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T lIE MORPHOLOGIC ABNORMALITIES of red and white cell pre-

cursors in vitamin B12 and folate deficiency have been known in detail for

mnanv years, as have the morphologic changes by which a megaloblastic mar-

row becomes transformed to a normoblastic one when appropriate substitution

therapy is given. By contrast, little information has until recently been avail-

able on the functional derangement accompanying the structural abnormalities

in these cells, or on the way in which such malfunction leads to underproduc-

tion of red cells, leukocytes, and platelets. Since the introduction of new

technics, reports have begun to appear on the chromosome constitutio&’7’5”9

and DNA synthesizing activity of megaloblasts.’7’24 In the present paper we

report attempts to clarify the functional defect by means of the combination of

chromosome studies, autoradiography, and DNA measurements in individual

cells. These first results suggest that it may be possible to explain the defect in

terms of a deranged DNA metabolism. Further combined studies of this

nature may well produce a model for comparison with other pathologic cells

such as those in leukemia.

MATERIALS ANt) METhODS

We studied ten immiselected patients. five niemi and five women, with either B,., or folate

deficiency. All were anemnic and had marrows with classical megaloblasts and giant stabs.

The precise diagnosis was established in each instance h�’ means of serum B12 and folate

assays (Table 1), B,2 absorption (Schilling) tests and other appropriate investigations. All

patients were untreated at the time the muarrows were examined, and all responded! normally

to specific substitution therapy. Investigations were made on direct uncultured preparations

of marrow using the method of Kiossogloum et al.18 for chromosome studies, modified so as

to allow autoradiographic and microdensitometric studies.

The following standard procedure was emiiploved: Marrow was aspirated from the sternum

or ilium by means of a heparinizedl syringe and suspended in cold Hank’s solution.

Following light centrifugation the huffy coat was remiioved and suspended in buffered!

saline containing colcemid (in a final concentration of 1 : 1000), and, in cases 2 and 5-10,

tritiated thymidine (specific activity 14.3 c./mnNI.) to give a final concentration of 2 �ic./ml.

The suspension was left for 1 hour at room temperatumre. Following hypotonic treatment in
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582 MENZIES, CROSSEN, FITZGERALD AND GUNZ

Table 1.-Hematologic Data in Cases of Megaloblastic Anemia

Case Sex Age

58

Hb Gm. %
Serum B,�

(Picograms/ml.)
Serum Folate

(Nanograms/ml.t)

6.71 NI 5.0 45

2 NI 58 9.0 50 4.4

3 F 53 4.5 50 11.0

4 NI 52 4.0 55 8.4

5 NI 55 8.5 45 12.5

6 F 79 11.0 160 2.5

7 F 80 8.0 30 12.5

8 F 79 7.0 25 6.4

9 F 89 10.5 130 1.0

10 NI 70 6.5 20 5.5

#{176}Lacto. Leishmanii method: low results below 100 picograms/nil.

fLacto. Casei method: low results below 3.0 nanograms/mI.

0.95 per cent sodiumn citrate for 10 mintmtes and fixation in a 2:1 mixture of methanol and
acetic acid, the cells intended for chromosome studies were spread by flaming and stained

by Giemsa. Cells intended for autoradiographic and microdensitonietric studies were spread

1)y air drying and stained by the Feulgen procedure. Slides so prepared were covered with

Kodak AR1O stripping film and exposed in the dark at 4 C. for 3 days. They were then

developed! at 16 to 17 C. in Kodak D19b developer. fixed and dried. Cells showing 5 or

niore grains were regarded! as labeled.

The microdensitom,ietric technic followed that of Cooper et al.,6 modified in some details.

Photographic miiaps were inadle of the Feulgen-stained cells on a marked portion of the

slides. Cells labeled! with tritiatedl thymid!ine (H3T) and unlabeled cells were identified

separately on the maps, after which the slides were treatedi with a 10 per cent solution of

potassiumm ferricyanide for 2 minumtes to remove the silver grains.

The density of Feulgen staining of the marked labeled and unlabeled cells was measured

by an integrating microd!ensitometer (Barr and Stroud Type G.N.2.), triplicate measure-

nients being niade of 100 labeled and 100 unlabeled cells from each case. Distribution

charts of DNA values were constructed fromn these data.

RESULTS

These were identical in B12 and folate deficiency.

Chrontosoine Studies

The marrow cells in megaloblastic anemia showed, for the most part, unusu-

ally good preservation of the chromosomes whose morphology could be easily

recognized. Chromosome counts are shown in Table 2. A clear mode of 46

chromosomes was present in each case, and there was no more aneuploidy

than we have found in marrows from normal people and other disease condi-

tions using the same technic. In particular, there was no evidence of any

subsidiary modes such as the monosomy G described by Kiossoglou et al.19

Only 3 of the 38 cells with hypodiploid counts, or 1.2 per cent of all mitoses

examined, lacked a G-group chromosome, a proportion not significantly larger

than the 1 per cent or 0.95 per cent reported in normals respectively by

Kiossoglou et al.19 and by Jacobs et al.13

In contrast to the absence of numerical changes in P.A. mitoses, morphologic
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Table 2.-Chromosome Studies in Marrow Cells of Megaloblastic Anemia

Chromos ome Count No. Cells
Showing

ChromosomePoly- Total
Case <44 44 45 46 47 48 ploid Cells Breaks Remarks

1 1 6 22 - - 1 30 10 One cell showed

mnonosomy G.

2 27 - 1 28 3

3 1 - - 17 18 1

4 1 1 16 1 19 3

5 1 5 25 - - 1 32 3 Two cells showed

mnonosoniy C.
6 6 24 2 32 2 No cells showed

monosomy C.
7 1 1 4 23 - - 1 30 8 No cells showed

iiionosoniy C.

8 1 - 1 20 1 23 1

9 9 9 -

10 1 2 5 21 - 1 30 5 No cells showed

mnonosamny C.

abnormalities of the chromosomes were numerous. They occurred in all of our

ten cases and included the following features:

1. The centromeric constrictions were of exaggerated size (Figs. 1 and 2).

Similarly, the normal sites of secondary constriction showed marked negative

heteropycnosis and appeared as gaps ( Figs. 1 and 2). The satellites of the

acrocentric chromosomes ( numbers 13-15 and 21-22 ) were prominent in most

cells, mainly because the heteropycnotic secondary constrictions which separ-

ate them from the body of the chromosome were attenuated ( Fig. 2).

2. Chromatid breakage was the commonest of all abnormalities, being pres-

ent in 5-33 per cent of the scorable cells in nine of the ten cases, and individual

cells often showed several breaks ( Fig. 3). Significantly, the breaks involved

one chromatid only, and there was no evidence of reunion or interchanges. A

considerable number of metaphases from some patients showed more exten-

sive chromosome fragmentation, with multiple constrictions and breaks affect-

ing so many chromosomes that counting became impossible. In some cells

fracture with separation of the broken chromatids occurred, particularly near

the centromeric region (Fig. 4).

3. A number of cells showed thin, elongated chromosomes which probably

resulted either from reduced contraction or despiralization. In these cells the

centromeric and secondary constrictions were characteristically attenuated.

4. In patients showing the greatest number of abnormalities, some meta-

phases had abnormally small and poorly defined chromosomes whose chroma-

tids had separated; others showed more pronounced degeneration of the chro-

mosomes (Fig. 5).

5. The colcemid-treated megaloblastic marrows showed sizable numbers of

mitoses in prophase (up to 52 per cent as against about 15 per cent in a

normoblastic marrow ) .
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Fig. 1.-Metaphase from Case 1 showing a prominent secondary constriction iii

an A group chromosome (long arrow) and prominent centromeric constrictions

(short arrows).

DNA Studies

These were carried out on seven of the ten patients ( Cases 2 and 5-10).

Six to 17 per cent of cells were found to be labeled in individual marrows,

compared with an average of 6 per cent in normal marrow and 0.3-2 per

cent in acute leukemia. (Polymorphs were excluded from all counts.) Owing

to the hypotonic treatment to which the specimens were subjected, pre-

cise differential counts were impossible. The only classes of cells which

could be identified with certainty were mature polymorphs and stab cells,

including giant stabs. Whereas in normal marrow, labeling ceases at the my-

elocyte stage, 75 per cent of the stab cells in P.A. marrows were found to be

labeled. Most of these were of the “giant” variety. Polymorphs were always

unlabeled.

Measurements of the DNA content were made in those cells which had been

found to be capable of DNA synthesis-that is, all classes up to and including

stabs but excluding polymorphs. These cells comprised both erythroid and

myeloid precursors.
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Fig. 2.-Metaphase from Case 2 showing prominent satellites on D and G group
chromosomes (light arrows) and a secomidary constriction in a C group chromosome
(dark arrow).

The results in a normal marrow are shown in Figure 6. Labeled cells ( chart

a ) characteristically show DNA values extending from the postmitotic value

( 2c ) to the doubled premitotic value ( 4c ) without any distinctive peak which

might indicate an accumulation at that stage of the cycle. In contrast, the DNA

values in unlabeled cells ( chart b ) show a high narrow peak at 2c, nearly all of

the cells l)eing in the G1 phase.

The results in megaloblastic mnarrows (Cases 5 and 6) are shown in Figures

7 and 8. The labeled cells (chart a) show a similar DNA distribution to normal

labeled cells, hut the unlabeled cells (chart c) have a pattern of DNA values

entirely unlike their normal counterparts for, in addition to the peak at 2c,

there are many cells with values between 2c and 4c, with a minor mode near

4c. Figures 7 and 8 (b) show that the mitotic cells range around a 4c value,

which is normal. Stab cells are individually marked and it can he seen that the

labeled stabs have DNA values ranging from 2c to 4c, whereas the unlabeled

ones tend to cluster around 4c. This pattern of DNA values was found in each

case in which H3T labeling was carried out.
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Fig. 3.-Metaphase from Case 2 showing chromatid breaks (arrows).

DIscusSIoN

Folic acid and B12 are both believed to be essential in the synthesis of DNA.

Although the precise interrelationships are still controversial, it is thought that

folic acid, iii its reduced tetrahydro form, is required as a coenzyme in nude-

otide synthesis, the conversion of deoxyuridylic acid to thymidylic acid being

one of the steps which may be blocked in its absence. B12 in turn appears to be

necessary as a factor without which the biologically active reduced folic acid

coenzymes cannot be formed or function effectively.27 It may also play a part

in the reduction of the ribosyl to the deoxyribosyl moiety of the nucleic acids in

the cell nucleus.

It was an obvious hypothesis that defective DNA synthesis in B12 and folate

deficiency might lead to defective hematopoiesis, and that it could thus ac-

count not only for the overall shortage of erythrocytes, leukocytes, and plate-

lets, but also for the morphologic peculiarities of the progenitors in the three

cell series of the bone marrow. The precise mechanism causing these changes

has remained uncertain. Japa’4 produced cogent evidence in favor of a prolon-

gation of mitosis in megaloblasts, while Reisner23 suggested a prolonged inter-

phase as the probal)le mechanism slowing erythropoiesis. Lajtha2#{176} thought a

hold-up in the G2 phase likely. The present work in turn has shown that both

mitosis and interphase are probably abnormal.
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Fig. 4.-Metaphase from Case 1 showing multiple breakage of chromosomes,
especially near the centromeres, and separation of chromatids.

The overall generation time of a cell series must be more profoundly

affected by factors altering the duration of interphase than that of mitosis. This

is because the normal mitotic time is relatively short, occupying only about 5

per cent of the total cell cycle. Hence, even doubling the mitotic time would

have less effect than a mere 20 per cent increase in the length of interphase.

We now discuss our findings in relation to the various phases of the cell cycle.

Mitosis

Two overall features characterized the chromosome changes in megaloblas-

tic anemia.

1. They were isolated events found in individual cells and there was no

evidence of stable cell lines or clones as found in leukemia and other

malignant tissues.

2. The pattern of morphologic abnormalities was distinct from that caused

by irradiation or radiomimetic agents. Irradiation causes both chromatid
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“4

Fig. 5.-Metaphase from Case 1 showing advanced degeneration of chromosomes.

and chromosome breaks with frequent reunions and exchanges and the

aberrations are distributed randomly along the length of individual chro-

mosomes and among chromosomes. By contrast, breaks in our material

were mainly chromatid; they showed no reunion and a preference for

the centromeric region. They also occurred at sites of secondary constric-

tion, but our material was insufficient to demonstrate statistically a non-

random distribution.

The occurrence of chromatid attenuation and breaks near constrictions sug-

gests that their cause may be irregular or failing DNA synthesis at these sites

of late replication; so does the lack of reunion of the broken fragments. It is

significant that a similar pattern of chromosome damage has been found in

human leukocytes and other mammalian cells after treatment with agents

known to interfere with or inhibit DNA synthesis and to cause arrest of cells in

the S phase of the cell cycle. Thus, treatment with the nucleosides fluorode-

oxyuridine,”26 deoxyadenosine,’6 and cytosine arabinoside�’ led to the for-
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Fig. 6.-Histograms of DNA content (in arbitrary units) of normal marrow cells
(polymorphs excluded). (a) Labeled cells. (b) Unlabeled cells.

MARROW CELLS IN B12 AND FOLATE DEFICIENCY 589

mation of gaps, stretching of constrictions, chromatid breaks especially at

sites of constrictions and practically without reunion, and extreme chromosome

fragmentation. These agents block DNA synthesis at various levels of phos-

phorylation and thus inhibit the formation of nucleotides required for DNA

synthesis. Similar changes were caused by the nucleoside analog 5-bromode-

oxyuridine,12’15 which is incorporated into DNA and prevents thymidine for-

mation, and by a number of other substances of uncertain biologic activity

such as arabinosyl adenine,2’ hydroxylamine and a number of its derivatives,2’25

and the antibiotics Mitomycin C4’22 and Streptonigrin.5

Since the chromosome changes found by us in B12 and folate deficiency were

closely similar to those produced by known inhibitors of DNA synthesis, this

appears to be strong evidence that they themselves were expressions of

deficient DNA synthesis. The fact that we found a significant number of

prophases as well as metaphases in colcemid-treated cells indicates further that

mitosis was not only disordered but also either prolonged or perhaps at times

abortive. Changes of the same kind were found in single P.A. patients by

others,”8 and Kiossoglou et al.’9 described them in detail in three further ones;

we were, however, unable to confirm the frequent aneuploidies also mentioned

by the latter authors.
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Fig. 7.-Histograms of DNA content (in arbitrary units) of marrow from Case 5
(polymorphs excluded). (a) Labeled cells. (b) Mitoses. (c) Unlabeled cells.
Stab cells are marked with cross-hatching.

Interphase

Although our technic did not allow us to distinguish between the various cell

categories, the overall percentage of cell labeling with H’�T h� megaloblastic

marrow was at least equal to that in normal marrow. Similar results were

obtained by Schmid et al.24 This fact need not, however, indicate that DNA

synthesis was equally active, for this conclusion would only be justified if the

ratio of the S period to the postmitotic Gi period were the same in normal and

megaloblastic cells. Any preferential prolongation of the S period would in-

crease the proportion of labeled cells, but this would not signify that more cells

were entering the S period. Similarly, such a prolongation of S would decrease

rather than increase the total cell output per unit time.

The method of determining separately the DNA content of synthesizing and

resting cells makes possible a more precise analysis of interphase. Normally,

the two classes have entirely different distributions of DNA values (Fig. 6),

those in synthesizing cells ranging from 2c to 4c, while practically all resting

cells approximate 2c. Such was not found to be the case in megaloblastic

anemia. Whereas labeled cells showed the same pattern as normal ones, with a

smooth progression from 2c to 4c, many of the unlabeled cells had values well

beyond 2c, and in several cases (Figs. 7 and 8) there were peaks near 4c. Since
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Fig. 8.-Histograms of DNA content (in arbitrary cells) of marrow from Case 6
(polymorphs excluded). (a) Labeled cells. (b) Mitoses. (c) Unlabeled cells. Stab
cells are marked with cross-hatching.

none of these cells could be shown to be actually synthesizing DNA, this

finding appears to indicate that they had begun synthesis l)ut failed to com-

plete it; that is they had been arrested at various points in the S period. An

alternative explanation would be a gross slowing of DNA synthesis to such an

extent that no measurable H�T labeling occurred during the time of the experi-

ment. Such cells might be expected to become labeled if the exposure to H3T

were greatly extended. The peaks at 4c can be interpreted as showing an arrest

at, or a gross prolongation of the premitotic or G2 period. This abnormality

was especially marked in giant stabs.

The DNA pattern found in these patients has not so far been described in

human material. It is not only different from that in normal marrow but also in

other proliferating cells such as leukemia and infectious mononucleosis.9’10 Our

own measurements of leukemic cells have so far shown only minor modifica-

tions of the normal pattern. It thus appears that B,2 or folic acid deficiency

leads to a distinctive disturbance in the DNA metabohsm of immature cells,

with a complex mode of expression. Specifically there is (1) Disturbance and

probable prolongation of mitosis with disorganization of individual chromo-

somes, (2) arrest of DNA synthesis in individual cells during interphase, and a
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possil)le general prolongation of interphase, ( 3 ) continuation of DNA synthesis

beyond the developmental state ( myelocyte ) at which it normally ceases.

The picture which thus emerges of the cellular DNA metabolism in these

deficiency states is one of a slow and uncertain process progressing fitfully well

past the point in maturation at which it normally terminates, and with prob-

able prolongation of several phases of the cell cycle. Although B12 and folate

are also required for other metabolic processes, the detrimental effect which

their lack exerts on the cellular DNA metabolism is so profound that it alone

may well he sufficient to cause inhibition of hematopoiesis and hence anemia,

leukopenia, and thrombocytopenia. It should be added that the abnormalities

were found only in a proportion of cells, and that this varied between patients.

There were always some cells which appeared to pass normally through inter-

phase and mitosis.

Investigations on the effects of treatment with B,2 are in progress. First

results show minimal changes after 24-48 hours of treatment. In one patient,

examination of the marrow after 2#{189}months treatment showed normoblastic

hematopoiesis, absence of chromosome abnormalities, and a normal DNA pat-

tern without any sign of a holdup in synthesis. These investigations will be

reported in a later paper.

SUMMARY

In order to define the functional defect in marrow cells in B12 and folate

deficiency, ten patients were investigated. Chromosome studies showed altera-

tions similar to those produced experimentally by agents interfering with DNA

metabolism. Measurements of the DNA content of individual cells in the

resting and synthetic stages of the mitotic cycle suggested arrest of DNA syn-

thesis in a proportion of cells, or alternatively prolongation of the S and G2

phases. It was concluded that in these deficiency states changes in the cellular

DNA metabolism may cause disturbances during both the mitotic and inter-

mitotic stages of the cell cycle, and that these may account for the deficient

production of the various classes of blood cells.

SUMMARIO IN INTERLINGUA

Pro definir le defecto functional in cellulas medullari a carentia de vitamina

B12 e folato, 10 patientes esseva studiate. Studios chromosomatic monstrava

alterationes simile a illos producite experimentalmente per agentes que infer-

fere in le metabolismo de acido desoxyribonucleic. Mesurationes del contento

de acido desoxyribonucleic in cellulas individual in le stadios latente e syn-

thetisante del cyclo mitotic suggestionava un arresto del synthese de acido

desoxyribonucleic in un proportion del cellulas o possibilemente un prolonga-

tion del phases S e G2. Esseva concludite que in iste statos de carentia, al-

terationes in le metabolismo cellular de acido desoxyribonucleic pote causar

disturbationes tanto durante le stadio mitotic como etiam durante le stadio

intermitotic del cyclo cellular e que iste disturbationes explica forsan le defec-

tive production del vane classes de cellulas sanguinee.
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