
The Influence of Hypoxeinia and Cobalt on
Erythropoietin Production in the Isolated

Perfused Dog Kidney

By JAMES W. FIsIIEII AND J. W. LANGSTON

SEVERAL WORKERS have demonstrated that hypoxia�4 and cobalt5 stim-

ulate the release or production of erythropoietin in the isolated perfused

kidney. Other investigators0’7 have found elevated plasma levels of erythro-

poietin iii animals following renal artery constriction. Higher erythropoictin

levels were found in renal venous blood than renal arterial blood in dogs fol-

lowing acute hypoxia.8 On the other hand, Erslev and co-workers9 in apparently

carefully controlled experiments using blood with a moderately reduced oxy-

gen tension were unable to produce erythropoietin in an isolated perfused

kidney system. These workers concluded that simple reduction in arterial

oxygen tension does not stimulate the kidney directly to produce erythro-

I)Oietin.

The present studies were initiated to reassess the role of oxygen levels in

blood on erythropoietin production in the isolated perfused kidney. The pos-

sibility that the earlier �vorkers’5 could have drawn erroneous conclusions

from their studies because of more crude assay technics, their failure to

measure pH, �O:� and pCO2 or to study the histologic appearance of the

kidney following perfusion was considered in the design of our experiments.

In the studies to be reported, the hematocrit, pH, �O2, pCO2 and oxygen

saturation were measured several times during perfusion. In order to determine

the degree of congestion and ischemia, the histology of the perfused kidneys

in a perfusion system utilizing a bubble oxygenator was compared with that

from a dog lung-kidney preparation.

In addition, the effects of cobalt on crythropoietin production were studied

in isolated kidneys perfused with hypoxic blood or fully oxygenated blood.

MATERIALS AND METHODS

Male and female mongrel clogs weighing between 15-25 kilograms were used �fl the

perfusion systems in these studies. All surgical irocecltires were carried out under pent�-

barbital anesthesia. The trachea was intubated and the lungs ventilated 14 times per

minute with a volume of 300-400 ml. with the use of a Harvard respirator. Either normal

air or a gas mixture of 95 per cent N2 and 5 per cent 02 was used to ventilate the lungs.
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Approximately 1000 ml. of blood was removed via the carotid artery from an anesthetized

dog previously heparinized with 3 mg. sodium heparin per Kg. When venous blood was

used in the perfusion system, blood was collected from the jugular vein. Five hundred ing.

streptomycin sulfate, 300.000 units procaine penicillin. and 100,000 units sodium

penicillin were added to the 1)100(1. Four hundred mg. of glucose in 1 ml. saline was

added to the perfusion systeni ever�’ half hour. The left kidney was usualh perfused and

was exposed through a midline abdominal incision. Plastic cannulae were placed in the

previously isolated renal artery and vein as well as in the ureter. Renal blood flow was

measured at hourly intervals by allowing the blood from the renal vein cannula to drain

directl� into a graduate cylinder for one minute. Oxygen saturation values were determined

hourl� on renal artery and vein blood with the use of a Water’s Model X-350 Cuvette

Oximeter. Blood P#{176}2’pCO2 and pH were measured initially, and after 3 and 4 hours of

perfusion with an Instrumentation Laboratory Meter and a Clark-Severinghaus electrode.

The oximeter and the C-S electrode were calibrated initially anl checked at periodic intervals

by Van Slyke analyses. Microhematocrits were determined initially and at hourly intervals

with heparinized capillary tubes. The kidneys were immersed in Tyrode’s solution and

maintained at 37 C. throughout the perfusion.

Figure 1 is a schematic diagram of the two kidney perfusion systems used in these

studies. A Davol heart-lung perfusion pui�ip with single ended ventricle and two 20 ml.

actuators were used to circulate the blood through the perfusion s�stems. The arterial

pressure was measured every 30 minutes with the use of a Grass polygraph and Statham

pressure transducer. The blood was warmed in bottom drain reservoirs which were

maintained at 37 C. in constant temperature water baths. When the dogs own lungs

were used in the perfusion system (Perfusion System No. 1), the blood was allowed to

circulate through the lungs for 15 to 20 minutes before the kidney was connected to the

system to ensure the removal of pressor substances. The chest was entered through an

incision in the third intercostal space. The venous blood from the lung was returned to

the perfusion system through a cannula tied with a purse-string suture in the wall of the

left atrium. A glass arterial cannula was placed in the pulmonary artery. The ascending

aorta was then clamped with a heavy right angle hemostat. In Perfusion System No. 2

an Abbott Pulmo Pak bubble oxygenator with a Saran antifoam column was used to

oxygenate the i)loOd. A gas mixture containing 95 per cent ox�’gen and 5 p�’� cent
carbon dioxide was bubbled through the blood throughout the perfusion. When the kidney

was perfused with hypoxic blood in Perfusion System No. 2. the bubble oxygenator was

excluded from the perfusion system. Urine produced by the kidneys was collected

throughout the perfusion by allowing the ureteral cannula to drip into a graduate cylinder.

The blood and lungs were always from the same dog whose kidney was being 1)erfllSed.

Plasma samples were removed from the perfusion system initiall� and after 3, 4, or 5 hours

of perfusion from the venous side of the perfusion circuit. All plasma saml)les renioved

after 3 to 4 hours perfusion showed mild to moderate hemolysis. The plasma samples

were assayed in polyc�themic mice via a modification of the method of DeGowin, et al.’#{176}

Male Swiss-Webster strain mice were injected with 1 mg. of iron clextran prior to l)eing

placed at 0.5 atmosphere for 3 weeks. On the day the mice were removed from the low

pressure tank, each mouse was injected intraperitoneally with 1 ml. donor mouse 1)100(1 at

hematocrit 70. On the fifth day out of tank each mouse was injected with 1 ml. of plasma

3 times at 5 hour intervals. Each mouse was injected with 0.5 �sc. of Fe5#{176}citrate on the

seventh posthypoxia day, and Fe59 incorporation in RBC was determined 3 days later.

Blood volume of pol�cytheinic mice was estimated to be 8 per cent of body weight,

anci mice with hematocrits of less than 55 per cent on the day of the kill were discarded

from the assay. The plasma samples were dialyzed for 36 to 48 hours against 0.85 per cent

saline and adjusted to pH 7.2 before being injected s.c. in the mice. The plasma samples

containing cobalt were dialyzed at 4 C against Dowex-50 resin for 24 hours to remove the

cobalt prior to ervthropoietin assay. Each plasma sample was analyzed for cobalt by a

modification of the technic of Almond” and none were found to contain more than 0.1

micromole cobalt per ml.. which is not sufficient to stimulate Fe59 incorporation in
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Fig. 1.-Diagram of isolated kidney perfusion systems where the dogs’ own lungs
were used to oxygenate the blood perfusate (Perfusion System No. 1 ) or when a
bubble oxygenator was used in the system (Perfusion System No. 2). A indicates

point where blood iressure was measured, and B is the point in the system where

renal blood flow was measured.

polycythemic mice. Following perfusion. the dog kidneys were sectioned, stained with

hematoxylin and eosin, and examined microscopicall�’. The procedure of analysis of

variance was useci for the statistical analyses.’2

RESULTS

Table 1 shows the results of 11 separate kidney perfusion experiments using

a lung-kidney preparation (Perfusion System No. 1). A slight rise in erythro-

poietin titers in the perfusate of kidneys perfused with normal oxygen sat-

uration blood was seen after 3 or 4 hours perfusion in Only 1 out of 5 perfusions.

(Exp. No. 19-253). However, the mean value for Fe59 incorporation in poiy-

cythemi.c mice injected with plasma perfusate at 3 hours was not singificantly

different from the values at the start of the perfusion. On the other hand,
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Fig. 2.-Mean hourly arterial blood oxygen saturation and mean oxygen tension
values in perfusates from kidneys perfused with blood at normal and low oxygen
levels (Perfusion System No. 1). Each point in the normal group is the measi of 6

perfusion experinieiits, while each IX)iflt in the low saturation and P#{176}2groups is
the mean value for 5 experiments. The lines over each P#{176}2bar or at each point on

the saturation curves represents the standard error of mean.

all of the perfusates from kidneys perfused with hypoxic blood showed an in-

crease in erythropoietin titers after 3 and 4 hours. The mean Fe5” incorpora-

tion values were significantly greater after three (3.43 ± 0.70 per cent ) and

four (5.74 ± 2.4 per cent) hours than that of 0 time control values ( 1.14 ± 0.31

per cent ) . High renal blood flows were maintained throughout the 4 hour

perfusion. However, there was a progressive decline in renal blood flow and

a gradual increase in pressure, probably due to mild intrarenal vasocon-

striction.

The histologic appearance of all perfused kidneys showed varying degrees of

glomerular congestion with blood in Bowman’s space and the tubular lumen.

The glomerular congestion is attributed to the gradual increase in pressure due

to vasoconstriction during the perfusion. Slight cloudy swelling was occasion-

ally seen in tubular epithelium. However, there was about the same degree of

kidney congestion in all perfusion experiments (Tables 1 and 2) with

oxygenated, hypoxic, or blood perfusates containing cobalt. It was not possible

to correlate the degree of congestion with the amount of erythropoietin pro-

duced.

Figure 2 shows the more marked decline in oxygen saturation and �O2

values in the blood perfusates of the lung-kidney perfusion system where the
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HYPOXEMIA AND COBALT AND ERYTHROPOIETIN PRODUCTION 119

lungs were ventilated with a mixture of 95 per cent nitrogen and 5 per cent

oxygen ( low 02 saturation group ) . The lungs in the normal 02 saturation

group were ventilated with 95 per cent oxygen and 5 per cent CO2 or nor-

mal air to maintain normal �O2 and oxygen saturation levels in the blood.

Table 2 shows the erythropoietin values in the perfusates of 23 kidneys

perfused with blood oxygenated with a bubble oxygenator, with and without

cobalt, unoxygenated blood alone, and hypoxic blood containing cobalt. Renal

blood flow rates were less than those in Perfusion System No. 1, where the

dogs’ own lungs were used to oxygenate the blood. Significant increases were

seen in erythropoietin values of the perfusates when oxygenated blood with

cobalt, as well as unoxygenated blood with and without cobalt, were used. The

most marked increase in Fe59 incorporation was seen with plasma from the

perfusion system where a combination of hypoxemia and cobalt were used. The

perfusates from kidneys perfused with oxygenated blood alone did not demon-

strate a rise in erythropoietin levels.

The results of the histologic studies were similar to those using Perfusion

System No. 1 in that we were unable to correlate a degenerative change in the

kidney with erythropoietin production. In fact, the histology of 3 of the kidneys

perfused .‘ith blood at low oxygen tensions ( 16-107, 16-171, and 16-172) was

nearly normal, yet a marked elevation of erythropoietin titers in the perfusate

was seen. On the other hand, 2 of the kidneys (16-139, 16-144) having 4�

glomerular congestion and two showing 1 + to 4± congestion ( 16-135, 16-137),

which were perfused for 5 hours with blood at a normal oxygen saturation,

failed to show a rise in erythropoietin titers in their perfusates. Although the

renal blood flows were higher in the experiments where the dogs own lungs

were used ( system No. 1 ) , the degree of glomerular congestion appeared to

be slightly less when the bubble oxygenator ( system No. 2) was used to

oxygenate the blood.

Figure 3 compares the decline in mean hourly oxygen saturation values

in the perfusate from kidneys perfused with unoxygenated blood with and

without cobalt. The decrease in oxygen saturation values in the unoxygenated

blood containing cobalt was much less rapid and was not as low after 5 hours

as that seen in the blood of the unoxygenated control group. This is probably

a reflection of the inability of the kidney to extract oxygen from the blood

perfusate due to some effect of cobalt in the system.

The urine flow ranged between 0.1-0.2 ml./min. when the bubble oxygen-

ator was used and was usually bloody and albuminous. When the dogs’ own

lungs were used to oxygenate the blood, the rate of urine production was

0.2-0.3 ml./min. and was usually clear. Some kidneys failed to produce urine

in both systems. It is possible that the pentobarbital used to anesthetize the

dogs was the cause of the low rate of urine production in some experiments.

DIScUSSION

The isolated perfused kidney was found, in the present studies, to produce

erythropoietin in response to cobalt or reduction in oxygen tension of the

blood perfusate. Cobalt produced a more marked effect when the kidney was
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Fig. 3.-Mean hourly blood oxygen saturation values on perfusates of isolated

kidneys perfused with hypoxic blood alone or hypoxic blood containing cobalt
(Perfusion System No. 2). Each point on the cobalt curve represents the mean of

6 experiments and the control hvpoxemic group 5 experiments. The standard error
of the mean is shown for each point.
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perfused with hypoxic blood. The assertion that erythropoietin produced in the

isolated kidney perfused with hypoxic blood is more probably due to release

of this hormone from injured and disintegrating cells rather than to a simple

reduction in arterial oxygen tension9 is difficult to refute, since one is not sure

how markedly renal cells must be damaged to result in such a release phenome-

non. However, it is difficult to understand why erythropoietin titers are not

elevated in animals following other nephrotoxic substances such as inorganic’3

or organic’4 mercunals. In contrast, such agents were found to suppress the

erythropoietic responses to hypoxia, cobalt, and bleeding.”�4 In addition, the

histologic appearance of some of the kidneys producing a marked amount

of erythropoietin in our experiments did not exhibit significant histologic

damage. However, it is possible that erythropoietin could be released from

such cells through hypoxic damage without producing an observable histologic

change.

The present experiments do not prove or disprove the hypothesis that

reduction in arterial oxygen tension is the physiological trigger for erythro-

poietin production in the kidney. However, they do show that erythropoietin

can be produced in some instances in an isolated kidney in response to localized

hypoxia without producing observable histologic damage. Admittedly, the oxy-

gen saturation values in our blood perfusates stimulating erythropoietin pro-
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duction were much lower than those reported for normal dog renal vein

blood.’5 However, it is possible that under certain conditions, such as anemia,

lower oxygen tension of blood may be found in critical areas of the renal vas-

culature due to shunting of blood through medullary shunts similar to those

described by Trueta, et al.”

The mechanism by which cobalt stimulates erythropoietin production in the

isolated kidney is still unclear. However, our finding that the kidney perfused

with hypoxic blood containing cobalt utilizes oxygen at a lesser rate than kid-

neys perfused �rjth hypoxic blood alone adds further support for a concept of

histotoxic hypoxia. Cobalt has been demonstrated to cause a shift in the lactic

dehydrogenase-isoenzyme pattern in rabbit kidneys, and this was suggested

to be due to a local deficiency of oxygen.’7 Our finding that cobalt is more

effective in stimulating kidney erythropoietin production on a background of

hypoxia may be due to an additive effect of cobalt and hypoxia or an effect

of hypoxia in increasing the sensitivity of a cobalt receptor system. We have

found that renal hypoxia as a result of renal artery constriction also enhances

the stimulatory effect of cobalt on erythropoietin production.’3

The reasons for the failure of Erslev and co-workers to produce erythro-

poietin in the isolated perfused kidney in response to hypoxia9 similar to that

of other workers’4’t5’� may have been due to insufficient hypoxia and/or a

shorter perfusion time. In view of the fact that oxygen tension or saturation

values were only reported initially and at the end of perfusion, the total time

in which the kidneys were exposed to very low oxygen tension blood is not

kno�vn.

The higher renal l)lOCd flows seen in kidneys from our lung-kidney prep-

arations as compared with those using the artificial oxygenator was probably

due to the lesser degree of renal vasoconstriction when the dogs own lungs

were used to oxygenate the blood.

SUMMARY

Isolated dog kidneys were perfused with blood at normal and reduced

oxygen tensions with and without cobalt. Erythropoietin titers were found to be

significantly increased in the blood perfusates from kidneys perfused with

blood at lowered oxygen tensions, while no change in erythropoietin was

seen when kidneys were perfused with blood at a normal oxygen tension.

Cobalt produced significant increases in ervthropoietin levels in the perfusates

with normal as well as reduced oxygen tension blood, but its effect was more

marked when the kidneys were perfused with hypoxic blood. Renal blood flows

were higher when the dogs’ own lungs were used to oxygenate the blood

than when a bubble oxygenator was used in the system. However, hypoxic

blood resulted in significant increases in erythropoietin production in both

systems. In studies of the kidney histology from 1)0th perfusion systems with

hypoxic and normal oxygen tension blood, most of the kidneys demonstrated

varying degrees of glomerular congestion. No correlation was found between

erythropoietin elaboration and renal congestion or other degenerative cellular

changes in the kidney. Therefore, it does not seem likely that erythropoietin
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124 FISHER AND LANCSTON

produced in the isolated perfused kidney is due to histologic damage to renal

cells. These findings support the concept that increased erythropoietin produc-

tion in the isolated perfused kidney in response to cobalt or hypoxic blood is a

direct effect of these stimuli on the kidney.

Su�Ii�IAIuo IN INTERLINGUA

Isolate renes canin esseva perfusionate con sanguine a normal e a reducite

tensiones de oxygeno, con e sin cobalt. Esseva trovate que le titros de eryth-

ropoietina esseva significativemente augmentate in Ic perfusatos de sanguine

at) resies perfusionate con sanguine a reducite tensiones de oxygeno, durante

que nulle alteration in Ic erythropoietina esseva notate quando le renes esseva

perfusionate con sanguine a un normal tension de oxygeno. Cobalt produceva

augmentos significative in Ic nivellos de erythropoietina in le perfusatos con

sanguine tanto a normal con etiam a reducite tension de oxygeno, sed su effecto

esseva plus marcate quando Ic reiies esseva perfusionate con sanguine hypoxic.

Le fluxos de sanguine renal esseva plus intense quando le pulmones del canes

mesme esseva usate pro oxygenar le sanguine que quando un oxygenator a

perlas de gas esseva usate in Ic systema. Tamen, sanguine hypoxic resultava

in augmentos significative del production de erythropoietina in ambe systemas.

In studios del histologia renal ab Ic duo systemas de perfusion con sanguine

hypoxic e con sanguine a normal tension de oxygeno, le majoritate del renes

demonstrava vane grados de congestion glomerular. Nulle correlation esseva

observate inter le elaboration de erythropoietina e le congestion renal 0 altere

degenerative modificationes cellular in le ren. Per consequente, ii non pare

probabile que erythropoietina producite in le isolate ren sub perfusion es le

effecto de un lesion histologic in le cellulas renal. Le presente constatationes

supporta le conception que le augmentate production de erythropoietina in le

isolate ren sub perfusion in responsa a col)alt o a sanguine hypoxic es un directe

effecto de iste stimulos in le ren.
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