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M ITOTIC ACTIVITY is high in the thymus of the adult rat.13 Everett et

al.4 estimatcd that, as a result of thymic mitoses, 700 million lympho-

cytes are produced per day in a 200 Gm. rat. While some of these lyrnpho-

cytes (lie of 1)vknOsis within the thymus-15 per cent according to Kindred’-

most of them are released to the outside and enter the circulation.5’7 There

are two direct prcofs that such an exodus takes place: higher lymphocyte

count in thymic veins than arteries3 and, after intrathymic injection of thy-

midine-H�, appearance of labeled lymphocytes throughout the body.5’9 The

cla.ssical opinion was that lymphocytes released by the thymus would be

mainly of the small variety; they would be the mature, nonmitosabbe end

products of the l�mphocytopoietic series.5 However, these conclusions have

recently been challenged in various ways.’#{176}” In particular, since under con-

(litions such as antigenic stimulation and total body irradiation, small lympho-

cytes hypertrophy into “pyroninophilic cells” which proliferate and give rise

to new crops of lymphocytes,’2”7 the question arises whether small lympho-

cytes may do so under normal conditions; and thus the problem of the se-

� of cell types in thymus is reopened.

In the present work, mitotic counts were used to investigate the cell se-

ltmence in thymus. We have recently described 4 types of mitoses in this
organ): a very large type with unstained cytoplasm, referred to as mitoses of

reticular cells, and 3 types with basophilic cytoplasm, referred to as mitoses

of large, medium and small lymphocytes respectively. Since the mitoses of

the 4 types could he scored accurately, counts of these mitoses were obtained

an(l used in the present work.

The 4 types of mitoses observed in thymus are similar in size and cytologic

features to the resting cells of the same names, but the identification of di-

viding with resting cells is subject to error in borderline cases. Hence, con-

clusions drawn from counts of the 4 types of mitoses should be construed as

referring only to the cells responsible for these mitoses, regardless of whether

or not they exactly correspond to the resting cells going by the same names.

From the mitotic counts, a model representing the evolution of thymic

lymphocytes will be derived. While this model has been briefly presented in
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766 SAINTE-MARIE AND LEBLOND

the past,182#{176} the present article supplies the theoretical background and cx-

perimental data required to assess its significance.

MATERIALS AND METhODS

Animals: Twenty-eight male albino rats aged 1 month were kept in a constant tein-

perature room ( 27 ± 3 C. ) with controlled environment. Their growth was recorded

until they were 10 weeks old, when the mean body weight was 234 Gm. The animals

were then divided into four equal groups, which were sacrificed at 6-hr. intervals over

lx 24-hr. period-i.e., at 10 a.m., 4 p.m., 10 p.m. of the same day, and at 4 am. the

next morning. Their thymi were fixed in Bouin-Hollande and stained by the Dotninici

technic as previously described.3

Volume of Thymnic Regions: The rat thymus is divided into lobules composed of a

central, lightly stained medulla, surrounded by a darkly stained cortex. The cortex was fur-

ther subdivided into 5 zones: subcapstilar peripheral cortex, a 25-jz thick layer beneath

the capsule coating the thymic surface; subtrabecular peripheral cortex, a 25-s thick

layer adjacent to the connective tissue trabecules which separate the lobules; subcap-

sular deep cortex, extending between medulla and subcapsular peripheral cortex; sub-

trabecular deep cortex, extending between medulla and subtrabecular peripheral cortex;

and finally, interrnedullary deep cortex, extending behveen two close-by medullary regions

which are not separated by a trabecule.

The relative volume of the zones was obtained by drawing their outline on paper from

projected thymic sections of 7 rats. The areas corresponding to each zone were cut out

and weighed. The weights were then proportional to the volumes of the respective zones

(table 1).
Mitoses were counted per “field unit.” The 12X oculars and 114X objective were used.

One of the oculars contained a micrometer disc scanned with 36 squares, each one of which

could be used as a “field unit” outlining a 25 X 25 js square area of the sections. Mitoses

and cells were counted in over 200 fields per animal ( about 16 cells per field ) . A mitosis

�vIIs recorded only when most of the mitotic apparatus was present in the 5-�z thick

section. Each prophase and metaphase was scored as one mitosis, and each separating

group of chromosomes from anaphase or telophase was scored as a half mitosis.

Dividing cells were classified on the basis of criteria detailed elsewhere3 into reticular

cell mnitoses-that is, very large cells with unstained cytoplasm-and three categories of

lymphocyte mitoses characterized by a basophilic cytoplasm, with the width of the

mitotic apparatus being either larger than 5.9 � (large lymphocyte mitoses), between

4.6 and 5.9 � (medium lymphocyte mitoses) or smaller than 4.6 � (small lymphocyte

mitoses ) .3

Mitotic counts were found to be somewhat less at 4 p.m. than at other times of the

day (table 2). A mean of the counts recorded at the 4 time intervals was taken to

represent the average condition over a 24-hr. period (table 3).

RI�suL1’s

In every zone of the cortex (table 3), the counts increased gradually from

reticular cell to small lymphocyte mitoses. When weighted averages0 were

calculated for the two zones of peripheral cortex and the three zones of deep

cortex (table 4), it was apparent that the four types of mitoses were more

frequent in peripheral than in deep regions. Weighted averages for the five

cortical zones (reported under the heading whole cortex in table 4) revealed

that the numbers of all types of mitoses per 1000 field units added up to 461

#{176}Weighted averages were calculated as follows: The count per field unit in each zone

was multiplied by the relative volume of the zone (table 1); the products were then

added and the total divided by the sum of the relative volumes of the zones.
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LYMPHOCYTIC FORMATION IN THYMUS OF YOUNG RATS 767

Table 1.-Relative Volume of the Various Cortical Zones and of the

Medulla in the Thymus of the 10-Week-Old Rat

Per Cent of Total

Cortex-subcapsular peripheral cortex 3

-subtrabecular peripheral cortex 6

-subcapsular deep cortex 19
-subtrabecular deep cortex 35

-intermedullary deep cortex 12

Medulla 25

100

Table 2.-Diurnal Variations of the Numbers of Mitoses (± S.E.)

in 1000 FieldS of Whole Thymus -____

Group Time of Sacrifice No. of Mitoses

I 10 a.m. 432 ± 1.7

II 4p.m. 280#{176}± 1.8
III 10. p.m. 367 ± 2.6
IV 4 a.m. 406 ± 1.8

*Significantly different from other three values.

The mean mitotic counts per field unit in each zone were multiplied by the relative

volume of the zone ( table 1 ) . The products were then added to obtain the number of

mitoses in 1000 fields.

- Table 3.-Mean Counts of Mitoses per Field Unit in Each Thymic Zone

Sub- Sub- Sub- Sub- Inter-
capsular trabecular capsular trabecular medullary

Peripheral Peripheral Deep Deep Deep
Cortex Cortex Cortex Cortex Cortex Medulla

Reticular cell
mitoses 0.0105 0.0025 0.0()55 0.0003 0.0O6() 0.0066

Large lymphocyte

mitoses 0.1105 0.0665 0.0335 0.0395 0.0576 0.0014

Medium lymnpho-

cyte mitoses 0.317 0.295 0.154 0.125 0.224 0.019

Small lymphocyte

mitoses 0.339 0.409 0.182 0.218 0.276 0.065

in cortex vs. 93 in medulla. Since the volume of cortex was 3 times that of

medulla (table 1), it could be calculated that there were 15 mitoses in cortex

for 1 in the medulla.

The abundance of mitoses in cortex confirmed that this region was the

main site of lymphocyte production.”3’2’ Accordingly, the data obtained in

cortex will be used to examine the mode of formation of lymphocytes.

ANALYSIS OF THE DATA

The problem of lymphocyte formation in the cortex of thymus raises two

main questions. First, what is the sequence of fihiation of the 4 cell types?

Second, are there one or several generations of each cell type? The answers

aie derived from the mitotic counts (table 4) interpreted in the light of four

assumptions which are in keeping with present knowledge as well as with
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768 SAINTE-MARLE AND LEBLOND

Table 4.-Mean Counts of Mit

of Thymic
oses per 1000 Field Units in the Main Regions

Cortex ± Standard Errors

Cortex

Peripheral Deep Whole

Reticular cell mitoses 5.16 ± 2 3.88 ± 1 3.11 ± 1

Large lymphocyte mitoses 80.17 ± 12 41.06 ± 4 45.85 ± 4

Medium lymphocyte mitoses 295 ± 20 156 ± 11 172 ± 11

Small lymphocyte mitoses 379 ± 25 221 ± 11 240 ± 11 -

our experience in the study of cell populations undergoing renewal, particu-

larly the seminiferous epithelium (fig. 1):

1. Similar Mitotic Duration for the 4 Cell Types of Thyinic Cortex: The

mitotic count of a given cell type in tissue sections is directly dependent on

the duration of mitosis, since the longer this duration is, the greater is the

chance of seeing mitotic figures in sections. If mitotic duration is the same

in the 4 cell types, mitotic counts would reflect the respective mitotic fre-

quencies. While data are lacking for thymus, a mitotic duration of about 1

hour has been obtained in several tissues of the rat by the colchicine tech-

nic ( unpublished ) . It was therefore assumed that the mean mitotic duration

of the 4 types of thymic cells was the same or at least was of the same order

of magnitude ( since it will be shown below that only major differences in

mitotic duration would alter the conclusions of this work).

2. Steady State of the Cell Populations in Thynztu� of Yming Adult Rats: It

was found that the weight22’23 and cell content23 of the rat thymus leveled

off at about 40 days of age and seemed to remain fairly constant up to 95

days. This stability implied that in our 70-day old rats the production of cells

by mitosis ( table 4 ) was balanced by the loss of corresponding numbers of

cells. The cell population of thymus would thus be in a steady state.

Even though mitotic counts were lower in the afternoon than during the

rest of the day ( table 2 ), the steady state can be maintained if cell production

is balanced by a parallel cell loss at all times of the day. Another possibility

is that the mean number of cells formed by mitosis over a 24-hr. period equals

the mean number of cells lost over that time, thus maintaining an overall

steady state in spite of temporary fluctuations.

3. Orderly Cell Sequence in Thymic Cortex: As long as animals are not

affected by conditions such as pregnancy or disease, the steady state is main-

tained. There is then an indefinite repetition of whatever cell sequence oc-

curs in thymic cortex.

What else can be said a priori about this cell sequence? The thymus, a re-

newal system, must contain stem cell9-that is, mitosable cells whose divi-

sions yield cells similar to themselves as well as cells fated to differentiate.

Even though there may be several generations of identical stem cells, as

seen in spermatogenesis (fig. 1), steady state requires that the mean number

of these cells be kept constant, so that on the average half the daughter cells

are new stem cells, while the other half differentiate. The mitoses of cells at

D
ow

nloaded from
 http://ashpublications.org/blood/article-pdf/26/6/765/572269/765.pdf by guest on 19 M

ay 2023



LYMPHOCYTIC FORMATION IN THYMUS OF YOUNG RATS 769
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. Fig. 1.-Model of spermatogenesis in the rat (from Clermont et al.42’45’47) . The
vertical dimension indicates time. Each cell is represented 1w a vertical or oblique

line; and each mitosis, by a branching of the line into two.

The cell series comprises stem, maturing and mature cells. Every 12 days, the

stem cells, known as type A spermatogonia, go through three successive divisions,

which delimit three generations of these cells ( A1, A2, A3 ) . The cell number doubles
at each generation ( 1A1, 2A2, 4A:1) . The divisions of A3 cells yield a fixed per-
centage of A1 cells and of cells undergoing differentiation, that is, on the average
one A1 (which will not divide until a new series is started) and 7 so-called inter-
mediate cells (In), which are the first of the generations of maturing cells. They
divide to give twice as many, 14, type B cells, which in turn divide to give 28
primary spermatocytes. The generation time of A2, A3, In, and B cells is the same,

2.2 days, while that of primary spermatocvtes (Sc1) is much longer, 18 days, after
which time they divide into 56 secondary spermatocytes (Sc2). These, after about
half a day, divide to give 112 spermatids. Spermatids evolve further for about 18

days, and are then released as spermatozoa.

All cells except spermatids complete their life b\ a mitosis. Each mitotic figure

has about the same size and features as the cell it comes from (whereas the cells

arising from the initosis max’ be very different-for instance, when type B cells
produce the much smaller primary spermatocytes1).

The cell series includes 7 cell generations. The number of cells in each is

indicated at right. The sequence of events proceeds in an irreversible manner,47

although some degeneration may occur.42
(At center left, the diagram depicts a mitosis of an A3 cell into one A1 and one

In cell. The diagram is drawn in this manner for the sake of simplicity without im-
plying that the mitosis is differential or asymmetric. Indeed, A:� cells yield either a

pair of A, cells or a pair of In cells, so that mitoses are not differential but equiv-
alent. The fully detailed diagram may be found in ref. 42).
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770 SAINTE-MARIE AND LEBLOND

various degrees of differentiation, referred to as maturing cells, simply yield

two cells belonging to the next generation. If the cell sequence were to reach

an end as in bone marrow or testis, the last generation of maturing cells would

divide to yield mature cells.

The description of the sequence as “orderly” does not necessarily imply

that differentiation is irreversible, nor that the cells of any mitosable genera-

tion have all the same life duration ( or generation time ) . The term “orderly”

is taken to mean that the sequence occurs with no significant entry of cells

from the outside nor any cell loss, at least until the end of the sequence. How-

ever, there is evidence that stem cells may enter the thymus from outside.24’25

Unpublished data of Micklem suggest to us that less than 1 per cent of the

stem cells is replaced daily-that is, too slowly to be of significance here.

Entry of other cells was unlikely, since labeled lymphocytes injected intrave-

nously did not enter the thymus.2#{176} On the other hand, there was evidence

that lymphocytes left the thymus,3’57 presumably by diapedesis across the

wall of thymic veins.3 Nearly all diapedizing cells were small lymphocytes,

although there was an occasional medium lymphocyte and very rarely a large

lymphocyte. It may be added that some cells could be lost in another way-

that is, by pyknosis in the thymus-but here again small lymphocytes were

affected almost exclusively.3 We therefore concluded that only the loss of

small lymphocytes by emigration and pyknosis would have a significant ef-

fect on the number of cells in thymus. It was tentatively assumed that this

loss did not interfere with the orderly cell sequence, but of course this as-

sumption will have to be reconsidered in the discussion of the results.

4. End of Mitos’is as an End Point of the Life of a Mitosable Cell: A priori,

the life of a mitosable cell may be taken to end either during interphase, or

at the beginning, or at the end of the expected mitosis. The last possibility

(which we consider to be closest to reality27) will be used in the argument.

it will be shown below that if one of the two other possibilities were to be

correct, the conclusions would be the same for all but one cell type.

I. CELL SEQUENCE IN TIFYMIc CORTEX

For every cell of a mitosable generation, there will eventually be a mitosis

(fig. 1). Information on the number of cells in a sequence may, therefore, be

derived from the number of mitoses.

Examination of figure 1 makes it clear that the number of mitoses in a

given generation increases with the number of preceding generations. Fur-

thermore, if a given cell type includes more than one generation, the number

of mitoses of this cell type will be correspondingly increased. Finally, for

comparison of the mitotic counts of two cell types (tables 3 and 4), their

ratio was utilized. The ratios used toill be of the number of mitoses of a

progeny cell type over that af the parent cell type (table 5). * According to the

#{176}The ratios of mitotic counts not only make it possible to compare two related cell

types, but also have another advantage. It is known that when nuclei of mitotic ligures

are enumerated in sections, the counts tend to be higher than the actual number,2M but

the errors tend to cancel out when ratios are considered, especially if sizes are fairly

similar.
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LYMPIIOCYTIC FORMATION IN THYMUS OF YOUNG RATS 771

Table 5 .-Experimental Ratios of the Mean Mitotic
Those of Their Precursors in the Co

Counts of Thymic Cells Over
rtex of Thymus --_____

Whole Cortex
Peripheral Cortex Deep Cortex (± S.E.)

L arge lymphocyte nutoses
�-�--- - 15.54
Reticular cell mnitoses

14.51 14.74 ± 3.50

Me dium lymphocyte_mitoses
:3.73 :3.8() 3.74 ± 0.38

L irge lymphocyte mitoses

S
-�

Me

mall lymphocyte mitoses
1.28

(hum lymphocyte mitoses
1.42 1.40 ± 0.12

number of generations of the various cell types, different “expected” ratios will

be obtained, which will then be compared to the “experimentally” obtained

ratios.#{176}

Stem Cells: It has been pointed out above that, in view of the steady state,

stem cell divisions give rise to an equal number of new stem cells and of cells

fated to differentiate. In the simplest case, the parent consists of a single

generation of stem cells ( A1 ) and the progeny, of a single generation of the

first maturing cell type ( B1 ) as depicted in diagram 1 ( fig. 2 ) . The ratio of

progeny to parent cell mitoses is then 1 : 1. Diagram Ill shows two ( A,, A2)

and diagram IIfl shows three ( A1, A2, A3 ) generations of stem cells giving

rise to a single generation of the first maturing cell type ( B1 ) . In diagram

II, there are 3 mitoses of A cells for 3 of B cells; and in diagram III, seven of

each. Hence, in the three cases, the expected ratio of the number of mitoses of

maturing cells over that of stem cells is 1 : 1.

By devising similar diagrams for the case in which there would be 2

generations of the first maturing cell type (B1 and B2), it can be seen that

the expected ratio of the number of mitoses of these cells over that of stem

cells would then he 3, whatever the number of generations of stem cells. If

there were 3 generations of the first maturing cell type (B1, B2, B:i), the ex-

pected ratio would always be 7, and so on. A few representative “expected

ratios” are given in table 6 for 1-5 generations of stem cells and first maturing

cells. It can be seen that for b generations of daughter cells, the expected

ratio is:

(2”� 1)
(1)

Maturing Cells: Let us now consider the case in which both parent and

progeny are maturing cells. If the first generation of parent cells contain K

cells, the doubling of the number of mitoses at each generation would provide

#{176}Themethod has been elaborated in a general form by Dr. N. J. Nadler. He wrote it

as an Appendix, which will he forwarded to anyone requesting it as well as to anyone

who asks for a reprint of this article.

f Other diagrams are possible. The various possibilities are covered in Nadler’s Ap-

pendix mentioned in the previous footnote.
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Fig. 2.-Diagrammatic representation of cell sequence at the beginning of a

series.
Diagrams I, II, and III respectiveh’ show 1, 2 and 3 generations of stem cells

( A1, A2, A3) giving rise to a progeny consisting of a single generation of the first

maturing cell type ( B, ) . Each cell is depicted as an approximately vertical line.

Mitoses occur at each branching of a line into two. The mitoses of stem cells are

indicated by solid triangles and those of progen\ cells by hollow triangles.
li-i diagram I, each mnitosis of a stem cell ( A1 ) gives rise to a maturing cell ( B,)

and to the stem cell of the next series (A1). In diagram II, the mitosis of the first

generation stem cell (A,) gives rise to two second generation stem cells (A2)

which then produce 3 maturing cells (B,) and the first stein cell for the next

series (A1). In diagram III, stem cells of the first (A1), second (A2) and
third (A3) generations finalh’ yield 7 maturing cells (B1) and the first stem

cell for the next series (A,). This scheme is somewhat similar to that holding

for the stem cells in rat spermatogenesis (fig. 1).
Thus, in the 3 diagrams, a cell series starts with production of an A, cell. The

number of stem cell mitoses per series is 1, 3 and 7 in diagrams I, II and III

respectively. The number of mitoses of the first maturing cell type is also 1, 3 and

7 respectively. Hence, the ratio of the numbers of mitoses of the two cell tYpes
is 1:1 in the three cases.

(In each diagram, an A cell is shown to divide into a new A cell and a B cell.
This is a simplification which is discussed in the text in relation with figure 5).

1K, 2K, 4K, 8K.. . mitoses respectively at the 1st, 2nd, 3rd, 4th . . . generation

(viz. B,, B2, B3, B4 in diagram VII of fig. 3); and if the number of gen�’ratio::s

of these parent cells is called b, the number of mitoses at the htl generation

would be (2�1 )K. Adding up the number of mitoses of parent cells ove�

the successive generations of these cells yields (1 + 2’ + 22 + 2� + . .

+ 2”’ )K = (2’ - 1)K mitoses.
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Fig. 3.-Diagrammatic representation of the sequence of two maturing cell types.

Diagrams IV, V, VI and VII respectively show 1, 2, 3, amid 4 generations of a

parent cell type (B1, B2, B:i, B4 ) for 1 generation of a progeny cell type (C1).
The mitoses of cells of the parent type are indicated by solid triangles; those of the

progeny cell type, by hollow triangles.

In the four diagrams, the numbers of mitoses double at each generation. Further-

more, the ratio of the total number of mnitoses of C: B in the first diagram is 2:1.
In tile second, third and fourth diagrams, the ratios are respectively 4:3 (or 1.33),
8:7 (or 1.14) and 16:15 (or 1.07).

The last generation (bth) of the parent cell type gives rise to the first gen-

eration of the progeny cell type, which has twice as many mitoses (viz. C1 in

fig. 3)-that is, 2(2’’ )K = (2”)K mitoses. The next generation of progeny

cells would then have (2l)+’ ) K mitoses; and if there were c generations of

progeny cells, the cth generation would have (21+�’’ )K mitoses. The sum of

all mitoses of the progeny cell type would then he (2’ + 2’� 1 + +

2”+�’ )K = (2”� - 2”)K. Hence, the “expected ratio” of the number of

mitoses of progeny cells over the number of mitoses of parent cells should be

2b+c_21 2”
= (2c��1) (2)

2’-l 2’-l

The “expected ratios” for 1-5 generations of parent an(l progeny cells are

given in table 7.

A priori, the last cell type in the series may he mitosable, or mature and

then nonmitosable (as in testis, fig. 1), or include generations of the two

kinds. In any case, equation 2 gives only the number of mitosable generations

present.
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774 SAINTE-MARIE AND LEBLOND

Application t.o the Data

Let us consider formulas ( 1 ) and ( 2 ) for mitotic ratios of progeny cells

over parent cells. If b and c are given the smallest possible value, 1-that is,

1 generation of each cell type-the first ratio becomes equal to 1, and the

second becomes greater than 1. Furthermore, for any value of b and c greater

than 1, the two ratios are always greater than 1. The number of niitoses of a

given cell tijpe is therefore always greatrr than (or at least equal to) the num-

her of mitoses of the parent cell type.

The mitotic counts in table 4 expressed per 1000 fields of whole cortex

were 3, 46, 172 and 240 for reticular cell, large, medium and small lymphocyte

mitoses respectively. Since the cells of the first type had the least frequent

mitoses, they fulfilled the condition necessary to be first in the series. The

next higher count was that of mitoses of large lymphocytes, which cells there-

fore fulfilled the condition necessary to be those arising from the first ones.

Mitoses of medium lymphocytes showed the next higher count, so that these

cells came next in the series. The highest count was of mitoses of small

lymphocytes-about half of the mitoses in the thymic cortex. These cells

were therefore the last ones in the series.

Discuss’ion

Since the results are based on counts of 4 types of dividing cells, the con-

clusions apply to the 4 types of cells which undergo the divisions ( whether

or not these 4 types of cells exactly correspond to the resting cells going by

the same name) . With this understanding, it appears that reticukir cells give

rise to large lymphocytes, which then give rise to medium lymphocytes, which

in turn give rise to small lymphocytes.

The lymphocyte sequence is in accord with experiments showing that,

within about a day after large and medium lymphocytes had been labeled

with thymidine-H3, the label passed into small lymphocytes.29’32 Dustin27

also concluded that the mitosis of a thymic lymphocyte of a given size yields

two lymphocytes of a somewhat smaller size, so that smaller and smaller

lymphocytes are produced yielding small lymphocytes in the end.

Since small lymphocytes are at the end of the lymphocytopoietic series of

thymus, the loss of some of these cells by pyknosis or emigration3 should not

interfere with the orderly cell sequence. Let us, however, assume that some

of the small lymphocytes left the thymus before they had a chance to divide.

The observed number of small lymphocyte mitoses, 240, would then be too

low. But raising this number would obviously not change the position of the

small lymphocyte at the end of the series.

As for the first cells in the series, they would have very large mitoses with

little or no cytoplasmic basophilia. These reticular cell mitoses may well be

those of the stem cells of lymphocytopoiesis in thymus.2733’34 Such a sugges-

tion is not devoid of ambiguity since the term reticular cell may be used to

refer to epithelial and mesenchymal cells.3’35 Whatever the case may be,

steady state required that the number of reticular cell mitoses be balanced

by an equivalent cell loss. The cell loss would be provided by transforma-

tion into large lymphocytes.
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The conclusions reached regarding the cell sequence require that the first

three assumptions hold. If contrary to assumption 1, mitotic duration were

not the same for all cell types, the differences would have to be quite large

before we could conclude to a different sequence of cell filiation. For in-

stance, mitoses of large lymphocytes would have to take at least 3.7 times

as long as those of medium lymphocytes for the sequence of these two cells

to be reversed.

In conclusion, cells with large, light mitoses come first in the cell series

of thymic cortex and may be the stem cells from which large lymphocytes

would arise. Large lymphocytes produce medium lymphocytes, which in turn

give rise to small lymphocytes.

II. NUMBER OF CELL GENERATIONS IN THYMIC CORTEX

The second question raised was : Are there one or several generations of

each of the four cell types? The approach was to compare the “experimental

ratios” ( table 5 ) to the ratios “expected” when the numbers of generations

were made to vary from 1 to 5 or 6 ( tables 6 and 7 ) . A fit between the two

types of ratios should give the number of cell generations.

The “experimental ratio” of the count of large lymphocyte mitoses over

that of reticular cell mitoses ( 14.74 ± 3.50 for the whole cortex; table 5) in-

volves cells which may be stem cells ( reticular cells ) and, therefore this

ratio was compared to the “expected ratio” in table 6. A good fit was found

with one of the expected ratios, 15, which corresponds to 4 generations of

progeny cells-that is, 4 generations of large lymphocytes and a nondefined

number of generations of the parent stem cells.*

The “experimental ratio” of the count of medium lymphocyte mitoses

over that of large lymphocyte mitoses ( 3.74 ± 0.38 for the whole cortex; table

5) has to do with cells which are both of the mature type and therefore was

compared to the “expected ratios” in table 7. The experimental ratio was

found to be intermediate between 3.4 and 4.0, the ratios expected for 2 and

3 generations respectively of parent cells-here large lymphocytes-and for

2 generations of progeny cells-here medium lymphocytes. Even the ratio

expected for 4 generations of parent cells, 3.2, might be close enough to be

considered a possibility. Hence, this data indicates the existence of 2-4 gen-

erations of large lymphocytes and 2 generations of medium lymphocytes.

The “experimental ratio” of the count of small lymphocyte mitoses

over that of medium lymphocyte mitoses was found to be 1.40 ± 0.12 for the

whole cortex (table 5), which figure fits best with the expected ratio 1.3 in

table 7. This ratio indicates 2 generations of parent cells-here medium

lymphocytes-and 1 generation of progeny cells-here small lymphocytes.

Since the “expected” ratios refer only to mitosable generations, the single

generation found for small lymphocytes is composed of cells which undergo

division. The daughter cells arising out of their mitoses would constitute a

#{176}Ifthe reticular cell mitoses were not mitoses of stem cells, hut of a maturing cell

type preceding large lymphocytes, the data in table 6 would be used. The ratio closest to

14.74 in the table is 15.1, which also corresponds to 4 generations of large lymphocytes.

D
ow

nloaded from
 http://ashpublications.org/blood/article-pdf/26/6/765/572269/765.pdf by guest on 19 M

ay 2023



Table 6.-Stem Cells. Expected Ratios of the Number of Mitoses of the Progeny

Cells (First Maturing Cell Type) Over That of the Parent Cells
(Stem Cells) as the Number of Generations is Made

to Vary from 1-5

Numbers of Generations
of Stem Cells (a)

1 2 3 4 5

1 1 1 1 1 1

2

3

4

5

The experimental ratio of the mean count of large lymphocyte mitoses over mean count

of reticular cell mitoses, as found in whole cortex = 14.74 ± 3.50.
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Numbers of generations of

the first type of maturing

cells (b)

3 3 3 3 3

7 7 7 7 7

15 15 15 15 15

31 31 31 31 31

Table 7.-Maturing Cells. Expected Ratios of the Number of Mitoses of
Progeny Cells Over That of the Parent Cells (Both Being Maturing Cells)

as the Number of Generations is Made to Vary from 1 to 5 or 6

the

Numbers of Generations of
Parent Cell Type (b)

1 2 3 4 5 6

1 2.0 1.3 1.1 1.1 1.0 1.0

2 6.0 4.0 3.4 3.2 3.1
Numbers of generations of 14.0 9.3 8.0 7.4 7.2

3.0

7.1
progenycelltype(c) 4 30.0 20.0 17.1 16.0 15.5 15.1

5 62.0 41.2 35.4 33.0 32.0 32.0

The experimental ratio of the mean count of medium lymphocyte mitoses over mean

count of large lymphocyte mitoses, as found in the whole cortex = 3.74 ± 0.38.

The experimental ratio of the mean count of small lymphocyte mitoses over mean count

of medium lymphocyte mnitoses, as found in the whole cortex, = 1.40 ± 0.12.

second generation of small lymphocytes ( which would not divide or at least

not in the thymic cortex ) . Whether these cells are “mature” may only he sur-

mised, but there would be in all two generations of small lymphocytes in the

thymic cortex.

When experimental ratios were calculated for peripheral and deep cortex

(table 5), the conclusion in both cases was again in favor of 2-4 generations

of large lymphocytes and 2 each of medium and small lymphocytes. Hence,

even though mitotic activity was greater in peripheral than in deep cortex

(table 4), the cells would go through the same number of generations in these

two regions.

Discussion

We have seen that unless the mean mitotic durations of the four cell types

were to differ markedly, the cell sequence would be as indicated. Similarly, any

difference in mitotic duration would have to be fairly large to have a signif-

icant effect on the number cf cell generations. For instance, reticular cell

mitoses would have to last half as long as other mitoses for the number of

generations of large lymphocytes obtained from table 6 to be 3 instead of 4.

The third assumption-orderly cell sequence-does not necessarily imply
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that the cells behave as rigidly as indicated in figures 2-4. It has already been

pointed out that all the cells of a generation need not have the same genera-

tion time. Furthermore, while the loose fit between experimental and expected

ratios may be the result of biologic variability, it is also possible that a cer-

tam proportion of cells of a given type has a different number of generations

from the other cells of this type.#{176}In such a case, steady state would require

that any deviation recur indefinitely.

If instead of the fourth assumption-end of mitosis as end point of cell

life-it was assumed that the life of each cell extends from the beginning of

a mitosis to the beginning of the next one, calculations yielded again 4, 2 and

1 mitosable generations of large, medium and small lymphocytes respective-

ly’37 but in such a case, the existence of a second, nonmitosable generation of

small lymphocytes need not be postulated. The situation would be much the

same in the last alternative, which is that the cell life extends from some time

in the interphase to some time in the next interphase.37

A few authors have attempted to deduce the sequence of generations from

cytologic features. Shrewd guesses of Grundmann led him to conclude to six

generations;35 Dtmstin hinted to five or six,27 Lennert and Remmele to six.39

These authors based their conclusions on the belief that cell size decreased

by half at each generation. A somewhat refined application of the method

( table 8 ) also yielded six generations, two of which would seem to be small

lymphocytes. We are, therefore, inclined to accept the existence of two genera-

tions’ of these cells.

In conclusion, the various data give no information on the number of gen-

erations of stem cells in a cell series. The next cell, the large lymphocyte,

may go through 2-4 generations. Four generations were felt to fit the sets of

data in tables 6 and 7 better than 2 or 3 did. The wide range in the size of

the cytoplasm of large lymphocytes (as shown by fig. 4 in ref. 3) would also

seem to be in keeping with 4 rather than with 3 generations of these cells.

The approaches used concurred in pointing to 2 generations of medium

lymphocytes, and 1 mitosable generation of small lymphocytes, presumed to

give rise to a second generation of small lymphocytes which would leave the

organ.

MODEL OF LYMPHOCYTOPOIESIS IN THYMIC CORTEX (Fic. 4)

Our model is designed to depict a steady state condition, and therefore

does not consider clinical uses4#{176}and feedback mechanisms41 emphasized by

other models, but rather the normal, physiologic state.

In the absence of information on stem cells, they were arbitrarily assigned

1 generation in the model. Large (L), medium (M) and small (S) lympho-

cytes were taken to go through 4, 2 and 2 generations respectively (fig. 4).

The vertical dimension of the line representing each cell was made equal to

the relative mean generation time, which for somewhat speculative reasons

#{176}This conclusion is in line with the fourth of five critical comments made by Brecher36

following the presentation of part of this work. Another important comment of this

author (his third) is in line with figure 5 and the associated text.
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Table 8.-Nuclear Sizes of Progeny Cells Calculated

Are “Reductive” (starting from a cell with a
on the Postulate that Mitoses

lO-p� nuclear diameter)

Cells Arising
from:

Nuclear Volume
(cu. s)

Nuclear Diameter
(j.�)

-

Classification
According to

Nuclear Diameter*

1st mitosis

2nd mitosis

3rd mitosis

4th mitosis

5th mitosis

6th mitosis

271

144

81

50

34

26

8.0

6.5

5.4

4.6

4.0

3.7

large lymphocyte

large lymphocyte

medium lymphocyte

medium lymphocyte

small lymphocyte

small lymphocyte

‘5Large lymphocytes, >5.9; medium lymphocytes, 4.6-5.9 j.�; small lymphocytes, 3.5-

4.6 � (ref. 3).

In a reductive mitosis, nucleus and cytoplasm are halved without previous or subse-

quent enlargement, except that caused by the premitotic duplication of DNA (and as-

sociated material), a process which adds to the nucleus a volume estimated at 18 cubic

For instance, an initial cell (e.g., reticular cell) with a lO-�.� nuclear diameter and,

therefore, a 524-�.�3 nuclear volume, would increase by 18 cu. � as DNA is synthesized, and

then divide in half. The two resulting cells would each have a 271 cu. � nuclear volume.

The nucleus of these cells in turn would increase by 18 cu. � before mitosis, and then

each would divide into 2 cells with a 144 cu. � nuclear volume; and so on.

( outlined in a second Appendix, which will be forwarded on request ) was

taken to be 1 for medium lymphocytes, 8.6 for stem cells, 2 for large lympho-

cytes and 1 for mitosable small lymphocytes ( S� ) , whereas the mean time

spent by last generation small lymphocytes ( 52 ) in cortex was taken to be 4.

To sum up, each stem cell division is represented as giving rise to a cell on

its way to differentiation ( L1 ) and to a stem cell for the next series ( A ) . Eight

successive generations of lymphocytes are then depicted. At lower right, the

model shows last generation small lymphocytes leaving the cortex to enter

the medulla and pass into blood vessels.3

When the method used in this article was applied to the formation of

plasmocytes ( work of Sainte-Marie presented in a preliminary form’9 ) , a

very similar pattern was observed, with four generations of large plasmocytes

(plasmablasts) giving rise to two of small plasmocytes.

The representation of the stem cell divisions in figure 4 as a differential (or

asymmetric) mitosis yielding two different daughter cells (A and L1) is

true only statistically, since it merely means that half the daughter cells of

the division are stem cells and half are fated to differentiate. indeed, differ-

ential mitoses have not been encountered in any rat tissue so far in spite of

a systematic search for them in testis42’43 and esophagus.44 It is possible to

design a model in which the differential mitosis is replaced by two equivalent

ones. This is done by doubling the number of cells in the diagram42’43 as

shown in figure 5. In each series, a pair of new stem cells (A1) and a pair

of large lymphocytes (L1) would thus be produced at the same time. Such

representation, even though complex, is more likely to be accurate than that

in figure 4, since it shows equivalent mitoses while retaining the other fea-

tures of the model.
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Fig. 4.-Model for stem cell renewal and differentiation pattern of lymphocytes

in the thymic cortex of the rat, as derived from counts of dividing cells.
Even though the number of generations of stem cells in the series is unknown, a

single generation ( A ) is represented. There are 4 generations of large lymphocytes,
referred to as L1, L2, L:1 and L4, t�vo generations of medium lymphocytes, M1

and M2, and two generations of small lymphocytes, S1 and S2, only a few of
which are drawn in. The diagram suggests that small lymphocytes pass into blood
vessels.

SUMMARY

in the hope of clarifying the sequence of cells in thymus, mitotic figures

were classified into four types and counted in the cortex and medulla of

thymnus of young adult rats. The four types were designated as reticular cell

mitoses (characterized by an unstained cytoplasm with a very large mitotic

figure), and lymphocyte mitoses (characterized by a basophilic cytoplasm with

a mitotic figure, which may be large, 5.6-8.0 �, medium sized, 4.5-5.6 /L, or

small, 3.5-4.5 /L). The relative mitotic counts of the four cell types in thymic

cortex were 3, 46, 172 and 240 respectively.

Analysis of these counts, assuming equal mitotic duration and orderly se-

quence of the cells led to two sets of conclusions. (1) Large, light cells, the

divisions of which are referred to as reticular cell mitoses, would produce

large lymphocytes. These cells would proliferate to give rise to medium

lymphocytes, which in turn would proliferate to give rise to small lymphocytes.

(2) There would be 2-4, most probably 4, successive generations of large

lymphocytes, followed by 2 successive generations of medium lymphocytes,

which would in turn be followed by 1 generation of mitosable small lympho-

cytes, probably giving rise to another generation whose cells would not divide,

at least in thymic cortex. A model of lymphocytopoiesis for the cortex of

thymus is proposed on the basis of these conclusions.
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780 SAINTE-MARIE AND LEBLOND

Fig. 5.-Different mode of representation of the beginning of the series.
The model drawn in this manner includes equivalent mitoses of stem cells (A),

half of which give rise to large lymphocytes (L1 ) and half to new stem cells (A).

SUMMARIO IN INTERLINGUA

In le spero de clarificar le sequentia cellular in le thymo, le figuras mitotic

esseva classificate in quatro typos e numerate in le cortice e le medulla del

thymo de rattos juvene-adulte. Le quatro typos esseva designate como (1)

mitoses reticulo-cellular (characterisate per tin nontincturate cytoplasma con

tin grandissime figura mitotic) e (2), (3), e (4) mitoses lymphocytic (charac-

terisate per tin cytoplasma basophilic con un figura mitotic multo grande, i.e.,

5.6 a 8 � de dimension intermedie, i.e., 4.5 a 5.6 jz, o micre, i.e., 3.5 a 4.5 j�). Le

relative numerationes mitotic pro le quatro typos cellular in Ic cortice thymic

esseva 3, 46, 172, e 240.

Le analyse de iste resultatos-a base del supposition de equal durationes

mitotic e de tin ordinate sequentia cellular-permitteva le formulation de

duo series de conclusiones. (1) Grande cellulas clar, Ic divisiones del quales

es designate como mitoses reticulo-cellular, producerea grande lymphocytos.

Iste cellulas prolifera resultante in le formation de lymphocytos de dimensiones

intermedie, e istos de br parte prolifera resultante in le formation de micre

lymphocytos. (2) Il occurre 2 a 4-le plus probabilemente 4-generations

successive de grande lymphocytos, sequite de 2 generationes successive de

lymphocytos de dimension intermedie, e istos es sequite per 1 generation de

micre lymphocytos capace de mitosis, resultante probahilemente in be forma-
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tion de un generation additional con cellulas non divisibile al minus in le

cortice thymic. Un modello de lymphocytopoiese pro be cortice del thymo es

proponite a base de iste conclusiones.
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