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Salamanders, such as axolotls and newts, can regenerate complex tissues including entire
limbs. But what mechanisms ensure that an amputated limb regenerates a limb, and not a tail
or unpatterned tissue? An important concept in regeneration is positional memory—the
notion that adult cells “remember” spatial identities assigned to them during embryogenesis
(e.g., “head” or “hand”) and use this information to restore the correct body parts after injury.
Although positional memory is well documented at a phenomenological level, the underly-
ing cellular and molecular bases are just beginning to be decoded. Herein, we review how
major principles in positional memory were established in the salamander limb model,
enabling the discovery of positional memory-encoding molecules, and advancing insights
into their pattern-forming logic during regeneration. We explore findings in other amphibi-
ans, fish, reptiles, and mammals and speculate on conserved aspects of positional memory.
We consider the possibility that manipulating positional memory in human cells could
represent one route toward improved tissue repair or engineering of patterned tissues for
therapeutic purposes.

Observing organisms as they rebuild and pat-
tern tissue after injury instills a sense of

wonder. In adult humans, perhaps the most dra-
matic exemplar is the liver, which can recover in
mass and function from a 70% resection. How-
ever, the recovered liver is an unfaithful repro-
duction as it does not regain its original shape.
Organ shape and function are originally acquired
during embryonic development through the
actions of patterning molecules such as morpho-
gens. Wolpert proposed that patterning mole-
cules infuse cells with “positional information”
conferring spatial identities such as “liver” or
“limb,” “dorsal” or “ventral” relative to anatomi-
cal landmarks in the embryo (Wolpert 1969).

These identities enable cells to engage one anoth-
er and to contribute toward correct assembly of
the body plan. An intriguing possibility is that
human cells retain remnants of positional in-
formation beyond embryogenesis, as “positional
memory.” If this is true, could positionalmemory
somehow be harnessed to repair or regenerate
adult tissues, additional to the liver?

Salamanders are interesting cases that have
revealed the existence of positional memory in
vertebrates and its necessity for pattern forma-
tion during regeneration. Salamanders are am-
phibians able to regenerate diverse tissues in-
cluding entire limbs, large parts of their central
nervous system, visual system, gills, and tails
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(for a primer, see Joven et al. 2019). Limbs are
surgically accessible for investigating positional
memory. Although salamanders regenerate am-
putated limbs with high fidelity, surgically excis-
ing defined regions of the limb (e.g., posterior)
before amputation results in a regenerated limb
with incorrect patterning. Conversely, juxtapos-
ing defined combinations of tissues with distinct
positional memories can generate additional
limbs even in uninjured salamanders. An impor-
tant possibility is that adult humans harbor po-
sitional memories that could be leveraged to cre-
ate a pattern, as in salamanders. Salamanders are
informative as they possess similar tissue types to
humans and regenerate at relevant size scales us-
ing evolutionarily conserved molecules.

We begin this review by introducing the sala-
mander limb model. We discuss the requisite
properties of a positional memory molecule
and highlight known players satisfying these cri-
teria. We summarize the historic insights that led
to the current positional memory framework in
the form of “lessons from the salamander limb.”
Finally, we integrate findings from humans and
other vertebrates to propose some potential ave-
nues toward a more global understanding of po-
sitional memory.

THE SALAMANDER LIMB MODEL FOR
ELUCIDATING RULES OF POSITIONAL
MEMORY

Salamander limbs are structurally homologous to
those of humans across their three axes: proxi-
modistal, anteroposterior, and dorsoventral (Fig.
1A). Limb skeletal elements act as convenient
assays for patterning without the need formolec-
ular markers, as they have a characteristic
morphology, arrangement, and number—for
example, 24 skeletal elements in the arm of an
axolotl (Ambystoma mexicanum) (Fig. 1B). Am-
putating a salamander limb at any place between
the body wall and hand/foot regenerates only the
missing structures: An upper arm amputation
regenerates upper arm, lower arm, and hand,
whereas a wrist-level amputation regenerates
only hand (Fig. 1C). Thus, salamander cells in-
terpret spatial location to direct position-specific
regeneration (positional memory).

One strength of salamander models is their
tolerance to transplantation, with relatively little
immune rejection compared with mammals or
fish. This opens up creative possibilities to test
positional memory. For example, posterior limb
regions can be “deleted” by surgically excising
the posterior half of a limb and replacing it with
the anterior half taken from a separate donor.
Limb parts can be removed, rotated, and regraft-
ed to invert tissue axes. One weakness has been
the difficulty in interrogating genome-wide
regulation and epigenetic mechanisms owing
to the large genome sizes of salamanders (e.g.,
32 Gb for an axolotl—more than 10 times as
large as that of a human). However, recent ge-
nome assemblies for the axolotl and the Iberian
ribbed newt (Pleurodeles waltl), plus the gener-
ation of genetic toolkits has now established
them as genetically tractable models (Elewa
et al. 2017; Nowoshilow et al. 2018; Schloissnig
et al. 2021).

LIMB DEVELOPMENT AND REGENERATION

As in other vertebrates, the salamander limb orig-
inates as a limb bud—a proliferative,mesodermal
outgrowth from the lateral flank of the embryo
that is encapsulated by an overlying epidermis.
The future limb axes are established by spatially
restricted patterns of gene expression within the
limb bud (Fig. 1D). The homeodomain-contain-
ing transcription factorsHoxA9 andHoxA13 are
expressed in nested domains along the future
proximodistal axis, with HoxA13 more distal
(Gardiner et al. 1995). Anterior limb bud cells
express the secreted factorFgf8 (Fibroblast growth
factor 8) (Han et al. 2001), posterior cells express
the secreted factor Shh (Sonic hedgehog) (Imo-
kawa and Yoshizato 1997; Torok et al. 1999),
and dorsal (but not ventral) cells express the
LIM homeobox transcription factor Lmx1b (Shi-
mokawa et al. 2013). These genes belong to
an evolutionarily conserved limb patterning cir-
cuitry and, apart from Fgf8, are expressed in
comparable spatial domains in the limb bud
mesoderm as their orthologs in other vertebrate
limb buds. The segments of the limb—upper
arm/leg, lower arm/leg, and hand/foot—are laid
down in a largely sequential manner and differ-
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entiate over the course of several weeks. There
are some differences in limb bud patterning in
salamanders compared with well-studied amni-
otes such as mice (Mus musculus) and chicks
(Gallus gallus). For example, it is unclear to
what extent a signaling apical ectodermal ridge
is present in salamanders and several genes ex-
pressed in the ectoderm in amniotes, such as the
secreted factors Fgf8 and Wnt7a, are instead ex-
pressed in the mesenchyme in salamanders
(Christensen et al. 2002; Shimokawa et al. 2013;
Schloissnig et al. 2021).

Amputation of the salamander limb triggers
regeneration (Fig. 1E). The first steps are wound
healing and formation of a wound epidermis

necessary to sustain regeneration. Within days,
a proliferative cell mass called a blastema forms
under the wound epidermis. The blastema re-
generates almost all limb tissues. In axolotls, up
to 78% of blastema cells originate as connective
tissue in the limb stump dermis, estimated by
grafting triploid-labeled dermal tissue to diploid
host arms followed by amputation and quanti-
fication of triploid cells in the resulting blastema
(Muneoka et al. 1986). Connective tissue cells
migrate toward the wound epidermis and “de-
differentiate” to give rise to blastema cells. Blas-
tema cells have been proposed to carry out re-
generation by “returning” to an embryonic state
and recapitulating aspects of limb bud pattern-
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Figure 1. Salamander limb patterning and regeneration. (A) The three primary limb axes in the salamander limb
(top), and their equivalent axes in the human limb (see text below schematics). (B) Skeletal elements in the
salamander limb have a characteristic patterning and arrangement. Image depicts the right forelimb of an axolotl
stained with Alcian blue (cartilage) and Alizarin red (bone). The axolotl forelimb has four digits, and a total of 24
skeletal elements. (Image credit: Yuka Taniguchi-Sugiura.) (C) Position-dependent regeneration after amputa-
tion. (Top) Following amputation at the upper arm level, the rest of the upper arm, the lower arm, and the hand
are regenerated. (Bottom) Following a wrist-level amputation, only the missing hand is regenerated. (D) Similar
patterning mechanisms in the limb bud and cone-stage blastema. Proximodistal axis: HOX proteins are ex-
pressed in nested domains corresponding to the future proximodistal axis (HOXA13-expressing cells give rise to
the most distal elements). Anteroposterior axis: Fgf8 is expressed in anterior cells, Shh in posterior cells.
Dorsoventral axis: Lmx1b is expressed in dorsal, but not ventral, cells. Black outline indicates epidermis. Purple
indicates wound epidermis. (E) Major steps in salamander limb regeneration. Following amputation (red line), a
wound epidermis (purple) is established at the amputation plane. Cells in the limb stump (gray) are recruited
toward the wound epidermis. Connective tissue cells dedifferentiate and, together with other lineage-restricted
progenitors, form a blastema. Blastema cells proliferate and redifferentiate in lineage-restricted manners.
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ing—hence, the “dedifferentiation” moniker.
Strong support for this concept came from com-
paring single blastema cell transcriptomes iso-
lated at sequential time points during axolotl
limb regeneration to the transcriptomes of
limb bud cells. This comparison revealed an in-
crease in similarity (correlation score) between
the global transcriptomes of these cell types dur-
ing the first days of regeneration (Gerber et al.
2018). To validate this in a more targeted man-
ner, these investigators identified a set of ∼100
genes whose expression was deemed specific ei-
ther to axolotl stage 44 embryonic limb bud or
to uninjured adult connective tissue (Gerber
et al. 2018; T Gerber, pers. comm.). Using these
restricted gene lists as an input for quadratic
programming analysis enabled quantification
of the similarity of single blastema cells to em-
bryonic limb bud identity or uninjured adult cell
identity. As in the global transcriptome compar-
isons, an increase in similarity between blastema
cells and stage 44 limb bud cells could be ob-
served during regeneration, peaking at 11 days
postamputation and beginning to decrease by
18 days postamputation (Gerber et al. 2018).

The similarity between regenerative and de-
velopmental patterning is evident by in situ hy-
bridization after several days of proliferation,
when blastema cells express genes including
Hox, Fgf8, Shh, and Lmx1b in similar domains
as in the limb bud (Fig. 1D). Proximal and distal
blastema cells also differ in their surface prop-
erties. In hanging drop cocultures, proximal
blastemas engulf distal blastemas preferentially
(Nardi and Stocum 1984). Proximal or distal
blastemas grafted to the side of an upper arm
stump displace to their corresponding axial
positions during regeneration (affinophoresis)
(Crawford and Stocum 1988).

Connective tissue-derived blastema cells re-
differentiate into connective tissue, tendon
cells, and skeletal and periskeletal elements
(Gerber et al. 2018). Separate lineage-commit-
ted progenitors regenerate other cell types,
such as epidermis, muscle, and Schwann cells
(Kragl et al. 2009). Proliferation and differen-
tiation of blastema cells over several weeks re-
generates the limb, at least partially by recapit-
ulating growth and patterning mechanisms

used during limb development, as discussed
above.

WHAT IS POSITIONAL MEMORY?

Blastema cells possess position-specific gene ex-
pression and surface properties. But, as they only
exist transiently during regeneration, blastema
cells cannot be considered reservoirs of posi-
tional memory. Positional memory is a property
of steady-state cells (e.g., connective tissue cells),
with the potential to maintain information over
a lifetime. Positional memory is decoded during
regeneration and the spatial information trans-
ferred to blastema cells to direct patterning.

Patterning genes including Fgf8 and Shh are
not expressed in the steady-state limb, pre-
cluding them from encodingmemory transcrip-
tionally. However, there is no requirement for
positionalmemory to be transcribed. Other pos-
sibilities include epigenetic “priming” at pat-
terning gene loci, or stable molecules in the ex-
tracellular environment. The requisite properties
of positional memory were defined to include
such possibilities, based on experiments per-
formed in salamanders and other models.

Positional memory must:

1. Differ spatially in steady-state tissue;

2. Be instructive for patterning; and

3. Be interpretable externally (i.e., by neighbor-
ing, or more distant, cells).

Deletion of a positional memory gene from
a steady-state cell should preclude that cell from
exerting its usual contribution toward regener-
ative patterning. Misexpression of a positional
memory gene, followed by transplantation of
the cell to an ectopic site, should induce predict-
able alterations in tissue patterning. However,
current understanding of the “rules” of posi-
tional memory is not sufficient to predict all
experimental outcomes. For example, it is not
clear whether deletion of a “distal” memory
gene would automatically render a cell “proxi-
mal.” It is also unclear what result would arise if
competing memories, such as “anterior” and
“posterior,” are coinduced experimentally with-
in the same cell.
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WHICH POSITIONAL MEMORY
MOLECULES HAVE BEEN IDENTIFIED?

Brockes’ group discovered and named the first
positionalmemory-encoding gene, Prod1, in the
Eastern red-spotted newt (Notophthalmus viri-
descens) (da Silva et al. 2002). Prod1 imparts
proximal identity and encodes a salamander-
only cell surface protein with similarity tomam-
malian CD59 (Garza-Garcia et al. 2009). Upper
arm cells transcribe 1.7× more Prod1 than hand
cells, and the protein is present in Schwann cells.
After amputation, proximal blastema cells ex-
press 1.7× more Prod1 compared with distal
blastema cells (da Silva et al. 2002; Kumar
et al. 2007a). Notophthalmus PROD1 is linked
to the cell surface via a GPI anchor and contrib-
utes to the distinct surface properties of proxi-
mal and distal blastema cells. Yeast two-hybrid
screening identified a ligand for Prod1 called
newt anterior gradient (nAG)—a secreted thio-
redoxin fold-containing protein whose expres-
sion is up-regulated after amputation (Kumar
et al. 2007b). Consistent with a role in proximal
identity, retinoid treatment of distal blastemas
(which proximalizes cells—see below) increased
Prod1 transcription, whereas Prod1 misexpres-
sion in distal axolotl blastema cells forced them
to contribute to proximal structures after trans-
plantation (Echeverri and Tanaka 2005). In-
triguingly, Prod1 loss-of-function resulted in
loss of lower arm and digit patterning during
development, which appears to conflict with
the proximal function observed during regener-
ation (Kumar et al. 2015).

Almost 20 years later, Yun’s group identified
a proximal memory gene in axolotls: the evolu-
tionarily conserved but poorly characterized Tar-
zarotene-induced gene 1 (Tig1) (Oliveira et al.
2021). Like Prod1, axolotl Tig1 encodes a cell
membrane protein transcribed in a declining
manner from upper arm to hand at steady state.
Interestingly, single-cell RNA-sequencing data
appears to indicate that only a subset of connec-
tive tissue cells transcribes Tig1 in any given arm
segment (in a relatively binary “on/off”manner)
and that the abundance of this cell population
determines the proximal-high, distal-low distri-
bution of Tig1 expression, rather than a smooth

gradient of Tig1 expression in all connective tis-
sue cells. However, this interpretation is depen-
dent on the sensitivity of the single-cell RNA-
sequencing data. After amputation, connective
tissue-derived blastema cells express Tig1 in a
proximally enriched gradient (Gerber et al.
2018; Oliveira et al. 2021). Tig1’s proximalizing
properties were elucidated similarly to Prod1: it is
up-regulated by retinoid treatment and its mis-
expression interferes with distal patterning. Tig1
misexpression in distal blastema up-regulated
Meis1, Prod1, and endogenous Tig1 and, con-
versely, down-regulated the distal gene HoxA13.
Meis transcription factors are expressed proxi-
mally during mouse, chick, and axolotl limb
bud development, confer proximal cell identity
and surface affinities, and are up-regulated tran-
scriptionally by retinoic acid (Capdevila et al.
1999; Mercader et al. 1999, 2000, 2005). Meis
proteins are also retinoic acid effectors in axolotl
blastema cells, confer proximal properties, and,
moreover, can bind Prod1 regulatory elements
(Mercader et al. 2005; Shaikh et al. 2011). Thus,
Tig1 likely proximalizes cells by targeting an evo-
lutionarily conserved circuitry that additionally
incorporates Prod1 in salamanders. The loss-of-
function phenotype of Tig1 is not known.

The discoveries of Prod1 and Tig1, the two
strongest candidates to encode positional mem-
ory in salamanders, weremade possible by a rich
understanding of the properties of positional
memory. We now summarize important sala-
mander limb literature that enabled this under-
standing in the form of five “lessons from the
salamander limb.”

LESSON 1: POSITIONAL MEMORIES
ENCODE PATTERNING INFORMATION

The amputated salamander limb regenerates only
missing parts (Fig. 1C). This implied a cellular
property that specifies proximodistal position at
the amputation plane and directs production of
more distal cells. Butler (1955) used circulariza-
tion surgery to invert axolotl limbs about their
proximodistal axis and found that inverted limbs
still regenerated distal structures (Fig. 2A). This
indicated that salamander limb cells are confined
to generating distal, and not proximal, cells dur-
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ing regeneration (“rule of distal transformation”).
Salamander cells adhere to this rule even when
juxtaposed ectopically. When a wrist-level blas-
temawas grafted to anupper armstump, thewrist
blastema regenerated only the hand, whereas the
stump gave rise to the intervening upper arm and

lower arm by intercalation, thereby forming a
normally patterned limb (Fig. 2B; Iten andBryant
1975; Stocum 1975; Maden 1980; Pescitelli and
Stocum 1980).

Dent noticed that proximodistal inverted
arms in Notophthalmus regenerated in mirror-
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Figure 2. Properties of positionalmemory in the salamander limb. (A) Butler’s circularization surgery to generate
distoproximal inverted limbs. The limb is amputated at the wrist level, then the exposed surface embedded into a
pocket made in the body wall muscles posterior to the shoulder. After healing and innervation, an amputation
through the upper limb releases two arm stumps: one with normal proximodistal polarity (bottom arm) and the
other with inverted, distoproximal polarity (top arm). Both arm stumps distalize and regenerate upper arm, lower
arm, and hand elements in sequence. This experiment showed that salamander cells are constrained to generating
distal, but not proximal, cells during regeneration (rule of distal transformation). The ulna (posterior lower arm
bone) and posterior wrist and digit elements are shaded in red to denote the anteroposterior axis. Note that the
inverted arm regenerates a mirror image limb compared with the normal arm (compare red shading). (Sche-
matics after Dent 1954.) (B) The rule of distal transformation as shown through an intercalation assay. Trans-
plantation of a distal, wrist-level blastema (turquoise) to a proximal, upper arm stump (gray) results in a normally
patterned regenerate. The wrist-level blastema regenerates only wrist and hand, whereas the upper arm stump
intercalates the intervening arm elements. (C) Generation of surgical “double” arms in which specific positional
memories are deleted. Double anterior arms are generated by removing the posterior half (blue) of a recipient arm
and grafting in its place the anterior half (red) from a donor arm. Fusion along the midline generates an arm
lacking posterior identity. Similar operations can be used to generate double posterior arms, and also double
dorsal or double ventral arms (not shown). Skeletal elements were not transplanted in this assay. (Schematic after
Tank 1978.) (D) Double posterior limbs amputated immediately after construction in axolotls regenerated
multidigit limbs (left and center). Note that these regenerates are often symmetrical about the midline and
can harbor more digits than normal (four-digit) limbs. In contrast, double anterior limbs often failed to
regenerate, or regenerated hypomorphic “spike” structures (right). (Images in Panel D from Holder et al.
1980; reprinted, with permission, from Elsevier © 1980.)
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image fashion—what had previously been right
arms regenerated left hands (Fig. 2A; Dent
1954). Circularization surgery inverts not only
the proximodistal axis but also the anteroposte-
rior axis, a determinant of handedness. Dent
realized that mirror image limbs could arise if
anteroposterior patterning in the regenerate is
determined by fixed anteroposterior properties
(i.e., memories) in the limb stump. If anteropos-
terior and dorsoventral memories indeed exist,
removing part of the limb before amputation
should alter patterning. Surgically swapping
the posterior half of a limb with the anterior
half taken from a donor limb creates a chimeric
“double anterior” limb lacking posterior tissue
(Fig. 2C). After a 30-day healing period, ampu-
tation of all combinations of double upper arms
(anterior, posterior, dorsal, or ventral) led to
failed regeneration or reduced skeletal pattern-
ing (Bryant 1976; Bryant and Baca 1978; Tank
1978; Tank and Holder 1978). This indicated
that anterior, posterior, dorsal, and ventral cells
harbor distinct memories. After removal, mem-
ories cannot be compensated by other cells, re-
sulting in loss of pattern during regeneration.

Further experiments in axolotls revealed that
double arms amputated immediately after con-
struction regenerated more pattern than those
amputated after a healing period (Tank andHol-
der 1978). When amputated immediately, dou-
ble posterior limbs regenerated more digits than
double anterior limbs, whereas double dorsal
and double ventral limbs regenerated similar
numbers (Fig. 2D; Tank and Holder 1978; Hol-
der et al. 1980; Burton et al. 1986). This indicated
that posterior memory could encode more pat-
terning information than other memories in the
axolotl upper arm. Similar conclusions were
reached from experiments in which only skin
was replaced (Slack 1980b), as well as amputa-
tions of “half limbs” (half of the limb is removed,
and not replaced) (Wigmore and Holder 1985),
“half irradiated limbs” (half of the limb is x-ir-
radiated, permanently blocking cell prolifera-
tion) (Maden and Wallace 1976; Maden 1979a,
b) and double hindlimbs (Stocum1978). It is not
known howposterior tissue encodesmore infor-
mation: perhaps graded expression of a memory
molecule (Slack 1980b), an uneven density of

positional values, or simply more cells (Tank
and Holder 1979). Intriguingly, anterior and
ventral regions regenerated the most pattern in
Notophthalmus limbs, suggesting a different or-
ganization of positional memory compared to
axolotls (Bryant 1976; Bryant and Baca 1978).
However, the results of transplantation-based
experiments can be challenging to interpret be-
cause of variations in the age, size, and species of
animals used and differences in grafting preci-
sion between investigators.

LESSON 2: CONFRONTATION BETWEEN
DISPARATE POSITIONAL MEMORIES CAN
PROVOKE PATTERN

When a skin cuff was removed from the limb,
rotated 180°, grafted back into position then
amputated, mispatterned limbs bearing up to
13 digits (supernumerary digits) regenerated in
the axolotl (Fig. 3A; Carlson 1974). Based on
similar results in other salamanders (Glade
1957; Droin 1959; Rahmani 1960; Settles 1967;
Lheureux 1972; Carlson 1974), Carlson pro-
posed that skin rotation generates an ectopic in-
terface at which the positional memories of skin
cells and internal tissue are brought into conflict.
This “morphogenetic conflict” drives pattern
formation after amputation (Carlson 1975b).

The most dramatic morphogenetic conflicts
generate entire ectopic limbs (supernumerary
limbs). Iten andBryant transplanted a limb blas-
tema to an amputated stump in a manner that
their dorsoventral axes coincided, but their ante-
roposterior axes conflicted. Forty percent of
transplants generated supernumerary limbs at
the anterior and/or posterior surfaces close to
the graft boundary (Fig. 3B; Iten and Bryant
1975). Interestingly, this phenotype arose when
late bud blastemas were transplanted, but not
early bud blastemas. It has been proposed that
positional information in early blastemas ismal-
leable and can be “corrected” by the stump, only
later becoming fixed and able to provoke mor-
phogenetic conflict (McCusker and Gardiner
2013; McCusker et al. 2015).

In specific circumstances, positional conflict
can generate a supernumerary limb without
amputation (Balinsky 1925). Bodemer (1958)
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Figure 3. Confrontations in positional information give rise to pattern. (A) Skin rotation assay to induce
morphogenetic conflict and mispatterning. A skin cuff is removed from the arm, rotated 180° then regrafted
in place. Ectopic confrontations are generated between the skin and underlying limb tissue, as shown by thewhite
arrows. Schematic depicts conflicts between anterior tissue (red) and posterior tissue (blue). However, conflicts in
the dorsoventral and proximodistal axes are generated similarly. Following amputation, these limbs regenerate
with altered pattern, such as toomany digits (supernumerary digits; image depicts a limbwith 13 digits). (PanelA
from Carlson 1974; reprinted, with permission, from Elsevier © 1974.) (B) Generation of supernumerary limbs
by blastema transplantation. An armblastema is removed from the left arm, rotated, and grafted to the amputated
stump of the right arm in a manner that the anteroposterior axes are opposed between stump and blastema. This
generates morphogenetic conflicts (white arrows) that give rise to supernumerary limbs. The supernumerary
limbs have the same handedness as the stump (i.e., right-handed), whereas the “main” regenerate has graft
handedness (i.e., left-handed)—see Fig. 5 for details. Image depicts supernumerary limbs generated in Notoph-
thalmus. The main regenerate generated from the transplant (T) is in the center; antero- and posterior super-
numerary limbs (AS and PS) have formed at the host–graft interface. (Panel B from Iten and Bryant 1975;
reprinted, with permission, from Elsevier © 1975.) (C) The Lheureux/accessory limb model to generate super-
numerary limbs in the absence of amputation. The requirements are a surface-level wound (black), a nerve supply
(orange), usually obtained by deviating a brachial nerve, and provision of positional conflict (blue). Provisional
conflict can be reliably induced by grafting a patch of skin from the opposite side of the limb to the wound site.
When all three conditions are satisfied, a patterned limb is generated. Note that accessory limbs usually harbor
skeletal elements distal to the elbow, but not the upper arm. Assay according to Lheureux (1977) and Endo et al.
(2004), respectively. (D) Examples of accessory limbs generated in Pleurodeles (left, Lheureux 1977) and axolotl
(right, Vieira et al. 2020). The accessory limb in the axolotl was labeled with transgenic, GFP-expressing tissue
(green). (PanelD, left side, from Lheureux 1977; reprinted, with permission, fromCompany of Biologists © 1977.
Panel D, right side, from Vieira et al. 2020; reprinted, with permission, from S. Karger AG © 2020.)
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generated supernumerary limbs in Notophthal-
mus by inducing a surface-level wound in the
chest/limb region, “extensively traumatizing” the
underlying tissue using scissors, then deviating a
nerve.Lheureux(1977)realized that tissuetrauma
could be substituted by grafting a skin patch from
theopposite sideof the limbto thewoundsite (i.e.,
inducing positional confrontation). Thus, posi-
tional confrontation in the context of a wound
and nerve supply is sufficient to form a limb: for-
malized as the accessory limb model in axolotls
(Fig. 3C,D; Endo et al. 2004). The accessory limb
model enables discovery of positional informa-
tion-encodingmolecules.Forexample, the secret-
edmolecules FGF8 and SHH could substitute for
anterior or posterior skin grafts, respectively
(Nacu et al. 2016). A decellularized extracellular
matrix from posterior skin could induce some
skeletalpatternatanteriorwoundswithadeviated
nerve (Phan et al. 2015). However, when these
accessory limbs were reamputated, they did not
regenerate (Nacu et al. 2016; Vieira et al. 2021),
indicating that a heritable diversity of positional
identities had not been established. Thus, SHH
signaling and extracellular matrix alter positional
information in blastema cells, but are not suffi-
cient to induce positional memory.

In contrast to the well-defined patterns aris-
ing from anteroposterior and dorsoventral con-
frontations, confrontation between proximal
and distal cells results in less overt outcomes.
Grafting distal blastema to a proximal stump
results in intercalation and a normally patterned
limb (Fig. 2B). Grafting a late-stage upper arm
blastema to a wrist stump results in a duplicated
upper arm and lower arm (Stocum 1975). In
both cases, the transplanted blastema cells obey
the rule of distal transformation and behave as
they would have without transplantation.

LESSON 3: POSITIONAL INFORMATION
CAN BE MANIPULATED

Experiments on tadpoles suggested that vitamin
A and its derivatives (retinoids) can alter pat-
terning during limb regeneration (Niazi and
Saxena 1978). Maden bathed axolotls in reti-
noids, which caused limbs to regenerate with
proximodistal duplications. The highest doses

of retinol palmitate triggered serial duplication
of a complete arm from awrist-level amputation
(Fig. 4A; Maden 1982). This indicated that reti-
noids proximalize positional information. The
retinoid-sensitive window was during dediffer-
entiation stages in axolotls and between early
bud andmedium bud blastema stages in Pleuro-
deles (Maden 1983;Niazi et al. 1985). As retinoid
sensitivity is transient during regeneration (i.e.,
treatment before or after the sensitive window
does not induce skeletal duplications), retinoids
do not appear to alter positional memory in
steady-state cells, but probably act on blastema
cells (Thoms and Stocum 1984). About 1 ng of
retinoic acid per axolotl cell was estimated to
respecify it to the most proximal identity (Fig.
4B; Maden et al. 1985). Retinoids also posterio-
rize and ventralize identity (Thoms and Stocum
1984;KimandStocum1986; Ludolph et al. 1990;
McCusker et al. 2014). Retinoids likely activate a
proximalizing transcriptional network involving
Meis, Prod1, and Tig1 (Mercader et al. 2005;
Shaikh et al. 2011;Oliveira et al. 2021). Although
positional information is thought to be primarily
a hallmark of lateral plate mesoderm derivatives
(see following section), a retinoic signaling re-
porter axolotl revealed activity primarily in the
epidermis during limb regeneration (Monaghan
andMaden 2012). This reporter comprises eight
tandem retinoic acid response elements
(RAREs) isolated from upstream of the mouse
rarb (retinoic acid receptor β) gene, theoretically
acting as a transcriptional readout for retinoic
acid signaling. In the future, it will be important
to repeat this analysis using cognate axolotl
RARE sequences, as well as more direct assays
such as those that detect retinoic acid binding to
its receptors using fluorescence resonance ener-
gy transfer (FRET) (Shimozono et al. 2013).

To date, genetic mutants that alter positional
memory have not been described in salamanders.
In contrast, a temperature-sensitive allele of the
pola2 (DNApolymeraseα subunit 2) gene—called
pola2mem—was proposed to alter positional
memory in zebrafish (Danio rerio) fins (Wang
et al. 2019). pola2mem mutant tailfin blastemas
fail to grow out from the amputation plane at
the restrictive temperature (33°C) as a result of
reduced blastema cell proliferation—consistent
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with the requirement of DNA polymerase α for
DNA replication. A proximal amputation in-
duces fourfold more pola2 expression compared
with a distal amputation, suggesting a spatial, po-
sition-dependent role for this gene. Consistent
with an early role for pola2 during regeneration,
a 24-h restriction of pola2 activity during
blastema formation, followed by recovery at the
permissive temperature (26°C), resulted in regen-
erated tailfins that were 16%–17% reduced in size
compared with heterozygous siblings. Strikingly,
these smaller tailfins regenerated small fins when
amputated a second time despite being grown at
the permissive temperature, indicating a heritable
change consistent with an altered cellular mem-
ory. Thus, heritable information concerning po-
sition and size of the regenerate appears to be
programmed into zebrafish tailfin blastema cells
during early regeneration—and these memories

can be altered through pola2 inactivation (Wang
et al. 2019). The connection between amputation
plane-dependent proliferation and proximodistal
cellular identity remains to be defined rigorously
in this experimental paradigm. However, an in-
teresting comparison can be made with zebrafish
treated with FK506, a pharmacological inhibitor
of the phosphatase calcineurin, which similarly
regenerated fins with inappropriate size. FK506-
treated zebrafish had increased retinoic acid
signaling and regenerated larger-than-normal
caudal fins after amputation (Kujawski et al.
2014). As in salamanders, increased retinoic
acid signaling was accompanied by phenotypes
consistent with proximalization, including in-
creased shh expression domain size and a distal
shift in distal bone bifurcation in the regenerated
fin rays (Kujawski et al. 2014). However, in con-
trast to pola2mem mutants, the larger fins regen-
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Figure 4. Positional information can be altered pharmacologically and is harbored by specific cell types. (A) A
regenerated limb from an axolotl that had been bathed in retinol palmitate for 15 days after amputation. A serial
duplication of the upper arm, lower arm, and hand has arisen from a wrist-level amputation. (Panel A from
Maden 1982; reprinted, with permission, from Springer © 1982.) (B) Schematic depicting the interpretation of
the experiment in A. Retinoids proximalize blastema cells, but not positional memory in steady-state cells.
Proximalized wrist blastema cells initiate regeneration from the upper arm level, appearing to violate the rule
of distal transformation. (C) Connective tissue-derived blastema cells were labeled transgenically with GFP
(green). When distal GFP-labeled cells were transplanted to an unlabeled, upper arm stump, the GFP-labeled
descendants contributed to hand elements, but not more proximal limb elements. Thus, connective tissue
lineages harbor positional memory. (D) Similar experiment as C but performed with GFP-labeled muscle
lineages. Distal muscle transplanted to an upper arm stump contributes to all arm segments. Thus, muscle
does not harbor positional memory. (Panels C and D from Nacu et al. 2013; reprinted, with permission, from
Company of Biologists © 2013.) (E) Positional memory-encoding cell types in the axolotl limb. (Summarized
from Carlson 1974, Kragl et al. 2009, and Nacu et al. 2013.)
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erated after FK506 treatment did not regenerate
largefins followinga second roundof amputation
and instead “reverted” to their pretreatment size
unless continually treatedwithFK506(Daaneet al.
2018). This result suggests that FK506 treatment/
increased retinoic acid signaling does not heritably
proximalize positional memory but instead mod-
ifies positional information in blastema cells, sim-
ilar to the conclusions reached through retinoic
acid treatment of the salamander limb (Fig. 4B).

LESSON 4: POSITIONAL MEMORY IS
ENCODED IN SPECIFIC CELL TYPES

Carlson’s rotation assays (see Lesson 2) revealed
that dermis and muscle could provoke morpho-
genetic conflict, whereas epidermis and bone
could not (Carlson 1975a,b). This suggested that
only some cell types harbor positional memory.
Tanaka’s group revisited this question using mo-
lecularmarkersandtransgenicaxolotls.Oneassay
for positional memory is to test whether a cell
obeys the rule of distal transformation in an inter-
calation setup (Stocum 1975; Maden 1980).
When GFP-labeled distal fingertip cartilage was
transplanted into the upper arm of an unlabeled
host, then amputated, GFP-labeled descendants
contributed to the regeneratedhandbutnot to the
proximal arm (Kragl et al. 2009). A similar result
was obtained for connective tissue-derived blas-
tema cells (Fig. 4C; Nacu et al. 2013). Moreover,
both lineages showed nuclear localization of
MEIS (proximal marker) after upper arm, but
not lower arm, amputation (Kragl et al. 2009;
Nacu et al. 2013). Thus, cartilage and connective
tissue cells harbor proximodistal memory. Addi-
tional experiments showed that these cells also
harbor anteroposterior and dorsoventral memo-
ries (Lheureux 1972, 1975; Carlson 1974; Gardi-
nerandBryant1989;Endoetal.2004). Incontrast,
muscle fibers, muscle stem cells, and Schwann
cells did not obey the rule of distal transformation
(Fig. 4D). Carlson’s conclusion that muscle har-
bors positionalmemorywas likely a result of con-
nective tissue cells residing within muscle bun-
dles. Thus, dermal cells in the skin, internal
connective tissue, and cartilage cells harbor posi-
tional memory, whereas epidermis, Schwann
cells, and muscle cells do not (Fig. 4E). The posi-

tionalmemory-encoding cell types arederivatives
of the embryonic lateral plate mesoderm, thus
sharing a common developmental source. It is
possible that theability toharborpositionalmem-
ory becomes restricted to this cellular lineage
sometime during the determination of the lateral
plate. An important unknown is how memory-
encoding and non-memory-encoding cells inter-
act physically and functionally in the blastema.

LESSON 5: THEORETICAL MODELS
CONNECT MEMORY TO PATTERNING

Insights from influential patterning models, in-
cluding the salamander limb, were synthesized
into theoretical models aimed at explaining pat-
tern formation during regeneration.

French,Bryant, andBryant proposed the “po-
lar coordinate model” (see Fig. 5A–C for discus-
sion; French et al. 1976; Bryant et al. 1981). Ac-
cording to this model, when two cells with
disparate positional identities become juxtaposed
after injury, they respond by proliferating and
generating a cell with an intermediate positional
value (rule of shortest intercalation). If that inter-
mediate value already exists nearby, the new cell
instead distalizes (rule of distalization). Maden
(1977) implicated the wound epidermis in distal-
ization. Repeated rounds of intercalation and dis-
talization lead to regeneration.

Thepolarcoordinatemodel is drivenby local
cell–cell interactions. Meinhardt’s “boundary
model” additionally incorporated secreted mor-
phogens that induceproliferation andpatterning
over a longer range (see Fig. 5D,E for discussion)
(Meinhardt 1983b). The boundarymodel subdi-
vides the limb into transverse “zones” corre-
sponding to anterior, posterior, dorsal, and ven-
tral identities. Confrontation between zones
postinjury induces production of a distalizing
morphogen at the boundary. To explain limb
handedness, the model requires three or four
zones (two boundaries) to be confronted and
morphogen to be produced from the intersec-
tion point. Distal cells induce higher concentra-
tions of morphogen, leading to progressive dis-
talization and regeneration (Meinhardt 1983a).

Both models couple confrontations in the
transverse axes to distalization. Slack’s “serial
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Figure 5. The polar coordinate model and the boundary model for pattern formation. (A–C) The polar coor-
dinate model proposed by French, Bryant, and Bryant in 1976, with the modified rule of distalization in 1981.
(A, left) Cells are assigned positional values based on their location on the circumference and radius of a circle. As
applied to the salamander limb, the circumferential values 1 through 12 correspond to transverse identities
(anterior, posterior, dorsal, or ventral), whereas radial values A through F correspond to proximal-to-distal
positions. The number of values and their distributions are arbitrary. Although circumferential values imply that
positional memory is present only at the surface of the limb, later iterations of this model implicitly assume that
corresponding identities are present in the deep tissues. (Right) A three-dimensional depiction of the polar
coordinates to emphasize the proximodistal values. (B) The main features of the model are that (1) cells
intercalate missing positional values, and (2) it is driven by local cell–cell interactions. After loss of tissue, wound
healing and influx of regenerative cells result in normally nonadjacent positional values becoming juxtaposed.
This generates positional conflicts (white arrows), which are resolved according to the rule of shortest interca-
lation. First, cell proliferation is stimulated, then newly generated cells adopt positional values intermediate
between the values of the conflicting neighbors. Intercalation of missing values occurs by the shortest arc—in
the schematic, the confrontation between 12 and 5 is intercalated via the shorter arc of 1-2-3-4 and not by the
longer arc of 6-7-8-9-10-11. (Legend continues on following page.)
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thresholdmodel” instead uncoupled the axes and
assigned them different intercalation rates (dor-
soventral fastest; proximodistal slowest) (Slack
1980a). This model incorporated additional con-
cepts such as posterior dominance and progres-
sive stabilization of positional identity.

These models and others, account for
limb regeneration and successfully handle many
experimental phenotypes. Although they do not
specify molecular mechanisms, they act as
frameworks to understand adult tissue pattern-
ing.

GLOBAL PRINCIPLES OF POSITIONAL
MEMORY IN VERTEBRATES

Wenow speculate on wider themes in positional
memory by incorporating insights from other
tissues and vertebrate models.

How Is Embryonic Positional Information
Inherited into Adults?

Whereas this issue has not been addressed explic-
itly in the salamander limb, it is easy to imag-
ine that keeping embryonic patterning genes
“switched on” would enable adult cells to retain
positional memory from development. Lmx1b,
which determines dorsal identity in limb buds,
remains dorsally enriched in adult axolotl limbs,
althoughfunctionalperturbation is lacking(Satoh
and Makanae 2014). The axolotl spinal cord,
which regenerates after amputation, expresses
patterning genes in similar domains to those dur-
ing embryogenesis, including the transcription
factorsPax7andMsx1 indorsal cells and the tran-
scription factor FoxA2+ secreted Shh in ventral
cells (Schnapp et al. 2005; Sun et al. 2018). Zebra-
fish fins retain embryo-like expression of tran-
scription factors including alx4a/lhx9 (anterior),

Figure 5. (Continued) If intercalation would result in a value that is already represented by a nearby cell, the value
of the new cell is instead distalized (e.g., from A to B) according to the rule of distalization. Intercalation and
distalization are repeated until nomore intercalation can take place, thus terminating regeneration. (C) The polar
coordinate model can explain experimental phenotypes like the supernumerary limbs generated by Iten and
Bryant. For simplicity, the circumferential values 1 through 12 have been replaced with A (anterior), P (poste-
rior), D (dorsal), and V (ventral). The schematic represents an “end-on” view of the limb. When a blastema of
opposite handedness is grafted to an amputated stump, positional conflicts are stimulated between graft and
stump (purple regions). These conflicts are resolved through intercalation and distalization, as in B, resulting in
the formation of up to three limbs that grow out in the directions indicated by the black arrows. Importantly, the
model correctly assigns the handedness of all three limbs (indicated with arrowheads on the schematic). To
determine handedness, compare the relative positions of A, P, D, and V in each outgrowing limb. The super-
numerary limbs inherit stump handedness, whereas the main regenerate has graft handedness. (D–E) Salient
features ofMeinhardt’s boundarymodel (1983). (D) Positional values are distributed in quadrants separating the
anteroposterior and dorsoventral axes of the limb. Larger anterodorsal and anteroventral domains abut smaller
posterodorsal and posteroventral domains at boundaries (thick black lines). (E) After injury or surgery, a
distalizing morphogen is secreted by wound epidermis cells (also referred to as apical ectodermal ridge or
cap) and induces proliferation and patterning of underlying blastema cells. This acknowledges the role of the
wound epidermis in sustaining blastema outgrowth during normal regeneration. The morphogen-secreting
signaling center (black circle) is established at the intersection between the A-P and D-V boundaries. Blastema
cells at the intersection secrete a morphogen maintenance factor that promotes secretion of distalizing morpho-
gen from the overlying epidermis. More distal blastema cells secrete higher levels of morphogen maintenance
factor, in turn leading to higher concentrations of distalizing morphogen. This positive feedback induces pro-
gressive distalization. Like the polar coordinate model, positional confrontations are sensed locally—however,
this is coupled to long-range morphogen production. The boundary model can explain supernumerary limb
number and handedness, similar to the polar coordinate model, and suggests a molecular mechanism. Some
experimental evidence challenges aspects of the boundarymodel—for example, only one boundary (e.g., anterior
vs. posterior) is sufficient in the accessory limb model to generate a patterned limb, in contrast to the two
boundaries predicted by the model. However, the notions of signaling centers and secreted morphogens fit
well with understanding of limb patterning during embryogenesis. Aspects of the polar coordinate model and
boundary model rely on common principles, for example, local sensing of positional conflicts and tight coupling
between transverse conflicts and distalization. The models are not mutually exclusive.
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hand2 (posterior), andmeis1a/dlx5a (proximal)
(Nachtrab et al. 2013; Rabinowitz et al. 2017). It
would be interesting to determinewhetherTig1 is
a proximal patterning gene in axolotl limb buds,
similar to its expression in adult limb, although
Prod1 is not proximally enriched in the Notoph-
thalmus limb bud, thus differing from its adult
expression pattern (Kumar et al. 2015). It is im-
portant to note that patterning gene expression is
not in itself sufficient for regeneration, as adult
human spinal cord expresses dorsoventral pat-
terning genes yet regenerates poorly (Ghazale
et al. 2019).

HowDoAdult Cells StablyMaintain Positional
Memory?

Tig1 misexpression in axolotl blastema cells up-
regulates proximal genes including itself (Oliveira
et al. 2021). If similar self-reinforcing loops exist at
steady state, they couldmaintain positionalmem-
ory. Mutually repressive transcriptional circuits
could prevent cells from acquiring alternative
identities. Tig1 and Prod1 are not DNA-binding
proteins, but spatially expressed transcription fac-
tors (see above) could contribute to such circuitry.
Epigenetic regulation is likely to play a role. In
adult mouse muscle stem cells, the enhancers of
positionally expressed genes, includingHox, show
differential DNA methylation (Evano et al. 2020;
Yoshioka et al. 2021). DNAmethylation, selective
chromatin accessibility, and histone marks could
stabilizememory gene expression and/or contrib-
ute to position-specific activation after injury. An
intriguing possibility is that a unique epigenetic
signature is responsible for positional memory
and that this signature is restricted to regenerative
tissues. This could be tested using epigenetic pro-
filing techniques recently adapted to axolotls
(Schloissnig et al. 2021; Wei et al. 2021).

Small Differences Could Be Sufficient to
Specify Position

It is striking that a ∼1.5–1.7× expression differ-
ence could be sufficient for Prod1 and Tig1 to
establish proximal versus distal identity in the
salamander limb (da Silva et al. 2002; Oliveira
et al. 2021). This is particularly interesting when

thinking about different regions of the same limb
segment (for example, proximal upper arm vs.
distal upper arm). Could such subtle expression
differences account for intrasegment patterning,
or is positional information within a segment
encoded differently? Lmx1b, although lacking
functional characterization, shows a 2× expression
difference between dorsal and ventral axolotl skin
(Satoh and Makanae 2014). In contrast, zebrafish
hand2 is expressed ∼200× more in posterior pec-
toral fin compared with anterior (Nachtrab et al.
2013). These quantifications were performed on
bulk tissues. In the future, it will be important to
purify and measure relevant expression differ-
ences in positional memory-encoding cells.

How Is Positional Memory Decoded into
Patterning Gene Expression?

Prod1 and Tig1 are proximally enriched at steady
state and in the blastema, suggesting that they
contribute to both memory and patterning. If
this is true, someotherdifferencemust be invoked
to explain memory “activation” postinjury. The
Prod1 ligand nAG is up-regulated after amputa-
tion (Kumar et al. 2007b), indicating that inter-
actor availability could “decode” memory. An-
other possibility is a change in expression level:
Lmx1b expression increases following amputa-
tion (Satoh andMakanae 2014). How is position-
al memory transferred from steady-state to blas-
tema cells? A simple explanation is that there is a
direct lineage relationship between steady-state
and blastema cells expressing the same genes. In-
formation transfer would occur through lineage-
intrinsic “handover.” However, this does not ex-
plain how Prod1 is expressed in Schwann cells at
steady state but in putative connective tissue-
derived blastema cells after amputation (Kumar
et al. 2007a). An intriguing unknown is whether
positional memory genes perform additional
functions during homeostasis, or whether they
are “poised” for function solely after injury.

Links between Positional Memory and
Regeneration Termination?

A fascinating question is how regenerating ap-
pendages “know” when to stop growing. Prod1
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represents a potential link between positional
memory and termination of regeneration. nAG
binding to Prod1 increased blastema cell prolifer-
ation in vitro (Kumar et al. 2007b; Grassme et al.
2016). As Prod1 is more highly expressed proxi-
mally than distally, an interesting possibility is
that a gradual reduction in nAG-Prod1-induced
proliferation during regeneration connects distal
identity to cell-cycle termination. This could be
interrogated using recently established cell-cycle-
reporting transgenic axolotls (Cura Costa et al.
2021; Duerr et al. 2021).

Body-Wide Compatibility of Positional Codes

An interesting consideration is whether pattern-
ing codes around the body are compatible with
one another. Forelimb–hindlimb transplanta-
tions in salamanders indicate that limbs use sim-
ilar codes. Diverse zebrafish fins are likely to share
codes with one another, as they express similar
patterning transcription factors (Nachtrab et al.
2013). But what about more distinct tissues? The
accessory limb model reveals conflicts in posi-
tional values between salamander cells—indeed,
the earliest accessory limbs were induced almost
100 years ago by grafting ear vesicle or nose pla-
code to the lateral body wall of salamander em-
bryos (Balinsky 1925; Glick 1931). Bodemer im-
planted various organs into a nerve-deviated
chest/limb wound in Notophthalmus. Grafts of
liver and lung induced accessory limbs, whereas
spleen and spinal cord did not (Bodemer 1959).
Thus, certain organs can provokemorphogenetic
conflict with the limb field. This could be a reflec-
tion of similar signaling pathways—for example,
Shh or Fgf signaling—being used in certain or-
gans, making some organs better patterning “do-
nors” than others. However, the situation is likely
to be more complex as Shh is a patterning mole-
cule in both limb and spinal cord, yet spinal cord
implants were not able to provoke accessory
limbs. This opens up the exciting possibility that
some positional codes can interact, although oth-
er combinations are not detected or ignored. In
several tadpole species, treating amputated tails
with retinoids causes them to regenerate as hind-
limbs (Mohanty-Hejmadi et al. 1992; Mahapatra
and Hejmadi 1994). Retinoids likely anteriorize

the amputated tail field to a hindlimb field by
respecifying axial tissue identity, for example
through Hox gene expression (Morioka et al.
2018). However, it is tempting to speculate that
the precision of this homeotic transformation
(from tail to hindlimb) is made possible by an
underlying similarity in positional codes.

Are Positional Codes Conserved?

Prod1encodesproximal limb identity inNotoph-
thalmus and axolotls but does not have homo-
logs outside of salamanders (da Silva et al. 2002;
Oliveira et al. 2021). agr2, a homolog of nAG
(Prod1 ligand), is ∼1.8× proximally enriched in
zebrafish caudal fin (Rabinowitz et al. 2017), but
these cells do not obey the rule of distal transfor-
mation (Shibata et al. 2018). Thus, the degree of
functional conservation between zebrafish and
salamanders is unclear. One approach to testing
whether positional codes are conserved is to per-
form interspecies grafts. 1 mm3 implants from
the northern leopard frog (Rana pipiens) into
Notophthalmus or Ambystoma limbs revealed
that tissues including kidney or lung, but not
brain or liver, could induce accessory limbs (Ru-
ben1955;Carlson1968, 1971).Adult frogkidney
induced accessory limbs in salamanders more
efficiently than tadpole kidney, perhaps reflect-
ing the acquisition of an “adult” code (Carlson
1968). Frog-to-salamander grafts maintained
their capacity to induce supernumerary struc-
tures after treatments including lyophilization,
indicating that living cells are not necessary, al-
though thismorphogenetic activity was abrogat-
ed by boiling (Bodemer 1959; Stevens et al. 1965;
Carlson and Morgan 1967 and summarized in
Carlson 1971). Extracellular matrix from poste-
riormouse limb inducedskeletal elements (albeit
with simple patterning) fromnerve-deviated an-
terior wounds in axolotls (Phan et al. 2015). In-
terestingly, these structures contained bone,
whereas “native” accessory limbs typically form
cartilage. Thus, some combinations of tissues
can collaborate across species to generate a
limb-like pattern. As similar results are obtained
after intraspecies organ grafts (see above), this
could suggest that aspects of adult body coding
are similar/conserved between species.
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What Are the Implications of Understanding
Positional Memory?

The accessory limb model is an exciting dem-
onstration that patterned limb can be created by
leveraging positional memory in an engineering
setup. Recently, knowledge of positional codes
was used to “improve” tail regeneration in the
mourning gecko (Lepidodactylus lugubris). Liz-
ards, unlike salamanders, regenerate imperfect
tails—they lack roof plate structures, the skele-
ton encapsulates the spinal cord and is unseg-
mented. These patterning defects correlate with
an adult-specific loss of Pax7-expressing epen-
dymal cells in the dorsal spinal cord (Sun et al.
2018). Transplanting ventralization-resistant
Pax7 cells from embryo to adult restored an ax-
olotl-like spinal cord organization (dorsal Pax7
and ventral FoxA2/Shh) in adult lizards. Re-
markably, these tails regenerated roof plate
structures and the skeletal rod was displaced
ventrally, as in axolotls (Lozito et al. 2021).
Thus, an engineering approach inspired by ax-
olotl positional coding improved regenerative
patterning. Methods to induce adult pattern,
guided by rational design principles, have obvi-
ous applications in regenerative therapies.

Positional Memory in the Human Body?

Transcriptional profiling indicates that at least
some aspects of a positional code are present
in adult humans: several cell types express
HOX genes in anatomy-specific manners, in-
cluding fibroblasts (Chang et al. 2002; Rinn
et al. 2006), mesenchymal stem/stromal cells
(MSCs) (Onizuka et al. 2020), muscle cells,
and muscle stem cells (Yoshioka et al. 2021).
Interestingly, when Hox-negative mandible
MSCs in mice were transplanted to a HoxA11-
expressing injury site in the tibia, they initiated
HoxA11 expression, differentiated into bone,
and repaired the injury (Leucht et al. 2008). In
contrast, HoxA11-expressing tibia MSCs trans-
planted to Hox-negative mandible sustained
HoxA11 expression and failed to differentiate
or repair tissue. Thus, even though they are not
as regeneration-competent as salamanders,
mammalian cellsmight have unique compatibil-
ities during tissue repair based on expression/

lack of expression of HOX genes, and/or the
specific HOX genes expressed. This would have
implications for selecting donor tissues for
transplantation-based therapies. Consistent
with a link between positional identity and re-
pair in mammals, HoxA11-expressing cells in
the developing mouse limb are retained in the
adult mouse limb asHoxA11-expressing perios-
teal cells and bonemarrowMSCs, and these cells
proliferate after fracture injury to give rise to new
skeletal cells (Rux et al. 2016, 2017; Pineault et al.
2019). HoxA11/HoxD11 double deletion in
adult mouse limb MSCs compromised differ-
entiation and bone structure (Song et al. 2020),
whereas HoxA10 deletion reduced limb muscle
stem cell proliferation and regenerative capac-
ity (Yoshioka et al. 2021), indicating roles for
these positionally expressed genes in prolifera-
tion and differentiation. Many other genes
show position-specific expression in adult hu-
mans, suggesting that the HOX code is one
manifestation of a broader positional memory
(Chang et al. 2002; Rinn et al. 2006; Onizuka
et al. 2020).

The implications of inducing and manipu-
lating positional memory in human cells could
extend to tissue engineering. Huge strides have
been made in generating organoids aiming to
replicate human tissues like brain or intestine
in vitro. If human organs harbor positional
codes, it might be necessary to replicate these
codes in organoids to achieve true functionality
and seamless integration into patient tissues af-
ter transplantation. An untested possibility is
that organoid tissue is less likely to be rejected
if its positional codes are arrangedharmoniously
with surrounding patient tissue. Conversely, if
human organs harbor positional codes, a salient
question is why these tissues do not regenerate as
well as their counterparts in salamanders. Could
parts of the positional code be missing in hu-
mans, or is there some epigenetic or genetic
block to manifesting the positional code (e.g.,
distalization) following injury? Could differ-
ences in the immune system and the prevalence
of scarring in mammals compared with sala-
manders inhibit the activation or manifestation
of the positional memory program in humans?
The human liver, which “regenerates” size but
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not shape after resection, would be an interesting
system to delineate the necessity and sufficiency
of positional memory molecules for patterning
human organs and organoids.

CONCLUDING REMARKS

No model has yielded as many insights into
vertebrate positional memory as the salaman-

der limb. The success of a model is dictated by
the range and interpretability of phenotypes
that can be generated. The salamander limb
has a complex yet quantifiable structure, and
no shortage of impressive phenotypes. The
next step is to connect these phenotypes to
genetic and epigenetic mechanisms using re-
cently available technologies. A fascinating
take-home is that the adult body is a mosaic
of invisible territories with characteristic mor-
phogenetic properties. To show the goal of map-
ping and interrogating these territories body
wide, we have represented them with different
colors in our representation of a “patchwork”
axolotl (Fig. 6).

Understanding the functions, layout, and
compatibility rules of positional memory could
have implications for human therapies. The
ability to precisely alter positional values and
assemble adult cells in in vivo–like configura-
tions could enable the construction of correctly
functioning patient-specific organoids compat-
ible with transplantation. Genes encoding posi-
tional memory, and molecules that alter these
memories, will act as entry points to achieving
these goals. An exciting prospect is that these
molecules, or similar, could eventually be ap-
propriated to induce ormodify positional values
directly in patient tissues in vivo, creating a re-
generation-stimulating environment for endog-
enous cells and removing the need for trans-
plantation. Encouraging steps in this direction
—for example, the induction of accessory limbs
in salamanders using pharmacological agents
(McCusker et al. 2014)—make this prospect a
realistic possibility.
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Figure 6. The patchwork axolotl of positional memo-
ries. Lewis andWolpert proposed that the adult body is
a mosaic of invisible territories with different morpho-
genetic properties dictated by developmental history
(Lewis and Wolpert 1976). Inspired by their descrip-
tion, we have shown a “patchwork axolotl” in which
adult positional memories are represented in different
colors. Positional memory is best understood in sala-
mander limbs. To date, only proximodistal memory
molecules have been discovered. These are expressed
in graded distributions from shoulder to hand (brown
gradient, right arm). The left arm represents an-
teroposterior memory. In the axolotl, posterior mem-
ory (purple) encodes more patterning information
than anterior memory (green). The hindlimbs repre-
sentdorsoventralmemory (yellowandblue, respective-
ly). Other tissues in salamanders are also likely to en-
code memory. The spinal cord (in the tail) expresses
dorsoventral patterning genes (purple, yellow, and
green stripes; color similarities with limb memory
genes do not represent functional interactions). Future
work will color in the memory “domains” in other
tissues, the functional interactions between these do-
mains, and the degree of evolutionary conservation
between species. (Illustration by Moritz Wegscheider.)
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