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By M. GRINSTEIN,2 JOSE A. SILVA,3 AND MAXWELLM. WINTROBE
(From the Department of Medicine, School of Medicine, University of Utah, Salt Lake City)

(Received for publication September 8, 1947)

Studies in this laboratory (1) on the anemia ac-
companying infection have indicated that there
is associated with such anemia a disturbance in
the metabolism of porphyrins. The amount of
free protoporphyrin in the erythrocytes has been
found to be increased and the excretion of copro-
porphyrin in the urine is greater than normal.
The present report deals with studies designed
to investigate the significance of the free proto-
porphyrin in the erythrocytes.

The presence of free protoporphyrin in the
erythrocytes (EP) was reported in 1928 by van
den Bergh and Hyman (2). Grotepass (3) and
subsequently Watson, Grinstein and Hawkinson
(4) demonstrated that the free protoporphyrin in
erythrocytes is identical with the protoporphyrin
in hemoglobin; namely, protoporphyrin 9, type
III. Seggel (5) concluded that the protoporphy-
rin resides in erythrocytes which exhibit red
fluorescence in ultraviolet light. He named such
cells fluorescytes and regarded them as being
either reticulocytes or adult erythrocytes contain-
ing porphyrin. Seggel suggested that free proto-
porphyrin represents an intermediate, compound
in the synthesis of hemoglobin. He presented evi-
dence that the fluorescytes are increased as a re-
sult of iron deficiency or as a consequence of other
disturbances of hemoglobin synthesis (5).

Watson and Clarke (6) observed upon centri-
fuging different samples of blood that the upper
layer of the packed cells, which is richer in reticu-
locytes, showed a much higher content of proto-
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8 Fellow of the Rockefeller Foundation, on leave from
the Department of Medicine, College of Medicine, Uni-
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porphyrin than the lower layer. They concluded
that the protoporphyrin resides mainly in the
reticulocytes. Similar conclusions were reached
later by DeLangen and Grotepass (7). Further
studies by Watson and his associates' (4, 8)
showed, however, that although there is frequently
a close parallelism between the increase in proto-
porphyrin and normoblastic activity, as measured
by the percentage of the reticulocytes, several other
factors influence the protoporphyrin content of
the erythrocytes. These are (a) the presence of
iron deficiency or of factors interfering with the
utilization of iron in the synthesis of hemoglobin
as, for example, lead poisoning; and (b) the pres-
ence of conditions which permit the formation of
protoporphyrin by degradation of hemoglobin in
intact erythrocytes. The formation of proto-
porphyrin from hemoglobin in intact erythrocytes
would be a simple explanation of the increase ob-
served after incubation of blood in vitro (4).
Czike (9), Barkan and Walker (10), and Watson
and Paine (11) have presented evidence indi-
cating that hemoglobin breakdown can take place
inside the intact red cell. According to the last
two groups of workers, this is through the forma-
tion of pseudohemoglobin (Barkan) or verdohemo-
globin (Lemberg). From studies mainly carried
out by Barkan and Schales (12) and Lemberg
et al. (13, 14) it would seem that the non-hemo-
globin iron of the erythrocytes which is easily ion-
ized by the incubation of blood in 0.4 per cent
HCOfor 16 to 24 hours is part of a bile pigment-
iron-native globin complex similar to or identical
with the pseudohemoglobin of Barkan or the
verdohemoglobin of Lemberg. According to Bar-
kan this iron, known as "easily split-off iron"
(ESFe), corresponds to about 5 per cent of the
total hemoglobin iron found in human beings.
Lemberg (13) claims that two-thirds of the
ESFe is an artefact due to the oxidation of the
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prosthetic group of the hemoglobin by the oxygen
evolved from oxyhemoglobin by acids.

An increase in free erythrocyte protoporphyrin
has been found in cases associated with hemolytic
anemia (8). In such cases one would wonder
whether some of the increase may be due to proto-
porphyrin formed in the cells as a degradation
product. Nevertheless, since in most instances of
hemolytic anemia an increase in reticulocytes oc-
curs, the possibility arises that the increase in EP
is related to a high percentage of young cells
rather. than due to the degradation that may take
place in the mature cells.

In an attempt to seek further information con-
cerning the significance of EP, it was decided to
measure the free EP of erythrocytes under various
experimental conditions and to calculate the aver-
age free protoporphyrin of mature cells and reticu-
locytes. At the same time, since the results of
several authors (15 to 17) raise the question
whether ESFe is a labile hemoglobin iron or just
an artefact, the opportunity was taken in the ex-
periments presented here to secure s6me data
which might throw light on the significance of
the ESFe.

METHODSANDCALCULATIONS

When the blood is centrifuged the reticulocytes, being
lighter than mature cells, remain in the upper part of the
packed cells (18). In order to secure concentrated
specimens of reticulocytes and of mature cells, after sep-
arating the plasma, the column of packed cells of various
samples of blood was divided into three equal parts: the
upper (u) and lower (1) parts were then suspended
separately in 0.9 per cent NaCl to approximate the orig-
inal volume. In both fractions the reticulocyte percentage
was determined by the brilliant cresyl blue wet stain
method (19). The middle portion was discarded. We
have found (Table I) that in suspending rabbits' cells

TABLE I
Showing that suspending red cells in 0.9 per cent

saline solution has no effect on the mean
corpuscular volume (MCV)

After suspension inWhole blood 0.9% NaCi soln.

RBC Ht MCV RBC Ht MCV

4.19 34.0 81 4.26 34.4 81
4.13 35.1 83 4.45 37.0 82
4.31 34.0 79 4.45 33.5 76
4.52 34.0 75 4.57 33.5 73
5.56 41.0 74 5.10 41.5 81
5.03 35.0 69 4.99 36.0 72

in 0.9 per cent saline, the mean corpuscular volume
(MCV) remains unchanged. By determining the per-
centage of the reticulocytes and mature cells in each
fraction, the following three systems of equations could
be established:

1. 100-a X + a Y = MCVof the upper fraction

100b X + bo Y = MCVof the lower fraction,

when
a is the reticulocyte percentage of the upper fraction;
b is the reticulocyte percentage of the lower fraction;
X is the mean corpuscular volume of the mature erythro-

cytes (MCVz); and
Y is the mean corpuscular volume of the reticulocytes

(MCV1) .

2. 100-a X+ l Y-P.100 0
100 -b b

10 X + YY=Pi, when

P. is the free protoporphyrin of the upper fraction ex-
pressed in micrograms per 1,000 ml. of packed cells;

P. is the free protoporphyrin of the lower fraction ex-
pressed in micrograms per 1,000 ml. of packed cells;

X is the free protoporphyrin per 1,000 ml. of packed
mature erythrocytes expressed in micrograms (Pz);
and

Y is the free protoporphyrin per 1,000 ml. of packed
reticulocytes expressed in micrograms (PR).

If the concentration of the protoporphyrin per 1,000
ml. (101 /) of packed mature cells and reticulocytes is
known, the mean content of free erythrocyte proto-
porphyrin in the mature red cells (MEP) and the mean
reticulocyte free protoporphyrin (MRP) can be calcu-
lated by the following equations:

MEP= Ps X MCV3
10k'

MRP- Pi X MCV1M
1015

The values for MEPand MRPare expressed in micro-
micromicrograms WV(10-) gm.].

3. 100- a
X + 1OE Y=ESFeu (per cent)100 0

100 X + YbY = ESFej (per cent), when

ESFe. is the "easily split-off" iron of the upper fraction
expressed in proportion to the total hemoglobin iron;

ESFe, is the "easily split-off iron of the lower fraction
expressed in proportion to the total hemoglobin iron;

X is the "easily split-off" iron of the mature erythrocytes
expressed in relation to the total. hemoglobin iron
(ESFeu);

Y is the "easily split-off" iron of the reticulocytes ex,
pressed in relation to the total hemoglobin iron
(ESFeiz).
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The following determinations were run on the whole
(w) blood as well as on the upper (u) and lower (1)
fractions: red blood cell counts using the bright line
Spencer counting chamber and a standardized red cell
pipette; volume of packed cells, using the Wintrobe hema-
tocrit tube; hemoglobin, by the photoelectric oxyhemo-
globin method, using an Evelyn photoelectric colorimeter.
The instrument was standardized by the Van Slyke pro-

cedure as well as by the hemin method of Clegg and
King (20). The fragility of the red cells was measured
by the photoelectric method of Hunter (21). The num-

ber of determinations was limited, however, by using only
0.78 per cent saline for dilution of the blood and measur-

ing the hemoglobin concentration of the supernatant fluid.
Plasma iron was determined by the method of Barkan

and Walker (22) but twice the quantities recommended
by them were used. Plasma bilirubin was determined by
the method of Ducci and Watson (23). "Easily split-
off" iron was measured by the method of Barkan and
Walker (22) with the following modification: one ml. of
whole blood was centrifuged, the plasma removed and
the cells hemolyzed with iron-free water, the volume
being finally made up to 5 ml. One ml. of the upper

and lower fractions of the blood was treated in exactly
the same way and made up to a volume of 5 ml. It was

decided not to centrifuge and discard the supernatant
fluid because this would permit loss of a significant frac-

tion of the ESFe, since Barkan (24) showed that the
more fragile cells contain more ESFe. To the 5 ml. of
hemolyzed cells, 2.5 ml. of 1.2 per cent of Ha was added
and incubated for 16 to 24 hours. The remaining steps
of the procedure as outlined by Barkan were then fol-
lowed without modification.

Free erythrocyte protoporphyrin (EP) was determined
by a modification of the method of Grinstein and Watson
(25) measuring the absorption exactly at the wave length
of maximum absorption (411 my) of the protoporphyrin
in 25 per cent HC1. The Beckman spectrophotometer
was used. With this, apparatus the sensitivity of the
method is increased about five times. The details of the
modified method requiring only 2 to 3 ml. of blood will
be described elsewhere (26).

The measurements which have been described and the
calculations derived therefrom were carried out in the
following experiments.

1. Phenyihydrazine hemolytic anemia in rabbits:
Hemolytic anemia was produced in rabbits by injecting

intraperitoneally a 5 per cent solution of phenylhydrazine
hydrochloride. According to the size and age of the rab-
bits, from 50 to 150 mgm. were injected. Blood samples
were taken by cardiac puncture at appropriate intervals
before and after the drug was given.

TABLE II
Changes. observed in a rabbit following injection of phenylhydrazine

Ht

ml./100
ml.

40.8

MCV

C. A.

67

MCH MCHC

23 34

Retic.

4.6

EP

63J!,
63

100 mgm. of phenylhydrazine HCOinjected intraperitoneally

10.39
11.40

8.38

6.90

6.41
6.06
7.84

5.48

8.71
8.64
7.55

10.27
10.52

9.57

28.0
38.0
22.0

19.5

19.0
21.0
20.0

18.2

33.0
36.2
29.1

37.8
40.5
33.3

72
85
62

75

82
96
73

91

105
112
85

88
92
84

27
31
24

27

28
28
30

27

28
27
22

24
24
24

37
37
38

35

34
29
39

30

26
24
26

27
26
28

28.9
43.5
12.6

39.4

45.6
63.4

6.8

57.2

42.4
60.1
23.2

18.6
46.6
11.6

205
259
208

230

485
746
237

205

253
294
207

98
109
92

0.16

0.16

0.16

0.13

0.13

0.12

* w refers to whole blood; u, to upper part; 1, to lowest part.

Blood*

w

RBC I
miU./c.

mm.

6.10

Hb

gm./100
"a.

13.95

Date

1/27

1/27

1/28

1/29

1/30

1/31

2/3

2/7

w
u

l

w

W
u

w

W
u

1

w
u

I

3.90
3.65
3.55

2.59

2.31
2.19
2.73

2.03

3.14
3.22
3.41

4.30
4.42
3.97

242

317

362

530

143

217

4.90
4.66
5.88

3.91

3.58
2.81
4.35

3.13

2.74
3.07
3.68

3.52
3.98
3.60-~~~ -

Date MCVu MCVa PR PR MEP MRP

1/28 53 127 188 352 100 447
Calculated data: 1/30 70 111 177 1007 124 1190

2/3 68 141 152 388 103 547
2/7 82 100 87 131 71 131
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FIG. 1. SHOWINGTHE HEMATOLOGICALAND CHEMICAL CHANGESIN THE BLOOD OF A RABBIT FOLLOWING THE
ADMINISTRATION OF PHENYLHYDRAZINE

Note the parallel rise of the free erythrocyte protoporphyrin (EP) and the reticulocytes following the adminis-
tration of the drug and the fact that the peak of the EP rise preceded by one day the peak of the reticulocyte curve.
The ESFe ("easily split-off" iron) rose within the first 24 hours and decreased at the time of maximal reticulocytosis.
The content of EP in the mature red corpuscles (PE, MEP) showed practically no change. The quantity in the
reticulocytes (Pi and MRP) was high and was greater in the reticulocytes appearing early than in those examined
later. The amount of "easily split-off" iron in the mature red corpuscles (ESFeE) was greater than in the reticulo-
cytes (ESFeR) except in one instance.

Explanation of Abbreviations: Hb refers to hemoglobin in grams per 100 ml.; Ht, volume of packed red cells in
ml. per 100 ml.; CC, mean corpuscular hemoglobin concentration in per cent; RBC, red cell count in millions per
c.mm.; Retics, reticulocytes in per cent; ESFe, "easily split-off" iron in mgm. per 100 mgm. of hemoglobin iron,
expressed as per cent; Pl.Fe. refers to plasma iron in micrograms per 100 ml. of plasma; EP, the free erythro-
cyte protoporphyrin in micrograms per 100 ml. of packed cells; bilirubin refers to plasma bilirubin in mgm. per 100
ml. of plasma; MCVis the mean corpuscular volume of the red cells in cubic microns; MCVo is the mean corpus-
cular volume of the mature erythrocytes; MCVRis the mean corpuscular volume of the reticulocytes; ESFeu is
the "easily split-off" iron content of the mature erythrocytes; ESFeR is the "easily split-off" iron content of the
reticulocytes; Pi is the micrograms of protoporphyrin in 100 ml. of packed mature erythrocytes; PR is the micro-
grams of protoporphyrin in 100 ml. of packed reticulocytes; MEP is the mean mature erythrocyte protoporphyrin
expressed in micro-micromicrograms (jzqsg.); MRP is the mean reticulocyte protoporphyrin (I.'4g.).
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2. Hemolytic anemia in sheep produced by the
use of hemolysins:

Anti-sheep cell hemolysin was prepared by injecting
washed sheep cell suspension (about 10 per cent saline
suspension) intravenously into rabbits. This was done in
progressively increasing amounts ranging from 0.5 to 2
ml., given every other day for a period of 30 days. At
the end of this period, the rabbits' serum showed a titer
of 1: 500 against sheeps' cells. Two sheep were usedin
this experiment.

3. Pyridoxine deficiency anemia in pigs:
This was produced as described by Wintrobe et al. (27).

4. Pernicious anemia:
The patient studied in this experiment was a man, 69

years of age, in relapse who was given pteroylglutamic
acid in the amount of 50 mgm. orally per day.

5. Splenic stasis:
In this experiment three dogs and three pigs were

used. The animals were kept under nembutal anesthesia

a a

cc Hb.
601-481 12

50- 401- 10

401- 321-

301 24[

201
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0

16

8
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4

2

0

PR. PLF.L

3 300 M-e

360

s -
240 1h 0|

0 0 0 MEP

0 1 2 3 4 5 6 7 8 9 K) 1I 12 13 14

Re.t.i.c.s. . . . . . ...Et

D0y on Experimnt

for four hours, after which the splenic vein and artery
were exposed. The spleen was seen to be greatly en-
larged. A blood sample was obtained from the splenic
artery and then epinephrine hydrochloride was 'injected
directly into the organ. As soon as the spleen started
to contract, a blood sample was obtained from the splenic
vein. The injection of epinephrine was observed to pro-
'duce a reduction in the size of the spleen to a third of
its size prior to administration of the drug.

RESULTS

1. Phenyihydrazine anemia:

In five experiments anemia was produced in
rabbits by injecting phenylhydrazine. In Table II
and Figure 1 are shown the results of one of
these experiments. Anemia developed rapidly fol-
lowing the injection of 100 mgm. of phenylhydra-
zine hydrochloride and reticulocytes rose promptly
to reach a peak on the fourth day. The total free
erythrocyte protoporphyrin (EP) began to rise
promptly also but the peak was reached a day

Phenylhydrozin HCI.
2 nintroptitorwally

Jr

L It.

FIG. 2. SHOWINGTHE HEMATOLOGICALAND CHEMICAL CHANGESIN THE BLOOD OF ANOTHERRABBIT FOL-
LOWINGTHE ADMINISTRATION OF PHENYLHYIDRAZINE

Note that the changes were similar to those shown in Figure 1, except that the peak of the EP rise was
reached at the same time as the peak of the reticulocytosis.

m

I
I
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earlier. The "easily split-off" iron (ESFe) rose
to its highest level in 24 hours. Plasma iron in-
creased more slowly, reaching a peak on the
fourth day when the anemia was most severe.
As the anemia cleared, the various values returned
to normal. No significant change in plasma
bilirubin was observed.

It will be noted that the mean corpuscular vol-
ume (MCV) of all the cells increased, but when
the size of the mature and younger (reticulated)
corpuscles was calculated, the increase was seen
to be due chiefly to a great increase in the size of
the reticulocytes (MCVR). Calculations of the
EP content of the mature cells and the reticulo-

cytes showed little change in the amount present
in the former (PE) but a great increase in the
amount found in the reticulocytes (PR). When
these values are expressed per cell, the difference
becomes more striking. Thus the mean erythro-
cyte protoporphyrin (MEP) ranged from 71 to
124 micro-micromicrograms whereas the content
in the reticulocytes (MRP) rose from 447 to
i1,90 puqutg., and then decreased to 131 sug. In
contrast with the findings just described, the
quantity of "easily split-off" iron in the mature
cells (ESFeE) was much higher than in the reticu-
locytes (ESFeR) except in one determination.
It is noteworthy that the total ESFe of the red

FIG. 3. SHOWINGTHE HEMATOLOGICALAND CHEMICAL CHANGES
IN THE POOLEDBLOODOF THREE RABBITS, FOLLOWINGTwo SuCcES-
SIVE DOSESOF PHENYLHYDRAZINE

Note that the changes were similar to those shown in Figures I
and 2.
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Doy on Eneriment

FIG. 4. SHOWINGTHE HEMATOLOGICALAND CHEMICAL CHANGESIN THE BLOODOF A SHEEP
FOLLOWINGTHE ADMINISTRATION OF ANTI-SHEEP RED CELL HEMOLYSIN

Note that the EP did not rise during the period of greatest blood destruction but started
to increase when the percentage of reticulocytes began to rise. The increase in EP and in
reticulocytes were parallel, reaching a peak at the same time. The ESFe decreased at the
time of maximal reticulocytosis. The MEPand Pu showed no increase but the MRPand
PR were very high. Plasma bilirubin showed a marked increase at the time of greatest red
cell fragility. The Pl.Fe. increased as blood destruction increased and rose again later.

Fragility is expressed in per cent, this representing the amount of hemoglobin in the
supernatant fluid in relation to the amount in the blood prior to dilution with hypotonic saline.

cells decreased sharply prior to the peak of the
reticulocytosis.

Figure 2 presents the observations in another
rabbit. These were similar to those just described
except that the maximal increase in total red cell
EP coincided with the maximal increase in reticu-
locytes. It is of interest that in this animal anemia
developed spontaneously after recovery had taken
place. Figure 3 presents the observations in
three rabbits whose blood was pooled for the vari-
ous determinations. Phenylhydrazine was given
these animals in two different doses, 50 mgm.
and 75 mgm., respectively, the latter having been
given 30 days after the former. The changes
which were noted were similar to those already

described. Thus the total red cell EP reached a
maximum at the same time as the maximal reticu-
locyte response. ESFe increased sharply when 75
mgm. of phenylhydrazine were given, simultane-
ously with a rise in plasma iron, and then de-
creased prior to the rise in reticulocytes. Sim-
ilar results were obtained in two more experiments
but these were not completed because of the early
death of the animals.

2. hemolytic anemia in sheep:
The data obtained in sheep No. 1 are shown in

Figure 4. Two doses (7 and 12 ml.) of anti-sheep
cell hemolysin were given intraperitoneally. Ane-
mia developed very rapidly, reaching the most
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severe stage on the seventh day. At this time the
red blood cells were so agglutinated that a count
could not be done with Hayem's solution. This
difficulty was overcome by using Gower's solution
(19). The hypotonic saline fragility of the
erythrocytes was maximal at the time when the
anemia was most severe and the plasma bilirubin
increased simultaneously. An increase of reticu-
locytes commenced on the fourth day, when the
anemia was already quite severe. The reticulo-
cytosis reached its peak at the tenth day after the
first injection of hemolysin. It will be noted that
the EP did not rise; in fact it decreased slightly
at the time of the greatest red cell degradation.
As in the phenylhydrazine anemia, however, the
EP rose when the reticulocytes increased, the
peak corresponding to the highest reticulocytosis.
The only significant change in the ESFe was a

drop in this value at the time of the peak of the
reticulocytosis. The plasma iron first showed an
increase coinciding with the time of most severe
anemia and greatest blood destruction as indi-
cated by increased red cell fragility and plasma
bilirubinemia. A second rise in plasma iron de-
veloped at the time when the blood was approach-
ing normal.

From the calculated data, it may be seen that
the MEPand PE did not show a significant change
at the time of the greatest red cell destruction.
The MRPand PR, on the other hand, were very
high as was found in phenylhydrazine anemia.

The results of the experiment in sheep No. 2
are shown in Figure 5. This animal was given
5 ml. anti-sheep cell rabbit serum intraperitoneally
on three successive days. It may be seen that the
results are similar to those in sheep No. 1 except

FIG. 5. SHOWINGTHE CHANGESIN THE BLOOD OF ANOTHERSHEEPFOLLOWINGTHE ADMINISTRA-
TION OF ANTI-SHEEP RED CELL HEMOLYSIN

Note that the changes which followed were like those shown in Figure 4 except that the peak of
the rise in EP preceded by one day the peak of the increase in reticulocytes and the ESFe in-
creased at the time of the greatest red blood cell destruction.

252



SIGNIFICANCE OF FREE ERYTHROCYTEPROTOPORPHYRIN

FIG. 6. SHOWINGTHE HEMATOLOGICALAND CHEMICAL CHANGESIN THE BLOOD OF A PYRIDOXINE-DEFICIENT
PIG AND THE EFFECTS PRODUCEDBY ADMINISTRATION OF PYRIDOXINE

The anemia started to develop about the 52nd day following the commencement of the pyridoxine-deficient diet.
This was accompanied by a decrease in the volume of the red corpuscles (MCV) and in EP as well as a great
increase in the plasma iron. After treatment, there was a very marked rise in EP 48 hours following the first
dose of pyridoxine which coincided with a rise in the percentage of reticulocytes, a sharp drop in the plasma
iron content and an increase in the size of the red blood cells.

for the following: the peak of the EP curve was
reached earlier than the peak of the reticulocyte
curve and the EP persisted at an unusually high
value in spite of a marked fall in the reticulocyte
percentage.

3. Pyridoxine deficiency anemia in pigs:
Pyridoxine deficiency anemia developed in two

pigs, 10-20 and 10-21. The data obtained in pig
10-20 are shown in Figure 6. It may be seen that
anemia started to develop on the 52nd day follow-
ing commencement of the pyridoxine-deficient diet.
This was accompanied by a drop in the MCV, an
increase in the plasma iron and a decrease in EP
to an abnormally low level. The decrease in EP
in pyridoxine deficiency confirms earlier observa-
tions in this laboratory (28).

These changes were most pronounced on the
82nd day after the start of the diet. After treat-
ment with pyridoxine the reticulocytes increased

sharply, reaching a maximal value on the fifth day
after the first injection was given. This was
followed by an increase in the volume of packed
red cells and in the size of red corpuscles. A
striking change took place in the EP level. On
the second day after 50 mgm. pyridoxine was given
intravenously, the EP increased from 60 to 612
pg. per 100 ml. red cells. The normal value for
EP in the pig is approximately 100 jig. The EP
level then dropped in spite of an increase in the
reticulocyte percentage. The plasma iron dropped
also on the second day after treatment to a normal
level and continued at that level.

The calculated data for protoporphyrin in the
reticulocytes and mature cells (MRP, MEP, PR,
PE) in this animal showed much higher values in
the immature cells, just as was observed in the
experimental anemias already described.

Pig 10-21 developed anemia with similar chemi-
cal abnormalities. Although the anemia was not
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TABLE III

Pyridoxine-deficient pig (10-21)

Date RBC Hb Ht MCV MCH MCHC Retic. EP PI. Fe. ESFe

mil./c. gm./100 mi./100 ,,jiOO / %of Hb
mm. m". Mi.8 C. %s.a TYRBnil..mp..7PI iron

3/25 6.38 13.8 42.5 67 22 32 4.0 159 89 3.76
4/17 7.50 12.6 41.0 55 17 31 5.4 105 173 4.14
5/6 9.30 13.5 44.0 47 14 31 3.6 70 268 3.80
5/16 9.50 12.3 41.0 43 13 30 4.1 51 227 3.94
5/27 8.30 11.2 35.1 42 14 32 3.2 69 360 4.64
6/5 8.80 11.7 36.2 41 13 31 3.2 77 409 4.34
6/7 38.0
6/12 8.25 10.0 32.0 39 13 34 3.6 55 496
6/18 8.30 11.0 35.1 42 13 31 3.8 55 462
6/23 9.10 11.1 36.0 40 12 31 3.2 51 483
6/25 34.0 54 454
7/5 7.40 8.7 29.5 40 12 29 4.1 50 466
7/7 6.80 9.1 30.0 44 13 30 2.3 50 508
7/8 7.30 9.2 29.0 40 12 31 3.4 44 315
7/8 50 mgm. pyridoxine given intravenously.
7/9 10.30 13.9 46.0 1 45 14 30 8.6 141 l
7/10 Pig Aied.

as -severe as in 10-20, the chemical changes were 4. Pernicious anemia:
even more pronounced (Table III). The defi- The results in a case of pernicious anemia
ciency in this animal was so severe that, in spite treated with pteroylglutamic acid are shown in
of treatment, the animal died. Figure 7. The peak of the rise in EP was reached

| t.|x _ Falkc Acid 50mg. /day orally

13 1 0 1 1 } " 1

__ P 40ExplER

PLFIL

4 200 60

I~~~~ ~ ~~~~~~~~I

0 0 0 0, KEP

IL2 .07SS I 1 la 13 .14 IS s
De" on Expeimsnt

FIG. 7. SHOWINGTHE HEMATOLOGICALAND CHEMICAL CHANGESIN THE BLOODOF A PATIENT WITH PERNICIOUS
ANEMIA IN RELAPSE, FOLLOWINGTREATMENTWITH PTEROYLGLUTAMIcACID

Note the consistently low EP at different hours of the day prior to therapy and the increase after treatment
which coincided with the rise of the reticulocyte percentage; the peak of the EP level preceded by one day the
peak of the reticulocytosis. Pl.Fe, ESFe, and bilirubin dropped after treatment. Px and MRPwere very much
higher than the Ps and MEP.
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FIG. 8. SHOWINGTHE CONCENTRATIONOF THE VENOUSBLOODFROMTHE SPLEEN AFTER
STASIS DURING NEMBUTALANESTHESIA IN THREE DOGSAND THREE PIGS, AND THE IN-
CREASE IN EP ASSOCIATED WITH STASIS

The EP determinations were done in duplicate and are so shown.

one day earlier than the peak of the reticulocyte
curve. The ESFe dropped as the reticulocytes in-
creased. Plasma iron and bilirubin decreased at
the same time. The MEP and P1 showed no

significant change after treatment; the MRPand
PR were high, just as had been found in the ex-

perimentally induced hemolytic anemias. The
very low values for EP during relapse are of in-
terest. These were observed to be constantly low
during the different hours of the day.

5. Splenic stasis:

The effect of stasis was studied in order to see

whether the increased EP observed by Watson
et al. (4) during in vitro sterile incubation of blood
takes place also in blood sequestrated for some

time in the spleen. The data obtained in this ex-

periment are presented in Figure 8 and Table III.
It can be seen that there was a marked hemocon-

centration of the venous blood of the spleen as

compared with the arterial blood. This is in
accord with the findings of previous workers
(29, 30). The EP was significantly higher in the
venous blood from the spleen. As may be seen

in Figure 8, the difference between the splenic
venous and arterial EP content was always signifi-
cantly greater than the difference between dupli-
cate samples of the same blood. On the other
hand, the EP content of the jugular vein blood
taken prior to the administration of nembutal was

the same as that of arterial blood after nembutal.
It may be seen in Table IV that, except in dog No.
2, the values for ESFe in red cells from arterial
blood were higher than in those from venous blood.

DISCUSSION

In these studies it was found that the free pro-

toporphyrin of the erythrocytes (EP) rose simul-

BloodVIMI

P- GoI

255

0061 DOGZ



M. GRINSTEIN, JOSE A. SILVA, AND MAXWELLM. WINTROBE

TABLE IV

Effect of spknic stasis

.Hb Hb Ht Ht Retics. Retics. tEP# EP* tEP* ESFe ESFe
art. ven. art. ven. art. ven. jug. vein art. ven. art. ven.

Ag./100 ml. &g./100 ml. pg.,100 ml. %of %of
gm. gi. ml. ml. % % packed cells packed ceUs packedcells Hb iron Hb iron

Dog I 17.20 24.18 50.5 74.2 2.3 3.0 40 63.5 5.35 5.38
- 43 63.5 5.35 5.17

Dog II 14.63 21.00 42.0 60.3 17 16 25
16 27 5.16 5.26

Dog III 13.93 19.79 43.5 59.0 0.8 1.2 24.9 31.6
25.3 33.0 5.73 5.36

Pig I 16.50 22.25 49.0 63.0 1.3 2.0 127 134 138.0 3.06 2.99
134 137.5 3.20 3.02

Pig II 15.37 22.23 45.0 66.0 0.5 2.5 107 111 152 2.98 2.73
107 156 2.98 2.68

Pig III 13.76 19.92 40.1 61.0 3.3 4.9 133 126 260 2.87 2.62
I I I I I I I I 129 258 3.04 1 2.63

t EP# The free erythrocyte protoporphyrin of the blood from the jugular vein taken before the administration
of nembutal.

I EP* The free erythrocyte protoporphyrin of the arterial and venous blood after nembutal anesthesia. The
determinations were made in duplicate and are so recorded.

taneously with or just prior to the increase in
reticulocytes which developed following the ad-
ministration of phenylhydrazine to rabbits, he-
molysin to sheep, pyridoxine to pyridoxine-defi-
cient pigs or folic acid to a patient with pernicious
anemia in relapse. In no instance did an increase
in EP occur following the rise in reticulocytes.
When the content of free erythrocyte proto-
porphyrin (PR, MRP) in the reticulocytes was
compared with that in mature cells (PE, MEP)
the values were found to be strikingly and con-
sistently higher in the immature forms. When
the EP of red cells coming from the spleen fol-
lowing stasis was measured, it was found to be
greater than that of cells from arterial blood.
However, in the experimental anemias the EP did
not rise when blood destruction was very great,
increasing instead, as above noted, when young
cells made their appearance.

These findings are consistent with those of
Watson and his associates (4, 6), DeLangen and
Grotepass (7) and Seggel (5), already cited,
as well as with those of Stasney (31) who found
the protoporphyrin content of the bone marrow
to be increased when the percentage of normo-
blasts was increased. They support the sugges-
tion that the free erythrocyte protoporphyrin rep-
resents porphyrin which is awaiting utilization for

hemoglobin formation. It is of interest in this
connection that, not only was the mean reticulo-
cyte content of protoporphyrin (MRP) higher
than that of mature red corpuscles (MEP), but
in a number of experiments the content in the
reticulocytes which appeared at first was greater
than in those appearing later (see Figures 1, 3
and 5). It might be expected that, in the reticu-
locytes appearing early in response to some stimu-
lus, hemoglobin synthesis would not be as com-
plete as in those which appeared when the crisis
had become less acute.

It does not follow, however, that the presence
of a high EP necessarily signifies the presence of
a great number of immature cells. It would seem
more correct to say, in the present state of our
knowledge, that a high EP is indicative of uncom-
pleted hemoglobin synthesis. The high EP found
in iron-deficiency anemia (5, 8) may represent
protoporphyrin which has not been formed into
hemoglobin due to lack of iron; the high values
observed in lead (4, 5, 32) and in gold (4) intoxi-
cation may represent a failure in hemoglobin syn-
thesis due to chemical interference by these heavy
metals. Finally the high EP observed in our lab-
oratory (1) in cases of anemia associated with in-
fection may be explained by assuming that there is
a failure to utilize protoporphyrin completely for
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hemoglobin synthesis. That there is failure in
such cases of anemia to use iron in the normal
fashion for this purpose has been shown by us al-
ready (33).

It seems possible also that under certain cir-
cumstances the free protoporphyrin in the eryth-
rocytes may rise as the result of intracorpuscular
degradation of hemoglobin. The increase of EP
following stasis of red corpuscles in the spleen,
which we have observed, is similar to the increase
noted by Watson et al. (4) in vitro and could be
attributed to red cell degradation. Such an in-
crease in EP could also be explained, however, by
assuming that following splenic stasis a greater
proportion of younger cells, containing more EP,
remains, the oldest forms having been destroyed in
the spleen. This thesis is consistent with the ob-
servation that the ESFe was lower in the venous
blood than in arterial, but is not supported by the
finding of a significantly increased percentage of
reticulocytes in the blood from the splenic vein.
Yet it is noteworthy that the hemolytic anemias
produced in our experiments were not accom-
panied by a rise in EP at the time when red cell
destruction was greatest.

Weare at a loss to explain the discrepancy be-
tween our observations in pernicious anemia and
those of Seggel (5) and of Watson et al. (4) who
found the maximal increase in EP to follow rather
than to coincide with or precede the maximal in-
crease in reticulocytes. In phenylhydrazine ane-
mia Watson et al. (4) observed a parallel increase
in EP and reticulocytes. An increase in EP one
day prior to the rise in reticulocytes, as we have
observed in some instances, might have been
missed by Watson et al. since their measure-
ments were made at intervals of two or three days
instead of daily. Speculation is unwarranted,
however, until further studies are made to clarify
this point.

With regard to the significance of the "easily
split-off" iron (ESFe), it should be pointed out
that (1) the ESFe increased within 24 hours fol-
lowing the injection of phenylhydrazine; (2) this
increase coincided in one instance (Figure 5)
with a rise in plasma iron, erythrocyte fragility
and plasma bilirubin following the injection of
hemolysin in one sheep but in another animal
no increase was observed; (3) ESFe decreased at
the time of maximal increase of reticulocytes; and

(4) the quantity in mature corpuscles (ESFeE)
was greater than in reticulocytes (ESFeR).
These observations suggest that ESFe is a degra-
dation product of hemoglobin associated with de-
struction, maturation and perhaps senescence of'
red corpuscles.

The variations in plasma iron observed in our
studies correspond to those described by others
(34). An increase in plasma iron may result
from its release from hemoglobin during blood
destruction; rapid blood formation, however, leads
to an increased demand for iron which in turn
tends to deplete the amount in the plasma.

SUMMARY

1. The free protoporphyrin of the erythrocytes
(EP) as well as the "easily split-off" iron (ESFe)
were measured in reticulocytes and in mature cells
taken from the blood of (1) rabbits in which ane-
mia was produced by giving phenylhydrazine;
(2) sheep in which anemia was caused by inject-
ing anti-sheep red cell hemolysin; (3) pigs in
which pyridoxine deficiency anemia was produced
and subsequently treated; (4) dogs and pigs in
which splenic stasis was induced; and (5) a hu-
man subject with pernicious anemia treated with
pteroylglutamic acid.

2. It was found that the EP increased and
reached a maximal level simultaneously with or
just prior to the reticulocytosis observed in these
conditions. The EP did not increase in the he-
molytic anemias when the blood destruction was
maximal. The content of EP was very much
greater in reticulocytes than in mature red cor-
puscles. An increase in EP was also observed
in the red cells taken from the splenic vein follow-
ing stasis.

3. The ESFe increased in the first 24 hours fol-
lowing the injection of phenylhydrazine and then
decreased at the time of maximal increase of re-
ticulocytes. The content of ESFe in reticulocytes
was less than in mature corpuscles.

4. These observations are interpreted as indi-
cating that (a) an increase in EP usually signi-
fies uncompleted hemoglobin synthesis which may
be the consequence of the liberation of immature
cells or is due to iron deficiency, toxic factors
or other causes. An increase in EP may possibly
also result from hemoglobin degradation; and
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(b) the ESFe is a degradation product of hemo-
globin associated with destruction, maturation
and perhaps senescence of red corpuscles.
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