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TUMOR OXYGENATION IN ANEMIC RATS: EFFECTS OF ERYTHROPOIETIN 

TREATMENT VERSUS RED BLOOD CELL TRANSFUSION 

DEBRA K. KELLEHER, ULRIKE MATTHIENSEN, OLIVER THEWS and PETER VAUPEL 

Anemia was induced in rats by the development of a hemorrhagic ascites. These animals also bore 
solid tumors (DS-sarcomas) on the hind foot dorsum. The effects of two methods for anemia correction 
on oxygenation in the solid tumors were compared in this study. Anemia was corrected either 
chronically by erythropoietin administration (1000 IU/kg) over 14 days (EPO) or acutely by 
transfusion with red blood cells (TR). Non-anemic and untreated anemic animals served as controls. 
Tumor oxygenation was determined in anesthetized animals using polarographic needle electrodes and 
pOz histography. The reduction in hematocrit and hemoglobin content found in anemic animals could 
successfully be corrected either by E P O  or by TR. Anemia resulted in a worsening of tumor 
oxygenation which could partially be reversed by EPO or TR in small tumors ( < 1.4 ml). In larger 
tumors ( 2 1.4 ml), neither method of anemia correction resulted in significant changes in tumor 
oxygenation. 

Microenvironmental abnormalities found in experimen- 
tal rodent and human malignancies can have a profound 
effect on tumor response t o  various non-surgical modali- 
ties ( 1-3). For  example, the presence of low pOz levels can 
protect cells from ionizing radiation and some chemother- 
apeutic agents, and there is much evidence to suggest that 
the presence of hypoxic cells in human tumors may be a 
major reason for the failure of conventional radiation 
therapy in the local control of malignancies (4-6). This 
problem may be augmented in situations where the oxy- 
gen-carrying capacity of the blood is decreased. One such 
situation. often occurring in tumor patients, is progressive 
anemia. Its etiology is multifactorial and not always asso- 
ciated with acute blood loss. Numerous studies have inves- 
tigated the relationship between anemia and response to  
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radiotherapy (for a recent review see (7)) and strongly 
suggest that low hemoglobin levels are a marker for poor 
prognosis in patients undergoing radiotherapy. Con- 
sequently, homologous blood transfusion is frequently 
given to  severely anemic cancer patients prior to  radiother- 
apy. An alternative to  transfusion is the use of erythropoi- 
etin (EPO) -a glycoprotein hormone regulating the 
differentiation and maturation of red blood cells-which 
has recently become available for clinical use. To date, 
however, no studies are available in which the effects 
of EPO and blood transfusion (TR) on tumor oxygenation 
in anemic tumor patients or animals have been com- 
pared. In the present study, an animal model of tumor 
anemia was established and the effects of these two meth- 
ods of anemia correction on tumor oxygenation were 
determined in order to ascertain which of these approaches 
might have implications for improving tumor oxygenation 
and subsequently radiotherapy outcome in anemic tumor 
patients. 

Material and Methods 

Aninials. Male Sprague Dawley rats (Charles River 
Wiga, Sulzfeld, Germany; body weight 200-300 g), housed 
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under specific pathogen free conditions were used in this 
study. They received a standard diet and water ad libitum. 

Tumors in control animals. Solid tumors were induced by 
injection of DS-sarcoma ascites cells (0.4 ml; approx. lo4 
cells/pl) subcutaneously ( s.c.) into the hind foot dorsum 
(for more details see (8)). The tumors investigated ap- 
peared as flat spherical segments. They replaced the sub- 
cutis and corium completely, and invariably reached the 
avascular epidermis. 

Tumors in anemic animals. Solid tumors were induced on 
the hind foot dorsum as described above for control 
animals. Additionally. approximately 10' DS-sarcoma cells 
were injected i.p. (following commencement of rhEPO or 
PBS treatment) to induce anemia which results primarily 
from the development of a hemorrhagic ascites. 

Erythropoietin (EPO). Recombinant human erythropoi- 
etin ( RecormonK, Boehringer-Mannheim, purity > 98%) 
was dissolved in buffered saline and administered (1 000 
IU/kg) three times per week, over 14 days, to animals by 
S.C. injection. Control animals received an equivalent vol- 
ume of phosphate-buffered saline (PBS). Studies in rats 
have shown that there is no significant production of 
antibodies against EPO over this treatment period (G. 
Bode, personal communication). 

Red blood cell transfusion (TR). TR was carried out 1 h 
before the commencement of oxygenation measurements. 
Blood obtained from donor rats was washed with phos- 
phate-buffered saline and centrifuged so that a suspension 
of packed red blood cells was obtained (hematocrit - 70%). 
On average, 0.01 ml/g body weight needed to be transfused 
so that a hematocrit of -43% could be attained. 

Measurements. Rats were anesthetized with sodium pen- 
tobarbital (40 mg/kg i.p., Nembutal ', Ceva, Paris, 
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France). Polyethylene catheters were surgically placed into 
the thoracic aorta via the left common carotid artery and 
connected to a Statham pressure transducer (type P 23 ID, 
Gould, Oxnard, CA, USA) for mean arterial blood pres- 
sure measurement and into the left external jugular vein 
(for subsequent anesthetic administration and TR). 
Throughout all experiments, animals lay supine on a 
heated operating pad and the rectal temperature main- 
tained at 37.5"C. Animals breathed room air sponta- 
neously. At the end of a 30 min stabilization period, blood 
samples were taken and the hematocrit and hemoglobin 
concentration investigated. The arterial blood gas status 
was assessed using a pH/blood gas analyzer (type 178, 
Ciba Corning, Fernwald, Germany). The oxyhemoglobin 
saturation of the arterial blood (SO, )  was obtained nomo- 
graphically (9). 

Tumor oxygen tensions were determined using polaro- 
graphic needle electrodes (recessed gold in glass electrode; 
shaft diameter 250 pm; diameter of the cathode 12 pm) 
with stainless steel shafts (of the hypodermic needle type) 
and PO, histography (model KIMOC-6650, Eppendorf, 
Hamburg, Germany; for more details see ( 10)). A midline 
incision was made in the skin covering the lower abdomen 
and the silver/silver chloride reference electrode was placed 
between the skin and the underlying musculature. Calibra- 
tion was performed in saline solutions equilibrated with 
either air or pure N, immediately before and after pOz 
measurements. A small incision was made into the skin 
overlying the tumor and the 0,-sensitive electrode ad- 
vanced to a depth of approximately 1 mm. The electrode 
was then automatically advanced through the tissue in 
preset steps of 0.4 mm. These steps consisted of a rapid 
forward step of 0.7 mm immediately followed by a back- 
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Fig. 1. Hematocrit (A)  and hemoglobin content (B) in anemic (AN), EPO-treated anemic (AN + EPO), TR-treated anemic (AN + TR) 
and control animals. Values indicate means SEM with the number of observations in brackets. * p < 0.001 
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Table 
Mean arterial blood pressure (MABP), arterial blood gases, p H  and oxygen saturation (sod in control, anemic 
(AN), erythropoietin-treated anemic (AN + EPO) and transfusion-treated anemic (AN + TR) animals. Values are 
means _+ SEM,  with n indicating the number of observations 

CONTROL 19 146 f 3 1 6 +  1 44 f 2 7.44 f 0.01 9 s + 1  
AN 17 1 1 7 f 3  71 f 2  3 6 + 2  7.42 + 0.01 93* 1 
AN + TR 20 1 2 3 f 2  7 6 k  1 31 k 1 7.44 * 0.02 96f  1 
AN + EPO 15 128 k S 71 + 2 41 * 1 7.39 * 0.01 96 f 1 

ward step of 0.3 mm in order to minimize compression 
artifacts. The 0, probe was automatically removed from 
the tissue at the end of each track measurement. Four or 
five parallel electrode tracks were evaluated per tumor and 
a minimum of 70 PO, readings obtained for each tumor. 
Using a computing system, data were pooled a) for indi- 
vidual tumors in the case of analysis of median PO, and 
the hypoxic fraction and b) for each treatment group for 
the construction of cumulative frequency distributions. 

Statistical analysis. Results are expressed as means + 
SEM with the numbers of experiments indicated within 
brackets. The significance of the differences between the 
various groups was assessed using the Wilcoxon test for 
unpaired samples. Results were considered as being signifi- 
cant if p-values were less than 5% ( p  < 0.05). 

Results 

Hematocrit and hemoglobin content of blood from the 
four treatment groups are shown in Fig. IA and B. The 
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tumor anemia induced in the present study was seen to 
result in a significant decrease in these parameters as 
compared to control animals (p < 0.001). The administra- 
tion of EPO or TR to anemic animals resulted in signifi- 
cant increases in the hematocrit and hemoglobin content 
( p  < 0.001). In anemic animals receiving EPO, the hemat- 
ocrit increased by 13 % (v/v) after 7 days and by another 
10 % (v/v) in the second week of treatment. 

Mean arterial blood pressure, arterial blood gas and pH 
status, together with the oxygen saturation are shown in 
the table. The arterial blood pressure and pC0, in all 
anemic animals was significantly lower than in control 
animals ( p  < O.Ol) ,  but this effect was seen to be at least 
partially reversed in animals receiving EPO treatment. 
Arterial blood PO, was lower in anemic untreated animals, 
an effect which could be eliminated by either TR or EPO 
treatment ( p  < 0.05). 

Following measurements of tumor oxygenation, cumula- 
tive frequency graphs for tumors of two size ranges (i.e., 
< 1.4 ml and 2 1.4 ml) were constructed and are presented 
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Fig. 2. Cumulative frequency distributions of oxygen partial pressures measured in tumors of two size ranges (left panel: < 1.4 ml; right 
panel: > 1.4 ml) in control 0 - 0, anemic 0-  0 ,  EPO-treated anemic A - A and TR-treated anemic A -  A animals. Each curve indicates 
values obtained from a minimum of 8 tumors. 
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Fig. 3. Median PO, in tumors in anemic (AN) ,  EPO-treated anemic ( A N  + EPO), TR-treated anemic ( A N  + TR) and control animals 
Values indicate means ? SEM with the number of observations in brackets. *p < 0.01, **p < 0.001 
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Fig. 4. Hypoxic fraction (0-2.5 mmHg) in tumors in anemic ( A N ) ,  EPO-treated anemic ( A N +  EPO), TR-treated anemic ( A N  +TR)  
and control animals. Values indicate means ? SEM with the number of observations in brackets. *p < 0.05, **p < 0.01 

in Fig. 2A and B. In the smaller tumor volume range (Fig. 
2A), anemia resulted in a worsening of tumor oxygenation 
as compared to the oxygenation found in tumors of control, 
non-anemic animals. Correction of anemia with either EPO 
or TR was found to  result in similar improvements in tumor 
oxygenation although full recovery to levels found in 
control animals was not achieved. In the larger tumors 
(Fig. 2B) anemia was again found to  cause a worsening of 
tumor oxygenation although here the correction of anemia 
with either treatment modality brought about no significant 

improvement in tumor oxygenation. Similar effects could 
be seen if the median PO, was considered (Fig. 3A and B). 
Again, anemia resulted in a significant reduction in the 
median PO, in tumors of the smaller volume range. This 
reduction could be partially reversed by either EPO treat- 
ment or TR. In the larger tumors, the median PO, in 
control tumors was considerably lower than in the smaller 
tumors and was further decreased by anemia. Here, how- 
ever, no increase in tumor median PO, could be achieved 
through anemia correction. When the hypoxic fraction 
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was considered (that is the fraction of p02  measurements 
ranging from 0 to 2.5 mmHg) a similar trend was again 
seen (Fig. 4A and B). Anemia led to a much larger 
hypoxic fraction which could be significantly decreased by 
EPO treatment or TR in the smaller tumors, although a 
return to control levels could not be achieved. In the larger 
tumors neither anemia correction method brought about 
significant reductions in the hypoxic fraction. 

Discussion 

Progressive anemia is a common clinical problem for 
cancer patients, with the response of tumors to standard 
radiotherapy in these patients being often less satisfactory 
than in subjects with normal hemoglobin levels (7). Several 
studies, in which this problem has been addressed, have 
shown increased radiosensitivity when radiation was given 
soon after blood transfusion (1 1 - 14). Studies on radiosen- 
sitivity following EPO treatment are, however, still scarce. 
In one study by Joiner et al. (15), EPO was found to have 
no influence on tumor radiosensitivity although only a 
mild anemia (hematocrit - 39%) at the time of radiother- 
apy was induced with this experimental model. The present 
study is, to our knowledge, the first in which a direct 
comparison of EPO treatment and TR has been carried 
out. The animal model used allowed the induction of a 
moderate tumor anemia (hematocrit - 29%) at the time of 
oxygenation measurements. This anemia could, in terms of 
both the hematocrit and hemoglobin content of blood, be 
corrected either chronically by the administration of EPO 
or acutely by TR. 

Despite an improved release of oxygen to the tissue from 
erythrocytes in anemic animals (resulting from a right shift 
of the HbO, dissociation curve due to the anemia), the 
tumor oxygenation in these animals was significantly lower 
than in non-anemic animals, as indicated by significant 
decreases in the median PO, and increases in the hypoxic 
fraction. This is in agreement with the work of McCor- 
mack et al. (16) who suggested that tumors grown in 
anemic mice have a higher hypoxic fraction than those 
grown in control mice. Correction of anemia with either 
EPO treatment or TR resulted in an improvement in 
tumor oxygenation in smaller tumors suggesting that either 
treatment modality may sensitize tumors to standard ra- 
diotherapy and/or oxygen-dependent chemotherapy. In 
larger tumors, however, neither method of anemia correc- 
tion resulted in improvements in tumor oxygenation. 

Of special interest is the fact that in those tumors where 
improvement of tumor oxygenation occurred, a return to 
oxygenation levels found in size-matched tumors of non- 
anemic, control animals could not be achieved, despite the 
reestablishment of hematocrit levels. One factor which 
may play a role in this phenomenon is the slower growth 
rate of tumors in anemic animals. In the present study, in 

order to obtain comparable tumor volumes, tumors in 
control animals grew for 7 days, whereas those in anemic 
animals (with or without EPO treatment) needed 10 days 
in order to reach the target volume range. This phe- 
nomenon of slower tumor growth during anemia has 
previously been reported in mouse ( 16) and rat (17) exper- 
imental models. 

By comparing EPO treatment and TR, a comparison of 
chronic and acute anemia correction has been possible in 
the present study. Hirst ( 13) discussed the possibility of 
tumor adaptation to the anemic state since he found that 
the reduction in the hypoxic cell fraction in tumors of 
anemic mice was only transient and indicated that the 
duration of any benefit presumably depends on how 
quickly a tumor adapts. In the present study, however, no 
tumor adaptation was evident since tumor oxygenation 
could be equally improved by either chronic or acute 
correction of anemia. These results would suggest that 
both forms of anemia correction would be equally effective 
in increasing tumor radiosensitivity in anemic tumor pa- 
tients where the success of radiotherapy might be limited 
by tumor hypoxia. However, one factor which could how- 
ever not be addressed in this study is a possible suppres- 
sion of the immune system following TR which may 
compromise tumor cure (18, 19) and thus make EPO 
treatment more favorable for anemia correction in tumor 
patients. 
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