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ABSTRACT These studies were undertaken to in-
vestigate (a) the permeability properties of the blood-
brain barrier (BBB) to the major gonadal and adrenal
steroid hormones, and (b) the role of the binding pro-
teins of plasma (albumin and specific globulins) in the
regulation of BBB steroid hormone transport.

The permeability of the BBB to [*H]-labeled proges-
terone, testosterone, estradiol, corticosterone, aldoste-
rone, and cortisol, was measured relative to [**Clbutanol,
a freely diffusable reference, in the barbiturate anesthe-
tized rat using a tissue sampling-single injection tech-
nique. The isotopes were rapidly injected in a 200-ul
bolus of Ringer’s solution (0.1 g/dl albumin) via the
common carotid artery and the percent extraction of
unidirectional influx of hormone was determined after
a single pass through brain: progesterone, 83+4%;
testosterone, 85+ 1%; estradiol, 83 +3%; corticosterone,
39+2%; aldosterone, 3.5+0.8%; and cortisol, 1.4+0.3%.
The selective permeability of the BBB was inversely
related to the number of hydrogen bonds each steroid
formed in aqueous solution and directly related to the
respective 1-octanol/Ringer’s partition coefficient.

When the bolus injection was 67% human serum,
>95% of the labeled steroid was bound as determined
by equilibrium dialysis. However, the influx of the
steroids through the BBB was inhibited by human
serum to a much less extent than would be expected if
only the free (dialyzable) hormone was transported;
progesterone, estradiol, testosterone, and corticosterone
transport was inhibited 18, 47, 70, and 85% respectively,
or in proportion to the steroid binding to plasma globu-
lins. Rat serum (67%) only inhibited the transport of
these four hormones, 0, 13, 12, and 69%, respectively,
reflecting the absence of a sex hormone-binding globu-
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lin in rat plasma. However, neonatal rat serum (67%)
inhibited progesterone, testosterone, and estradiol
transport 0, 0, and 91%, respectively, consistent with
the presence of an estradiol-binding protein in neonatal
rat serum.

The binding of steroid hormone to bovine albumin
in vitro (as determined by equilibrium dialysis) was
compared to albumin binding in vivo (as determined
by the single injection technique). The ratio of ap-
parent dissociation constant in vivo, Kp(app), to the in
vitro K, was: 200 for progesterone, >200 for testos-
terone, 120 for estradiol, and 7.7 for corticosterone.
Assuming the steady-state condition, the K,(app)/Kp
was found to be proportional to the BBB permeability
for each steroid.

These data demonstrate (¢) the selective permeabil-
ity properties of the BBB to the major steroid hormones
is proportional to the tendency of the steroid to partition
in a polar lipid phase and is inversely related to the
number of hydrogen bond-forming functional groups
on the steroid nucleus; (b) the presence of albumin in
serum may bind considerable quantities of steroid hor-
mone, but exerts little inhibitory effects on the transport
of steroids into brain, whereas globulin-bound hor-
mone does not appear to be transported into brain to a
significant extent. Therefore, the hormone fraction in
plasma that is available for transport into brain is not
restricted to the free (dialyzable) fraction, but includes
the larger albumin-bound moiety.

INTRODUCTION

Unlike other organs, the brain’s extracellular space is
segregated from plasma by a unique capillary wall (1)
i.e., the blood-brain barrier (BBB).! Therefore, circu-

1 Abbreviations used in this paper: BBB, blood-brain bar-
rier; BUI, brain uptake index; CBG, cortisol-binding globulin;
EBP, estradiol-binding protein; K,,, dissociation constant in
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lating substrates or hormones gain access to brain cells
only if such compounds are able to penetrate the BBB.
Although quantitative details in regard to the transport
of metabolic substrates through the BBB are well known
(2), there is a paucity of data in regard to the permeabil-
ity properties of the BBB to hormonal substances that
act on the central nervous system. In particular, the sex
steroid hormones (e.g., progesterone, testosterone,
estradiol) and the adrenal steroid hormones (e.g., corti-
costerone, cortisol, and aldosterone) are known to have
profound effects on such central nervous system func-
tions as hypothalamic secretions, sex differentiation,
and behavior (3). Moreover, specific binding systems
for these hormones have been identified in various
regions of brain for the gonadal steroids, glucocorti-
coids (4) and aldosterone (5).

The transport of circulating steroid hormones through
the BBB is complicated by the active binding of these
compounds by plasma proteins. More than 98% of the
gonadal steroids are protein bound and 80-90% of the
adrenal steroids are bound by plasma protein (6). Al-
though it is generally regarded that only the free (dia-
lyzable) hormone is transported into tissues such as
brain, recent studies have indicated that a variable frac-
tion of albumin-bound ligands such as tryptophan (7)
or triiodothyronine (8) are also transported, because of
the ability of BBB binding sites to effectively compete
with plasma proteins for binding of the respective lig-
and. Under these conditions the major plasma moiety
of hormone available to brain is the albumin-bound
part and not the free (dialyzable) hormone. The objec-
tives of the current study were (a) to investigate the
permeability properties of the BBB to the steroid hor-
mones, and (b) to examine the role of the plasma protein
in the regulation of the fraction, i.e., free vs. protein-
bound, of plasma hormone that is available for entry
into brain.

METHODS

All isotopes were purchased from New England Nuclear,
Boston, Mass. The manufacturer specific activities were:
D-[1,2,6,7-*H(N)]aldosterone, 80 Ci/mmol; [2,4,6,7,16,17-3H]-
estradiol, 143 Ci/mmol; [1,2,6,7-*H(N)Jhydrocortisone, 81
Ci/mmol; [1,2,6,7-3H(N)]progesterone, 90 Ci/mmol; [1,2,6,7,
16,17-*H(N)]testosterone, 152 Ci/mmol; [1,2,6,7-*H(N)]corti-
costerone, 92 Ci/mmol, and N-[1-**C]butanol, 1.86 mCi/mmol.
All other chemicals were purchased from Sigma Chemical
Co., St. Louis, Mo. Fetal calf serum was obtained from Grand
Island Biological Co., Grand Island, N. Y.

The radiochemical purity of all isotopes was assessed by
thin-layer chromatography with radiochromatogram scanning,
and judged to be >99% pure, except the [*H]testosterone
which was 92% pure. The following solvent systems were used
on Silica Gel GF plates (Analtech, Inc., Newark, Del.): aldo-

vitro; Kp(app), apparent dissociation constant in vivo; PC,
Ringer’s partition coefficient; PS, permeability-surface coef-
ficient; SHBG; sex hormone-binding globulin; ¢, transit time.
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sterone (cyclohexane 70, chloroform 20, glacial acetic acid 10),
testosterone, progesterone, corticosterone, and cortisol (chlo-
roform 85, acetone 15), and estradiol (benzene saturated with
formamide). Isotopes were supplied by the manufacturer in
a 9/1 benzene/ethanol mixture and this solvent was evaporated
before mixing the isotope in Ringer’s solution containing 0.1
g/d]l bovine albumin (nondefatted).

The permeability of the BBB to the labeled steroids was
measured by a tissue sampling-single injection technique
developed by Oldendorf (9). A 200-300-g male Sprague-
Dawley rat was fed ad lib. on a 12-h light/dark cycle and
studied at =10:00 a.m. each day. The animal was anesthe-
tized with intraperitoneal pentobarbital (Diabutal, 45 mg/kg;
Diamond Laboratories, Inc., Des Moines, lowa), placed in a
supine position, and the right common carotid artery was
isolated. An =200-ul bolus (the exact volume is immaterial)
of buffered Ringer’s solution (pH 7.4, 5 mM Hepes)
was rapidly injected via the carotid as a bolus through
a sharp 27-gauge needle. The bolus contained =2-5 uCi/ml
of 3H-steroid, 0.5 uCi/ml of [**C]-butanol, a freely diffusable
internal reference (10), and 0.1 g/dl bovine albumin, which
was added to insure solubility of the steroid in aqueous solu-
tion. The bolus injection prevents mixing of the injection solu-
tion with the circulating plasma (9) so that only plasma proteins
added to the injection solution influence steroid transport into
brain. 15 s after injection, the animal was decapitated; this
period is sufficient for a single pass of the bolus through the
brain, but short enough to minimize efflux of label from brain
or recirculation of label (11). The cerebral hemisphere ipsilat-
eral to the injection was removed from the cranium and solu-
bilized in 1.5 ml of NCS (Amersham Corp., Arlington Heights,
I11.) by heating to 50°C for 2 h in a metabolic shaker. An aliquot
of the injection solution was similarly treated for lipid scintilla-
tion counting. After converting counts per minute for each
isotope to disintegrations per minute by quench correction,
the percent brain uptake index (BUI) was calculated (10):

3H/'C (brain)
I= x 100.
3H/*C (injection mix)

By definition, BUI = E;/E; (11), where E; is the percent
extraction of unidirectional influx into brain of the test com-
pound, and E; is the same for the reference compound
(butanol). Although butanol is 100% cleared by brain on a
single pass (10), the compound leaves the brain of the anesthe-
tized rat at a rate of 1.1%/s.2 Since the bolus passes through the
brain by the first 5 s after injection (10), there is approximately
a 10% loss of the butanol reference by 15 s after injection.
Therefore, by multiplying the BUI by 0.90, the BUI may be
converted to E;.2 Given the rate of whole brain blood flow (F) in
the barbiturate anesthetized rat, 0.6 ml/min per g (11), the
fractional E; may be converted to the BBB permeability-sur-
face product (PS, milliliter per minute per gram) by Crone’s
equation (12),

PS=—-FIn (1 - Ey),

2 If test and reference compounds effluxed from brain back
to blood at the same rate, then a correction for reference wash-
out would be obviated. However, recent studies indicate
that although butanol molecules in brain freely return to
blood, the gonadal steroid hormones (progesterone, testos-
terone and estradiol) are sequestered by binding systems in
brain which impedes their efflux back to blood. (Pardridge,
W. M,, L. J. Mietus, T. L. Moeller, and W. H. Oldendorf.
Kinetics of brain transport and sequestration of blood-borne
steroid hormones. Submitted for publication).



where PS is the product of permeability coefficient (P) and the
BBB surface area (S).

The permeability coefficients for the various hormones were
compared to their lipid solubility as judged by the 1l-octanol/
Ringer’s partition coefficient (PC) for each steroid. The PC was
obtained in the following way: 1 uCi of *H-steroid was added
to a scintillation vial containing 3 ml of 1-octanol and 3 ml of
buffered Ringer’s solution. The vial was shaken and allowed
to equilibrate for 1 h at room temperature. 2 ml of the octanol
layer was then removed and placed in a 7-ml test tube, followed
by the addition of 2 ml of fresh Ringer’s solution, and capped
with a serum stopper. The tube was shaken and allowed to
equilibrate for 1 h at room temperature. A 20-ul aliquot of the
octanol layer was taken for liquid scintillation counting; the
tube was then inverted, centrifuged for 10 min at 1,000 g, and a
300-ul aliquot of the Ringer’s phase was quickly removed via
a syringe through the serum stopper; this method (suggested
by W. H. Oldendorf, University of California at Los Angeles)
prevented contamination by the octanol phase when sampling
the denser aqueous phase for isotope activity. The purpose of
the first octanol/Ringer’s partition was to remove any highly
polar impurity in the isotope that might introduce large errors
in determination of the PC. The calculation of the PC was
obtained from the ratio of disintegrations per minute per
milliliter in the octanol phase relative to the Ringer’s phase.

The saturability of BBB transport of the labeled hormones
was investigated by making the final injection solution con-
centration 25 uM in unlabeled hormone; these injection solu-
tions contained a final concentration of 0.45 g/100 ml ethanol.

The effects of various plasma proteins on the transport of
labeled steroids into brain was investigated by making the
final injection solution 67% in either rat serum, human
(pooled) male serum, neonatal (2-3 d) rat serum, or fetal calf
serum. The neonatal rat serum was obtained by pooling the
cervical effluent (after decapitation) from two litters of 2-3-d-
old unanesthetized pups. The adult rat serum was obtained by
aortic puncture of barbiturate-anesthetized animals. In addi-
tion, the final injection solution was made 2.5, 5, or 10 g/dl
bovine albumin (nondefatted).

The free (dialyzable) fraction of labeled hormone in the
injection solution containing bovine albumin or human serum
was measured by equilibrium dialysis. A 1.5-ml solution of
67% human serum (pooled male) or 2 g/dl bovine albumin in
buffered Ringer’s solution was mixed with 1.0 uCi of labeled
steroid and placed in a dialysis bag made of a 1 x 20-c¢m strip
of dialyzing tubing. The bag was placed in 15 ml of buffered
Ringer’s solution (pH 7.4) containing 0.05 g/dl sodium azide.
Dialysis was done at 37°C for 20 h in a metabolic shaker.
Aliquots of buffer and dialysis bag were counted and the frac-
tion of free hormone was calculated from the ratio of disinte-
grations per minute per milliliter in the buffer divided by the
disintegrations per minute per milliliter in the dialysis bag.
The albumin dissociation constant (K,) was calculated from
the mass action relationship, K, = (percent-free/percent bound)
(albumin concentration), where 2 g/dl albumin = 294 uM,
based on mol wt = 68,000.

The albumin K, for each steroid was compared to the ap-
parent K;, in vivo (Kplapp]) as determined with the single
injection technique. The differences between albumin bind-
ing of a steroid in vivo, i.e., in the presence of a membrane,
e.g., the BBB, vs. albumin binding of the ligand in vitro, i.e., in
the absence of the membrane, may be depicted as follows:

k,
AL =Ar + Ly
k.
k
3 LM

Blood-Brain Barrier Steroid Hormone Transport

where AL is albumin-bound ligand, Af is free albumin, Ly is
free ligand, Ly is transported ligand, k, (per minute) is the rate
constant of ligand dissociation from albumin, k, (per minute
per molar) is the rate constant of ligand association with albu-
min, and k; (per minute) is the rate constant of ligand influx into
brain. The model assumes firstly, that the dissociation of ligand
from albumin must occur before membrane transport of the
ligand, and that this dissociation occurs rapidly compared to
the mean transit time (¢t) of plasma flow through brain, i.e.,
k, > t. Secondly, the steady-state approximation is made for
the albumin-ligand binding reaction, i.e., d(AL)/dt = 0, due
to ky(Af) >k, or k;. Substituting d(AL)/dt = 0 into d(AL)/dt
= ky(Ar)(Lg) — k,(AL), results in the mass action relationship,

an - A

D

where K, = (k,)/(k,) is the AL dissociation constant in vitro.

The total ligand conservation equation is given by Ly = Ly
+ (AL) + Ly. The expression for Ly may be obtained by inte-
grating the rate equation, d(L)/dt = ki;Ly. i.e.,

LM =1- e_'““;

where Ly = e which is obtained by integrating the rate
equation, d(Lg)/dt = k(AL) — ky(Ar)(Lg) — ks(Lf). Substitut-
ing (AL) and (Ly) into the ligand conservation equation for
(L), and dividing both sides by (AL),

(AL) Ap

(Ly)  Kple*) + Ay

where B is the fraction of ligand bound to albumin. The
double reciprocal plot (Figs. 7 and 8) is

1 1

—=1+ KD a )(_) N

B (app A,
where Kp(app) = K, (e¥¥); that is, the apparent albumin dis-
sociation constant in vivo (in the presence of the membrane)
deviates from the real K, determined in vitro (in the absence
of the membrane) in proportion to (e**). If kst approaches
zero, Ky(app) = K, as in the in vitro situation. Conversely,
the greater kjt, e.g., the greater the permeability of the mem-
brane and(or) the greater the transit time, the greater Kp(app)
will deviate logarithmically from K.

RESULTS

The BUI for each of the six *H-steroid hormones in-
vestigated is shown in Fig. 1. Progesterone, testoster-
one, and estradiol are nearly completely cleared in a
single pass by brain; corticosterone clearance is inter-
mediate, whereas aldosterone and cortisol clearance is
low but measureable. The calculated E; values are
shown in Table I as are the permeability-surface prod-
ucts for each steroid. The PS estimates for progesterone
and testosterone are probably minimum vlaues of PS;
due to the logarithmic relationship (Methods) between
PS and E;, compounds with PS values much greater
than the rate of cerebral blood flow, will all have about
the same E; but may differ markedly in PS.
Assuming the capillary surface area in the rat brain is
240 ¢m?g (13), the PS values may be converted into
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FIGURE 1 The BUI for six *H-steroid hormones vs. a [C]-
butanol reference. Data are means +SEM (n = four to six rats).
The influx of hormones into brain was measured after rapid
carotid injection of the compound mixed in buffered Ringer’s
solution (pH = 7.4) containing 0.1 g/dl bovine albumin. The
tracer concentration of each hormone in the injection solution:
progesterone (5.6 nM), testosterone (3 nM), estradiol (3.5 nM),
corticosterone (14 nM), aldosterone (31 nM), and cortisol
(123 nM).

permeability coefficients (centimeter per second): pro-
gesterone 7.4 X 1073, testosterone 7.9 x 1073, estradiol
7.4 x 1075, corticosterone 2.2 x 1073, aldosterone 1.4
x 1078, and cortisol 5.8 x 1077, According to Stein (14),
the permeability constant of a lipid-soluble compound
that penetrates a cell membrane by free diffusion is
inversely related to the number of hydrogen bonds the

TABLE I
BBB Permeability, Hydrogen Bond Number, and
Octanol/Ringer’s PC for the
Steroid Hormones

Steroid E* PSt n§ PC"
% ml/minlg
Progesterone 83+4 =1.1 2 1,800
Testosterone 85+1 =].1 3 530
Estradiol 85+3 1.1 4 196
Corticosterone 39+2 0.31 6 66
Aldosterone 3.5+0.8 0.021 6-7 12
Cortisol 1.4+0.3 0.0084 8 35

* Percent extraction of unidirectional influx of hormone from
blood into brain; E; = (BUI) (Eg), where E; = 0.90 (Methods).
{ Permeability-surface product: calculated from E; based on
whole brain blood flow of 0.6 ml/min per g (Methods).

§ The number of hydrogen bonds formed in water based on
Stein’s formulations (14): 2 for a hydroxyl group, 1 for ketone
or aldehyde carbonyl. Aldosterone equilibrates nonenzymic-
ally between a hemiacetal form (n = 6) and an aldehyde form
n="17).

"The l-octanol/Ringer’s PC. Data are mean of duplicates
which were within 95% reproducibility.

148 W. M. Pardridge and L. . Mietus
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FIGURE 2 (A) The log P (mol wt)"? for each hormone is plotted
vs. the number (N) of hydrogen bonds the steroid makes in
aqueous solution; P (mol wt)"? is the product of the BBB
permeability constant (Table I) times the square root of the
molecular weight for each steroid. The N value (Table I) was
assigned according to the rules of Stein (14): 2 for hydroxyl
functional groups, 1 for carbonyls of aldehyde or ketone
groups, and O for ether moieties. (B) The log P (mol wt)"?
product is plotted vs. the log of the 1-octanol/Ringer’s PC
(Table I), as per the analysis of Hansch and Steward (16).
Steroids have been abbreviated as follows: P, progesterone;
T, testosterone; E,, estradiol; B, corticosterone; A, aldo-
sterone; F, cortisol.

compound forms in aqueous solution (Table I). In Fig.
2A, the log of the permeability constant, normalized for
the size of the compound, i.e. square root of the molecu-
lar weight (14), is plotted against N, the number of
hydrogen bonds formed by each compound. The inter-
cept of Fig. 2A defines the upper limit of BBB per-
meability (where N = 0) and is equal to 92 x 1073 cm/s
or 13.2 ml/min per g, if S = 240 ¢m?/g (13) and the mo-
lecular weight of the compound is 300. Other studies
(15, 16) have indicated the log of BBB permeability to
lipid-soluble compounds should be proportional to the
log of the octanol/water PC; such a relationship is ob-
served in these studies (Fig. 2B). The intercept of Fig.
2B defined the lower limit of BBB permeability, 9.2
x 1078 c¢m/s, or 0.001 ml/min per g if S = 240 cm¥g
(13) and mol wt = 300.

To determine whether the transport mechanism was
saturable, the BUI of [*H]-labeled progesterone, testos-
terone, estradiol, and corticosterone was measured in
the presence of a 25-uM concentration of each respec-
tive unlabeled hormone. The results are shown in
Table II and indicate the BBB transport of these com-
pounds is nonsaturable. ‘

Human serum inhibited the influx of progesterone,
estradiol, testosterone, and corticosterone, 18, 47, 70,
and 85%, respectively (Fig. 3). However, the inhibition
by human serum was considerably less than would be
expected if only the free (dialyzable) hormone were
transported into brain. The free hormone fraction in the
human serum injection solution is shown in Table III.
If only the free hormone was transported, then the



TABLE 11
Nonsaturability of BBB Transport of Steroid Hormones

TABLE III
Dialyzable Hormone Fraction in 67% Human Serum

BUI*
Steroid at tracer concn. at 25 uM concn.
% %
Progesterone 92.0+4.0 96.6+3.2
Testosterone 94.4+1.0 95.6+0.9
Estradiol 92.1+3.9 94.1+0.5
Corticosterone 43.5+2.4 49.1+2.4

* BUIL: mean=SEM (n = four to six rats).

inhibition of progesterone, estradiol, testosterone, and
corticosterone transport should have been =95%.

Rat serum inhibited the transport of progesterone,
estradiol, testosterone, and corticosterone, 0, 13, 12,
and 69%, respectively (Fig. 3). The lack of appreciable
inhibition of estradiol and testosterone transport by rat
serum was consistent with the absence of a sex hor-
mone-binding globulin in this species (17). However,
the fetal and neonatal rat has a specific estradiol-bind-
ing protein (18) that may be a-fetoprotein (19). The
effect of 67% neonatal rat serum on sex steroid transport
into brain is shown in Fig. 4; although neonatal rat
serum suppressed estradiol transport 91%, there was no
effect on the influx of progesterone or testosterone into
brain. By comparison, fetal calf serum, which lacks a
specific estradiol-binding protein (19), did not show
selective effects on estradiol transport, but rather
showed a pattern similar to human serum. The influx

Progesterone
IOO-— EAestradiol Q
) Testosterone \ >
§ 80 __ @ Corticosterone) §\%
§ 60 \ /
o § %
.

FIGURE 3 The BBB transport of four steroid hormones in the
presence of either 67% human serum (pooled male) or 67% rat
serum (pooled male) is shown as a percent of the BUI value
shown in Fig. 1. Data are mean+SEM (n = four to six rats).
Human serum resulted in a statistically significant inhibition
for all four steroids shown: progesterone (P < 0.005), estradiol
(P < 0.0025), testosterone and corticosterone (P < 0.0005).
Confidence limits for the rat serum inhibition: progesterone
(NS), estradiol (P < 0.05), testosterone (P < 0.005), cortico-
sterone (P < 0.0005).

Blood-Brain Barrier Steroid Hormone Transport

Hormone (*H) Dialyzable*
%
Progesterone 2.6+0.2
Testosterone 4.0=0.1
Estradiol 4.7+0.1
Corticosterone 3.1+04

* Mean+SEM (n = 4).

of progesterone, estradiol, and testosterone was in-
hibited 0, 19, and 44%, respectively by 67% calf serum.

While the BBB transport of cortisol was too slow to
investigate the effects of plasma protein on cortisol
transport, such studies could be done with aldosterone.
As shown in Table IV, 67% human or rat serum had no
effect on the BBB transport of [*H]aldosterone.

The BUI for [*H]progesterone in the presence of a
carotid injection solution containing 1, 5, and 10 g/100
ml bovine albumin is essentially unchanged from the
control value (Fig. 5). There is a marked disparity be-
tween observed results and what would be predicted if
only the free (dialyzable) progesterone was transported
(Fig. 5). A similar discordance between observed and
predicted results was observed for the transport of tes-
tosterone (Fig. 6), estradiol (Fig. 7), and corticosterone
(Fig. 8). The lowest concentration of albumin that had a

120+ Progesterone
Estradiol
100 + Testosterone
<}
@ 804 7
2 7.
S
(&)
Y 60 -
-
z
5]
e 404
w
a
20

FETAL CALF
SERUM (67 %)

NEONATAL RAT
SERUM (67 %)

FIGURE 4 The BBB transport of three sex steroid hormones
in the presence of either 67% neonatal rat serum or 67%
fetal calf serum is shown as a percent of the BUI value shown
in Fig. 1. Data are means+=SEM (n = four to six rats). Con-
fidence limits for the neonatal rat serum: progesterone and
testosterone (NS), estradiol (P < 0.0005), and for the fetal calf
serum: progesterone (NS), estradiol (P < 0.05), testosterone
(P < 0.0005).
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TABLE IV
Lack of Inhibition of BBB Transport of Aldosterone
by Plasma Protein of Human or Rat Serum

Injection vehicle BUI*
%
Bovine albumin, 0.1 g/dl 3.9+0.9
Human serum, 67% 3.5+0.8
Rat serum, 67% 3.7+0.3

* BUL: mean=SEM (n = four to six rats).

statistically significant inhibition of BBB steroid trans-
port was: 5 g/100 ml for testosterone (P < 0.005, Fig. 6),
2.5 g/100 ml for estradiol (P < 0.025, Fig. 7), and 5 g/100
ml for corticosterone (P < 0.025, Fig. 8). Alternatively,
the results may be expressed as the concentration of
albumin, apparent K, or K, (app), that gives 50% inhibi-
tion of steroid transport through the BBB (Table V). The
K values for progesterone and testosterone were esti-
mated from the data in Figs. 5 and 6, and the K,, for
estradiol and corticosterone were determined from
double reciprocal plots (Figs. 7 and 8). Since we meas-
ured the K, (Figs. 5-8) of the in vitro hormone binding
to the preparation of albumin used in these studies, the
appK,/Kp ratio may be calculated (Table V). Based on
the model formulated in Methods, the K, (app)/K) ratio
may be related to the rate constant (k;) of steroid flux
through the BBB (Table V).
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FIGURE 5 The BUI of [*H]progesterone is plotted vs. the
concentration of nondefatted bovine albumin in the carotid
injection solution (observed line). The predicted line repre-
sents the inhibition expected if only the free (dialyzable)
hormone was transported, and was calculated from the product
of the control BUI (y-intercept) times the percent free hor-
mone at each albumin concentration. The percent free hor-
mone was calculated from the law of mass action, knowing
the dissociation constant (K,, determined by equilibrium
dialysis) and the albumin molarity (based on mol wt = 68,000).
Data are mean=SEM (n = 3-4).
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FIGURE 6 The BUI of [*H]testosterone is plotted against the
concentration of bovine albumin in the carotid injection solu-
tion. See legend to Fig. 5 for details.

DISCUSSION

These studies document (a) the selective permeabil-
ity properties of the BBB to the major steroid hormones,
and (b) the in vivo competitive interactions between
binding of a steroid hormone to a plasma protein vs.
transport of the hormone through a biological mem-
brane, the BBB. These latter results may have important
clinical implications.

The basis to the selective permeability of the BBB to
the steroid hormones appears to be related to the lipid
solubility of the compound and the tendency of the
steroid to form hydrogen bonds in water. The correla-
tion between membrane permeability and the octanol-
Ringer’s partition coefficient is reasonably linear
(Fig. 2). However, the number of hydrogen bonds
formed by the steroid in aqueous solution is also
a limiting factor and in the case of cortisol seems to
overrule the correlation between membrane perme-
ability and lipid solubility. As shown in Table I, cortisol
is threefold more soluble in octanol than is aldosterone.
However, the transport of cortisol through the BBB is
less than half that of aldosterone, apparently due to the
greater tendency of cortisol to form hydrogen bonds
(Table I) with water (n = 8) as opposed to aldosterone
(n = 6-7). If the n value is predictive of BBB permea-
bility, then steroid compounds such as estrone (n = 3),
or the adrenal androgens, dehydroepiandrosterone (n
= 3) and A*-androstenedione (n = 2) might be expected
to readily penetrate the BBB. The correlation between
BBB permeability and lipid solubility or hydrogen
bonding, together with the nonsaturability of steroid
transport (Table II), are evidence in favor of the
steroids penetrating the BBB by free diffusion. How-
ever, a receptor-mediated transport mechanism of low
affinity, but high capacity, cannot be excluded on the
basis of the existing data.
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FIGURE 7 The BUI of [*H]estradiol is plotted vs. the concen-
tration of bovine albumin in the carotid injection solution.
See legend to Fig. 5 for details. The K,(app) is calculated from
the slope of a double reciprocal plot (Methods). The frac-
tion of steroid bound to albumin at the capillary level was
determined from the fractional inhibition of steroid transport
by albumin, i.e., B = (BUI,-BUI)/(BUI,), where BUI, and BUI
refer, respectively, to the uptake in the absence of albumin
and in the presence of albumin. Details of a similar kinetic
analysis have been described previously (17).

In addition to characterizing the selective permea-
bility properties of the BBB, the single bolus injection
technique allows the investigation of the effects on
steroid transport of the various plasma proteins which
actively bind the hormones. Generally the steroid hor-
mones are partitioned between a low affinity, high
capacity site (albumin) and a high affinity, low capacity
binding site (steroid-binding globulin). The globulins
are specific for classes of hormones; a sex hormone-
binding globulin (SHBG) binds testosterone and
estradiol and occurs in such species as primates and
ruminants but not rodents (17). The presence of SHBG
in man and calf, but not the rat, correlates with the
measurable inhibition of testosterone and estradiol
transport by human and fetal calf serum, but weak
inhibition by rat serum (Figs. 3 and 4). The gluco-
corticoids, corticosterone and cortisol, are bound to a
cortisol-binding globulin (CBG) (6), and this pro-
tein is present in virtually all vertebrates except
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FiGURE 8 The BUI of [®*H]corticosterone is plotted against
the albumin concentration in the carotid injection solution.
See legends to Figs. 5 and 7 for details.

amphibians and fish (17). Similarly, both rat and human
serum had marked inhibitory effects on the BBB trans-
port of corticosterone (Fig. 3). Although adult rat serum
lacks SHBG (17), fetal and neonatal rat serum (18)
contain estradiol-binding protein (EBP), a globulin
which may actually be a-fetoprotein (19). Due to the
high concentration, about 50 uM (18), of EBP in neo-
natal rat serum (which is =1,000-fold the concentration
of SHBG in human serum), the binding by neonatal rat
serum of estradiol is enormous (18), and essentially all
of the estrogen would be expected to be bound to EBP
and very little to albumin. This is consistent with the
very slight uptake of estradiol by brain in the presence
of neonatal rat serum (Fig. 4). Since EBP does not bind
testosterone (18), this hormone enjoys free access to the

TABLE V
Comparison of Albumin Binding of Steroid Hormones
In Vitro vs. In Vivo

Kp* Ky(app)t
Steroid (in vitro) (in vivo) Kplapp)/Kp kat§
uM mM ”
Progesterone 55 >10 >200 >5.3
Testosterone 53 >10 >200 >5.3
Estradiol 23 2.9 120 4.8
Corticosterone 261 2.0 8 2.0

* Determined by equilibrium dialysis (Figs. 5-8); K,, = albu-
min-steroid dissociation constant.

{ Determined by carotid injection technique (Figs. 5-8).
§ Calculated from In {Kp(app)/Kp} = kst (Methods); k3 = rate
constant (per second) of steroid flux through the BBB and
t = mean capillary transit time. The respective k3 for each
steroid is proportional to the PS value (Table I).

151



brain in the presence of neonatal rat serum (Fig. 4).
These results are consistent with existing concepts of
sex differentiation in the newbom rat brain (20), i.e.,
testosterone freely enters brain and is converted to
estradiol, whereas circulating estrogens do not enter
brain due to the high activity of EBP. Although calf
serum contains SHBG (17), the a-fetoprotein of fetal calf
serum lacks the characteristics of EBP (19). Therefore,
the effect of fetal calf serum on steroid transport is
more analogous to human rather than neonatal rat
serum (Fig. 4).

Whereas the binding of steroid to specific globulins
correlates with the percent inhibition of steroid trans-
port, the extent to which a steroid hormone is bound to
albumin appears to underlie the degree to which the
steroid is transported into brain. For example, pro-
gesterone has a very low affinity for SHBG (21) and is
primarily bound to albumin or other unassigned low af-
finity sites (6, 22);® virtually all of the blood proges-
terone is cleared by brain (Figs. 3 and 4), despite the
fact that only 3% of the plasma progesterone is free
(Table III). Similarly, nearly all of estradiol and
testosterone is albumin bound in the rat (17) and nearly
all of the plasma estradiol and testosterone is cleared
by brain (Fig. 3). In man, however, only =40 and 60%
of testosterone and estradiol are respectively bound to
the albumin fraction of male serum (23); similarly
=40 and 60% of testosterone and estradiol are trans-
ported into brain (Fig. 3). The greater transport of
estradiol, i.e., greater binding to albumin relative to
testosterone is due to the lower affinity of SHBG for the
estrogen (21, 23). In regard to albumin binding of the
corticosteroids, the K, of albumin binding of the gluco-
corticoids, =300 uM (6), is much higher than the
albumin K,, =25 uM (6), for the sex steroids. Conse-
quently albumin binding of the corticosteroids is rela-
tively weak and only =15% of these compounds are al-
bumin bound (22). Similarly only 15% of corticosterone
is transported into brain in the presence of human
serum (Fig. 3). Aldosterone is bound mainly to albumin
in vivo (6), and is transported into brain without in-
hibition by plasma proteins (Fig. 5).

The quantitative analysis of the albumin inhibition
data (Figs. 5-8) is dependent on the validity of the
steady-state assumption (Methods), such that d(AL)/dt
= 0 during the course of the bolus transit through the
brain, =2 s (24). Given this simplifying assumption, an
explicit relationship is obtained between the in vivo
albumin binding, represented by K, (app), and the in
vitro albumin binding, represented by K, i.e. In
Kp(app)/K), = kst, where k, is the rate constant of steroid

3 Although progesterone has a high affinity for CBG, the free
cortisol level in serum approximates the K, of CBG for cortisol,
which raises the app K, of CBG for progesterone such that
only a small fraction of progesterone is CBG-bound in vivo (6).
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flux through the BBB and t is the capillary transit
time. However, the condition that d(AL)/dt is exactly
equal to zero is clearly not obtained with the single
injection technique used in the present studies. The
concentration of the AL complex falls with time as the
bolus traverses the capillary and ligand is transported
out of the bolus and into brain. However, as reviewed
by Wong (25), the steady-state approximation does not
require that d(AL)/dt = 0 be obtained exactly; the
steady-state assumption only requires that d/(AL)/dt be
slow compared to the rate of AL formation, which is
equal to k,ArLp. That is, the rate of AL formation must
exceed the rate of AL loss due to membrane trans-
port, which is given by k;Lr (Methods). The assump-
tion that ky(Af) > k; may be tested as follows: given a
minimum value for steroid-protein association con-
stants, k, = 10%M pers (26),and Ar = 0.5mM (3.4 g/dl),
the product, ksAr, is at least 500/s. Estimates of k; may
be made from the data in Table V; assuming the capil-
lary transit time, t = 1s, then the k; for estradiol is
about 5/s (t;, = 150 ms), or 100-fold less than the k,Ar
product. Therefore, the greater rate of ligand reassocia-
tion with albumin vs. transport of ligand through the
BBB insures that d(AL)/dt = 0. However, the fact that
the AL == A + Ly cycle occurs many times per second
(see below) will eventually lead to substantial trans-
port of the albumin-bound ligand. Therefore, the bind-
ing reaction probably passes through a continuous suc-
cession of steady states during bolus flow through the
brain. Similar quasi-steady-state models have been pro-
posed for hepatic transport processes studied with
either the constant infusion or the single injection
technique (27).

The observation that, at a physiologic concentration
of albumin, 80-100% of albumin-bound steroid hor-
mone is transported through the BBB (Figs. 5-8), but
globulin-bound hormone does not appear to be trans-
ported to any significant extent (Figs. 3 and 4), is
consistent with the model (Methods) that ligand dis-
sociation into the free state is prerequisite to trans-
port of protein-bound ligand through the membrane.
The selectivity between transport of albumin-bound or
globulin-bound steroid probably derives from the rela-
tionship between the rate of unidirectional ligand dis-
sociation (k,) from the protein vs. the capillary transit
time. It is known that SHBG-bound testosterone or
estradiol unidirectionally dissociates at 37°C at a rate
of 3 and 10%/s, respectively (28); CBG-bound cortisol
unidirectionally dissociates at 37°C at a rate of 5%/s
(29). Since the bolus transit time through the rat brain
is only 2-3 s (24), the mean capillary transit time is
about 1s, i.e., a period too short for globulin-bound
steroid to dissociate.* Albumin-bound steroid, how-

4 Although the capillary transit time in a peripheral organ
such as brain is only =25 (24), the transit time in liver,



ever, probably unidirectionally dissociates with a half-
time of milliseconds. Whereas precise data are not
known in regard to albumin dissociation times, it is
known that the affinity of albumin for steroids is >1,000-
fold less than the specific globulin, as shown by the
1,000-greater K, for albumin relative to the globulin
binding of steroid hormones (6). Because k, is generally
proportional to K, for ligand-protein interactions (26),
the indirect data suggest the rate of ligand dissocia-
tion from albumin is extremely fast relative to the
transit time.

Finally, the observation that albumin-bound hor-
mone is readily transported through the BBB indicates
this fraction of plasma hormone is the major part
available to peripheral tissues such as brain; in all
cases, the percent of albumin-bound hormone, 60%
progesterone, 60% estradiol, 40% testosterone, and
15% corticosteroid, is severalfold greater than the free
(dialyzable) fraction, 2-8%, of total plasma hormone
(6, 22, 23). Since both the fraction of dialyzable hor-
mone and albumin-bound hormone will vary inversely
with the level of binding globulin in plasma, the
dialyzable fraction will generally be directly related to
the percent of albumin-bound hormone and thus be
directly related to brain clearance of the hormone.
However, it must be emphasized that the dialyzable
fraction is relatively small, indeed, in some cases
trivial, compared to the albumin-bound moiety of cir-
culating steroid hormone.
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