
IN VITRO STUDY OF BONE MARROW

II. STUDIES OF ERYTHROPOIESIS

By CLAUS MUNK PLUM, PH.D.

T F�E methods for in vitro culture of bone marrow’ allow the study of various

hematologic problems under experimental conditions. For various reasons, I

have decided first to undertake the investigation of erythropoiesis. Part of the

reason for this choice lies in previous studies on the ripening of the only immature

type of cell in the blood, the reticulocyte.

These experiments were commenced in 1940 and their results may be recapitulated

as � When the reticulocytes ripen, they lose their content of substantia

granulo-filamentosa. It was found that the disappearance of the substance occurred

at a definite though slight speed when the blood corpuscles were suspended in a

physiological saline solution; but if they were suspended in a weak solution of

liver extract, the change in the cellular structure occurred far more rapidly.2’3 It

further was found that the ripening was greatly promoted if the blood corpuscles

were suspended in plasma from animals with an increased erythropoiesis rather

than in plasma from normal animals.4 It was because of a desire to continue these

previous studies on the later stages of erythropoiesis and to examine various

theories concerning the formation of blood corpuscles (advanced among others by

Bostr#{246}m5’6’7and Schultz and Bueding8) that these experiments were commenced.

Contributions on the behavior of leukocytes in vitro have been made by Osgood9

and Israels.’#{176}

PREPATORY REMARKS

In reality, growth may be looked upon as a combination of different phases:

the growth of cells is due first to an increase in their numbers, second to an increase

itt the size of the individual cell, and finally the cells undergo a process of trans-

formation (development) from one stage to another. These three phases of growth

are met with in tissue in general, but in the case of the bone marrow there is yet

another phase which is of importance, viz., the release of the fully formed cells

from the marrow into the blood stream. This release in the organism takes place

in a manner which is not yet understood, but it does take place, and at the same

rate as that at which the blood corpuscles attain their full development, so that

there is never an accumulation of the fully formed corpuscles in the bone marrow.

It is obvious that factors which influence cell division need not exercise any

influence on the increase in the size of the cells or on their further development

within the developmental stage to which the cells belong. Since we know little

about the behavior of these factors, it is only possible approximately to reproduce

the actual physiological conditions of growth and development in an apparatus
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CLAUS MUNK PLUM 43

such as the one employed in the experiments here reported. All these phases of

growth, therefore, cannot yet be studied. It is, however, possible to vary the

conditions of the experiments as regards the supply of nutritive substances and

the removal of waste products, and it is also possible to modify the respiratory

metabolism of the cells.* The influences exercised by these factors on the living

bone marrow in vitro can be well studied through the method here employed, and

they form the bulk of the present report.

MATERIAL

The series of investigations here presented are based on examination of the bone

marrow obtained from 6i rabbits, 4 dogs, 4 cats, and 10 human beings. The bone

marrow from the rabbits, dogs, and cats was obtained from the proximal end of the

femur. Under ether anesthesia, incision was made between the greater and lesser

trochanters, and the bone laid bare at this point. Then, compact bone was pierced

by means of a round perforator (bore) until the marrow showed through clearly.
The bone was then pierced by means of a thick cannula and the marrow aspirated

into a record syringe containing i ml. of 3.8 per cent sodium citrate solution. From

0.5 to 1.0 ml. of marrow was obtained in this way. The samples of bone marrow

from human patients were taken by sternal puncture in an analogous manner by the

technic of Plum.2

On completion of the aspiration, a portion of the marrow was spread on slides

for subsequent staining and ordinary cytologic examination. The smears were

stained with May-Grunwald-Giemsa stain; occasionally, an oxidase stain was

also made. The bulk of the contents of the syringe was emptied into a round-

bottomed centrifuge tube, and the mixture centrifuged for fifteen minutes at i �oo

revolutions per minute. Centrifugation separated the sample of bone marrow into

several layers, the relative thicknesses of which in some measure depended upon

the quantity of the bone marrow aspirated. In a “protracted” aspiration the cells

of the bone marrow proper were mixed with large quantities of cells from the

peripheral blood. The layers in the centrifuge tube, from above downwards, are

as follows:

i. Plasma.

i. Leukocytes.

�. A layer paler in color than the layer below, containing reticulocytes and all

more or less immature precursors of the white and the red blood corpuscles.

�. A layer containing chiefly the fully mature erythrocytes and some few reticu-

locytes and immature cells.

By means of a pipet the layers of plasma and leukocytes were drawn off and

discarded. Very carefully, layer 3, which is thoroughly representative of the im-

mature cells of the bone marrow, was now pipetted off. This material was emptied

into 30 to 40 ml. of Ringer’s solution. In this way a suspension of 30,000 tO 5o,ooo

cells per cu. mm. was obtained and the sample of bone marrow was ready for

culture. Samples were now withdrawn from the centrifuged marrow for determina-

� the experiments reported here an attempt has been made to keep the temperature, removal of

waste products, and consumption of oxygen as near as possible to the conditions in the organism.
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44 IN VITRO STUDY OF BONE MARROW. II

tion of the number of erythrocytes and leukocytes. The counts were performed in

the usual manner; it should be noted, however, that the determination of the

erythrocytes was done in the same dilution as the leukocytes. Then a few ml. of

the suspension were withdrawn and emptied into a small test tube which was

centrifuged for fifteen minutes at i�oo revolutions per minute. The greater part of

the supernatant Ringer’s solution was withdrawn and only a minimal quantity

allowed to remain for suspension of the sediment. After thorough suspension a

small drop of the ‘ ‘marrow’ ‘ was taken to be used for smears for comparison with

the original material and to serve as a basis (zero determination) for the subsequent

examinations; the remainder of the ‘ ‘marrow’ ‘ was used for the determination of

reticulocytes. This determination was made by supravital staining with brilliant

cresyl blue and counting in a moist chamber.”

After all these preliminary examinations had been made, the suspension of bone

marrow was placed in the membrane (fig. z.. 8, page 36) as previously described.

CALCULATIONS

With the apparatus employed each investigation of the effect of a given substance

upon the maturation of the cells of the bone marrow involved the determination

of a series of values: (i) the capacity of the bone marrow itself for development;

(2.) the influence of a fluid of given constant composition on maturation of cells

(control with Ringer’s solution); and (�) the influence of the substance under

investigation on the maturation of the cells. The results obtained in each individual

experiment were entered in tabulations as shown in tables i and 2.. The data and

results of a typical experiment are tabulated in table i, which represents the cell

population of a rabbit’s marrow observed in vitro under the described conditions

in a nutrient environment of liver extract solution.* Observations were made at

the start of the experiment and at intervals of 2., 4, and 6 hours. In each case,

several observations were obtained as follows:

(i) Total number of cells per cu. mm. This is obtained by a direct count of the

marrow specimen and entered in line (i).

(2.) Nucleated cells per cu. mm. This is also obtained by a direct count of the

nucleated marrow cells and entered in line (2.).

(�) Total non-nucleated cells per Cu. mm. This figure is the result of subtracting

the nucleated cells (line 2.) from the non-nucleated cells (line i).

(�) Non-nucleated cells formed per cu. mm. This is the difference between the

number of non-nucleated cells at any given time and the numbers of non-nucleated

cells at the start of the experiment (line 3, zero hour).

(�) Im.matureerythrocytes per Cu. mm. A differential enumeration of the nucleated

cells is done on each specimen. The percentage of immature red cells (normoblasts

plus erythroblasts) is then multiplied by the number of nucleated cells per cu. mm.

(line 2.) to give the number of immature erythrocytes per cu. mm. (line �).

(6) Cells formed per nucleated cell per hour. For any hour this figure is given

by the formula

*Hepsol fortior Medicinalco (MCO) 2.% was the form of liver extract used in all experiments.
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CLAUS MUNK PLUM 45

Cells formed per nucleated ccli per hour

Incr. in no. of non-nucleated cells (line 4)

No. of hours X average no. of immature crythrocytcs each hour

From the fundamental observations (lines i and �; differential count) the number

of mature erythrocytes formed per nucleated erythrocyte can be calculated. A

TABLE i.-Reiults of an Experiment in Marrow Culture

Nutrient Fluid: Liver Extract (Hepsol fortior MCO 2.%)

Line Duration of experiment in hours 0 2 4 6

i

2.

3

4

�

6

Totalnumberofcellspercu.mm.

Nucleated cells per Cu. mm.

Total non-nucleated cells per cu.

mm.

Non-nucleated cells formed per

cu. mm.
Immature erythrocytes per Cu.

mm.

Cellsformedpcrnudeatedceli

calculated per hour

73,800

7,680

6�,iao

-
3,92.0

-

8o,o8o

6,2.40

73,840

8,72.0

3,373

2.65

93,2.2.0

6,68o

86,540

2.1,42.0

3,536

3.10

99,000

6,ooo

93,000

2.7,880

i,a6o

2.9!

Differential count (per cent)

Ncutrophils, segmented

rodshapcd (band)

metamyelocyte
myelocyte

promyelocytc

Eosinophils, mature

immature

Basophils

Hemocytobiasts

Lymphocytes

Monocytes

Plasmacells
*Normoblasts

5Polychromatophiuic erythro-

blasts
*Basophilic erythroblasts

Megakaryocytes

Reticulum cells

Mitoses

33
II

�

2.

2.

2.

,

0

0.5

�

0.5

0.5

i6.�

�

3

2.

0.5

2.7

12.

6
4

3
3
2.

o

o

i8

o

I

i6

4

2.

2.

0.5

2.3

14

8

3

4
3

I

o

o

i6.�

i

0.5

i6

4.5

2.. 5

3
0.3

2.3.5

‘4

�

2.

2.

3

2.

o

o

17.5

0.5

0.5

i�

4

2.

2.

0.2.

* The sum of normoblasts, polychromatophilic crythroblasts, and basophilic erythroblasts gives

the total percentage number of “immature erythrocytes.” This figure times the corresponding

number of nudeated cells per cu. mm. (line a) gives the total number of immature erythrocytcs

per Cu. mm. (line �). The terms “immature erythrocytes,’� “normoblasts,” and “erythroblasts”

are used interchangeably in the discussion in the body of this paper.

typical calculation is shown in table LB. Here, there were 474 nucleated red cells

per cu. mm. at the start of the experiment, and 370 at the end of three hours in

liver solution. The average number of nucleated red cells present at any given hour,
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46 IN VITRO STUDY OF BONE MARROW. II

therefore, is the average of these two figures, or 3/� (�‘� + 370). In the course of

the three hour period, however, 4,960 non-nucleated or mature erythrocytes were

formed per Cu. mm. In this period, then, the total number of non-nucleated erythro-

cytes formed for each nucleated erythrocyte present at the beginning of the experi-

ment is given by y�”9); and the number of mature erythrocytes so formed

4,960

per hour is given by � � � � + 370) = 3.92..

The conclusion is reached that in this particular experiment each normoblast gave

rise to an average of 3.92. adult erythrocytes.

TABLE 2.. -Results of an Experiment with Rabbit Bone Marrow Cultured in Vitro at 370C., using Ringer’s

Solution (Part A) or Ringer’s Solution with Added Liver Extract (Part B) as the Nutritive Fluid

Hours 0 3 5 -

Part A. Nutritive Solution: Ringer’s Solution

i. Totalnumbcrofcellsp:rcu.mm.

a. Nucleatedcellspercu.mm.

3. Total non-nucleated cells per cu. mm.

4. Non-nucleated cells formed per cu. mm.

�. Immatureerythrocytespercu. mm.

6. Cells formed per nucleated cell calculated per

hr.

36,400

i,a8o

35, 12.0

-
474

-

37,460

1,000

36,460

, 340

350

I. ‘2.

38,980

x,i6o

37,82.0

2., 700

392.

I . 2.5

Part B. Nutritive Solution: Ringer’s Solution plus Liver Extract

i.

a.

3.

4.

�.

6.

Total number of cells percu. mm.

Nucleated cells per cu. mm.

Total non-nucleated cells per cu. mm.

Non-nucleated cells formed per cu. mm.

Immature erythrocytes per Cu. mm.

Cells formed per nudeated cell calculated per

hr.

*

�

�

-
*

-

41,2.00

i, iao

40,080

4,960

370

3.92.

43,340

960

42.,38o

7,2.60

2.98

3.78

* Values at zero hour are the same for A and B.

R�ULTS

I. Erythropoiesis in Ringer’s Solution

When the cells of the bone marrow were studied in a nutritive medium consisting

only of Ringer’s solution, it was found that a small but definite development of

cells took place. At the end of five hours under these conditions, there was an aver-

age increase of the number of blood corpuscles of about 2.0 per cent. Withdrawal of

samples at intervals during these observations showed that the rise in the numbers

of mature cells was a regular one, and could be explained as the result of a prolifera-

tion of the non-nucleated cells.
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CLAUS MUNK PLUM 47

II. Effect of Liver Extract upon Erythropoi cii:

The effect of the addition of liver solution to the medium in which marrow cells

were suspended was studied in several experiments. Table 2. depicts parallel experi-

ments with a particular suspension of rabbit bone marrow using first Ringer’s

solution (LA) and then Ringer’s solution plus liver extract (tB) as the environ-

mental medium. With Ringer’s solution, the cells formed per nucleated cell per

hour averaged about i .2.5; with liver extract added, this figure increased to 3.78 or

about three times as much. The conclusion was reached that liver extract stimu-

lated formation of erythrocytes from normoblasts under the conditions of the

experiment.

Fio. i. The relation between the numbers of cells formed when the nutrient fluid is Ringer’s solution

and a% liver extract solution, in 73 different experiments. Ordinate: formed cells/nucleated ccli, nutrient

fluid: Ringer’s solution. Abscissa: formed cells/nucleated cell, nutrient fluid: a% liver extract solution.

In figure i is depicted the relationship between the numbers of cells formed with

Ringer’s solution or with Ringer’s solution plus liver extract as the nutritive

medium, as determined in 73 parallel experiments similar to that detailed in table

2.. There was obviously an absolute individual variation from one experiment to
the next. However, the trend of the graph is towards a gradual slope upwards;

i.e., the number of adult cells formed from normoblasts is consistently two to

three times greater when liver is present in the nutritive medium than when the

medium consists of Ringer’s solution alone. The same result is pictured in figure z,

which shows that the average ratio of adult to immature erythrocytes per hour

is 5.3 in liver extract, and only 2..I in Ringer’s solution.

In the above experiments, rabbit marrow was used. Since rabbits showed a

rather great individual variation, however, duplicate experiments were made
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48 IN VITRO STUDY OF BONE MARROW. II

50 %

40 �

30 $

20 �

10%

0

Fig. a. Formation of cells calculated per immature erythrocyte per hour. Ordinate: Number of

immature erythrocytes in per cent. Abscissa: Number of cells formed per immature erythrocyte per

hour. 0 Nutrient substance: Ringer’s solution,�average. S Nutrient substance: liver extract solution.
average.

TABLE 3.-Number of Erythrocytes Formed per Erythroblast per Hour Using Ringer’s Solution or Ringer’

Solution with Added Liver Extract as the Nutritive Fluid

The figures in parentheses represent the range of individual determinations for each animal

.
Ringer s Solution Ringer’s Solution with

Added liverExtract

Rabbits

Cats

Dogs

Man

a (o.�-�.o)

3 (o.�-6.o)

2. (0.5-4.0)

a (o.�-,.o)

6 (a.�-ia.o)

9 (4.5-16.0)

8 (4.0-11.5)

8 (3.o-i4.5)

using bone marrow from cats, dogs, and human beings. The results of these experi-

ments are presented in table 3, which shows that the stimulating effect of liver on

erythrocytogenesis under the given conditions is independent of the animal studied.
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CLAUS MUNK PLUM 49

111. Effect of Plasma on Erythropoiesis

It seemed reasonable to investigate whether the circulating blood contains

substances capable of affecting erythrocytogenesis in the same manner as the

reticulocyte-ripening substances previously reported.’8 A series of experiments

was therefore set up in which the nutritive solution consisted of plasma obtained

from the same animal as the bone marrow being investigated. It was found that

plasma contained substances which were indeed capable of stimulating the cell

activity (table 4 A), since its use as the nutrient fluid regularly doubled the ratio

TABLE 4A.-Showing the Enhancing Effect of Plasma upon Erjtbrocytogenesis in Various Animals

The figures represent the number of erythrocytes formed per erythroblast per hour in the marrow

of the respective subjects when Ringer’s solution or plasma is used as the nutrient fluid. Paren-

thetical figures give the range in each case. The plasma in each experiment was obtained from the

same animal as the bone marrow studied.

Ringer’s Solution Plasma

Rabbit

Cat

Dog .
Man

2. (0.5-5 .0)

3 (o.�-6.o)

a(o.�-�.o)

a (o.�-�’.o)

4.0 (� .1-9.75)

� (�.o-ia.o)

5.0(3.o-13.o)

4.75(3.5-11.0)

TABLE 4B.-The Effect of Plasma Taken from Rabbits of Various Degrees of Anemia, on the Production of

E,y:hrocjtes in the Marrow

In each case, normal rabbit marrow was studied, the nutrient fluid consisting, in the control, of

Ringer’s solution, and in the experimental animals of plasma from rabbits made anemic by bleeding

to the degrees noted. The figures represent the number of erythrocytes produced per erythroblast

per hour.

Ringer’s Solution Plasma

Rabbit (hemoglobin �%)
Rabbit (hemoglobin4o%)

Rabbit (hemoglobin 30%)

a (0.5-5.0)

6.a�

7.0

7.75

of adult erythrocytes to normoblasts. I� a subsequent experiment in which all the

plasmas were tested against rabbit marrow, a variation in the stimulating effect

of plasmas from various animals was found. It was felt, however, that this varia-

tion might be related to the individual variations in the production of erythrocytes

among the various animals. Plasma was therefore obtained from a rabbit bled

progressively to produce various degrees of anemia, and each plasma added to the

nutrient medium (Ringer’s solution) of rabbit marrow (table 4 B). It was found

that, the more anemic the animal, the greater the stimulating effect of its plasma

upon erythrocyte formation.

DISCUSSION

On the basis of these experiments, the question arose, How does the increase in

the number of mature erythrocytes take place? It has generally been supposed that

D
ow

nloaded from
 http://ashpublications.org/blood/article-pdf/2/Special_Issue_N

um
ber_1/42/786899/42.pdf by guest on 19 M

ay 2023



50 IN VITRO STUDY OF BONE MARROW. II

the increase is completely due to mitotic division of nucleated red cells. However,

the data in these investigations make it difficult to believe that mitosis alone can

explain the great increase in the number of cells.

in the numerous differential counts which have been done in these series of

investigations, it was found that mitoses represented about 0.3 per cent of the total

number of nucleated cells, about equally divided between red cells and white cells.

Therefore, mitotic erythroblasts (normoblasts) number o. i � per cent of the total

number of nucleated cells. It was also found that nucleated red cells represent

about 35 per cent of the total nucleated cells. On the basis of these figures, we may

calculate the expected rate of mitotic division among erythroblasts. Using the

results in table LA as a starting point, it will be seen that in the course of five hours

2.,700 cells were formed, or �o cells per hour. On the average there were 1,2.2.0

nucleated cells, o. i � per cent of which were mitotic cells in the erythrocytic group;

i.e., about 2. cells. Each of these cells must therefore form 2.70 cells in the course

of one hour, or one cell in every 13 seconds. if, instead of Ringer’s solution, liver

extract is used for nutrition, a mitosis must take 4 seconds.

This calculated result is, in my opinion, too short to be plausible. The calculation

presents a more tenable picture if cell formation by protoplasmic segregation from

the erythroblast is postulated, a theory which will be discussed below. There is an

average of 35 per cent erythroblasts among the nucleated cells; this number is too

times as great as the number of mitotic cells, and gives a formation of from t to

cells an hour per erythroblast per Cu. mm.

In a previous work’2 a number of speculations were made concerning the forma-

tion of blood corpuscles in rats in the second half of fetal life. By a number of total

counts of the blood cells of rat fetuses in serial sections, it was possible, when

these results were coordinated with differential counts, to calculate the number

of red blood corpuscles formed per nucleated blood corpuscle. The results of these

studies showed that, in the course of 2.4 hours, about t6o erythrocytes were formed

per erythroblast, corresponding to a formation of about io per hour; that is to say,

the formation takes place at approximately the same rate as found in the examina-

tions of the activity of the cells in the bone marrow in vitro. Considering, on the

other hand, the values given in the literature for the amount of the bone marrow

found in human beings and the number of cells per milliliter, it will be calculated

that a mitosis takes about two seconds, a speed which must be termed unlikely.

Hitherto it has been assumed that the formation of erythrocytes is always

preceded by mitotic division, but there are a few reports that cultures of bone

marrow cells have shown immature erythrocytes which were apparently propagat-

ing by gemmation. Observations of this process have been made by Erdmann,’3

Grossman,’4 and Vannotti,’5 but these investigators were hesitant to accept the

implications of their results. Allied to the problem of erythrocyte reproduction is

that of erythrocyte denucleation. This problem has been the subject of great

discussion and remains quite unsettled. Naegeli’s view’6 of a karyolysis is well

supported by several investigators. Schilling,’7 however, claimed that an extrusion

takes place. In smears cells are often seen in which the nucleus is situated excen-

trically or just outside th’� cell as if an extrusion were taking place, but the pos-

D
ow

nloaded from
 http://ashpublications.org/blood/article-pdf/2/Special_Issue_N

um
ber_1/42/786899/42.pdf by guest on 19 M

ay 2023



CLAUS MUNK PLUM 51

sibility exists that this phenomenon may be due to the preparation of the smears.

Lisa Bostr#{246}m5 in 193 8 undertook a series of investigations in which she suspended

these cells in Hayem’s solution, thereby fixing the nucleus in situ. Staining of this

preparation disclosed numerous cells with the nucleus lying close to the proto-

plasm as if extrusion had just taken place. This type of cell was also observed by

J acobson and Plum’2 in the embryonal blood from rats and was given the name of

. . mitroid erythroblast.”

Lisa � ‘ 7 interprets this cell formation as a kind of protoplasmic segrega-

tion. According to this interpretation the nuclei are impeded in their passage

through the capillary wall in the bone marrow so that only the fully developed

cells pass out into the circulation. In edema of the vascular wall, as observed in

pernicious anemia, this passage is supposed to be delayed and thereby give rise to

poikilocytic forms. In an untreated case of pernicious anemia Schultz and Bueding8

observed a marked segregation of protoplasm from the basophilic and polychro-

matophilic megaloblasts, which in their opinion was directly responsible for the

poikilocytosis. Habelmann’8 likewise observed a similar segregation of proto-

plasm from macroblasts. The ability of the normoblast of this form to account for

the increase in the number of cells is illustrated in a subsequent work7 by Lisa

Bostr#{246}m.Definite proof of these theories is still lacking, but there is much in

favor of the assumption that the last stage of development of the erythrocyte

occurs without involving a mitotic division, and numerous observations lead to

the conjecture that this formation takes place mainly by segregation of proto-

plasmic pseudopods from the normoblasts. Such a formation of cells is well known

elsewhere in the organism where a vigorous production of formed elements takes

place; viz., in lactation.

Proof that the maturation of erythrocytes occurs without mitotis was obtained

in a series of experiments of marrow culture in which it was found that the forma-

tion of erythrocytes did not decline substantially on the addition of colchicine, a

substance which is known to arrest mitotic division.

The experiments were carried out in the following manner: Culture of marrow

was performed in two apparatus which were identical in all respects except that

in one apparatus coichicine was added to the cell suspension as well as to the

nutrient fluid and the fluid in the outside tube (fig. z:io, page 36) so as to produce a

concentration of i : it� ,ooo. Osgood has shown that this concentration of coichi

cine will give absolute guarantee of arrest of all mitoses in the metaphase.’#{176} A

determination was made, as usual, of the number of adult erythrocytes formed

when colchicine was present and when it was absent; i.e., when mitoses were

arrested and when they were acting freely, respectively. These results are typi-

fied by the experiment in table �. Virtually all experiments showed a slight de-

crease in the formation of erythrocytes in the membranes containing colchicine,

a decrease which fell outside the deviation generally met with in parallel determi-

nations so that, although a statistical treatment was not made, it is probable that

some inhibition of the activity of some cells took place. This indeed was to be ex-

pected, since within the erythropoietic system there are some young erythroblasts

undergoing mitotic division and thereby producing some erythrocytes. However,
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St IN VITRO STUDY OF BONE MARROW. II

there was still plenty of formation of erythrocytes, a result which would not occur

if all erythrocytogenesis were the result of mitotic division.

Perhaps it will be possible by means of these results to determine to what extent

the increase in the number of adult cells can be ascribed to mitosis, and to what

extent to other types of maturation. The material, however, is not yet large enough

to allow of complete analysis. For the present we are only able to establish that

the increase found in the number of erythrocytes with or without the addition of

colchicine is of the same magnitude, and it would seem therefore that in the latter

phases the formation of erythrocytes takes place largely without mitotic division.

TABLE �.-Effect of Coichicine on Production of Etythrocytes from Erythroblasts in the Marrow

Hours 0 3 5

A. Nutrient Fluid: Liver Extract Solution a%

Total number of cells per cu. mm

Nucleated cells per cu. mm

Total non-nucleated cells per cu. mm

Non-nucleated cells formed per cu. mm

Immature erythrocytes per cu. mm

Cells formed per nucleated cell per hr

ao,�6o

1,480

19,080

-

459

-

a6,ioo

1,2.00

2.4,900

�, 8ao

360

4.73

2.9,460

960

a8,�oo

9,42.0

302.

4.95

B. Nutrient Fluid: Liver Extract Solution a% plus Colchicine

Total number of cells per cu. mm

Nucleatedcellspercu.mm

Total non-nucleated cells per cu. mm

Non-nucleated cells formed per cu. mm

Immature erythrocytes pcrcu. mm

Cells formed per nucleated cell per hr

2.3,940

i,i8o

aa, 66o

3,680

354

4.52.

2.7,800

8ao

a6, 980

7,900

a6a

4.39

MICRO DATA

In addition to these indirect experiments, where the object was to see the effect

upon erythrocyte formation of paralysis of the mitoses by colchicine, a series of

direct observations was made by means of the microscopic attachment already

described.’ A small drop of marrow was placed in the visual field of the micro-

apparatus and studied. In repeated instances it was possible to observe progressive

changes in the forms of erythroblasts. Originally regular and round, the erythro-

blast (normoblast) became either oval or indented. Gradually the oval increased in

length. Finally one pole became segregated, and a small non-nucleated “erythro-

cyte” became visible in the field in addition to the large nucleated erythroblast.

This process was repeated several times in the case of a single nucleated red cell, as

many as one hundred times per cell. At the same time the new erythrocyte in-

creased in size but did not, during the time of observation, fully attain the same

size as the other erythrocytes. In addition, this new erythrocyte had a lower

refractive index than the older erythrocyte.

These experiments suggest that erythropoiesis takes place in two ways: viz., in

the initial stage up to the normoblasts, division is mitotic; from the normoblast
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stage on, mitosis is unusual, and gemmation or protoplasmic segregation is the

common mode of proliferation, after which the parent cell grows old and dies as a

normoblast.

SUMMARY

Certain problems in erythrocytogenesis have been studied by means of the in

vitro culture of bone marrow. A few conclusions have been reached by this method:

I . Liver extract stimulates production of mature erythrocytes.

,_. Plasma contains substances which stimulate the production ofmature erythro-

cytes.

3 . Plasma in anemic individuals (anemia of bleeding) probably contains sub-

stances which stimulate the production of mature erythrocytes; and the greater

the anemia, the greater the stimulation.

4. Mitoses do not account for the production of mature erythrocytes from

erythroblasts. Erythropoiesis rather occurs in two stages, in the first of which

mitosis is of prime importance, and in the second of which gemmation of erythro-

blasts is the main mechanism.
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