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ABSTRACT 
In order to compare the distribution of testosterone-bovine-serum albumin-conjugate (testosterone-BSA) with that of 
radiolabeled testosterone in vivo, testosterone-BSA labeled with 2-nm colloidal gold (testosterone-BSA-gold) was injected 
into rat tail vein. The testosterone-BSA-gold with silver enhancement became visible as silver deposits under electron 
microscope. In rats sacrificed 2 h after the injection of testosterone-BSA-gold, silver deposits were found in the same 
locations as the radiolabeled testosterone, namely on the cytoplasm and nuclei of the target cells such as Leydig cells, Sertoli 
cells, spermatogonia, spermatocytes, spermatids in the testis, and the epithelial cells of the seminal vesicle. In an observation 
without silver enhancement, the gold particles representing testosterone-BSA were found in the target cell nuclei in the testis. 
Vesicular transportation of testosterone-BSA-gold to the nucleoplasm starts with fusion of the vesicle to a single-bilayer 
diaphragm in the nuclear envelope, without passing through the cytosol and nuclear pores. Few deposits were present on non-
target cell nuclei in thymus. In rat injected with gold labelled-hydrocortisone-BSA, silver deposits are found on the target cell 
nuclei such as thymocytes. Together with the aforementioned studies on testosterone-BSA-gold, it indicates that the fate of 
gold labelled-steroid-BSAs may be decided at the cell membrane level. In rats injected with testosterone-BSA, 
hydrocortisone-BSA or corticosterone-BSA, BSA conjugation remains immunocytochemically intact in the respective target 
cell nuclei. These results suggest that the steroid hormones act as transporters to carry extracellular macromolecules into their 
target cell nuclei in vivo. 
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INTRODUCTION 

The cytoplasm and nucleus of a cell are separated from 
extracellular environment by the cell membrane. 
Extracellular signaling molecules bind to cell membrane 
receptors and commence the receptor-initiated intracellular 
signaling. Various substances targeting cell nucleus arrive 
from the extracellular environment as well. Many nuclear 
functions of such substances depend on nucleocytoplasmic 
transportation via nuclear pores. The nonenveloped monkey 
polyomavirus virions such as simian virus 40 (SV40, 45 nm 
in diameter) are composed of proteins and DNA, and are 
able to reach the nucleus from extracellular environment [1]. 
Besides SV40, steroid hormones and antinuclear antibodies 
such as immunoglobulin G (IgG) can also enter the nucleus 
from extracellular environment. IgG is found in some 
autoimmune diseases, targeting composition ingredients 
within the cell nucleus. However, native IgG does not pass 
freely the cell- or nuclear membrane. 

Already back in the early 1970s, we (my team back then in 
Osaka City University and Osaka University, Japan) have 
developed a method to introduce exogenous substances into 
the cytoplasm of cultured cells, using inactivated Sendai 
virus [2]. In order to check whether IgG moves to 

nucleoplasm from cytoplasm, IgG was introduced into the 
cytoplasm of cultured cells [3, 4]; it did not. Based on this 
negative result, I considered three hypotheses. The first 
hypothesis is that there is a vesicular transportation course of 
extracellular macromolecules to the nucleoplasm that does 
not pass through the cytosol and nuclear pores. The second 
hypothesis is that steroid hormones may act as carriers in 
nuclear transportation of arbitrary macromolecules such as 
IgG from cell exterior as one of their membrane effects [5], 
possibly with endocytotic vesicles as vehicles [6]. The third 
hypothesis is that steroid hormones may function as 
transporters of extracellular macromolecules into the germ 
cell nuclei, such as spermatogenic cells, across blood-testis 
barrier in vivo. 
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Transportation of macromolecules between nucleoplasm and 
cytosol is performed through the nuclear pore complexes 
(NPCs). It was reported later that IgG with synthetic 
peptides containing nuclear localization signal (NLS) moves 
into the nucleoplasm from the cytoplasm by active transport 
through NPCs [7,8], but native IgG without NLS does not. 

Transportation course into the nucleoplasm from the 
exterior of cell, and single-bilayer diaphragm in the 
nuclear envelope 

SV40 particles are initially engulfed with membrane 
invagination and yet they are found without the membrane 
of endocytotic vesicles in the nuclei after 2 h [1]. Maul et al. 
[9] suggested that the first step of SV40 nuclear
transportation is the fusion of virus-particle-containing
vesicles membrane to the outer nuclear membrane. Then, the
particles in the perinuclear cisterna are covered by the inner
nuclear membrane to be moved into nucleoplasm [9]. Native
IgG is not likely to pass neither the cell-nor nuclear
membrane freely by passive transport. Accordingly, the
occurrence of autoimmune diseases implies that there must
be other routes which permit the nuclear entry of IgG
besides the fusion of vesicular membrane to the outer
nuclear membrane.

The infection processes of SV40 would transfer the cell 
membrane constituents to the nuclear envelope. To provide 
morphological evidence for the first hypothesis, i.e. the 
existence of vesicular transportation mechanism of 
extracellular macromolecules to the nucleoplasm without 
entering through the cytosol or nuclear pores, the nuclear 
migration of SV40 was pursued in cultured cells under 
electron microscope, using ferritin and concanavalin A as 
cell membrane markers [10,11]. Ferritin particles introduced 
directly into the cytoplasm did not enter the nucleus by 
themselves. In contrast, SV40-containing vesicles with 
ferritin particles were observed close to a single-bilayer 
nuclear membrane or a diaphragm [11]. The nucleoplasmic 
side of the diaphragm was covered with electron-dense 
materials, and the cell membrane markers were seen not 
only in perinuclear cisterna but localized along the 
nucleoplasmic side of the inner nuclear membrane [11,12]. 
These results suggest that SV40-containing vesicle 
membrane fuses to a single-bilayer diaphragm in the nuclear 
envelope in order to transport virus particles into the 
nucleoplasm, and that the exogenous macromolecules used 
as cell membrane markers here were transported into the 
nucleoplasm in this manner [11-13]. 

Nucleocapsids (45 nm x 280-300 nm) of recombinant 
baculovirus, Autographa californica nuclear polyhedrosis 
virus (enveloped DNA viruses), are formed in the 
nucleoplasm and migrate into the cytoplasm to bud through 
cell membrane [14]. To check the existence of single-bilayer 
diaphragm in nuclear envelope of other cells, we observed 
the nuclear export of baculovirus nucleocapsids in 
Spodoptera frugiperda clone 9 insect cells using rapid 

cryofixation. We proposed that the nucleocapsids move to 
cytoplasm from nucleoplasm, through small pores formed in 
the tip of protrusion of double membranes deriving from the 
nuclear envelope [15]. Complete fusion of two membranes 
such as pore formation occurs through the process of 
hemifusion [16]. From our study on the nuclear entry of 
testosterone-BSA-gold discussed below, the diaphragm 
seems to be formed by hemifusion of both membranes, and 
subsequent enlargement of the hemifused area [17]. 

Location of steroid hormone-BSA conjugates injected 
into rats 

In the classical genomic model of steroid hormone action, 
free lipophilic hormones cross the cell membrane under 
passive transport, bind to their intracellular receptors in 
target cells to form hormone-receptor complexes which 
move to the nucleus to exert their genomic effects [18]. 
Many steroid hormones bind to plasma proteins in the blood 
such as albumin, and steroid-hormone-binding proteins 
(SHBP) such as sex hormone-binding protein and 
corticosteroid-binding globulin (CBG) [19,20]. Radiolabeled 
steroid hormones, e.g. [3H]-testosterone, can enter the target 
cell nuclei in vivo [21-23]. In studies that use ligated 
seminiferous tubules in vitro, androgen-binding protein 
(ABP) coupled with [3H]-testosterone (testosterone-ABP) is 
internalized by receptor-mediated endocytosis in 
spermatogenic cells, which are target cells of testosterone, 
and then enters the nuclei of these cells [24,25]. How 
testosterone-ABP moves into the nucleoplasm is 
unexplained in these studies. Our group showed under 
electron microscopy that colloidal gold embedded in epoxy 
resin becomes visible as silver deposits on the sections after 
silver enhancement [26]. The gold particles seem to be 
stable in lysosome. Several steroid hormone-BSA conjugates 
(steroid-BSAs) are commercially available. Steroid-BSAs 
bind to the nuclear receptors [27,28], although there is a 
report that cell membrane androgen receptors are unrelated 
to nuclear steroid receptors [29]. In order to provide 
evidence to the second hypothesis, i.e. that steroid hormones 
act as nuclear transportation carriers to extracellular 
macromolecules, we examined rats injected with steroid-
BSA labeled with 2 nm colloidal gold (steroid-BSA-gold), 
before studying rats injected with bovine IgG coupled with 
steroid hormone. 

Radioactivity of [3H]-testosterone injected in rats was 
present in the nuclei of Leydig cells and seminiferous 
epithelial cells, e.g., Sertoli cells and spermatogenic cells in 
the testis, after 1 h and 3 h [23]. Upon injection of 
testosterone-BSA labeled with 2 nm colloidal gold 
(testosterone-BSA-gold) into the vascular system of rat, 
testosterone-BSA-gold was taken up by the coated pit of 
target cells of testosterones [30]. These results suggest that 
testosterone-BSA-gold is internalized in the target cells by 
receptor-mediated endocytosis. In the testis of rat sacrificed 
at 2 h after injection of testosterone-BSA-gold, many silver 
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deposits representing testosterone-BSA-gold were visible on 
the interstitial cells, blood plasma and loose connective 
tissue of testis interstitium, and Sertoli cells and 
spermatogenic cells in seminiferous tubules after silver 
enhancement (Figure 1) [26,30]. These results of 

seminiferous tubules resemble the radioactivity locations of 
the rats injected with [3H]-testosterone [23], and of [3H]-
testosterone-ABP in the studies using ligated seminiferous 
tubules [24,25]. 

Figure 1. A wide-range electron micrograph of testis of rat sacrificed 2 h after injection of testosterone-BSA-gold. When 
expanded, silver deposits (black dots) representing testosterone-BSA-gold are visible on the cells in seminiferous tubules (a, 
b) and on the interstitial tissue (between a and b).
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In the seminal vesicle of rats injected with [3H]-testosterone, 
radioactivity appears in a selective location in the epithelial 
cell nucleus, and in the muscle layer to a lesser extent 
[22,31]. In the rat injected with testosterone-BSA-gold, the 
silver deposits representing testosterone-BSA-gold was 
observed in the epithelial cells, coinciding with the 
radioactivity [26]. In the smooth muscle layer, the deposits 
were mostly in the intercellular space, but a few were also 
on smooth muscle cells [26]. Because testosterone-BSA, 
being a macromolecule, remains in the blood plasma and 
tissue fluid, our results on the muscle layer seem not to agree 
with the result of rats processed by [3H]-testosterone. In 
blood vessels, the deposits were found in plasma, but not on 
erythrocytes [26,30]. 

In contrast, the nuclei of cells which are not targeted by 
testosterone such as thymocytes showed very few silver 
deposits representing testosterone-BSA-gold [26]. This 
result is also supported by the reports that no androgen 
receptor is detected in the nuclei of cells in thymus [32,33], 
and suggests that nuclear entry of testosterone-BSA-gold is 
specific to the target cells of testosterone. In other words, 
testosterone-BSA-gold does not enter the non-target cell 
nuclei. From the distribution of silver deposits, it has 
become clear that gold labeled-hydrocortisone-BSA 
(hydrocortisone-BSA-gold) injected into rat enters the target 
cell nuclei such as thymocytes and hepatocytes [34]. 
Together with the aforementioned studies on testosterone-
BSA-gold, it indicates that the fate of gold labeled-steroid-
BSAs may be decided at the cell membrane level. 

Transportation of testosterone-BSA-gold to round 
spermatid nucleoplasm without passing through the 
cytosol and nuclear pores 

In order to further clarify the vesicular transportation route 
of testosterone-BSA-gold to the nucleoplasm via nuclear 
envelope, the round spermatids in seminiferous tubule were 
observed under electron microscope. In spermiogenesis, the 
nuclear envelope of a round spermatid is divided into two 
forms as a consequence of acrosome expansion over the 
anterior pole of the nucleus. In the post-acrosomal region of 
the nuclear envelope, the nuclear pores continue to be 
present during the expansion of acrosome. In the 
subacrosomal region, the two nuclear membranes are in 
close apposition and devoid of nuclear pores [35,36]. 

After silver enhancement, silver deposits were present on the 
cell membrane, vesicles, nuclear envelope, perinuclear 
cisterna and nucleoplasm, but not nuclear pores in the post-
acrosomal region [12,30]. In the region without silver 
enhancement, the outer nuclear membrane was irregular and 
invaginated in the cisterna of nuclear envelope. Some 
invaginating membrane seemed to contact the inner nuclear 
membrane. In spermatocytes, the outer nuclear membrane 
also seemed to be invaginated toward the inner nuclear 
membrane. In some nuclear envelopes, double-membrane-
like vesicle consisting of inner- and outer vesicles of about 

50 nm and 80 nm diameter respectively seemed to be located 
in the perinuclear cisterna. The gold particles were found 
along inner side of the inner vesicle-membrane [12,30]. 

In the observation of the subacrosomal region after silver 
enhancement, the deposits were found on cell membrane, 
vesicles, Golgi cisterna, acrosome, subacrosomal space, 
nuclear envelope and nucleoplasm [30]. From the 
distribution of silver deposits in the region, we suggested 
that testosterone-BSA-gold is also transported from the 
acrosome to the nucleoplasm through the subacrosomal 
nuclear envelope (SNE), which is devoid of pores. In an 
observation without silver enhancement [37], single 
membrane-vesicles with diameters of about 35-70 nm were 
observed in the subacrosomal space. Many vesicles seemed 
to be in contact with the inner acrosomal membrane, and 
some of them contained gold particles. Furthermore, some 
vesicles were also in contact with the SNE, of which the 
nucleoplasmic side was covered by electron-dense-material. 
In addition, partial diaphragms consisting of a single-bilayer 
nuclear membrane 30-50 nm in length were observed in the 
SNE. The nucleoplasmic side of diaphragms had low 
electron density, although the nucleoplasmic side of nuclear 
envelope excluding the diaphragm was covered by electron-
dense materials which seemed to be nuclear lamina. These 
results indicate the possibility that the membrane of vesicles 
fuses to single-bilayer nuclear membrane in the SNE 
[12,37]. The nuclear entry of testosterone-BSA-gold, a 
macromolecule, resembles the entryway proposed for 
nuclear migration of SV40 in 1991 [11]. 

Immunocytochemical study on macromolecules 
conjugated with steroid hormones 

We then immunocytochemically investigated whether BSA 
in the steroid-BSAs remains intact in the hormone-target cell 
nuclei. For this purpose, testosterone-BSA, hydrocortisone-
BSA or corticosterone-BSA was injected into rats. In the rats 
injected with testosterone-BSA, BSA was found in the 
nucleus of testosterone’s target cells such as spermatogenic 
cells of the testis, and not in hepatocytes. This result 
supports the third hypothesis that steroid hormones may 
function as transporters of exogenous macromolecules to the 
target cell nuclei in vivo. In rats injected with 
hydrocortisone-BSA or corticosterone-BSA, BSA was found 
in the nucleus of target cells such as hepatocytes, but not the 
cells of testis. These results also suggest a possibility that 
steroid hormones can transport intact macromolecules into 
the target cell nuclei in vivo [38]. 

In fusion cells of cultured cells and erythrocytes, 
hemoglobin is still detected in the cytoplasm of fusion cells 
two days after the fusion [2]. When an antibody is 
introduced to the cytoplasm, the antibody reacts to its 
antigen [39,40]. Antinuclear antibodies such as IgG are 
found in some autoimmune diseases such as autoimmune 
hepatitis [41]. Foreign macromolecules introduced into cells 
may remain functionally stable. CBG binds specifically to 
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cell membranes [42] and is found intact within the cells of 
glucocorticoid target tissues [43] and also within the nuclei 
of cultured cells [42]. Above results of steroid-BSAs suggest 
the existence of cell membrane receptors. Hydrocortisone is 
secreted from adrenal gland, while its targets are the 
hepatocytes. Because of this segregation of the hormone and 
its target organ, liver and hydrocortisone were chosen for the 
following research. Bovine IgG coupled with hydrocortisone 
injected into vascular system of adrenalectomized rats 
entered the hormone-target cell nuclei in the liver, 
maintaining the antigenicity [44]. This last finding also 
supports the second hypothesis that steroid hormones act as 
carriers to convey exogenous macromolecules such as IgG 
into the target cell nuclei in vivo. 

CONCLUSION 

The distribution of testosterone-BSA injected in rats is 
similar to that of radiolabeled testosterone in vivo. The 
movement of testosterone-BSA-gold into the nucleoplasm of 
target cells starts with the fusion of the membrane of 
endocytotic vesicles containing testosterone-BSA-gold to a 
single-bilayer diaphragm in the target cell nuclear envelope, 
just like the nuclear migration of SV40. The cytosol and 
nuclear pores do not participate in the nuclear movement of 
testosterone-BSA-gold. The distribution of hydrocortisone-
BSA in rats is also similar to that of radiolabeled 
hydrocortisone in vivo. Plasma proteins such as albumin, 
SHBP and IgG coupled with steroid hormones would enter 
the hormone-target cell nuclei. In other words, steroid 
hormones would function as transporters for carrying 
extracellular macromolecules into the nucleoplasm of target 
cells in vivo. It is unknown whether these steroid hormones 
and macromolecules are functional in the target cell nuclei. 
Further studies are required to elucidate these actions and 
functions. 
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