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Abstract: Long-term hormone replacement therapy due to panhypopituitarism can lead to serious
complications and thus, pituitary transplantation is considered a more desirable. We investigated
functional restoration after allotransplatation of the pituitary gland. We transplanted extracted
pituitary gland into the omentum of an hypophysectomized rat. Two experiments were performed:
(1) to confirm the hypophysectomy was successful and (2) to assess functional restoration after
pituitary transplantation. Pituitary hormone level and weight change were consecutively assessed.
Electron microscopic (EM) examinations were performed to identify morphological changes at 3 days
after transplantation. We confirmed that pituitary gland was properly extracted from 6 rats after
sacrifice. The findings showed (1) a weight loss of more than 3% or (2) a weight change of less
than 2% along with a decreased growth hormone (GH) level by more than 80% at 2 weeks post-
hypophysectomy. A further four rats underwent pituitary transplantation after hypophysectomy
and were compared with the previously hypophysectomized rats. All showed rapid weight gain
during the two weeks after transplantation. The thyroid-stimulating hormone, prolactin, and GH
levels were restored at one week post-transplantation and maintained for 10 weeks. Hypophyseal
tissue architecture was maintained at 3 days after transplantation, as indicated by EM. These data
suggest that a transplanted pituitary gland can survive in the omentum with concomitant partial
restoration of anterior pituitary hormones.

Keywords: pituitary gland; transplantation; hypophysectomy

1. Introduction

The endocrine system is regulated by the hypothalamic-pituitary-organ axis (HPA).
The hypothalamus delivers precise signals to the pituitary gland. Various hormones are
then released from the pituitary gland to stimulate and regulate target organs including
the thyroid gland, adrenal gland, and gonads. Pituitary hormones are also associated
with growth, lactation, and water balance. Consequently, the pituitary gland is the main
regulator of the endocrine system [1]. Deterioration of pituitary functions can lead to seri-
ous complications including diabetes insipidus, hypothyroidism and hypocortisolemia [2].
Lifelong hormonal replacement therapy is needed in these patients, but significant adverse
effects can develop through the use of a long-term hormonal replacement [3].

Organ transplantation remains the most effective treatment for end-stage organ failure,
not only in most vascularized solid organs such as the liver, kidneys, heart, and lungs but
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also in non-vascularized islet cell transplantation for the treatment of diabetes mellitus,
even though transplantation has some limitations including graft failure or rejection, histo-
compatibility, the use of immunosuppressants, and the long-term survival of implanted
organs [4,5]. Although advances in knowledge and technique continue to improve the
clinical outcomes of solid and tissue transplantation, clinical application to the pituitary
gland has been limited [6].

Harvey Cushing inceptively attempted pituitary transplantation on a human patient
in 1908 [6]. Since Cushing’s pioneering attempt, several researchers have investigated
experimental pituitary transplantation [7–10]. Pituitary grafting to reveal the hypotha-
lamic control of the pituitary gland was studied by Harris and Jacobshon in 1952 [8].
Halasz et al. suggested the term “hypophysiotrophic area” to support pituitary transplanta-
tion in 1962 [11]. The first experimental pituitary transplantation into various hypothalamic
regions of hypophysectomized rats was conducted by Knigge et al. in 1962 [9]. In 1985, Tuli-
pan et al. (reinforced by Maxwell et al. in 1998) demonstrated the restoration of pituitary
hormones in plasma after pituitary transplantation into hypophysectomized rats [7,12].
However, further investigations regarding pituitary transplantation for functional restora-
tion of pituitary hormones have rarely been performed since 1998. Pituitary transplantation
can be used as a theoretical curable method for hypopituitarism to physiologically over-
come the side effects of long-term hormonal replacement therapy.

In this study, we investigated the functional restoration of pituitary hormones after
allotransplantation of the pituitary gland into omental pouches of hypophysectomized rats
with severe combined immunodeficiency (SCID).

2. Materials and Methods
2.1. Animals

Male SCID Sprague Dawley rats weighing 160–280 g (Koatech, Pyungtaek, Korea)
were used in this study. These animals were housed in a laboratory with a controlled
temperature and a 12 h light-dark cycle. Food and water were provided ad libitum. All
protocols regarding the use of animals were approved by the Institutional Animal Care
and Use Committees (IACUC) of the Catholic University of Korea (SVH IRB 17-5). All
experiments were carried out in accordance with the relevant guidelines and regulations.

2.2. Parapharyngeal Approach to Remove the Pituitary Gland

All SCID rats were anesthetized with gas anesthesia (3% isoflurane in 500 mL/min O2).
Surgeries were performed as described previously [13]. Briefly, we made a skin incision
on the midline of the anterior neck and entered into the floor of the cranium through the
omohyoid muscle located at the lower edge of the sternohyoid muscle. After the retraction
of the sternohyoid muscle, trachea, and esophagus laterally, the cranial bone was vertically
drilled out at the midline and in front of the blue suture line with the bone burr under a
binocular microscope. The last layer of cranial bone was broken off as a circular piece. The
hole was widened until most of the underlying pituitary gland was exposed. We obtained
the pituitary gland with a fine membrane using fine forceps.

2.3. Experiments to Determine Correct Removal of the Pituitary Gland

For assessing whether the pituitary gland was properly removed or not, 10 SCID rats
were used. After removal of the pituitary gland, we sequentially checked serum levels of
pituitary hormones including thyroid stimulating hormone (TSH), growth hormone (GH),
prolactin, and adrenocorticotropic hormone (ACTH) using enzyme linked immunosorbent
assays (ELISA) and weight change to confirm the appropriate hypophysectomy procedure
had been performed. Rat serum was regularly obtained from the tail vein at 10 a.m. We
examined serum hormone level before surgery and at 2, 4, 6, 8, 10, 12 and 14 weeks after
surgery. Body weight was also examined before surgery and at 2, 4, 6, 8, 10, 12 and
14 weeks after surgery. After completion of the experiment schedules, rats were sacrificed,
and the sellar region was examined to determine whether the hypophysectomy had been
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performed correctly. The cranial vault was removed and the right hemisphere was retracted.
The midline skull base structure was examined with a binocular microscope to determine
whether the pituitary gland remained.

2.4. Pituitary Gland Transplantation into the Omentum and the Follow-Up Protocol

For identifying whether the pituitary function could be restored after transplantation,
another 4 SCID rats were used. All rats were anesthetized using gas anesthesia (3%
isoflurane in 500 mL/min O2) and placed in a supine position. The pituitary gland was
extracted from a sibling male rat and stored in histidine-tryptophan-ketoglutarate (HTK)
solution. For the transplantation procedure, the abdominal area was shaved and sterilized
using povidone iodine. A laparotomy procedure of approximately 2 cm was done and the
omentum was pulled out. The pituitary gland of the donor was placed on the omentum
and packed in scaffold form (Figure 1). The graft was put back into the abdominal cavity.
The peritoneum and skin were closed layer-by-layer.

Figure 1. The extracted pituitary gland (white arrow) was placed on the omentum (black arrow).
Thereafter, the gland was packed within the omental pouch (black arrowhead).

Serum levels of hormones, including TSH, GH, prolactin, and ACTH, from the tail
vein were examined sequentially using ELISA. Hormone levels and body weight at baseline
and at 2 weeks after hypophysectomy were evaluated to confirm the hypophysectomy was
performed correctly. We transplanted the extracted pituitary gland from another SCID rat
into the omental pouch of a hypophysectomized rat at three weeks after hypophysectomy.
Serum hormone levels and body weight were obtained sequentially once every 2 weeks
after pituitary transplantation. Details of the study protocol are illustrated in Figure 2. The
serum hormone levels and body weights of the transplanted group were compared to those
of the hypophysectomy group.

Figure 2. The study protocol for assessing hormonal and body weight change after pituitary transplantation into the
omentum of an hypophysectomized rat.

2.5. Electron Microscopic and Immunohistochemical Examination after Pituitary Transplantation

The implanted pituitary gland was harvested at 3 days after transplantation and
assessed by electron microscopy (EM, JEM-1010, Jeol, Japan). Ultrastructural changes
including nucleus degeneration, and damage to the mitochondria, rough endoplasmic
reticulum (RER), and secretory granules (SGs) were evaluated. Details of tissue preparation
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are described in our previous report [13]. Briefly, the tissue was placed in a fixative, washed
with phosphate buffer saline (PBS), and post-fixed in phosphate-buffered 1% osmium
tetroxide. After dehydration with alcohol, the tissue was embedded in an EPON resin.
Ultrathin sections (70–80 nm in thickness) were made with an ultramicrotome (Ultracut
UCT, Leica, Austria) and subsequently stained with uranyl acetate and lead citrate.

For histopathologic examination, the extracted pituitary glands were fixed in 10%
formalin and embedded in paraffin. Sequential sections of the pituitary gland were cut
to 4 µm thickness with a cryostat and mounted onto slides. After deparaffinization and
rehydration with xylene, ethanol, and deionized H2O, these sections were stained with
hematoxylin and eosin (H&E). In addition, special staining for detecting ACTH, GH,
prolactin, and TSH was conducted.

3. Results
3.1. Serum Hormone Levels and Body Weight Change after Appropriate Hypophysectomy

We performed hypophysectomy for a total of 10 SCID rats to identify a correct hy-
pophysectomy. Of these ten rats, six were found to have undergone adequate pituitary
gland removal (more than 70%) on microscopic examination after sacrifice and surgery
(Figure 3). One rat showed 6.8% weight loss at two weeks after the hypophysectomy and
died a few days later. Five out of the six rats showed (1) weight loss of more than 3% or
(2) a weight change of less than 2% along with a decreased serum GH level by more than
80% at two weeks post-hypophysectomy. Details regarding hormone levels and weight
change of properly hypophysectomized rats are depicted in Figure 4. Serum TSH levels
gradually decreased after surgery and were not detected at 4–6 weeks after surgery. Serum
GH and prolactin levels abruptly decreased two weeks postoperation. This was maintained
until 6–8 weeks and disappeared at 10 weeks. Serum ACTH levels were maintained until
4–6 weeks after surgery and sharply dropped at 6–8 weeks postoperation. The body weight
of adequately hypophysectomized rats showed almost no change until 14 weeks after
surgery. In contrast, all rats (n = 4) with inadequate removal of the pituitary gland showed
(1) gradual weight gain or (2) no change in serum hormone levels.

Figure 3. (A) Adequate removal of pituitary gland. A small remnant of the pituitary gland (black
arrow) was shown in the sellar fossa on microscopic examination. (B) In contrast, large amounts
of remnant pituitary gland (white arrow) were shown in cases with inadequate removal of the
pituitary gland.
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Figure 4. Serum hormone changes of five rats with adequate removal of the pituitary gland over time. The serum TSH level
gradually decreased. It was not detected at 4–6 weeks postoperation. Serum GH and prolactin levels abruptly decreased at
two weeks postoperation and were maintained until 6–8 weeks. Serum ACTH levels were maintained until 4–6 weeks and
sharply dropped 6–8 weeks postoperation. The body weights of correctly hypophysectomized rats seldom changed until
14 weeks. POD, postoperative day.

3.2. Serum Hormone Levels and Body Weight Change after Transplantation

Another four SCID rats were used to assess serum hormone and body weight change
after transplantation. These rats underwent pituitary transplantation into the omental
pouch three weeks after hypophysectomy. Serum TSH and GH levels decreased by more
than 80% compared to baseline hormone levels (less than 1.0 ng/mL in serum level) in all
rats at two weeks post-hypophysectomy. In addition, all hypophysectomized rats showed
no weight gain for two weeks. After pituitary transplantation, serum TSH levels were
elevated up to the baseline level at one week post-transplantation and maintained until
11 weeks after transplantation. Serum GH and prolactin levels normalized at one week
after transplantation but decreased thereafter over time. Serum ACTH levels gradually
decreased after hypophysectomy and were not detected at eight weeks posthypophysec-
tomy. Accordingly, pituitary transplantation did not affect the restoration of serum ACTH
(Figure 5). All rats after receiving pituitary transplantation showed rapid weight gain until
one week (246.4 ± 4.8 g) compared to baseline (167 ± 7.9 g) and gradually gained weight
until 11 weeks (295 ± 4.5 g at 11 weeks) after transplantation. In contrast, hypophysec-
tomized rats without transplantation (control group) showed no hormonal restoration or
weight gain (Figure 6). Mean TSH levels in the transplantation group (4.302 ± 0.664 ng/mL)
were significantly higher compared to the control group (0.018 ± 0.040 ng/mL, p = 0.001)
at one week after transplantation and maintained until 11 weeks after transplantation
(4.730 ± 0.991 versus 0 ng/mL at 11 weeks, p < 0.001). Serum GH (14.616 ± 6.176 versus
0.664 ± 0.426 ng/mL, p = 0.001) and prolactin (10.405 ± 1.786 versus 0.13 ± 0.241 ng/mL,
p < 0.001) levels were significantly different between the two groups at one week post-
transplantation but the difference gradually decreased. Mean serum GH levels were higher
in the transplantation group until 11 weeks, but there was no significant difference from
three weeks (7.715 ± 9.923 versus 0.696 ± 0.693 ng/mL, p = 0.152) after transplantation.
The statistical difference of serum prolactin levels was maintained until seven weeks
(4.765 ± 0.544 versus 0 ng/mL, p < 0.001) after transplantation. Serum ACTH levels did
not show a statistical difference between the two groups. Body weight was significantly
different between the two groups from five weeks (276.875 ± 8.035 versus 214.4 ± 43.281 g,
p = 0.034) after transplantation and was maintained until 11 weeks (295 ± 4.545 versus
220.5 ± 29.894 g at 11 weeks, p = 0.023) after transplantation (Figure 6).
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Figure 5. Serum hormone changes of four rats after hypophysectomy and pituitary transplantation. The serum TSH
level was elevated up to the baseline level at post-transplantation 1 week and maintained until 11 weeks after trans-
plantation. Serum GH and prolactin levels normalized at 1 week after transplantation but decreased over time. Serum
ACTH level gradually decreased after hypophysectomy and was not detected at 14 weeks post-hypophysectomy. POD,
postoperative day.

Figure 6. Mean TSH levels after transplantation were significantly higher compared to the hypophysectomy-only group and
maintained until 11 weeks after transplantation. Serum GH and prolatin levels normalized at 1 week after transplantation
and mean GH levels were significantly higher in the transplantation group than in the hypophysectomy-only group. There
was no significant difference in the mean ACTH levels between the two groups. Mean body weight was significantly
different between the two groups from 8 weeks posthypophysectomy. POD, postoperative day; * p < 0.05.
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3.3. Immunohistochemical Staining Results and Ultrastructural Changes on Electron Microscopic
Examination of Transplanted Pituitary Glands

The harvested pituitary glands from the omental pouches at three days after trans-
plantation maintained nearly normal ultrastructure on EM examination. Structures of
mitochondria, RER, and nuclei of harvested pituitary glands were maintained similarly to
those of the normal gland. The number and structure of SG were also retained. However,
small necrotic areas were found in the harvested pituitary glands. In addition, immunohis-
tochemical staining was done using harvested pituitary glands. We found well-preserved
adeno- and neuro-hypophysis in the H&E stain. Normal glandular structures with a nor-
mal number of acidophils and basophils and without ischemic foci were seen in anterior
hypophysis. Pituitary cells secreting ACTH, GH and prolactin showed strong positive
staining, but TSH showed relatively weak staining in immune staining (Figure 7)

Figure 7. H&E stain showing well-preserved adeno- and neuro-hypophysis at 3 days after transplantation. Special
immunohistochemical study showing strong positive staining for ACTH, prolactin, and GH. However, TSH showing
relatively weak staining on ImmunoHistoChemistry IHC examination. (Original magnification ×200). EM examination
of the harvested pituitary gland from the omental pouch at 3 days after transplantation. EM examination showed nearly
normal ultrastructure except small necrotic areas (black arrow). (original magnification ×1500) Structures of mitochondria,
RER, and nucleus were maintained similar to those of the normal gland. The number and structure of SGs were also
retained. (original magnification ×6000).

4. Discussion

The present study revealed that adequately hypophysectomized rats showed weight
loss or little weight gain along with decreased serum TSH and GH levels over time.
In contrast, rats with inadequate removal of the hypophysis gained weight based on a
normal growth curve. Previous studies have also suggested that no weight gain is an
important parameter for the correct hypophysectomy of rats [10,14,15]. In this study, we
additionally inspected the sellar region by binocular microscopy to confirm whether the
pituitary gland was properly removed after rat sacrifice. In rats with no weight gain
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or minimal weight gain, more than 70% of the total volume of the pituitary gland was
removed. Our results verify that weight loss or minimal weight gain is a very important
sign of adequate hypophysectomy. In this study, total hypophysectomy was impossible
because rats with total resection of hypophysis showed severe weight loss (more than 6%
of baseline weight) and quickly died after surgery. In this study, persistent circulating
ACTH for more than 4 weeks after hypophysectomy was found, even though the half-life
of pituitary hormones is short. This may be due to a substantial remaining portion of the
pituitary gland. However, other hormones (TSH, GH, and prolactin) rapidly decreased
at 2–4 weeks after hypophysectomy and this could be due to the functional decline of
the remaining pituitary tissue over time. Therefore, we performed transplantation at
3 weeks after hypophysectomy to minimize the influence of remaining pituitary tissue on
the restoration of hormones after pituitary implantation.

This study also identified that some hormone levels were restored, and body weight
was gained after pituitary transplantation. In 1980, Knigge et al. demonstrated that pi-
tuitary transplantation resulted in weight gain in all hypophysectomized rats [10]. They
suggested that total body weight was a parameter of implant survival. The return of
adrenal weight and sexual function and testicular maintenance after transplantation were
also reported in their study [10]. Tulipan et al. were the first investigators to show the
restoration of serum pituitary hormone levels, including prolactin and thyroxin after
hypophyseal implant [12]. Maxwell et al. then evaluated graft survival and functional
restoration by radioimmunoassay for serum pituitary hormone levels and also by correla-
tive immunohistochemistry in 1998 [7]. Their assay results revealed that serum levels of
hormones including prolactin, β-endorphin, GH, TSH, and luteinizing hormone (LH) were
restored in many of the rats with pituitary transplantation (45–100%), and reinforced by
immunohistochemical staining of the anterior lobe of the implanted gland [7]. Our results
also revealed the restitution of serum TSH, prolactin and GH levels after transplantation.
This was corroborated by EM examination. We assessed ultrastructural preservation of the
graft by EM at 3 days after transplantation. We have previously reported that the extracted
rat pituitary gland can be preserved for 3 days in HTK solution under hypothermic condi-
tions [13]. Therefore, we conducted EM examination to compare with the EM results of our
previous study. The ultrastructure of the transplanted pituitary gland in this study was
more preserved than the extracted gland preserved in the HTK solution. We additionally
conducted an IHC stain to evaluate the viability of a subtype of hormone-secreting cells.
Positive staining of hormone-secreting cells (ATCH, TSH, prolactin, and GH) can represent
functional preservation of implanted pituitary glands in this study.

In this study, we transplanted extracted pituitary gland into the omental pouch
of the abdominal cavity of rats. There is no general consensus on the optimal site of
pituitary transplantation. Commonly used sites for rat pituitary graft are the kidney
capsule (ectopic area), the hypophysiotropic area and the third ventricle [7,9–12,16–20].
The kidney capsule was regarded as the most convenient area for ectopic transplantation
of the pituitary gland [16–18]. The ectopic transplantation induced hyperprolactinemia
and nearly influenced other anterior pituitary functions in some earlier studies [21]. In
addition, such induced hyperprolactinemia can lead to several complications [22,23].

A key regulator of pituitary biology is the hypothalamic–pituitary relationship con-
nected with the specialized portal system delivering hypothalamic factors to the pituitary
gland. Hypothalamic input and pituitary feedback can be essential for maintaining physi-
ological levels and patterns of pituitary hormones. The pituitary fossa may be the most
important physiological site for pituitary transplantation along with specialized blood sup-
ply. However, the orthotopic transplantation of pituitary gland in rats was technically very
difficult in our preliminary experiments. Pituitary transplantation to the third ventricle has
been investigated by some investigators. Knigge et al. have suggested that cerebrospinal
fluid (CSF) hormonal flow might be a postulated hypothalamic–pituitary control pathway.
Accordingly, vascular input from portal vessels might not be a requisite for pituitary func-
tion [10]. Maxwell et al. have supported this hypothesis by performing a provocation test
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with exogenous hypothalamic releasing factors on rats with pituitary implant to the third
ventricle [7]. Therefore, the third ventricle can be considered a physiological and desirable
site for pituitary transplantation. However, in our preliminary experiments, we could not
find the implanted pituitary gland in the third ventricle after a few days, in contrast to the
previous study by Maxwell et al. This might have been due to the CSF circulation.

The omental pouch is widely used for pancreatic islet transplantation [24,25]. The
use of the omental pouch as a transplantation site has some advantages, as follows: (1)
a larger volume of tissues can be accommodated, (2) it can be more suitable for encap-
sulated or islet grafts with a low degree of endocrine cells, (3) secreted hormones can be
delivered to systemic circulation through hepatic portal system, and (4) the implanted
graft can be harvested at the end of study [24]. We could not find revascularization of
transplanted pituitary gland at 3 days after transplantation. Moreover, long-term survival
of transplanted glands without revascularization is a main drawback of pituitary transplan-
tation into the omental pouch. We tried to find implanted pituitary glands at seven days
after transplantation, but remaining glands could not be found in the omental pouch. In
contrast, implanted pituitary glands beneath the kidney capsule can be preserved for more
than eight weeks [16]. However, some reports have suggested that the omentum shows
the potential for angiogenesis to promote neovascularization in ischemic tissues [26–28].
These results might provide the possibility of long-term survival of non-vascularized graft
such as pituitary glands or islet cells inside the omental pouch. Another limitation of
the omental pouch is the absence of hypothalamic-pituitary relationship connected with
specialized vascular supply. Accordingly, the implanted pituitary gland may not normally
respond to stress or physiological challenges. The omental pouch might not be considered
a physiological site because some pituitary hormones can be excreted by hepatic clearance.
In particular, GH can be excreted by hepatic clearance, ranging from 50 to 95%. Our
results showed that serum GH levels surged at one week after transplantation, but rapidly
declined over two weeks. This might have been due to hepatic clearance. Serum prolactin
level restored at one week after transplantation and was maintained for five weeks. In the
present study, there was no induced hyperprolactinemia caused by the loss of negative
feedback from the hypothalamus. The mechanism is unclear, but hepatic clearance and
buffering of the hepatic portal system before entering into the systemic circulation might
influence the serum prolactin levels after transplantation of pituitary glands, although the
kidneys are the main site of prolactin elimination [29]. To the best of our knowledge, our
study is the first investigation to implant extracted pituitary glands into the omental pouch.
Because the omental pouch has several limitations, additional investigations to find optimal
site for pituitary transplantation and overcome these limitations are needed. Moreover,
because of the limitations of other sites including the kidney capsule, the ventricle and the
sellar floor as well as the omentum, further studies regarding cell transplantation, such as
stem cell or separated pituitary cells, should be conducted [30,31].

Another limitation of this study was the single time-point measurements of pulsatile
pituitary hormones. For accurate and physiological assessment of pituitary hormones,
multiple blood sampling to discern the basal and pulsatile hormone levels would be
required. However, multiple sampling within a period of hours from the tail vein may
cause considerable stress and can lead to the morbidity and mortality of rats.

5. Conclusions

In this study, it was found that TSH, GH and prolactin were restored one week after
transplantation while ACTH was not released from the graft. In addition, the structural
preservation of implanted hypophysis could be assured by EM and IHC examinations.
In conclusion, this study suggests that transplanted pituitary glands could survive in the
omentum with concomitant partial restoration of anterior pituitary hormones.



Cells 2021, 10, 267 10 of 11

Author Contributions: Conceptualization, S.H.Y., J.E.L. and J.H.C.; methodology, S.H.Y., J.E.L., S.H.K.
(Seung Hyun Ko), H.-L.K.; validation, J.E.L., S.H.K. (Se Hoon Kim), H.-L.K.; formal analysis, J.H.C.,
S.H.Y.; investigation, J.E.L., S.H.Y.; data curation, J.E.L., J.H.C.; writing—original draft preparation,
J.H.C.; writing—review and editing, J.H.C., J.E.L., S.H.Y.; visualization, J.H.C.; supervision, S.H.Y.;
project administration, S.H.Y.; funding acquisition, S.H.Y. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was supported by Basic Science Research Program through the National
Research Foundation of Korea (NRF) funded by the Ministry of Education, Science and Technology
(2016R1D1A1A02937141).

Institutional Review Board Statement: All protocols regarding the use of animals were approved
by the Institutional Animal Care and Use Committees (IACUC) of the Catholic University of Korea
(SVH IRB 17-5 and 1 June 2019).

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Reichlin, S. Neuroendocrinology of the pituitary gland. Toxicol. Pathol. 1989, 17, 250–255. [CrossRef] [PubMed]
2. Kim, S.Y. Diagnosis and Treatment of Hypopituitarism. Endocrinol. Metab. 2015, 30, 443–455. [CrossRef] [PubMed]
3. Smith, J.C. Hormone replacement therapy in hypopituitarism. Expert Opin. Pharmacother. 2004, 5, 1023–1031. [CrossRef]
4. Guibert, E.E.; Petrenko, A.Y.; Balaban, C.L.; Somov, A.Y.; Rodriguez, J.V.; Fuller, B.J. Organ Preservation: Current Concepts and

New Strategies for the Next Decade. Transfus. Med. Hemotherapy Offizielles Organ. Dtsch. Ges. Transfus. Immunhamatol. 2011, 38,
125–142. [CrossRef]

5. Shapiro, A.M.J.; Pokrywczynska, M.; Ricordi, C. Clinical pancreatic islet transplantation. Nat. Rev. Endocrinol. 2017, 13, 268–277.
[CrossRef] [PubMed]

6. Pendleton, C.; Zaidi, H.A.; Pradilla, G.; Cohen-Gadol, A.A.; Quinones-Hinojosa, A. Harvey Cushing’s attempt at the first human
pituitary transplantation. Nature Rev. Endocrinol. 2010, 6, 48–52. [CrossRef] [PubMed]

7. Maxwell, M.; Allegra, C.; MacGillivray, J.; Hsu, D.W.; Hedley-Whyte, E.T.; Riskind, P.; Madsen, J.R.; Black, P.M. Functional
transplantation of the rat pituitary gland. Neurosurgery 1998, 43, 1157–1163. [CrossRef] [PubMed]

8. Harris, G.W.; Jacobsohn, D. Functional grafts of the anterior pituitary gland. J. Physiol. 1951, 113, 35–36.
9. Knigge, K.M. Gonadotropic activity of neonatal pituitary glands implanted in the rat brain. Am. J. Physiol. 1962, 202, 387–391.

[CrossRef]
10. Knigge, K.M. Relationship of intracerebral pituitary grafts to central neuropeptide systems. Am. J. Anat. 1980, 158, 549–563.

[CrossRef]
11. Halasz, B.; Pupp, L.; Uhlarik, S. Hypophysiotrophic area in the hypothalamus. J. Endocrinol. 1962, 25, 147–154. [CrossRef]

[PubMed]
12. Tulipan, N.B.; Zacur, H.A.; Allen, G.S. Pituitary transplantation: Part 1. Successful reconstitution of pituitary-dependent hormone

levels. Neurosurgery 1985, 16, 331–335. [CrossRef] [PubMed]
13. Choi, J.H.; Lee, J.E.; Kim, S.H.; Kim, H.L.; Jeun, S.S.; Yang, S.H. Functional survival of rat pituitary gland in hypothermic storage

for pituitary transplantation. Pituitary 2019, 22, 353–361. [CrossRef] [PubMed]
14. Enochs, M.R.; Johnson, L.R. Effect of hypophysectomy and growth hormone on serum and antral gastrin levels in the rat.

Gastroenterology 1976, 70, 727–732. [CrossRef]
15. Oh, Y.T.; Kim, J.; Youn, J.H. Role of pituitary in K+ homeostasis: Impaired renal responses to altered K+ intake in hypophysec-

tomized rats. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2013, 304, R1166–R1174. [CrossRef] [PubMed]
16. Campbell, G.T.; Wagoner, J.; Colosi, P.; Soares, M.J.; Talamantes, F. Development and retention of phenotypically specialized cells

in pituitary allografts in the hamster (Mesocricetus auratus). Cell Tissue Res. 1988, 251, 215–220. [CrossRef] [PubMed]
17. Gon, G.; Shirasawa, N.; Ishikawa, H. Appearance of the cyst- or ductule-like structures and their role in the restoration of the rat

pituitary autograft. Anat. Rec. 1987, 217, 371–378. [CrossRef] [PubMed]
18. Inoue, K.; Taniguchi, Y.; Kurosumi, K. Differentiation of striated muscle fibers in pituitary gland grafts transplanted beneath the

kidney capsule. Arch. Histol. Jpn. 1987, 50, 567–578. [CrossRef] [PubMed]
19. Vuillez, P.; Moos, F.; Stoeckel, M.E. Immunocytochemical and ultrastructural studies on allografts of the pituitary neurointermedi-

ate lobe in the third cerebral ventricle of the rat. Cell Tissue Res. 1989, 255, 393–404. [CrossRef]
20. Nemeskeri, A.; Setalo, G.; Kacsoh, B.; Halasz, B. Fetal pituitary graft is capable of initiating hormone synthesis in median

eminence removed adult rat. Endocrinol. Exp. 1990, 24, 283–292. [PubMed]
21. Adler, R.A. The anterior pituitary-grafted rat: A valid model of chronic hyperprolactinemia. Endocr. Rev. 1986, 7, 302–313.

[CrossRef]

http://doi.org/10.1177/019262338901700203
http://www.ncbi.nlm.nih.gov/pubmed/2675278
http://doi.org/10.3803/EnM.2015.30.4.443
http://www.ncbi.nlm.nih.gov/pubmed/26790380
http://doi.org/10.1517/14656566.5.5.1023
http://doi.org/10.1159/000327033
http://doi.org/10.1038/nrendo.2016.178
http://www.ncbi.nlm.nih.gov/pubmed/27834384
http://doi.org/10.1038/nrendo.2009.223
http://www.ncbi.nlm.nih.gov/pubmed/20010970
http://doi.org/10.1097/00006123-199811000-00077
http://www.ncbi.nlm.nih.gov/pubmed/9802859
http://doi.org/10.1152/ajplegacy.1962.202.3.387
http://doi.org/10.1002/aja.1001580414
http://doi.org/10.1677/joe.0.0250147
http://www.ncbi.nlm.nih.gov/pubmed/13952042
http://doi.org/10.1227/00006123-198503000-00009
http://www.ncbi.nlm.nih.gov/pubmed/3982611
http://doi.org/10.1007/s11102-019-00959-7
http://www.ncbi.nlm.nih.gov/pubmed/30989445
http://doi.org/10.1016/S0016-5085(76)80263-6
http://doi.org/10.1152/ajpregu.00495.2012
http://www.ncbi.nlm.nih.gov/pubmed/23594607
http://doi.org/10.1007/BF00215467
http://www.ncbi.nlm.nih.gov/pubmed/3342440
http://doi.org/10.1002/ar.1092170408
http://www.ncbi.nlm.nih.gov/pubmed/3592263
http://doi.org/10.1679/aohc.50.567
http://www.ncbi.nlm.nih.gov/pubmed/3439851
http://doi.org/10.1007/BF00224123
http://www.ncbi.nlm.nih.gov/pubmed/2171902
http://doi.org/10.1210/edrv-7-3-302


Cells 2021, 10, 267 11 of 11

22. Asad, M.; Shewade, D.G.; Koumaravelou, K.; Abraham, B.K.; Balasinor, N.; Ramaswamy, S. Effect of hyperprolactinaemia as
induced by pituitary homografts under kidney capsule on gastric and duodenal ulcers in rats. J. Pharm. Pharmacol. 2001, 53,
1541–1547. [CrossRef]

23. Moro, M.; Inada, Y.; Miyata, H.; Komatsu, H.; Kojima, M.; Tsujii, H. Effects of dopamine d2 receptor agonists in a pituitary
transplantation-induced hyperprolactinaemia/anovulation model in rats. Clin. Exp. Pharmacol. Physiol. 2001, 28, 651–658.
[CrossRef]

24. Kin, T.; Korbutt, G.S.; Rajotte, R.V. Survival and metabolic function of syngeneic rat islet grafts transplanted in the omental pouch.
Am. J. Transplant. 2003, 3, 281–285. [CrossRef]

25. Merani, S.; Toso, C.; Emamaullee, J.; Shapiro, A.M. Optimal implantation site for pancreatic islet transplantation. Br. J. Surg. 2008,
95, 1449–1461. [CrossRef]

26. Zhang, Q.X.; Magovern, C.J.; Mack, C.A.; Budenbender, K.T.; Ko, W.; Rosengart, T.K. Vascular endothelial growth factor is
the major angiogenic factor in omentum: Mechanism of the omentum-mediated angiogenesis. J. Surg. Res. 1997, 67, 147–154.
[CrossRef]

27. Hockel, M.; Schlenger, K.; Doctrow, S.; Kissel, T.; Vaupel, P. Therapeutic angiogenesis. Arch. Surg. 1993, 128, 423–429. [CrossRef]
28. Goldsmith, H.S.; Griffith, A.L.; Kupferman, A.; Catsimpoolas, N. Lipid angiogenic factor from omentum. JAMA 1984, 252,

2034–2036. [CrossRef]
29. Bauer, A.G.C.; Wilson, J.H.P.; Lamberts, S.W.J. The Kidney is the Main Site of Prolactin Elimination in Patients with Liver Disease.

J. Clin. Endocrinol. Metab. 1980, 51, 70–73. [CrossRef]
30. Balyura, M.; Gelfgat, E.; Ehrhart-Bornstein, M.; Ludwig, B.; Gendler, Z.; Barkai, U.; Zimerman, B.; Rotem, A.; Block, N.L.; Schally,

A.V.; et al. Transplantation of bovine adrenocortical cells encapsulated in alginate. Proc. Natl. Acad. Sci. USA 2015, 112, 2527–2532.
[CrossRef]

31. Lara-Velazquez, M.; Akinduro, O.O.; Reimer, R.; Woodmansee, W.W.; Quinones-Hinojosa, A. Stem cell therapy and its potential
role in pituitary disorders. Curr. Opin. Endocrinol. Diabetes Obes. 2017, 24, 292–300. [CrossRef] [PubMed]

http://doi.org/10.1211/0022357011777918
http://doi.org/10.1046/j.1440-1681.2001.03495.x
http://doi.org/10.1034/j.1600-6143.2003.00049.x
http://doi.org/10.1002/bjs.6391
http://doi.org/10.1006/jsre.1996.4983
http://doi.org/10.1001/archsurg.1993.01420160061009
http://doi.org/10.1001/jama.1984.03350150034017
http://doi.org/10.1210/jcem-51-1-70
http://doi.org/10.1073/pnas.1500242112
http://doi.org/10.1097/MED.0000000000000346
http://www.ncbi.nlm.nih.gov/pubmed/28520591

	Introduction 
	Materials and Methods 
	Animals 
	Parapharyngeal Approach to Remove the Pituitary Gland 
	Experiments to Determine Correct Removal of the Pituitary Gland 
	Pituitary Gland Transplantation into the Omentum and the Follow-Up Protocol 
	Electron Microscopic and Immunohistochemical Examination after Pituitary Transplantation 

	Results 
	Serum Hormone Levels and Body Weight Change after Appropriate Hypophysectomy 
	Serum Hormone Levels and Body Weight Change after Transplantation 
	Immunohistochemical Staining Results and Ultrastructural Changes on Electron Microscopic Examination of Transplanted Pituitary Glands 

	Discussion 
	Conclusions 
	References

