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Purpose. To determine by pharmacokinetic (PK) means the role of erythropoietin-receptor (EPO-R)

upregulation in fetuses on the elimination of erythropoietin (EPO).

Materials and Methods. Six fetal sheep were catheterized at a gestational age of 125–127 days and

phlebotomized daily for 6 days. Paired tracer PK studies using recombinant human EPO (rHuEPO)

were conducted in the sheep fetuses at baseline and post-phlebotomy, 7 days later. A PK model with

Michaelis-Menten elimination was simultaneously fit to the PK data at baseline and post-phlebotomy for

each fetus.

Results. Daily phlebotomies reduced the hemoglobin levels from baseline values of 10.8 (5%) (mean

(C.V.)) g/dl to a nadir of 4.5 (17%) g/dl post-phlebotomy. The endogenous EPO concentration rapidly

increased after the first phlebotomy and remained elevated, although variable, thereafter. The

Michaelis-Menten maximal rHuEPO elimination rate parameter, Vmax, was significantly greater post-

phlebotomy than at baseline (p < 0.05), increasing 1.31 fold. The fetal baseline Blinear^ clearance at very

low concentrations of rHuEPO was determined to be 117 ml/kg/h, similar to that determined in newborn

sheep but 2–3 fold higher than that determined in adult sheep.

Conclusions. The observed increase in Vmax is consistent with an up-regulation of EPO-R due to a

positive feedback resulting from the phlebotomy-induced anemia.

KEY WORDS: developmental comparison; erythropoietin receptors; fetus; pharmacokinetics;
receptor regulation.

INTRODUCTION

Erythropoietin (EPO) is a 35 kD glycoprotein hormone
produced by the pertibular cells of the kidney in response to
oxygen need (1). It is an obligate growth factor for developing
erythroid cells, the primary function of which is to regulate
erythrocyte production by preventing apoptosis and stimulat-

ing proliferation of erythroid progenitor cells (BFU-Es and
CFU-Es) (1,2). EPO exerts its erythropoietic effects by binding
to specific cell surface erythropoietin receptors (EPO-R) on
erythroid progenitor cells primarily residing in the bone
marrow (1). EPO-Rs have also been identified in many other
tissues, but at much lower receptor densities than that observed
for BFU-E and CFU-E cells (3). In non-erythroid cells, e.g.,
brain, heart, kidney, and other tissues, stimulation of EPO-R
by its ligand, EPO, exerts a protective role by attenuating
ischemic injury and inflammatory cytokines (4).

The number of EPO-Rs per cell and the number of
erythroid cells with EPO-Rs increases through ligand-
induced receptor upregulation as EPO stimulates the prolif-
eration and maturation of progenitor cells (1,5), thereby
increasing the erythroid cell mass (6,7) and further amplify-
ing ligand-induced receptor upregulation. Additionally, upon
binding to EPO-Rs on cell surfaces, EPO is internalized and
a substantial fraction is degraded in the lysosomes (8–10).
Therefore, it is likely that receptor-mediated elimination
plays an important role in EPO disposition (11,12), with EPO
stimulation inducing its own increased elimination through
the increased erythroid cell mass and receptor number as a
result of continued EPO stimulation (13). In support of this
are several in vivo studies demonstrating that continued EPO
stimulation either through anemia or exogenous recombinant
human EPO (rHuEPO) administration increases EPO clear-
ance (14–18). Removal of the EPO-R in the bone marrow
through chemical ablation has also demonstrated decreased
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EPO clearance, providing additional evidence of receptor
mediated elimination (19,20). Finally, clinical studies in
humans have demonstrated increased levels of circulating
EPO when the marrow activity or mass is reduced (17,21–23).

In human fetuses EPO-R is widely expressed in many cell
types throughout the body (24). In adults EPO-R and its
mRNA are also distributed in many tissues besides the bone
marrow, but to date it has not been identified in as many
tissues as in the fetus (3,25). Consistent with wider EPO-R
distribution in the fetus and receptor mediated EPO elimi-
nation, fetal and neonatal sheep and infants have been shown
to have greater EPO clearances than adults (26,27). While
the EPO-R distribution has been studied in adults and fetuses,
the contribution of receptor mediated clearance has thus far
only been studied in adult and newborn animals (14,17,18,
20). Thus, the objective of the current study was to determine
by pharmacokinetic means the in vivo role of EPO-R upreg-
ulation in fetuses on the elimination of exogenously admin-
istered rHuEPO. We hypothesize that in fetuses under
conditions of EPO-R upregulation the EPO elimination
capacity will be significantly increased relative to baseline
conditions. To test this hypothesis, paired tracer interaction
method (TIM) pharmacokinetic (PK) (28) studies of 125I-
labeled rHuEPO (125I-rHuEPO) were conducted in fetal
sheep both before and after 6 days of chronic daily phle-
botomy. TIM is a sensitive methodology developed in our
laboratory for accurately identifying and quantifying a non-
linear PK disposition process which has been previously
identified for EPO in sheep and humans (15,17,18,20,28–31).
A two compartment model with central Michaelis-Menten
elimination kinetics was incorporated in the TIM methodol-
ogy and the resulting PK parameters compared at baseline
and post-phlebotomy.

MATERIALS AND METHODS

Animals. All animal care and experimental procedures
were approved by the University of Iowa Institutional Animal
Care and Use Committee. Six healthy fetal sheep ranging in
approximate gestational age of 125–127 days, with term being
145 days, and having an estimated weight of 2.56 (28%) kg
(mean (C.V.)) at study initiation were selected. Gestational
ages were estimated based on the induced ovulation technique
as previously described (32). Fetal weights were estimated by
linear back extrapolation of fetal growth curves from the
fetal weight at sacrifice. If ewes were carrying twin or triplet
fetuses, only one fetus was studied. Pregnant ewes were housed
in an indoor, light- and temperature-controlled environment
with ad lib access to feed and water. Prior to PK study, fetuses
were surgically prepared as described previously (33). In brief,
pregnant ewes were fasted for 24 h prior to anesthesia
induction with thiopental sodium. Anesthesia was maintained
with a mixture of halothane (1%), oxygen (33%), and nitrous
oxide (66%). Under sterile conditions, a maternal left flank
incision was made and the uterus exposed. The uterus was
opened, the fetal extremities exposed, and polyethylene
catheters inserted bilaterally in the fetal femoral arteries and
veins. Uterine and maternal incisions were closed in separate
layers. All catheters were exteriorized through a subcutaneous
tunnel and placed in a cloth pouch on the ewe_s flank. Fol-
lowing surgery, amipicillin was directly infused into the am-

niotic cavity (2 g) and administered intramuscularly (2 g) to the
ewe. The antibiotic administration was continued for 3 days
post-surgery, after which the study protocol was initiated.

Study Protocol. Paired TIM studies were conducted on
each fetus, consisting of one baseline TIM study prior to any
phlebotomies (day 0), and a second post-phlebotomy TIM
study seven days later (day 7) after daily phlebotomies. Twenty
to ninety milliliters of blood were removed at each daily
phlebotomy, for a total mean hemoglobin (Hb) removal of
24.6 (33%) g from day 1 through day 6. To assist in maintaining
a relatively constant blood volume during the phlebotomies, an
equal volume 0.9% NaCl solution was infused for each volume
of blood removed. Prior to each daily phlebotomy, blood
samples were collected to determine the endogenous plasma
EPO, Hb, and reticulocyte count concentration. A detailed
description of the theory and principles of the TIM methodol-
ogy has been published previously (28). In brief, the TIM
methodology is a sensitive method to detect and accurately
quantify nonlinear pharmacokinetics using an infusion of
tracer quantities of the labeled compound of interest and a
single large unlabeled dose of the same compound. Each TIM
study consisted of an intravenous (IV) 125I-rHuEPO constant
rate infusion (CRI) at tracer levels preceded by an IV 125I-
rHuEPO loading dose. Then, approximately 2–3 h after
initiation of the CRI when plasma concentrations are near
steady-state, a 100 U/kg IV rHuEPO bolus dose was
administered. For each TIM study, approximately 25–30
venous blood samples (õ1 ml/sample) were collected over
the 8–10 h of the infusion. Bolus doses and the infusion were
administered via a separate catheter from the catheter blood
samples were collected. The specific activity of the utilized
125I- rHuEPO was approximately 1.4� 106 cpm/U. No iron
supplementation other than that in the ewe_s feed was given.
To minimize Hb loss due to frequent blood sampling in the
TIM studies, blood was centrifuged, the plasma removed, and
the RBCs re-infused for all TIM study samples. Fetuses and
pregnant ewes were sacrificed 1 day after the post-phlebotomy
TIM study to obtain fetal sacrifice weights.

Sample Analysis. Plasma exogenous rHuEPO and endog-
enous sheep EPO concentrations were measured in duplicate
using a double antibody radioimmunoassay (RIA) procedure as
previously described (lower limit of quantitation 1 mU/ml) (26).
Plasma 125I- rHuEPO concentrations were measured in duplicate
using a sensitive and specific immunoprecipitation assay (IPA)
developed in our laboratory (34). Hemoglobin concentrations
were measured spectrophotometrically using an IL482 CO-
oximeter (Instrumentation Laboratories, Watham, MA) and
reticulocyte count concentrations were measured using an Advia
120 hematology analyzer (Bayer Corp., Tarrytown, NY).

Data Analysis. The plasma 125I-rHuEPO concentrations
were analyzed according to the TIM-based PK model (28)
given by differential Eqs. 1 and 2 below:

dCL

dt
¼ R

V
þ k21 � Z � k12 þ

Vmax

km þ CU

� �
� CL; CL t0ð Þ ¼

DL

V
ð1Þ

dZ

dt
¼ k12 � CL � k21 � Z; Z t0ð Þ ¼ 0 ð2Þ
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where CL and CU are the 125I-rHuEPO (labeled, in cpms/ml)
and rHuEPO (unlabeled, in mU/ml) plasma concentrations,
respectively, Z is a variable that is introduced to mathe-
matically account for convolution due to a distribution effect,
R is the infusion rate, k12 and k21 are the first order rate con-
stants of distribution, V is the apparent volume of distribution,
Vmax and km are the Michaelis-Menten terms of EPO elimi-
nation, DL is the bolus 125I-rHuEPO loading dose, and t0 is
the initial time of the study start. The plasma rHuEPO
concentrations were nonparametrically represented using a
generalized cross validated cubic spline function (35). For
samples drawn prior to administration of rHuEPO the mean
endogenous EPO concentration was used for CU in Eq. 1. The
mU/ml contribution of the tracer 125I-rHuEPO infusion can be
ignored in the denominator of the Michaelis-Menten
elimination term of Eq. 1 due to the very low concentrations
of 125I-rHuEPO (<1 mU/ml). The plasma 125I-rHuEPO
concentrations were modeled by fitting Eqs. 1 and 2 si-
multaneously to both the baseline and post-phlebotomy
plasma 125I-rHuEPO concentration-time data of each subject.
A separate V and Vmax term were estimated at baseline and
post-phlebotomy. The separate V terms allow for changes in
the volume of distribution as the fetus grows and/or
miscalculation in the fetus weight. The separate Vmax terms
allows for an increased EPO clearance through EPO-R
upregulation post-phlebotomy (i.e. receptor mediated clear-
ance). Other similar models with different combinations of
separate and shared V, Vmax, and km terms at baseline and
post-phlebotomy were also fitted to the data. The final model
was selected based on residual analysis and Akaike_s
Information Criterion (36).

Due to the nonlinear elimination of EPO (17–28) and
the subsequently utilized model (Eqs. 1 and 2), the clearance
of EPO is not a constant parameter but instead is a function
of the EPO concentration. However, a Blinear^ clearance
parameter can be calculated at Bvery low^ concentrations of
EPO, i.e. in the linear concentration range, defined as concen-
trations much lower than the km value (i.e. CL<<km) giving:

Clearance ¼ V � Vmax=kmð Þ ð3Þ

This Blinear^ clearance (Cl) parameter is reported only
for comparison to other published work (18,20).

All modeling was conducted using WINFUNFIT, an
interactive Windows (Microsoft) version evolved from the
general nonlinear regression program FUNFIT (37). Ordi-
nary least squares regression was used. Determined param-
eters were compared at baseline and post-phlebotomy using a
nonparametric one-sided Wilcoxon signed-rank test for Vmax,
and a two-sided Wilcoxon signed-rank test for V. The Cl and
V values determined in fetal sheep at baseline and post-
phlebotomy were compared to that determined in newborn
and adult sheep using a 2-sided Student_s t-test with unequal
variance. Statistically significant differences were determined
at the a = 0.05 type I error rate.

RESULTS

The mean plasma endogenous EPO, whole blood Hb,
and blood reticulocyte count concentrations for the six
fetuses over the course of the study are displayed in Fig. 1.
The daily phlebotomies caused a 58% decrease in Hb
concentration from a baseline, i.e., from 10.8 (5%) (mean
(C.V.)) g/dl at day 0 to 4.5 (17%) g/dl at day 7. The endoge-
nous EPO concentrations rapidly increased within a day of
the first phlebotomy from a baseline of 21.2 (108%) mU/ml
and then remained elevated and highly variable throughout
the remainder of the study. The reticulocyte counts gradually
increased after the phlebotomies began from a baseline value
of 88.1 (66%)� 103 cells/ml. The baseline values of EPO and
Hb in the fetal sheep are very similar to that observed in adult
sheep (38–40). The observed baseline EPO concentration is
somewhat higher than that previously determined in fetal
sheep of 7.1 mU/ml and lower than that observed in newborn
sheep of 55.2 mU/ml, while the observed Hb value is similar
to that previously observed in fetuses and newborns (26).

Nonparametric and parametric model fits to the rHuEPO
and 125I-rHuEPO plasma concentrations, respectively, for a
representative study animal is displayed in Fig. 2. As can be
observed from the representative plot, the fitted model
showed good agreement with the data (r = 0.980). 125I-
rHuEPO plasma concentrations reached near steady-state
conditions immediately prior to 100 U/kg bolus dose
administration of unlabeled rHuEPO (to reach steady state
is not critical for the TIM analysis). The bolus dose
administration caused a substantial perturbation in the 125I-
rHuEPO kinetics, indicating non-linearity in the fetal EPO
disposition. As illustrated in Fig. 2, qualitatively the
magnitude of the perturbation of the 125I-rHuEPO kinetics
upon bolus dose rHuEPO administration is reduced in the
anemic post-phlebotomy TIM study compared to the baseline
TIM study.

The PK model parameters from the six study animals are
summarized in Table I. The volume of distribution (V) at
baseline and post-phlebotomy were not significantly different
(p = 0.20), with an overall mean of 122 (17%) ml/kg. The max-
imal estimated EPO elimination rate (Vmax) post-phlebotomy
was 161 (62%) mU/ml/hr. The post-phlebotomy Vmax was
significantly greater than the estimated Vmax at baseline of 123
(52%) mU/ml/h (p < 0.05). The increase in the Vmax term post-
phlebotomy is consistent with the observed reduced perturba-
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Fig. 1. Endogenous plasma EPO (Ì), Hb (&), and reticulocyte ( )

count concentrations from the baseline TIM study (day 0) to the post-

phlebotomy TIM study (day 7). Daily phlebotomies were performed

from day 1 through day 6. Values are mean T standard error (n = 6).
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tion of 125I-rHuEPO kinetics upon bolus dose rHuEPO
administration, because with a single km value, as the Vmax

term increases the elimination rate at a given EPO
concentration is increased. The common km value was
estimated at 147 (93%) mU/ml.

DISCUSSION

Similar to adult and newborn sheep and humans, EPO
in fetal sheep demonstrated non-linear pharmacokinetics
(15,18) that were adequately described by Michaelis-Menten
elimination mechanism (17,20,28–31). The daily phleboto-
mies resulted in a decrease in the mean Hb concentrations

and an increase in the Vmax, which represents the rHuEPO
elimination capacity (Fig. 1 and Table I). The estimated
mean maximal elimination rate increased 1.31 fold post-
phlebotomy. The Vmax term most likely increased post-
phlebotomy due to EPO induced EPO-R upregulation
caused by the high circulating levels of endogenous EPO
produced from the anemia (13). Given the wide distribution
of EPO-R in fetuses though (24), the proposed upregulation
of EPO-R may be occurring in both erythropoietic and non-
erythropoietic tissues. The increased Vmax and endogenous
EPO concentration, along with the observed reticulocyte
response, suggests that the fetus has the ability to increase
the rate of erythropoiesis when necessary (Fig. 1). The
phlebotomy/EPO induced affects on rHuEPO elimination
can also be observed in Fig. 2, as the perturbation of the 125I-
rHuEPO plasma concentrations upon administration of the
large exogenous rHuEPO dose is reduced post-phlebotomy,
indicating an increased elimination rate of rHuEPO as occurs
when the Vmax is increased. The observed reduced
perturbation in the plasma 125I-rHuEPO concentrations post-
phlebotomy occurred even though the endogenous EPO
concentrations were 6-fold higher relative to the baseline
TIM study at the time of the post-phlebotomy TIM study (and
well above the km value). This high EPO concentration would
at least partially obscure the increased elimination capacity
through partial saturation of the Michaelis-Menten
elimination, which without an opposing increase in Vmax

would increase the perturbation in the plasma 125I-rHuEPO
concentrations post-phlebotomy.

Like in the current fetal sheep study, in adult sheep the
phlebotomy induced increase in EPO, and the hypothesized
subsequent increase in EPO-R, results in an increased
nonlinear elimination of rHuEPO (17). The total fetal
Blinear^ clearance (Cl) of rHuEPO at baseline, as calculated
by Eq. 3, is 117 (37%) ml/h/kg, which is the same as that
determined previously in newborn sheep of 118 ml/h/kg
(p = 0.96) (20), and about 2 to 3-fold higher to that similarly
determined in adult sheep of 45.6 ml/h/kg (p < 0.05) (18)
(Table II). The fetal volume of distribution (V) at baseline
and post-phlebotomy (116 and 128 ml/kg, respectively), is
higher than that determined in newborn sheep of 74.4 ml/kg
(p < 0.05) (20), and that determined in adult sheep of 52.3–
57.6 ml/kg (p < 0.05)(18) (Table II). The higher V for fetal
sheep is hardly surprising though, since the fetal blood
volume also includes the blood volume of the placenta (41).
In both fetal and adult sheep, phlebotomy increased the Cl
relative to baseline, but had no effect on the V (18). The fetal
Cl increased relative to baseline 1.36-fold post-phlebotomy to
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Fig. 2. Fit (lines) to plasma 125I-rHuEPO (Ì) and rHuEPO (+)

concentration-time data for a representative study animal.

Table I. PK Model Parameter Summary (n=6)

V (ml/kg) Vmax (mU/ml/h) km
a (mU/ml) k12

a (1/h) k21
a (1/h)

Baseline (Mean (C.V.)) 116 123 147 1.12 1.04

(19%) (52%) (93%) (53%) (61%)

Post-phlebotomy (Mean (C.V.)) 128 161* 147 1.12 1.04

(16%) (62%) (93%) (53%) (61%)

a Parameter shared at baseline and post-phlebotomy (see Data Analysis section for details).
*Significantly different from baseline (p < 0.05).

1656 Freise et al.



159 ml/h and the adult Cl increased 1.98-fold 8 days post-
acute phlebotomy to 90.2 ml/h. However, unlike at baseline,
the difference in the rHuEPO clearance values between
fetuses and adults post-phlebotomy did not reach statistical
significance (p = 0.10). Differences in the fetal and adult Cl
values post-phlebotomy may be at least partially obscured by
different methods of anemia induction in these studies,
chronic vs. acute, respectively. Like newborn sheep, it
appears that under non-erythropoietic stimulated conditions
that fetal sheep have a higher EPO clearance than adult
sheep.

Pharmacokinetic analysis of the EPO-R population in
newborn and adult sheep has also been studied by removal of
the bone marrow fraction of the EPO-R pool through
chemical bone marrow ablation (20). That study indicated
that newborn sheep, like adults, have a substantial fraction of
the EPO elimination occurring in the bone marrow, presum-
ably through EPO-R located primarily on erythroid cells
located in the marrow. The study also indicates that the
fraction of elimination occurring in the bone marrow for
newborn sheep is less than that observed for adult sheep.
This may partially explain why the relative increase in
rHuEPO clearance in the fetuses (1.36-fold) is less than the
relative increase in clearance in adults (1.98-fold) since a
smaller fraction of EPO_s elimination pathway would be
stimulated in the fetus if their physiology is similar to that of
newborn sheep (18,20). Additionally, it may reflect different
total body distribution of EPO-R in fetuses/neonates relative
to adults (3,24,25). Alternatively, the difference may be due
to the method of anemia induction, chronic verses acute
phlebotomy(ies), respectively.

It is possible that the changes in the maximal elimination
rate are purely due to developmental changes in the fetal eryth-
ropoiesis physiology, since no control (non-phlebotomized)
fetuses were studied in the TIM experiments. Because of the
relatively short 7-day interval between the TIM studies, this is
unlikely. This speculation is further supported by the observed
increase in endogenous EPO concentrations and by the baseline
fetal Blinear^ clearance of rHuEPO being nearly identical to
that observed in newborn lambs. Further studies with a control
group are needed though to confirm that the maximum
elimination rate does not change in fetuses over a short time
interval when no phlebotomies are conducted. It is also possible
that the anemia induced increased cardiac output to maintain
oxygen delivery to tissues affects the EPO elimination rate (42).
However, this is unlikely to occur since EPO is largely
eliminated by tissues (i.e. bone marrow) that have a baseline

high blood flow (42), and hence its elimination is most likely
not blood flow limited (i.e. marrow blood flow is much greater
than EPO clearance). Acute changes total blood volume could
also occur immediately following the phlebotomy due to extra-
vascular distribution of the isovolumetric saline administered.
However, any resulting transient hypovolemia would likely be
resolved within 24 h, i.e. prior to the post-phlebotomy TIM
study, and therefore have minimal effect on the study results (43).

In an effort to assess the sensitivity of the hypothesis
tests to the final selected model, conclusions drawn from
other similar models that fitted the data reasonably well were
compared to the conclusions reached with the reported
model. Specifically, models that had a separate V, Vmax,
and km terms or a single V term and separate Vmax and km

terms at baseline and post-phlebotomy were analyzed. All
models resulted in identical conclusions based on a Wilcoxon
signed-rank test, that only the Vmax term was significantly
different post-phlebotomy relative to baseline values.

Despite the rapid approximately 5-fold increase in
endogenous EPO following the phlebotomies, the increase
in reticulocyte count concentrations was delayed 2–3 days
relative to the EPO increase (3–4 days post-phlebotomy) in
the fetuses (Fig. 1). While there is a well recognized delay in
reticulocyte production and release into the systemic circu-
lation relative to EPO stimulation (44,45), in adult sheep the
lag time between the phlebotomy and the reticulocyte
increase following acute phlebotomy was only 0.2–2.0 days
(40). The initial increase in reticulocyte count following a
rapid increase in EPO concentrations is likely related to
immature reticulocyte release from the bone marrow inde-
pendent of its stimulating effects on erythropoiesis (46,47).
Additionally, the baseline reticulocyte count of 88.1� 103

cells/ml in the fetuses is substantially higher than that
observed in adult sheep of 10.9�103 cells/ml (40), indicating
either higher baseline erythropoiesis and/or a longer
reticulocyte peripheral blood residence time in fetuses.
When one considers the rapid growth rate of the fetus, the
first of these two possibilities appears more likely. Therefore,
the observed differences between adult and fetal sheep in
their reticulocyte response relative to the EPO response may
reflect inherent differences in EPO_s effect in fetal and adult
bone marrow or a reduced capacity to release reticulocytes
from the bone marrow in response to EPO since higher basal
levels of erythropoiesis may limit the reticulocyte Bpool^
available for release. Alternatively, differences may also be
related to the more gradual creation of anemia, and thus
more gradual increase in EPO, in the present experiments.

Table II. Pharmacokinetic Parameter Comparison of Fetal, Newborn, and Adult Sheep

Fetal (n = 6) Newborna (n = 4) Adultb (n = 5)

Cl (ml/h) V (ml/kg) Cl (ml/h) V (ml/kg) Cl (ml/h) V (ml/kg)

Baseline (Mean (C.V.)) 117 (37%) 116 (19%) 118 (11%) 74.4* (5%) 45.6* (24%) 52.3* (10%)

Post-phlebotomy (Mean (C.V.)) 159 (51%) 128 (16%) NA NA 90.2 (29%) 57.6* (8%)

a From Veng-Pedersen et. al (20).
b From Chapel et. al (18).
*Significantly different from fetal sheep value (p < 0.05).
NA Not available.
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CONCLUSION

In summary, the pharmacokinetics of EPO in fetal sheep
were non-linear and well characterized by Michaelis-Menten
elimination kinetics. Chronic phlebotomy of fetal sheep
resulted in an increase in the circulating levels of endogenous
EPO and an increase in the maximal elimination rate of
rHuEPO, which is consistent with EPO induced receptor
upregulation and receptor mediated elimination observed in
other studies in the more mature animals. The observed
increase in Vmax and the calculated Blinear^ clearance
following phlebotomy is qualitatively similar to that observed
in adult sheep, suggesting that the fetus, like the adult, has
the reserve to increase the rate of erythropoiesis when
necessary. Additionally, the clearance of rHuEPO in fetal
sheep in the linear concentration range is quantitatively
similar to that observed in newborn sheep and approximately
half of that observed in adult sheep. Further in vivo studies
that quantify the erythropoietic cellular mass and its EPO-R
density are needed to confirm that the observed increase in
Vmax following phlebotomy in fetal sheep is directly related
to EPO-R upregulation and elimination, and not due to other
pathways of elimination.
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