CELL STRUCTURE AND FUNCTION 24: 227-235 (1999)
© 1999 by Japan Society for Cell Biology

Nuclear Localization of Gold Labeled-hydrocortisone-bovine Serum Albumin
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ABSTRACT. We have suggested in a previous study using 2-nm colloidal gold labeled-testosterone-bovine
serum albumin (testosterone-BSA-gold) that 2-nm gold labeled-steroid hormone-BSA conjugates would be a
useful tool for analyzing the mechanism of steroid hormone action (39). In this study, we examined whether
hydrocortisone-BSA conjugate (hydrocortisone-BSA) showed a similar distribution to radiolabeled hydro-
cortisone ir vivo, by injecting 2-nm colloidal gold labeled-hydrocortisone-BSA (hydrocortisone-BSA-gold)
into the rat tail vein. The hydrocortisone-BSA-gold with silver enhancement became visible as silver deposits
under electron microscopy in the nuclei of hepatocytes and hepatic stellate cells but not in Kupffer cells in the
liver, and in the thymocytes and thymic reticuloepithelial cells in the thymus of a rat killed 2 h postinjec-
tion. The percentage of nuclei showing deposits in the non-target cells, the epithelial cells of the seminal vesi-
cle, was similar to the value in the seminal vesicle of a control rat injected with BSA labeled with 2-nm col-
loidal gold as reported previously. In the hepatocytes and thymocytes of a control rat not injected, the per-
centages of nuclei showing deposits were similar to those in the rat injected with testosterone-BSA-gold or
BSA-gold as reported previously, but lower than those in the rat injected with hydrocortisone-BSA-gold. These
results suggest that hydrocortisone-BSA-gold is useful for the morphological study of hydrocortisone target
cells, and imply that BSA conjugated with hydrocortisone can enter the target cell nuclei of the rat. The pre-
sent study further indicates that the fate of gold labeled-steroid hormone-BSA conjugates may be decided at the

cell membrane level.
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he steroid hormones circulate in blood plasma

I in three physical states: free, albumin-bound,
and serum steroid binding protein-bound such

as sex hormone-binding protein (SBP) and cortico-
steroid-binding globulin (CBG) (31, 43, 45, 52). Radio-
labeled sex hormone (55), e.g. testosterone, and gluco-
corticoids (5, 8, 9, 41, 58, 62, 68), ¢.g. hydrocortisone,
may bind to the hormone-target cell nuclei. According
to the current mode! of steroid hormone action (26, 27),
free nonprotein-bound hormones cross the cell mem-
brane under passive transport to bind to the receptor in
the cytoplasm, and the hormone-receptor complex is
then translocated into the target cell nucleus. It has

* To whom correspondence should be addressed.

Tel: +81-561-62-3311, Fax: +81-561-61-0324

E-mail: nishimur@aichi-med-u.ac.jp

Abbreviations: BSA, bovine serum albumin; CBG, corticosteroid-
binding globulin; SBP, sex hormone-binding protein.

227

hydrocortisone-bovine serum albumin conjugate/target cell nuclei/colloidal gold/silver enhancement/in

been reported that glucocorticoids enter the nucleus ac-
cording to the free hormone hypothesis (4, 21, 35, 46).
On the other hand, some researchers have questioned
whether hydrophobic steroid hormones encounter no
obstacle in penetrating the lipid bilayer of the cell mem-
brane (1, 51, 65). Pietras and Szego have suggested that
endocytotic vesicles appear to serve as vehicles for the
nuclear transfer of steroid hormones (47).

Sex steroid hormone receptors are located only in the
nucleus (14, 25, 29, 66). Testosterone coupled with SBP
or with androgen-binding protein is internalized by a
receptor-mediated endocytosis in the hormone-target
cells, and then enters these cell nuclei in vitro (16-18).
We have reported that testosterone-bovine serum albu-
min conjugate labeled with 2-nm colloidal gold (testos-
terone-BSA-gold) injected into the vascular system of
rats becomes visible as silver deposits on the sections of
tissues embedded in epoxy resin after silver enhance-



ment, and that testosterone-BSA-gold enters andro-
gen-target cell nuclei, e.g. the epithelial cells of the
seminal vesicle, but not non-target cell nuclei such as
those of the liver and thymus (39). We have also dem-
onstrated the possibility that testosterone-BSA-gold
taken up in the vacuole by receptor-mediated endocyto-
sis can enter the nucleoplasm by the fusion of the vacu-
ole membrane with the partial diaphragm in the nu-
clear envelope, without passing through the cytosol
(40).

Glucocorticoid binding sites are located on the cell
membrane (1, 13, 23, 48, 53, 64) and the nuclear enve-
lope (20, 28, 32, 34, 53) of the hormone-target cells, as
well as on the sex steroid hormones (33, 34). CBG binds
specifically to cell membranes (52, 61) and is found
within the cells of glucocorticoid target tissues without
degradation of the protein (30) and also within the nu-
clei of cultured cells (31, 52) and in the nuclear frac-
tion of the liver (57). In an enucleation experiment, the
unfilled receptor for glucocorticoids was not found in
cytoplasm (67), as was the case with that of sex steroid
hormone (66, 67). There are some reports that gluco-
corticoid receptors are located only in the nucleus in the
presence or absence of the hormone (7, 36, 44, 49).
Gasc et al. suggested for glucocorticoid action in the
rat liver that no cytoplasm step would be required for
nuclear translocation, as proposed for the sex steroid
hormone (15). It is unlikely that macromolecules, e.g.
glucocorticoid-BSA conjugate, freely traverse the cell
membrane to enter the cytosol. If the binding of gluco-
corticoid with the cytoplasmic receptor is not essential
for the nuclear translocation of the hormone, this
would mean glucocorticoid-BSA conjugates can enter
the hormone-target cell nuclei in vivo.

Corticosterone-succinate-BSA competes with [*HJ-
corticosterone in its binding and uptake in isolated he-
patocytes (63). The specific nuclear binding of gluco-
corticoids is detected in the nuclei of thymocytes of
10- or 12-week-old rats (9, 41). Hydrocortisone binds
to both the cell membrane (48, 64) and the nuclei of
hepatocytes (5, 58, 62), and to the nucleus in thymus (8,
58, 62, 68) of rat. Therefore, hydrocortisone-succi-
nate-BSA was labeled with 2-nm gold colloid (hydro-
cortisone-BSA-gold) to study its uptake by the hor-
mone-target cell nuclei of rats. In this study, we report
on the localization of hydrocortisone-BSA-gold with
silver enhancement in the liver and thymus as glucocor-
ticoid target organs (5, 37, 41, 58, 62) and in the semi-
nal vesicle as the non-target organ (3) under electron
microscopy. The distribution of silver deposits imply-
ing the presence of hydrocortisone-BSA-gold is then
compared with those implying testosterone-BSA-gold
or 2-nm colloidal gold-labeled BSA (BSA-gold) in the
three tissues reported previously (39).
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Materials and Methods

Coupling of hyirocortisone-BSA and 2-nm colloidal
gold

Hydrocortisone Z1-hemisuccinate-bovine albumin conjugate
(21 mols steroid per mole albumin, Sigma, St. Louis, MO,
USA) was mixed with 2-nm colloidal gold solution (BioCell)
according to the method described by Beppu (6), and then
centrifuged as described previously (39). The pellet was
dissolved in phosphate buffer (10 mM Na,HPO,, 3 mM
KH,PO,, 123 mM NaCl, pH 7.4) containing 0.1% BSA,
0.05% polyethyleneglycol 20 M and 5% (v/v) glycerin. The
concentration of hydrocortisone-BSA-gold was 0.5 mg/ml,
and it was stored at 4°C until use.

Administration of hydrocortisone-BSA-gold to rat

A rat (Wistar strain, male, 10-weeks-old) was injected with 1-
ml hydrocortisons-BSA-gold in the tail vein under ether anes-
thesia. After 2 h, the rat was fixed by perfusion of the glutar-
aldehyde fixative as described previously (39). The liver, thy-
mus and seminal vesicle were removed, cut into small pieces
and immersed in the same fixative for 2 h. The tissue pieces
were washed with collidine buffer, postfixed in 1% OsO,, de-
hydrated, and embedded in epoxy resin as described previous-
Iy (39). Three to five resin-embedded tissue blocks per organ
were used to make thin-sections of about 0.6 mm square.
About 10 sheets of sections were mounted on nickel grids.
In the liver, the tissue blocks were trimmed so that the mid-
lobular zone of hepatic loble would be in the center of the
thin-section.

Control experiment for silver enhancement

A second control rat, which received no injection, was fixed
by perfusion as above. The liver and thymus were removed,
cut into pieces, fixed and embedded as above.

Silver enhancement on epoxy resin

The sections were treated with 10% H,0, for 10 min and then
washed four times with distilled water containing 0.05% (v/v)
Tween 20 for 10 min. The sections were reacted with a silver
enhancement kit (BioCell) for 6 or 12 min at 4°C, washed
thoroughly with distilled water containing Tween 20, then
with distilled water only, dried, and stained with uranyl ace-
tate. To assess the percentages of the nuclei showing silver de-
posits, all nuclei on the grids were examined under the elec-
tron microscope.

Results

In the rat sacrificed 2 h after injection of hydrocorti-
sone-BSA-gold. silver deposits implying the presence
of hydrocortiscne-BSA-gold were found on the blood
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Fig. 1 and 2. Electron micrographs of liver of the rat sacrificed 2 h after injection of hydrocortisone-BSA-gold. Ultrathin sections were
processed through silver enhancement for 6 min. Fig. 1. Silver deposits (arrows) are present on the nuclei or the nuclear envelope and the
vacuole (large arrow) of hepatocytes. A deposit (arrowhead) is related to the ccll membrane of hepatocyte. Bar=1 pm. Fig. 2. Silver deposits
(arrows) are present on the nuclei of hepatic stellate cells both without (a) and with lipid droplets (b). A deposit (arrowhead) is localized in the
Disse’s spaces (b). S, sinusoidal capillary. Bars=1 ym.
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plasma and Disse’s spaces in the liver. In the hepato-
cytes (liver cells), several deposits were localized on the
cytoplasm and the nucleus (Fig. 1). Some deposits
seemed to be on the cell membrane and to be localized
along the inner side of vacuoles. In the nucleus, the de-
posits seemed to be related to the nuclear envelope and
were found on the nucleoplasm (Fig. 1). When the per-
centage of hepatocyte nuclei showing silver deposits
was assessed under electron microscopy, about 13% of
the ultrathin-sectioned nuclei revealed the presence of
one to several silver deposits on the nuclei (Table I).
The average number of deposits in the nucleus was
0.22.

In the nonparenchymal cells, the deposits were also
found on the nuclei of the hepatic stellate cells (Ito
cells) both with and without the lipid droplets in the
section (Fig. 2). By contrast, in the nuclei of the
Kupffer cells, few deposits were localized (Fig. 3). Only
a few deposits were observed on the cytoplasm. The
percentage of nuclei showing the deposits was also esti-
mated in the hepatic stellate cells and Kupffer cells, their
values being 23.9+13.5 and 2.3+1.5, respectively
(Table I). In the cells examined in this study, the per-
centage of nuclei showing silver deposits was highest in
the hepatic stellate cells.

In the thymus, silver deposits were found on the
nuclei and the cytoplasm of the thymocytes (Iympho-
cytes) and the thymic reticuloepithelial cells (Fig. 4).
Almost all deposits were localized in the vicinity of or
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Fig. 3. Electron micrograph of liver of the same rat as in Figure 1.
Ultrathin sections were processed through silver enhancement for 6
min. No silver deposit is seen on the Kupffer ccll. A deposit (arrow) is
on the hepatocyte. S, sinusoidal capillary. Bar -1 ;m.

on the heterochromatin in the thymocyte nuclei (Fig.
4a). The percentage of the nuclei showing deposits was
6.2+1.1 in the thymocytes (Table I). In the seminal
vesicle, silver deposits were localized on the loose con-
nective tissue. In epithelial cells of the seminal vesicle,
a few deposits were found on the cytoplasm and the
nuclei (Fig. 5). The percentage of the nuclei showing

Table 1. DISTRIBUTION OF THE SILVER DEPOSITS ON THE NUCLEI IN THE TISSUES 2 H
AFTER INJECTION OF STEROID HORMONE-BSA-GOLD OR BSA-GOLD OR IN CONTROL

No. of nuclei

; - Total No. . : .
Tissue Cell Treatment < showing silver deposits
of nuclei (% of total 1 SD)?
Liver Hepatocyte hydrocortisone-BSA-gold 1,801 235(13.012.1)
testosterone-BSA-gold* 1,385 22( 1.611.0)
BSA-gold* 770 10(1.311.2)
none 1,493 35(2311.1)
Hepatic stellate cell hydrocortisone-BSA-gold 71 17 (23.9 1 13.5)
Kupffer cell hydrocortisone-BSA-gold 132 3(2311.5)
Thymus Thymocyte hydrocortisone-BSA-gold 12,028 743( 621 1.1 )
testosterone-BSA-gold* 4,985 48 ( 1.010.3)
BSA-gold* 6,046 37(0.610.4)
none 6,685 65( 1.010.8)
Seminal vesicle Epithelial cell hydrocortisone-BSA-gold 2,927 202(6.911.5)
testosterone-BSA-gold* 2,154 671 (31.211.6)
BSA-gold* 2,473 124 ( 5.01 0.6 )
* 1,111 5C0510.04)

I Total of nuclei counted in ultrathin sections.

2 Number of nuclei showing one to several deposits. Values are means +standard deviation.

* Data reported previously (39).
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Fig. 4 and 5. Electron micrographs of thymus and seminal vesicle of the same rat as in Fig. 1. Ultrathin sections were processed through
silver enhancement for 6 min (Fig. 4) or 12 min (Fig. 5). Fig. 4. (a) Silver deposits (arrows) are present on the nuclei of thymocytes. (b) Silver
deposits (arrows) are found on the nucleus and the cytoplasm of the thymic reticuloepithelial cell (R). Bars=1 gm. Fig. 5. A few silver de-
posits (arrows) are present on the cytoplasm of epithelium, but not on the nuclei of the epithelium or the basal cell (B). Bar=1 gm.
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deposits was 6.9%1.5 in the epithelial cells of seminal
vesicles (Table I).

When the liver and the thymus of the uninjectd con-
trol rat were processed by silver enhancement, very few
deposits were found on these tissues. The percentages
of the nuclei showing deposits were 2.3+1.1 in the
liver cells and 1.0+0.8 in the thymocytes (Table I). The
average number of deposits in the nucleus was 0.03 in
hepatocytes.

Discussion

There are many studies based upon the use of ultra-
small gold (1-1.4 nm) labeled antibodies in combina-
tion with silver enhancement (22, 59, 60). Gold parti-
cles embedded in epoxy resin increase their size after
controlled silver enhancement (10, 39). In the rat in-
jected with testosterone-BSA-gold, we have reported
that the silver deposits implying the presence of tes-
tosterone-BSA-gold in the hormone-target tissues are
observed at the same location as the radioactivity in the
rats administrated [*H]-testosterone, but are few on the
hepatocyte nuclei (39). This study of the hepatocytes
shows that the percentage of nuclei showing the depos-
its implying the presence of hydrocortisone-BSA-gold is
higher than that in the rat injected with testosterone-
BSA-gold, with BSA-gold or nothing (Table I). These
results suggest that hydrocortisone-BSA-gold is inter-
nalized by the hepatocytes and transported to the nu-
clei, and are consistent with a report of nuclear concen-
tration of hydrocortisone radioactivity in the hepato-
cytes (58), and are supported by a report that nuclear
receptors in the rat liver are specific for hydrocorti-
sone, not testosterone (58).

A synthetic glucocorticoid, dexamethasone, affects
the gene expression of hepatic stellate cells isolated
from rat liver (50). Our result in the hepatic stellate cells
is corroborated by a report that the immunoreactivity
of glucocorticoid receptor is present in the cell nuclei
(49). It is unclear why the hepatic stellate cells show the
highest value in the percentage of nucleus showing sil-
ver deposits.

Kupffer cells take up some foreign substances in-
jected into the rat. Our result in Kupffer cells is consis-
tent with our previous result that testosterone-BSA-
gold is not taken up by macrophages until 2 h after in-
jection (39), and agrees with a report that the immuno-
reactivity of glucocorticoid receptor is absent in
Kupffer cells (2). The observed distribution, however,
is incompatible with a report that Kupffer cells show
the immunoreactivity of glucocorticoid receptor (49).
Further study is necessary to determine whether or not
hydrocortisone-BSA-gold enters the Kupffer cell nu-
clei.

Effects of glucocorticoids on the thymus are well
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known in vive (11, 38). Glucocorticoid receptor is
detected in the nuclei of thymocytes and reticuloepi-
thelial cells (37. 42). This study shows that the localiza-
tion of hydrocortisone-BSA-gold is consistent with that
of the receptor, and that the percentage of thymocyte
nuclei showing the existence of hydrocortisone-BSA-
gold is higher than that of testosterone-BSA-gold,
BSA-gold or nothing. These results suggest that hydro-
cortisone-BSA-gold enters the nuclei of thymocytes,
and is supported by reports that nuclei of the thymus
combine with hydrocortisone, not testosterone (58),
and that no androgen receptor is localized in thymo-
cytes (19, 54).

We have suggested that testosterone-BSA-gold enters
the epithelial cell nuclei of the seminal vesicle, as does
radiolabeled testosterone (39). In the seminal vesicle of
a rat injected with hydrocortisone-BSA-gold, the per-
centage of epithelial cell nuclei showing the existence of
hydrocortisone-BSA-gold is similar to that in the con-
trol rat injected with BSA-gold. This result is sup-
ported by a report that the seminal vesicle is a non-
target organ for glucocorticoids (3). However, it is
unclear why the percentages in both hydrocortisone-
BSA-gold and BSA-gold are higher than that of rat in-
jected with nothing. By contrast, the effects of hydro-
cortisone on the epithelial cells of male accessory sex-
ual organs have been indicated in organ cultured rat
prostate (24). Glucocorticoid receptor-like immunore-
activity is local'zed within the basal cell nuclei of the
ductal wall and in the fibroblast nuclei of the connec-
tive tissue in male rat accessory sexual organs such as
the seminal vesicle (56). Therefore, further study is
needed to determine the distribution of glucocorticoids
in male accessory sexual organs.

Gold labeled-corticosterone-succinate-BSA binds to
the cell membrane of isolated hepatocytes (63). Hydro-
cortisone binds to specific sites in the cell membrane of
hepatocytes (64). Testosterone-BSA-gold is taken up by
receptor-mediated endocytosis in the hormone target
cells and enters the nuclei (40). This study shows that
silver deposits implying the presence of hydrocorti-
sone-BSA-gold are localized on the cell membrane, the
vacuoles, the nuclear envelope and the nucleoplasm of
the hormone-target cells, as are the deposits of tes-
tosterone-BSA-gold. The results suggest that hydrocor-
tisone-BSA-gold enters the nucleus in a way similar to
that in the nuclear translocation of testosterone-BSA-
gold.

BSA labeled with 5-nm colloidal gold is taken up
by the isolated hepatocytes and accumulated in their
lysosomes (12). Hepatocytes are metabolic cells for
steroid hormone (45). Testosterone-BSA-gold is taken
up by the hepatocytes (39), but does not enter their
nuclei. As stated above, hydrocortisone-BSA-gold is
transported to the hepatocyte nuclei. Similarly, hy-
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drocortisone-BSA-gold enters the thymocyte nuclei,
but testosterone-BSA-gold does not. In contrast, tes-
tosterone-BSA-gold enters the nuclei of epithelial cells
in the seminal vesicle, as reported previously (39). It is
unlikely that macromolecules, such as hydrocortisone-
BSA-gold, pass freely through the cell membrane to en-
ter the cytosol. Consequently, the present study indi-
cates that whether or not steroid-BSA-gold is transfer-
red to the nucleus may be decided at the cell mem-
brane level, and suggests that the binding of hydrocor-
tisone-BSA-gold with the cytoplasmic receptor may not
be essential for its nuclear translocation.

In conclusion, hydrocortisone-BSA-gold can enter
the nuclei of the glucocorticoid-target cells, as tes-
tosterone-BSA-gold does in the nuclei of testosterone-
target cells. These findings confirm our proposal in pre-
vious studies (39, 40) that 2-nm gold labeled-steroid
hormone-BSA conjugates are a useful tool for analyz-
ing the mechanism of steroid hormone action, and indi-
cate the possibility that both glucocorticoids and sex
steroid hormones might be used as carriers of foreign
macromolecules, e.g. proteins, into the target cell nu-
clei in vivo.
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