
hydroxyestrone infusion produced no 
decrease in serum prolactin, with the ap- 
parent increase being not significant by 
analysis of variance. We do not know 
why we failed to obtain a response in 
these four studies, but it is noteworthy 
that the two responding subjects who 
were studied repeatedly exhibited either 
a total or partial prolactin suppression in 
each study, whereas the one nonre- 
sponding subject twice failed to respond 
in both studies, suggesting that the pro- 
lactin response to 2-hydroxyestrone is 
subject and not time dependent. 

The profound suppression by 2-hy- 
droxyestrone of prolactin secretion in 
young women has significant physiologi- 
cal and clinical implications. The infu- 
sion of 2-hydroxyestrone resulted in 
blood concentrations of 2-hydroxy- 
estrone that were six times that at time 0 
(90 versus 15 pg/ml) as determined by ra- 
dioimmunoassay (15), indicating a very 
rapid metabolic clearance of the adminis- 
tered material. The physiological rele- 
vance of this observation must be con- 
sidered in light of the demonstrated ca- 
pacity of neuronal tissue to convert 
estrogens to 2-hydroxyestrone (16-18). 
The material biosynthesized in situ 
would then be expected to affect the neu- 
ronal target tissue at physiological con- 
centrations. 

Regulation of prolactin secretion by 
estrogens in the human can be construed 
as one of dual nature, with estradiol act- 
ing in a positive feedback mode and its 2- 
hydroxylated metabolite acting in an in- 
hibitory fashion. The control of prolactin 
secretion by estrogens would then be de- 
pendent on the activity of the estradiol-2- 
hydroxylase enzyme in the appropriate 
central or pituitary sites. Evidence has 
been obtained that opiate agonists that 
stimulate prolactin release (19) are ef- 
fective inhibitors of estradiol-2-hydrox- 
ylase in the rat brain, whereas the opiate 
antagonist naloxone, which suppresses 
prolactin release, increases estradiol-2- 
hydroxylase activity in the brain (20). 
The action of opiate agonists and antago- 
nists on prolactin release is therefore in 
concert with their impact on estradiol-2- 
hydroxylase in the brain, which suggests 
that the action of the opiates on prolactin 
release is modulated by their effect on 
estrogen metabolism in neuronal tissue. 

The suppression of prolactin secretion 
by 2-hydroxyestrone may have signifi- 
cant clinical applications. Hyperprolac- 
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A definitive understanding of the con- 
trol of erythroid differentiation requires 
that the mechanism of action of erythro- 
poietin (1) be clarified. Advances in our 
knowledge of erythropoiesis have been 
made with Friend erythroleukemia 
cells-a murine viral leukemia line, 
grown in continuous culture, that exhib- 
its erythroid differentiation in response 
to various chemical inducers (2). How- 
ever, this cell line does not respond to 
erythropoietin. Hence, studies of the 
hormone's mechanism of action have 
been limited to examination of its effects 
on unfractionated bone marrow (3) or 
mouse fetal liver (4), both of which are 
heterogeneous (although the fetal liver is 
much less so). Clearly, a cell line that 
could be maintained continuously in vi- 
tro and that differentiated selectively in 
response to erythropoietin would pro- 
vide an ideal system for studying the hor- 
mone's biochemistry. 
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Such a system is provided by the 
recently described Rauscher murine 
erythroleukemia line (5). The parent, un- 
cloned cell line undergoes erythroid 
differentiation in response to either 
erythropoietin or dimethyl sulfoxide 
(DMSO). We maintained the cells in 
plastic culture flasks or petri dishes 
in continuous suspension culture in a 
mixture of Eagle's minimum essential 
medium (Dulbecco's modification) and 
fetal calf serum (10 percent) in a hu- 
midified atmosphere of 95 percent air 
and 5 percent CO2 (37?C). Individual 
cells gave rise to discrete colonies when 
grown in plasma-clot culture (6), a semi- 
solid medium (100 cells per 0.1-ml clot). 
The clots were fixed on glass slides with 
glutaraldehyde, stained with dimethoxy- 
benzidine and H202 to detect hemoglo- 
bin, and counterstained with hematoxy- 
lin. The cells in each colony were then 
examined microscopically for erythroid 
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Erythroid Differentiation of Clonal Rauscher Erythroleukemia 
Cells in Response to Erythropoietin or Dimethyl Sulfoxide 

Abstract. Clonal lines of Rauscher erythroleukemia cells exhibited selective re- 
sponses to two inducers of differentiation, erythropoietin and dimethyl sulfoxide. 
There were substantial quantitative differences between clones that responded to 
both inducers. Several clones differentiated only in response to erythropoietin. 
Erythropoietin stimulated cell proliferation and differentiation whereas dimethyl sul- 
foxide inhibited proliferation, suggesting dissimilar modes of action. 
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differentiation. After 5 days in plasma- 
clot culture in the absence of inducer 
(erythropoietin or DMSO), distinct colo- 
nies formed containing 16 to 128 rather 
uniform cells with large nuclei (Fig. 1A). 
Hemoglobin was detectable in only 1 to 2 
percent of the colonies, and in only a few 
cells. In contrast, when grown in the 
presence of erythropoietin, the colonies 
were larger, containing 32 to over 300 
cells, strongly suggesting that the hor- 
mone stimulates a proliferative re- 
sponse. Moreover, 40 to 60 percent of 
the colonies contained 8 to 64 hemoglo- 
binized cells, some without nuclei, in- 
dicative of differentiation following pro- 
liferation (Fig. lB). Dimethyl sulfoxide 
also induced differentiation in the prima- 
ry line, as evidenced by the development 
of colonies of 4 to 32 hemoglobinized 
cells, but the small size of these colonies 
indicates inhibition of cell proliferation 
(Fig. IC). 

We cloned the primary Rauscher 
erythroleukemia line by dilutional plat- 
ing techniques (7) in order to derive lines 
with great genetic homogeneity and fa- 
vorable biological properties-in partic- 
ular, a selective response to erythro- 

A 

Fig. 1. Colonies of Rauscher erythroleukemia 
cells incubated in plasma-clot culture with (A) 
no inducer, (B) erythropoietin (1 U/ml) (8), or 
(C) 0.5 percent DMSO. Scale bar, 50 gm. 
3 OCTOBER 1980 

Fig. 2. Effects of dif- 
ferent concentrations 
of erythropoietin (A) 
or DMSO (B) on dif- 
ferentiation of Raus- 
cher erythroleukemia 
clones R-19 (i), R-31 
(i), and R-37 (A) in 
plasma-clot culture. 
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poietin or DMSO. We assessed the re- 
sponse of more than 30 clones to the two 
inducers in plasma-clot cultures (Table 
1). Many of the clones responded to both 
erythropoietin and DMSO and exhibited 
substantial quantitative differences. Sev- 
eral clones differentiated only in re- 
sponse to erythropoietin. 

An examination of the dose-response 
relations for erythropoietin and DMSO 
of various clones reveals these dif- 
ferences (Fig. 2, A and B). Clones R-19, 
R-31, and R-37 formed colonies 0, 7, and 
30 percent of which were positive for he- 
moglobin, respectively, without added 
erythropoietin. All three responded to 
the hormone and reached maxima of 60, 
61, and 75 percent positive for hemoglo- 
bin, respectively. The relatively high de- 
gree of "spontaneous" differentiation 
shown by clone R-37 may have been due 
to increased sensitivity to erythropoietin 
in the fetal calf serum used in the growth 
medium, a conclusion supported by the 
leftward shift of the dose-response curve 
for the clone relative to those for R-19 
and R-31. Erythropoietin also increased 
the plating efficiencies of these clones 
two- to sevenfold (from 7 to 10 percent to 
20 to 60 percent), another indication of 
its growth-promoting action. Only R-19 
differentiated in response to DMSO; 30 
percent of the R-19 colonies were posi- 
tive for hemoglobin at 0.5 percent 
DMSO. The plating efficiences of all 
three clones were decreased by DMSO. 
An increase in DMSO to 0.9 percent re- 
sulted in no colony formation by any of 
the three clones. 

Preliminary studies show a nearly si- 
multaneous increase in DNA, RNA, and 
protein synthesis in clone R-19 (over 
control and DMSO values) 6 to 12 hours 
after exposure to erythropoietin. This is 
consistent with the observed prolifera- 
tive response, and strongly suggests that 
erythropoietin and DMSO induce dif- 
ferentiation by dissimilar mechanisms. 

Thus we have begun to distinguish be- 
tween the cellular responses to erythro- 

poietin, which is operative in nature, and 
those to DMSO, which has been em- 
ployed so extensively in the study of 
Friend erythroleukemia cells. Perhaps 
most striking is the observation that in 
addition to induction of differentiation, 
both inducers affect cell proliferation: 
erythropoietin increases it whereas 
DMSO decreases it. Erythroid cells also 
proliferate in response to erythropoietin 

Table 1. Erythroid differentiation of Rauscher 
erythroleukemia clones in plasma-clot culture 
(100 cells per 0.1-ml clot). The cells were in- 
cubated in the absence or presence of 
erythropoietin (1 U/ml) or 0.5 percent DMSO 
for 5 days. 

Hemoglobinized P 
colonies (%) ing 

Clone ef- cien- 
Con- Erythro- DMSO cy 
trol poietin (%) 

R-1 0 60 0 20 
R-2 2 70 2 14 
R-3 22 38 50 8 
R-4 0 0 0 8 
R-5 15 82 50 12 
R-6 0 10 0 30 
R-7 4 79 50 10 
R-8 0 65 0 2 
R-10 0 86 0 6 
R-11 12 69 0 6 
R-12 25 33 33 4 
R-13 8 46 28 32 
R-14 0 46 41 6 
R-15 10 67 0 6 
R-17 0 86 41 16 
R-19 0 58 35 10 
R-20 0 44 0 8 
R-22 86 100 67 4 
R-23 5 40 58 10 
R-24 0 48 58 8 
R-25 0 79 29 4 
R-28 32 58 38 8 
R-29 24 67 25 6 
R-31 7 61 0 6 
R-33 0 49 21 10 
R-34 4 46 18 8 
R-35 0 0 0 6 
R-37 31 71 0 8 
R-38 0 86 11 10 
R-39 0 11 0 4 

Primary 0 46 28 16 
line 
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in vivo; hence, the observations in vitro Opioid Receptors Undergo Axonal Flow 
presurlably reflect the same mechanism. 
In assessing the mode of action of Abstract. Previous studies have indicated the presence of opiate receptors on ax- 
erythropoietin, therefore, it is necessary ons of the rat vagus nerve and on other small diameterfibers. In examinations of the 
to understand this proliferative response effect of ligation on the distribution of receptors in the vagus nerve by in vitro label- 
and to ask whether differentiation into ing light microscopic autoradiography, a large buildup of receptors was found proxi- 
enucleate, hemoglobin-rich erythroid mal to the ligature. This result indicates an axonal flow of receptors. 
cells is the end of a single program, the 
expression of which is due to one hor- Axoplasmic flow and axonal and den- other small diameter nerve fibers (3, 4). 
mone-cell interaction, or whether the dritic transport are responsible for deliv- It was suggested that some of these vagal 
proliferative and maturational responses ery of various macromolecules to distant receptors may be undergoing axonal 
to erythropoietin are due to discrete sig- parts of the neuron (1). Although the transport or axoplasmic flow (4). In vitro 
nals that may be characterized and, ulti- mechanisms of these transports are un- labeling autoradiography, a highly sensi- 
mately, experimentally controlled. The known, their properties have been stud- tive and quantitative measure of recep- 
availability of the clonal lines described ied (1). We report evidence that recep- tors (5), has proved adequate for measur- 
here now permits an examination of this tors undergo such movement. ing opiate receptors in the vagus. By us- 
question. Several biochemical investigations ing this technique, we detected opiate 

ARTHUR J. SYTKOWSKI* have indicated the presence of opiate receptors in the nodose ganglion and re- 
AUGUST J. SALVADOt presynaptic receptors on axons and ceptor buildup on the proximal side of a 

GEORGIANNA M. SMITH nerve terminals (2). Light microscopic ligature of the vagus nerve. 
CAROL J. MCINTYRE autoradiographic studies have demon- Surgical exposure of the nodose gan- 
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Fig. 1. (A) Light micrograph showing a section along a ligated nerve. The nerve was removed 
from the neck and embedded in a brain paste to maintain a good consistency for sectioning. The 
ligation was placed slightly to the right of center where there is an actual separation of proximal 
(left) and distal (right) sides. Arrows point to the nerve sheath or edge of nerve on either side of 
where the tie was made. Dark streaks to right of both arrows are fragments of the silk ligature. 
The autoradiographic grains marking receptors cannot be seen at this magnification with bright- 
field microscopy. (B) A darkfield of the same section as in (A). The grains appear as white dots 
and the tissue cannot be seen. The grain density is so high on the proximal side that the individ- 
ual grains cannot be distinguished. Scale bar, 500 u.m. (C) A high-power brightfield taken direct- 
ly above the left arrow in (B) showing the grain density on the proximal side. (D) Grain density 
on the distal side directly above the right arrow in (B). (E) Grain density from an adjacent 
section that was coincubated with naloxone to produce a blank. The photograph shows the 
same part of the nerve as that in (D). Scale bar, 50 Am. Autoradiograms were exposed for 3 
months. The receptors were labeled with [3H]DAMA. 
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