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Summary—To study transport of steroids by erythrocytes, the tissue uptake of erythrocyte-
associated testosterone and corticosterone was studied in vivo using a single injection technique
into the carotid artery of rats. A brain uptake index (BUI) was calculated by dividing the ratio
of [*H]steroid to [“Clbutanol (internal reference) in the brain tissue by that in the injection
material, and multiplying by 100%. BUIs of testosterone and corticosterone in an erythrocyte
suspension were 131 + 3% (mean + SE, n = 6) and 57.0 + 2.7% (n = 6), respectively, which
were greater than those in buffer (100 +4%; n=4, P <0.01 and 39.8 +4.6%; n =4,
P <0.01, respectively). The erythrocyte accounted for 83.9% and 76.7% of the total
testosterone and corticosterone delivered to the tissues, respectively, when calculated on the
assumption that the BUIs of steroid in buffer and in the supernatant of an erythrocyte
suspension are the same. BUIs of corticosterone in hemolysate and in a suspension of
erythrocyte plasma membranes (60.8 + 7.0%; n = 4 and 69.5 + 3.7%; n = 4, respectively) were
also greater than those in buffer (P < 0.05 and P < 0.01, respectively). Our results suggest that
the erythrocyte-associated component of testosterone and corticosterone are delivered to the
tissue of rat brain, and that their membranes may play a major role in their capacity to
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transport steroids to the tissues.

INTRODUCTION

Steroids that are secreted by the adrenal and
gonad are transported by the bloodstream and
delivered to the peripheral tissues where they
exert their bioactivity. Transport of steroids by
the bloodstream has been studied for decades.
In general, workers have focused on the plasma
components of blood steroids, such as plasma
unbound, albumin-bound, and binding globu-
lin-bound components [1]. The currently ac-
cepted concept of steroid transport is that the
plasma unbound and albumin-bound com-
ponents are the principal sources of the steroid
that is delivered to the tissues (2, 3]. Erythro-
cytes, another major component of blood, have
received very little attention heretofore as a
component of steroid transport in blood. Re-
cently, we have reported that the erythrocyte-as-
sociated component of blood cortisol is not only
a significant component, but one which is
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greater than the unbound or albumin-bound
components under physiological conditions
[4, 5]. We have suggested that the erythrocyte-
associated component of blood cortisol could be
taken up by the tissues because the dissociation
rate constant for the erythrocyte-associated cor-
tisol is high, and therefore erythrocytes have
ample time to supply cortisol to the tissues
during capillary transit [5]. In the present study,
we investigated the uptake of erythrocyte-
associated steroids in vivo using a single injec-
tion technique into the carotid artery of rats [3].
We report that the erythrocyte-associated com-
ponents of testosterone and corticosterone,
which are the major respective sex steroid and
glucocorticoid in male rats, are delivered to the
tissues of rat brain.

MATERIALS AND METHODS

Materials

(1,20-* Hjtestosterone (55.2 Ci/mmol), [1,2-
*H]corticosterone (46.6 Ci/mmol), and [1-"C]-
butanol (1.1 mCi/mmol) were purchased from
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New England Nuclear (Boston, Mass.).
Soluene-350 and Hionic-Fluor were obtained
from Packard Instrument Co. (Downers Grove,
I1.); Hepes buffer and bovine albumin from
Sigma Chemical Co. (St Louis, Mo.); isopropyl
alcohol and hydrogen peroxide from Wako
Pure Chemical Industries (Osaka, Japan);
pentobarbital sodium from Abbott Labora-
tories (Northchicago, I1l.); Centrifree tubes
from Amicon Corp. (Danvers, Mass.). The
radioactive steroids were used after purification
by Sephadex LH-20 (Pharmacia Fine Chemi-
cals, Uppsala, Sweden) chromatography [6].

Methods

(1) Brain uptake of erythrocyte-associated
testosterone and corticosterone. A  tissue
sampling-single injection technique was per-
formed as reported previously [3]. Radioactive
steroid ([*H]testosterone; 3 uCi, 55.2 Ci/mmol
or [*H]corticosterone; 3 uCi, 46.6 Ci/mmol) and
[“CJbutanol (0.4 4 Ci; 1.1 mCi/mmol) were dis-
solved in 1ml buffered Ringer’s solution
(pH 7.4, 5 mM Hepes) containing 0.1% bovine
albumin (albumin—-Ringer’s solution), with or
without suspended rat erythrocytes (hematocrit:
ca 40%). Rat erythrocytes were used after being
washed several times with Ringer’s solution.
[*C]butanol has been used as an internal refer-
ence in a tissue sampling-single injection tech-
nique because the tracer is highly diffusible to
the brain [3, 7, 8]. [“C]butanol was applied in
the present study since it was reported that even
the presence of erythrocytes does not change the
permeability of ["Clbutanol to the tissues [7, 8].
A 0.2-ml bolus of the material was injected in 1 s
via the common carotid artery of a 300400 g
Sprague-Dawley male rat anesthetized with
intraperitoneal pentobarbital (50 mg/kg). The
animal was decapitated 15s after injection.
The cerebral hemisphere ipsilateral to the injec-
tion was removed and solubilized in duplicate in
a 1.5-ml mixture (1:1) of Soluene-350 and iso-
propyl alcohol by heating at 50°C for 2h;
hydrogen peroxide (0.5 ml) was added to the
sample and mixed gently for 30 min to reduce
color-quenching of the luminescence, then 10 ml
Hionic-Fluor was mixed. A 0.01-ml aliquot of
the injection material was treated as for the
brain tissues. A brain uptake index was calcu-
lated by dividing the ratio of *H-radioactivity to
14 C-radioactivity in the brain tissue by that in
the injection material, and multiplying by
100%. The brain uptake index of the erythro-
cyte-associated steroid (BUIrbc) component
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was estimated based on the assumption that the
brain uptake indexes of steroid in the buffer and
in the supernatant of the erythrocyte suspension
were the same. The brain uptake index of the
erythrocyte-associated steroid (BUIrbc) was cal-
culated by subtracting the fraction of brain
uptake index of supernatant of the erythrocyte
suspension (Ts x BUIb) from the total brain
uptake index of the erythrocyte suspension
(BUIt), divided by erythrocyte-associated ster-
oid fraction (Trbc) according to the following
formula: BUIrbc = (BUIt — Ts x BUIb)/Trbc,
where BUIt and BUIb are the brain uptake
indexes of steroid in an erythrocyte suspension
and in buffer, respectively, and Ts and Trbc are
the supernatant fraction and the erythrocyte-as-
sociated fraction of the total steroid in the
erythrocyte suspension, respectively. The per-
centage of total steroid in an erythrocyte sus-
pension associated with erythrocytes was
determined at 38°C (the physiological body
temperature of rats) [9] using a microhematocrit
method as reported elsewhere [5]. The part of
steroid delivered to the tissues which was ac-
counted for by erythrocytes was calculated as
follows: (Trbc x BUIrbc x 100%)/(1 x BUIL).

(2) Brain uptake of corticosterone in plasma

. and in hemolysate. In order to investigate the

role of erythrocyte integrity for transport of
corticosterone into rat brain tissue, brain uptake
indexes of corticosterone in buffer, rat plasma
which contains corticosteroid binding globulin,
and hemolysate obtained by freeze-thawing an
erythrocyte suspension several times were com-
pared. The pH of hemolysate was adjusted to
7.4 with 0.1 N sodium hydroxide. The plasma
unbound, albumin-bound, and corticosteroid
binding globulin-bound components of cortico-
sterone in the plasma sample were determined
by ultrafiltration as reported elsewhere [10, 11].
(3) Brain uptake of erythrocyte plasma mem-
brane-associated corticosterone. Plasma mem-
branes of rat erythrocytes were prepared by the
method of Dodge and co-workers [12], and were
suspended in albumin-Ringer’s solution. The
volume of the plasma membrane was 30% when
determined using microhematocrit tubes by cen-
trifugation at 20,000¢ for 40 min[12]. Brain
uptake indexes of corticosterone in buffer and
plasma membrane suspension were studied.

Statistical analyses

All values were given as the mean + SE.
Student’s ¢-test was applied for comparison of
mean values. All P-values greater than 0.05
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Fig. 1. The brain uptake index of testosterone dissolved in

a buffered Ringer’s solution containing 0.1% bovine albu-

min with or without suspended rat erythrocytes (hematocrit:

ca 40%). Brackets represent SEs. The data of erythrocyte

suspension (n =6) were tested against those of buffer
(n =4); ***: P <0.001.

were reported as not statistically significant
(NS).

RESULTS

Brain uptake of erythrocyte-associated testoster-
one

The brain uptake indexes of testosterone in
buffer and in an erythrocyte suspension were
100 + 4% (mean + SE, n =4) and 131+ 3%
{(n=6; P<0.001), respectively (Fig. 1). The
mean brain uptake index of testosterone dis-
solved in buffer was similar to that reported
previously [3]. The brain uptake index of the
erythrocyte-associated testosterone was calcu-
lated as described in Materials and Methods
section to be 137 + 4% (n = 6). The percentage
of the total testosterone in the erythrocyte
suspension associated with erythrocyte was
79.2 + 2.1% (n = 6). Therefore, the erythrocytes
accounted for 83.9% of the total testosterone
delivered to the tissues.

Brain uptake of erythrocyte-associated cortico-
sterone

The brain uptake index of corticosterone was
studied using the same experimental techniques
as for testosterone (Fig. 2). The brain uptake
index of corticosterone in an erythrocyte sus-
pension was 57.0 + 2.7% (n = 6), considerably
greater than that of corticosterone in buffer
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(39.8 +4.6%; n =4, P <0.01). The brain up-
take index of the erythrocyte-associated cortico-
sterone was calculated to be 65.7 + 4.1%. Since
the erythrocyte-associated component was
66.6 + 0.7% (n = 6) of the total corticosterone
in the erythrocyte suspension (microhematocrit
method), the erythrocyte-associated component
accounted for 76.7% of the total corticosterone
delivered to rat brain tissues.

Brain uptake of corticosterone in plasma and in
hemolysate

The brain uptake index of corticosterone in a
hemolysate was greater than that of cortico-
sterone in buffer (P < 0.05), while, as expected,
the brain uptake index of corticosterone in
plasma was smaller (P <0.01) (Fig. 3). The
plasma unbound, albumin-bound, and corticos-
teroid binding globulin-bound corticosterone in
the plasma sample were determined by ultra-
filtration, and represented 0.18, 0.35, and 0.47
of the total, respectively. Our result that the
brain uptake index of plasma corticosterone is
nearly a half of that of buffer corticosterone is
consistent with the previous report that the
unbound and albumin-bound corticosterone are
bioavailable to rat brain tissues while the corti-
costeroid binding globulin-bound component is
not [13].
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Fig. 2. The brain uptake index of corticosterone dissolved

in a buffered Ringer’s solution containing 0.1% bovine

albumin with or without suspended rat erythrocytes (hem-

atocrit: ca 40%). Brackets represent SEs. The data of

erythrocyte suspension (n = 6) were tested against those of
buffer (n = 4); **: P <0.01.
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Fig. 3. The brain uptake index of corticosterone in buffered

albumin-Ringer’s solution, rat plasma, and rat hemolysate.

Rat hemolysate was obtained by freeze-thawing an erythro-

cyte suspension several times. Brackets represent SEs. The

data of plasma and hemolysate were compared to those of

buffer (n =4);, *' P <0.05, ** P <001, P<0.01 by
ANOVA.

Brain uptake of erythrocyte plasma membrane-
associated corticosterone

The brain uptake indexes of corticosterone
in albumin-Ringer’s solution and in a sus-
pension of albumin-Ringer’s solution contain-
ing erythrocyte plasma membranes were 39.8 +
59% (n=4) and 695+3.7% (@n=4
P < 0.01), respectively.

DISCUSSION

Erythrocytes have received very little atten-
tion heretofore as a component of steroid trans-
port in blood. In the present study, the
bioavailability of erythrocyte-associated testos-
terone and corticosterone was assessed in vivo
using a single injection technique into the
carotid artery of rats. Brain uptake indexes of
the steroids in buffer with or without suspended
rat erythrocytes were studied. The presence of
erythrocytes did not restrict, but rather en-
hanced the uptake of steroids to the rat brain;
indeed, erythrocytes accounted for a large pro-
portion of the steroids delivered to the brain.
Clearly, these results indicate that erythrocytes
transport a significant amount of the testoster-
one and corticosterone that is taken up by rat
brain.

Brain uptake indexes of corticosterone in
buffer, rat plasma, and hemolysate were studied
to investigate the role of erythrocyte integrity
for transport of corticosterone to rat brain
tissues. The presence of hemolysate increased
the brain uptake index of corticosterone to
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about the same degree as the presence of
intact erythrocytes. Thus, the physical integ-
rity of erythrocytes is not necessary for the
enhanced bioavailability of erythrocyte-associ-
ated corticosterone to the tissues. In other ex-
periments, the uptake of erythrocyte plasma
membrane-associated corticosterone was stud-
ied. The brain uptake index of corticosterone in
plasma membrane suspension was much greater
than that in buffer. Thus, even erythrocyte
plasma membranes themselves could facilitate
the uptake of corticosterone into the brain. Our
present results with a physiological model
confirm the notion that erythrocyte-associated
steroid is bioavailable. Further, our results
suggest that the bioavailability of testosterone
and corticosterone could be enhanced by their
association with erythrocyte membranes. The
mechanism by which erythrocyte membranes
increase brain uptake well above that of control
buffer solution is unknown. One might specu-
late that it may involve inter-membranous ster-
oid flux during transit of the material injected
through the capillaries. Regardless of mechan-
ism, the current study gives indication that
erythrocytes serve as a major conduit for steroid
transport to the tissues.
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