
IN VITRO STUDY OF BONE MARROW. III. ERYTHROPOIESIS IN VITRO

OF STERNAL MARROW FROM CASES OF PERNICIOUS ANEMIA

AND LYMPHATIC LEUKOSIS UNDER THERAPY

By JOHANNES CLEMMESEN, M.D., TAGE ESPERSEN, M.D., AND

CLAUS MUNK PLUM, PH.D.

P REVIOUS investigations by one of us (C.M.P.) have demonstrated the possi-

bility of keeping a suspension of bone marrow alive in vitro for several hours

for studies on erythropoiesis.3 In the present investigation we have utilized this

technic to examine the erythropoietic activity of marrow from normal persons

and from cases of pernicious anemia and lymphatic leukosis before and after

specific treatment.

TECHNIC

The apparatus employed has been described in detail in a previous communication .3 The bone marrow

was kept alive between two concentric collodion membranes, and a continuous flow of nutritional fluid

was sent through the central chamber, thus permitting a constant composition of the nutritional medium

within it, in spite of the diffusion taking place thiough the membrane out into the suspension of marrow.

To remove waste products the Lockes fluid in the peripheral chamber was frequently renewed. The

temperature was kept constant at 370C. by means of a water bath, and a continuous current of carbogen

was sent through the chamber.

Marrow was obtained by puncture of the sternum and aspiration of o.5 cc. of marrow. Sodium citrate

3.5per cent was added in equal parts, and the cells separated from the fluid by centrifugation. With a

pipet the intermediary layer of cells was removed for cultivation and brought to a concentration of about

30,000 cells per Cu. mm. in Locke’s fluid containing i per cent of the corresponding serum. The serum to

be examined was suspended in Lockes fluid to a concentration of s. per cent and used as nu-

tritional medium.

It was necessary to start cultivation as soon as possible after the sternal puncture, and as no absolute

sterility of the apparatus is obtainable the cultivation period was limited to five or six hours.

Experiments on leukotic marrow were carried out simultaneously in a set of four parallel apparati,

kept in the same water bath. In these cases the first apparatus tested normal marrow against its own

serum as nutritional medium; the second chamber contained normal marrow with leukotic serum; the

third, leukotic marrow nourished with normal serum; the fourth tested leukotic marrow against its own

serum. Each experiment thus contained satisfactory controls.

The erythropoietic activity was expressed by the number of non-nucleated cells

produced during one hour per nucleated red cell present before cultivation. The

determination of this value may be illustrated by an example from the cultivation

of marrow from Case 2..

The authors are indebted to Professor C. Sonne, The University Medical Clinic A, Rigshospitalct,

Copenhagen, for permission to treat and examine the patients; and to Professor Engelbreth-Holm, The

University Institute of Pathological Anatomy, for working facilities during some of the investigations.

Aided by grants from The Carlsberg Foundation and King Christian the Tenth Fund.

Presented October 2.5, 1946 before The Danish Society for Internal Medicine in Copenhagen, and The

Swedish Society for Internal Medicine in Stockholm.
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0.89 0.84 o.86 0.92. o.8o o.86

1 2 3

Start 3 hours 5 hours

Total cell count per cu.mm. . . . A 42.880 44040 4472.0

Nucleated cell count per cu.mm.. . . B 3640 3480 3360

Total non-nucleated cells mm.3... C = A - B 392.40 40560 41360

Non-nucleated cells produced mm.3. . D = C? - C1 132.0 2.12.0

Immature red cells per mm.3. .. E = (( of B 6’� = �i8 6� = 2.09 5� = 168

Dc. produced per nucleated R.B.C. per

DXi
hour F= 2.03 2.2.1

(E2 - E5) X hours

NORMAL INDIVIDUALS

It is a weakness of the method that no fixed standard for erythropoietic activity

was available. In every case control experiments must be carried out on normal

bone marrow planned as the cross experiments to be described. Thus it was im-

TABLE I .-Ncrmal Marrows and #{163}ra. Er3thropoietic Activities

Normal Normal II Normal Normal III Normal Normal

Serum A Serum B Serum C�SerumD� Serum E,Serum F

Normal Mar- Normal Mar- Normal Mar-

rowA 5.41 4.50 rowC 5.17 4.43 rowE 4.98 4.18

Normal Mar- Normal Mar- . Normal Mar-

rowB 4.2.5 5.04 rowD 4.51 5.2.9 rowF 4.08 4.85

Normal Normal �. Normal NormalSerum (i Serum H Serum I Serum K

Normal-Marrow G 5.09 4.43. Normal Marrow I 4. 8�

Normal Marrow H 4.16 4.78 Normal Marrow K �. 4.15 5.05

portant to know the values for erythropoietic activity of normal marrow. Exam-

inations of marrows from 31 persons were carried out in single experiments with

the following results: Average activity was 5.13 ± o.i6; the maximum value

found was �.88, and the minimum 4.67. Five cross experiments on ten marrows

and sera among the 31 are recorded in table i.

Using the values given above indicating erythropoietic activity we worked out

the following ratios for each cross-experiment and the average for all:

I II III IV V

Marrows B, D, F, H, K + Sera B, D, F, H, K
I 0.93 1.02. 0.97 0.94 1.04 Average: 0.98

Marrows A, C, E, G, I + Sera A, C, E, G,I

Marrows B, D, G, F, K + Sera A, C, E, G, I
2., -. �.- � 0.79 0.87 0.82. 0.82. o.86 0.83

Marrows A, C, E, G, 1 + Sera A, C, E, G, I

Marrows A, C, E, G, I + Sera B, D, F, H, K
3. � - ----- o.8� o.86 0.84 0.87 0.84 o.8�

Marrows A, C, E, G, I + Sera A, C, E, G, I

Marrows B, D, F, H, K + Sera A, C, E, G, I4 -� ----�----�- o.8� o.8� 0.84 0.87 0.82. o.8�

Marrows B, D, F, H, K + Sera B, D, F, H, K

Marrow \ C, E, G, I + Sera B, D, F, H, K

�‘ ��srl,
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It appears from these figures that as soon as a marrow is nourished on serum from

another person erythropoietic activity is reduced to about 85 per cent of the ac-

tivity between corresponding marrow and serum, but the activity in such a heterol-

ogous system is the same whichever marrow-serum combination is employed.

In subsequent experiments, similar ratios were set up to calculate the relative

effects of normal and pathologic sera upon normal and pathologic marrows.

Numbered according to the schema above, these are as follows:

Normal Average

marrow B + serum B

marrow A + marrow A 0.9

marrow B + serum A
2.. --�---�-�- 0.83

marrow A + serum A

marrow A + serum B
3. --�------- ,. .. o.8�

marrow A + serum A

marrow B + serum A
4. � o.8�

marrow B + marrow A

marrow A + serum B
5. - o.86

marrow B + serum B

The authors realize that computations carried out in accordance with usual con-

ceptions of the validity of standard deviations for countings of cells in fluid media

might find our results within the limits of standard deviations. However, after

studies by G. Rasch on results obtained by Ruth Plum, it must be accepted that

such enumerating can be carried out with far greater accuracy than hitherto as-

sumed.3’ � Finally the influence of therapy on our results prevent us from regard-

ing them as merely accidental.

SIMPLE ANEMIA

Cross experiments were carried out in 2. cases of slight anemia.

Case A. Woman, aged 32.. Menses normal, last birth six months earlier. Now

tired, irritable and nervous. No abnormal somatic findings; no enlargement of

lymph nodes; no goiter. Hb.: 74 per cent; erythrocytes: 4.7 M.; color index: 0.78.

Differential counts of peripheral blood and bone marrow showed normal values.

Erythropoietic activity
on alien serum as per

cent of activity on own
Serum Anemic Serum Normal serum

Anemic Marrow 4.88 4.48 92.

Normal Marrow 4.40 5.45 8s

Normal Aver.

Path. Marrow + Path. Serum
o.88 0.98

Norm. Marrow + Norm. Serum

Path. Marrow + Norm. S:rum
2 0.83. 0.83

Norm. Marrow + Norm. Serum
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158 IN VITRO STUDY OF BONE MARROW

Normal Aver.

Norm. Marrow + Path. Serum
3. o.8, o.8�

Norm. Marrow + Norm. Serum

Path. Marrow + Norm. Serum
4. ... 0.92. o.8�

Path. Marrow + Path. Serum

Norm. Marrow + Path. Serum
5. 0.90 o.86

Path. Marrow + Path. Setum

Case B. Male, aged 2.8. For the last years very irregular meals. Pronounced fatigue

and slight dyspepsia combined with headache. No pathologic somatic findings.

Gastric analysis normal. Hb. 79 per cent, Erythrocytes � M., Color Index

0.84. Differential count of peripheral blood gave normal values. The sternal mar-

row showed fairly numerous cells of the erythropoietic system (38 per cent).

Erythropoietic activity
on alien serum as per

cent of activity onAnemic Serum Normal Serum own serum

Anemic Marrow 4.69 4.27 8�

Normal Marrow 4.37 5.02. 87

Normal Aver.

Path. Marrow + Path, Serum
I. Normal Marrow + Norm. Serum 0.93 0.9

Path. Marrow + Norm. Serum
2.. - 0.83 0.83

Norm. Marrow + Norm. Serum

Norm. Marrow + Path. Serum 8 8

Norm. Marrow + Norm. Serum 0. 7 0. 5

Path. Marrow + Norm. Serum
4. -� 0.89 o.8�

Path. Marrow + Path. Serum

Norm. Marrow + Path. Serum
5. 0.04 o.86

Path. Marrow + Path. Serum

Thus, marrows from two cases of simple anemias did not show any pronounced

deviation from normal marrows.

PERNICIOUS ANEMIA TREATED

Case z. Woman, aged 44. For about six months, the patient suffered from con-

stipation, increasing fatigue, pains in the tongue and epigastrium. Laboratory

showed gastric achylia. On May 15, 1946 the blood values showed: Hb. 62. per cent;

R.B.C. 2..O M.; color index 1.48; icterus index �. A differential count of the marrow

showed blasts 4.4 per cent, promyelocytes o.8 per cent, myelocytes 14.4 per cent,

metamyelocytes 14.8 per cent, bands 34 per cent, polys 15.2. per cent, monos 0.2.

per cent, lymphos 10.2. per cent, plasma cells o.6 per cent, normoblasts 19.4 per

cent, megaloblasts i 6.t per cent.
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J. CLEMMESEN, T. ESPERSEN AND C. M. PLUM 159

Following treatment with liver extract, within sixteen days the erythrocytes

numbered 3.8 million, the hemoglobin was 83 per cent, and the color index was

i.o8. The reticulocytes had reached a maximum of 2.5.7 per cent.

TABLE 2..-Case i

5/15/46

Pernicious Anemia
Serum I (before

treatment)

Pernicious anemia
Erythropoietic ac-

tivity on alien serum
as per cent of activ-

ity on own serum

152.

6’ ‘46
� II ( ft

t�.�and fall in

reticulocyte)

Normal Serum a, b

a

4.42.Marrow I 2..91

Marrow II 4.38

b

5.05 ,i�

Normal Marrow a 3.12.

a

4.67 67

Normal Marrow b 4.18

b

5.2.3 8o

Table 2. lists the results of cross experiments using this patient’s marrow and

various sera.

I II Norm. Aver.

Path. Marrow + Path. Serum

Normal Marrow + Norm. Serum 0.62. 0.84 0.98

Path. Marrow + Norm. Serum
2.. Norm. Marrow + Norm. Serum 0.95 0.96 0.83

Norm. Marrow + Path. Serum
3. 0.67 o.8o o.8�

Norm. Marrow + Norm. Serum

Path. Marrow + Norm. Serum
4, 1.52. 1.15 o.8�

Path. Marrow + Path. Serum

Norm. Marrow + Path. Serum
i.o8 0.95 o.86

Path. Marrow + Path. Serum

Figures i and 2. show that the erythropoietic activity of the pathologic marrow

when nourished on normal serum not only did not drop by i� per cent on applica-

tion of the alien serum but even exceeded normal erythropoiesis by about 50 per

cent (Line 4). The pathologic serum, however, failed to keep a normal alien mar-

row at 8� per cent of its production with its own serum, and reached a level of only

about 67 per cent (Line �). Both these deviations tended to disappear after treat-

ment.
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i6o iN VITRO STUDY OF BONE MARROW

LYMPHATIC LEUKOSIS TREATED WITH URETHANE

Shortly after the publication by Paterson, Haddow, Ap Thomas, and Watkinson

on the treatment of leukemia with urethane,’ we began investigations of the effect

of such treatment, both clinically and by means of the technic here described.

Technical difficulties prevented corresponding studies on the leukopoietic activity

of marrow because of the morphologic similarity of different cells in the early

development of the white cell series. Cultivation of marrow was carried out before,

during, and after treatment with urethane, which in these cases was supplemented

Hb.%

1001-

74

�U4$OUC ACID (lOo#{247}100#{247}lOOmc3)
2 � 4Q
I � . URETJ�ANE

LEUKOCYTES

8O�p

70-j-

oo!-’.�.
a’ 0’

504-a’ c� c�

3o-�

i.Vl �MI tVlll t.lX

Ii MAPPOW II MAR�CYW

FIG. 1. Case 2.. Lcukosis lvmfatica

with folic acid; and which gave results in full conformity with those obtained by

Paterson and her colleagues.

Case 2. (Figure i.) Woman, aged 66. For a few months, there was increasing

loss of strength with expectoration and slight rise of temperature. She was ad-

mitted to the hospital, and a diagnosis was made of febrile bronchitis, obesity and

osteoarthrosis of the knee joints. There was no enlargement of lymph nodes, liver,

or spleen. The white cell count was 64,ooo with �o per cent lymphocytes. Sternal

marrow showed 70 per cent lymphocytes and the case was diagnosed as lymphatic

leukemia. Urethane was given in daily doses of 2. to 4 grams (146 grams in forty

days) and was followed by a fall in leukocytes from 6o,ooo to 70,000 to less than
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2.0,000 in four weeks. After treatment for another two weeks the white cell count

was below io,ooo. At the beginning of treatment �o per cent of the white cells were

lymphocytes, but ten to eleven weeks later lymphocytes amounted to i� per cent

of the white cells.

At one time folic acid was added to the treatment in the hope of stimulating

erythropoiesis, 300 milligrams being given in the course of three days. The fall of

the white cell count seemed uninfluenced by this medication. The hemoglobin

level was fairly constant at about 8o to 8� per cent.

Hb.%
100-h-

90+

80

70

#{149}�RR0SI TARTRATE�4�.

URETHANIE _____

LEtJKOGYTES 1IUFOLIC ACID (4O�6O+1O0+100mg)

60)-

50.�Q#{149}� ��#{176}
� to N- 0cx:� N�
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o-4- -� “�‘)-� -1
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I MARROW II MARROW I IIIMARROW

FIG. 2.. Case 3. Leukosis lvmfatica

Three months after the end of treatment the white count was still normal and

the patient was felling well.

Case �. (Figure i..) Woman, aged 43. Since adolescence the cervical lymph nodes

had been enlarged, varying in size but with no other symptoms. At about i8 she

had been treated with roentgen rays, and at 30 by incision of suppurating lymph

nodes.

For four years the patient had had increasing loss of strength and weight, pro-

gressive enlargement of lymph nodes, sweating, itching of the skin, diarrhea, dry

cough, and a tendency to edema of the ankles. Several febrile periods had been
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treated as pneumonias. In the hospital she was found to have an anemia (Hb. 48

per cent), and enlargement of the lymph nodes to the size of an egg, in the neck,

TABLE 3.-Case 2

Serum I, before
treatment,

5/31/46

Serum II, during
treatment,

6/25/46

Serum III, after
treatment,

10/17/46

Normal Serum
a b �

‘ ‘

Erythropoietic
activity on alien

serum as per
cent of activity

on own serum

147Marrow I 2.12.

a

3.12.

Marrow II 3.97

b

4.67 117

Marrow!!! 4.93

C

5.03 102.

Normal Marrow a 3.04

a

4.77 64

Normal Marrowb 4.27

b

4.87 87

Normal Marrowc 4.74 5.2.7 90

TABLE 4.-Case 3

Serum I, before
treatment,

6/7/46

3.23

Serum II, during
treatment,

8/29/46

Serum III, on
readmission,

10/14/46

Normal Serum
a b

‘ ‘

�
4.32.

Erythropoietic
activity on alien

serum as per
cent of activity

on own serum

238Marrowl

Marrow!! 3.63

b

4.58 22.6

Mariowill 4.2.0

c

5.15 ILO

NormalMarrowa 3.49

a

5.2.1 67

b

Normal Marrow b 3.38 4.83 70

c

Normal Marrow c 4.56 5.36 8�

the axillae and the groins. The spleen was enlarged 4 tO � cm. below the costal

margin. The skin of face and neck showed small, firm, pink infiltrations the size of
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a pea, which on histologic examination showed leukemic infiltration. Biopsy of a

lymph node also showed the histologic picture of lymphatic leukosis.

The white cell count was 72,000, 8� per cent of which were lymphocytes. In the

sternal marrow lymphocytes amounted to 8o per cent of the marrow cells. Treatment

with urethane in daily doses of 2. tO 4 grams (46 grams in fifteen days) caused a fall

of the white cell count from 72,000 to about 5,ooo in fifteen days. There was a rise

in hemoglobin from 48 tO 6� per cent. A further increase to 91-98 per cent occurred

later. About one month after the end of urethane treatment 300 mg. of folic acid

were given in the course of five days. At this time there occurred an increase in

white cells to over xo,ooo, but after 3 grams of urethane daily for fourteen days the

leukocyte count returned to normal, where it was maintained six weeks later. At

this time the lymph nodes had diminished slightly but were still markedly en-

larged. The spleen was palpable only during deep inspiration. The subcutaneous

infiltrations were uninfluenced by treatment. The patient felt well, and the tempera-

ture was normal.

Estimations of the erythropoietic activity in vitro of sternal marrow were under-

taken in both Cases 2. to 3 both before and after treatment. The points of time are

indicated in figures i and 2., and the results are tabulated in tables 3 and 4.

The calculated erythropoietic activity under various conditions in relation to the

average values observed by cross experiments on ten normal marrows and sera

were as follows:

Normal
5/31 6/25 10/17 Average

Path. Marrow + Path. Serum
-� 0.45 0.82. 0.94 0.98

Norm. Marrow + Norm. Serum

Path. Marrow + Norm. Serum
2 o.6� 0.96 o.96 0.83

Norm. Marrow + Norm. Serum

Norm. Marrow + Path. Serum

Norm. Marrow + Norm. Serum 0.64 0.87 o.9o o.8�

Path. Martow + Norm. Seium
4 - I.4’ 1.17 2.02. o.8�

Path. Marrow + Path. Serum

Norm. Marrow + Path. Serum
5, 2.44 2.05 0.96 o.86

Path. Marrow + Path. Serum

6/7 8/29 10/14 Normal
I II III Average

Path. Marrow + Path. Serum
o.6o 0.75 o.8o 0.98

Norm. Marrow + Norm. Serum

Path. Marrow + Norm. Serum
2 oS, 0.95 0.96 0.83

Norm. Marrow + Norm. Serum

Norm. Marrow + Path. Serum
3, 0.67 0.70 o.8� o.8�

Norm. Marrow + Norm. Serum
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164 IN VITRO STUDY OF BONE MARROW

6/7 8/29 10/14 Normal
1 11 III Average

Path. Mart ow + Norm. Serum
4 1.38 2.2.6 1.2.0 o.8�

Path. Marrow + Path. Serum

Norm. Marrow + Path. Serum
5, 1.12. 0.93 i.o8 o.86

Path. Marrow + Path. Serum

In both cases, the deviations from the normal values as well as the approach

toward the latter after treatment corresponded closely to the findings in pernicious

anemia.

SUMMARY

Experiments have been performed on sternal marrow kept alive in vitro ith

serum as a nutritional medium.

Cross experiments with marrow and serum from two normal persons show

roughly identical values for erythropoiesis. The same applies to marrows and sera

from cases of mild simple anemia.

Marrow from a patient with pernicious anemia showed increased erythropoiesis

in vitro if nourished on normal serum, whereas serum from the same case lowered

the erythropoiesis of normal marrow. After treatment with liver extract, con-

ditions tended to return to normal.

Marrow from 2. cases of lymphatic leukosis displayed corresponding phenomena,

and showed a tendency to return to normal after treatment with urethane and folic

acid.

Further investigations along these lines are in progress.
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