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Abstract

Adrenocortical cell transplantation is a powerful technique for the investigation of the regulation of adrenocortical structure and function.
Some classical organ and tissue transplantation experiments suggest that the success of transplantation depends on the activity of the pituitar
gland and other endocrine systems, and is therefore influenced by the host animals’ own adrenal glands. For this reason, our experiments
have usually been performed on adrenalectomized animals. However, we show here that cell transplantation experiments, involving the
introduction of bovine adrenocortical cells irdtid mice, do produce transplant tissues in the presence of the host animals’ adrenal glands.
However, the tissue that forms is small and its cells also smaller than usual. When the adrenals of such animals are removed in a second
surgical procedure, the transplants show a rapid increase in steroidogenic function and a slower increase in size, over several weeks. We
conclude that the initial process by which transplanted adrenocortical cells organize into a tissue structure is not affected by the presence
of the host animals’ adrenal glands, but the growth of the transplants is limited until the adrenal glands are removed.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction transplantation model provides a new method for the in-
vestigation of gene action, as an alternative to conventional

Over the past few years, we have developed a new modelMethods6,7].
system for the investigation of adrenocortical cell biology. In ~ The process by which a loose suspension of cells reor-
this model, bovine or human adrenocortical cells are trans- 9anizes into a vascularized tissue, in cooperation with host
planted into immunodeficiensgid) mice [1]. When placed cells, is not well established and is the subject of inten-
in a suitable site in the host animal, the cells form a new Sive investigation in this laboratorfd]. One of the criti-
functional tissue structure that is vascularized and united cal questions is the dependence of the growth and function
with the host vascular system. Moreover, this tissue can of adrenocortical cell transplants on the endocrine status of
replace the essential steroidogenic functions of the animals'the host animal. In this regard, the most obvious factor is
own adrenal glandiL]. We have used this model system in the activity of the host pituitary gland, which together with
several investigations of adrenocortical biology. These ex- the renin/angiotensin system are the endocrine systems that
periments have included studies on normal primary adreno-control the adrenal cortex. The question of the role of the
cortical cells isolated both from bovine adrenal glafi8] pituitary gland arises particularly in view of older literature
and from human adrenal glands from donors of various agesi” which adn_’-znocortical tissue or organs were transplantt_ad.
[4,5]. Additionally, we have performed a series of trans- These expenments.were performed within the same species,
plantation studies using adrenocortical cells that have beenWhereas our experiments are examples of xenotransplanta-

genetically modified, and we have proposed that this cell tion. The data in the older literature are conflicting, but there
are many studies suggesting that the survival, growth, and
function of transplanted adrenocortical tissue is dependent
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With this older data in mind, when we first began work been previously describg8]. In the standard protocol, mice
on adrenocortical cell transplantation, our standard protocol were adrenalectomized and received transplants of adreno-
was to adrenalectomize the animal at the time of transplan-cortical cells in a single procedure.
tation, so as to remove the inhibitory influence of adrenocor-  As in previous experiments, we used a small polycarbon-
tical steroids on pituitary function. Given the success of this ate cylinder to create a virtual space beneath the capsule
protocol, we performed almost all experiments in animals into which the cells could be introducd®,3]. Adrenocor-
that were adrenalectomized at the time of transplantation.tical cells were introduced into this space as follows. Cells
However, the question remains as to whether this assump-were released from the culture dish by digestion with bac-
tion was correct. Does the presence of the animals’ adrenalterial proteasg9]. Adrenocortical cells (2« 10°) mixed
glands prevent the proper formation of transplant tissue, orwith 4 x 10° irradiated 3T3 cells were injected into the
affect the growth and function of the tissue? In order to study subcapsular cylinder by a transrenal injection using al50
this question, we performed a series of experiments in which Hamilton syringe with a blunt 22-gauge needle.
the animals’ adrenal glands were not removed at the time Post-operative care for the animals consisted of the ad-
of transplantation. Additionally, we performed experiments ministration of synthetic steroids for 7 days (for animals
in which the animals’ adrenal glands were removed severalthat were adrenalectomized at the time of cell transplanta-
days or weeks following cell transplantation; following this tion) and the administration of analgesics and antibiotics in
delayed adrenalectomy the animals were allowed to survivethe drinking water (for all animals). These treatments were
from 1 day to several weeks further before sacrifice. described previouslf3].
After 2 weeks, and at approximately weekly intervals
thereafter, tail blood samples were taken 15 min after the in-

2. Materials and methods jection of ACTH (Sigma, 0.01 units/g body weight). In the
_ _ _ standard protocol, animals were sacrificed 35 days after cell
2.1. Growth of bovine adrenocortical cells in culture transplantation. Animals were injected with ACTH 15 min

before sacrifice and cardiac blood samples were removed
Bovine adrenocortical cells were derived by enzymatic under anesthesia.

and mechanical dispersion from the adrenal cortex of In some experiments, the adrenal glands were removed
2-year-old steers, as previously descrijf@d Primary cell in a second surgical procedure. The animals received the
suspensions were stored frozen in liquid nitrogen. Frozen standard post-operative care, as described earlier, without
cells were thawed and replated in Dulbecco’s modified steroid administration.
Eagle’s medium/Ham’s F-12 (1/1) with 10% fetal bovine
serum, 10% horse serum and 0.1 ng/ml recombinant FGF-22.4. Histology and immunohistochemistry
(Mallinckrodt, St. Louis, MO)[9]. Cells were grown in

culture for 7 days before transplantation. The fixation, paraffin embedding and histological exam-
ination of tissue formed from transplanted cells were per-
2.2. FGF-transfected 3T3 cells formed using standard techniques. Some tissue sections were

stained for expression of the Ki-67 proliferation-associated

As previously described, adrenocortical cells were antigen and for p2¥AFL/CIPY/SDIL 55 previously described
co-transplanted with 3T3 cells stably expressing FGF-1 [11]. Sections were lightly counterstained with hematoxylin.
fused in frame with a signal peptide from hst/KS3, yielding  Transplants were distinguished from surrounding host tis-
a highly angiogenic secreted prodiit0]. 3T3 cells were sues by aimmunohistochemical reaction with an monoclonal
grown under the same conditions as bovine adrenocorticalantibody that recognizes an unknown 65 kDa human mito-
cells. To render the cells incapable of further division after chondrial protein (Chemicon International, Temecula, CA)

transplantation, they were lethally irradiated, as previously [12] (seeSection 3. Sections were incubated in 1:10 dilu-

described3]. tion of the antibody. The secondary antibody used was Vec-
tor Laboratories’ (Burlingame, CA) universal biotinylated
2.3. Transplantation of cells beneath the kidney secondary antibody.

capsule of scid mice
2.5. Radioimmunoassays
ICR scid mice were maintained in an animal barrier facil-

ity as a breeding colony. Animals (both males and females) Radioimmunoassays were performed directly on plasma
at an age greater than 6 weeks26 g body weight) were  samples from animals with transplanted cells using the
used in these experiments. Procedures were approved by théllowing kits. Cortisol: Corti-cote (ICN Pharmaceuticals,
Institutional Animal Care Committee and were carried out Orangeburg, NY). The manufacturer reports that this an-
in accordance with the NIH Guide for the Care and Use of tibody has a cross-reaction of 1.2% with corticosterone.
Laboratory Animals. The surgical procedure for transplan- Corticosterone: ImmuChem double antibody kit (ICN).
tation of adrenocortical cells beneath the kidney capsule hasThis antibody has a reported cross-reaction of 0.05% with
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cortisol. Aldosterone: Active Aldosterone kit (Diagnostic ing host tissue. An antibody against a mitochondrial protein
Systems Laboratories, Webster, TX). The manufacturer re-was found to stain bovine adrenocortical cells without any
ports a cross-reaction of this antibody with corticosterone reaction with host mouse tissue. This antibody was previ-
of 0.03% and no detectable cross-reaction with cortisol.  ously reported to be useful in distinguishing transplanted
human cells in the mouse brgih2], and we also found in
other experiments that it intensely stains human adrenocor-
3. Results tical cells in transplants. As it reacts with human and bovine
cells of various types, but does not react with mouse cells,
Using the protocol for adrenocortical cell transplantation it is assumed that the protein differs significantly among
in scid mice that we have developed and previously de- these species. Although the identity of the protein is un-
scribed, we transplanted primary bovine adrenocortical cells known, this antibody technique has proved to be very useful
beneath the kidney capsule. The variation from our standardin distinguishing transplanted cells from host cells, particu-
protocol was that some animals were not adrenalectomizedlarly in distinguishing scar tissue, which is quite frequently
at the time of cell transplantation. In adrenalectomized ani- seen in parts of the transplants. Using this technique, it is
mals, transplants are mature at 35 days, i.e. the tissue is welkvident that the transplants in non-adrenalectomized an-
formed and vascularized and the plasma steroid levels haveamals, although smaller, are indeed composed of bovine
plateaued3]. In a series of animals, we transplanted bovine adrenocortical cellsHig. 1).
adrenocortical cells without removing the adrenal glands Over a period of weeks, transplants in animals following
at the time of transplantation and subsequently performeddelayed adrenalectomy showed a normalization of the size
adrenalectomy at 35 days. Animals were then sacrificed atof the tissue and of cell sizeFig. 1). In the first week

various times ranging from 12 h to 42 days lateig6. 1-3. following adrenalectomy, the structure of the transplants
In a few animals, adrenalectomy was performed at 7 or 21 showed few visible changes (an example is showfign 1
days following cell transplantation. of an animal sacrificed 24 h after adrenalectomy). By 42

When non-adrenalectomized animals were sacrificed atdays following adrenalectomy, transplants had increased
35 days, a small transplant tissue was present above thesubstantially in size, and the cells had also enlarged. Two
mouse kidney at the site of injection of the celldd. 1). examples are shown fig. 1
Transplants in non-adrenalectomized animals were substan- In view of the difference in the size of transplant tissues in
tially smaller than in animals adrenalectomized at the time non-adrenalectomized animals, we investigated cell prolif-
of cell transplantatior{3]. The cells within the tissue in  eration in the transplants, assessed by immunohistochemical
non-adrenalectomized animals were also smaller. In orderdetection of the proliferation marker Ki-67. We previously
to ensure that these cells were in fact adrenocortical cells,noted that the monoclonal antibody used does not stain di-
and not of host origin, we used an immunohistochemical viding host mouse cell$ig. 2shows dividing cells in a con-
technique to distinguish adrenocortical cells from surround- trol transplant (animals adrenalectomized at the time of cell

w’q. "
AT

Fig. 1. Influence of adrenalectomy on the histological structure of adrenocortical cell transplants. Bovine adrenocortical cells were trdresmattie

the kidney capsule ofcid mice. Animals were not adrenalectomized at the time of cell transplantation. At 35 days, animals were sacrificed (a and
a) or were adrenalectomized and sacrificed 24h (b ahdb42 days later (c,’ce and €. (a—c and e) Adrenocortical cells in the transplants were
distinguished from host tissue using an antibody against a mitochondrial protein (see tegt)arfd €) Tissues were stained with Masson'’s trichrome,

which stains connective tissue blue. Note the presence of scar tissue in (a), which does not react with the anti-mitochondrial antibody. (d)rHigh powe
view of part of the transplant in a non-adrenalectomized animal stained with Masson’s trichrome. Magnification: (a—c and(e) 400x.
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Fig. 2. Cell division and expression of p#AF1/CIPYSDIL i hovine adrenocortical cell transplants. The mouse kidney is at the bottom of each micrograph.
(a and & Control transplant tissue; the animal was adrenalectomized at the time of cell transplantation and was sacrificed at 35 daysT(arespdant

tissue in a non-adrenalectomized animal, sacrificed at 35 days. (¢)afcesplant tissue in an animal adrenalectomized at 35 days and sacrificed 35 days
later. Sections were stained with an antibody against the Ki-67 proliferation marker (a—c) or with an antibody again'stc)2Mémnification: 106.

transplantation), in a transplant in a non-adrenalectomizedmaining level is insufficient to affect the radioimmunoassay
animal, and in a transplant in an animal subjected to delayedfor cortisol.
adrenalectomy. Although we did not have sufficient numbers  After adrenalectomy at post-transplantation day 7 or 21,
of animals in the different treatment groups to do a statis- cortisol levels rose progressivelkif. 3). Several weeks af-
tical comparison, the numbers of dividing cells appeared to ter adrenalectomy cortisol had risertd00 nM. In animals
be somewhat lower in the non-adrenalectomized animals. Inthat are adrenalectomized at the time of cell transplanta-
the delayed adrenalectomy animals, the numbers were simition, plasma cortisol plateaus a200 nM[3]. Additionally,
lar to those previously observed using our standard protocolwe showed previously that transplants of primary bovine
[11]. adrenocortical cells normally secrete aldosteri@eWhen
In previous experiments, we also investigated the expres-animals were adrenalectomized 7 days after cell transplan-
sion of p2VAFL/CIPY/SDI1 an important inhibitory regulator  tation, aldosterone levels rose progressively~tb00 pM.
of cell proliferation. Paradoxically, expression of p21 was This is substantially less than the levels observed in animals
positively correlated with cell proliferation in transplant that were adrenalectomized at the time of transplantation, in
tissues[11]. In these experiments, we also examined p21 which levels were~500 pM[3]. However, when adrenalec-
levels by immunohistochemistryFig. 2). p21 was readily = tomy was performed at 21 days following cell transplanta-
detectable in control transplants in adrenalectomized ani-tion or later, no circulating aldosterone was detectable, even
mals, but was substantially lower in non-adrenalectomized after several weekd$-(g. 3, and other data not shown).
animals. In animals subjected to delayed adrenalectomy, When adrenalectomy was performed at 35 days, corti-
the levels were much higheFig. 2). sol levels were readily detectable even at 12h following
In adrenalectomized animals bearing bovine adrenocor- surgery and showed a peak at 36 h; at 48 and 72 h, they were
tical cell transplants, we can assess the function of thelower. By 15-30 days following adrenalectomy, levels had
transplants by measuring cortisol in the plasf2a8]. We plateaued at-100 nM. Aldosterone was not detected in any
use cortisol levels in plasma to assess the function of theanimal that was adrenalectomized at 35 days.
transplanted cells because the mouse adrenal gland secretes
corticosterone rather than cortisol. This assay fails in the
presence of the high levels of corticosterone in animals with 4. Discussion
intact adrenal glands because of the cross-reaction of cor-
ticosterone in the radioimmunoassay for cortisol. However, In this adrenocortical cell transplantation model system,
information on the level of function of the transplants can we can distinguish various phases of the establishment and
be obtained in animals following removal of the animals’ maintenance of the transplant tissue, including the initial
adrenal glands. Corticosterone disappears rapidly from theaggregation of the cells within the host, invasion of the ag-
plasma after removal of the animals’ adrenal glands. We gregate by endothelial cells, formation of a vascular system
found that corticosterone was reduced to less than 2% ofunited with the host, and the subsequent survival, growth
that in intact animals, 12 h after adrenalectomy. The re- and function of the transplant tissy&]. In the present
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Adrenocortical cell transplantation — adrenalectomy at 7 days or 21 days
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Fig. 3. Time course of changes in plasma cortisol and aldosterone in two animals that received transplanted bovine adrenocortical cells aadt@cere subj

to delayed adrenalectomy (arrows: days 7 and 21) (above). Time course of changes in plasma cortisol in a series of animals that received transplants of
bovine adrenocortical cells and were adrenalectomized at day 35 (below). The animals were then sacrificed at the indicated times after adrenalectomy
The data are the averages of the plasma levels from the indicated numbers of animals sacrificed at each time point.

experiments, we investigated to what extent these processes Despite the smaller size of the transplants in the
are dependent on pituitary function, as influenced by steroid non-adrenalectomized animals, we detected dividing cells
secretion by the host animals’ adrenal glands. Somewhat35 days following cell transplantation. As we noted previ-
surprisingly, in view of some data in the older literature, we ously, there is a remarkable decline in the proliferation rate
found that transplants formed in non-adrenalectomized an-of bovine adrenocortical cells as they are removed from cell
imals, although small, had a relatively normal appearance. culture and placed in the host aninjal,13] However, the
Capillaries were easily visible in the tissue (d&g. 19. rate does not fall to zero but remains a detectable level at
This indicates that the initial steps in the formation of the least to~60 days following cell transplantation. The factors
tissue do not appear to be dependent on elevated pituitarythat drive this proliferation in the transplants have not yet
function. However, both the transplants themselves and thebeen elucidated. The classical view is that cell proliferation
cells within the transplants were smaller than usual. This is in the adrenal cortex is driven by circulating ACTHA4].
consistent with a model in which the growth and function of ACTH levels would be expected to be much higher in an-
the transplant is dependent on pituitary function at a stageimals following adrenalectomy, and we confirmed this in
beyond the initial phase of formation of the transplant tissue. a small number of animals in these experiments (data not
The transplant remains capable of normal cortisol secretionshown). However, the manner by which ACTH affects pro-
following delayed removal of the animals’ adrenal glands. liferation in the adrenal cortex is still uncertain, as ACTH
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does not act as a direct mitogen in cultured bovine and remaining questions regarding these two phases of adreno-
human adrenocortical cel[44]. cortical cell transplantation.

Expression of the cell cycle inhibitor p21 differed in
transplants in non-adrenalectomized animals. We previ-
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