







Biological Meaning of Forming Stem Cells on the Occasion of Cell Differentiation in Higher Animals







ABSTRACT
The theoretical formulation of cell differentiation forming the stem cells is used to explain the growth, metamorphosis, germ cell production and death in the higher animal which develops many organs and tissues through multiple steps of cell differentiation.   Although the stem cells, especially embryonic stem cells, are mainly focused on inducing the desired differentiated cells in medical engineering, the present study indicates that the proliferation of stem cells plays the central role in the above processes after the development.   In a born child of most insects, the stem cells in each lineage of somatic cells proliferate to increase the number of differentiated cells in the corresponding lineage under the material and energy acquired from the outside, leading to the enlargement of the body.   When the larva reaches a definite body size, it carries out the metamorphosis that some kinds of pre-existing differentiated cells are replaced by newly differentiated cells through the apoptosis of the former and the increase in the latter due to the proliferation of primordial stem cells, and then immediately produces germ cells before death by consuming the acquired energy.   In the land vertebrates, on the contrary, the body size continues to enlarge after the metamorphosis and the production of germ cells occurs when the adult body reaches a definite size.   Although both metamorphosis and germ cell production are known to be triggered by the respective hormones, it is proposed that their secretion is the reflection of biological activity raised by the suppression of body size to be definite.   The longer lifetime and many times of breeding in most vertebrates are also explained by the duration of cellular dynamics that the proliferation of stem cells in each lineage is stimulated by other lineage(s) of differentiated cells and is suppresses by the differentiated cells in its own lineage.  
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1. INTRODUCTION
     The life of a higher animal consists of a series of the proliferation of a fertilized egg by mitosis, the differentiation of proliferated cells to form organs and tissues, growth to adult through metamorphosis, production of germ cells and death.   This curious phenomenon has been studies from several approaches
     The first approach is the experimental embryology that inquires into the initiation of cell differentiation by cutting an embryo and/or by transplanting some part to other regions in the embryo at various stages of development.   This approach finds in the newt embryo that the dorsal vegetative guadrant of gastrula becomes the first organizer to induce the other types of cells (Spemann & Mangold 1924, Spemann 1938).   Similar approach is then extended to the embryo from symmetrical mammalian egg (Tarkowski 1959, Robertson 1986), to Drosophila embryo by focusing on surrounding cells (St. Johston & Nüsslein-Volhard 1992, Kronia et al. 2014), and to the embryo from asymmetrical Xenopus egg (Smith et al. 1993, Bae et al. 2018).   Such approaches also reveal a common pattern of forming body plan that the cells proliferated from a fertilized egg first differentiate into the ectoderm and the endoderm, and then between them, the mesoderm appears.
     The DNA replication, chromosome segregation, and auxiliary molecular machine upon the mitosis and meiosis are visualized by high microscopy of living cells and by electron microscopy of fixed and stained cells (Alberts et al. 1994).   The biochemical studies find that the mitosis is triggered by the activity of MPF kinase to increase the phosphorylation of specific proteins (Newport & Kirschner 1984, Lohka et al. 1988), while the Map kinase is reported to signal the pathway in oocyte meiosis (Murray 1998, Fan et al. 2002).   A close relation of cell division with phosphorylation is also reported (Hans & Dimitror 2001).
     The genome sequencing started from this century is revealing a notable feature that most cells of a multicellular diploid eukaryote each carry the enlarged repertoire of protein genes for intercellular and intracellular signal transmission such as receptors and kinases as well as for cell adhesion (The C. elegans genome sequencing consortium 1998, Adam et al. 2000, The Arabidopsis genome initiative 2000, Vanter et al. 2001, Wheeler et al. 2004).   In accordance with this, many kinds of proteins including transcriptional regulators each carry long stretches of serine and threonine residues, which are known to be the sites for phosphorylation (Alberts et al. 1994) and glycosylation (Hart 1997) to change the activity and specificity of the proteins.   The transmission pathways of phosphorylation signal are partly followed experimentally from the receptor accepted ligand to transcriptional regulators in some examples of differentiated cells (Alberts et al. 1994), but they branch to activate many interaction components that operate in parallel, forming interconnected signal network.   This complexity of signal transmission prevents the elucidation of the mechanism underlying cell differentiation only from the biochemical and genetic approaches.
    Thus, a theoretical study is needed to consider the problem what kinds of conditions are necessary for the cell differentiation.   In the previous paper (Otsuka 2020), the cell differentiation is theoretically formulated by the following three conditions; the transition of cells from proliferation mode to differentiation mode, the long-range interaction between distinctive types of cells, and the short-range interaction between the same type of cells.  In the succeeding paper (Otsuka 2021), this theoretical formulation is extended to the cell differentiation forming the stem cells in higher animals.   On the basis of this formulation, the functional roles of stem cells will be theoretically investigated during the lifetime of the higher animal in the present paper.   This investigation gives the coherent explanation for cellular dynamics during the growth, metamorphosis, production of germ cells and death, under the concept of biological activity proposed previously (Otsuka 2017, 2018).
2. OUTLINE OF THE THEORETICAL FORMULATION FOR CELL DIFFERENTIATION
     At first, the pattern of cell differentiation to form organs and tissues in the higher animal revealed by developmental biology is schematically shown in Fig. 1.   Along this line, the theoretical formulation of cell differentiation proposed previously (Otsuka 2020, 2021) will be illustrated for the first and second stages of cell differentiation below.　　　The formation of stem cells for each lineage of differentiated cells will be described in the next section.　　
     When the number of proliferated cells is increased to be N, the first stage of cell differentiation into two types, + and -, occurs.   This process of cell differentiation proceeds more rapidly than the proliferation, and can be analyzed considering that the total number N of cells is almost constant.   The mathematical formulation of cell differentiation starts from the master equation of the probability P(NI+, NI-, NII+, NII-, No; t), with which we find NI+ cells of + type and NI- cells of - type in a region I, NII+ cells of + type and NII- cells of - type in another region II, and No self-reproducible undifferentiated cells at time t.   The master equation expresses the time-change in this probability due to the following terms.   The first kind of terms are the transition probability eI from an undifferentiated cell to + or - type of cell in the region I and the transition probability eII from an undifferentiated cell to + or - type of cells in the region II.   The probabilities of reverse transition from these differentiated cells to the undifferentiated cells are denoted by e - I and e - II, respectively.   Using the Ising model (Ising 1925) that the + type of cell takes the value of +1 and the - type of cell takes the value of - 1, the second kind of terms express that the cells in the same region tend to take the same type by the short-range interaction with the strength I in the region I and that with the strength II in the region II, while the cells in the region I tend to take the type different from the type of cells in the region II by the long-range interaction with the strength.   
     For the total number of cells N (= NI+ + NI- + NII+ + NII- + No), we focus on the following four variables defined by   

          (1)
Then, the master equation of the probability P(NI+, NI-, NII+, NII-, No; t) is changed into the equation of probability density function p(YI, YII, yI, yII; t).   If the number N of total cells is sufficiently large, it is obtained from the equation of probability density function that the most probable values of above four variables obey the following time-change equations (Otsuka 2020).
                (2)
              (3)

                      (4)

                    (5)
Then, the number No of self-reproducible undifferentiated cells is reduced by the following relation with the total number N of cells, YI and YII
                  N0 = N(1 - YI - YII)                         (6)
     The set of Eqs. (2) ~ (5) shows the behavior of cells towards the following cell differentiation.   By setting dYI/dt =0 and dYII/dt=0 on Eqs. (2) and (3), respectively, the following relations hold between the stationary values YIst and YIIst of YI and YII.


                                          (7)

                                           (8)
From Eqs. (7) and (8), YIst and YIIst are expressed in terms of the transition probabilities eI and eII by the following way. 

                                              (9)

                                              (10)
The relation between YIst and yI and that between YIIst and yII at the stationary state are obtained from Eqs. (4) and (5), respectively, by setting dyI/dt=0 and dyII/dt =0.   That is,

                                           (11)

                                          (12)
     The solution of yI and yII satisfying Eqs. (11) and (12) are estimated as yIst and yIIst, respectively, by the graphical method shown in Fig. 2.   This result indicates the cell differentiation that yIst becomes a positive value when yIIst takes a negative value.   In particular, yIst and yIIst become nearly equal to YIst and -YIIst, that is, NI+/N in the region I and NII-/N in the region II, respectively, when the interaction strength, I, II > 0 and> 0, is sufficiently strong.   This means that NI+ cells of + type mainly occupy the region I and NII- cells of - type mainly occupy the region II. 
     In the above formulation, the long-range interaction probably arises from the pair-wise ligand-receptor relationship; the I+ type of cell secretes the ligand lI+, which is accepted by the receptor RII- on the surface of II- type of cell, while the II- type of cell secretes the ligand lII- to be accepted by the receptor RI+ on the surface of I+ type cell.   The receptor RI+ accepted the ligand lII- induces the expression of the gene(s) characteristic to the + type cell through the intracellular signal transmission to the transcriptional regulator(s), and the receptor RII- accepted the ligand lI+ induces the expression of the gene(s) characteristic to the - type cell.   The short-range interaction probably arises from the direct contact between the same type of cells to stabilize the intracellular signal transmission induced by the long-range interaction through the cytoskeleton.   Although the molecular basis of short-range interaction is experimentally unclear yet, this type of interaction is also indispensable for the cell differentiation, as indicated in the above theory.   
     At the second stage of cell differentiation, II– type of cells further differentiate into II-I-+ and II-II--types of cells.   For this representation, we define the following four variables, using the number NII-I- + of - +type cells and the number NII-I- - of -- type cells in the region II-I, and the number NII-II-+ of -+type cells and the number NII-II- - of - -type of cells in the region II-II.     
               
          (13)
The variables YII-I and YII-II are directed to the following stationary values YII-Ist and YII-IIst, respectively, determined by the transition probability   eII-I from II- type of cells to II-I-+ or II-I- - types of cells together with its reverse transition probability e-II-I, and by the transition probability eII-II to II-II-+ or II- - types of cells together with its reverse transition probability e-II-II in the region II-II.

                                       (14)

                                       (15)
The variable yII-I in the region II-I and the variable yII-II in the region II-II are determined by the following set of equations containing the strength II-I,II-II = II-II,II-I of long-range interaction between the cells in the region II-I and those in the region II-II as well as the short-range interaction strength II-I and II-II  in the respective regions, as follows.

                           (16)

                          (17)
By the graphical method similar to Eqs. (11) and (12), the cell differentiation of yII-Ist ~ NII-I-+/N and yII-IIst ~ -NII-II- -/N are obtained from Eqs. (16) and (17), that is, -+ type of cells mainly occupy the region II-I and - - type of cells mainly occupy the region II-II.   In this case, the pair-wise ligand-receptor relationship is newly arisen between the -+ type of cells in the region II-I and - - type of cells in the region II-II to cause the long-range interaction, together with the short-range interaction to stabilize the same types of cells in the respective regions.   Then, the number N0 of self-reproducible undifferentiated cells is reduced by the relation with the total number N of cells, YIst, YII-Ist and YII-IIst in the following way. 
                     (18)
In this way, the first and second stages of cell differentiation into ectoderm, endoderm and mesoderm shown in Fig. 1 are reproduced mathematically.   The mathematical expression for the succeeding stages of cell differentiation to form organs and tissues are also possible as the extension of the above formulation.
Strictly, however, somewhat difference in the formation of mesoderm between Deuterostomia and Protostomia is recognized (Salvini-Plawen & Splechtna 1979, Technau & Schotz 2003), and this difference has brought the decisive difference in the acceptance of new sets of genes for the properties of further cell differentiated cells as well as in the formation of mouth between Deuterostomia and Protostomia (Otsuka 2024). 
3. FORMATION OF STEM CELLS IN DIFFERENTIATED CELLS
     In the higher animal, the transition probabilities eaI and eaII from self-reproducible undifferentiated cells to differentiated cells are sufficiently large and the number N0 of undifferentiated cells in Eqs. (6) and (18) is much diminished during the development.   Instead, it is well known that the differentiated cells in each lineage are accompanied by stem cells.   Such stem cells are theoretically considered to be those transiently changed from the differentiated cells to become self-reproducible by the disappearance of nuclear membrane but carrying the intracellular signal intrinsic to the original differentiated cells.   According to this consideration, the ratio of such stem cells in the differentiated cells will be estimated for the examples of differentiated cells described in the preceding section.

     At the first stage of cell differentiation, some of NI+ cells of + type in the region I changes to self-reproducible stem cells NI+s according to     the following time-change equation.                                                                                            (19)
Here, eI* in the first term on the right-hand side of Eq. (19) is the transition rate from the I+ type cell to the stem cell I+s and e-I+ in the second term is the rate of returning from the stem cell to the I+ type cell.  This time-change takes place much faster than the cell differentiation process described in the preceding section 2, and NI+ is regarded as almost constant independently of time in the above Eq (19).   Under this consideration, the following relation between NI+s and NI+ is obtained by integrating Eq (19) with respect to t and for sufficiently large t.
                                    (20)
This means that the self-reproducible stem cells NI+s are mixed among the differentiated cells NI+ with the ratio e2I+/(1+e2I+).   In the same way, it is obtained that the self-reproducible stem cells NII-s are mixed among the differentiated cells NII- with the ratio e2II-/(1+e2II-), when the transition rate from the II- type cell to the stem cell is denoted by eII- and its reverse transition is denoted by e-II-.  That is,
                               (22) 
   Upon the second stage of cell differentiation, it is also obtained that the self-reproducible stem cells NII-I-+s are mixed among the differentiated cells NII-I-+ with the ratio e2II-I-+/(1+e2II-I-+) and the self-reproducible stem cells NII-II—s are mixed among the differentiated cells NII-II- -with the ratio e2II-II- -/(1+e2II-II- -), if it is considered that the transition from II-I-+ type cell to its stem cell and its reverse transition take place with the rates of eII-+ and e-II-I-+, respectively, and that the transition from II-II- - type of cell to its stem cell and its reverse transition take place with the rate eII-II- -  and e-II-II- -, respectively.
The above formation of producing stem cells illustrated for the first and second stages of cell differentiation can be also extended to the further differentiated cells constituting organs and tissues shown in Fig. 1.   Such formation of stem cells is suitable for the higher animal to enlarge and renew many kinds of organs and tissues during the growth, avoiding the recurrence of many steps of cell differentiation from self-reproducible undifferentiated cells.   This is also the compensation for   much reduced number N0 of self-reproducible undifferentiated cells during the development.  However, this lowers the ability of regeneration for the accidental loss of an organ or tissue containing the stem cells, in contrast to the land plants where the cell differentiation proceeds retaining a considerable amount of self-reproducible undifferentiated cells called the meristem (Otsuka 2022).
4. FUNCTIONAL ROLES OF STEM CELLS
     Although the stem cells are indicated only for the renewal of differentiated cells in the corresponding lineage (Cairnie et al. 1976), they play more central roles in the following stages during a lifetime.  
4-1. GROWTH
     After the development of cell differentiation in the embryo under the supply of material and energy from yolk in the egg or directly from female parent in mammals, the born child grows taking food by itself.   During this period of growth, the proliferation of stem cells in most lineages of somatic organs and tissues serves to increase the amount of corresponding differentiated cells according to the respective ratios between the stem cells and differentiated cells.   In the simple case such as many species of fishes, the body monotonously enlarges to a definite size of adult.   Although the definite body size heavily depends on species, this strongly suggests the regulation and control to suppress the increase in the numbers of somatic lineages of cells, as will be discussed in the last section.   By this suppression of body size, the biological activity, which is proposed to characterize the thermodynamic state of an organism (Otsuka 2017, 2018), must be raised in the body, because the acquired material and energy become accumulated by stopping the increase in somatic cells and their systematization.   The raised biological activity then stimulates the production of germ cells as will be described in the next subsection, although the seasons for germ cell production are different depending on species due to the food habit after hatching.
4-2. PRODUCTION OF GERM CELLS
     Although the primordial germ cells are also differentiated in parallel to the differentiation of somatic cells in the development, the number of primordial germ cells remains small until the animal grows to the adult.   At the stage when the biological activity is raised at the definite body size of adult, it stimulates the secretion of gonodotropic hormone(s), which are known to stimulate the proliferation of the stem cells of primordial germ cells in vertebrates (Parhar 2002).   Then, the increased primordial germ cells grow to primary germ cells which become secondary germ cells by meiosis through the intracellular phosphorylation due to Map kinase (Murray 1998, Fan et al. 2002).   The female parent endows the secondary germ cells with the material and energy source called the yolk to make eggs, while the secondary germ cells in male become the larger number of sperms.
     The simple expression of such germ cell production is described by the following time-change equation of the number Ng of germ cells.
                          (22)
Here, the coefficient ags in the first term on the right-hand side of Eq. (22) is the increase rate of germ cells due to the signal (hormone) from somatic cells and the coefficient rg in the second term expresses the rate of suppressing the increase in germ cells by the germ cells themselves.   If the number Ns of somatic cells is almost constant, the number Ng of germ cells shows the following time-change from the start of germ cell production at time tg, which is obtained by integrating Eq. (22) with respect to time t.
                    (24)
The final value after the sufficiently large time t >>tg is shown by an arrow in the above equation.   Here, it should be noted that the definite number of germ cells is guaranteed by the repression due to the germ cells themselves.   The matured germ cells are released from the body for external fertilization in most aquatic animals, while the fertilization is carried out within female’s body by the coitus with male in land animals.
4-3. METAMORPHOSIS
     Although the metamorphoses before the production of germ cells are also seen even in Echinodermata, Arthropoda and some of Annelida and Mollusca, the metamorphoses in insects and land vertebrates are especially remarkable in the sense that they have occurred in the evolution for landing.   Such step of evolution is still observed in dragonfly and frog.
     In any case, the metamorphosis is the process that some kinds of differentiated cells are replaced by newly differentiated cells through the programmed death or apoptosis of the former (Lochshin & Zakeri 1994).   While the prothoraciatrophic hormone and prothoracid hormone are indicated to act the metamorphosis in insects (Klowden 2007), the thyroid hormone triggers the metamorphosis from tadpole to frog (Tata 1928) and this kind of hormone also plays an important role in maintaining various organs in other land vertebrates (Muller et al. 2014)
     Thus, the metamorphosis is also considered to be the process that some surviving differentiated cells discharge the signal (hormone) to promote the proliferation of stem cells of primordial differentiated cells produced in the development when a larva reaches a definite size of body and its biological activity is raised to a definite value. 
     Such change in somatic differentiated cells upon the metamorphosis is also described mathematically in the following way.   The number Na of differentiated cells suffering the apoptosis decreases according to the following equation.
                           (24)
Instead, the number Nn of primordial differentiated cells begins to increase according to the following way.
                        (25)
The first term on the right-hand side in Eq. (25) shows the increase in Nn due to the proliferation of its stem cells by receiving the signal (hormone) from the other differentiated cells Ns surviving during the metamorphosis.   The second term expresses the suppression of the increase in Nn by the differentiated cells arising from the primordial cells themselves.   If the number Ns is regarded as almost constant, it is easily seen from Eq. (25) that Nn increases to the following value 
                                                    (26)
This mathematical description can be easily extended to the more general case of metamorphosis where multiple kinds of differentiated cells suffer the apoptosis and multiple kinds of primordial cells grow to newly differentiated cells by the proliferation of their stem cells.   
     In many species of completely landed insects as well as dragonfly, the larva born from a fertilized egg grows to a definite size and the adult form after the metamorphosis produces germ cells hardly changing its body size.   On the contrary, the frog grows to the larger size after the metamorphosis from the tadpole, and then produces the germ cells.  In the completely landed vertebrates, the metamorphosis occurs during fetus, which is covered by egg shell in reptile and bird, but is protected by uterus in Eutheria.   In such vertebrates, the stem cells in the lineages of survived differentiated cells as well as of newly differentiated cells continue to proliferate to enlarge the body size until the production of germ cells
     In comparison with the genome size 3x109 base pairs (bps) of a human (Vanter et al. 2001), the genome sizes of 14 anuran species range from 1.1x109 ~ 6.8x109 bps (Zuo et al. 2023).   Moreover, the lungfish genome is 4.3x1010 base pair long, which is about 14 times larger than human genome and 30 percent larger than the genome of axolotl (Lu 2021), while the genome sizes of major fishes range from 4.6x108 to 2.9x109 bps (Lu & Luo 2020).   This indicates that the completely landed vertebrates have abandoned the genes for swimming in water instead of the expansion of gene repertoire suitable for living in air.   In fact, the birds carry the minimum genome size among the amniotes (Kapusta et al. 2019).   Thus, it does not hold strictly that ontogenesis repeats the phylogeny.   Among the genome sizes of insects ranging from 1.6x108 to 9.8x108 bps (Ho et al. 2016, Lin et al. 2021), the relatively larger genome sizes are seen in the insects that show complete metamorphosis, e. g. 6.6x108 bps in dragonfly and 9.8x108 bps in Celeoptera.
4-4. IMMUNOCYTE
     Among the immune responses in vertebrates, the response by B cells forming antibody seems to be a specially evolved example of stem cells that their proliferation is stimulated by the antigen.   Usually, such stem cells each express their antigen-receptors on their cell surfaces and the amino acid sequences of antigen-receptors are considerably different depending on the stem cells.   When an antigen invaded into the animal’s body is accepted by some of the receptors, the stem cell expressing such receptor begins to proliferate directly or by the aid of T cells, and the proliferated cells rapidly express a large amount of the same or similar receptors sufficiently enough to be secreted (Tonegawa 1998).   In this way, the invaded antigens are masked by the receptors.   This occurs even if the antigen is either virus or bacterium.
     The immunoglobulins as antigen-receptors each consist of two H (heavy) chains and two L (light) chains.   The two H chains are connected by S-S bonds in their C-terminal halves and their N-terminal halves are each attached to L chains with S-S bonds.   The sequences of about 110 amino acid residues in N-terminals of both L and H chains are full of variety to show the specificities for various antigens.   Such various sequences in the N-terminals of L and H chains primarily arise from the random choice of the genes for variable regions, which are encoded separately, being intervened by introns, in a DNA strand (James 2022).   As the stimulation by the invaded antigens is continued, the nucleotide base changes in the corresponding variable gene are further increased, probably by the decrease in proof-reading upon DNA replication, and the antibodies with the higher affinity for the antigen are produced.
     This behavior of B cell is essentially the same style as that of germ cell production and the appearance of new type of cells in metamorphosis, in the sense that the receptor accepting the suitable ligand stimulates the proliferation of corresponding cells.  Thus, the acquired immunity such as B cell would have evolved in parallel to the evolution of cell differentiation forming its stem cells.   On the contrary, the origin of innate immunity such as phagocyte could be traced back to the unicellular eukaryote before the acquirement of mitochondria, which would have eaten bacteria and phages (Otsuka 2023).
4-5. THE DURATION PERIOD OF ADULT AND DEATH
     In most species of insects, the larva grown to a definite size carries out the metamorphosis to become the adult form, which produces germ cells, hardly changing its body size, and soon dies after one time of breeding and oviposition.  This strongly suggests that the material and energy acquired by the cooperative action of somatic differentiated cells in the larva are consumed for the metamorphosis and germ cell production.   Among such insects, the specially evolved examples are seen in ants and bees, where some of females is specialized to the queen under the supply of sufficient nutrients and devotes herself to bear children many times after one time of breeding, while many other females chiefly look for food without breeding.   
     In comparison with such insects, the vertebrates, especially land vertebrates elongate their lifetimes.   Although some species of fishes such as salmon dies after the first breeding and oviposition, other species of fishes further grow to a somewhat larger body size after the first breeding, and breed every year up to several times.   This latter property indicates that the biological activity is only slightly decreased upon the first production of germ cells and it is recovered gradually for the next season of breeding.   This property has been more evolved in land vertebrates.   After the metamorphosis from the tadpole, the frog grows to a considerably larger body size until the first breeding.  This physiological property is succeeded to reptiles, birds and mammals, where the metamorphosis occurs during fetus.   The birds and mammals have further evolved to decrease the number of children born by one time of breeding and to take care of the born children.   Although the children grow to the adults within one year in birds, this period becomes longer in mammals.   In particular, the female in human bears one or sometimes two children after the conception during ten months, and it takes about twenty years for the born child to become adult.   Moreover, the germ cell production takes place almost independently of seasons, during twenty years in female adult and during forty years in male adult.   In accordance with this, both male and female can live more than sixty years, retaining almost a definite body size.   It is during this period of forty years that the stem cells serve to the renewal of differentiated cells.   However, it is empirically known that the physiological strength becomes gradually weaker after thirty years old even in human.   This implies that the functions of differentiated cells are declined with age, probably due to the accumulation of waste products, but the proliferation of stem cells does not compensate for such cells as long as these differentiated cells are not excluded by their death.   Moreover, the stem cells, which are transiently changed from the corresponding differentiated cells, are also lowered in their ability of proliferation.   Thus, the assembly of differentiated cells becomes decrepit as a whole, and their ability to acquire the material and energy from the outside gradually slows down, which in turn decreases the biological activity in the body.
The above difference in the duration time of an adult between insect and vertebrate originates from the following difference in evolutionary history between them.   The insect belonging to Protostomia uses the hemocyanine as O2 carrier in open system, but the vertebrate belonging to Deuterostomia uses the hemoglogin as the more efficient O2 carrier in the closed system of blood vessel (Otsuka, 2024).
At any rate, it is reasonable that the lifetime of an animal is destined to be finite, when we consider the changes in DNA genome, i. e., mutations.   Even if we confine ourselves to the mild but frequent mutation, the deoxy-nucleotide bases of DNA genome change with the rate of 10-9 per site per year by the miss in repairing damaged bases (Kimura 1980, Otsuka 1999).  Although such base changes at the synonymous sites, e. g. at the third codon positions of protein genes, provide a useful measure for reconstructing the phylogeny of different organisms, most of the base changes at the first and second codon positions bring about more or less serious effect on the survival of an organism.   Since the genome size of a human amounts to 3x109 bps (Vanter et al. 2001), it is estimated that three sites on the genome suffer base changes within one year.   Thus, any survived animal is designed to produce more children than the parents within a finite lifetime, and some of the children are selected to survive by almost the same ability as the parents or the higher ability.   As indicated already (Otsuka 2017, 2018), such reproduction of organisms and selection resolve the paradox of Maxwell’s demon raised by physicist (Maxwell 1871).
5. CONCLUSIONS AND DISCUSSION
     The theoretical formulation of cell differentiation accompanied by stem cells is useful for getting an insight into the cellular dynamics during the lifetime of the higher animal under the concept of biological activity.   Although the biological activity also plays the central role in the theoretical formulation of evolution (Otsuka 2023, 2024), the changes in this quantity during the lifetime of an animal are more directly related with the difference in proliferation rate of stem cells between different lineages.   During the growth, the stem cells of somatic lineages proliferate to increase the acquired material and energy by the cooperative action of their differentiated cells and then the increased biological activity stimulate the proliferation other stem cells to cause the metamorphosis and germ cell production.   This increase in biological activity is due to the situation that the body size of an adult is regulated and controlled to be definite.  
For the mechanism underlying the definite size of an adult, two alternative possibilities are considerable.   One is the possibility that the proliferation of stem cells in each lineage of somatic cells is stimulated by other lineages of somatic cells and it is suppressed by the differentiated cells in its own lineage.   Another possibility is that the stem cells in each lineage proliferate spontaneously and their proliferation is suppressed by the differentiated cells in other lineages.   As shown theoretically (Otsuka 2021), the first possibility guarantees a stable stationary point of the numbers of differentiated cells in all lineages, while the second possibility does not guarantee any stable point except for the point where all numbers of differentiated cells are zero.   In practice, this style of cell behavior in the first possibility is consistent with the experimental detection of hormones for the initiation of germ cell production and the appearance of new types of cells in metamorphosis.   During the period of growth, the factor to stimulate proliferation of stem cells also begins to be identified as the growth hormone which is synthesized in and secreted from the anterior lobe of pituitary gland (Li et al. 2002), although the factor simulating the growth of the gland itself is still unclear.   However, the molecular mechanism underlying the suppression for proliferation of stem cells by the differentiated cells in its own lineage still unclear experimentally.   If the definite size of an adult were simply considered to be the reflection of the decrease in material and energy acquired from the outside, the production of germ cells cannot be explained.   If we consider the suppression for the proliferation of stem cells by the somatic differentiated cells themselves, on the contrary, we are led us to the more plausible explanation that it raises the biological activity to stimulate the secretion of hormone for the production of germ cells. 
The regulation and control to determine the definite size of an adult are also important in explaining the rise and fall of giant animals, whose examples are well known from paleontology.   In general, a flourish species tends to enlarge the body of its adult under the environment rich in food.   This is due to the situation that the larger body size is more profitable in scrambling foods and the larger body size of animal has the more chance to survive.   However, the larger body size requires much more material and energy to retain its biological activity.   When the climate is changed to be severer, therefore, such giant animal first confronts with the difficulty in acquiring sufficient material and energy, and is led to extinction.
In conclusion, the theoretical formulation of cell differentiation containing the stem cells provides a guide to explain the cellular dynamics during the lifetime of an animal, consistently with the experimental detection of hormones stimulating the proliferation of stem cells, but also indicates the necessity of new experimental approach to clarify the mechanism underlying the suppression of the increase in the differentiated cells and to detect the changes in biological activity, for example, by measuring ATP contents in blood during the lifetime .     
The problems to be inquired experimentally also remain in the mechanism underlying the cell differentiation itself, in addition to the mechanism underlying the short-range interaction.   On the transition between the proliferation mode and the differentiated mode, the expression and repression of associated genes are not fully clarified.   Recently, a technological method to convert the differentiated cells into self-reproducible undifferentiated cells called the induced pluripotent stem (iPS) cells is devised by injecting the four kinds of genes, Oct 3/4, Sox 2, Klf 4 and c-MTY-c (Takahashi & Yamanaka 2006, Tanabe et al. 2013).   Originally, these genes are expressed specifically in the embryonic stem (ES) cell, and the products of these genes may play the role in erasing the signals for the long-range and short-range interactions. converting the transition parameters ’s to be negative values.   This also implies the presence of genes whose products suppress the expression of the above four genes and promote the transition to the differentiation mode in response to the increase in the density of self-reproducible undifferentiated cells.   When the activities of these unknown gene products are lost by mutation, this may be one of the main factors causing the cancer.   These fundamental problems of cell differentiation itself are expected to be solved by the functional identification of sequenced gene products especially in the lower animals with smaller genomes.
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Figure 1.  A schematic representation of cell differentiation forming stemcells in the development of the vertebrate.   As the number No of self-reproducible undifferentiated cells increases, most of these cells first differentiate into the ectoderm and the endoderm each consisting of NI+ cells and NII- cells, respectively.   During the first stage of cell differentiation, some of I+ type cells are transiently changed to the self-reproducible type of stem cells NI+s.  Then, the ectoderm further differentiates to form the skin and nerve.   In parallel, the endoderm further differentiates into NII-I-+ cells and NII-II- - cells, the former of which differentiates to form alimentary canal and respiratory organ and the latter of which is called the mesoderm to yield viscus, muscle, circulatory system (c. s.) and chorda dorsalis (c. d.) as well as primordial germ cells.   In contrast to the decrease in the number No of original undifferentiated cells, self-reproducible stem cells transiently appear in the respective types of differentiated cells.    The numbers of such stem cells are also denoted by NII-s, NII-I-+s and NII-II--s in the figure. 
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[bookmark: _Hlk211258016]Figure 2. The graphical procedure to estimate the values of yI and yII satisfying Equations (11) and (12).   (a) When a new variable uI is introduced by, Equation (11) is rewritten into yI = YIst tanh uI.   The values of yI are plotted against the values of uI according to the first equation under a constant value of yII and also according to the second equation.   The value of yIst satisfying Equation (11) is obtained as the ordinate of the crossing point of the straight line expressed by the first equation with the curve expressed by the second equation.   This value of yIst becomes positive when the value of yII is chosen to be negative.   (b) Introducing a new variable uII defined by , Equation (12) is rewritten into yII = YIIst tanh uII.   The values of yII are plotted against the values of uII according to these two equations under a constant value of yI.   The value of yIIst satisfying Equation (12) is obtained as the ordinate of the crossing point of the straight line with the curve expressed by the above two equations.   As seen in the figure, the value of yIIst thus obtained becomes negative when yI is chosen to be a positive value.   This is consistent with the result of (a).   
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