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ABSTRACT

BACKGROUND: Regeneration of the distal phalanx in adult mammals is a rare example of complete tissue restoration without
fibrosis. Spiny mice of the genus Acomys are capable of regenerating multiple tissues, including epidermis and muscle, without
scar formation. However, the ability of Acomys cahirinus to fully regenerate the distal phalanx remains unknown.

AIM: The work aimed to assess distal phalanx regeneration after amputation in spiny mice.

METHODS: Distal phalanx regeneration in Mus musculus and A. cahirinus was evaluated over 28 days after amputation. The
distal phalanx was amputated distal to the nail bed to model epimorphic regeneration via blastema formation. Amputation
proximal to the nail bed was performed to model injury leading to fibrotic scar formation. Recovery was assessed visually, by
micro-computed tomography, and histologically.

RESULTS: Unlike M. musculus, which showed complete restoration of all tissue components after distal phalanx
amputation, A. cahirinus failed to achieve full regeneration. Following amputations distal to the nail bed, A. cahirinus exhibited
digital shortening and clubbing. Histological analysis demonstrated an increase in bone tissue volume within the damaged
phalanx in spiny mice. Micro-computed tomography revealed that the bone damaged by amputation underwent lysis up to
complete degradation, with bone hypertrophy in the next phalanx of the injured digit, located proximal to the amputation plane.
CONCLUSION: A. cahirinus does not exhibit complete digit regeneration after distal phalanx amputation. This outcome could be
attributed to excessive lysis of the damaged bone and insufficient blastema formation at the site of injury.
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AHHOTALMUA

O6ocHoBaHMe. BoccTaHoBneHMe KOHLEBOW danaHri nanbla y B3pOCbIX MIEKOMUTAOLWMX NpefcTaBnseT coboit penxuii
npuMep MOJTHOLIEHHOW pereHepauuy be3 passutus ¢ubposa. UrnucTble Mbilun pofia Acomys cnocobHbl K BOCCTaHOBNEHUIO
MHOIUX TKaHe!, BKITIoYas anuaepM1C U MblLuLbl, 663 GopMupoBaHus pybua. 0gHako cnocobHocTb Acomys cahirinus K nonHo-
LLleHHOMY BOCCTaHOBNEHUIO KOHLLEBOM (anaHr nasbLa He M3BECTHA.

Lienb — oueHUTb AMHaMUKY BOCCTAHOBEHWS KOHLLEBOM GanaHrv nasbLa nocie aMnyTauum Y UrnCTbIX MbILLEi.

MeToabl. [InHaMUKy pereHepaumum KOHUEBbIX hanaHr nanbues y Mbiwen Mus musculus v A. cahirinus oueHvBanm B TeyeHne
28 gHen nocne amnyTaumu. [ins MofenvpoBaHus anuMopdHoiA pereHepauun NocpeAcTBOM (opMUpoBaHus bnacteMbl amny-
TaUMIo KOHLEeBOW hanaHrv NpoBoAUNM AUCTalnbHee HOrTEBOrO NoXa. [lns MofenMpoBaHus NOBPEXAEHNS, 3aBepLLatoLLEerocs
dopMmpoBaHMeM prbpo3Horo pybLa, aMmnyTaLuio NPOBOAUNM NPOKCUMasbHEE HOTTEBOTO NOXa. BocctaHoBNeHWe oLeHWBanu
BM3YyasbHO, C UCMOJIb30BaHMEM MUKPOKOMMBLIOTEPHOI TOMOrpadum, a TaKKe Ha OCHOBaHWM Pe3ynbTaToB MMCTONOMMYECKOro
uccnesoBaHuA.

Pesynbtatbl. B otimune ot M. musculus, LeMOHCTPUPYIOLLMX NOHOLEHHOE BOCCTaHOBIEHWE BCEro TKAHEBOTO COCTaBa nocne
aMmnyTauum auctanbHo danaHrv nanbua, y A. cahirinus atoro He npoucxoauT. Y A. cahirinus nocne amMnyTaummu auctanbHee
HOITEBOro NoXa HabnogaeTcs yKopoyeHWe NanbLes W UX AedopMaums no TMNy «bapabaHHbIX Nanoyek». [MCToONOrUYecKUi
aHanM3 noKasan, uYTo Y UMUCTbIX MbILLEei yBenMuMBaeTcs 06bEM KOCTHOM TKaHU B NoBpexaéHHoM danaHre. C noMoLubio
MUKPOKOMIbHOTEPHOW TOMOrpaumn YCTaHOBJIEHO, YTO MOBPEXAEHHAA NPU aMnyTaLMM KOCTb NMOABEPraeTca JIM3NUCY BMIOTb
A0 MOJHOW ferpajaunu, a runeptpodus NpoMcXoauT B KOCTU criefylollei hanaHri noBpeXaEHHOro nanbLa, pacnosoxkeH-
HOM NpOKCMManbHee NA0CKOCTU aMMyTaLuu.

3akniouenue. Y A. cahirinus He NpoMCXoaMT NOTHOLEHHOrO BOCCTAHOB/IEHWSA NaibLia Moc/e aMnyTauum AuCcTanbHon danaH-
rv. Bo3aMoxHo, 310 00YCN0BNEHO YPE3MEPHBIM NIM3MCOM MOBPEXAEHHOM KOCTMW, a TaKKe HefO0CTaTouHbIM (HOpMUPOBAHUEM
bnacTeMbl B y4acTKe NOBPEXAEHMS.
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BACKGROUND

In most mammals, including humans, regeneration of
the distal segment of the terminal phalanx represents a rare
example of complete tissue regeneration without fibrosis.
Amputation of the fingertip distal to the nail bed induces
a specialized wound-healing response that culminates in the
formation of a mass of undifferentiated proliferating cells
known as the blastema [1]. During such healing, the damaged
area is covered by a wound epidermis, immune cells partially
degrade the stump tissues, and molecular signals from
nail-bed cells cause a loss of cellular specialization in the
regenerating tissues [2, 3]. The formation of the blastema
ends with the differentiation of its cells and the development
of regenerating tissues, resulting in the complete restoration
of the entire tissue complex of the terminal phalanx, including
bone, muscle, adipose tissue, and epidermis [4]. When
amputation is performed proximal to the nail bed, blastema
formation does not occur, resulting in reparative regeneration
with deposition of dense lamellar fibrous tissue [5].

Spiny mice (genus Acomys) are a promising model for
studying the mechanisms of fibrosis prevention, as they are
capable of complete regeneration of tissues and organs—
including the skin, myocardium, and kidneys—without scar
formation. In most regenerative contexts in Acomys, tissue
restoration is preceded by blastema formation [6, 7].

We hypothesized that in Acomys cahirinus, regeneration
of the distal phalanx after amputation distal to the nail
bed would proceed more rapidly than in Mus musculus.
Furthermore, when amputation is performed proximal to
the nail bed—a level that in M. musculus normally results
in fibrotic repair—A. cahirinus might still exhibit complete
regeneration.

The work aimed to perform a comparative assessment
of terminal phalanx regeneration after amputation in spiny
mice (A. cahirinus) and house mice (M. musculus).

METHODS
Study Design

An experimental, single-center, prospective, randomized,
controlled, non-blind study was conducted.

Eligibility Criteria

The study wused female mice aged 8-16
weeks: M. musculus, C57BL/6 line, n = 21, body weight
20-25 g; and A. cahirinus, n = 21, body weight 25-30 g. All
animals were bred in-house at the Laboratory of Translational
Medicine, Faculty of Fundamental Medicine, Lomonosov
Moscow State University.

Study Setting

The experiments were carried out at the Faculty of
Fundamental Medicine, Lomonosov Moscow State University.
The animals were housed under standard vivarium conditions.
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Study Duration

The study was conducted on days 3, 7, 10, 14, 21, 28, and
56 after amputation to compare distal phalanx regeneration
in spiny mice (A. cahirinus) and house mice (M. musculus).
Intervention

In this study, we used a model of phalangeal regeneration
following amputation. The mice were anesthetized with
a mixture of isoflurane (2%) (Laboratories Karizoo, S.A.,
Spain) and oxygen (93%), delivered through a face mask using
a setup that included a V3000 Parkland Scientific vaporizer
(Parkland Scientific Inc., USA) and an Oxygen Concentrator
Nuvo Lite 525 (Nidek Medical Products Inc., USA). Amputation
of the terminal phalanges of the second, third, and fourth
digits on both hind limbs was performed distal or proximal
to the nail bed according to a previously described protocol
[5]. Analgesia was provided by subcutaneous administration
of Movalis (Boehringer Ingelheim Espafia, S.A.) at a dose
of 1 mg/kg before surgery and daily for three days
postoperatively.

On days 3, 7, 10, 14, 21, 28, and 56 after amputation,
the animals were euthanized in a CO, chamber. The
amputated digits were examined using a stereomicroscope
(Leica MZ95, Germany), microcomputed tomography, and
histological staining. Animals of the same age and body
weight with intact limbs were used as the control (intact
control group).

Microcomputed tomography

Three-dimensional images of digit bones 3, 7, 10, 14,
21, and 28 days after injury were obtained using a MiLabs
VECTOR 6 micro-CT scanner (MiLabs B.V., Netherlands).
Scanning was performed in the Ultra Focus mode designed
for visualization of small objects. The following parameters
were used: tube voltage 55 kV; current 0.21 mA; exposure
time per projection 75 ms; and rotation step 0.2°. Image
reconstruction was performed using MiLabs Rec 12.00
(MiLabs B.V., Netherlands) with a voxel size of 20 pm.
RadiAnt DICOM Viewer 2024.1 (Medixant, Poland) was used
for image processing and analysis.

Histological analysis

For histological analysis, digits were fixed in 10%
neutral buffered formalin for 48 hours at room temperature.
Decalcification was performed in 0.5 M EDTA (pH 7) for
14 days under constant agitation, with daily replacement of
the decalcifying solution. Following decalcification, samples
were rinsed in phosphate-buffered saline, embedded in
polyalcohol-based Tissue-Tek 0.C.T. Compound (Sakura
Inc., Japan), and snap-frozen in liquid nitrogen vapor.
Cryosections of the digits were prepared using a KD-3000
cryostat microtome (Kedee, China). Sections were stained
with Mayer's hematoxylin (Arbis+, Russia) for 5 minutes at
room temperature according to a standard protocol. Stained
sections were dehydrated, cleared, and mounted in Leica CV
Ultramount (Leica, Germany). Histological evaluation was
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performed using an Axioscop 40 microscope (Zeiss, Germany)
with an AxioCam MRc5 digital camera (Zeiss, Germany).

RESULTS
Study Objects

The study used female mice aged 8-16 weeks. Group 1:
M. musculus, C57BL/6 line; n = 21; body weight 20-25 g.
Group 2: A. cahirinus; n = 21; body weight 25-30 g.

Primary Results

Amputation of the distal segment of the terminal phalanx
in spiny mice did not result in complete restoration of the
nail bed or nail.

After amputation of the distal fragment of the terminal
phalanx distal to the nail bed, M. musculus demonstrated
a healing response consistent with the classical regenerative
stages previously described: wound closure, blastema
formation, and subsequent full or partial restoration of all
fingertip structures, including nail regrowth by day 28 post-
amputation (see Fig. 1). In contrast, in A. cahirinus, healing
followed a different pattern after amputation: wound closure
was delayed, and a non-healed wound persisted even at day
14 post-amputation (Fig. 1). At later time points, shortened
digits with a drumstick-like deformity were observed in spiny
mice. Complete structural restoration of the fingertip did not
occur—no nail regrowth was observed by day 28 post-
amputation; restoration of finger length also did not occur
at later time points, up to 42 and 56 days post-amputation
(data not shown).

Histological evaluation of sagittal sections demonstrated
that at day 28 post-amputation, the architecture of the
terminal phalanx in A. cahirinus remained disrupted due
to replacement of most of its volume by hypertrophied
bone tissue (see Fig. 2). In M. musculus, by day 28
post-amputation, the tissue composition of the terminal

7 DPA 14 DPA

Acomys cahirinus

Mus musculus

Vol. 163 (4) 2025

Morphology

phalanx was nearly identical to that of the intact phalanx.
Notably, at this time point, A. cahirinus showed mature
secondary lamellar bone with ordered lamellae typical
of adult animals, whereas newly regenerated bone in M.
musculus exhibited a primary reticulofibrous architecture.
On histological sections, M. musculus demonstrated clear
nail regrowth with structural and morphological features
comparable to uninjured nails, which was consistent with
visual inspection. In most A. cahirinus, no nail regrowth
occurred by day 28 post-amputation (Fig. 2). However,
in some animals, the regenerated phalanx surface was
covered by a loosely adherent extracellular matrix layer
resembling a nail plate in refractive properties and
thickness.

Bone stump destruction following amputation is extensive
in spiny mice

To assess bone changes in the digits following amputation
of distal phalanx fragments, we performed microcomputed
tomography of the limbs. In M. musculus, partial lysis of
the bone stump was observed by day 14 post-amputation,
often accompanied by sequestrum formation (see Fig. 3).
However, by day 28 post-amputation, restoration of the third
phalanx was evident. The regenerated bone resembled an
intact phalanx morphologically and contained a bone marrow
cavity. These findings fully reproduce previously published
results [1].

In spiny mice, bone stump degradation was more
pronounced and progressed to complete loss of the third
phalanx (see Figs. 3 and 4). By day 28 post-amputation, the
third phalanx was absent on microcomputed tomography
scans in most cases (Fig. 4). Furthermore, marked
hypertrophy of the epiphysis of the second phalanx was
observed (Fig. 4). This finding is consistent with histological
data demonstrating new bone formation in M. musculus
and expansion of the existing bone volume in A. cahirinus.
Moreover, assessment of distal phalanx length up to 42 and

21 DPA

28 DPA

Fig. 1. Distal hind limbs of Acomys cahirinus (upper row) and Mus musculus (lower row) at 7, 14, 21, and 28 days post-amputation (DPA) of digits

2,3, and 4.
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3 DPA 14 DPA 28 DPA

Acomys cahirinus

Mus musculus

Fig. 2. Histological analysis of sagittal sections of digit tips in Mus musculus (lower row) and Acomys cahirinus (upper row) at 3, 14, and 28 days
post-amputation (DPA). Upper row: at 3 DPA, the residual fragment of the third phalanx and the epiphysis of the second phalanx are visible; at 14 DPA,
a blastema with early signs of differentiation is observed; by 28 DPA, mature bone tissue, a growing nail, and other restored structures of the digit
pad are evident. Lower row: at 3 DPA, the wound has not fully closed, whereas the remaining third phalanx is already undergoing histolysis, which
peaks by 14 DPA, when the third phalanx of Acomys cahirinus is completely lysed and replaced by fibrotic tissue; the epiphysis of the second phalanx
also shows partial histolysis. By 28 DPA, bone hypertrophy is observed in the second phalanx, without signs of decalcification. Mayer's hematoxylin
staining, light microscopy; scale bar: 100 pm.

Intact
control 3 DPA 14 DPA 28 DPA

Distal

Proximal

Mus musculus

Fig. 3. Tomographic imaging of phalangeal bones in Mus musculus, intact animals and at 3, 14, and 28 days post-amputation (DPA). Upper row:
amputation of the distal phalanx fragment distal to the nail bed; reduction in the stump of the damaged third phalanx is observed at 14 DPA, with
restoration of its shape and structure by 28 DPA. Lower row: amputation of the distal phalanx fragment proximal to the nail bed.
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14 DPA 28 DPA

8

Acomys cahirinus

Fig. 4. Tomographic imaging of phalangeal bones in Acomys cahirinus, intact animals and at 3, 14, and 28 days post-amputation (DPA). Upper row:
amputation of the distal phalanx fragment distal to the nail bed; reduction in the stump of the damaged third phalanx is seen at 14 DPA, progressing to
complete degradation by 28 DPA. Lower row: amputation of the distal phalanx fragment proximal to the nail bed; reduction in the stump of the damaged
second phalanx is evident at 14 DPA, progressing to complete degradation by 28 DPA.
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Fig. 5. Comparative analysis of distal phalanx length in Mus musculus and Acomys cahirinus at different time points after amputation.

56 days post-amputation (Fig. 5) showed no increase in
digit length in A. cahirinus, whereas digit length increased
in M. musculus.

Following amputation at the level of the second phalanx in
M. musculus, no significant change in bone stump volume was
detected—neither pronounced degradation nor regeneration
(Fig. 3). In contrast, in spiny mice, similar to amputation of
the distal portion of the third phalanx, amputation at the level
of the second phalanx leads to extensive destruction of the
bone stump, up to its complete degradation (Fig. 4).
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DISCUSSION

Summary of Primary Results

This study is the first to characterize the trends of
distal phalanx regeneration in spiny mice. Contrary to the
expected accelerated regenerative response compared
with M. musculus, we found that A. cahirinus fails to
fully restore the tissue complex of the terminal phalanx
following amputation. Instead, complete degradation of
the damaged bone occurs, whereas the phalanx located
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proximal to the amputation plane undergoes hypertrophic
enlargement.

Discussion of Primary Results

Insufficient blastema formation following amputation of
the distal fingertip phalanx in A. cahirinus was an unexpected
finding, given prior reports demonstrating blastema formation
during regeneration of the ear pinna, myocardium, and
kidney in this species [6]. Three principal mechanisms are
considered as potential causes of so-called limb regeneration
incompetence: epithelial incompetence, mesenchymal
incompetence, and impaired immune cell function [8].
Epithelial incompetence refers to inadequate or delayed
formation of the wound epidermis. Even in amphibians—
which display complete limb regeneration—removal of the
wound epidermis or inhibition of its formation completely
abrogates the regenerative process [9]. The wound epidermis
serves as a source of signals that promote cell migration
into the forming blastema. Moreover, the wound epidermis
contributes to a locally hypoxic environment that maintains
blastema cells in an undifferentiated state [10]. We found
that the wound surface in A. cahirinus remains open for
a prolonged time, which may hinder blastema formation.

Mesenchymal incompetence in adult mammalian tissues
is associated with the inability of fibroblast-derived cells
to undergo partial loss of specialization (dedifferentiation).
However, previous studies have shown that in A. cahirinus,
during ear pinna regeneration and epidermal repair,
fibroblast-lineage cells are capable of phenotypic switching,
and this process occurs more rapidly than in M. musculus.
Therefore, this mechanism is unlikely to be the primary factor
limiting regeneration of the distal fingertip phalanges in spiny
mice.

For final blastema formation, the involvement of
immune cells—primarily macrophages—is required [11].
Macrophages are responsible for partial degradation of
stump tissues, including bone. It is believed that proteolytic
breakdown of the extracellular matrix by macrophages
facilitates the release of progenitor cells involved in blastema
formation and promotes their migration into the regenerating
area. Macrophages and their precursors (monocytes) serve
as the source of osteoclasts, the specialized bone-resorbing
cells. The pronounced bone stump destruction observed
in A. cahirinus is most likely due to rapid accumulation
of osteoclasts. However, it remains unknown how such
macrophage activity affects other stump tissues: does
their degradation proceed to complete depletion of the
cellular pool that participates in finger tissue restoration in
M. musculus?

Our findings also suggest that preservation of at least
a fragment of bone is a necessary prerequisite for bone
regeneration, whereas complete degradation of the bone
prevents new bone formation.

The hypertrophic enlargement of the mature bone in the
phalanx proximal to the injury site is presumably driven by
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the activity of osteoblasts and their precursors present within
this bone. However, additional studies are required to clarify
the mechanisms underlying this phenomenon in A. cahirinus.

Study Limitations

A major limitation of this study is the lack of an
assessment of cellular changes in the regenerating phalanx
of A. cahirinus, which prevents characterization of the
cellular responses responsible for both bone destruction and
blastema formation.

CONCLUSION

In A. cahirinus, complete restoration of distal phalanx
tissues, including bone, does not occur after amputation.
Instead, the wound healing terminates in fibrosis, preceded
by pronounced histolysis. These features are most likely the
result of insufficient blastema formation at the injury site and
excessive degradation of the amputated bone stump.
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