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ABSTRACT 

Red blood cell survival and patterns of erythropoiesis-asso-

ciated hema destruction were studied in mice with microcytosis 

(,/mk) of the ?4K/Re and SEC/iRe strains, and their normal controls 

(+/+ and /'+) using the endogenous production of 1400  following gly-

cine-2--14C injection. In affected homozygotesof both strains, there 

was evidence for splenic destruction of reticulocytes and increased 

random hemolysis, with higher rates of random hemolysis in affected 

mice of the SEC/iRe strain. In addition, alterations in the "early. 

labeled peak" of the /mk mice of the SEC/iRe strain suggested the 

presence of a small component of "ineffective erythropoiesis", which 

was not seen in affected mice of the MK/Re strain. The "ineffective 

erythropoiesis" and spienic reticulocyte destruction were abolished 

by prior splenectomy, but the rate of random hemolysis was only mini-

mally lessened and spienectomized mice remained anemic. These results 

offer direct insight into RBC survival patterns in genetically deter-

mined hemolytic anemias, and document results of the interaction of 

a single gene defect (mk) with the rest of the genorne. 
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INTRODUCTION 

Microcytosis, an autosomal recessive trait in the mouse, has 

recently been described by investigators at the Jackson Laboratory15  

and  elsewhere60 The anemia is characterized by microcytosis and ani-

socytosis, reduced mean corpuscular hemoglobin (MCI-i) and mean cor-

puscular hemoglobin concentration (MCHC), and by reticulocytosis and 

a typical "Christmas wreath" appearance of reticulocytes in smears 

on glass slides2'5. Although absolute red blood cell counts are 

often elevated in affected (/mk) mice, due to the extreme microcy-

tosis and hypochrornia the animals may be severely anemic, are paler 

than their unaffected littermates at birth  2, and in many stocks have 

reduced viability5 . 

In this paper, red blood cell survival in affected and control 

mice was studied via the endogenous production of carbon-14 labeled 

carbon monoxide (14c0) in the expired air following injection of 

glycine-2-140. Previous studies have shown that endogenously-pro-

duced CO arises solely from heme caabolism79, and that the fate of 

a cohort of labeled circulating red blood cells can be followed via 

14C0 production following injection of labeled glycine'°. This tech-

nique is particularly applicable to the study of congenital murine 

anemias for the following reasons: 

l It allows heme catabolism to be studied without venesection 

or collection of body fluids, avoiding possible unphysiologic effects 

of such sampling, or the requirement for large numbers of animals, and 

2.. It is capable of giving information concerning destruction of 

labeled cells during maturation in the bone marrow ("ineffective 

erythropoiesis")11, 
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The usefulness of this technique in assessing the destruction of 

newly-formed red blood cells by the spleen (splenic sequestration 

and destruction of reticulocytes) will form a portion of this com-

munication. 

MATERIALS AND METHODS 

Animals studied were adult male or female mice of the MK/Re or 

SEC/lReJ strain homozygous (/mk) for the microcytosis defect and 

their normal littermates (/+ and --/+). Mice were studied for 14CO 

production approximately 2 to 4 months after birth, and routine blood 

studies were performed using standard techniques on blood obtained 

from the orbital sinus at the completion of each experiment, when 

the mice were 5 to  9 months old. 

Endogenous 1400  production was studied in groups of two to five 

mice, each animal being injected intravenously with 10 pCi of glycine- 

2 1 C, using techniques previously described9'10, Immediately after 

glycine injection the mice were placed as a group into metabolism 

chambers, and breath collected continuously for the first 48 hours, 

and at frequent intervals thereafter up to 100 days after isotope 

injection. Results of each experiment were reported in terms of 

disintegrations per minute of 14C0.colleted per hour per individual 

anirial. 

The experiments to be reported consisted of four +/+ control 

mice of the SEC/lReJ strain, three /+ mice of the SEC/lReJ strain, 

two /mk mice of the SEC/1ReJ strain, and two /mk mice of the MK/Re 

strain. An additional three /mk mice of the SEC/1ReJ strain were 

studied 11 days following surgical removal of the spleen. Parameters 

of red blood survival were analyzed for all mouse groups by fitting 

/ 
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CO data to appropriate mathematical functions1°  which yielded es-

timates of the rate of random destruction of RBC (random hemolysis), 

the mean potential lifespan and the spread of lifespans about this 

mean (phase of senescent death), and the fractional incorporation of 

glycine into RBC hemoglobin heme. From such parameters, and from 

graphical analysis of "early peak" data (see Results and Discussion 

sections), mean overall RBC lifespan (average RBC survival time for 

all modes of RBC death), and the fractionation of heme destruction 

among the various phases of RBC death ("ineffective erythropoiesis", 

splenic destruction of reticulocytes, random hemolysis, and senescence) 

could be estimated. 

Blood from a single ±/+ control and an affected i"mk mouse of 

the MK/Re strain was prepared for examination by scanning electron 

microscopy as follows: freshly dra'rn orbital sinus blood, was allowed 

to clot on a paraffin surface under conditions of high humidity. 

After clot retraction was complete, the clot was fixed in formaihehyde 

for 48 hours. The clot was then placed on a glass slide, covered 

with a thin metal film by evaporation, and examined with a scanning 

electron microscope (Japanese Electronic Optical Laboratory Corpora-

tion, Model JSM-l) 

RESULTS 

The range of hemoglobin concentration in circulating blood of 

control (±/+) mice was 16.1 to 17.0 grams per lOO.ml, while it was 

6.1 to 7.8 in /mk mice of the SEC/lReJ strain and 8.2 to 10.6 in 

j/mk mice of the MK/Re strain. In three /mk mice of the SEC/lReJ 

strain post-splenectomy, the range was 5.0 to 6,7 grams per 100 ml. 

Reticulocyte concentration was 3 to 4 per cent in +/+ controls, while 
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it was in the range of 15 to 23 per cent in ak/mk mice of the SEC/lReJ 

strain following splenectomy as well as in unsplenectomized /mk 

mice of the 14K/Re and SEC/lReJ strains. These values correspond well 

with more complete blood studies of mice of the same genotypes raised 

in the same laboratory25 5  except that in the previous studies the 

hemoglobin content in SEC/1Re-L. mice was somewhat higher (10.6 ± 

0.2 for /mk females, 11.2 ± 0.3 for mk1mk, males (mean ± S.E.)). 

Production of 14C0 during the first 5 days after glycine-2-14C 

injection ("early labeled peak") in heterozygotes (/+) was normal, 

with peak 14C0 production 1 to 2 hours after isotope injection, and 

a rapid decline thereafter (Figures 1 and 2). In affected mice  

of the SEC/lReJ strain (Figure 1) or the MK/Re strain (Figure 2), fol-

lowing this initial peak and a subsequent decline in 1 C0 production, 

there was a second peak noted starting about 214 hours after isotope 

injection, which was maximal at 35 to 50 hours, and terminated about 

72 hours after glycine injection, In splenectomized affected (mk/mk) 

mice of the SEC/lReJ strain (Figure 1), the initial peak at 1 to 2 

hours was seen, but the second peak at 214 to 72 hours was absent, 

being replaced by a plateau production more than twice that seen in 

the, controls or heterozygotes. 

Although adequate criteria for the precise definition and quan-

titation of "ineffective erythropoiesis" have yet to be made, cer-

tain observations1012  suggest that such processes should result in 

additional 14C0 production directly following the initial (1 to 2 

hours after isotope injection) peak of 
14C0 activity. No such increase 

is seen in normal rats or mice9'12.9 13  or in any of the animal groups 

herein studied, with the exception of the ,/mk mice of the SEC/lReJ 

/ 
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strain (Figure 1), In these mice, a "shoulder"-was seen in the 1400 

curve about 10 to 15 hours after isotope injection, with a maximumr 

and statistically significant difference from control animals seen 

at about 12 hours following glycine-2-140 injection. 

Production of labeled CO 3 to 100 days after glycine injection 

in control, homozygotes, or splenectornized homozygotes of the SEC/lReJ 

strain is shown in Figure 3. Data points, representing 5-hour collec-

tion of expired 1400  are shown as solid or open circles, while the 

least-squares best-fit of these data points to mathematical functions 

used to compute RBC survival-° is shown as solid, dotted, or dashed 

lines. In the control animals there is a well-defined "late peak" 

of 14C0 production 30 to Go days after glycine injection represen-

ting primarily the senescent destruction or RBC labeled in the initial 

cohort. This 'late peak" was not seen in the /mk mice, although 

its presence is suggested by the slight dip in the curve at about 

45 to 50 days after glycine injection. In these animals, 1400  pro-

duction in the time period of 20 to 60 days fell exponentially, re-

flecting a markedly increased rate of random hemolysis. In the splen-

ectomized microcytic mice the slope of this exponential fall was less 

than that seen in non-splenectomized mice of the same strain. The 

parameters of RBC survival derived from such curves, and also from 

the curves in the J/mk mice of the MK/Re strain (not shown in Fig-

ure 3) are shown in Table I. To such results were added a graphical 

estimation of the amount of labeled heme accounted for in the abnor-

mal peak seen 24 to 72 hours after glycine injection, and also for 

the amount of "ineffective erythropoiesis" present. In estimating 

the magnitude of these latter two processes, it was assumed that 



they were were absent in normal controls, and that their magnitude in 

affected mice could be approximated by subtracting data points ob-

tained in the affected mice from corresponding data points in the 

controls. Results of this analysis are shorn in Table II. 

As compared to the controls, rate of random hemolrsis In the 

investigated sample of microcytic anemics congenic with SEC/iRe was 

increased approximately 16-fold (Table I). Together with the early 

RBC destruction at 1 to 3 days following labeled glycine injection 

this resulted in a mean overall RBC lifespan of 15 days, as compared 

to 45  days in the controls (Table II), Splenectomy resulted in a 

slight decrease in the rate of random hemolysis to 11 times normal, 

and increased the mean overall RBC lifespan to 23 days. Anemic mice 

of the MK/Re strain showed a rate of random hernolysis 6 times that 

of the normal SEC/iRe-±/+ mice tested, and a fractional g1ycne in-

corporation approximately equal to that seen in homozygotes of the 

SEC/iRe strain, results which are compatible with the higher hemo--

globin concentrations seen in the former mice. In all studies, the 

time of maximum death by senescence (mean potential RBC lifespan) 

and the spread of lifespans about this mean were essentially unaf-

fected (Table II) although the fraction of all labeled PLEC dying of 

senescence was markedly reduced in all /mk mice, 

DISCUSSION 

In the affected homozygotes with microcytosis (/mk), abnor-

mally small and hypochromic RBC are produced in great numbers, along 

with larger hypochromic RBC, many of which have the appearance of 

target cells on glass slides. The result of these abnormalities is 
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a normal or increased number of RBC per unit volume associated with 

a low mean corpuscular hemoglobin concentration (MCHC), and a de-

creased hemoglobin content of whole blood. Examples of the morpho-

logic picture seen in the peripheral, blood of these animals are 

shown in Figures k and 5. The microphotographs show the above men-

tioned size and shape alterations, as well as the "Christmas wreath" 

reticulum pattern of the reticilocytes. At the present time the na- 

ture-of the gene action leading to the defective erythrocytes of /mk 

mice is not known, but the possibility of abnormality in the hemo-

globin structure has been eliminated5. 

Red blood cells in mice with microcytosis have shortened sur-

vival, characterized by early destruction of newly-formed RBC, and 

by increased rates of random hemolysis (Tables I and II). That a 

portion of reticulocytes die by the process of splenic trapping and 

destruction was concluded from the following observations 

1, Labeled CO production increased in a well-defined "peak" 24-

to 72 hours after glycine injection. The upswing of this extra peak 

began at 24 hours, which is approximately equal to the mean time of 

entry of labeled normal mouse RBC into the circulation (26 hours'°). 

The end of this peak at 72 hours corresponds to the time by which 

most or all of the cells labeled in the initial cohort have entered 

the peripheral circulation10'14.  

2. This increased "peak" of CO production was completely abol-

ished by prior splenectorny (Figure 1). 

Unlike the case in congenital spherocytosis in either the deer-

mouse  15  or man16'17, splenectomy did not improve the anemia of micro-

cytic mice. Presumably, in man and deermouse, spherocytic RBC are 

/ 
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recognized as abnormal and trapped and 'destroyed only in splenic sin-

uses and cords.17, while non-splenic sites for RBC destruction (such 

as the liver) allow such affected cells to survive normally. In 

mice with microcytosis, on the other hand, the cells, which either 

escape splenic destruction as reticulocytes, or those produced in 

splenectomized hosts are still subjected to an increased rate of 

random destruction (Table II). Table IL indicates that /mk mice 

of the SEC strain lost about 93 per cent of the initial cohort of 

labeled RBC from ineffective erythropoiesis", splenic destruction 

of newly emerging cells, and random hemolysis. While splenectomy 

seemed to abolish the first two processes, it only slightly decreased 

IV- he rate of'random hemolysis, so that 76 per cent of the labeled co-

hort was lost via random hemolysis, resulting in a RBC survival that 

was still markedly shortened. 

Since the spleen is markedly erythropoietic in /mk mice5, 

removal of this organ might well decrease erythropoiesis after splen-

ectorriy, Thus, although the mean RBC lifespan following splenectomy 

was increased slightly from 15 to 23 days, the decrease in glycine 

incorporation into RBC heme noted in these mice (last column, Table 

I) was probably sufficient to counteract this beneficial effect, 

resulting in no significant change in circulating hemoglobin concen-

tration. Thus, the presence of splenic sequestration of reticulo-

cytes in these animals was no guarantee that splenectomy would be 

beneficial. Similar circumstances probably explain the failure of 

splenectomy in patients with documented splenic destruction1820  of 

young RBC. 

The production of 14CO was abnormal in the time period of about 



10 to 15 hours after glycine injection in /mk mice of the SEC/1ReJ 

strain (Figure 1). Kinetic arguents1013'2127  would suggest that 

the process(es) of intramedullary destruction of HBC and/or their pre-

cursors would be maximal during this interval of time. In any case, 

"ineffective erythropoiests" does not seem to be an integral part 

of the effects of the Dk/mk genic substitution, since this alteration 

was not observed in the experiments with NK/Re-/mk mice Further 

studies to delineate these processes with more precision are now in 

progress. 

The value of the 14C0 method employed in this and similar stud-

ies lies in its ability to sequentially study, in the intact experi-

mental animal (or hunian subject), the various modes of death to which 

the red cells are susceptible ('ineffective erythropoiesi&', splenic 

destruction of reticulocytes, random hemolysis, and senescence10'127)0 

With the aid of rigidly controlled genetic backgrounds in anemic mice, 

the relationship between these phases of RBC destruction, the under-

lying single gene defect, and other "modifying" genes present inthe 

same animal can be studied in great detail. Such interaction be-

tween the underlying single gene defect (mk) and other modifying genes 

is suggested by the observed difference in rate of random hemolysis 

(and the presence or absence of "ineffective erythropoie.sis") be-

tween our samples of /mk mice from the SEC/lReJ and MK/Re strains. 

The previously noted inability to maintain viable stocks of /mk 

individuals congenic with particular inbred strains5  strain differ- 

ence in incidence of skin lesion in /mk mice  28, plus differences 

in deleterious influence of the gene substitution on breeding perfor- 

mance, all demonstrate the importance of interaction between the, 
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single gene, mk, responsible for the microcytosis, and theremainder 

of the genome. A further study,  of these interrelationships should 

give increased insight into the basic hematologic mechanisms influ-

encing health and disease. 
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PARAMETERS OF RBC SURVIVAL IN MICROCYTIC MICE 

TABLE I 

(j) (rfl) (SIGMA) (C) 
STRAIN GENOTYPE RATE OF RANDOM MEAN POTENTIAL SPREAD OF RBC FRACTIONAL INCORPOR- 

1-IEMOLYSIS RBC LIFESPAN LIFESPANS ABOUT T ATION OF GLYCINE INT( 
(PERCENT/DAY) (DAYS) (DAYS-) RBC HEME (PERCENT) 

SEC/lReJ 0,32 ± 0,04** 

SEC/lReJ /mk 5.2 ± 0.10 

SEC/lReJ mLklm , 3,5 ± 0,28 
splenectornized 

MK/Re Lkymk 2,0 ± 0,12  

48.2 ± 0.1 

49.3 ± 1.1 

45,4 ± 1.4 

46,3 ± 0,3 

8.8 ± 0.1 

8.0 ± 1.0 

15 ±1.4 

10 ±0.4 

0 ,30 ± 0.01 

0 .52 + 0,01 

0.45 ± 0.02 

0.54 + 0.01 

* INCLUDES "Ineffective erythropoiesis" plus all labeling of RBC hemoglobin heme 

** Computer estimate of uncertainty in parameter expressed as MEAN ± 1 S.D. 



TABLE II 

FRACTIONATION OF RED BLOOD CELL DEATH IN MICE WITH MICROCYTOSIS 

(PERCENT OF TOTAL ERYTtffLOPOIETIC HEME TURNOVER) 

STRAIN GENOTYPE INEFFECTIVE SPLENIC RANDOM SENESCENCE I'thAN OVERALL 
ERYTHROPOIESIS SEQUESTRATION HEMOLYSIS RBC LIFESPAN 

(DAYS) 

SEC/1ReJ 0* 0* 14 86  45 

SEC/1fleJ mk/mk 3 21 69 7 15 

SEC/1ReJ mk/mk 0 0 76 24 23 
sp1en'tomized 

MK/Re /mk 0 20 47 33 24 

*Assumed to be zero in normal controls 



FIGURE LEGENDS 

Figure 1. Comparison of 'early labeled peak" for 14C0 in SEC/iRe-

!/'mk mice, in congenic SEC/lRe-+/± mice, and in splenectomized 

SEC/lRe-/mk mice. Ordinate represents 14C0 production rate (dpm/ 

hour/mouse), while abscissa represents time after glycine-2-14C in- 

jection (hours). 

In the intact SEC/iRe-mlmk mice, the presence of a "shoulder" 

at 10 to 18 hours should he noted along with a secondary rise at 

24 to 72 hours, Both of these findings were abolished by prior 

splenectomy. 

Figure 2.  Further data on "early labeled peak" of microcytic and 

normal mice. (Ordinate and abscissa same as for Figure 1) Nicro-

cytic mice (o) were congenic with the MK/Re rather than the SEC/iRe 

strain; they showed the same 24 to 72 hour splenic destruction peak, 

but gave no evidence of ineffective erythropoiesis. 

CO excretion curves for SEC/lRe-+/+ mice (repeated from Figure 

1) and for SEC/lRe-/+ mice (o) are almost identical, indicating 

that the mk gene is completely recessive. 

Figure 3. "Late peak" for "CO in mice of the SEC strain. Ordinate 

represents 14C0 production rate (dpm/hour/mouse) while abscissa rep-

resents time after giycine-2-14C injection (days). Data points are 

sho;'rn as solid or open symbols, while the least-squares best fit of 

these data points to appropriate mathematical functions describing 

total 1400 production1°  is shown as solid, dashed, or dotted lines. 

The phase of senescence centered about 50 days in the normal mice 

(+/~) is markedly diminished in Dik/k mice in the presence or absence 

/ 



of the spleen. 

Figure 24.. ReticulocytepreparatiOn from a /mk mouse of the SEC/lReJ 

strain on a glass slide. Note the "Christmas wreath" reticulocytes, 

the marked hypochromia of the RBC, and the presence of numerous small 

and misshapen RBC. (New Methylene Blue counterstained with Giemsa. 
\ 

1Lox) 

Figure_5. Scanning electron microscopic films of clotted blood from 

an affected (Elf,/EL) mouse and a control (±/+) of the MK/ Re strain. 

Note the presence of numerous flattened, distorted RBC (target an 

crenated cells) in the affected mouse (A) and the regular, rounded 

appearance of RBC in the controls (B). (Original magnification 3,000.) 

/ 
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