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I N THE course of studies on the phagocytic activity of neutrophiles in mal-

nourished persons, Berry, Davis, and Spies’ observed an increased phagocytic

function in the neutrophiles of anemic blood, as measured in vitro. This increase

ranged from 12.0 per cent to over 300 per cent of . ‘normal’ ‘ phagocytic counts and

was found to be roughly proportional to the severity of the anemia. As the cry-

throcyte and hemoglobin values approached normal, during remission of the

anemia, the phagocytic indices fell to normal or to the subnormal values which

had been found characteristic of malnourished persons. Of several hundred meas-

urements in over �o cases only 4 were found in which the leukocytes from anemic

blood failed to exhibit a greater ingestion of the test bacterial organism. No cor-

relation could be established, however, between phagocytosis and the type of

anemia under consideration.

Such an apparent increase in phagocytic activity in anemia was particularly

surprising, since many of the persons whose blood was studied were malnourished.

Numerous unpublished observations of the same authors have confirmed the report

of Cottingham and Mills’ that, in general, lowered phagocytic functions are

found in human malnutrition. Earlier work by Cottingham and Mills’ and Berry,

Davis, and Spies4 had shown this to be the case also in rats on inadequate diets.

The present investigation is concerned with the nature of this apparent increase

in phagocytic activity of neutrophiles in anemic blood. Effort was focused first

on the method of measuring phagocytosis in vitro in order to make certain, as

far as possible, that the increased engulfment of bacteria is not an artifact of meas-

urement. When this was reasonably well established, the cellular nature of the

increased activity was demonstrated. It seemed logical to assume that either the

phagocyte or the serum (or both) possessed some new attribute. Since washed

anemic” leukocytes phagocytosed equal numbers of bacteria in the presence of

either normal or anemic serum, a change in the neutrophile itself may be con-

sidered responsible for the effect.

METHODS

The method of Cottingham and Mills3 was used throughout these investigations.

Micrococcus candidus, a large nonpathogen, served as the test organism, since it
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BERRY, LEYENDECKER AND SPIES 99

is easily counted and eliminates variations in opsonic influences from one blood

sample to the next. Suspensions of this organism were prepared by washing a

2.4 hour tryptose agar slant culture with a stream of physiological solution of sodium

chloride. The organisms were vigorously shaken with glass beads in a sterile color-

imeter tube and adjusted to the proper turbidity in an Evelyn colorimeter or a

Coleman spectrophotometer, model i i . The density was arbitrarily chosen to give

convenient average phagocytic counts and the same suspension was used for all

of a given series of tests. In later phases of the work bacterial counts were made

in a Petroff-Hauser bacterial counting chamber and a curve of spectrophotometer

reading versus number of bacteria per milliliter of suspension was prepared. By

consulting this curve it was possible to maintain a ratio of i : � to i : io between

total leukocytes and bacteria. This precaution was taken since Hanks5 has demon-

strated the importance of a fixed ratio between leukocyte and test organisms in

measuring phagocytosis in vitro.

All blood samples were drawn in tuberculin syringes by venipuncture. The de-

sired volume of whole blood could then be measured accurately into an equal

volume of heparinized* physiological solution of sodium chloride in a small

paraffined tube. As a control, defibrinated blood was used to check the effect of

the heparin on phagocytosis. In several tests no change in phagocytosis could be

observed at the concentrations employed. These results are in agreement with

those of Rigdon.6 Control subjects most frequently used (L. J. B. and R. M. L.)

had normal blood pictures and were free from disease, as were the other controls

used from time to time.

Fenn7’8’9 found that the rate of phagocytosis in a liquid medium depends

directly on the mathematical chances of collision. The chances of collision depend

upon the numbers of leukocytes and of test particles per unit volume. When whole

blood is used in performing the test, the presence of large numbers of erythrocytes

might mechanically interfere with the contact between phagocyte and bacterium.

By agitating the mixture, however, the number of collisions is undoubtedly in-

creased and the erythrocyte interference should become less important, although

to an indeterminate degree.

The influence of varying erythrocyte numbers was, therefore, tested by removing

red blood cells from normal blood in such a way that the total counts were brought

down to one, two, or three millions per cubic millimeter. This was accomplished

by centrifuging control heparinized blood in narrow-bore, paraffined tubes, and
measuring the height of the erythrocyte column. A suitable fraction of the column

was removed by a capillary pipette lowered carefully through the serum and

leukocyte layers. This fraction was discarded; the remaining blood was then mixed

thoroughly, red and white blood cell counts taken, and the phagocytic deter-

minations made in the usual manner.

Both erythrocyte and leukocyte numbers were reduced in normal blood by

dilution with physiological saline and homologous serum, the final serum con-

centration being kept approximately constant.

In order to test the effect of varying oxygen tensions on phagocytic activity,

8The heparin was supplied by Dr. Leo A. Pirk of Roche-Organon, Inc., Nutley, N. J.
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100 PHAGOCYTOSIS IN NORMAL AND ANEMIC BLOOD

the heparinized blood in the paraffined tubes was placed in a water bath at 37#{176}C.

The tubes were then flushed with a stream of a suitable gas or gas mixture which

was saturated with water vapor, tightly stoppered, and shaken slowly for zero

to five hours. Gas was swept through the tubes at fifteen minute intervals to main-

tam the gaseous atmosphere and to aid in equilibration of the blood with the gas.

Air, nitrogen, pure oxygen, and a mixture of 9� per cent oxygen and � per cent

carbon dioxide were used. After exposing the blood to the gas for the desired

time, a bacterial suspension was measured into the tubes and, after four minutes

of rapid agitation, smears were made and stained. The number of bacteria in one

hundred neutrophiles was counted as usual.

Since the increase in phagocytosis observed with the leukocytes in anemic

blood might be considered as possibly attributable to changes in the serum, tests

were made to determine the influence of the serum on the activity of the neutrophiles

in the following way. Ten milliliters of normal blood and of anemic blood were

oxalated and centrifuged at w,ooo rpm for ten minutes. The sera were transferred

to small serological tubes. The layer of leukocytes was removed separately and

transferred to centrifuge tubes. These leukocytes were washed twice in physiologi-

cal saline and were finally resuspended in a small volume of saline. Sterile technic

was observed in these manipulations. One-half milliliter of the normal leukocyte

suspension was addecF to an equal volume of normal serum and of anemic serum.

Leukocytes from anemic blood were similarly added to homologous and to normal

serum. Phagocytic counts were made on each of the four leukocyte-serum mixtures

in the usual way and compared with whole blood determinations.

Several minor modifications in the method of Cottingham and Mills3 were

adopted from time to time during the course of the investigation. The gassing of

the tubes containing the diluted blood and bacterial suspension with 9� per cent

oxygen and 5 per cent carbon dioxide was found to have no consistent effect on

phagocytosis. This step was used only in the ‘ ‘cross-serum’ ‘ tests and was dropped

in all other studies. The duration of agitation was lengthened in the experiments

on blood dilution and varying erythrocyte numbers. Several curves were prepared

plotting the phagocytic counts versus the time of agitation after the addition of

the bacterial suspension. Ten minutes was chosen as a desirable period for agita-

tion, since the curve was regular and the time rate of change was minimal. The

bacterial suspension was made more dilute in order to retain an average phagocytic

activity convenient for counting. By these means, the errors in timing agitation

and in adding the bacterial suspension to the blood were diminished.

RESULTS

In order to test the possibility that the smaller number of erythrocytes in anemic

blood might permit a greater in vitro phagocytosis by offering less interference,

the following results were obtained on dilution of normal blood.

Dilution of normal blood: Table i summarizes the results obtained in this series

of experiments. In the first three tests physiological saline only was used as diluent

and the more dilute the blood, the lower the phagocytosis. Obviously the serum
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BERRY, LEYENDECKFR AND SPIES I0I

content in the tubes containing only o.�. ml. or 0.3 ml. of blood was inadequate for

optimal phagocytosis. In tests 4 tO io, homologous serum was added to the whole

blood to bring the volume up to o.5 ml. which was then diluted as usual to i ml.

with heparinized physiological saline. An increased phagocytosis was obtained in

every test (except 4) and in case io there was a L50 per cent increase with the most

dilute blood. By this technic, however, the concentration of serum was made

higher in the tubes containing the smaller volume of whole blood. The greater

phagocytosis observed could therefore either be attributed to the presence of fewer

erythrocytes and less mechanical interference with collision between leukocyte

and bacteria or to a higher concentration of serum.

TABLE I. The Effect of Blood Dilution on Phagocyosis

- (Each Value Is the Mean Number ofBacteria Engulfed by ioo Neutrophiles)

O.3BIood, O2Blood, O.2BIood, 01 Blood,
0.2 Blood 0.3 Blood 0.5 Blood

Testnuxnber . , . . ‘ 02serum 0.3serum 02serum, 0.275serum. sa me . ES inc . sa inc � saline 0.5 saline 0.6 saline 0.625 saline

1 2 3 4 5 6 7 8

I 0.2. 3.0 7.9

2. 1.7 1.0 4.7

3 0.7 3.3 8.t

4 10.3 8.3 7.5

5 11.5 x�.8

6 9.5 11.1 11.4

7 8.o 8.8 ,o.8

8 6.6 8.8 9.7

9 4.0 4.2. 5.5

10 5.4 7.0 13.5

II i.6 2.0 2..I

1.0 1.0 1.9

12. 5.0 6.o 7.1

5.4 �.6 6.9

‘3 3.3 2.6 1.9

‘4 3.2. 1.3 1.6

Is 5#{149}3 10.4 11.5

i6 3.3 8.6 7.0

Accordingly, dilutions were� prepared to bring the final volume of serum to a

ratio of 1:2. with the saline in a total volume of i ml. This was used since the

serum volume in normal whole blood is approximately �o per cent, as measured in

the hematocrit and, with the routine tests containing 0.5 ml. of blood and o.5

ml. saline, the usual ratio of serum to saline was i :2.. The results with tests � i to

14 seem to indicate that diluting normal blood to levels comparable to that found

in very severe anemia failed to yield an elevation in phagocytosis. Moreover, the

agreement between duplicate samples in tests ii and n. are all within 30 per cent

except for the first pair of values in test ii, where the difference was 2.0 per cent.

Tests i� and i6, on the other hand, show large increases in phagocytosis, but the
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102. PHAGOCYTOSIS IN NORMAL AND ANEMIC BLOOD

results are irregular in the last series. It is possible that some error in the procedure

was responsible for these inconsistent data, but additional studies, using another

technic, seemed necessary.

Varying erythrocyte numbers by centrifuging heparinized normal blood and

removing a suitable fraction of the packed red cells with a capillary pipette was

next attempted. This procedure did not alter the concentration of serum and the

only variable was the number of erythrocytes present in the tubes to which the

bacterial suspension was added. The results obtained from five series of determina-

tions are shown in table 2.. The total erythrocyte counts are listed in column 2. as

the mean for duplicate samples and converted to values that would have been

attained had there been no dilution with physiological saline. Similarly, the total

white cell counts are listed in column 3 . The success with which this procedure

lowered the red cell totals without appreciably altering the number of leukocytes

can be seen by comparing the values in column 3 for each of the five series. The

large excess of bacteria which was added to the blood made the slight variations

that did occur in leukocyte totals negligible in the effect on leukocyte-bacteria

ratios.

The mean number of bacteria phagocytosed per cell is given in column 4. The

values for duplicate samples are shown for each dilution except for 3 .o8 million

erythrocytes in series i and i .3 z million red cells in series 3 . Similarly, the per-

centage of leukocytes exhibiting phagocytosis is listed in duplicate for each dilu-

tion in column �.

Several interesting points can be seen in a study of this table. Variations in red

cell count seem to have no effect on phagocytosis under the conditions of this cx-

periment. This applies both to the mean bacteria per neutrophile and to the per

Cent of neutrophiles showing phagocytosis. It is thus unlikely that the increase

in phagocytosis observed in anemia could be simply a matter of fewer red cells

present in the test tube to interfere with the activity of the leukocyte. This should

be compared with the observation of Berry, Davis, and Spies’ that in cases of micro-

cytic, hypochromic anemia where no significant decrease in red cell numbers occurs,

phagocytic activity may increase to 40 tO 75 per cent above normal. Such an in-

crease cannot be attributed to fewer erythrocytes in the measuring tube. Series i

and 4 show the greatest range of values and in both cases some difficulty was ex-

perienced in evenly resuspending the buffy layer. There was clumping of the white

cells and consequently an unequal exposure to bacteria. There is, nevertheless,

considerable variation between the individual counts within a series where no

difficulty in resuspending the buffy layer occurred. This is usually no more pro-

nounced, however, between the values for different erythrocyte totals than it is for

the duplicate samples for a single total. For example, the first pair of figures in

series � under column 4 (1.9 and i.6) are as far apart as any other pair of values in

this series. There is no known explanation for this but such inconsistencies do

appear all too frequently in spite of the most rigid adherence to uniformity in

detail in the procedure known to affect phagocytosis. Somewhat better agreement

is achieved with duplicate samples of uncentrifuged whole blood (see tests �, 6,
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BERRY, LEYENDECKER AND SPIES

TABLE 1. Pba(gocyosis in Normal Neutrophiles in the Presence of Different Numbers of Eryhrocjtes

103

Series
number

1

I

Total erythrocytes
(in millions)

2

4.2.6

;.o8

1.36

i.6o

T tal i Sd�
0 e Y

3

8,2.50

7,700

7,600

6,750

Phagocytic activity

Mean number bacteria
per cell

4

6.4

8.6

11.1

8.�

8.7

6.9

7.2.

-

Percentage of
neutrophiles active

5

8o

89

90

89

87

8�

8x

2. 4.70

3.73

3.16

5,675

6,ioo

6,575

11.7

13.0

8.3

,o.i

ii.8

9.0

94

97

98

84

97.

88

3 3.86

1.10

i.86

1.72.

1.31

5,750

6,7.2.5

6,ooo

6,350

6,ioo

2.5

1.5

2.4

2.5

2.9

1.9

2.3

1.9

1.9

54

6i

51

6o

54

45

47

42.

45

4 3.66

1.65

1.67

1.48

1.14

4,650

4,775

5,100

5,675

5,37.5

1.4

2.6

i.8

1.3

1.3

1.1

2.3

2.2.

1.2.

0.7

50

64

�6

6o

36

39

55

40

57

7.0

5 4.71

3.49

t.6i

1.95

‘.3#{176}

4,700

4,950

6,125

6,2.00

5,6�o

7.9

x.6

3.0

2.9

2.5

2.2.

2.2.

2.3

1.4

1.6

35

2.1

45

52

35

33

2.7

35

2.9

39
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104 PHAGOCYTOSIS IN NORMAL AND ANEMIC BLOOD

7, and 8, table 3) but discrepancies greater than these are not unknown under the

most favorable conditions.

Effect of gases: One of the most obvious differences between normal and severely

anemic blood is the oxygen-carrying capacity. Normal blood was therefore exposed

to different gases in order to test the possible influence they might have on phago-

cytosis . The results of i 8 sets of determinations are shown in table 3 . The first 8

tests were run immediately after flushing the tubes with the gas, and, in the re-

mainder, the time after the original gassing varied from i� minutes to five hours.

TABLE 3. The Effect of Different Gases on Phagocyosis

Mean number of bacteria per cell phagocytosed in D �
. Test number � #{176}

Air 95% Ot-5% CO, 100� 0, Nitrogen

1 2 3 4 S 6

I 7.3 8.8 7.4 immediately

2. 7.0 5.5 7.0 immediatdy

3 9.6 8.x 8.6 immediately

4 9.9 10.2. xx.8 immediately

S 7.8 12.6 immediately

8.3 iz.6

6 5.3 6.x 6.9 immediately

5.3 5.5 5.4

7 6.i 6.6 8.9 immediately

6.o 6.� 9.5

8 4.8 �.8 6.8 immediately

4.7 �.8 7.2.

9 6.6 6.6 6.o ,� mm.

10 6.o 5.3 2.hr.

II 7.0 8.8 6.z 2.hr.

12. 10.1 12.5 9.1 ihr.

‘3 6.4 6.6 7.2. 2.hr.

14 5.9 7.8 5.7 3hr.

8.o 7.8 4hr.

i6 5.’ 6.2. 4hr.

17 3.8 4.6 3.8 4hr.

8.o 8.8 � hr.

It is apparent from these data that no consistent change in phagocytosis results

from subjecting the blood to the different gases, under the conditions of these

experiments. There is the suggestion that pure oxygen, column 4, gives the largest

values but the differences are not significantly great. Tests � through 8 show the

range of accuracy of duplicate samples. Each pair of values agrees within 10 per

cent except the one for pure oxygen in test 6, which exceeds 2.0 per cent. With such

reproducible values in air and in the other gases, the oxygen-carbon dioxide mix-

ture recommended by Cottingham and Mills3 for uniformity of results has not been

used routinely in the more recent work.

The probable error of each value of mean bacteria per cell shown in table 3 was

calculated. The errors fell between o.t and o.5 bacteria per cell with the smaller
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BERRY, LEYENDECKER AND SPIES 105

errors accompanying the smaller means and the larger errors the larger means.

It was felt that the inclusion of these additional figures would add nothing to the

interest of the table and would make it more difficult to read. The inclusion of these

calculations in table 4 seemed sufficient.

Cross-serum reactions: The results of eleven determinations with the blood from

10 different anemic patients are given in table 4. The mean number of bacteria

phagocytosed by normal neutrophiles in normal serum and in anemic serum are

shown respectively in columns 2. and 3 . Similarly, the mean number of bacteria

phagocytosed by � ‘anemic’ ‘ neutrophiles in normal and in anemic serum are shown

respectively in columns 4 and � . Column 6 gives the percentage of “normal”

phagocytosis for whole blood measured the same day using the same control and

anemic subjects. The agreement between this value and the percentage of normal

TABLE4. The Effect of Normal and of Anemic Serum on Phagocyric Activity of Washed Neutrophiles

Phagocytic activity of washed Phagocytic activity of washed Per cent whole

Test normal leukocytes in “anemic” leukocytes in blood phagocytosis
number ______________ ______________ ______________ ______________ anemic

Normal serum Anemic serum Normal serum Anemic serum normal

1 2 3 4 5 6

I 4.0Eo.t8 4.0±0.2.4 20.4±0.67 ,i.i±o.68 195

2. 2.4 ± 0.2.3 2.3 ± 0.2.3 4.5 ± 0.2.8 4.6 ± o.i6 152.

3 6.0±0.30 6.2±0.33 12.3±0.55 11.7±0.61 197

4 6.oEo.3o 6.5±0.32. 11.6±0.63 11.7±0.68 338

S 8.4Eo.51 9.9±0.53 x6.x±o.6z 17.1±0.60 175

6 8.4±0.51 6.9±0.46 14.8±0.83 17.3±0.75 2.62.

7 7.4±0.40 7.8±0.38 14.0±0.65 14.8±0.64 145

8 7.4±0.40 5.5±0.32. 17.7±0.67 15.4±0.74 187

9 8.6±0.43 7.2±0.35 12.3±0.44 11.2±0.44 172.

‘OR 7.6±0.61 13.6±0.66 IL.4E0.51 11.7±0.41 173

,ob 5.8±0.36 4.2±0.2.3 8.2±0.42. 14.7±0.55 2.13

phagocytosis in cross-serum tests (column 5 divided by column 2.) iS of the same

order of magnitude, although not particularly close. The lack of agreement that

does exist may be due to the fact that blood used in these tests was centrifuged and

oxalated. Mudd, McCutcheon, and Luck#{233}’#{176}report that oxalate lowers phago-

cytosis.

In the first 9 cases the leukocytes from normal blood have essentially the same

phagocytic activity in normal and in anemic serum, while the leukocytes from

anemic blood have an elevated phagocytosis in both types of serum. Thus it is

seen that the phagocytic activity of leukocytes is largely independent of the source

of the serum. This suggests that the anemic serum is not responsible for the greater

activity of the neutrophiles from anemic blood but rather that the cells themselves

have been rendered more phagocytic.

Tests ica and iob were made at an interval of two weeks, using the blood from

the same anemic subject with different normal bloods. There is no explanation

for these divergent results. They may be attributed to faulty technic or to some
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io6 PHAGOCYTOSIS IN NORMAL AND ANEMIC BLOOD

error in manipulation. The inconsistency in the two tests seems to eliminate the

possibility that this is an exceptional case in which a change in the anemic serum

has given rise to elevated phagocytic activity.

DISCUSSION

The major gross differences between anemic and normal blood that might in-

fluence phagocytic measurements are number of blood cells, oxygen capacity of the

blood, and changes in the serum. It has not been possible to correlate any of these

differences with the increased phagocytosis found to occur in all types of anemia

as measured in vitro. The technic of making these measurements has been stand-

ardized as carefully as our ingenuity permits, but the accuracy of the method

remains at best about io per cent in approximately 75 per cent of the tests and may

reach 2.0 per cent to 30 per cent in the remaining tests. There is always a certain

element of doubt beclouding any conclusions based on experiments of this type.

The data, however, seem to justify the conviction that a fundamental change in

the neutrophile, enhancing its phagocytic function, occurs in anemia. This con-

viction has been strengthened by more recent studies in which Berry and Hailer1’

have succeeded in making rats anemic by blood loss and observing an increased

phagocytic activity, not only in the neutrophiles but also in the macrophages of

a peritoneal exudate. The phagocytic function of both types of cells returned to

normal as the red cell picture became normal. It was also observed that during

the early stages of bleeding, before the rats showed any sign of erythrocyte or

hemoglobin deficiency, the neutrophiles began to phagocytose significantly greater

numbers of bacteria than the neutrophiles from control animals.

Two questions naturally arise regarding this phenomenon : (i) What is the nature

of the change produced in anemia that leads to an enhancement of the phagocytic

function of the neutrophiles? (2.) Is it possible to correlate this change with a

greater resistance to bacterial infection? The first question must remain completely

unanswered at this time, but evidence for the second permits an affirmative answer.

Berry and Hailer” have made mice anemic by blood loss and then demonstrated

an in vitro doubling of phagocytosis as compared to control blood. These animals

were then infected with Salmonella typhimurium and from two to three times a�s

many anemic animals as control mice survived the infection.

In view of the tremendous importance of phagocytosis in combating body in-

fections, it seems that there is sufficient justification for a vigorous pursuit of

these problems. Should an answer to these questions be found, it may be possible

to add another weapon to the struggle against disease.

SUMMARY

i. The nature of the increased phagocytic activity of the neutrophiles in anemic

blood as measured in vitro is investigated. The reliability of the method is dis-

cussed and ways of improving the accuracy are described.

2.. Whole normal blood was diluted to anemic levels with physiological saline

alone or with additional homologous serum in order to test the effect of mechanical

interference of a variable number of cells on phagocytosis. The results are equivocal.
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BERRY, LEYENDECKER AND SPIES 107

Reducing crythrocyte numbers to anemic levels by removing the packed red cells

in centrifugrd blood and then rcsusprnding the remaining cells and serum showed

that no change in phagocytosis was produced by this means.

3 . Data on varying the oxygen tension in the atmosphere above the phagocytic

system showed no consistent effects except a possible elevation in phagocytosis

in pure oxygen. The time of exposure to the gases varied from zero to five hours

befon’ the addition of the bacterial suspension to the system.

4. Washed leukocytes from anemic blood had the same elevated phagocytic

activity when returned to either anemic serum or to normal serum, while washed

normal leukocytes had the same phagocytosis in both normal and anemic serum.

It was therefore concluded that the change leading to an increased phagocytosis

in anemia occurs in the neutrophile rather than in the serum.

5 . These findings are discussed in the light of additional data now being prepared

for publication.
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