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Abstract: Several types of cells show left–right asymmetric behavior, unidirectional rotation, or spiral
movements. For example, neutrophil-like differentiated HL60 (dHL60) cells show leftward bias in
response to chemoattractant. Neurons extend neurites, creating a clockwise spiral. Platelet cells
shows unidirectional spiral arrangements of actin fibers. In the microfabricated culture environment,
groups of C2C12 cells (mouse myoblast cell line) were autonomously aligned in a counter-clockwise
spiral pattern, and isolated C2C12 cells showed unidirectional spiral pattern of the actin skeleton. This
biased directionality suggested that these cells have inherent cell chirality. In addition to these cells,
we recently found that melanophores of zebrafish also have an intrinsic cellular chirality that was
shown by their counter-clockwise self-rotation. Although this cell chirality is obvious, the function
of the cell chirality is still unclear. In this review, we compare the cell chirality of melanophores of
zebrafish with other cell chirality and consider the function of cell chirality in morphogenesis.
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1. Introduction

Various cells have been reported to have left–right asymmetricity. Some cells have
asymmetric intracellular structure. For example, when human platelet cells attach and
spread on the glass surface, their cytoskeleton proteins such as actin and vinculin arrange
in a left hand spiral [1]. Similar spiral arrangement of actin cytoskeleton was also reported
in C2C12 cells (mouse myoblast cell line), which were cultured in the small adhesive
island [2]. Cellular left–right asymmetry is not restricted only to intracellular structure.
In the microfabricated culture environment, groups of C2C12 cells were autonomously
aligned in a counter-clockwise spiral pattern [3]. When neurons extend neurites, the
neurites turn rightward on a poly-lysine coated dish [4,5]. As a consequence, extended
neurites become a clockwise spiral. Furthermore, left–right asymmetry was also observed
in the cell behavior. On the tip of the neurites, there is a structure called growth cone. The
growth cone filopodia rotate in the right-screw direction during elongation. The right-screw
rotation causes the above mentioned rightward turning of neurites [5]. As another example
of left–right asymmetry in the cell behavior, chemotaxis of neutrophil-like differentiated
HL60 (dHL60) cells was reported. dHL60 cells showed the strong leftward bias in the
chemotaxis in response to chemoattractant, f-Met-Leu-Phe (fMLP) [6]. These examples
suggest that cells have inherent chirality.

In many cases, the cell chirality depends on the cytoskeleton, such as actin fibers and
microtubules. Most actin fibers localize at cell periphery, and some actin fibers are across
a cell as stress fibers (Figure 1). Microtubules extend radially from the center of the cell.
Actin fibers are involved in cell movement or cell deformation, while microtubules are
involved in intracellular transportation and cilia movement. Actin fibers are constituted
with actin monomer protein, while microtubules are constituted with tubulin proteins.
Depolymerization of the cytoskeleton with some drugs leads to the loss of cell chirality [5,6].
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Because most biomolecules have chirality, it is suggested that the chirality of molecules
that constitute cytoskeletons brings cells chirality.
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Figure 1. Typical localization of actin fibers and microtubules. Red lines represent actin fibers, and 
green lines represent microtubules. Most actin fibers localize to cell periphery as bundles. Microtu-
bules extend from center of a cell near the nuclei. 

On the other hand, the physiological function of cell chirality is unobvious. In some 
cases, cell chirality is related to the left–right asymmetry of a body plan. For example, 
early mouse embryo have a pit structure called a “node” at the distal tip. In the pit, cells 
have a cilium, and unidirectional beating cilia generates unidirectional flow, which gen-
erates left–right asymmetry of the embryo [7]. In Drosophila larva, cells of hindgut rotate 
counterclockwise that twist the hindgut dextral [8]. However, there are many variations 
of cell chirality that do not relate to the left–right asymmetry of a body plan. As another 
example of cell chirality that does not seem to relate to the left–right asymmetry, melano-
phores of zebrafish rotation was reported [9]. The rotation movement of melanophores 
has some interesting characteristics. We would like to compare the chirality of zebrafish 
melanophore to other examples of cell chirality to discuss the physiological function of 
cell chirality. 

2. Main 
2.1. Zebrafish Melanophores Have Inherent Cellular Chirality 

Zebrafish have stripes on the surface of their body. The stripes contain three types of 
pigment cells: black melanophores, yellow xanthophores, and reflector iridophores. These 
cells interact with each other during the larval stage to create the striped pattern. While 
interaction with iridophore is suggested as necessary for survival of melanophores and 
xanthophores [10,11], interaction between melanophores and xanthophores affects the 
pattern of pigment cells [12,13]. The interaction between melanophores and xanthophores 
has been shown to be controlled by gap junction and membrane potential [12,14,15]. Es-
pecially, the mutations of connexin41.8, which are a component of gap junction, have been 
reported to bring various pigment cell pattern phenotypes [16]. 

The interaction between melanophores and xanthophores was analyzed in vitro in 
detail [13]. When a melanophore was placed next to a xanthophore, the xanthophore ex-
tended pseudopods towards the melanophore and touched its surface. The melanophore 
showed repulsive movement and ran away from the xanthophores, and the xanthophore 
further extended pseudopods and chased the melanophore (Figure 2a). This “run and 
chase movement” functions as a mechanism to exclude melanophores from the xantho-
phore dominant region; the mechanism is assumed to lead to the separation of the yellow 
area and the black regions. In this run-and-chase cell interaction, the left–right directions 
of movements of each cell are significantly biased. When cells are observed from dish 
basement where cells attach, melanophores have a strong tendency to move leftward from 
xanthophores. On the other hand, xanthophores also have a strong tendency to move to-
wards the right side of melanophores (Figure 2b). 
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On the other hand, the physiological function of cell chirality is unobvious. In some
cases, cell chirality is related to the left–right asymmetry of a body plan. For example, early
mouse embryo have a pit structure called a “node” at the distal tip. In the pit, cells have
a cilium, and unidirectional beating cilia generates unidirectional flow, which generates
left–right asymmetry of the embryo [7]. In Drosophila larva, cells of hindgut rotate coun-
terclockwise that twist the hindgut dextral [8]. However, there are many variations of cell
chirality that do not relate to the left–right asymmetry of a body plan. As another example
of cell chirality that does not seem to relate to the left–right asymmetry, melanophores of
zebrafish rotation was reported [9]. The rotation movement of melanophores has some
interesting characteristics. We would like to compare the chirality of zebrafish melanophore
to other examples of cell chirality to discuss the physiological function of cell chirality.

2. Main
2.1. Zebrafish Melanophores Have Inherent Cellular Chirality

Zebrafish have stripes on the surface of their body. The stripes contain three types
of pigment cells: black melanophores, yellow xanthophores, and reflector iridophores.
These cells interact with each other during the larval stage to create the striped pattern.
While interaction with iridophore is suggested as necessary for survival of melanophores
and xanthophores [10,11], interaction between melanophores and xanthophores affects the
pattern of pigment cells [12,13]. The interaction between melanophores and xanthophores
has been shown to be controlled by gap junction and membrane potential [12,14,15].
Especially, the mutations of connexin41.8, which are a component of gap junction, have
been reported to bring various pigment cell pattern phenotypes [16].

The interaction between melanophores and xanthophores was analyzed in vitro in
detail [13]. When a melanophore was placed next to a xanthophore, the xanthophore
extended pseudopods towards the melanophore and touched its surface. The melanophore
showed repulsive movement and ran away from the xanthophores, and the xanthophore
further extended pseudopods and chased the melanophore (Figure 2a). This “run and chase
movement” functions as a mechanism to exclude melanophores from the xanthophore
dominant region; the mechanism is assumed to lead to the separation of the yellow area
and the black regions. In this run-and-chase cell interaction, the left–right directions
of movements of each cell are significantly biased. When cells are observed from dish
basement where cells attach, melanophores have a strong tendency to move leftward from
xanthophores. On the other hand, xanthophores also have a strong tendency to move
towards the right side of melanophores (Figure 2b).

To observe the movement of the pigment cells in detail, these pigment cells were placed
separately. The isolated melanophores showed counterclockwise rotation movements
(Figure 3), while isolated xanthophores showed minimal movements. The counterclockwise
rotation movement of melanophore is inherent to the melanophore because the direction
was not changed depending on the type of basement coating (collagen, fibronectin, Poly-L-
Lysine, etc.).
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Figure 2. (a) A xanthophore (yellow pigment cell) extends pseudopods toward a melanophore 
(black pigment cell). (b) Typical direction of movement of a xanthophore and a melanophore. A red 
arrow indicates the direction of the xanthophore. Cyan arrow indicates the direction of the melano-
phore. Xanthophores move to the right side of the melanophores, while melanophores move left-
ward from xanthophores. 
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ectin, Poly-L-Lysine, etc.). 

 
Figure 3. Counter clockwise rotation of a melanophore. Zebrafish melanophores were harvested from transgenic zebrafish 
(Tg: nacre pro histone-H2B-RFP). The melanophores of this transgenic zebrafish expressed red fluorescent protein fused 
histone. The fused proteins were accumulated in the nucleus, and the nucleus was visualized. The melanophores were 
cultured under isolated conditions. White and blue arrowheads indicate each one of the two nuclei. Scale bar corresponds 
to 20 micrometers. The number indicates the time from addition of serum to the medium (hours:minutes). 

2.2. Rotation of Melanophores Regulated by Actin Fibers and Microtubules 
It was shown that the counterclockwise rotation movements of melanophores de-

pended on the actin fibers because treatment with cytochalasin D, which inhibits actin 
polymerization, ceased rotation of melanophores [13]. On the other hand, when melano-
phores were treated with nocodazole, which inhibits microtubule polymerization, rota-
tion movement was accelerated. In a previous study, actin fibers were shown to be in-
volved in the rotation movement of a growth cone of neurons [5]. The other study showed 
that microtubules were required in the leftward biased chemotaxis of dHL60 [6]. These 
studies suggested that these different cytoskeletons were involved in the regulation of 
cellular chirality. In a melanophore, actin fibers accumulate as a bundle, which runs along 
cell periphery, while microtubules extend radially from the center near the nuclei (Figure 
4a). At the peripheral region, actin fibers and microtubules cross (Figure 4b). Thus, it is 
possible that actin fibers and microtubules competitively regulate the rotation movement 
of zebrafish melanophores. The hypothetical model is consistent with the previous studies 
that showed cytoskeleton inhibitors changed the chirality of cells [3]. 

Figure 2. (a) A xanthophore (yellow pigment cell) extends pseudopods toward a melanophore (black
pigment cell). (b) Typical direction of movement of a xanthophore and a melanophore. A red arrow
indicates the direction of the xanthophore. Cyan arrow indicates the direction of the melanophore.
Xanthophores move to the right side of the melanophores, while melanophores move leftward
from xanthophores.
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Figure 3. Counter clockwise rotation of a melanophore. Zebrafish melanophores were harvested from transgenic zebrafish
(Tg: nacre pro histone-H2B-RFP). The melanophores of this transgenic zebrafish expressed red fluorescent protein fused
histone. The fused proteins were accumulated in the nucleus, and the nucleus was visualized. The melanophores were
cultured under isolated conditions. White and blue arrowheads indicate each one of the two nuclei. Scale bar corresponds
to 20 micrometers. The number indicates the time from addition of serum to the medium (hours:minutes).

2.2. Rotation of Melanophores Regulated by Actin Fibers and Microtubules

It was shown that the counterclockwise rotation movements of melanophores de-
pended on the actin fibers because treatment with cytochalasin D, which inhibits actin poly-
merization, ceased rotation of melanophores [13]. On the other hand, when melanophores
were treated with nocodazole, which inhibits microtubule polymerization, rotation move-
ment was accelerated. In a previous study, actin fibers were shown to be involved in
the rotation movement of a growth cone of neurons [5]. The other study showed that
microtubules were required in the leftward biased chemotaxis of dHL60 [6]. These studies
suggested that these different cytoskeletons were involved in the regulation of cellular
chirality. In a melanophore, actin fibers accumulate as a bundle, which runs along cell
periphery, while microtubules extend radially from the center near the nuclei (Figure 4a).
At the peripheral region, actin fibers and microtubules cross (Figure 4b). Thus, it is pos-
sible that actin fibers and microtubules competitively regulate the rotation movement of
zebrafish melanophores. The hypothetical model is consistent with the previous studies
that showed cytoskeleton inhibitors changed the chirality of cells [3].

2.3. The Function of Chirality of Melanophore during Pigment Pattern Formation

In some previous studies, cell chirality is suggested to be a trigger of left–right asym-
metry of the body [7,8,17]. However, there are no differences in the pattern of melanophores
between the left and the right side of zebrafish. The previous study of the cell arrangement
on the micropatterned ring suggested that various types of cells showed their specific
chirality [3]. Therefore, the cell chirality is a rather common property and may not be
specific to the cells related to the asymmetric body plan.
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melanophores were harvested from transgenic zebrafish (Tg: nacre pro Lifeact-macherry; Ub pro GFP-
MAP4). The melanophores of this transgenic zebrafish expressed mcherry (red fluorescent protein) 
fused Lifeact protein, which binds to actin fibers, and GFP (green fluorescent protein) fused MAP4 
protein, which binds to microtubules. (a) When a melanophore rotates, actin fibers accumulate to 
the cell periphery as a bundle (white arrow heads). Microtubules extend radially from the center 
near the nuclei. White bar is a scale bar of 20 μm. (b) Magnified image of dot rectangle in (a). Actin 
fibers and microtubules are crossing at the cell periphery. White bar is a scale bar of 20 μm. 
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and xanthophores are random, the running of melanophores and the chasing of xanthophores are 
interfered by collision. 

Figure 4. Localization of actin fibers and microtubules of rotating zebrafish melanophores. Zebrafish
melanophores were harvested from transgenic zebrafish (Tg: nacre pro Lifeact-macherry; Ub pro GFP-
MAP4). The melanophores of this transgenic zebrafish expressed mcherry (red fluorescent protein)
fused Lifeact protein, which binds to actin fibers, and GFP (green fluorescent protein) fused MAP4
protein, which binds to microtubules. (a) When a melanophore rotates, actin fibers accumulate to the
cell periphery as a bundle (white arrow heads). Microtubules extend radially from the center near
the nuclei. White bar is a scale bar of 20 µm. (b) Magnified image of dot rectangle in (a). Actin fibers
and microtubules are crossing at the cell periphery. White bar is a scale bar of 20 µm.

Then, what is the physiological function of the chirality of melanophores? As men-
tioned above, during pigment pattern forming, zebrafish melanophores are excluded from
the region dominated by xanthophores through direct interaction movement. In this ex-
clusion, because of the chirality of melanophores, melanophores move to the leftward
from xanthophores. Since all the melanophores have the same rotation chirality, all of
the melanophores move to the same direction in the exclusion (Figure 5a). The uniform
movement of melanophores is assumed to contribute to the parallel stripe pattern. Without
the chirality, excluded melanophores would move in random directions that would induce
collision between the melanophores and lead to the labyrinth-like stripe pattern (Figure 5b).
In this point of view, cell chirality could affect the final pattern of pigment cell arrangement.
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Figure 5. The model image of cell separation between melanophores and xanthophores. (a) When
the directions of movements of all melanophores and xanthophores are constant, melanophores run
from xanthophores in the same direction. (b) When the directions of movements of melanophores
and xanthophores are random, the running of melanophores and the chasing of xanthophores are
interfered by collision.

Isolated zebrafish melanophores showed cell chirality through their counterclockwise
rotation movements. On the other hand, xanthophores do not show obvious chirality
because isolated xanthophores showed little movement. However, when a xanthophore
was put close to a melanophore, the xanthophore became active and moved toward
the right side of the melanophore. Xanthophores become chiral only when interacting
with melanophores. The acquisition of cell chirality of xanthophores suggests that cell
chirality can be transmitted through the cell interactions. The different chirality between
melanophores and xanthophores may also facilitate the separation between these cell
groups. Recently, there are some reports that constructed mathematical models that
simulate the patterning of the pigment cells [17–20]. In these models, melanophores and
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xanthophores are represented as agents that move independently and interact with other
agents. Such simulations are considered as kinds of agent base models that are often used
to simulate flocks or swarms. In agent base models, each agent behaves as responding
to the surrounding condition. Agents also have their own characters, such as velocity,
direction, and responding rules. These reports suggest that the chiral bias in the movement
of agents affects the pattern of a group of agents.

2.4. Chirality in a Group of Cells Induces the Deformation of Tissue

While difference in chirality between cells seems to facilitate the separation of these
cells, what would be expected to happen when a group of cells have the same chiral-
ity? When two melanophores were put nearby each other, they sometimes showed
rotation around each other for a while, as displayed in the drawing spiral (Figure 6a).
Zebrafish melanophores were observed to have homophilic tendency in pigment pattern-
ing. The spiral movement between melanophores could be a mechanism for gathering the
melanophores (Figure 6b).
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Figure 6. (a) When two melanophores meet, they rotate around each other in counterclockwise direc-
tion because of their inherent counterclockwise self-rotation. (b) Hypothetical model of melanophores
with unidirectional rotation movement. The group of melanophores rotate around each other, and
the movements result in gathering of melanophores.

The similar spiral pattern made by a group of cells with the same chirality was reported
in cultured cells. When C2C12 cells are cultured in a ring-like microenvironment, each cell
is located at a fixed small angle to the ring boundary or the next cell. As a result, a group of
C2C12 cells is autonomously aligned in a counter-clockwise spiral pattern (Figure 7a) [6].
Interestingly, the direction of the spiral is specific to the cell line. For example, hUVEC cells
(human umbilical vein endothelial cells) generate a clockwise spiral, while C2C12 cells
generate a counter-clockwise spiral. Similar autonomous pattern formation was reported
in the other microfabricatied environment [12]. When vascular mesenchymal cells (VMC)
are cultured on the dish where fibronectin coated adhesive bands and polyethylene glycol
coated non-adhesive bands constitute stripes, the cells align in the stripe pattern that have
a constant angle to the adhesive and the nonadhesive stripes (Figure 7b). These reports
suggested that cells that with inherent chirality are located on the position that have a
constant angle to the interface of different adhesion, and this results in autonomous pattern
formation. If these cells change the angle after they constitute an adhesive sheet, the sheet
deforms (Figure 7c). This type of tissue deformation was reported in the embryonic hindgut
of Drosophila melanogaster (fruit fly). Drosophila embryonic hindgut was generated from the
epithelial monolayer. The epithelial monolayer invaginated to form a tube-like structure.
In this stage, the hindgut was a bilaterally symmetric structure. At a later stage, the cells
that constituted the hindgut sheet took a leftward tilted position. As a consequence, the
hindgut showed sinistral looping [8].
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3. Conclusions

Although there are various cells that show inherent chirality, the physiological function
of this cell chirality was not elucidated in full. In a few cases, the cell chirality is considered
to be related to the left–right asymmetry of a body plan. In this short review, we reviewed
the chirality of zebrafish melanophores, which is not related to the left–right asymmetry.
The possible physiological function of the chirality of melanophores is the separation from
the xanthophores. At the same time, it suggests that the same chirality in the group of cells
could gather the cells. The chirality of melanophores also suggests the importance of cell
interaction and adhesion where the chirality works. When cells are adherent to each other,
the chirality could be a generator for the tissue deformation by accumulation of the bias
through the cell interactions. The molecular mechanism of this cell chirality remains as a
future problem, and the mathematical model that explains how the cell chirality affects the
tissue formation would also be an interesting future problem.
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