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Abstract

Many organisms and tissues display the ability to heal and regenerate as needed for normal 

physiology and with pathogenesis. However, these repair activities can also be observed at the 

single cell level. The physical and molecular mechanisms by which a cell can heal membrane 

ruptures and rebuild damaged or missing cellular structures remain poorly understood. This review 

presents current understanding in wound healing and regeneration as two distinct aspects of 

cellular self-repair by examining a few model organisms that have displayed robust repair capacity, 

including Xenopus oocytes, Chlamydomonas, and Stentor coeruleus. While many open questions 

remain, understanding how cells repair themselves is important for our mechanistic understanding 

of cell biology. It also holds the potential for new applications and therapeutic approaches for 

treating human disease.

Introduction

Cells are generally soft, squishy, and easily damaged. However, many can repair themselves 

after being punctured, torn, or even ripped in half when damaged due to the normal wear-

and-tear of normal physiology or as a result of injury or pathology. A cell is like a 

spacecraft: when it is punctured, cytoplasm spills out like oxygen escaping from a damaged 

space module. Like Apollo 13, a damaged cell cannot rely on anyone to fix it. It must repair 

itself, first by stopping the loss of cytoplasm, and then regenerate by rebuilding structures 

that were damaged or lost. Understanding how they repair and regenerate themselves could 

guide treatments for conditions involving cellular damage.

A standard question we ask students is to define what it means to be alive. This is 

surprisingly hard to do in a precise way, but surely one of the remarkable features of living 

systems that distinguishes them from human-made machines is their ability to heal and 

repair themselves. At the multi-cellular level, repair and regeneration are effected by 

generating new cells to replace the ones that were lost. This type of repair thus ends up being 

a direct consequence of another basic feature of living systems – the ability of a cell to 
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reproduce itself. No additional processes need to be invoked beyond cell division. At the 

single-cell level, it is much less obvious how self-repair is accomplished.

In this review, we will distinguish wound healing from regeneration as two aspects of self-

repair which serve distinct purposes, and will discuss each aspect separately. Wound healing 

is the process that stops further loss of material, in much the same way a blood clot stops 

further loss of blood. Regeneration, on the other hand, is the process by which the cell 

specifically re-builds and replaces the missing components (organelles, plasma membrane, 

cytoplasm, etc.) after the wound has been stabilized. Some cells can heal wounds but cannot 

regenerate. For example, if the the giant unicellular ciliate Bursaria is cut in half, the halves 

heal their surfaces and live, but they lose all their cortical structures, become spherical, 

encyst, and then re-develop a new cortical pattern from scratch (1). We contrast such cases 

from cells which are able to detect missing structures and specifically regenerate the pieces 

that were missing or damaged.

Examples of self-repairing cells

Many cell types can heal wounds and regenerate missing structures (Figure 1). Neurons are 

sometimes able to repair and regenerate damaged axons (2, 3), which is important because 

they do not proliferate. Cardiac myocytes routinely suffer mechanical wounding as the heart 

beats, and are able to survive and heal membrane ruptures (4, 5).

Wound healing has been extensively studied in Xenopus oocytes (6, 7). The Xenopus 
oocyte, while produced by a multicellular animal, is a large, single cell easily obtained and 

manipulated. When punctured either with a glass needle or with laser ablation, the oocyte 

rapidly restores an intact plasma membrane.

Some unicellular model systems illustrate cellular regeneration. There is an advantage in 

studying free living single-celled organisms in that their normal behavior can be studied 

without the influence from any neighboring cells as would be the case for cells within a 

tissue. This is important because if a cell regenerates in a tissue context, one cannot be sure 

whether the necessary spatial information comes from the cell itself or from information 

supplied by neighboring cells.

Chlamydomonas is a unicellular green alga surrounded by a thick cell wall. Two motile 

flagella, approximately 10 microns long, protrude from holes in the cell wall, allowing the 

cell to swim. When the cell is stressed (for example by pH shock), it severs its own flagella. 

This process, known as flagellar autotomy (8), presumably helps the cell survive a hostile 

environment by eliminating the only point of vulnerability not surrounded by a cell wall. 

Once the stress is removed, flagella grow back within 90 minutes. Flagellar regeneration in 

Chlamydomonas provides a simple and highly reproducible paradigm for studying organelle 

regeneration.

Another classical system for studying regeneration in single cells is Stentor coeruleus 
(Figure 2). Stentor is a giant, blue-colored ciliate that can reach sizes of over a millimeter. A 

Stentor cell is cone-shaped, with a circular oral apparatus (OA), consisting of thousands of 

cilia at the anterior end of the cell, specialized for sucking in food particles. Stentor cells 
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show an amazing ability to self-repair after wounding. When pieces of a Stentor cell such as 

the OA are removed using a glass needle, or when cells are cut in half, they can self-repair 

without losing cytoplasm (9). Instead, the cell continues to live and is able to regenerate the 

missing components in a matter of hours (10). In bisected cells, both halves can regenerate 

because Stentor contains a highly polyploid macronucleus such that even small cell 

fragments will contain enough genomic copies to survive. Regeneration of the OA in Stentor 
has been a major paradigm for studying cellular regeneration (Figure 2). Although the OA is 

located at the anterior end of the cell, it does not at first regenerate in its original location. 

Instead, the cell synthesizes all of the basal bodies necessary to assemble the OA at a site on 

the surface of the cell roughly halfway down the length of the cell body, where narrow and 

wide pigment stripes meet each other. These basal bodies organize into the complete 

structure of the OA, at which point it is known as an oral primordium. The primordium then 

migrates to the anterior end of the cell and twists into the correct orientation. This entire 

process sometimes occurs spontaneously in the presence of an existing OA, which is then 

resorbed and replaced by the new one. This replacement process is known as 

“reorganization”, which is hypothesized to help ensure proper scaling of OA size with cell 

size as the cell grows.

These examples illustrate the ability of cells to heal wounds and regenerate missing 

structures. The mechanisms used for self-repair in these cases remain unclear, and pose an 

interesting challenge for cell biology. Several questions apply to both wound-healing and 

regeneration. First, does repair reflect a constitutive behavior or does it need an active 

pathway to be triggered? For example, given that the Stentor OA is spontaneously replaced 

during reorganization, can the regeneration of the OA simply be considered as an accelerated 

form of this same turnover process by which an OA is occasionally replaced by a new one? 

Or is there a distinct signaling program that needs to be triggered to drive regeneration? 

Many self-organizing systems can restore patterning after perturbation. It is important to 

determine whether wound-healing and/or regeneration represents a “response” where 

pathways need to be turned on, or whether it simply reflects constitutive cellular activities. If 

repair turns out to be triggered, what is the stimulus? How does the cell detect that 

something is wrong? Finally, once a repair response is triggered, how is it actually carried 

out at the molecular level?

Wound healing

Before discussing how wounds are repaired, we first consider the size and time scales that 

characterize the wound-healing problem. Openings in cell membranes occur rather regularly, 

but not all openings are recognized as a wound by the cell to trigger a healing response. For 

example, small membrane pores form spontaneously from lipid motion. Based on studies on 

planar lipid bilayer membranes, it was found that when the pore is small (<~ 10s nm), the 

restoring force by the membrane tension will reseal these pores (11, 12). Under 

physiological conditions, the membrane can also be permeated in processes such as 

conjugation in bacteria, which utilize pili—tube-like conduits (~ 10 nm)—to transfer DNA 

from one cell to another (13). In vitro, cell membranes have been permeated during 

processes such as electroporation, micro-injection, and more recently “nanostraws” which 

are hollow metal-oxide nanotubes (~ 100 nm) for intracellular delivery of ions and 
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molecules (14, 15). These processes do not typically damage the cell nor do they trigger a 

wound response. So then, when is an opening recognized as a wound?

One perspective is to consider the function of the membrane, which is to separate the 

intracellular environment from the external, and to maintain physiological concentrations of 

ions, proteins, and other macromolecules. Sudden change in the intracellular environment 

could thus serve as a proxy to alert the cell to a membrane rupture. Specifically, influx of 

calcium ions is often a key trigger for wound response (6, 16, 17). Physiologically, this 

makes sense given Ca2+ is an important intracellular messenger and underlies many 

important signaling pathways. Excessive intracellular Ca2+ levels are toxic and can lead to 

cell death (18, 19). While no work to our knowledge has explicitly described the minimum 

size of a membrane rupture to trigger wound response, one can expect that the opening 

should be big enough and last long enough to allow the influx of ions like Ca2+ to perturb 

the intracellular environment in order for it to be recognized as a wound.

Once a hole is recognized, how long does the cell have to fix it before irreversible damage is 

done? As with oxygen leaking from a spacecraft, loss can be tolerated, but only up to some 

limit. In the case of a cell, the wound must be sealed in time to prevent the excessive loss of 

cell mass, as well as the influx and accumulation of unwanted components from the external 

environment. In the absence of a wound response, one can apply the equation for the flow 

through a circular aperture to estimate the leakage rate Q of cell mass from a punctured cell 

(20). Assuming the cytoplasm is a simple fluid leaking out of a membrane wound, Q = r3ΔP/
(3μi), where r is the radius of the wound, ΔP is the pressure difference across the membrane, 

and μi is the viscosity of the inner fluid. Assuming ΔP ~ 10 Pa, μi ~ 1 - 100 mPa-s (1 –100 

times that of water), the leakage rate would be ~ 80% – 0.8% of cell volume per second for a 

wound size that is 10% of cell size. This simple approximation ignores the complexity of 

many aspects of the cell (e.g., viscoelastic properties of the cytoplasm). Nevertheless, purely 

from the physics and mass transport perspective, the approximation suggests that healing 

should take place on the order of seconds to tens of seconds, instead of days, to prevent the 

excessive loss of cell mass. If we consider the influx of unwanted components (e.g., Ca2+) 

by simple diffusion, we get a similar time scale t ~ x2/D ~ 1 – 10 seconds, for a distance x ~ 

10 μm and a diffusivity D ~ 10−10 – 10−11 m2/s (21). Indeed, in studies across quite a wide 

range of cell types, including sea urchin eggs (22), fibroblasts (23), alveolar epithelial cells 

(24), the time scales of wound sealing were around seconds to tens of seconds.

However, some cells have been reported to take minutes to even hours to seal the wound. It 

is possible to rationalize such differences by considering the parameters in the mass 

transport approximations above. For example, a low extracellular Ca2+ level would slow 

down the diffusive influx and subsequent accumulation of Ca2+ to a level necessary to 

trigger wound response (17). Similarly, a high cellular viscosity would decrease the leakage 

rate of cell mass. In both cases, the cell would not need to heal as quickly. Relevant to the 

first case, it was found that in the absence of Ca2+, sea urchin eggs did not seal their wounds 

(22). Relevant to the second case, earthworm giant axons take minutes to heal. 

Coincidentally, these axons also have densely packed cytoskeleton which can slow down 

diffusion (25).
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How do cells heal wounds on the necessary timescale? The mechanism of wound healing 

has been relatively well studied in a few model systems such as sea urchin eggs and 

Xenopus oocytes, and has been reviewed elsewhere (6, 17, 26, 27). Here we will briefly 

describe known mechanisms. It is generally recognized that Ca2+ is necessary to trigger a 

wound response. As early as 1930, Heilbrunn reported that Ca2+ is needed for wound 

healing (28), a requirement seen in many other cell types (22, 29). The use of Ca2+ as the 

trigger for wound response makes sense not just because of the physiological significance of 

Ca2+, but also from an engineering perspective. For many cell types, unbound Ca2+ has the 

steepest concentration gradient across the cell membrane (~104-fold difference for Ca2+; < 

102-fold difference for other ions such as Na+, K+, and Mg2+) (30, 31). Using a species with 

a steep gradient as a trigger increases the sensitivity of the cell to wounding events. But what 

does calcium actually do to heal a wound?

In general, Ca2+ has been shown to trigger two complementary mechanisms based on prior 

studies in a few model organisms (Figure 3): 1) Patching of the membrane hole by inducing 

membrane fusion via a range of processes including exocytosis, endocytosis, and the more 

recently described “explodosis” which involves the fusion of intracellular compartments 

which then rupture outwards on the side facing the outside of the cell (17, 32). Extra 

membranes can be derived from intracellular vesicles and organelles. 2) Formation of an 

actomyosin purse string which contracts around the wound. This contraction brings intact 

membrane and underlying cortical cytoskeleton to close the wound (6, 17).

Ca2+ may not be the only signal that triggers wound healing. Recently, oxidative species 

from the extracellular environment was found to play a role that is independent of the Ca2+-

triggered wound response. Upon the wounding of striated muscles, oxidation was proposed 

to cause the oligomerization of MG53, a muscle-specific tripartite motif family protein, and 

could recruit MG53-containing vesicles to the wound site (33). The entry of Ca2+ then leads 

to the fusion of vesicles with the membrane to patch the wound. In a separate study on the 

transection of neurons, it was found that melatonin, an antioxidant, decreases healing rate, 

supporting oxidation as an additional trigger for wound response (2).

Regeneration

Once a wound has healed, the cell faces the problem of rebuilding damaged or lost 

structures. A population of dividing cells might not need an active regeneration mechanism, 

because as the cells proliferate they will be building new structures in the course of normal 

growth. In the absence of an active regeneration pathway, cellular structures would continue 

to grow in size and number, and then be partitioned between the daughters when the cell 

divides. For organelles that grow at constant rate and then partition between daughters, it has 

been shown that these two processes are sufficient to restore organelle size following a 

perturbation (34), but the restoration of size can take many cell generations. Other cells can 

rebuild lost or damaged structures within a single cell cycle. We will discuss two models 

systems – flagellar regeneration in Chlamydomonas and oral apparatus regeneration in 

Stentor.
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Both flagellar regeneration in Chlamydomonas (35) and oral regeneration in Stentor (36) are 

accompanied by transcriptional activation and translation of proteins related to the structure 

being regenerated. Transcription is obligatory for Stentor OA regeneration but not for 

Chlamydomonas flagellar regeneration. If flagella are removed in the presence of 

translational inhibitors, flagella still regenerate, but only to half the normal length (37), 

suggesting that new protein synthesis is triggered during regeneration to provide enough 

material to reach the correct final length. How does a cell know that the flagellum or OA, 

respectively, has been removed, in order to trigger the transcriptional programs? In principle, 

a cell could know a structure is missing by sensing: 1) a loss of function of the structure; 2) 

removal of the structure leading to cellular stresses that occur when part of the cell is ripped 

out; or 3) absence of a signal molecule produced by the structure when present.

For flagella, whose function is to generate fluid flow, paralysis does not induce regeneration 

but severing does, suggesting the stimulus is not a loss of function. If only one flagellum is 

severed, it will regenerate with similar kinetics to when both flagella are severed. While this 

happens, the other flagellum shortens until both flagella reach the same length (38), 

presumably due to competition for precursor proteins (39). The two flagella then regrow to 

the normal length. If this experiment is repeated with translation inhibitors, the two flagella 

reach a shorter length (38), implying that gene expression can be triggered even by removal 

of just one flagellum. This result argues against a model in which the presence of flagella 

produces an inhibitory signal that keeps the genes turned off.

What is the trigger for regeneration in Stentor? If an OA is grafted onto a cell that is in the 

process of regenerating, regeneration immediately stops and the oral primordium is resorbed 

(40), suggesting the presence of an OA generates an inhibitory signal that prevents the 

formation of a new oral primordium. If a Stentor cell is scrambled with glass needles, it will 

typically form one or several oral primordia, but this is completely prevented if a new OA is 

grafted onto the minced cell (41). Conversely, if two cells are grafted together followed by 

the surgical removal of one OA, two oral primordia form, even though one intact OA 

remains (Figure 4) (42). This experiment suggests the stimulus triggering regeneration is not 

complete loss of all OAs but rather lack of an OA corresponding to a primordium site. 

Nevertheless, it has been reported that regeneration can be inhibited by insertion of an 

isolated OA randomly into the cytoplasm of a regenerating cell (43). The positional 

requirements for inhibition thus remain unclear.

Opportunities and Applications

Although many studies on single-cell repair have been performed in lower organisms, the 

mechanisms identified have potential for new strategies for treating human disease. For 

example, metastasis can subject cancer cells to damaging mechanical forces. The ability for 

tumor cells to repair their nuclear envelope, which often ruptures during metastasis when 

they penetrate tissues, is necessary for cell survival (44). Inhibition of nuclear repair in such 

cells might reduce metastatic potential. In another example, cells can be punctured during 

attack by bacterial pathogens. For example, streptolysin-O (SLO) produced by 

Streptococcus pyogenes forms membrane pores with diameters up to 38 nm (45). If it was 

possible to make cells in a patient transiently more vulnerable to damage, it might induce a 
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“scorched earth defense”, whereby infected cells would die, limiting further spread of 

infection. Conversely, understanding how cells repair and regenerate holds the potential for 

strategies in regenerative medicine in which damaged cells can be induced to regenerate in 

situ, rather than replacing them with new cells.

Pursuing these opportunities requires the development of tools and assays similar to those in 

tissue-level wounding studies. A reproducible, physiologically relevant, and high-throughput 

assay would permit identification of gene expression and molecular pathways involved. 

Wounding experiments in Stentor, for example, are still primarily based on manual surgery 

using glass needles (46). This method has not changed for over 100 years, and is slow and 

not easily reproducible. Recently, laser ablation is increasingly used for wounding. Laser 

wounding allows precise control on both the position and the size of the wound. The effect 

of laser on cells is still an active area of research, however (50, 51). The throughput may also 

be insufficient to generate enough cells in the same stage of their repair process for 

molecular studies such as RNA sequencing. In addition to the wounding method, methods 

are needed to quantify healing. Wound size measurement based on imaging is limited by 

optical resolution and the availability of membrane dyes. The alternative method – 

measuring rates of external dye uptake - can be misleading as uptake depends on not only 

the wound size but also the viscoelasticity of the cytoskeleton, which can change 

dynamically during the healing process.

Single-cell repair is increasingly recognized to be a conserved phenomenon across a wide 

range of biological systems. Clearly there are still many open questions, in particular about 

the molecular mechanisms of wound healing and regeneration. These phenomena also raise 

larger questions. For example, the question of the smallest cell fragment cells can heal from 

also leads one to think about the minimum set of components necessary for healing and 

subsequent survival. Such minimum set can perhaps be another approach to define a 

“minimum cell”. Understanding how cells repair themselves is thus important not only for 

our mechanistic understanding of cell biology, but also ultimately, for understanding what it 

means to be alive.
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Figure 1. 
Examples of self-repairing cells. Healing of a punctured Xenopus oocyte, where the dark 

and light halves represent the animal and vegetal poles respectively. Regrowth of damaged 

axons in neurons. Regeneration of flagella in Chlamydomonas. In each case, regenerated 

components are highlighted in red. The dots represent the loss of cell content from damage 

sites.
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Figure 2. 
The regeneration and reorganization of the oral apparatus (green) of Stentor coeruleus. Blue 

lines indicate surface pigment stripes, and the red region indicates the oral primordium. At 

the opposite end from the oral apparatus, Stentor possesses a posterior holdfast, which the 

cell uses to attach itself to a solid substrate. When an oral apparatus regenerates after 

removal, it first assembles as an oral primordium, which then migrates to the anterior end 

and becomes a new oral apparatus.
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Figure 3. 
Wound healing studies in model cells such as Xenopus oocytes and muscle cells found that 

the process is triggered by the influx of Ca2+ and oxidative species. These species induce the 

fusion of membranes derived from intracellular vesicles and organelles, as well as the 

contraction of actomyosin purse string around the wound site.
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Figure 4. 
Evidence that oral regeneration in Stentor can be triggered by the loss of a single oral 

apparatus. One of the strengths of Stentor as a model system is the ability to graft cells and 

cell fragments together. In the experiment depicted here, two cells are grafted together to 

form a doublet cell, which has two oral apparatuses. If one OA is then surgically removed, 

both of the fused cells form oral primordia (red) such that one half of the doublet regenerates 

and the other reorganizes.
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