mo R, Freer AM, Zinyk DL, Crackower MA, Michaud J, Heng HHQ, Chik KW, Shi XM, Tsui LC, Cheng SH, 
Joyner AL, Hui CC. 1997. Specific and redundant functions of Gli2 and Gli3 zinc finger genes in skeletal 
patterning and development. Development 124: 113–123. https:// doi. org/ 10. 1242/ dev. 124. 1. 113, DOI: 
https:// doi. org/ 10. 1242/ dev. 124. 1. 113, PMID: 9006072

Mullen LM, Bryant SV, Torok MA, Blumberg B, Gardiner DM. 1996. Nerve dependency of regeneration: the role 
of Distal- less and FGF signaling in amphibian limb regeneration. Development 122: 3487–3497. DOI: https:// 
doi. org/ 10. 1242/ dev. 122. 11. 3487, PMID: 8951064

Nacu E, Gromberg E, Oliveira CR, Drechsel D, Tanaka EM. 2016. FGF8 and SHH substitute for anterior- posterior 
tissue interactions to induce limb regeneration. Nature 533: 407–410. DOI: https:// doi. org/ 10. 1038/ 
nature17972, PMID: 27120163

Niazi IA, Pescitelli MJ, Stocum DL. 1985. Stage- dependent effects of retinoic acid on regenerating urodele 
limbs. Wilhelm Roux’s Archives of Developmental Biology 194: 355–363. DOI: https:// doi. org/ 10. 1007/ 
BF00877373

Nieuwkoop PD, Faber J. 1958. Normal Table of Xenopus laevis (Daudin) Copeia 252: 439568. DOI: https:// doi. 
org/ 10. 2307/ 1439568

Ovchinnikov DA, Selever J, Wang Y, Chen YT, Mishina Y, Martin JF, Behringer RR. 2006. BMP receptor type IA in 
limb bud mesenchyme regulates distal outgrowth and patterning. Developmental Biology 295: 103–115. DOI: 
https:// doi. org/ 10. 1016/ j. ydbio. 2006. 03. 013, PMID: 16630606

Penzo- Méndez AI, Stanger BZ. 2015. Organ- Size Regulation in Mammals. Cold Spring Harbor Perspectives in 
Biology 7: 019240. DOI: https:// doi. org/ 10. 1101/ cshperspect. a019240

Perathoner S, Daane JM, Henrion U, Seebohm G, Higdon CW, Johnson SL, Nüsslein- Volhard C, Harris MP. 2014. 
Bioelectric signaling regulates size in zebrafish fins. PLOS Genetics 10: e1004080. DOI: https:// doi. org/ 10. 
1371/ journal. pgen. 1004080, PMID: 24453984

Purushothaman S, Elewa A, Seifert AW. 2019. Fgf- signaling is compartmentalized within the mesenchyme and 
controls proliferation during salamander limb development. eLife 8: e48507. DOI: https:// doi. org/ 10. 7554/ 
eLife. 48507, PMID: 31538936

Razzaghi A, Anastakis DJ. 2005. Lipofibromatous hamartoma: Review of early diagnosis and treatment. 
Canadian Journal of Surgery 48: 394–399.

Razzaque MS, Soegiarto DW, Chang D, Long F, Lanske B. 2005. Conditional deletion of Indian hedgehog from 
collagen type 2alpha1- expressing cells results in abnormal endochondral bone formation. The Journal of 
Pathology 207: 453–461. DOI: https:// doi. org/ 10. 1002/ path. 1870, PMID: 16278811

https://doi.org/10.7554/eLife.68584
https://doi.org/10.1073/pnas.1108472108
http://www.ncbi.nlm.nih.gov/pubmed/21825124
https://doi.org/10.1016/j.jhsa.2015.08.012
https://doi.org/10.1242/dev.01877
https://doi.org/10.1242/dev.01877
http://www.ncbi.nlm.nih.gov/pubmed/15930102
https://doi.org/10.1038/srep43220
https://doi.org/10.1002/j.1460-2075.1996.tb01049.x
https://doi.org/10.1002/j.1460-2075.1996.tb01049.x
http://www.ncbi.nlm.nih.gov/pubmed/8978685
https://doi.org/10.1371/journal.pone.0123186
https://doi.org/10.1371/journal.pone.0123186
25923915
https://doi.org/10.1371/journal.pone.0001227
https://doi.org/10.1242/dev.128.24.5099
https://doi.org/10.1242/dev.77.1.273
https://doi.org/10.1016/j.ydbio.2014.09.021
https://doi.org/10.1016/j.ydbio.2014.09.021
http://www.ncbi.nlm.nih.gov/pubmed/25286122
https://doi.org/10.1371/journal.pone.0077064
https://doi.org/10.1371/journal.pone.0077064
http://www.ncbi.nlm.nih.gov/pubmed/24086768
https://doi.org/10.1002/reg2.32
https://doi.org/10.1002/reg2.32
http://www.ncbi.nlm.nih.gov/pubmed/27499868
https://doi.org/10.1016/s1534-5807(02)00261-7
http://www.ncbi.nlm.nih.gov/pubmed/12361605
https://doi.org/10.1242/dev.124.1.113
http://www.ncbi.nlm.nih.gov/pubmed/9006072
https://doi.org/10.1242/dev.122.11.3487
https://doi.org/10.1242/dev.122.11.3487
http://www.ncbi.nlm.nih.gov/pubmed/8951064
https://doi.org/10.1038/nature17972
https://doi.org/10.1038/nature17972
http://www.ncbi.nlm.nih.gov/pubmed/27120163
https://doi.org/10.1007/BF00877373
https://doi.org/10.1007/BF00877373
https://doi.org/10.2307/1439568
https://doi.org/10.2307/1439568
https://doi.org/10.1016/j.ydbio.2006.03.013
http://www.ncbi.nlm.nih.gov/pubmed/16630606
https://doi.org/10.1101/cshperspect.a019240
https://doi.org/10.1371/journal.pgen.1004080
https://doi.org/10.1371/journal.pgen.1004080
http://www.ncbi.nlm.nih.gov/pubmed/24453984
https://doi.org/10.7554/eLife.48507
https://doi.org/10.7554/eLife.48507
http://www.ncbi.nlm.nih.gov/pubmed/31538936
https://doi.org/10.1002/path.1870
http://www.ncbi.nlm.nih.gov/pubmed/16278811


 Research article      Developmental Biology | Stem Cells and Regenerative Medicine

Wells et al. eLife 2021;0:e68584. DOI: https:// doi. org/ 10. 7554/ eLife. 68584  24 of 25

Riquelme‐Guzmán C, Schuez M, Böhm A, Knapp D, Edwards‐Jorquera S, Ceccarelli AS, Chara O, Rauner M, 
Sandoval‐Guzmán T. 2021. Postembryonic development and aging of the appendicular skeleton in Ambystoma 
mexicanum. Developmental Dynamics 1: 407. DOI: https:// doi. org/ 10. 1002/ dvdy. 407

Ruiz- Perez VL, Blair HJ, Rodriguez- Andres ME, Blanco MJ, Wilson A, Liu Y- N, Miles C, Peters H, Goodship JA. 
2007. Evc is a positive mediator of Ihh- regulated bone growth that localises at the base of chondrocyte cilia. 
Development 134: 2903–2912. DOI: https:// doi. org/ 10. 1242/ dev. 007542, PMID: 17660199

Satoh A, Graham GMC, Bryant SV, Gardiner DM. 2008. Neurotrophic regulation of epidermal dedifferentiation 
during wound healing and limb regeneration in the axolotl (Ambystoma mexicanum). Developmental Biology 
319: 321–335. DOI: https:// doi. org/ 10. 1016/ j. ydbio. 2008. 04. 030, PMID: 18533144

Satoh A, Makanae A, Nishimoto Y, Mitogawa K. 2016. FGF and BMP derived from dorsal root ganglia regulate 
blastema induction in limb regeneration in Ambystoma mexicanum. Developmental Biology 417: 114–125. 
DOI: https:// doi. org/ 10. 1016/ j. ydbio. 2016. 07. 005, PMID: 27432514

Segev O, Chumakov I, Nevo Z, Givol D, Madar- Shapiro L, Sheinin Y, Weinreb M, Yayon A. 2000. Restrained 
chondrocyte proliferation and maturation with abnormal growth plate vascularization and ossification in human 
FGFR- 3(G380R) transgenic mice. Human Molecular Genetics 9: 249–258. DOI: https:// doi. org/ 10. 1093/ hmg/ 9. 
2. 249, PMID: 10607835

Singer M. 1946. The nervous system and regeneration of the forelimb of adult Triturus. V. The influence of 
number of nerve fibers, including a quantitative study of limb innervation. Journal of Experimental Zoology 
101: 299–337. DOI: https:// doi. org/ 10. 1002/ jez. 1401010303

Singer M. 1952. The influence of the nerve in regeneration of the amphibian extremity. The Quarterly Review of 
Biology 27: 169–200. DOI: https:// doi. org/ 10. 1086/ 398873, PMID: 14949331

Singer M, Inoue S. 1964. THE NERVE AND THE EPIDERMAL APICAL CAP IN REGENERATION OF THE 
FORELIMB OF ADULT TRITURUS. The Journal of Experimental Zoology 155: 105–116. DOI: https:// doi. org/ 10. 
1002/ jez. 1401550108, PMID: 14118835

Singer M. 1978. On the Nature of the Neurotrophic Phenomenon in Urodele Limb Regeneration. American 
Zoologist 18: 829–841. DOI: https:// doi. org/ 10. 1093/ icb/ 18. 4. 829

Sohaskey ML, Yu J, Diaz MA, Plaas AH, Harland RM. 2008. JAWS coordinates chondrogenesis and synovial joint 
positioning. Development 135: 2215–2220. DOI: https:// doi. org/ 10. 1242/ dev. 019950, PMID: 18539921

St- Jacques B, Hammerschmidt M, McMahon AP. 1999. Indian hedgehog signaling regulates proliferation and 
differentiation of chondrocytes and is essential for bone formation. Genes & Development 13: 2072–2086. 
DOI: https:// doi. org/ 10. 1101/ gad. 13. 16. 2072, PMID: 10465785

Stanger BZ. 2008. Organ size determination and the limits of regulation. Cell Cycle 7: 318–324. DOI: https:// doi. 
org/ 10. 4161/ cc. 7. 3. 5348, PMID: 18235243

Stocker H, Hafen E. 2000. Genetic control of cell size. Current Opinion in Genetics & Development 10: 529–535. 
DOI: https:// doi. org/ 10. 1016/ S0959- 437X( 00) 00123-4

Taylor AC. 1943. Development of the innervation pattern in the limb bud of the frog. The Anatomical Record 87: 
379–413. DOI: https:// doi. org/ 10. 1002/ ar. 1090870409

Toydemir RM, Brassington AE, Bayrak- Toydemir P, Krakowiak PA, Jorde LB, Whitby FG, Longo N, Viskochil DH, 
Carey JC, Bamshad MJ. 2006. A novel mutation in FGFR3 causes camptodactyly, tall stature, and hearing loss 
(CATSHL) syndrome. American Journal of Human Genetics 79: 935–941. DOI: https:// doi. org/ 10. 1086/ 508433, 
PMID: 17033969

Tseng AS, Beane WS, Lemire JM, Masi A, Levin M. 2010. Induction of vertebrate regeneration by a transient 
sodium current. The Journal of Neuroscience 30: 13192–13200. DOI: https:// doi. org/ 10. 1523/ JNEUROSCI. 
3315- 10. 2010, PMID: 20881138

Tsuge K, Ikuta Y. 1973. Macrodactyly and fibro fatty proliferation of the median nerve. Hiroshima Journal of 
Medical Sciences 22: 83–101.

Twitty VC, Schwind JL. 1931. The growth of eyes and limbs transplanted heteroplastically between two species 
of Amblystoma. Journal of Experimental Zoology 59: 61–86. DOI: https:// doi. org/ 10. 1002/ jez. 1400590105

Vernersson Lindahl E, Garcia EL, Mills AA. 2013. An allelic series of Trp63 mutations defines TAp63 as a modifier 
of EEC syndrome. American Journal of Medical Genetics. Part A 161A: 1961–1971. DOI: https:// doi. org/ 10. 
1002/ ajmg. a. 36074, PMID: 23775923

Vieira WA, Wells KM, Raymond MJ, De Souza L, Garcia E, McCusker CD. 2019. FGF, BMP, and RA signaling are 
sufficient for the induction of complete limb regeneration from non- regenerating wounds on Ambystoma 
mexicanum limbs. Developmental Biology 451: 146–157. DOI: https:// doi. org/ 10. 1016/ j. ydbio. 2019. 04. 008, 
PMID: 31026439

Vincent E, Villiard E, Sader F, Dhakal S, Kwok BH, Roy S. 2020. BMP signaling is essential for sustaining proximo- 
distal progression in regenerating axolotl limbs. Development. Vol. 147 : 170829. DOI: https:// doi. org/ 10. 1242/ 
dev. 170829, PMID: 32665245

Wen X, Li X, Tang Y, Tang J, Zhou S, Xie Y, Guo J, Yang J, Du X, Su N, Chen L. 2016. Chondrocyte FGFR3 
Regulates Bone Mass by Inhibiting Osteogenesis. Journal of Biological Chemistry 291: 24912–24921. DOI: 
https:// doi. org/ 10. 1074/ jbc. M116. 730093

Williams JPG. 1981. Catch- up growth. Development 65: 89–101. DOI: https:// doi. org/ 10. 1242/ dev. 65. 
Supplement. 89

Yntema CL. 1959. Regeneration in sparsely innervated and aneurogenic forelimbs of Amblystoma larvae. The 
Journal of Experimental Zoology 140: 101–123. DOI: https:// doi. org/ 10. 1002/ jez. 1401400106, PMID: 
13846546

https://doi.org/10.7554/eLife.68584
https://doi.org/10.1002/dvdy.407
https://doi.org/10.1242/dev.007542
http://www.ncbi.nlm.nih.gov/pubmed/17660199
https://doi.org/10.1016/j.ydbio.2008.04.030
http://www.ncbi.nlm.nih.gov/pubmed/18533144
https://doi.org/10.1016/j.ydbio.2016.07.005
http://www.ncbi.nlm.nih.gov/pubmed/27432514
https://doi.org/10.1093/hmg/9.2.249
https://doi.org/10.1093/hmg/9.2.249
http://www.ncbi.nlm.nih.gov/pubmed/10607835
https://doi.org/10.1002/jez.1401010303
https://doi.org/10.1086/398873
http://www.ncbi.nlm.nih.gov/pubmed/14949331
https://doi.org/10.1002/jez.1401550108
https://doi.org/10.1002/jez.1401550108
http://www.ncbi.nlm.nih.gov/pubmed/14118835
https://doi.org/10.1093/icb/18.4.829
https://doi.org/10.1242/dev.019950
http://www.ncbi.nlm.nih.gov/pubmed/18539921
https://doi.org/10.1101/gad.13.16.2072
http://www.ncbi.nlm.nih.gov/pubmed/10465785
https://doi.org/10.4161/cc.7.3.5348
https://doi.org/10.4161/cc.7.3.5348
http://www.ncbi.nlm.nih.gov/pubmed/18235243
https://doi.org/10.1016/S0959-437X(00)00123-4
https://doi.org/10.1002/ar.1090870409
https://doi.org/10.1086/508433
http://www.ncbi.nlm.nih.gov/pubmed/17033969
https://doi.org/10.1523/JNEUROSCI.3315-10.2010
https://doi.org/10.1523/JNEUROSCI.3315-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/20881138
https://doi.org/10.1002/jez.1400590105
https://doi.org/10.1002/ajmg.a.36074
https://doi.org/10.1002/ajmg.a.36074
http://www.ncbi.nlm.nih.gov/pubmed/23775923
https://doi.org/10.1016/j.ydbio.2019.04.008
http://www.ncbi.nlm.nih.gov/pubmed/31026439
https://doi.org/10.1242/dev.170829
https://doi.org/10.1242/dev.170829
http://www.ncbi.nlm.nih.gov/pubmed/32665245
https://doi.org/10.1074/jbc.M116.730093
https://doi.org/10.1242/dev.65.Supplement.89
https://doi.org/10.1242/dev.65.Supplement.89
https://doi.org/10.1002/jez.1401400106
http://www.ncbi.nlm.nih.gov/pubmed/13846546


 Research article      Developmental Biology | Stem Cells and Regenerative Medicine

Wells et al. eLife 2021;0:e68584. DOI: https:// doi. org/ 10. 7554/ eLife. 68584  25 of 25

Yoshida M, Hata K, Takashima R, Ono K, Nakamura E, Takahata Y, Murakami T, Iseki S, Takano- Yamamoto T, 
Nishimura R, Yoneda T. 2015. The transcription factor Foxc1 is necessary for Ihh–Gli2- regulated endochondral 
ossification. Nature Communications 6: 7653. DOI: https:// doi. org/ 10. 1038/ ncomms7653

Zhang H, Takeda H, Tsuji T, Kamiya N, Rajderkar S, Louie K, Collier C, Scott G, Ray M, Mochida Y, Kaartinen V, 
Kunieda T, Mishina Y. 2015. Generation of Evc2/Limbin global and conditional KO mice and its roles during 
mineralized tissue formation. Genesis 53: 612–626. DOI: https:// doi. org/ 10. 1002/ dvg. 22879, PMID: 26219237

Zhang H, Zhang Y, Terajima M, Romanowicz G, Liu Y, Omi M, Bigelow E, Joiner DM, Waldorff EI, Zhu P, 
Raghavan M, Lynch M, Kamiya N, Zhang R, Jepsen KJ, Goldstein S, Morris MD, Yamauchi M, Kohn DH, 
Mishina Y. 2020. Loss of BMP signaling mediated by BMPR1A in osteoblasts leads to differential bone 
phenotypes in mice depending on anatomical location of the bones. Bone 137: 115402. DOI: https:// doi. org/ 
10. 1016/ j. bone. 2020. 115402, PMID: 32360900

Ziegler- Graham K, MacKenzie EJ, Ephraim PL, Travison TG, Brookmeyer R. 2008. Estimating the prevalence of 
limb loss in the United States: 2005 to 2050. Archives of Physical Medicine and Rehabilitation 89: 422–429. 
DOI: https:// doi. org/ 10. 1016/ j. apmr. 2007. 11. 005, PMID: 18295618

https://doi.org/10.7554/eLife.68584
https://doi.org/10.1038/ncomms7653
https://doi.org/10.1002/dvg.22879
http://www.ncbi.nlm.nih.gov/pubmed/26219237
https://doi.org/10.1016/j.bone.2020.115402
https://doi.org/10.1016/j.bone.2020.115402
http://www.ncbi.nlm.nih.gov/pubmed/32360900
https://doi.org/10.1016/j.apmr.2007.11.005
http://www.ncbi.nlm.nih.gov/pubmed/18295618

	Neural control of growth and size in the axolotl limb regenerate
	Editor's evaluation
	Introduction
	Results
	The axolotl limb undergoes at least three stages of growth during regeneration
	Growth of the tiny limb is mediated by increased cell number and cell size
	Growth of the tiny limb is dependent on limb nerves
	Nerve abundance correlates with growth rate and overall size of the regenerated limb
	Non-neural extrinsic signals in different sized hosts do not impact growth rate or size of the regenerated Limb
	Regulation of ontogenetic allometric growth is not autonomous to limb nerves

	Discussion
	Regulation of growth and size in developing versus regenerating amphibian limbs
	Mechanism of neurotrophic regulation of size during limb regeneration
	Potential role of other extrinsic factors in determining size of the limb regenerate
	Conclusion

	Materials and methods
	Animal husbandry and surgeries
	Animal measurements
	Limb amputations and staging of tiny limbs
	Limb denervation surgeries
	ALM/blastema grafting
	Neural-modified ALM
	Tissue histology and immunofluorescence
	Quantification of cell proliferation and cell death
	Quantification of cell size and ECM size
	Neural staining

	Acknowledgements
	Additional information
	Funding
	Author contributions
	Author ORCIDs
	Ethics
	Decision letter and Author response

	Additional files
	Supplementary files

	References


