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Insulin-driven erythropoiesis may underlie impairment of erythrocyte 
deformability in hyperinsulinaemic, hyperglycaemic ob/ob-mice 
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Summary. The circulating erythrocytes in hyperglycaemic 
and hyperinsulinaemic obese (ob/ob) mice are enlarged with 
a decreased erythrocyte filtrability and an abnormally low re- 
sistance to osmotic stress. These changes probably reflect 
aberrations of erythropoiesis, as evidenced by enhanced 
staining for iron in the bone marrow, reticulocytosis, and in- 
creased erythrocyte volume fraction. Mature  erythrocytes, 
reticulocytes, and late-phase basophitic erythroblasts were 
found to have larger diameters than their counterparts  in 

control mice while myelopoiesis appeared to be unaffected. 
The average erythrocyte also displayed an increased cell vol- 
ume and a decreased haemoglobin concentration. It is 
suggested that the stimulation of the erythroid cell line in 
ob/ob-mice might be a consequence of the hereditary hyper- 
insulinaemia. 
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The  flexibility of  e ry throcytes  is impor t an t  for b lood  
rheo logy  [1]. In h u m a n  d iabetes  melli tus the e ry throcy te  
deformabi l i ty  is decreased  [2-4]. A similar p h e n o m e n o n  
has also been  r epo r t ed  to occur  in obese -hype rg lycaemic  
(ob/ob) mice [5, 6]. T h e  a b n o r m a l  rigidity of  e ry throcytes  
in d iabetes  m a y  cont r ibu te  to the d e v e l o p m e n t  of  vascular  
dysfunctions in capillaries [7] and larger  vessels [8]. 

In non- inbred  ob/ob-mice the diminished deform-  
ability appea r s  to be  coupled  to an en l a rgemen t  of  the ery- 
throcytes  [9,10]. Bo th  the m e m b r a n e  a rea  and the vo lume  
of the circulating e ry throcytes  are increased.  A t t en t ion  is 
the re fore  drawn to the possibil i ty of  an abno rma l  e ry thro-  
poiesis. As  the non- inbred  ob/ob-mice are  not  only hyper -  
g lycaemic  but  also m a r k e d l y  hyper insu l inaemic  [11] it is 
no t ewor thy  tha t  insulin is a somato t roph ic  h o r m o n e  
which s t imulates  e ry thro id  colony fo rmat ion  in vi tro [12, 
13]. Agains t  this b a c k g r o u n d  we have  inves t igated the 
bone  m a r r o w  as well as circulating ret iculocytes and ery- 
throcytes  in ob/ob-mice and their  no rmog lycaemic  and 
normoinsu l inaemic  lean control  counterpar ts .  

Materials and methods 

Blood donors 

Blood and bone marrow were taken from 7-8-month-old female 
obese non-inbred Ume~-ob/ob-mice and age-matched lean control 
mice. These ob/ob-mice are insulin resistant with a 10-100 fold in- 
crease in plasma insulin concentration and a hyperglycaemia that 
peaks in young animals and then gradually declines [5, 11], and have 

been widely used in exploring the mechanisms behind the stimulus- 
secretion-coupling of insulin [14]. In terms of vascular complications 
these animals are characterized by certain glomerular lesions [15,16] 
as well as arteriolar abnormalities [17]. Mice had access to food and 
water ad libitum. 

Blood samplings 

Blood of relatively large volumes, used for Coulter counting and 
measurements of osmotic resistance was taken from mice anaesthet- 
ized by i. p. pentobarbital. Approximately 1 ml of venous blood was 
aspirated from the right heart ventricle into heparin-treated syring- 
es. Small volumes of blood, for counting and measuring reticulocytes 
and mature erythrocytes, was taken from the tail-tip (5 gl) of unan- 
aesthetized mice and processed as explained below. 

Determination of osmotic resistance 

Blood was mixed with solutions of various osmolarities (NaC1, 
17.1-145.3 mmol/1), and incubated at room temperature for 30 min. 
The mixtures were centrifuged at 700 g for 5 min and the Hb which 
was released to the supernatant was spectrophotometrically 
(415 nm) determined. 

Determination of carbon-monoxide haemoglobin 

Blood carbon-monoxide haemoglobin (Hb-CO) was measured on a 
OSM3 Hemoximeter (Radiometer, Cophenhagen, Denmark). The 
Hemoximeter was calibrated for Hb-CO measurements against a 
gas chromatography method [18]. 
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Table 1. Bone marrow activity in ob/ob and control mice 

Control ob/ob 

Reticulocytes in blood (%) 3.29_+ 0.30 6.72 + 1.17" 
Erythroid cells in marrow (%) 19.6 + 1.50 19.9 + 1.67 
Iron content inmarrow (1-9) 1.63 + 0.42 5.38 + 0.65 b 

The unit (1-9) denotes a semiquantitative scale with increasing re- 
ticular iron in the bone marrow. Mean values + SEM for eight 
ob/ob-mice and eight control mice. a p < 0.02; b p < 0.001 for com- 
parison with control mice (two-tailed Student's t-test with correction 
for unequal variance) 

Table 2. Diameters (gm) of bone marrow and circulating erythroid 
cells in ob/ob and control mice 

Control ob/ob 

Myelopoiesis stage I 12.8_+ 0.09 (8) 12.6 + 0.15 (8) 

Myelopoiesis stage II 10.7 + 0.11 (8) 10.7 + 0.17 (8) 

Erythropoiesis stage I 9.43 _+ 0.20 (8) 9.59 -+ 0.17 (8) 

Erythropoiesis stage II 7.84 + 0.16 (8) 8.22 + 0.14 (8)" 
(pooled, n = number 7.84 + 0.10 (200) 8.22 + 0.09 (200) b 
of erythroblasts) 

Reticulocytes 5.02_+ 0.04 (16) 5.35 + 0.09 (16) c 

Erythrocytes 6.27_+ 0.03 (6) 6.51 + 0.03 (6) d 

Due to shrinkage the reticulocytes in dried smears were smaller than 
the suspended mature erythrocytes in suspension. Mean values + 
SEM for the number of observations indicated within parenthesis; 
a p < 0.1 (not significant)', u p < 0.01; c p < 0.005; d p < 0.001 for 
comparison with control mice (two-tailed Student's t-test with cor- 
rection for unequal variance) 

Bone marrow sampling and handling 

Bone marrow was taken from the left femur of the cardio-punctured 
mice. The femur was split and the marrow imprinted on two glass- 
slides. The dried marrow was fixed and stained by standard methods: 
May-Grtinwald-Giemsa, or Prussian blue reaction for the determi- 
nation of iron content [19]. 

surements. The reticulocyte-count did not vary with the handling 
procedure during blood collection; any squeezing of the tail did not 
result in altered cell counts (data not shown). 

Morphological measurements 

Bone marrow cells, reticulocytes, and mature erythrocytes were 
measured by means of an image analysis device (MOP-Videoplan, 
Kontron Bildanalyse, Munich, FRG) which consisted of a Zeiss 
microscope, equipped with a bright field 100/1.25 oil objective lens. 
The microscope was optically connected, via a horizontal tube, to a 
digitizer with cursor. The outer contour of the cells was followed by 
the cursor, and the projected cell area, perimeter, and perimetrical 
shape factor calculated by the computer. The diameter of a circle 
corresponding to the cell area was also automatically obtained and is 
here presented as a measure of the cell diameters. Calibration was 
performed with a Zeiss stage micrometer. All cells were measured 
on coded slides without knowledge of their identity. 

Reticulocytes were analysed in dried smears of blood whereas 
mature erythrocytes were measured in a Hepes buffered Krebs- 
Ringer solution (NaC1, 135 mmol/1, KC1, 4.7mmol/1, KH2PO4, 
1.2 mmol/1, MgSO4, 1.2 mmol/1, and CaC12, 2.56 mmol/1, glucose, 
5 mmol/1, bovine serum albumin, 0.2 g/l, with the pH adjusted to 7.40 
by addition of NaOH), after sedimentation to the bottom of a count- 
ing chamber. On an average the material consisted of 35 reticulo- 
cytes in each of 16 ob/ob-mice and 16 control mice, and 50 suspended 
erythrocytes in each of six ob/ob-mice and six control mice. 

The myelopoietic as well as the erythropoietic cells were sub- 
grouped into two stages of maturation. In practical terms, the early 
myelopoietic phase consisted of cells with rounded nuclei corre- 
sponding to myeloblasts and promyelocytes. The later phase com- 
prised cells with more irregular or doughnut-shaped nuclei. The 
early erythropoietic cells were large proerythroblasts including early 
basophilic erythroblasts, whereas the later phase consisted of more 
mature basophilic erythroblasts [20]. The material consisted of 25 
cells of each group in eight ob/ob-mice and eight control mice. 

The percentage of erythropoiesis to myelopoiesis was measured 
by counting, on an average, 750 bone marrow cells, randomly se- 
lected in each slide. Iron content was evaluated on the specially 
stained slides by a semiquantitative method graded from one to nine 
with increasing amounts of stained iron. 

Blood cell counts 

Erythrocytes and leucocytes were counted by means of a Coulter 
counter (Model S-plus, Coulter Electronics, Inc., Hialeah, Fla., 
USA). The "Unopette microcollection system" (Becton-Dickinson, 
Rutherford, N J, USA) was used by which 44.7 gl of whole blood was 
collected in a pipette and suspended in 10 ml Isoton II medium (Bec- 
ton-Dickinson). Leucocyte and erythrocyte counts, haemoglobin, 
erythrocyte volume fraction (EVE haematocrit), mean corpuscular 
volume (MCV), mean corpuscular haemoglobin (MCH), and mean 
corpuscular haemoglobin concentration (MCHC) were measured 
or calculated. 

Reticulocyte counts 

Whole blood, 5 p.1, was gently mixed with 5 gl 1% brilliant cresyl 
blue, incubated for 10 min at room temperature and smeared. Ap- 
proximately 700 erythrocytes were counted on each slide and the 
proportion of reticulocytes recorded. 

The mouse tail-tips were fixed in 10% formalin, embedded in 
paraffin, sectioned, stained with haematoxylin/eosin, and studied by 
light microscopy. The distal piece, about 5 mm, of the tail was not 
found to hold any bone marrow that could disturb the blood mea- 

Statistical analysis 

Results are given as meanvalues _+ SEM. Significances for group dif- 
ferences and correlation coefficients were evaluated by unpaired 
two-tailed Student's t-test, F-test, or analysis of variance. Signifi- 
cance was defined asp < 0.05, except when otherwise stated. 

Resul ts  

Bone marrow activity 

T h e  ob/ob-mice e x h i b i t e d  a m a r k e d l y  a u g m e n t e d  n u m b e r  
of  r e t i cu locy tes  as c o m p a r e d  w i th  c o n t r o l  mice  (Tab le  1). 
T h e  v a r i a n c e  in  t he  r e t i cu locy te  c o u n t s  was  also i n c r e a s e d  
(F  = 15 .5 ,p  < 0.001). F o u r  ou t  of  16 ob/ob-mice had  m o r e  
t h a n  10% re t i cu locy tes  b u t  we re  w i t h i n  the  i n t e r v a l  
+ 0.8 SD to + 2.1 SD. T h e  m e d i a n  was  4 .9%,  as c o m p a r e d  

wi th  3.1% in  c o n t r o l  m ice  samples .  A l t h o u g h  re t i cu locy tes  
w e r e  m o r e  n u m e r o u s  in  ob/ob-mice, n o  s ign of  a n  i n c r e a s e d  
p r o p o r t i o n  of  e r y t h r o i d - t o - m y e l o i d  cells was  f o u n d  in  the  
b o n e  m a r r o w  (Tab le  1). T h e r e  was n o  a b n o r m a l i t y  ob-  
s e rved  for  the  m e g a k a r y o b l a s t s  o r  t he  m e g a k a r y o c y t e s  in  
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Fig.1. Osmotic resistance of erythrocytes. Haemolysis was 
measured as a function of dilution in 12 ob/ob-mice (o) and 8 control 
mice ( �9 ). The concentration of NaC1 at which 50% of the erythro- 
cytes had lyzed was also calculated by interpolation and indicated 
with horizontal bars of standard error. Mean + SEM. * p < 0.02 
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throcytes did not differ significantly between the two 
types of mice and there was no difference in haemo- 
globin or MCH. Carbon-monoxide haemoglobin was 
measured as an indicator of haemolysis and showed no 
difference between ob/ob-mice and control mice 
(Table 3). 

Osmotic resistance 

ob/ob-Mouse erythrocytes were less resistant to osmotic 
manipulation than control erythrocytes (Fig. 1). The NaC1 
concentration at which an interpolated 50% of the ery- 
throcytes had lyzed was 77.3 + 1.0 mmol/1 in ob/ob-mice 
and 73.0 + 1.1 mmol/1 in control mice (Fig. 1). 

Discussion 

ob/ob-rrfice (data not shown). The iron content in the mar-  
row was substantially greater  in the ob/ob-mice as com- 
pared with the control mice (Table 1). 

Bone marrow morphology 

Table 2 shows the diameters, calculated from measure-  
ments  of projected cell areas, of bone marrow cells at vari- 
ous phases of maturation. The myelopoiesis exhibited no 
differences between ob/ob-mice and control mice. In both 
types of mice the cell sizes diminished with maturation. 

In erythropoiesis no major  difference was detected at 
the early proerythroblastic/early basophilic stage. At  the 
next stage of maturation,  however, the basophilic erythro- 
blasts appeared greater  in ob/ob-mice than in the control 
mice. An  analysis of variance for these cells revealed no 
significant difference between individual mice within 
either group of animals (F = 2.36, p > 0.05). On average, 
the variance between individual mice within a group was 
only 5.5% of that between cells, which justifies pooling of 
the cells. When the pooled late stage basophilic erythro- 
blasts in ob/ob-mice and control mice were compared,  the 
difference proved significant wi thp  < 0.01 (Table 2). 

Reticulocyte and erythrocyte morphology 

Both the reticulocytes and the mature  erythrocytes had a 
significantly larger diameter  in the ob/ob-mice than in 
control mice (Table 2). There  was no significant correla- 
tion between the size of reticulocytes and their relative 
number  in whole blood (data not shown). 

Blood cell indices 

EVF and MCV were increased in ob/ob-mice as com- 
pared with lean control mice, whereas the M C H C  was de- 
creased (Table 3). The concentration of leucocytes or ery- 

Previous reports have shown that the circulating erythro- 
cytes in ob/ob-mice are enlarged and of a somewhat  differ- 
ent shape than those in lean normoglycaemic control mice 
[9, 10]. Those results are confirmed by the present micro- 
scopic data on diameter, as well as by Coulter  measure-  
ments of MCV. In addition, consistent with the decreased 
area-to-volume ratio of ob/ob-mouse erythrocytes, these 
cells lyzed more  readily than control cells in hypo-osmolar  
buffer solutions. The impaired deformability, as reflected 
both in the subnormal osmotic resistance and in the pre- 
viously reported decrease in filtrability through polycar- 
bonate  sieves [5, 6], probably reflects the altered mor-  
phology of the ob/ob-mouse erythrocytes, even though 
other mechanisms may contribute. 

It has been natural to speculate that the altered ery- 
throcyte morphology, and hence the disturbed rheological 
properties,  in ob/ob-mice are due to aberrations in ery- 
thropoiesis, perhaps  related to the marked  hyperinsufin- 
aemia in these animals [9]. The present  results support  this 
hypothesis. Indicating an enhancement  of erythropoiesis 
there were an augmented number  of reticulocytes in the 

Table 3. Properties of circulating blood cells in ob/ob and control 
mice 

Control ob/ob 

LC (109/1) 5.54 _+ 0.82 5.4l _+ 0.40 
EC (1012/I) 7.02 + 0.19 7.45 + 0.17 
Hb (g/l) 147 + 4.3 150 + 4.1. 
EVF (%) 33.5 _+ 0.92 37.5 _+ 0.76" 
MCV (fl) 47.4 _+ 0.31 50.4 + 0.53 b 
MCH (pg) 20.9 + 0.30 20.1 + 0.28 
MCHC (g/l) 441 + 7.8 400 +_ 8.8 a 
Hb-CO (%) 0.78_+0.13 0.70+0.08 

Leucocyte concentration (LC), erythrocyte concentration (EC), 
haemoglobin (Hb), erythrocyte volume fraction (EVF), mean cor- 
puscular volume (MCV), mean corpuscular haemoglobin (MCH), 
mean corpuscular haemoglobin concentration (MCHC) in ten 
ob/ob-mice and ten control mice, and carbon-monoxide haemo- 
globin (Hb-CO) in five ob/ob-mice and five control mice. Mean 
values _+ SEM;" p < 0.005; b p < 0.001 for comparison between the 
two types of mice (two-tailed Student's t-test with correction for un- 
equal variance) 
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circulation, slightly elevated EVF, increased size of ery- 
throblasts and mature  erythrocytes, and an increased iron 
content of the bone marrow. 

Reticulocytosis has previously been  found to correlate 
with a diminished erythrocyte filtrability [21], a relation- 
ship confirmed by the present findings. Young erythro- 
cytes are known to be larger than old ones, although both 
are of the same membrane  area-to-volume ratio [22, 23]. 
Therefore,  the enhanced number  of reticulocytes may 
contribute to the increase in average erythrocyte size in 
ob/ob-mice and also the observed decrease in MCHC.  
However, other explanations must also be assumed, as the 
area-to-volume ratio was clearly decreased in the ob/ob- 
mice as judged from the decrease in osmotic resistance 
and f rom previous investigations on individual ob/ob- 
mouse erythrocytes [9, 10]. 

Since the concentration of erythrocytes in whole blood 
was slightly, though not significantly, elevated in ob/ob- 
mice it is rather unlikely that erythropoiesis was indirectly 
stimulated by any haemolytic disorder. Haemolysis was 
also ruled out by the fact that the concentration of Hb-co 
did not differ between the two types of mice. Growth-fac- 
tors, and in particular the marked  hyperinsulinaemia in 
the ob/ob-mice are rather more  likely stimulators of the 
erythroid cells in the ob/ob-mice. In addition to its classic 
metabolic effects, insulin has been shown to be mitogenic 
for a wide spectrum of cells in culture [24]. Insulin in ele- 
vated doses is thought to directly stimulate erythroid col- 
ony forming cells, plausibly on their insulin-like growth 
factor ( IGF-I  or IGF-I I )  receptors [12]. IGF  and insulin 
appear  to act differently from other erythropoietic growth 
factors [13]. 

Interestingly, the administration of growth hormone 
to hypophysectomized rats has recently been shown to 
stimulate erythropoiesis and increase the volume of the 
erythrocytes. As a consequence the area-to-volume ratio 
diminished and the erythrocytes offered an enhanced re- 
sistance against filtration through polycarbonate sieves 
(Engstr6m, Ohlsson, and Oscarsson, unpublished re- 
sults). Furthermore,  our hypothesis that insulin causes 
bone marrow alterations, and hence changes in circulating 
erythrocytes, is strongly supported by a recent publication 
[25], which repor ted that insulin administration to Type 1 
(insulin-dependent) diabetic subjects, stimulates the bone 
marrow to produce erythrocytes containing fetal-Hb. 

Acknowledgements. This work was in part supported by the Swedish 
Medical Research Council (12x-2288), the Swedish Diabetes Associ- 
ation, Novo Industri AB, Swedish Hoechst AB, Svenssons founda- 
tion, Groschinskys foundation, and the Swedish Society for Medical 
Research. 

References  

1. Chien S, Usami S, Dellenback RJ, Gregersen MI (1967) Blood 
viscosity: influence of erythrocyte deformation. Science 157: 
827-829 

2. McMillan DE, Utterback NG, La Puma J (1978) Reduced ery- 
throcyte deformability in diabetes. Diabetes 27:895-901 

3. Schmid-Sch0nbein H, Volger E (1976) Red-cell aggregation and 
red-cell deformability in diabetes. Diabetes 25 [Suppl 2]: 897-902 

K. G. Engstr6m et al.: ob/ob-Mouse bone marrow 

4. Ernst E, Matrai A (1986) Altered red and white blood cell theol- 
ogy in type II diabetes. Diabetes 35:1412-1415 

5. Engstr6m KG, T~ljedal I-B (1986) Decreased deformability of 
erythrocytes in hyperglycaemic non-inbred ob/ob-mice. Dia- 
betologia 29:661466 

6. Engstr/3m KG (1989) A new red blood cell filtration device with 
improved time resolution and its application to the impaired 
RBC deformability in the diabetic ob/ob mouse. Biorheology 26: 
711-721 

7. Volger E (1981) Effect of metabolic control and concomitant dis- 
eases upon the rheology of blood in different states of diabetic 
retinopathy. Horm Metab Res [Supp111]: 104-107 

8. McMillan DE, Utterback NG, Romanoff NE, Mahler RJ (1986) 
Transient blood flow resistance is markedly increased in 
diabetes. Diabetologia 29: 575, (Abstract) 

9. Engstr6m KG, Tfiljedal I-B (1987) Altered shape and size of red 
blood cells in obese hyperglycaemic mice. Acta Physiol Scand 
130:535-543 
Engstr6m KG, T~iljedal I-B (1988) Increased size and biconcav- 
ity in red blood cells of obese-hyperglycaemic mice. Biorheology 
25:625-638 
Westman S (1968) Development of the obese-hyperglycaemic 
syndrome in mice. Diabetologia 4:141-149 
Kurtz A, Jelkmann W, Bauer C (1983) Insulin stimulates ery- 
throid colony formation independently of erythropoietin. Br J 
Haemato153: 311-316 
Dainiak N, Kreczko S (1985) Interactions of insulin, insulin-like 
growth factor II, and platelet-derived growth factor in erythro- 
poietic culture. J Clin Invest 76:1237-1242 
Tfiljedal I-B (1981) On insulin secretion. Diabetologia 21:1-17 
Nathorst-Windahl G, Hellman B (1964) Lipohyalin glomerular 
lesions in ageing obese-hyperglycemic mice. Med Exp 10:67-71 

16. Bergstrand A, Nathorst-Windahl G, Hellman B (1968) The elec- 
tron microscopic appearance of the glomerular lesions in obese- 
hyperglycaemic mice. Acta Pathol Microbiol Scand 74:161-168 

17. Bohlen HG, Niggl BA (1979) Arteriolar anatomical and f~anc- 
tional abnormalities in juvenile mice with genetic or streptozo- 
tocin-induced diabetes mellitus. Circ Res 45:390-396 

18. Collison AH, Rodney FL, O'Neel J (1967) Determination of 
carbon monoxide in blood by gas chromatography. Clin Chem 
14:161-171 
Dacie JV, Lewis SM (1975) Practical haematology, 5th edn. Chur- 
chill Livingstone, Edinburgh 
Russell ES, Bernstein SE (1966) Blood and blood formation. In: 
Green EL (ed) Biology of the laboratory mouse. McGraw-Hill, 
New York, pp 351-372 

21. Leblond PF, Coulombe L (1979) The measurement of erythro- 
cyte deformability using micropore membranes. J Lab Clin Med 
94:133-143 

22. Nash GB, Wyard SJ (1980) Changes in surface area and volume 
measured by micropipette aspiration for erythrocytes ageing in 
vivo. Biorheology 17:479~484 

23. Linderkamp O, Meiselman HJ (1982) Geometric, osmotic, and 
membrane mechanical properties of density-separated human 
red cells. Blood 59:1121-1127 

24. Hollenberg MD, Cuatrecasas P (1975) Insulin and epidermal 
growth factor: human fibroblast receptors related to deoxyribo- 
nucleic acid synthesis and amino acid uptake. J Biol Chem 250: 
3848-3853 

25. Mullis P, Schuler J, Zuppinger K (1989) Increased prevalence of 
fetal haemoglobin in Type i (insulin-dependent) diabetes melli- 
tus. Diabetologia 32:227-230 

Received: 14 February 1989 
and in revised form: 27 September 1989 

Dr. K. G. Engstr6m 
Department of Histology and Cell Biology 
University of Umefi 
S-901 87 Umefi 
Sweden 

10. 

11. 

12. 

13. 

14. 
15. 

19. 

20. 


