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Macrophages and Pigment Cells in the Liver of Pelophylax ridibundus (Anura). Akulenko, N. M. —
The morphological features of pigment-containing cells and phagocytic cells were observed on the smears
of the liver of the lake frogs. Based on an analysis of more than 1500 cells, it was concluded that cells
that have pigment granules in the cytoplasm do not have phagocytic inclusions. On the other hand,
phagocytic cells can have pigment inclusions only in the composition of phagocytic vacuoles. Thus, in this
organ pigment cells and macrophages are different lines of cell differentiation. For two types of cells, the
morphological features characterizing young, functionally active and aging cells are described.
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Introduction

The presence of pigment-containing cells in internal organs is a characteristic feature of poikilothermic
vertebrates. Most researchers consider that pigment-containing cells of the anamnia liver, spleen and kidney
are a homogeneous population of macrophages capable of simultaneously both phagocytosis and the synthesis
of pigments. To denote them, the term “melanomacrophages” is commonly used (Agius, 1980; Dang et al,,
2019). Moreover, the data obtained from the study of melanomacrophages of fish often spread to amphibians
“by default” and all visceral pigment cells are considered phagocytic (Sichel et al., 2002; Steinel, Bolnick; 2017;
Gutierre et al., 2018). But in many studies, data are presented that indicate the heterogeneity of pigment-
containing cells in the internal organs of poikilothermic vertebrates (Ribeiro et al., 2011; Diaz-Satizabal, Magor,
2015; Carrola et al., 2019 etc.). Even researchers, who basically consider the pigment cells of all amphibians as
melanomacrophages, note their heterogeneity (Corsaro, 2000). Moreover, the same authors describe pigment
cells with spines “similar to dendritic cells” (Barni et al., 1999) in the liver of the newt.

Meanwhile, without solving the issue of the nature of pigment-containing cells in the hematopoietic
organs of specific anamnia groups, one cannot satisfactorily solve the question of their functional features.

The functions of pigment-containing cells of internal organs have not been fully studied, but they are rather
important. It can be considered proven that the pigment reserves of internal organs are used in neutralizing
the oxidation products arising during the neutralization of biologically foreign material (Arciuli et al., 2012).
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There is also evidence that melanin stocks are used by hepatocytes of the liver in the performance of their basic
functions (de Gregorio et al., 2016). Evidence of the involvement of amphibian liver pigments in organ repair
after necrosis of hepatocytes is obtained, which allows to avoid fibrous degeneration of liver tissues (Akulenko,
2016). Proceeding from many empirical data, a number of authors suggest using the determination of the sizes
of melanomacrophagal centers and melanin stocks in internal organs as indicators of the physiological state
of the animal (Passantino et al., 2014; De Souza et al., 2014; Borucinska et al., 2017; Steinel, Bolnick, 2017). In
particular, these indicators can be used to indicate anthropogenic pollution (Akulenko, 2015; Pérez-Iglesias et
al.,, 2016; de Gregorio et al., 2016; Barros et al., 2017). Therefore, the origin and peculiarities of the functioning
of pigment-containing cells in various groups of poikilothermic vertebrates are a pressing subject of study.

Material and methods

The object used 35 mature male frogs (Pelophylax ridibundus) (8-10 cm long body weight, weight 45-
50 g), which were caught in the vicinity of the city of Kyiv. Animals were euthanized with ether anesthesia.
For histological examination, liver fragments were selected and liver smears were made. For this purpose, the
cut off side of the sample of the liver was quickly carried out over the slide, so that the cells lay down in a thin
layer. Unlike the traditional method of making prints, the technique of smears makes it possible to clearly see
the morphological features of single cells. Macrophages and pigment cells of tailless amphibians are weakly
attached to the connective tissue carcass of the liver and are found on smears in a multitude. The smears
were fixed with methanol and stained by Pappenheim. This method allows to recognize blood cells and their
predecessors, monocytes, macrophages and even different types of inclusions in macrophages.

On the liver smears for each animal, 50 cells with pattern of macrophages or pigment cells were described.
For each cell, the following parameters were fixed: the cell size (in conventional units), the shape and structure of
the nucleus, the presence of vacuoles and inclusions, the nature of the inclusions. The pigment content was assessed
visually in points. Using the ocular mesh, an increase of 200 determined the large and small diameter of each counted
cell. The area of the cell (pigment cell or macrophage) was calculated in conventional units, as a product of a large and
a small radius. The standard error and the reliability of the differences were determined using the Student’s test.

Results

On the Rana ridibunda liver prints, individual pigment-containing cells are clearly
visible (fig. 1). Basically, these are large cells, with a diameter of about 20 pm. The nuclear-
cytoplasmic ratio is low, which is characteristic of mature, functionally active cells.

Pigment is present in the cytoplasm as dark brown granules distributed evenly in the
cytoplasm. In addition, vacuoles filled with a pigment in the form of fine grains are often
seen. In the first case, we see granules of melanin, and in the second — vacuoles with hemo-
siderin (Henninger, Beresford, 1990; Akulenko, 1998).

The amount of pigment in cells was estimated visually in points (Heyhoe, Quaglino,
1983). The average pigment content for all the pigment-containing cells described by us is
2.566 points.

The nuclei of pigment-containing cells can have different shapes. The most characteristic is
the concave core, i. e. a nucleus in the form of a crescent, pushed to the periphery of the cell (fig. 1,
B, D, E, F). Perforated nuclei of a “torn” shape with one or two wide apertures are observed (fig.
1, D). There nuclei which we call compact have been often observed; this is a small dense nucleus
with homogeneous brightly colored chromatin (fig. 1, A). Occasionally, rounded nuclei with
loose chromatin or “rod-like” nuclei, similar to metamyelocyte nuclei, occur (table 1).

Nuclei with loose chromatin are characteristic for differentiating cells with intense
protein synthesis. Such nuclei are found in cells with few pigment grains. However, a small
number of cells with “loose” nuclei and a low nuclear-cytoplasmic ratio in all cells with
a pigment content of one point indicate that the synthesis of pigments begins when the
differentiation process is completed.

Further changes in the nucleus — deformation, displacement to the periphery, the
appearance of holes and the disappearance of the chromatin structure — are degenerative
and are associated with the accumulation of pigment. From table 1 it can be seen that as
the amount of pigments increases, the fraction of compact nuclei decreases and the share
of concave ones increases. A rather high percentage of concave and perforated nuclei in
cells with minimum pigment content is due to the fact that during the functioning of the
cell the melanin grains can be ejected from the cytoplasm into the intercellular space. We
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Table. 1. Quantity of pigments in pigment cells with a different form and structure of nucleus

% of cells with a given amount of pigment
Form and structure of the nucleus (in points) Counted cells

1 point | 2 points | 3 points | 4 points

Rounded nuclei with loose chromatin 100 3

Bean-shaped, rod-shaped 31.3 31.3 31.3 6.1 16
Compact 16.6 44.4 25.6 13.4 223
Depressed 13.1 27.7 31.8 30.4 343
Perforate 36.6 41.5 19.5 2.4 41

Fig. 1. Pigment cells on the smears of the frog lake liver. Coloring according to Pappenheim. x900.
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Fig. 2. Mitosis in the precursor cell of the macrophage line (A) and macrophages of varying degrees of maturity
(B, C, D, E, F) on the smears of the frog lake liver. Coloring according to Pappenheim, x900.

have called this process degranulation. Also, a significant number of pigment cells, having
accumulated the maximum amount of pigments, perishes after the rupture of the cell
membrane.

On the liver prints, cells are found — possible candidates for the role of progenitor
cells of both pigment cells and macrophages. These are large cells, the cytoplasm of which
is not stained with either acidic or basic dyes. Nuclei usually have irregular rounded shape,
but not bean-shaped and not bay-like, which is characteristic of monocytes. Chromatin is
loose, but not finely divided, but forms a fairly coarse uniform “grid” .

We also considered a population of cells that massively phagocytize sufficiently large
particles. This population consists of macrophages and monocytes. The cytoplasm of
monocytes is intensively stained by Pappenheim in a gray-blue color, and the nuclei have
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a complex shape: bean-shaped, bay-shaped or in the form of a rod, similar to the nucleus
of a stab-shaped metamyelocyte. The macrophage cytoplasm is very poorly colored by
Pappneheim, and the shape of the nucleus changes in the same way as in the pigment cells.

The phagocytic cells described by us have been divided into several groups:

1st — cells with rod-shaped, bean-shaped, bay-like nuclei (mainly monocytes)

2nd — cells with rounded nuclei with loose chromatin;

3rd — cells with compact (undeformed) nuclei with tightly condensed chromatin;

4th — cells with depressed and perforated (deformed) nuclei.

For each of these groups, according to the results of an individual description of
1084 cells, the quantity was separately calculated:

1 — cells with a homogeneous cytoplasm;

2 — cells with vacuoles in the cytoplasm, but without traces of phagocytic particles;

3 — cells containing inside the vacuoles of inclusion of non-pigmented nature;

4 — cells in which a phagocytized pigment is found, and

5 — cells in which both pigmental and non-pigmental inclusions are found.

The presence of macrophages containing both pigment and nepigmentary inclusions
in phagolysosomes is important, since it proves that the cells phagocytizing the pigment are
not a particular, specific subpopulation of macrophages.

The counts are shown in table 2. Monocytes constitute about 10 % of the liver
phagocytes. They participate in phagocytosis less actively than macrophages. The vast
majority of liver phagocytes are tissue macrophages. Among them, young forms can be
distinguished — with a round or irregularly shaped oval core and loose chromatin (fig. 2,
B). The presence of inclusions in 28 % of the cells shows that it is also functionally mature
macrophages. Subpopulation of cells with compact nuclei, consists of more mature, actively
phagocytic cells (fig. 2, C, D). Finally, macrophages with concave and perforated nuclei are
the terminal stage of a specific functioning with a large number of undigested inclusions
(fig. 2, E, F). The accumulation of phagolisomes ultimately leads to vacuolization of the
cytoplasm and to autolysis.

The origin of liver macrophages is not entirely clear. It is believed that they differentiate
from monocytes of peripheral blood. But according to Bouwens (1988), liver macrophages
are capable of DNA synthesis and at least 75 % of Kupffer cells are produced directly in
the liver, so Bouwens considers them to be basically a self-sustaining population. Our data
agree with this point of view, since we observed mitoses in large cells comparable in size
with the precursors of macrophages (fig. 2, A).

In the literature, as we have already noted, the data on the nature of pigment-containing
cells in the amphibian liver are contradictory. Therefore, we paid special attention to the
involvement or non-participation of pigment-containing cells in phagocytosis.

Table 2. Quantitative characteristic of incluson in monocytes and macrophages with a different form
and nuclear structure, %

Nature of the With vacu- | Inclusion Inclusion Ofl
inclusions Without | oles, but of non- | Phagocytized I;f::g;gn:enit? Counted
vacuoles | without | pigmented pigment ment coug tg d cells
The shape of the inclusions nature cells
nucleus
Bean-shaped, rod- 53.6 17.9 19.6 7.1 1.8 112
shapedbay-like
Rounded nuclei with 284 28.1 26.1 12.7 4.7 299
loose chromatin
Compact 14.0 26.6 24.1 25.1 10.1 207
Depressed, perforated 2.4 20.8 31.8 34.8 10.3 466
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Table 3. Area of pigmental cells, macrophages and monocytes on liver smears of the lake frog

Average area of cells (in conventional units)

Type of cells
young | old | mean for the whole population
Pigment cells 5.8+0.33 5.6 +0.12 5.7 +0.09
Macrophages 4.4+0.09 5.1+0.10 4.8+ 0.05
The reliability of the differences between p<0.01 p=0.01 p<0.01
the Pigment cells and macrophages
Monocytes 4.1+0.12

We examined and described 639 pigment cells and more than 1000 macrophages. In
56 % of macrophages, phagosomes and phagolysosomes with inclusions are found,
indicating phagocytic activity, namely: basophilic and azurophilic bodies, collapsing nuclei
or whole cells (mainly erythrocytes), cell fragments and others (table 2, fig. 2, C, D, E, F). In
cells, the cytoplasm of which is more or less evenly filled with pigment granules (pigment
cells), the vacuoles are either optically empty (fig. 1, C, D, E), or they are filled with pigment
in the form of continuous arrays (fig. 1, F).

Inclusions that could indicate the involvement of these cells in phagocytosis are
completely absent. Moreover, the cytoplasm, filled with melanin granules or vacuoles
with hemosiderin, is unlikely to form pseudopodia necessary for phagocytosis. Given
the significant number of cells described by us, we can confidently conclude that cells
accumulating pigment in the cytoplasm are not involved in phagocytosis and, therefore,
are not melanomacrophages.

Our data also exclude the possibility that the cells accumulating the pigment in the
cytoplasm are terminal stages of macrophage differentiation, according to Sichel (1988), for
example. Subpopulation of cells with a minimum pigment content, according to our data,
shows no signs of phagocytic activity. On the other hand, in cells representing terminal
stages of differentiation of macrophages (deformed nuclei, a large number of inclusions in
the cytoplasm), there are no signs of accumulation of pigments.

Using the ocular mesh, the average sizes of pigment cells and macrophages were also
determined at different stages of differentiation (table 3). Young pigment cells with an
undeformed nucleus and a quantity of pigments of 1-2 points were considered young.
Young macrophages are also with a loose or compact nucleus and without distinct
phagocytic inclusions in the cytoplasm. The cells of both lines with depressed or perforated
nuclei were considered old. It was shown that the pigment and phagocytic cells significantly
differ in size. This also indicates the presence of 2 cell lines. Monocytes also differ from
liver macrophages in smaller sizes (p = 0.01), the shape of the nucleus and the response
of the cytoplasm, which is dyed according to Pappenheim in a gray-blue color, while the
cytoplasm of macrophages and pigment cells is practically not stained.

Discussion

The data obtained by us allow us to state that there are no cells in the liver of the
lake frog that are identical to the melanomacrophages described in fish. The pigment
is found in two cell populations, of which the first is actually pigment cells that are not
capable of phagocytosis. The second population is ordinary macrophages, the capturing
pigment, which is produced and accumulated in pigment cells. A significant morphological
similarity between liver pigment cells and macrophages can be a consequence of the fact
that the pigment cells are a separate cell line of monocyte-macrophage origin. Thus, we
do not reject the point of view of Sichel (1988) regarding the presence of “pigment cells
of histiocytic origin” in the liver, but we maintain that this group of cells under normal
conditions does not participate in the phagocytosis of large particles. Along with these
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cells, in the liver of the lake frog there are common tissue macrophages that interact with
pigment cells, forming part of melano-macrophagic clusters (Akulenko, 1998).

In other groups of amphibians, the situation may be different. For example, in the liver
of tailed amphibians pigment granules are found in outgrowth cells resembling fibroblasts
(Haar, Hightower, 1976; Barni et al., 1999.) Of course, cells of this form are also incapable
of phagocytizing large particles and are not melanomacrophages. Pigmentary liver cells are
a kind of “metabolic histiocytes” that Diaz-Flores wrote about (1982). The assumption of
distinguishing two different lines with different functions from one cell line does not contain
anything incredible. This is apparently the usual way of evolution of the cellular elements of
blood (Diaz-Flores, 1982). Morphological similarity, the presence of a phagocytized pigment
in macrophages and the peculiarities of topographical localization led some researchers
to mix two different lines of cell differentiation. In the study of histological sections, it is
difficult to distinguish between two types of cells, if both contain a pigment and are in close
contact in situ. According to our data, pigment cells and macrophages constantly interact
in the composition of melano-macrophagic clusters and this is responsible for their close
topographic proximity in the liver of the tailless amphibians (Akulenko, 1998). In this case,
electron microscope research also does not provide exhaustive information, because it does
not allow to examine the cells as a whole. However, our method of describing cells using
specific morphological features allows us not only to identify different cell lines, but also to
judge the rate of renewal and functional activity of pigment cells and macrophages.

The study of morphological changes in amphibian liver pigment cells as they mature
and age has some practical significance. In particular, evidence was obtained that the
liver pigment inclusions of the lake frog are used in liver repair processes after necrosis
(Akulenko, 2013). The presence of specific repair mechanisms allows frogs to restore the
liver after significant damage without replacing hepatocytes with fibrous formations that
are characteristic of mammals (Akulenko, 2016). Thus, further study of amphibian-specific
mechanisms of liver repair involving melanin, may be impotent for medicine.

Thenumber of pigmentinclusionsoftheliverand otherinternal organs of poikilothermic
vertebrates and the rate of their renewal can potentially be used as a marker of the degree
of anthropogenic pollution (Akulenko, 2016; Pérez-Iglesias et al., 2016; de Gregorio et al.,
2016; Barros et al., 2017). Therefore, a method that allows estimating the rate of exchange of
liver pigments, determining the percentage of young and old pigment cells, can be useful for
developing biological methods for monitoring environmental contamination. In this way
the method of quantitative description of morphological features makes it possible to study
the dynamics of maturation and aging of pigment cells in the liver of tailless amphibians.
Thus, it is possible to compare the exchange of pigments in the amphibian liver in normal
and pathological conditions.
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