
J Comp Physiol B (1985) 155:577-581 
Journal of 
Comparative 8,~hem,.,. Systemic, 

and Environ- 

P h y s i o l o g y  B ~e~ Physiology 

�9 Springer-Verlag 1985 

The effects of erythrocythemia on blood viscosity, 
maximal systemic oxygen transport capacity and maximal rates 
of oxygen consumption in an amphibian 

S.S. Hillman, P.C. Withers, M.S. Hedrick, and P.B. Kimmel 
Department of Biology, Portland State University, P.O. Box 751, Portland, Oregon 97207, USA 

Accepted December 16, 1984 

Summary. 1. Graded erythrocythemia was induced 
by isovolemic loading of packed red blood cells 
in the toad, Bufo marinus. Blood viscosity, hema- 
tocrit, hemoglobin concentration, maximal aortic 
blood flow rate and maximal rates of oxygen con- 
sumption were determined after each load. 

2. Blood viscosity was related to hematocrit 
in the expected exponential manner; In t/=0.43 + 
0.035 Hct (Fig. 2). 

3. Maximal blood flow rates in the dorsal aorta 
were inversely proportional to blood viscosity and 
fit predictions of the Poiseuille-Hagen flow for- 
mula (Fig. 3). The effect of increased blood viscosi- 
ty was to reduce aortic pulse volume, but not maxi- 
mal heart rate (Figs. 4, 5). 

4. Maximal systemic oxygen transport capacity 
(aortic blood flow rate x hemoglobin concentra- 
tion x 02 binding capacity of hemoglobin) was 
linearly correlated with the maximal rate of oxygen 
consumption (Fig. 6). 

5. These data indicate that optimal hematocrit 
theory is applicable for maximal blood flow rates 
in vivo, and that systemic oxy.gen transport is the 
primary limitation to aerial Vo2 max in amphibi- 
ans. 

Introduction 

The rate-limiting process to maximal rates of aerial 
oxygen consumption (I)'02 max) in anuran amphib- 
ians is not completely understood. Oxygen con- 
sumption is a series of fluxes representing convec- 
tive processes (alveolar ventilation, systemic 02 
transport) and diffusive processes (pulmonary and 
tissue diffusion). Any of these transport steps could 
be limiting to total 0 2 flux or all could be equally 
limiting. We have argued that it is systemic 02 

transport (Hillman 1976, 1980, 1982) and neither 
alveolar ventilation (Withers and Hillman 1983) 
nor pulmonary diffusion (Hillman and Withers 
J979) that limits I?o2 max. Maximal systemic 0 2 
transport capacity (ml O2/min ) is the product of 
blood oxygen capacity (ml O2/ml blood) and blood 
flow rate (ml blood/rain). Direct measurements of 
maximal systemic 0 2 transport capacity have never 
been made in amphibians, though such data would 
provide a conclusive test of the hypothesis that 
aerial Vo2 max in amphibians is limited by systemic 
O z transport. If variation in I2o2 max was linearly 
related to maximal systemic 02 transport capacity, 
it would indicate that Vo2 max is limited by system- 
ic O 2 transport. 

Varying hematocrit is a potential means of ex- 
perimentally manipulating systemic O z transport 
capacity. Systemic 0 2 transport is influenced in 
two ways by variation in hematocrit, as formulated 
by optimal hematocrit theory (Richardson and 
Guyton 1959; Murray et al. 1962; Crowell and 
Smith 1967). Erythrocythemia (increased hemato- 
crit) increases blood oxygen capacity by increasing 
the potential amount of hemoglobin-bound oxy- 
gen, but increases blood viscosity and thus poten- 
tially decreases blood flow rate. Anemia, on the 
other hand, decreases blood oxygen capacity but 
potentially increases blood flow rate since blood 
viscosity is lowered. An intermediate hematocrit 
would maximize systemic 0 2 transport in amphibi- 
ans; this theoretical optimal hematocrit generally 
shows a close correspondence to the in vivo hema- 
tocrit (Weathers 1976a). These conclusions con- 
cerning optimal hematocrit are drawn from in vitro 
results and may not relate to the in vivo conditions 
where vasomotor tone and blood pressure also in- 
fluence blood flow rates and optimal hematocrit. 

The specific aims of this study were to measure 
(1) the in vitro effects of erythrocythemia on blood 
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viscosity, (2) the in vivo effects of erythrocythemia 
on maximal blood flow rates, and (3) the relation- 
ship between maximal systemic 0 2 transport ca- 
pacity and l?o~ max. These data will allow us to 
test whether optimal hematocrit theory is appli- 
cable to in vivo conditions during maximal cardiac 
output and establish whether I7o2 max is normally 
limited by systemic 0 2 transport. Maximal blood 
flow rates should vary inversely with blood viscosi- 
ty if optimal hematocrit theory is applicable to in 
vivo conditions and Vo2 max should be linearly 
related to maximal systemic 0 2 transport capacity 
if the cardiovascular convective process limits aer- 
ial aerobic capacity in amphibians. 

Materials and methods 

Animals. Bufo marinus (150-250 g, ~=208 g) were purchased 
from commercial suppliers. They were maintained at 20 ~ with 
access to water at all times. N o  attempt was made to control 
photoperiod. 
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Fig. 1. A representative trace of blood flow recorded from the 
dorsal aorta of B. marinus 
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Fig. 2. The relationship between blood viscosity and hematocrit 
during the erythrocyte loading for 6 B. marinus 

Blood flow rates. Toads were anesthesized by immersion in a 
solution of tricaine methane sulfonate (MS-222). An occluding 
cannula (PE 90) was inserted posteriorly in the ventral abdomi- 
nal vein. A 2 or 2.5 mm magnetic blood flow probe (in Vivo 
Metrics) was then implanted around the dorsal aorta posterior 
to the union of systemic arches and anterior to the renal arter- 
ies. The probe was securely anchored to the dorsal body wall 
and the midlateral body wall musculature and skin incisions 
(1.5 cm) separately sutured closed. The toads were allowed 1.5 
to 2.5 days to recover from the surgery and for the blood flow 
probe signal to stabilize. The de-output of the probe ( 1 4 0  gV) 
was amplified 1000 x with a high-stability low-level dc pream- 
plifier and recorded with a Narco-Bio Systems physiograph. 
Zero flow was always assumed to occur at the end of aortic 
diastolic period. This was validated in preliminary experiments 
utilizing total occlusion of flow in open chest preparations, 
and is consistent with the results of Shelton (1970), Langille 
and Jones (1977) and Weathers (1976b). Probes were calibrated 
by infusing saline at known flow rates through isolated vessels 
while flow probe output was recorded. The effect of hematocrit 
on probe signal output was determined by pulsing known vol- 
umes of plasma and blood (hematocrits of 20, 35, 44, and 55) 
through an isolated vessel. There was no significant difference 
between the probe output with saline, plasma or varying hema- 
tocrit. Mean blood flow rates were calculated by integration 
of recorded traces. A representative trace is presented in Fig. 1. 
All recordings were made subsequent to a 3 rain bout of activi- 
ty, a procedure previously described to elicit 1~o2 max in am- 
phibians (Seymour 1973; Hillman etal .  1979; Miller and 
Hutchison 1980). Maximal systemic oxygen transport capacity 
was calculated as aortic blood flow rate x blood oxygen capac- 
ity. Blood oxygen capacity is the product of hemoglobin con- 
centration (vide infra) and the O z carrying capacity of amphibi- 
an blood, 1.3 ml O2/g hemoglobin (Gahlenbeck and Bartels 
1968 ; Hillman 1976). 

Erythrocyte loading. Heparinized blood was collected from 
pithed donor toads by cardiac puncture of the exposed ventri- 
cle. The plasma was removed after eentrifugation and packed 
cells separated for loading. Measured volumes (1-2 ml) of 

blood were removed from the experimental animal via the ven- 
tral abdominal vein cannula, and subsequently used for hema- 
tocrit, hemoglobin and viscosity determinations. An equal vol- 
ume of packed red blood cells was then infused via the same 
cannula. Consequently blood volume remained the same. The 
cannula was then flushed with a small volume of heparinized 
saline. Equilibration times of 30-50 rain, subsequent to packed 
cell loading, were allowed before metabolic rate and blood flow 
rate determinations. This procedure was repeated 6-8 times, 
so that hematocrit increased in increments of 1-5% from an 
average of 31% to an average of 57%, 

I2o~ max. The method for determining 1?o2 max is that described 
by Seymour (1973) and Hillman (1976). The procedure consists 
of placing the animal in a sealed metabolic chamber at 20 ~ 
and then manually rotating the chamber to keep the animal 
constantly righting itself after being flipped on its back. After 
an activity bout of 3 rain, an air sample is removed from the 
chamber, H20 and CO 2 removed and the oxygen content de- 
termined with a Beckman OM-14 oxygen analyzer. From pre- 
vious studies the measured l)o~ max has been found to vary 
less than 10% in 5 separate determinations on the same individ- 
ual from this procedure. Subsequent to the determination of 
12o2 max (within 30 sec), the animal was removed from the 
metabolic chamber and the blood flow probe attached to the 
recorder. The animal was then exercized for one min, and then 
blood flow rate was recorded for 30 s. 

Blood viscosity and hematology. The blood sample removed 
from toads prior to each red cell loading was subdivided into 
aliquots for hematocrit, hemoglobin and viscosity determina- 
tions. Hematocrits were determined following 5 rain of centrifu- 
gation at 13,000 g. Hemoglobin concentration was determined 
as methemoglobin using Drabkin's Reagent, with bovine hemo- 
globin (Sigma) as a standard. Viscosity of a single 0.2 ml sample 
was determined at a shear rate of 450 s-  1 with a Wells-Brook- 
field cone plate viscometer (Model LVT DCP, CP-50 cone) 
after the method of Wells et al. (1961). The standard error of 
this procedure for five analyses of the same blood sample was 
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Fig. 3. The relationship between maximal blood flow rate in 
the dorsal aorta and blood viscosity. The different symbols 
represent individual animals, the lines the least squares linear 
regression for an individual animal 

0.1 centipoise. There is good agreement between viscosity mea- 
sured in vitro, our protocol, and viscosity measured in vivo 
at equivalent hematocrits under most flow conditions (Li- 
powsky et al. 1980). 

Statistics. Values are presented as mean ++_ standard error, with 
the number of  observations in parentheses. Standard least 
squares linear regression analyses were used. Curvilinear regres- 
sion analyses were accomplished using linear regression tech- 
niques with the y-values transformed to their natural logarithm 
i.e. In y = In a + bx or y = ae bx, Consequently, statistics for curvi- 
linear relationships are for the semilogarithmic transformed 
data. Analysis of covariance was used to test the significance 
of slope and intercept differences for two linear regressions. 

Results  

The  relat ionship between b lood viscosity and he- 
matocr i t  in e ry th rocy te  loaded toads is curvil inear 
(Fig. 2). The  relat ionship can be described as: 
l n r / = 0 . 4 3 + 0 . 0 3 5 H c t  ( r2=0 .93 ;  n = 5 i ;  P <  
0.005). This relat ionship was not  significantly dif- 
ferent f rom the viscosi ty-hematocr i t  relat ionship 
where ery throcytes  and plasma f rom individual 
toads were mixed in vi tro in varying p ropor t ions  
(In ~ /=0 .45+0 .033  Hc t ;  r2 =0.90,  n = 2 1 ) .  

Maximal  b lood  flow rates o f  the six toads at 
the init iat ion o f  the experiments  averaged 
62 + 3 ml/kg rain (n = 6). Maximal  b lood flow rates 
varied inversely with viscosity ( P < 0 . 0 5 ;  Fig. 3). 
Since the maximal  b lood  flow rate varied interindi- 
vidually, f low rates were normal ized  to b lood  flow 
rates at the mean  viscosity for  each toad  for  com- 
par ison of  how well maximal  b lood  f low rates cor- 
related to predict ions of  the Poiseui l le-Hagen flow 
formula.  Normal i zed  maximal  b lood  flow rates 
were significantly related to the inverse o f  viscosi- 
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Fig. 4. The relationship between aortic pulse volume and blood 
viscosity. The different symbols represent individual animals, 
the lines are the least squares linear regression for an individual 
animal 
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Fig. 5, The relationship between maximal heart rate and blood 
viscosity. Different symbols represent individual animals, the 
lines are least squares linear regressions for each individual 
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Fig. 6. The relationship between lSo~ max and systemic oxygen 
transport capacity. Different symbols represent individual ani- 
mals, the line is the least squares linear regression for all data 
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ty; fraction of normalized aximal blood f low= 
(0.95/q)-0.19 (r2=0.80, P<0.005, n=48).  The 
slope of the relationship (0.95) was not significant- 
ly different (P>0.05, t=0.77) from the slope of 
i predicted from the Poiseuille-Hagen relationship. 
The relationship between blood flow and viscosity 
reflects an inverse relationship of aortic pulse vol- 
ume and viscosity (Fig. 4); heart rate was indepen- 
dent of blood viscosity (Fig. 5). 

Vo2 max was directly proportional to maximal 
systemic oxygen transport capacity, measured in 
the dorsal aorta (Fig. 6); 12o2 max=0.75 SOT+ 
0.18 (r2=0.71; n=51 ;  P<0.005). 

Discussion 

Maximal aortic blood flow rates decreased inver- 
sely with blood viscosity as hematocrit was in- 
creased via erythrocyte loading. There are at least 
three obvious potential mechanisms for explaining 
these results. The first is that the animals could 
be undergoing a transfusion reaction resulting 
from the infusion of erythrocytes from donor 
toads. This transfusion could lead to anaphylactic 
shock. A second mechanism could be a preferential 
and proportional shunting of blood to the pulmo- 
cutaneous circuit in response to viscosity changes. 
The third mechanism, that we consider the most 
likely, is that the animals had no further compensa- 
tory capacity for increasing systolic pressure or de- 
creasing peripheral resistance and so aortic blood 
flow decreases in proportion to the increase in 
blood viscosity. 

Transfusion reactions are characterized by two 
stages. The first stage is agglutination of foreign 
cells, the second stage is hemolysis of those aggluti- 
nated cells. We do not feel either occurred for the 
following reasons. Agglutination would result in 
higher blood viscosities compared to nonagglutin- 
ated blood at equivalent hematocrits. We found 
erythrocyte loaded individuals had equivalent 
blood viscosities to in vitro hematocrit-viscosity 
determinations where blood was not transfused or 
mixed interindividuaUy. We also detected no sig- 
nificant hemolysis during our experiments, though 
in pilot studies, there was obvious and rapid 
(30 min) hemolysis when human erythrocytes or 
erythrocytes from another genus of amphibian 
(Rana) were used to load. Finally anaphylactic 
shock is a precipitous, non proportional depres- 
sion of cardiac output. This is very different from 
the graded depression we observed. 

A potential explanation for the graded decline 
in aortic flow is preferential shunting of blood to 
the pulmocutaneous circuit that is proportional to 

blood viscosity, since we are measuring only a frac- 
tion of cardiac output. We consider this a possible, 
though tenuous, interpretation of these results. 
Not only would the significance of such a shunt 
be obscure but it's operation would require a un- 
ique physiologic control system to maintain a pro- 
portionality of pulmocutaneous flow and blood 
viscosity. 

We find the most straight-forward interpreta- 
tion of the decreased blood flow rate with erythro- 
cyte loading to be a direct effect of viscosity. The 
slope of the relationship between blood flow and 
the inverse of viscosity was predicted by the Po- 
iseuille-Hagen flow formula. These data represent 
the first direct in vivo validation of viscosity effects 
on maximal systemic blood flow rates in verte- 
brates and strongly argue for an in vivo applicabili- 
ty of optimal hematocrit theory. The data also sug- 
gest that there is no possible compensation for the 
increased blood viscosity either by increased sys- 
tolic blood pressure or decreased peripheral resis- 
tance, since the animals are unable to maintain 
systemic blood flow with the added viscosity load. 
This is corroborative evidence that our exercise re- 
gime is eliciting maximal systemic blood flow rates. 

The adaptive significance of minimizing blood 
viscosity in ectotherms has consistently been inter- 
preted as conserving cardiac energy expenditure 
(Snyder 1971; Weathers 1976a). The potential sig- 
nificance of optimal hematocrit theory to ecto- 
therms has been clouded by two concerns. The first 
is the rather broad range o f "  optimal hematocrits" 
that essentially provide the same 0 2 transport ca- 
pacity. Second, there is the obvious in vivo poten- 
tial for changes in vasomotor tone or blood pres- 
sure to compensate for elevated hematocrits in 
resting animals (Pavek and Carey 1974). This study 
points to the potential importance and application 
of optimal hematocrit theory at the extreme limits 
of cardiovascular performance i.e. during maximal 
activity or 17o2 max. The data support the concept 
that blood doping beyond optimal hematocrit will 
limit rather than enhance aerobic capacity. 

The effect of increasing blood viscosity was to 
decrease aortic pulse volume but not cardiac fre- 
quency. The mechanism responsible for the de- 
crease in aortic pulse volume and lack of heart 
rate effect is not clear from these studies. The de- 
creased aortic pulse volume could result from ei- 
ther diminished ventricular filling rate (i.e. limited 
venous return or preload) or ventricular emptying 
rate (i.e. limited flow into the systemic circulation 
or afterload). 

The linear relationship between 12o~ max and 
maximal systemic oxygen transport capacity rein- 
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forces the growing body of evidence that aerial 
/)'o2 max in amphibians is ultimately limited by 
the cardiovascular transport of oxygen (Hillman 
1976, 1980, 1982). Previous studies on pulmonary 
convective limits to Vo2 max (Withers and Hillman 
1983) and pulmonary diffusive limits (Hillman and 
Withers 1979; Withers and Hillman 1983) have in- 
dicated that neither of these processes are normally 
limiting factors to I)'o~ max for amphibians exer- 
cising in air. 

Acknowledgements. We wish to thank the American Heart As- 
sociation, Oregon Affiliate for generous financial support. We 
thank Dr. Larry Crawshaw for critically reading the manuscript 
and Uyen Cao for logistical support. 

References 

Crowell JW, Smith EE (1967) Determinant of the optimal he- 
matocrit. J Appl Physiol 22: 501-504 

Gahlenbeck H, Bartels H (/968) Temperaturadaptation der 
Sauerstoffaffinit/it des Blutes von Rana esculenta. Z Vergl 
Physiol 59 : 232-240 

Hillman SS (1976) Cardiovascular correlates of maximal oxy- 
gen consumption rates in anuran amphibians. J Comp Phys- 
iol 109:199-207 

Hillman SS (1980) The effect of anemia on metabolic perfor- 
mance in the frog, Ranapipiens. J Exp Zool 211:107-111 

Hillman SS (/982) Effects of DL-propranolol on exercise heart 
rate and maximal rates of oxygen consumption in Scaphio- 
pus intermontanus. Experientia 38:940-941 

Hillman SS, Withers PC (1979) An analysis of respiratory sur- 
face area as a limit to activity metabolism in anurans. Can 
J Zool 57:2100-2105 

Hillman SS, Shoemaker VH, Putnam R, Withers PC (1979) 

Reassessment of aerobic metabolism in amphibians during 
activity. J Comp Physiol 129 : 309-313 

Langille BL, Jones DR (1977) Dynamics of blood flow through 
the hearts and arterial systems of anuran amphibians. J 
Exp Biol 68:1-17 

Lipowsky HH, Usami S, Chien S (1980) In vivo measurements 
of 'apparent viscosity' and microvessel hematocrit in the 
mesentary of the cat. Microvasc Res J9:297-319 

Miller K, Hutchison VH (/980) Aerobic and anaerobic scope 
for activity in the giant toad, Bufo marinus, Physiol Zool 
53:170-175 

Murray JF, Gold P, Johnson BL (1962) Systemic oxygen trans- 
port in induced normovolemic anemia and polycythemia 
vera. Am J Physiol 230:720-724 

Pavek K, Carey JS (1974) Hemodynarnics and oxygen availabil- 
ity during isovolemic hemodilution. Am J Physiol 
226:1172-1177 

Richardson TQ, Guyton AC (1959) Effects of polycythemia 
and anemia on cardiac output and other circulatory func- 
tions. Am J Physiol 197:167-1170 

Seymour RS (1973) Physiological correlates of forced activity 
and burrowing in the spadefoot toad, Scaphiopus hammondi. 
Copeia 1973:103-115 

Shelton G (1970) The effects of lung ventilation on blood flow 
to the lungs and body of the amphibian, Xenopus laevis. 
Respir Physiol 9:183-196 

Snyder GK (1971) Influence of temperature and hematocrit 
on blood viscosity. Am J Physiol 220:913-918 

Weathers WW (1976 a) Influence of temperature on the optimal 
hematocrit of the bullfrog (Rana catesbeiana). J Comp Phys- 
iol 105:173-184 

Weathers WW (1976b) Influence of temperature acclimation 
on oxygen consumption, haemodynamics and oxygen trans- 
port in bullfrogs. Aust J Zool 24:321-330 

Wells RE, Denton R, Merrill EW (1961) Measurement of vis- 
cosity of biologic fluids by cone plate viscometer. J Lab 
Clin Med 57:646-656 

Withers PC, Hillman SS (/983) The effects of hypoxia on pul- 
monary function and maximal rates of oxygen consumption 
in two anuran amphibians. J Comp Physiol 152:125-129 


