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The Golgi apparatus is composed of a stack of cisternae 
with associated tubulovesicles and functions as a central 
intersection for intracellular vesicular traffic. During 
sequential transition in the stacks of the Golgi cisternae, 
the luminal proteins and lipids are modified by Golgi-res-
ident enzymes, and thereafter they are sorted at the exit 
site of the Golgi apparatus for destinations such as tubulo-
vesicles toward the cell surface, secretory granules, and 
lysosomal/endosomal compartments (Griffiths and Simons 
1986; Mellman and Simons 1992; Farquhar and Palade 
1998; De Matteis and Luini 2008). The overall shape of 
the Golgi apparatus has been widely accepted as cup-like 
or hemispherical, based on observations of exocrine cells 
that secrete a large amount of proteins in a polarized 

manner. The convex and concave surfaces of the cup-like 
organization of the Golgi apparatus are designated as the 
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Summary

In polarized exocrine cells, the Golgi apparatus is cup-shaped and its convex and concave surfaces are designated as cis and trans 
faces, functionally confronting the rough endoplasmic reticulum and the cell surface, respectively. To clarify the morphological 
characteristics of the Golgi apparatus in non-polarized endocrine cells, the investigators immunocytochemically examined 
its precise architecture in pituitary gonadotropes, especially in relation to the arrangement of the intracellular microtubule 
network. The Golgi apparatus in the gonadotropes was not cup-shaped but ball-shaped or spherical, and its outer and inner 
surfaces were the cis and trans faces, respectively. Centrioles were situated at the center of the Golgi apparatus, from which 
radiating microtubules isotropically extended to the cell periphery through the gaps in the spherical wall of the Golgi stack. 
The shape of the Golgi apparatus and the arrangement of microtubules demonstrated in the present study could explain 
the microtubule-dependent movements of tubulovesicular carriers and granules within the gonadotropes. Furthermore, the 
spherical shape of the Golgi apparatus possibly reflects the highly symmetrical arrangement of microtubule arrays, as well as 
the poor polarity in the cell surface of pituitary gonadotropes. (J Histochem Cytochem 60:588–602, 2012)
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cis and trans faces, which functionally confront the rough 
endoplasmic reticulum (RER) and the cell surface, respec-
tively (Farquhar and Palade 1981; Mellman and Simons 
1992).

Since the architecture and spatial configuration of the 
Golgi apparatus within cells are possibly involved in its 
function, its ultrastructure has been examined using various 
morphological techniques. High voltage transmission elec-
tron microscopy (HVTEM) revealed the three-dimensional 
ultrastructure of the Golgi apparatus in detail, with the aid of 
a stereogram of a pair of tilted images (Rambourg and 
Clermont 1990) or computerized tomographic reconstruc-
tion (Mogelsvang et al. 2004; Marsh 2005). Alternatively, 
examination of osmium-macerated specimens with a high 
resolution scanning electron microscope demonstrated more 
vividly the three-dimensional images of the Golgi apparatus 
in various mammalian cells (Tanaka et al. 1986; Koga and 
Ushiki 2006). These studies not only described its funda-
mental organization as a ribbon-like structure with compact 
and non-compact regions (Rambourg and Clermont 1990, 
1997) but also revealed the diversity in its three-dimensional 
architecture in cells/tissues in vivo (Tanaka and Fukudome 
1991; Clermont et al. 1995; Koga and Ushiki 2006).

Besides exocrine cells, endocrine cells also produce and 
secrete a large amount of peptide hormones and related pro-
teins; hence, their Golgi apparatus is well-developed in gen-
eral. In the anterior pituitary gland, five distinct subtypes of 
endocrine cells actively secrete at least six different peptide 
hormones, namely, luteinizing hormone (LH), follicle stim-
ulating hormone (FSH), thyroid stimulating hormone (TSH), 
growth hormone (GH), prolactin (PRL), and adrenocortico-
tropic hormone (ACTH). Although the configuration of the 
Golgi apparatus is possibly different from that of exocrine 
cells and varies depending on the cell types, characteristics 
in its three-dimensional architecture within the anterior pitu-
itary gland have been overlooked and poorly described.

By scanning electron microscopy, Koga and Ushiki 
(2006) recently discovered in endocrine cells of the rat ante-
rior pituitary gland a unique ball-like Golgi apparatus, of 
which the inner surface exhibited ultrastructural characteris-
tics of the trans face. These endocrine cells were seemingly 
gonadotropes, judging from their oval shape, the size and 
distribution of secretory granules, and relatively dilated 
RER. Here we further examined the precise architecture of 
the Golgi apparatus in pituitary gonadotropes using immu-
nocytochemistry at the light and electron microscopic levels, 
especially in relation to the arrangement of the microtubule 
network. The peculiar architecture of the Golgi apparatus 
observed in gonadotropes may suggest a close relationship 
between the overall configuration of the Golgi apparatus and 
the characteristics in the cellular polarity of a typical 
peptide-secreting endocrine cell. Our findings could also 
provide an explanation for the intracellular trafficking lines 
of secretory products within the pituitary gonadotrope.

Materials and Methods
Antibodies
Mouse monoclonal anti-GM130, anti-TGN38, anti-BiP, 
and anti-γ-adaptin antibodies were purchased from BD 
Biosciences (San Jose, CA; product codes 610823, 610899, 
610978, and 610385, respectively). Additionally, a rabbit 
polyclonal anti-GM130 antibody (Calbiochem, Nottingham, 
UK; code CB1008) and a sheep polyclonal anti-TGN38 
antibody (AbD Serotec, Oxford, UK; code AHP499G) 
were used for immunogold labeling and triple immunocy-
tochemical staining at the light microscopic level. Mouse 
monoclonal and rabbit polyclonal anti-α-tubulin antibodies 
were purchased from Invitrogen (Carlsbad, CA; code 
A11126) and Thermo Fisher Scientific Anatomical 
Pathology (Fremont, CA; code RB-9281-P), respectively. A 
mouse monoclonal anti-acetylated α-tubulin antibody and 
mouse monoclonal and rabbit polyclonal anti-γ-tubulin 
antibodies were purchased from Sigma-Aldrich Co. (St. 
Louis, MO; codes T7451, T6557, and T3195, respectively). 
The specificity of these primary antibodies was confirmed 
by comparing the immunostaining patterns of two different 
sources of antibodies against each antigen; cryosections of 
the rat pituitary tissue were simultaneously immunostained 
with two different antibodies against GM130 [mouse 
monoclonal (Ms) and rabbit polyclonal (Rb)], TGN38 
[mouse monoclonal (Ms) and sheep polyclonal (Sh)], 
α-tubulin [mouse monoclonal (Ms) and rabbit polyclonal 
(Rb)], or γ-tubulin [mouse monoclonal (Ms) and rabbit 
polyclonal (Rb)]. In parallel, the specificity of the antibod-
ies was also confirmed by immunoblotting with extracts of 
three representative endocrine tissues including pituitary, 
thyroid, and adrenal glands, as described previously (Sakai 
et al. 2003). The results of the immunocytochemical analy-
ses and immunoblotting for characterization of the antibod-
ies are summarized in Suppl. Fig. S1.

To identify the endocrine cell types in tissue sections of 
anterior pituitary glands, rabbit polyclonal anti-ovine LHβ 
(code HAC-OV27(β)-01RBP85), anti-rat prolactin (code 
HAC-RT26–01RBP85), anti-rat GH (code HAC-RT25–
01RBP85), and anti-canine TSH antisera were kindly provided 
by Dr. Matozaki, Gunma University, Japan. Commercially 
available goat polyclonal anti-LH (Santa Cruz Biotechnology, 
Santa Cruz, CA; code sc-7824) and rabbit polyclonal anti-
ACTH (Sigma-Aldrich; code A1924) antibodies were also 
used for double or triple immunocytochemical staining at the 
light microscopic level. Secondary antibodies conjugated with 
fluorescent dyes (Alexa Fluor 350-, 488-, 594-conjugated don-
key polyclonal anti-rabbit-, mouse-, sheep-, goat-IgG) and 
those with colloidal gold particles (5, 10, 15 nm in diameter) 
were purchased from Invitrogen and British Biocell 
International (Cardiff, UK), respectively.

For observations with a laser confocal microscope, bioti-
nylated secondary antibodies (anti-rabbit and goat IgGs; 
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purchased from Vector Laboratories, Burlingame, CA) and 
Alexa Fluor 405-conjugated streptavidin (Invitrogen) were 
used for the immunostaining instead of Alexa Fluor 
350-conjugated secondary antibodies.

Animals
Twenty male Wistar rats were used for experiments in 
accordance with the Guide for the Care and Use of 
Laboratory Animals (Institute of Laboratory Animal 
Resources, National Research Council, Washington, DC, 
1996) under the permission of the experimental animal wel-
fare committee of Asahikawa Medical University (permis-
sion 06017). Rats purchased at 6 weeks of age (body weight 
~200 g) were housed for 2 weeks in a well-ventilated room 
(temperature 23 ± 1C; relative humidity 55–65%; lights on 
between 7:00 am and 7:00 pm) with food and water ad libi-
tum, and then used for experiments at 8 weeks of age.

Immunofluorescence Microscopy
For immunofluorescence microscopy, male rats (n=5) at 8 
weeks of age were anesthetized with ketamine/xylazine 
(100:10 mg/kg; IM) and then perfused with 30 ml of physi-
ological saline followed by 100 ml of 4% paraformaldehyde 
(PFA) in 0.1 M phosphate buffer (PB, pH 7.4) containing 
3% sucrose. After fixation by perfusion, pituitaries were cut 
into small pieces and immersed in the same fixative for 2 hr 
at 4C. After washing thoroughly with 0.1 M PB containing 
7.5% sucrose, tissue blocks were dehydrated in graded etha-
nol and embedded in epoxy resin (Epon 812; TAAB #T026; 
purchased from Nissin EM Co. Ltd., Tokyo, Japan). Serial 
sections of 0.5-µm thickness were cut from the tissue blocks 
with an ultramicrotome and mounted on microscopic slides.

After removal of the resin by sodium methoxide (Grube 
and Kusumoto 1986), semi-thin sections were treated with 
0.05% citraconic anhydride solution (Immunosaver; Nissin 
EM Co. Ltd., Tokyo, Japan) for 20 min at 60C as an antigen 
retrieval procedure (Namimatsu et al. 2005), and then incu-
bated with 2% normal donkey serum (30 min, 20C) for 
blocking. After these pretreatments, tissue sections were 
incubated with a mixture of primary antibodies of different 
species (rabbit-, mouse-, sheep- or goat-origin) for 18 hr at 
4C. The sections were subsequently incubated with a mixture 
of appropriate sets of Alexa Fluor 350-, 488-, 594-labeled 
secondary antibodies for 1 hr at 20C. Then coverslips were 
mounted on the tissue sections in 90% glycerol (v/v in PBS) 
containing 0.1% p-phenylenediamine dihydrochloride 
(Sigma-Aldrich). Between each step, the sections were 
washed three times in 0.01 M PB (pH 7.4) containing 0.5 M 
NaCl and 0.1% Tween 20. Stained sections were viewed with 
an epifluorescence microscope (Olympus, Tokyo, Japan).

For observations by laser confocal microscopy, cryosec-
tions of the pituitary tissues were prepared after fixation by 
perfusion and cryoprotection. Briefly, pieces of fixed 

pituitary tissue described above were rinsed with 0.1 M PB 
containing 7.5% sucrose and were immersed sequentially in 
15% sucrose (for 6 hr) and 30% sucrose (for 12 hr) solu-
tions buffered in 0.1 M PB (pH 7.4) at 4C; then the tissue 
blocks were frozen at –30C in the Tissue-Tek O.C.T. com-
pound (Sakura Finetek, Tokyo, Japan). Tissue sections of 
15-µm thickness were cut from the frozen tissue blocks 
with a cryostat (Leica Microsystems GmbH, Wetzlar, 
Germany) and mounted on microscopic slides. After these 
sections were treated with 0.05% citraconic anhydride solu-
tion (Immunosaver, Nisshin EM Corporation, Tokyo, 
Japan) for 20 min, 60C, and subsequently with 2% normal 
donkey serum (30 min, 20C) for blocking. Sections were 
incubated with a mixture of primary antibodies of different 
species (rabbit-, mouse-, sheep- or goat-origin) for 18 hr at 
4C. The sections were then incubated with a mixture of 
appropriate sets of Alexa Fluor 488-labeled, 594-labeled, 
and biotinylated secondary antibodies for 1 hr at 20C and 
were further incubated with Alexa Fluor 405-conjugated 
streptavidin for 1 hr at 20C. Between each step, the sections 
on microscopic slides were washed three times in 0.01 M 
PB (pH 7.4) containing 0.5 M NaCl and 0.1% Tween 20. 
After coverslips were mounted similarly as described 
above, stained sections were viewed with a laser confocal 
microscope (FV-1000D, Olympus).

Scanning Electron Microscopy
Tissue preparation for scanning electron microscopy was 
described previously (Tanaka and Mitsushima 1984; Koga 
and Ushiki 2006). Briefly, anesthetized male rats (n=5) at 8 
weeks of age were perfused with physiological saline fol-
lowed by a mixture of 0.5% glutaraldehyde (GA)—0.5% 
PFA in 0.1 M PB (pH 7.4). After fixation by perfusion, 
pituitaries were cut into small pieces and directly immersed 
in 1% Osmium tetroxide (OsO4) in 0.1 M PB (pH 7.4) for 
2 hr at 4C. Then the tissue blocks were washed thoroughly 
with 0.1 M PB, immersed in 25% and 50% dimethyl sulf-
oxide (DMSO) for 30 min each, and then frozen on a metal 
plate that had been deeply chilled with liquid nitrogen. The 
frozen tissue blocks were cracked into two pieces with a 
screwdriver and a hammer and immediately transferred 
into 50% DMSO for thawing. After the freeze-cracked 
pituitary tissue blocks were rinsed in 0.1 M PB for 1 hr at 
4C, they were placed in 0.1% OsO4 diluted with 0.1 M PB 
(pH 7.4) for 72 hr at 20C–22C under fluorescent light illu-
mination. During maceration of the pituitary tissues, the 
0.1% OsO4 solution was renewed every 24 hr. The macer-
ated specimens were further fixed in 1% OsO4 in 0.1 M PB 
(pH 7.4) for 1 hr, washed in 0.1 M PB for 1 hr, and conduc-
tive stained by treating with 1% tannic acid in 0.1 M PB (2 
hr, 20C) and 1% OsO4 in 0.1 M PB (1 hr, 20C). After con-
ductive staining, the samples were dehydrated in graded 
ethanol, transferred into isoamyl acetate, and dried in a 
critical point dryer (HCP-2, Hitachi Koki Co. Ltd., Tokyo, 
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Japan) using liquid CO
2
. The dried samples were mounted 

onto a metal plate and coated with platinum-palladium in 
an ion-sputter coater (E1010, Hitachi Koki Co. Ltd.), and 
then were observed with an in-lens type scanning electron 
microscope (S-5000, Hitachi High Technologies, Tokyo, 
Japan).

Immunoelectron Microscopy
Rats (n=5) at 8 weeks of age were anesthetized with ket-
amine/xylazine as described above and then perfused with 
physiological saline followed by 100 ml of 2% GA–2% PFA 
in 0.1 M PB (pH 7.4). After fixation by perfusion, pituitaries 
were cut into small pieces and immersed in the same fixa-
tive for 2 hr at 4C. After washing thoroughly with 0.1 M PB 
containing 7.5% sucrose, tissue blocks were further fixed 
with 1% OsO4 in 0.1 M PB containing 7.5% sucrose for 1 
hr at 4C. The tissue blocks were then washed thoroughly 
with 0.1 M PB containing 7.5% sucrose, dehydrated in 
graded ethanol, and embedded in epoxy resin (Epon 812). 
After ultra-thin sections from the tissue blocks embedded in 
Epon 812 were etched with 1% sodium methoxide for 30 
sec prior to the immunostaining procedures, they were incu-
bated with 5% non-immune goat serum for blocking (20 
min, 20C). Sections were further incubated with an anti-
LHβ (rabbit polyclonal, diluted 1:100) antiserum for 12 hr 
at 4C and then treated with colloidal gold-conjugated goat 
anti-rabbit IgG for 1 hr at 20C (size of gold particles: 10 nm 
in diameter). Between each step, the sections on grids were 
washed three times in 0.02 M Tris-HCl buffered 0.5 M 
saline, pH 8.2, containing 0.1% BSA.

Alternatively, similarly anesthetized rats (n=5) at 8 
weeks of age were perfused with physiological saline, fol-
lowed by 100 ml of 0.5% GA–0.5% PFA in 0.1 M PB (pH 
7.4). Immediately after fixation by perfusion, pituitaries 
were cut into small pieces and directly immersed in 0.5% 
OsO

4
 in 0.1 M PB for 1 hr at 4C. Then the tissue blocks 

were washed thoroughly with 0.1 M PB containing 7.5% 
sucrose, dehydrated in 70% ethanol containing 1% phos-
photungstic acid (Wako Pure Chemical, Osaka, Japan) three 
times for 20 min at 4C, and then infiltrated into pure LR 
White resin (London Resin Co., Hampshire, UK) monomer. 
The resin solution was changed three times during infiltra-
tion (20 min each at 4C), and finally the tissue blocks were 
placed at the bottom of gelatin capsules filled with fresh LR 
White resin and polymerized for 24 hr at 60C.

Immunogold labeling of pituitary tissues embedded in 
LR White resin was performed as described previously 
(Sakai et al. 2005; Hosaka et al. 2007). For removal of OsO

4
, 

ultra-thin sections from the LR white-embedded tissues 
were treated in 1% sodium metaperiodate (Wako Pure 
Chemical) for 10 min at 20C prior to the immunogold label-
ing. Then the sections were incubated with 5% normal goat 
serum for blocking (20 min, 20C) and further incubated with 
the primary antibodies for 12 hr at 4C as follows: anti-LHβ 

(rabbit polyclonal, diluted 1:5000); anti-GM130 (rabbit 
polyclonal, 1:10); anti-TGN38 (mouse monoclonal, 1:10); 
anti-α-tubulin (1:50); and anti-γ-tubulin (1:50). For double 
immunostaining, the two-face technique of Bendayan (1982) 
was applied. Intracellular localization of two distinct anti-
gens was distinguished by labeling with different sizes of 
colloidal gold particles (size of particles: 5, 10, and 15 nm in 
diameter) conjugated to appropriate secondary antibodies. 
Between each step, the sections on grids were washed three 
times in 0.02 M Tris-HCl buffered 0.5 M saline, pH 8.2, con-
taining 0.1% BSA. Following the immunoreactions, the sec-
tions were contrasted with saturated aqueous solutions of 
uranyl acetate and lead citrate and examined with an elec-
tron microscope (JEM-1010, JEOL, Tokyo, Japan).

Results
Overall Shape and Ultrastructure of the Golgi  
Apparatus in Pituitary Gonadotropes

As previously reported (Koga and Ushiki 2006), well-
developed Golgi apparatus in a ball-like shape was occa-
sionally observed in the rat anterior pituitary gland by 
scanning electron microscopy (Fig. 1). Stacks of fenestrated 
cisternae spherically enveloped a part of cytoplasm near to 
the cell nucleus, and there were relatively large openings on 
the wall of the ball-shaped Golgi apparatus (Fig. 1A; arrow-
heads). Secretory granules/vesicles and tubular extensions 
derived from the Golgi and RER cisternae were frequently 
observed inside of the large openings, suggesting that the 
large openings penetrating the entire Golgi stacks likely 
provide trafficking routes for the tubulovesicles/granules 
between two segregated cytoplasmic spaces, inside and out-
side of the Golgi sphere.

To identify immunocytochemically the cell type contain-
ing spherical Golgi apparatus, we examined the colocaliza-
tion of representative marker molecules for the Golgi 
apparatus and pituitary hormones on serial semi-thin sec-
tions of anterior pituitary tissue. After immunocytochemi-
cal staining for GM130, spheroidal Golgi apparatus could 
be traced as circular profiles on a series of consecutive 
semi-thin sections (Fig. 2). By double/triple immunostain-
ing of these serial sections simultaneously with antibodies 
against pituitary hormones, the cells containing the spheri-
cal Golgi apparatus were identified as gonadotropes (Fig. 2; 
white arrowheads).

Observations with a transmission electron microscope 
were consistent with the findings described above; typical 
pituitary gonadotropes immunolabeled with an anti-LH anti-
serum contained well-developed stacks of Golgi apparatus, of 
which profiles were circularly arranged (Fig. 3). The circular 
arrangement of the Golgi stacks did not completely enclose 
the inner cytoplasm from the outside of the Golgi sphere, but 
rather both inner and outer cytoplasmic spaces were intercon-
nected through gaps in the circular wall of the Golgi cisternae. 
In the inner area of the Golgi apparatus, immature secretory 
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granules and centrioles were frequently observed (Fig. 3A; 
arrows and white arrowheads, respectively). From the central 
area of the Golgi apparatus in the cell, radiating microtubules 
extended to the cell periphery, passing through the gaps in the 
circular arrangement of the Golgi stacks (Fig. 3 B, C, black 
arrowheads).

Polarity of the Golgi Apparatus in 
Gonadotropes
Frequent occurrence of immature secretory granules inside 
spherical Golgi apparatus suggested that the inner side of 
the Golgi stacks is the trans face. To confirm the precise 

polarity of the Golgi apparatus, the immunocytochemical 
localization of GM130 and TGN38 was examined at the 
electron microscopic level.

As shown in Fig. 4, immunogold particles indicative of 
GM130 were localized to the outer surface of the spherical 
Golgi apparatus, whereas those indicative of TGN38 were 
localized to the inner surface. These immunocytochemical 
findings clearly indicate that the outer surface of the Golgi 
sphere functions as the cis compartment that receives pre-
cursors of secretory products from the RER, whereas the 
inner side of the sphere is the trans compartment, from 
which immature secretory granules and primary lysosomes 
are newly generated.

Figure 1. Three-dimensional 
architecture of the ball-shaped Golgi 
apparatus observed in the anterior 
pituitary gland of the male rat. Ball-
shaped Golgi apparatus were observed 
in pituitary tissues using a scanning 
electron microscope after treatment 
with a diluted OsO4 solution. Canal-
like openings interconnecting the 
inner and outer cytoplasmic spaces 
were discernible through the solid 
wall of the spherical Golgi apparatus 
(A; arrowheads). A surface view 
of ball-shaped Golgi apparatus is 
demonstrated with a stereo pair of 
scanning electron microscopic images 
(B). Bars = 1 µm.
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Figure 2. Identification of the cell type containing spherical Golgi apparatus. A semi-thin section (0.5 µm) of rat anterior pituitary gland 
was simultaneously immunostained with mouse monoclonal anti-GM130 (visualized with Alexa Fluor 594; white and red pseudo colors 
are assigned in A1 and A2, respectively), sheep polyclonal anti-TGN38 (Alexa Fluor 488; green in A2), and rabbit polyclonal anti-LH (Alexa 
Fluor 350; blue in A2) antibodies. In addition, four adjacent serial semi-thin sections (B–E) were immunostained with mouse monoclonal 
anti-GM130 antibody (visualized with Alexa Fluor 594; red in B–E) and goat polyclonal anti-LH antibody (Alexa Fluor 350; blue in B–E). 
Simultaneously, these sections were immunostained with rabbit polyclonal anti-prolactin (PRL; B), anti-GH (C), anti-ACTH (D), and anti-
TSH (E) antibodies (Alexa Fluor 488; green in B–E). Throughout the series of semi-thin sections, circular profiles of the Golgi apparatus 
were continuously observed in gonadotropes (white arrowheads). R = red; G = green; B = blue. Bar = 10 µm.
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Figure 3. Ultrastructure of Golgi apparatus in pituitary gonadotropes. A representative gonadotrope identified on an ultra-thin section 
of the Epon 812-embedded pituitary tissue by immunocytochemical labeling with rabbit polyclonal anti-LH antiserum and an appropriate 
secondary antibody conjugated with colloidal gold particles (10 nm in diameter; A). Partial areas indicated in (A) are further photographed 
at a higher magnification (B, C). In the inner area of the circular arrangement of the Golgi stacks in the gonadotrope, centrioles (white 
arrowhead) and immature secretory granules (arrows) were frequently observed. From the center of the Golgi apparatus, radiating 
microtubules extended to the cell periphery (black arrowheads). Bars = 500 nm.
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The intracellular distribution of Binding immunoglobu-
lin protein (BiP) and γ-adaptin confirmed the findings 
described above; BiP immunoreactivity, indicative of RER 
distribution, was predominantly localized outside of the 

Golgi apparatus in the gonadotropes, whereas the intense 
immunocytochemical signal for γ-adaptin, which indicates 
the localization of AP1/clathrin-coated vesicles, was con-
fined to the interior (Fig. 5).

Figure 4. Polarity of Golgi apparatus in pituitary gonadotropes. By double immunolabeling with anti-GM130 (indicated by 15-nm gold 
particles) and anti-TGN38 (10-nm gold particles) antibodies, the orientation of the Golgi apparatus was determined on pituitary tissue 
embedded in LR White resin (A). Partial areas indicated in (A) are further photographed at a higher magnification (B, C). A centriole 
was observed in the central area of the circular Golgi apparatus (arrowhead). Bars = 500 nm.
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Organization of the Microtubule Network 
within Gonadotropes

Since microtubules were frequently observed in the central 
area of spheroidal Golgi apparatus in the pituitary gonado-
tropes, the distribution of tubulins was immunocytochemi-
cally examined.

By immunofluorescence microscopy, α-tubulin was 
principally observed to accumulate in the inner area of the 
Golgi apparatus and was especially concentrated on a hub-
like spot at the center of the circular profile (Fig. 6A, 
arrows). In addition to the inner area, the microtubule net-
works were also distributed densely around the outer sur-
face. Outside of these, arrays of radiating microtubules 
extending to the cell periphery were sparsely distributed.

To demonstrate the distribution of relatively stable bun-
dles of microtubules, the intracellular localization of acety-
lated α-tubulin was immunocytochemically visualized in a 
gonadotrope (Fig. 6B, C). At an equatorial plane of the 
spherical Golgi apparatus in the gonadotrope, microtubule 
bundles immunolabeled with an anti-acetylated α-tubulin 

antibody penetrated the circular profile of the Golgi appara-
tus (Fig. 6B, arrow) and extended radially to the periphery 
of the cell (Fig. 6B, arrowheads). At the outer surface of the 
Golgi sphere, the bundles of microtubules partially diverged 
from the radiating ones, bending along the outer surface of 
the Golgi apparatus. In a view of a tangential plane at the 
pole of the Golgi sphere, bundles of relatively stable micro-
tubules appeared to form a meshwork covering the outer 
surface of the spherical Golgi apparatus (Fig. 6C). In this 
surface view at the polar plane, openings on the spherical 
Golgi wall were clearly discerned, through which thick 
bundles of microtubules penetrated (Fig. 6C, arrow).

The location of the microtubule organizing center 
(MTOC) was also examined by labeling the pituitary 
gonadotrope immunocytochemically with an anti-γ-tubulin 
antibody (Fig. 7A). A three-dimensional image recon-
structed with a laser confocal microscope confirmed the 
spherical shape of the Golgi apparatus in pituitary gonado-
tropes. A spot labeled intensely with anti-γ-tubulin antibody 
was localized inside of the Golgi apparatus in gonadotropes 
(Fig. 7A, arrows). In addition, γ-tubulin was found to 

Figure 5. Distribution of BiP and γ-adaptin within pituitary gonadotropes. Two adjacent semi-thin sections (thickness: 0.5 µm each) of 
rat anterior pituitary gland were immunostained with mouse monoclonal anti-BiP (A) and anti-γ-adaptin (B) antibodies and visualized 
with an Alexa Fluor 488-conjugated secondary antibody (green pseudo color assigned in A1 and B1). These semi-thin sections were 
simultaneously immunostained with rabbit polyclonal anti-GM130 (Alexa Fluor 594; red in A1 and B1) and goat polyclonal anti-LH 
(Alexa Fluor 350; blue in A1 and B1) antibodies. Note that the expression of BiP was apparently higher in gonadotropes than in other 
endocrine cell types and that BiP immunoreactivity was distributed mainly outside the circular profiles of the Golgi apparatus observed 
in gonadotropes (A3). R = red; G = green; B = blue. Bar = 10 µm.
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Figure 6. Distribution of α-tubulin within pituitary gonadotropes. (A) A thick section of anterior pituitary gland was immunostained 
simultaneously with mouse monoclonal anti-α-tubulin (labeled with Alexa Fluor 594; red and white in A1 and A2, respectively), sheep 
polyclonal anti-TGN38 (Alexa Fluor 488; green in A1), and rabbit polyclonal anti-LHb (Alexa Fluor 405; blue in A1) antibodies. The section 
was viewed with a laser confocal microscope (thickness of the optical section: 2 µm). Bar =10 µm. (B, C) A thick section of anterior 
pituitary gland was immunostained simultaneously with sheep polyclonal anti-TGN38 (Alexa Fluor 488; green [B1 and C1] and white 
[B2 and C2]), mouse monoclonal anti-acetylated α-tubulin (Ac-α Tub; labeled with Alexa Fluor 594; red [B1 and C1] and white [B3 
and C3]), and rabbit polyclonal anti-LHb (Alexa Fluor 405; blue in B1 and C1) antibodies. The section was viewed with a laser confocal 
microscope (thickness of the optical section: 0.5 µm), and two different optical slices at the equatorial (B) and polar (C) positions of 
the spherical Golgi apparatus indicated by lines in the three-dimensionally reconstructed x-z (upper panel) and y-z (left panels) views 
are demonstrated. Note that bundles of the relatively stable microtubule immunolabeled with an anti-acetylated α-tubulin antibody 
penetrate through the openings on the spherical Golgi wall (arrows) and then extend radially to the cell periphery (arrowheads). Note 
also that the outer surface of the spherical Golgi apparatus is covered with a meshwork of microtubules. Bar =10 µm.
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Figure 7. Localization of the microtubule organizing center (MTOC) in pituitary gonadotropes. (A) A thick section of anterior pituitary 
gland was immunostained simultaneously with rabbit polyclonal anti-γ-tubulin (labeled with Alexa Fluor 594; red), mouse monoclonal anti-
TGN38 (Alexa Fluor 488; green), and goat polyclonal anti-LH (Alexa Fluor 405; blue) antibodies. A three-dimensionally reconstructed 
image is shown in an orthogonal representation. In addition to the x-y view of the datum plane obtained originally with the laser confocal 
microscope (main panel), two reconstructed views, y-z and x-z views, are demonstrated in the left and lower smaller panels, respectively. 
White lines in the reconstructed images indicate the position of the datum plane demonstrated in the main panel. The series of the 
original data (thickness of each optical section: 1 µm) for three-dimensional reconstruction are shown in the right of the main panel. 
The z-axial distance of each optically sliced section from the datum plane is indicated in the left-lower corner of the data. Gonadotropes 
and the MTOCs immunolabeled with anti-γ tubulin are indicated by white arrowheads and white arrows, respectively. Bars =10 µm. (B, 
C) Ultra-thin sections of LR White resin-embedded pituitary tissue were immunolabeled with anti-α- (B) and γ- (C) tubulin antibodies, 
respectively (size of colloidal gold particles: 15 nm). Gonadotropes were identified by immunolabeling with an anti-LH antibody (size of 
gold particles: 5 nm). Note that the radiating microtubules originating from the center often penetrate the openings in the circular wall-
like organization of the Golgi stacks (B; indicated by black arrowheads). The centrioles immunolabeled with anti-γ tubulin are indicated 
by white arrowheads. G: the Golgi stacks; bars = 500 nm. 
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accumulate circumferentially on the outer surface, similarly 
to α-tubulin.

By immunogold labeling at the electron microscopic level, 
the distribution of the microtubules was confirmed; microtu-
bule tracks linearly labeled with an anti-α-tubulin antibody 
were frequently observed (Fig. 7B). γ-Tubulin was specifi-
cally localized around the centrioles in the central area of the 
circular Golgi profile (Fig. 7C), suggesting that the centrioles 
and associated materials function as an MTOC, from which 
the radiating microtubules are likely to have originated.

Discussion
Previous observations mainly based on polarized epithelial 
and exocrine cells have provided a widely shared image of 
the Golgi apparatus as cup-shaped or hemispherical, of 
which the convex and concave faces confront the RER and 
plasma membrane, respectively (Farquhar and Palade 1981, 
1998). The present immunocytochemical study, however, 
demonstrated that pituitary gonadotropes contain spherical 
Golgi apparatus, of which the trans face (the exit side) is not 
the outer but the inner surface of the sphere. The MTOC is 
situated at the center of the spherical Golgi apparatus, from 
which radiating microtubules isotropically extended to the 
cell periphery through gaps in the wall of the Golgi stack.

The spatial configuration of the Golgi apparatus is closely 
related to the overall cellular polarity, especially the arrange-
ment and orientation of microtubules (Thyberg and 
Moskalewski 1999; Allan et al. 2002; Murshid and Presley 
2004; Sütterlin and Colanzi 2010). In typical polarized epi-
thelial cells, the minus and plus ends of microtubule bundles 
principally direct to the apical and basolateral membrane 
domains, respectively (Meads and Schroer 1995; Müsch 
2004). The coherent and directional array of the microtubules 
along the longitudinal axis of polarized epithelial cells can 
facilitate differential transport of tubulovesicular carriers 
conveying molecules specific to the apical and basolateral 
membrane domains, resulting in the establishment of these 
two distinct domains on the cell surface (Drubin and Nelson 
1996; Müsch 2004). The cup-like shape of the Golgi appara-
tus observed in the polarized exocrine cells possibly corre-
sponds to the distinctive cellular polarity of the cell; the 
maturing face of the Golgi apparatus should closely confront 
a restricted area of the cell surface designated as apical 
domain, from which a large amount of secretory materials are 
exocytosed specifically to the luminal space of the acinus.

In contrast to polarized exocrine cells, the secretion site 
for exocytosis of endocrine cells is less strictly confined to 
specialized subdomain(s) on the cell surface. The arrange-
ment of the microtubules within endocrine cells is also very 
symmetrical; microtubules radiate to the cell periphery from 
a single MTOC at the center of the cell, as we demonstrated 
above in pituitary gonadotropes. The spheroidal shape of the 
Golgi apparatus within gonadotropes possibly reflects the 
poor polarity in the cell surface and the highly symmetrical 

arrangement of microtubule arrays. As far as we observed, 
pituitary somatotropes and melanotrophs also possessed ball-
shaped Golgi apparatus, although the size of the Golgi sphere 
of these cells appeared to be smaller than that of gonado-
tropes (data not shown). The Golgi apparatus of thyrotropes 
also exhibited a spherical configuration but likely contained 
larger amount of non-compact regions than that of gonado-
tropes. In contrast, the Golgi apparatus of mammotropes and 
corticotropes were considerably distorted. Nevertheless, the 
cisternae of these cells were not simply composed of an open 
ribbon-like structure but rather enclosed a certain amount 
of cytoplasm of the post-Golgi compartment as a three-
dimensionally organized wall or network, consistent with 
previous findings from stereoscopic observation of rat mam-
motropes (Rambourg et al. 1992). Since some endocrine cells 
putatively secrete their secretory products preferentially to 
certain specialized domains on the cell surface near blood 
vessels, the possible asymmetry in the intracellular arrange-
ment of microtubule arrays results in diversity of the overall 
shape of the Golgi apparatus observed in the pituitary gland. 
The detailed characteristics in the ultrastructure and spatial 
configuration of the Golgi apparatus observed in various 
endocrine cells of the pituitary gland will be independently 
described elsewhere.

Besides endocrine cells, mesenchyme-derived cells such 
as fibroblasts are regarded as non-polarized cells, although the 
three-dimensional symmetry of their Golgi apparatus has not 
been reported to date. The high motility as well as the poten-
tial proliferative property of these cells may reduce the sym-
metry of the overall configuration of the Golgi apparatus; 
incessant remodeling of the intracellular microtubule archi-
tecture possibly distorts the theoretical symmetry in the global 
configuration of their Golgi apparatus (Small et al. 2002; 
Siegrist and Doe 2007; Vinogradova et al. 2009). Overall pep-
tide-producing endocrine cells such as gonadotropes could be 
more suitable as a model of poorly polarized cells instead of 
fibroblasts for analyzing the relationship between cell polarity 
and the configuration of the Golgi apparatus.

In addition to the overall configuration discussed above, 
the peculiar polarity of the Golgi apparatus within gonado-
tropes could be explained according to the intracellular 
arrangement and orientation of microtubules, since the posi-
tioning and orientation of the Golgi apparatus are putatively 
determined by the balance of the antero- and retrograde 
transport of the tubulovesicular carriers along microtubules 
in the pre- and post-Golgi compartments (Cole and 
Lippincott-Schwartz 1995; Lippincott-Schwartz 1998).

Intracellular transporting carriers, such as secretory gran-
ules/tubulovesicles and endosomes, use the motor proteins in 
context (Goodson et al. 1997; Hehnly and Stamnes 2007; 
Brownhill et al. 2009). In the pre-Golgi compartment, coat 
protein II (COPII)-coated vesicles use dynein for anterograde 
trafficking from the RER to the cis side of Golgi (Presley et 
al. 1997; Harada et al. 1998; Watson et al. 2005), whereas 
coat protein I (COPI)-coated tubulovesicles use kinesin/KIFs 
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for retrograde trafficking from the Golgi to the RER 
(Lippincott-Schwartz et al. 1995; Dorner et al. 1998; Stauber 
et al. 2006). In the post-Golgi compartment, secretory gran-
ules/tubulovesicles and newly generated primary lysosomes 
are likely transported by kinesin/Kinesin superfamily pro-
teins (KIFs) for anterograde trafficking from the trans side of 
the Golgi (Kreitzer et al. 2000; Nakagawa et al. 2000; Varadi 
et al. 2002; Jaulin et al. 2007), whereas endocytosed tubulo-
vesicles are likely transported by dyneins for retrograde traf-
ficking from the plasma membrane to the cell central around 
the trans-Golgi compartment (Blocker et al. 1997).

The isotropically radiating arrays of microtubules origi-
nated from the center of spherical Golgi apparatus possibly 
streamline the trafficking process of the wide variety of gran-
ular/tubulovesicular carriers described above within the pitu-
itary gonadotrope (Fig. 8). Minus-end-directed motors, such 
as dyneins (Vallee et al. 2004), mediate the centripetal move-
ments of the carriers, COPII-coated vesicles and endocytosed 
tubulovesicles in the pre- and post-Golgi compartments, 
respectively. In contrast, plus-end-oriented motors, like kine-
sins and most of KIFs (Hirokawa and Noda 2008), mediate 
the centrifugal movements of the carriers, COPI-coated 
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Figure 8. Schematic representation of the architecture of Golgi apparatus and microtubule networks within pituitary gonadotropes.
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vesicles and secretory granules/tubulovesicles in the pre- and 
post-Golgi compartments, respectively. All of the move-
ments of the transporting tubulovesicular carriers and gran-
ules along microtubules in pituitary gonadotropes could be 
explained by the findings described above.

In addition to the isotropically radiating arrays from the 
central MTOC, relatively dense accumulation of α- and 
γ-tubulin was observed around the outer surface of the spher-
ical Golgi apparatus in gonadotropes by confocal laser scan-
ning microscopy. At least to some extent, the tubulins 
accumulated on the cis side of the Golgi apparatus form a 
meshwork of relatively stable microtubule bundles, as dem-
onstrated in the present study. The tangential meshwork of 
the microtubules covering the outer surface of the Golgi 
apparatus possibly plays a role in clustering Golgi mini-
stacks into a compact spherical organelle. As another possi-
bility, tubulins could form short and labile tracks between the 
cis face of the Golgi apparatus and the RER distributed in the 
outside of the Golgi. Recent studies demonstrating that cer-
tain Golgi-related proteins are specifically associated with 
γ-tubulin (Chabin-Brion et al. 2001; Rios et al. 2004; Efimov 
et al. 2007; Rivero et al. 2009) suggest that the outer surface 
of spheroidal Golgi in gonadotropes efficiently acts as the 
origin of such short microtubule tracks (Rios and Bornens 
2003; Lüders and Stearns 2007; Sütterlin and Colanzi 2010). 
These short tracks putatively contribute to both antero- and 
retrograde tubulovesicular transport of a large amount of 
gonadotropins and other secretory proteins for their quality 
control processes in the pre-Golgi compartment.

In summary, our present study demonstrated the overall 
configuration of the Golgi apparatus within pituitary gonado-
tropes, which strongly reflects the characteristics in the cellu-
lar organization of the poorly polarized endocrine cells. 
Although isolated cultured cells have been mainly used for the 
investigations of the dynamics of the Golgi apparatus so far, 
its highly symmetric and isotropic architecture in pituitary 
gonadotropes possibly provides an alternative good experi-
mental model to analyze this issue. Since the functional state 
of pituitary gonadotropes can be specifically modulated with 
endocrinological methods, further analyses of these cells 
under experimentally stimulated/suppressed conditions would 
provide more insight into the relationship between the organi-
zation and function of the Golgi apparatus.
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