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Abstract
The pituitary is involved in the regulation of endocrine homeostasis. Therefore, animal models of pituitary disease based 
on a thorough knowledge of pituitary anatomy are of great importance. Accordingly, we aimed to perform a qualitative and 
quantitative description of polypeptide hormone secreting cellular components of the Göttingen minipig adenohypophysis 
using immunohistochemistry and stereology. Estimates of the total number of cells immune-stained for adrenocorticotrophic 
hormone (ACTH), prolactin (PRL), and growth hormone (GH) were obtained with the optical fractionator technique using 
Stereo Investigator software. Moreover, 3D reconstructions of cell distribution were made. We estimated that the normal 
minipig adenohypophysis contains, on average, 5.6 million GH, 3.5 million PRL, and 2.4 million ACTH producing cells. The 
ACTH producing cells were widely distributed, while the PRL and GH producing cells were located in clusters in the central 
and lateral regions of the adenohypophysis. The morphology of the hormone producing cells also differs. We visualized a 
clear difference in the numerical density of hormone producing cells throughout the adenohypophysis. The relative propor-
tions of the cells analyzed in our experiment are comparable to those observed in humans, primates, and rodents; however, 
the distribution of cells differs among species. The distribution of GH cells in the minipig is similar to that in humans, while 
the PRL and ACTH cell distributions differ. The volume of the pituitary is slightly smaller than that of humans. These data 
provide a framework for future large animal experimentation on pituitary function in health and disease.

Keywords Adenohypophysis · Growth hormone · Adrenocorticotropic hormone · Prolactin · Göttingen minipig · 
Stereology

Introduction

The adenohypophysis maintains body homeostasis through 
the production and feedback regulation of trophic hormones 
(Bargmann 1949; Bargmann et al. 1950; Catt 1970; Har-
ris 1948; Hong et al. 2016; Koeppen et al. 2018). Distur-
bances in this part of the pituitary gland are commonly 
associated with pituitary adenomas, ischemia, or iatrogenic 

radiotherapy (Arafah 1986; Arafah et al. 1994; Cushing 
1912; Heidelbaugh 2016; Molitch 2017). Changes in the 
adenohypophysis can be observed in other diseases and their 
models, such as models of Duchenne muscular dystrophy (de 
Lima 2007; Hofmann 2020). Recently, it has been shown 
that hormone producing cells of the pituitary can regenerate. 
This has opened up a new line of research with stem cells 
and cell transplantation regenerative therapies (Glud et al. 
2016; Ozone 2016; Willems et al. 2016).

The Center for Experimental Neuroscience (CENSE) has 
been developing translational pig models of the nervous sys-
tem disorders for the past 20 years using Göttingen minipigs 
(GM) (Bjarkam et al. 2004; Christensen et al. 2018; Glud 
et al. 2011; Jensen et al. 2009; Lillethorup et al. 2018; Nor-
gaard Glud et al. 2010; Orstrup et al. 2019; Rosendal et al. 
2010). The GM has a large gyrencephalic brain and main-
tains a constant body weight when kept on a strict diet. This 
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facilitates the use of magnetic resonance imaging (MRI) 
and stereotaxic brain surgery with devices used on humans. 
Compared to non-human primates, the GM is preferable 
with regard to ethical and economic considerations. These 
characteristics make the GM ideal for large animal models 
of CNS disease (Bjarkam et al. 2004, 2017b; Christensen 
et al. 2018; Goodman and Check 2002; Lillethorup et al. 
2018; Lind et al. 2007; Orstrup et al. 2019; Sauleau et al. 
2009). Atlases of the minipig brain are available (Bjarkam 
et al. 2016; Orlowski et al. 2019; Watanabe et al. 2001) and 
although the porcine pituitary has been described before, it 
were either qualitative descriptions of the hormone produc-
ing cells (Dacheux 1980, 1981, 1984) or semi-quantitative 
descriptions of GH producing cells (Lee 2006; Lee et al. 
2004). To our knowledge, this is the first detailed study of 
the polypeptide hormone producing cells of the Göttingen 
minipig.

Our group is developing a minipig model of growth hor-
mone deficiency by partially ablating the pituitary (Orstrup 
et al. 2019), which created the need for a detailed, quantita-
tive, and qualitative description of the cytoarchitectonic and 
cytochemical composition of the minipig adenohypophysis.

The present study focuses on cells that produce growth 
hormone (GH), and, in addition, other polypeptide hor-
mones: prolactin (PRL), and adrenocorticotrophic hormone 
(ACTH), because these are the most abundant cells in the 
adenohypophysis (Amar and Weiss 2003).

Methods

Animals and tissue processing

The study included five female GM aged 8–11 months, with 
a weight of 18–26 kg. The GM has to be at least 7 months 
of age to ensure sexual maturity (Peter et al. 2016). Meas-
urements of the pituitary size were done using caliper on 
the freshly explanted glands (before fixation) removed in 
autopsies during our other experiments (nine female and six 
male GM, aged 6 months). All procedures were conducted 
in accordance with rules from the Danish National Council 
of Animal Research Ethics and with permission from the 
Danish Animal Inspectorate (no. 2016-15-0201-00935).

The animals were anesthetized with an intramuscular 
injection of midazolam (0.8 mg/kg) and S-ketamine (20 mg/
kg) and euthanized with a lethal intracardial dose of pento-
barbital (Exagon vet. 400 mg/ml inj., Salfarm Denmark A/S, 
no.: 182831) before transcardial perfusion with 10% for-
malin (pH 7.4) (Ettrup,  2011). After perfusion, the brain 
was removed to expose and collect the pituitary from the 
pituitary fossa by blunt dissection (Bjarkam et al. 2017b). 
After surgical removal, the pituitary was immersion fixed 
in 10% formalin (pH 7.4) for 1 day and then transferred to 

30% (w/v) sucrose solution in 0.15 M Sorensen’s phosphate 
buffer for 1 day. Tissue was frozen for 15 s in isopentane 
cooled with dry ice at − 40 °C and subsequently stored at 
− 20 °C prior to cryosectioning. The tissue was mounted 
in the OCT compound and the specimen was kept frozen 
during sectioning (knife temperature of − 20 °C and block 
holder temperature of − 12 °C). The tissue was exhaustively 
sectioned into 50 µm thick horizontal sections which were 
collected as ten series spaced ten sections apart (Gundersen 
and Jensen 1987). The sections were then stored free-float-
ing in DeOlmos solution at − 20 °C until immunohistochem-
ical (IHC) staining.

During cryosectioning of two of the pituitaries, a portion 
of tissue was lost during fixation of the tissue to the tis-
sue holder. The portion was estimated to be approximately 
500 μm. To compensate for this, one section was assumed to 
be missing from each of the ten section series. To generate 
the most accurate stereological estimate for total number, we 
made an estimate of the data that would have been present 
in the missing section: This was accomplished using the 
average of the stereological data from the section just prior 
to and after the missing section.

Histology

The IHC staining protocols were developed individually for 
each primary antibody. During this thorough pilot testing, 
we established the optimal dilutions for antibodies and dif-
ferent staining detection protocols to ensure complete sec-
tion penetrance and clear distinction of the cytoplasm of 
the hormone producing cells. Staining procedures included 
negative controls in which the primary antibody from the 
IHC protocols was omitted, and in which the staining of the 
hormone producing cells was absent, as well as series of 
dilutions of the primary antibodies from very low to very 
high, to find their optimal concentration. In addition, one 
series of the section was stained with hematoxylin and eosin 
(H&E) for orientation purposes.

The staining protocol for ACTH

ACTH producing cells were stained using the Avidin–Bio-
tin complex method (ABC). Accordingly, free-floating 
sections from one series were initially rinsed twice in Tris-
buffered saline (TBS; 0.05M; pH 7.4) for 10 min. and then 
once in TBS plus 1% Triton X-100 (TBS-T) for 10 min. The 
endogenous peroxidase was blocked by washing sections in 
TBS containing 3%  H2O2 and 10% methanol two times for 
15 min. following by rinsing in TBS-T for 3 × 5 min. Pre-
incubation with TBS-T and 0.2% milk (Bidinger, Aarhus, 
Denmark) was performed for 30 min. prior to incubation 
with the primary antibody (polyclonal rabbit anti-ACTH, 
Merck AB902, diluted 1:32.000 in the TBS-T and 0.2% 
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milk solution) for 72 h at 4 °C. Hereafter, the sections were 
rinsed for 3 × 10 min. in TBS-T both before and next after 
the incubation with the secondary antibody (polyclonal goat, 
anti-rabbit, Biotin-labeled, Dako E0432, diluted to 1:200 in 
TBS-T) for 1 h at room temperature. The ABC vectastain Kit 
was used to incubate the sections for 1 h at room tempera-
ture with avidin-peroxidase (solution prepared 1 h before 
use). Sections were first rinsed in TBS-T for 2 × 10 min. and 
followed by a rinse in TBS for 10 min. The avidin–biotin-
peroxidase complexes were visualized by exposing the sec-
tions to a 20 mM phosphate-buffered solution containing 
0.1% diaminobenzidine (DAB) for 7 min. and then the same 
solution with 0.3%  H2O2 for 8 min.

The staining protocol for PRL and GH

IHC for GH and PRL producing cells was performed using 
an indirect immune-enzyme method with an HRP (horse-
radish peroxidase)-labeled secondary antibody. Accord-
ingly, free-floating sections from one series were initially 
rinsed 3 × 10 min. in TBS-T. The endogenous peroxidase 
was blocked as described above, followed by rinsing the 
sections in TBS for 10 min., followed by a double rinse in 
TBS-T for 10 min. After preincubation, the sections were 
incubated with the primary antibody (polyclonal rabbit anti-
GH, Merck AB940 or polyclonal rabbit anti-PRL, Merck 
AB960, 1:4000, diluted in TBS-T and 0.2% milk solution), 
rinsed, and then incubated with the secondary antibody 
(polyclonal goat, anti-rabbit, HRP-labeled, Dako P0448, 
diluted to 1:400 in TBS-T) as described for ACTH. The HRP 
activity was visualized by exposing the sections to a 20 mM 
phosphate-buffered solution containing 0.1% diaminoben-
zidine (DAB) for 7 min. and then the same solution with 
0.3%  H2O2 for 8 min. The PRL protocol included subsequent 
counterstaining with PAS (periodic acid–Schiff).

After the completion of the staining protocols, the sec-
tions were rinsed in distilled  H2O three times for 1 min. and 
then dehydrated in alcohol and xylene, mounted with Depex, 
and coverslipped.

The processed sections were analyzed and digitally 
photographed using a Leica DM5000B microscope with 
an attached Leica DFC480 camera. The microphotograph 
(Fig. 1c) was merged of several overlapping photos in Adobe 
Photoshop (Adobe Inc.).

Stereology

Estimation of the total number of polypeptide hormone 
producing cells in the adenohypophysis of each animal 
was performed using the optical fractionator method (Gun-
dersen 1986; West et al. 1991), using a Zeiss AxioPlan 
microscope interfaced with MBF Stereo Investigator soft-
ware (MBF Bioscience). The pituitary is easily separated 

from the rest of the brain due to its position in the pituitary 
fossa. Moreover, the adenohypophysis is distinguishable 
from the neurohypophysis and the intermedial lobe due to 
its different histological nature (see “Results”). Due to the 
small size of the most superior part of the adenohypophy-
sis, in humans referred to as pars tuberalis, and lack of a 
clear anatomical distinction of this structure, this part was 
analyzed together with other sections.The size and number 
of the 3D probes (disectors) were defined empirically to 
yield approximately 200 counts of each type of hormone 
producing cell (West 2012) after systematically scanning 
one of the section series. This number of counts has been 
demonstrated to provide an optimal amount of precision in 
the estimates of the total number (Gundersen and Jensen 
1987). In this study, interactions between probes and cells 
were based on the appearance of cytoplasm in which the 
reaction product was compact. Disector counting resulted 
in counts at the top of the reaction product in the cell. This 
approach results in number-weighted unbiased estimates 
of the total number (Sterio 1984).

Estimates of the total number of hormone producing 
cells N were obtained with the optical fractionator technique 
(West 2012; West et al. 1991). Accordingly, the number of 
cells of a specific type Q− was directly counted in a defined 
fraction of the volume of each adenohypophysis. This frac-
tion was calculated as the fraction of the section thickness 
sampled with optical disectors (thickness sampling fraction 
tsf), under a known fraction of the area of the sections sam-
pled (area sampling fraction asf), on a known fraction of the 
set of sections that contained the entire adenohypophysis 
(section sampling fraction ssf).

The estimates of the total number of cells of a particular 
type N for each individual were obtained with the following 
equation:

The tsf was calculated as the ratio of the height of the 
optical disector h to the section thickness t. The asf was cal-
culated from the ratio of the area of the disector probes Aframe 
to the area of the section between the disector probes when 
moving from one sample sight to the next Astep. The ssf is 
the section interval (West 2012). The stereological sampling 
scheme for each hormone is summarized in Table 1.

The stereological estimation procedure was carried out 
with unbiased systematic random sampling at all levels of 
the sampling scheme (i.e. section selection, placement of the 
sample sight, the nature of the interaction between probe and 
structural feature).

The series, consisting of every tenth section, a ssf of 10, 
throughout the entire adenohypophysis of each animal, was 
examined using the following sampling scheme: the height 
of the disector was 8 μm; Astep was 1100 × 1100 μm; Aframe 

N =

∑

Q−
×

1

ssf
×

1

asf
×

1

tsf
.
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Fig. 1  a The minipig skull base after brain removal. Note the position 
of the pituitary in the pituitary fossa, b photography of the explanted 
hypophysis viewed from the posterior surface, c microphotography 
of a cross-section through the middle part of the hypophysis, stained 

with antibody against PRL and counterstained with PAS, d schematic 
diagram showing the anatomy of the hypophysis, as shown in c. AH 
adenohypophysis, IL intermediate lobe, NH neurohypophysis

Table 1  Stereological sampling 
scheme for individual pituitary 
hormone producing cells

Abbreviations ACTH GH PRL

Height of disector (μm) H 8 8 8
Counting frame area (μm2) Aframe 2025 900 2025
Grid area X × Y (μm2) Astep 1,210,000 1,210,000 1,210,000
Disector volume (h × Aframe) μm3 16,200 7200 16,200
Thickness of mounted section (μm) T 18.3 18.0 18.9
Section sampling fraction ssf 10 10 10
Fraction of area of section samples asf 598 1344 598
Thickness sampling fraction tsf 2.28 2.25 2.36
Average number of sections used I 10 10 10
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was 30 × 30 μm for GH and 45 × 45 μm for PRL and ACTH. 
The measured average thickness of mounted sections was 
18.4 μm (18.3 for ACTH; 18.0 for GH; 18.9 for PRL).

The volume of the adenohypophysis was estimated based 
on Cavalieri’s principle (Gundersen, 1988; Kiki et al. 2007; 
West 2012) by multiplying the volume of the sampled sec-
tions by the ssf. The volume of each sampled section cor-
responds to section thickness t multiplied by the area of 
section A1→n.

Statistical calculations of the variability of the stereo-
logical estimation protocol were carried out to optimize the 
sampling scheme as proposed by West (2013).

The numerical density is calculated as the number of ste-
reological markers within the disectors divided by the total 
disector volume (Gundersen 1986).

Using the ‘Serial Section Manager’ of the Stereo Inves-
tigator system a 3D model of the GM adenohypophysis was 
generated. The sections were aligned according to the out-
line of adjacent sections and an unbiased sample of the cells 
on each section was used to create a spatial map of a fraction 
of the cells in the section. The spatial map thus reflected the 
statistical density and distribution of cells on individual sec-
tions. The spatial distribution of cells on all aligned sections 
was displayed at appropriate relative distances to create a 3D 
spatial distribution of the cells in the entire adenohypophysis 
(Online Resources 1–4).

Results

After surgical removal of the brain, the pituitary was visible 
in the pituitary fossa under the diaphragma sellae just pos-
terior to the optic chiasm (Bjarkam et al. 2017a; Orlowski 
et al. 2019) (Fig. 1a). Macroscopically, the GM pituitary 
could be divided into two lobes and the pituitary stalk is 
distinctly noticeable on the superior surface (Fig.  1b). 
The dimensions of the minipig pituitary were as follows: 
height: 6.53 ± 0.74 mm, width: 7.40 ± 0.50 mm, length: 
3.84 ± 0.52 mm; its weight is 101 ± 13 mg (mean ± SD, 

N = 15, age: 6 months). We did not find statistical differ-
ences between male and female pituitary size.

Microscopic evaluation of the pituitary structure made it 
possible to divide it into three, histologically distinct parts, 
namely the neurohypophysis (pars nervosa), the intermedial 
lobe (pars intermedia), and the adenohypophysis (pars dis-
talis) (Fig. 1c, d). The anteriorly located adenohypophysis 
folds around the posteriorly located neurohypophysis and 
when cryosectioned, the neurohypophysis detached from 
the adenohypophysis indicating that the different lobes are 
composed of distinctively different tissues. An intermedi-
ate lobe was distinguishable in the most superior region of 
the GM pituitary, between the neuro- and adenohypophy-
sis, as a slender component of different structure than both 
the adeno- and neurohypophysis without any of the peptide 
hormone producing cells present (Fig. 1c, d). The neurohy-
pophysis consists mainly of axonal projections, which are 
clearly visible when using PAS (Fig. 1c) or H&E staining.

The adenohypophysis consists of multiple endothelial 
cells (glandular epithelial tissue). H&E staining reveals 
basophils, acidophils, and chromophobes in the adenohypo-
physis but no distinction between different hormone produc-
ing cells or visualization of density or distribution patterns.

The use of immunohistochemical stainings of the ade-
nohypophysis allowed us to detect specific peptide hor-
mones in the cell cytoplasm. In all the stained sections, the 
cytoplasm was densely and uniformly pigmented. ACTH 
producing cells usually had a round or oval shape, with 
a relatively large nucleus located at the periphery of the 
cytoplasm, occasionally with only a slim rim of cytoplasm 
around (Fig. 2a). The shapes of GH and PRL producing cells 
were more polygonal and elongated with a prominent, often 
eccentrically situated nucleus (Fig. 2b, c, respectively).

The density and distribution patterns of hormone pro-
ducing cells showed considerable intra- and intersectional 
differences. A more robust spatial pattern of distribu-
tion was observed when consolidating data from multiple 
adenohypophyses.

Fig. 2  Representative microphotographs of the hormone producing cells: a adrenocorticotropic hormone (ACTH), b growth hormone (GH) and 
c prolactin (PRL) counterstained with PAS
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IHC staining for GH revealed a dense cluster of cells at 
the center of the posterior part of the adenohypophysis that 
borders on the neurohypophysis. However, as described 
below, this cluster was not as pronounced as those formed by 
PRL producing cells. The density of the clusters increased 
in the middle and inferior part of the adenohypophysis. The 
main feature of the distribution pattern of GH producing 
cells was the very densely packed regions located in the 
posterolateral part of the adenohypophysis. The lateral col-
lections of cells were not visible in the most superior part of 
the adenohypophysis but expanded throughout the middle 
and inferior part of the adenohypophysis, leaving a rather 
large region devoid of GH producing cells in the anterior 
part of the adenohypophysis.

PRL producing cells were distributed in a pattern similar 
to that of the GH producing cells. A centrally located cell 
cluster in the posterior part of the adenohypophysis was pre-
sent and was more distinct and dense than GH producing 
cells. This cluster of cells extended throughout the entire 
adenohypophysis from top to bottom. Furthermore, bilat-
eral clusters of cells in the lateral part of the adenohypo-
physis appeared in the middle part of the adenohypophysis 
and continue into the inferior part. The size and density of 
these clusters increased progressively towards the bottom, 
so that only a small region in the most anterior central part 
of the adenohypophysis was void of PRL producing cells. 
The distribution pattern for ACTH producing cells differed 
from that of the two other peptide hormone producing cells 
in the adenohypophysis. There were no clearly defined cell 

clusters and the cells were distributed uniformly throughout 
the adenohypophysis.

The quantitative examination of the microscopic images 
revealed a clear difference in the numerical densities (num-
ber per unit volume) of the different hormone producing 
cells along the superior-inferior axis of the GM adenohy-
pophysis. The differences in densities are visualized in the 
density graph as an average of density for all five animals 
(Fig. 3). 

The density graph (Fig. 3) shows that the numerical 
density is highest for GH producing cells compared to the 
other peptide hormones. In addition, the numerical density 
of GH producing cells gradually increased along the supe-
rior–inferior axis. The ACTH producing cells had the lowest 
density of the three hormones examined and the density was 
relatively constant throughout the entire tissue. The numeri-
cal density of PRL producing cells increased progressively 
along the superior–inferior axis, with a small decrease in 
density in the most inferior region (Fig. 3).

Stereology

The GH producing cells account for approximately half of 
the total number of peptide hormone producing cells that 
were studied. The adenohypophysis of one pituitary con-
tained on average 5.6 (± 1.36 ×  106) million GH producing 
cells compared to 2.4 (± 4.99 ×  105) million ACTH produc-
ing cells and 3.5 (± 6.09 ×  105) million PRL producing cells 
(Table 2). The relative proportions of different hormone 
producing cells are summarized in Fig. 4. The estimates 

Fig. 3  Different distribution 
pattern of the hormone produc-
ing cells along the Göttingen 
minipig adenohypophysis
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of the total volume of a GM adenohypophysis examined 
in our studies varied from 21.26  mm3 to 35.48  mm3 (mean 
27.52 ± 4.73).

The observed relative variance of the stereological esti-
mates was less than 20% of the observed group variance (the 
relative variance of the group  OCV2 is equal to the sum of 
the biological variance and the stereological variance). The 
observed relative group variance is primarily due to biologi-
cal variability (Table 2).

The 3D model of the adenohypophysis provides a valua-
ble overview of the difference in cell distribution throughout 
the depth of the adenohypophysis. The model is consistent 
with the histological data showing that ACTH producing 
cells were widely distributed and spread out, whereas PRL 
and GH producing cells formed clusters mainly in the lateral 
regions and a centrally located region adjacent to the neuro-
hypophysis, which contained more PRL producing cells than 
GH producing cells (Online resource 1, 2, 3 and 4).

Discussion

To our knowledge, this study, based on immunohistochem-
istry and stereological analysis, presents the first detailed 
quantitative anatomical description of the GM adenohy-
pophysis and its polypeptide hormone producing cells. To 
perform this study, we developed a stereological protocol for 
estimating the total number of peptide hormone producing 
cells. The optical fractionator method applied in our study 
is an acknowledged approach for estimating cell numbers, 
also of the pituitary (Cruz-Orive and Weibel 1990; Deniz 
et al. 2018; Francis et al. 2000; Garcia-Navarro et al. 1988; 
Gundersen 1986; West et al. 1991). The histological and 
stereological analysis reveals the cellular composition of 
the GM pituitary and its similarity to the human pituitary 
(Mitrofanova et  al. 2017; Musumeci, 2015). Likewise, 
the size of the minipig pituitary, although a bit smaller, is 
comparable to that of the human (approx. 10 × 12 × 5 mm) 
(Amar and Weiss 2003; Wolpert et al. 1984). According to 
Mai and Paxinos (2012), the size of the pituitary is approxi-
mately 8 × 6 × 4 mm, which is even more similar to the size 
observed by us in minipigs. The minipig pituitary is also 

approximately twice as large as that in rodents (rat: length 
4 mm, width 2.2 mm, mouse: 3 × 2.2 mm) (Cao et al. 2017; 
Heiman 1938). Similarly to humans (Hong et al. 2016; Mai 
and Paxinos 2012), the GM adenohypophysis constitutes the 
bulk of the pituitary structure, whereas the neurohypophysis 
is significantly smaller and the intermediate lobe consists 
only of a relatively thin cell layer between adeno- and neu-
rohypophysis (Hong et al. 2016; Mai and Paxinos 2012).

The distribution pattern of hormone producing cells in 
the adenohypophysis has previously been studied in multi-
ple species (Amar and Weiss 2003; Filippa and Mohamed 
2006a, b; Lee et al. 2004; Mikami et al. 1988; Naik et al. 
1991; Nakane 1970; Wang, 2014) and both the density and 
distribution of cell types vary among species. The density 
and distribution analysis of this study can be useful for tar-
geting specific regions or components of the pituitary, to 
achieve the optimal impact with minimal collateral damage 
with surgical intervention.

The GH cell distribution pattern observed in this study is 
highly comparable with those analyzed in prepubertal por-
cine pituitary (Lee et al. 2004). The prevalence of the GH 
producing cells in lateral parts of the adenohypophysis is 
also similar to human (Amar and Weiss 2003). However, 
the distributions of the other hormone producing cells in 
human are different. The ACTH producing cells are located 
primarily in the anteromedial part of the adenohypophysis 

Table 2  Results of the 
stereological analysis for 
individual hormone producing 
cells

Abbreviations ACTH GH PRL

Average number of counts in each individual ∑Q− 175 183 248
Observed group mean Mean N 2,394,912 5,562,774 3,511,729
Observed coefficient of variation of estimator OCE 0.08448 0.07840 0.06937
Observed coefficient of variation of group mean OCV 0.20832 0.24334 0.17342
Number of individuals in group n 5 5 5
Biological variability VARbiological 0.0360 0.0530 0.0252
Stereological variability VARstereological 0.0074 0.0062 0.0049

PRL

GH

ACTH

31.04%

20.88%

48.08%

Fig. 4  Numerical composition of the main hormone producing cells 
in the Göttingen minipig hypophysis
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(Amar and Weiss 2003; Trouillas et al. 1996), whilst the 
PRL producing cells are scattered throughout the gland. In 
contrast, another study of the human pituitary showed that 
although PRL cells are scattered throughout the adenohy-
pophysis, they were more numerous in the posteromedial 
and posterolateral parts of the gland, which is comparable 
to our results (Asa et al. 1982). A study of the bovine pitui-
tary reported a cell distribution similar to that of the GH 
and PRL producing cells, located in the lateral part of the 
adenohypophysis in pigs (Dacheux and Dubois 1976). In 
rodents, GH, PRL, and ACTH producing cells have a similar 
distribution pattern with the cells sparsely represented in the 
most anteroventral portion of the adenohypophysis, though 
only the PRL producing cells are represented in the region 
near the intermediate lobe (Nakane 1970). In more current 
studies of one of the rodent species (Viscacha, Lagostomus 
maximus maximus), authors reported a wide distribution of 
the GH producing cells in the adenohypophysis, with an 
exception of the cephalic extreme of the adenohypophysis, 
where a long blood vessel delimited a region without GH 
producing cells. However, in premature animals that dis-
tribution pattern was not so evident (Filippa and Mohamed 
2006b). PRL producing cells were located mostly in the ven-
tromedial region and caudal extreme of the adenohypophy-
sis, whilst ACTH producing cells were found in the dorsal 
and cephalic region (Filippa and Mohamed 2006a, 2010). 
In the Chiroptera pituitary (Mikami et al. 1988), the GH 
producing cells are the most abundant cell type and located 
in the posterolateral part of the adenohypophysis. The PRL 
producing cells form a pattern similar to GH, although they 
are more densely packed in the central part of the adeno-
hypophysis. The ACTH producing cells are found both in 
rostroventral and ventrolateral regions (Mikami et al. 1988). 
In contrast to these findings, the distribution pattern for hor-
mone producing cells in the teleost differs from the mosaic 
pattern found in our study in that each cell type is located 
in separate compartments (Kasper et al. 2006). Due to this 
species variations, the knowledge of the distribution and 
density of the cell types in the minipig pituitary is of value 
for future studies.

The distribution patterns of PRL and GH are rather simi-
lar, except for a large, centrally located cluster of PRL pro-
ducing cells, which was also noted by Lee in young pigs 
(Lee 2006). Therefore, qualitative microscopic observa-
tions suggest that the quantity of PRL producing cells is 
greater than the quantity of GH producing cells. This may 
also explain the higher volume densities of the PRL produc-
ing cells in some studies (Francis et al. 2000; Vanputten 
et al. 1988). However, the stereological data reveal that the 
opposite is the case. Here we show that the density of the 
GH producing cells in the inferior region of the adenohypo-
physis is particularly high compared to PRL producing cells, 
indicating that despite the comparable distribution pattern 

of clusters of GH and PRL producing cells, GH producing 
cells are more densely packed. This is in accordance with 
the findings from the bovine and the chiroptera pituitary 
(Mikami et al. 1988; Wang et al. 2014).

The relative proportions of the polypeptide hormone 
producing cells in GM, reported here, are similar to those 
observed in human (GH: 40–50% PRL: 10–25%, corticotro-
phins: 15–20%) (Amar and Weiss 2003; Mai and Paxinos 
2012; Mitrofanova et al. 2017), which further supports the 
usability of the minipig as a model organism for pituitary 
polypeptide hormone deficiency. Studies of the Squirrel 
monkey (Saimiri sciureus boliviensis) showed similar cell 
proportions, although with a lower fraction of corticotrophs 
(Console et al. 2001). Interestingly, Francis et al. reported 
in their stereological investigation of the sheep pituitary that 
the relative fraction of the PRL producing cells is higher 
than GH producing cells (55.7% versus 37.1%) (Francis 
et al. 2000), which is opposite that in all above-mentioned 
species including pigs and humans. This, however, may be 
the result of a different methodology, since the authors ana-
lyzed the cell fractions using the sections taken from only 
three pituitary levels. However, similar results were noted 
in some rat studies (Vanputten et al. 1988), in which the 
estimated volume density of hormone producing cells was 
the highest in the case of PRL (PRL 40.5%, GH 22–28%, 
ACTH 9–11%).

It is worth mentioning that the distribution of the hor-
mone producing cells may change with age and during the 
reproductive cycle (Filippa and Mohamed 2006b; Lee et al. 
2004), which should be taken into consideration when com-
paring the results or during the planning of the experiments. 
Studies have shown both sexual dimorphism and age-related 
changes in the density of hormone producing cells in rodents 
(Console et al. 1997; Dada et al. 1984; Jurado et al. 1998; 
Sasaki and Iwama 1988). Age and sex-related differences 
were shown also in other species (Kuwahara et al. 2004; 
Tan and Sasaki 2000). There are also other factors, which 
can affect the hormone producing cell number and distribu-
tion, such as reproductive cycle, lactation, or time of the 
year (Filippa and Mohamed 2006a, 2010; Jurado et al. 1998; 
Nishimura et al. 2000). For example, in pony horses, the 
adenohypophysis has a similar cellular composition as the 
GM; however, there are also noted significant differences 
in the proportions of the hormone producing cell caused by 
age and sex. The relative proportion of the GH producing 
cells decrease with age and is higher in males, whilst PRL 
producing cell number increase with age and is higher in 
females, except old animals, where there were no differences 
between sexes (Kuwahara et al. 2004; Tan and Sasaki 2000). 
Likewise, in studies performed on mice the proportion of the 
GH producing cells was similar to that shown by us in GM 
and that cells that produced GH significantly decreased with 
age (Kuwahara et al. 2004). Conversely, in Viscacha, the 
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immune-positive region for GH increases with the age, and 
the highest number of somatotrophs was observed in prepu-
bertal animals. There were also noted significant changes 
in the GH producing cells number in various periods of the 
reproductive cycle (Filippa and Mohamed 2006b). It could 
be that the same is true for the porcine hormones (Heiman 
et al. 1990; Meijer et al. 1988), which emphasizes the impor-
tance of including animals of uniform sex and age for future 
studies. It would be also of great value to expand our meth-
ods to male animals.

Moreover, it should be noted that according to some stud-
ies, the different pituitary hormones could be co-released 
from the same cells (e.g. GH/ACTH, PRL/ACTH, and GH/
PRL) (Kovacs et al. 1989; Mitrofanova et al. 2017; Vidal 
et al. 1997). The number of such cells can be quite substan-
tial, even more than 10% of the cells may express various 
combination of hormones (Mitrofanova et al. 2017). Accord-
ing to some studies, fraction of the cells producing both 
GH and PRL (somatomammotrophs) can be as high as 27% 
in the goat (Nishimura et al. 2000). We did not attempt to 
correct for such a phenomenon, which could have resulted 
in counting the same sub-population of the cells more than 
once. As a result, our estimates of the total numbers of those 
cells may be overstated. This problem could be solved by 
using double staining for different hormone combinations 
and counting the fraction of double-stained cells. However, 
the use of the light-microscope intended double staining 
is not recommended in stereology, due to problems with 
unambiguous recognition and categorization of the cell. 
Moreover, we did not count the cells secreting gonadotrophs 
and thyrotrophs, therefore the relative fraction of the cells 
presented here is higher than when all hormone producing 
cells were counted.

The number of studies in which the number of hormone 
producing cells has been assessed is limited. The absolute 
number of GH producing cells, reported by us, is approxi-
mately three times higher than observed in mice. It is also 
worth noting that the number of GH producing cells in 
mice significantly decreases with age (at 12 months 50% 
less than at 4 months) (Kuwahara et al. 2004). In another 
rat study, using stereology, the number of ACTH producing 
cells was around 1.4 million (Trifunovic et al. 2018), which 
is approximately 40% lower than the number of cells esti-
mated by us. Trouillas et al. (1996) estimated, using semi-
quantitative methods, that number of corticotropic cells in 
human is around  107, that is approx. four times more than 
that in the present study for GM.

We estimated the volume of the adenohypophysis using 
sections prepared for stereological analysis. However, esti-
mated volumes varied both intra- and inter-individually. This 
is most likely the result of the naturally occurring differ-
ences in the areas between the different series of sections of 
a spherical structure, cut at different angles. Furthermore, 

we did not attempt to correct the volume for tissue shrink-
age during the IHC processing, therefore the estimate of 
the volume is for the processed tissue (Bonthius et al. 2004; 
West 2013).

Observed variability of the individual estimates in the 
group is a result of both the stereological procedure and 
innate biological differences (West 2012). The coefficients 
of variation for estimated cell numbers were 0.069–0.084 
for each hormone (Table 2) and represents an acceptable 
level of precision of the estimates of a total number of cells 
since the contribution of the stereological procedure to the 
observed coefficient of variation of group mean is extremely 
low compared to the biological variability. This fact might 
be used in future studies to reduce the number of analyzed 
sections and make the protocol less time-consuming.

The ability to divide total variance into stereological 
variance and biological variance is important also in the 
planning of future experimental studies and statistical power 
calculation. (West 2012). Moreover, the animals included in 
this study vary in regards to age. It would be preferable to 
perform this study on animals with the same characteristics 
to minimize the biological variability and hence the preci-
sion of the applied method (West 2012).

The use of the optical fractionator method for stereologi-
cal estimation procedure yields unbiased, reproducible esti-
mates of the total number of cells (West 2012; West et al. 
1991). Using this method, we have shown that GM adeno-
hypophysis is more similar to that of humans than that of 
the rodent. This study thereby validates the use of the GM 
as a good candidate for establishing a large animal model of 
human pituitary deficiency. The information presented here 
can be used to plan future experimental intervention studies 
involving the GM pituitary, as well as the evaluation of the 
effect of the intervention (Orstrup et al. 2019) or in various 
disease models (de Lima et al. 2007; Hofmann et al. 2020). 
Stereology has previously been used in experimental studies 
on peptide hormone producing cells in the pituitary of rats 
(Milosevic et al. 2009; Raus Balind et al. 2016; Trifunovic 
et al. 2014; Trifunovic, 2016). However, the use of large 
animal models provides obvious advantages compared to 
rodent models, in terms of both anatomy (pituitary size and 
macroscopic anatomy) and histology (cellular composition 
and distribution). A minipig model of pituitary deficiency 
will enable preclinical studies involving gene therapy, stem 
cells, and drug candidate testing. The presented quantita-
tive, anatomical description of the minipig pituitary will 
strengthen the usefulness of GMs as a large animal model 
of pituitary disorders related to pharmacology, endocrinol-
ogy, and neurosurgery.
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