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1. INTRODUCTION
More than eighty years have now elapsed since Smith

(1916) and Allen (1916) discovered striking changes in the
pigmentation of the tadpole after hypophysectomy. Since
mammals lack a pigmentary effector system in the skin, the
structure of the pars intermedia of the pituitary gland and the
physiological function of pituitary hormonal peptides derived
from the precursor peptide proopiomelanocortin (POMC),
including melanocyte-stimulating hormone (MSH), have been
mainly investigated in amphibians, fish and reptiles. There-
fore, the role of this gland in pigmentary control in these spe-
cies is well established and has been adequately reviewed
(Tonon et al., 1988; Lamacz et al., 1991). In comparison, the
pars intermedia of mammals has regretfully received less
attention.

For eighty years, advances in biotechnology and molecu-
lar biology have been occurring rapidly, and the study of the
pituitary gland has also greatly advanced owing to these new
technologies. Furthermore, advancements in endocrinology
and immunology have now eliminated many of the traditional
barriers between the scientific fields of endocrinology, immu-
nology and neurobiology, and have opened up a new field of
research that is regarded as neuro-immuno-endocrinology.
Today, many lines of evidence have shown that cellular and
molecular neuro-immuno-endocrine interactions take place
under normal physiological conditions of mammalian life.
Moreover, many interesting findings concerning the pars
intermedia of the mammalian pituitary gland of mammals have
been made and new clues to its possible role in nature have
emerged. Therefore, the physiological functions of the mam-
malian pars intermedia should be studied and discussed from
this new point of view. Nevertheless, physiological roles for
the mammalian pars intermedia of the pituitary are still con-
troversial, and no comprehensive review of the structure and
physiological function of this part of the mammalian pituitary
appears to have been published to date. Therefore, this
review will attempt to evaluate the many interesting findings
concerning the pars intermedia of mammals from the point of
view of neuro-immuno-endocrinology, and suggest lines for

future investigations on the pars intermedia. Hence, this
review should be interpreted as a landmark for the study of
the mammalian pars intermedia.

2. HISTOCYTOLOGY OF THE PARS INTERMEDIA (FIG. 1)
It has been suggested that some mammalian species that

have lost most or all of their body hair such as man, whales,
dolphins and elephants lack the pars intermedia of the pitu-
itary (Turner and Bagnara, 1976). Nevertheless, reports
reveal that the human pars intermedia is well developed
(Murakami et al., 1968) and α-MSH is also found in the pitu-
itary of the fetus and the neonate (Silman et al., 1978; Mauri
et al., 1993). Whales and dolphins lack the pars intermedia,
however, they do not lack POMC-related peptides that are
produced by melanotrophic cells present in the pars distalis
(Geiling et al., 1940). These results suggest that the pars
intermedia of the pituitary gland is an essential organ in
mammals and that POMC-related peptides produced by
melanotrophic cells may have other important physiological
functions in mammals besides melanogenesis.

The pars intermedia of the mouse and the rat pituitary
consists of 10–15 layers of densely arranged cells separated
into lobules by strands of connective tissue. The principal type
of cell in the pars intermedia is the melanotrophic cell, a large
polyhedral cell with a smooth ovoid nucleus which secretes
α-MSH, β-endorphin, and several other peptide derivatives of
a common precursor, POMC. The detailed structure of the
pars intermedia of the pituitary gland has been studied in sev-
eral species of rodents by light and electron microscopy. How-
ever, since an appreciation of the structure of the pars
intermedia is essential for a proper appraisal of such func-
tional aspects as the cellular origin of POMC and the control-
ling mechanisms operating on the gland, its histocytology will
now be outlined.

(1) Melanotrophic cells
The pars intermedia is composed of an almost homog-

enous population of endocrine cells, the melanotrophic cells
that represent the great majority of glandular cells in the tis-
sue. These cells contain abundant secretory granules char-
acterized by a variable electron density that is related to the
maturation of their hormone content. Since melanotrophic cells
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recycle their cellular membrane, the electron-lucent granules
or vacuoles observed in cytoplasmic areas of melanotrophic
cells are thought to be endosomes (Back et al., 1993). Ultra-
structural changes of activated melanotrophic cells have been
well documented by Kobayashi et al. (1984) and Takeuchi
(1995). An interesting heterogeneity between the tinctorial
properties of individual melanotrophic cells (dark cells and light
cells) is observed in pituitary tissue sections (Chronwall et al.,
1987). This melanotrophic cell heterogeneity correlates with
various levels of POMC-mRNA expression. Dispersed
melanotrophic cells maintain diverse levels of POMC-mRNA,
and the content of organelles reflects biosynthetic activity and
α-MSH immunoreactivity. Treatment with the dopamine D2
receptor agonist, bromocriptine, highlights the heterogeneity
in POMC expression of melanotrophic cells (Beatty et al.,
1998). Iturriza (1989) reported that dopamine-sensitive and
dopamine-insensitive cells might exist in the normal pars
intermedia of the pituitary. In vivo, several factors such as the
degree of dopaminergic innervation, and gradients of stimu-
latory and inhibitory stimuli in the extracellular spaces could
serve to maintain the heterogeneity of melanotrophic cells.

(2) ACTH-like cells
A second type of cell, morphologically quite different from

melanotrophic cells is present in the pars intermedia but this
type of cell is much less abundant. These cells are mainly
found in the rostral zone of the pars intermedia and in the
contact zone between the pars nervosa and the pars
intermedia. Furthermore, these cells contain highly electron-
dense secretory granules, and can be considered as authen-

tic corticotrophic cells (Stoeckel et al., 1973). It is of interest
that lobular corticotrophic cells are found in the canine pars
intermedia of the pituitary (Halmi et al., 1981). As the physi-
ological functions of the peptides produced by ACTH-like cells
in the mammalian pars intermedia remain unknown, the con-
trol mechanisms of hormone secretion and synthesis, and
physiological functions of these cells are the major subjects
of future research.

(3) Glial-like cells
A third type of pars intermedia cell is called glial-like cell,

and these are observed lying between the melanotrophic cells
and the periphery of the lobules. Glial-like cells express glial
fibrillary acid protein (GFAP) and are scattered throughout the
pars intermedia. These cells extend their cytoplasmic pro-
cesses between melanotrophic cells. It is well known that
dopaminergic neurons from the CNS innervate the pars
intermedia and control hormone synthesis and release by
melanotrophic cells. Alterations in expression of GFAP in glial-
like cells following lactation, salt-loading, adrenalectomy (Gary
and Chronwall, 1995) and D2 receptor agonist treatment
(Sands and Chronwall, 1996) suggest that glial-like cells in
the pars intermedia also respond to variation in the dopamin-
ergic tone from the hypothalamus. As receptors for neuropep-
tide Y (NPY) are located on the glial-like cells, axonal NPY
may exert an effect on hormone secretion by melanotrophic
cells indirectly, via these glial-like cells (See Section 5).
Recently, several inflammatory cytokines (IL-1, IL-6, TNF, etc)
have been identified in the pars intermedia (See Section 3). It
is well known that microglia are macrophage-like cells derived

Fig. 1. Schematic representation of the histocytology of the pars intermedia. N : nucleus, S : secretory granules (characterized by variable
electron density), G : Golgi apparatus, r-ER : rough surfaced endoplasmic reticulum, C : cytoplasmic processes of glial-like cell.
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from mononuclear myeloid progenitors, and activated micro-
glia mediate inflammatory processes by producing inflamma-
tory cytokines (IL-1, IL-6, TNF, etc) and other molecules. These
results suggest that hormone synthesis and release by
melanotrophic cells are regulated by several cytokines pro-
duced by glial-like cells in the pars intermedia. In recent years,
it has been reported that IL-18, identified as a new member of
the IL-1 family, is also produced by microglia and its expres-
sion is enhanced by lipopolysaccharide (LPS) (Conti et al.,
1999; Prinz and Hanisch, 1999). Therefore, it is possible that
many immunological mediators are produced in the pars
intermedia.

3. HORMONE CONTENT OF THE PARS INTERMEDIA
(FIG. 2)

In the mammalian pars intermedia of the pituitary gland,
the first major cleavage of POMC occurs between ACTH and
β-lipotropin (β-LPH), yielding the N-terminal POMC fragment
ACTH-biosynthetic intermediate (ABI) and β-LPH. The ABI is
further cleaved to ACTH and N-POMC (big-γ-MSH/joining
peptide). In the pars intermedia, β-LPH is almost completely
processed into γ-LPH and β-endorphin, and ACTH is cleaved
to α-MSH and corticotropin-like intermediate lobe peptide
(CLIP). β-Endorphin is further converted into a variety of
endorphin-related products that are not detectable in the
anterior pituitary (Loh, 1992). Therefore, the amino acid
sequences of both α-MSH and CLIP are found within the ACTH
molecule, while the met-enkepharin, β-endorphin, β-MSH and
γ-LPH sequences are located in β-LPH molecules (Loh, 1992;
Nakanishi et al., 1979). Acetylation of α-MSH and β-endor-
phin is an important process in the regulation of biological
activities of α-MSH and β-endorphin. Tissue-specific expres-
sion of proopiomelanocortin acetyltransferase in the pars

intermedia is consistent with the presence of acetylated forms
of β-endorphin, in the pars intermedia only, and not in the
pars distalis. An acetyltransferase activity that can acetylate
both α-MSH and β-endorphin has been found in the secretory
granules of melanotrophic cells.

α-MSH, in its N-acetylated form, has more potent
melanotrophic activity than the des-acetyl form. Conversely,
N-acetylation of β-endorphin eliminates the opiate activity of
this peptide. The physiological functions of N-acetylated forms
of β-endorphin produced by melanotrophic cells are poorly
understood. Furthermore, the biological functions of other
peptide derivatives of POMC produced by melanotrophic cells
are still unknown. Nevertheless, it would be expected that these
POMC-derived peptides produced by melanotrophic cells are
not biologically inactive. It is interesting to note that the pitu-
itary of the human fetus as well as that of the rhesus monkey
fetus contains a high concentration of α-MSH, and that the
MSH bioactivity decreases dramatically soon after birth (Silman
et al., 1978). In the human, this may be due to the fact that the
fetus, unlike the adult, has a well developed pars intermedia
(Murakami et al., 1968). Furthermore, morphological studies
also suggest that marked hypersecretion of various hormones
occurs during the neonatal period (Kobayashi and Takeuchi,
1985). The fact that the fetal and neonatal mammalian pitu-
itaries contain well developed pars intermedia and still have
the same developmental changes in α-MSH levels suggests
that there may be a physiological role in the POMC system
during fetal and neonatal life (See Section 6).

Recently many bioactive products produced by the pars
intermedia have been identified. Cytokines are probably the
most interesting products found in the pars intermedia (Fig.
3). Interleukin-6 (IL-6) (Spangelo et al., 1994) and tumor
necrosis factor (TNF) (Arras et al., 1996) are found in melano-

Fig. 2. Proteolytic processing of POMC in the pars intermedia. Joi.Pep.: joining peptide, NTP: N-terminal peptide, CLIP: corticotrophin-like
intermediate lobe peptide, End: endorphin, Met-Enk: methionine-enkephalin.
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trophic cells and may regulate hormone synthesis and the
cellular functions of the pars distalis via the intra-adenohypo-
physeal portal system (See Section 4). More recent histologi-
cal studies revealed that the pars intermedia produces
several neurotrophic factors such as brain-derived neu-
rotrophic factor (BDNF) (Hopker et al., 1997) and neuroturin
(Xian et al., 1999). Surprisingly, BDNF expression in melano-
trophic cells is regulated by dopaminergic stimulation. So far,
the biological and physiological functions of BDNF and
neuroturin produced by melanotrophic cells are unknown.

It is well known that marked changes in the plasma con-
centrations of pituitary hormones are observed after periph-
eral challenge with the bacterial endotoxin lipopolysaccharide
(LPS). A key step in these responses may be the induction of
inflammatory cytokines, because administration of cytokines
such as interleukin-1 (IL-1) can induce similar effects. Fur-
thermore, IL-1β converting enzyme (ICE ; also called caspase-
1) transforms the immature precursor form of IL-1β to the
mature form. Whiteside et al. (1999) reported that systemati-

cally administered LPS enhances the production of ICE in the
pituitary gland. These results suggest that members of the IL-
1 family may be produced in the pituitary gland and regulate
the cellular functions of the pars distalis and pars intermedia,
although the actual IL-1 producing cells have not yet been
identified. Therefore, we must take off our old coat and com-
mence study of the mammalian pars intermedia on the basis
of neuro-immuno-endocrinology.

4. VASCULATURE OF THE PARS INTERMEDIA
The vascularity of the pars intermedia is variable. In the

pig, capillaries are quite obvious within the gland, and in the
cat, goat and rabbit, the pars intermedia is relatively well vas-
cularized. However, in many species including man, the pars
intermedia has few blood vessels and there appears to be a
paucity of blood vessels (Turner and Bagnara, 1976). The
pars intermedia of laboratory animals such as the mouse and
rat, and that of the small desert gerbil (Gerbillus pyramidum)
also have few blood vessels (Lebaili et al., 1999). This sparse

Fig. 3. Schematic representation of control mechanisms acting on melanotrophic cells and bioactive products produced by the melanotrophic
cells. (–) : inhibitory control, (+) : stimulatory control, (?) : unknown.
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vascularity in the pars intermedia of the pituitary gland is
unusual in the endocrine system. Therefore, this feature raises
intriguing questions concerning the route of egress of POMC-
derived peptides produced by melanotrophic cells. There may
be another outflow system between the parenchymal cells
such as an irrigation system for nutrition and secretion.

Recently, a scanning electron microscope study of cast
samples of the rat pituitary gland suggested that the capillary
bed of the rat pars intermedia is a fairly independent unit, and
a constant portal drainage system into the pars distalis
(Murakami et al., 1985). The pars intermedia of the newborn
rat pituitary gland is poorly vasculated. In the newborn rat,
few vessels or capillaries are present between the vascular
beds of the pars distalis and the pars nervosa. In the adult rat,
on the other hand, a number of capillaries are present in all
areas. These results suggest that the capillary bed of the rat
pars intermedia begins to develop after birth, and that com-
plete extension of this capillary bed from the caudal to the
rostral end of the pars intermedia is completed after puberty.
The capillary network of the pars intermedia receives arterial
or afferent vessels from the middle and posterior hypophy-
seal arteries. These run into the pars intermedia and continue
directly into the superficial plexus of the pars intermedia. The
vascular network of the pars intermedia continues into the
sinusoidal capillaries of the pars distalis and the blood stream
is usually directed from the pars intermedia to finally drain
into the pars distalis. Therefore, it is possible that hormonal
substances such as POMC-related peptides in the pars
intermedia act on the pars distalis via the intra-adenohypo-
physeal portal vessels.

5. CONTROL MECHANISMS OF THE PARS INTERMEDIA
(FIG. 3)
(1) Neuronal control mechanism

In all vertebrate classes, the pars intermedia of the pitu-
itary gland is poorly vascularized but richly innervated by a
dense plexus of fibers that originate from neurons located in
the hypothalamus. Immunocytochemical studies have
revealed that these axon terminals contain classical neu-
rotransmitters such as dopamine, γ-amino butyric acid (GABA)
or serotonin, and moreover, various neuropeptides such as
corticotropin-releasing factors (CRF), neuropeptide Y (NPY)
and endorphins.

Among these transmitters, dopamine is regarded as an
inhibitor of the synthesis and secretion of POMC-related pep-
tides. The secretion of α-MSH and β-endorphin by melano-
trophic cells is primarily regulated by dopaminergic terminals
that emanate from neurons in the rostral arcuate nucleus of
the basomedial hypothalamus and terminate directly on
melanotrophic cells (Björklund et al., 1973; Holzbauer and
Racke, 1985). This innervation of the pars intermedia of the
pituitary occurs during the first postnatal week (Kobayashi and
Takeuchi, 1985; Takeuchi, 1995). Morphometric electron
microscopy revealed cytological signs of hyperfunction in the
pars intermedia cells up to 3 days after birth. These included
a rise in the percentage volume of the r-ER indicative of

increased protein synthesis, an increase in the number of Golgi
granules per unit Golgi area showing induction of granule-
forming activity, and a decrease in the numerical density of
secretory granules reflecting extracellular release of the gran-
ules. Cytologically, this hyperfunction was significantly inhib-
ited by day 7 as evidenced by a decrease in the percentage
volume of the r-ER, a decrease in the number of Golgi gran-
ules and an increase in the numerical density of secretory
granules (Figs. 4a, 4b and 4c). Furthermore, the number of
nerve fibers observed in the pars intermedia significantly
increased from days 5 to 7 (Fig. 4d). The dopamine receptor
antagonist haloperidol stimulates the secretion of α-MSH and
β-endorphin peptides and accelerates the synthesis of POMC-
mRNA. Conversely, treatment with the dopamine receptor
agonist bromocriptine decreases the synthesis and secretion
of POMC-derived peptides and reduces POMC-mRNA levels
in the melanotrophic cells as evidenced by in situ hybridiza-
tion (Fig. 5). Furthermore, dopaminergic neurons may regu-
late POMC gene expression and cellular proliferation of
melanotrophic cells (Chronwall et al., 1987). The mechanism
responsible for peptide and/or dopaminergic influence on the
mitotic rate of melanotrophic cells, whether it is direct through
the POMC-related receptors or via stimulation of an oncogene,
has yet to be resolved. Interestingly, the expressions of the
IL-1 receptor (Spangelo et al., 1994) and of the glucocorticoid
receptor (Antankly et al., 1985) are inhibited by dopamine.
These results suggest that expression of other cytokine or
hormone receptors may also be inhibited by dopaminergic
neurons. Therefore, in order to understand the biological func-
tions of the mammalian pars intermedia, we must study the
control mechanisms of hormone synthesis and secretion by
melanotrophic cells that are not under the inhibitory control of
dopaminergic neurons in vitro.

Immnunohistochemical studies with antibodies against the
GABA molecule itself have demonstrated that a dense net-
work of GABA-like immunoreactive fine varicose nerve fibers
are present in the pars intermedia of the rat pituitary gland,
surrounding melanotrophic cells (Sakaue et al., 1988). GABA
has also been shown to act as a direct inhibitor on the pars
intermedia and to reduce hormone secretion (Hadley et al.,
1977; Oertel et al., 1982; Tomiko et al., 1983). Furthermore,
dopamine and GABA are colocalized in axons of the pars
intermedia (Vuillez et al., 1987). These observations raise the
question, why are two inhibitors packaged in the same nerve
terminal when one inhibitory substance should be enough to
regulate the melanotrophic cells. It is possible that these neu-
rotransmitters may interact either at the pre-synaptic or post-
synaptic level.

Serotonin receptor expression has been demonstrated
on the pars intermedia, suggesting a physiological role for
serotonin in regulating secretory activity of the pars intermedia
(Westlund and Childs, 1982; De Souza, 1986; Friedman et
al., 1987). There is, however, disagreement among reports
studying the physiological role of serotonin. One study sup-
ports a stimulatory effect of serotonin (Randle et al., 1983),
while another study indicates no effect (Jackson and Lowry,
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1983). In vivo studies have shown that administration of sero-
tonin agonist stimulated α-MSH release and pretreatment with

Fig. 4. The kinetics of ultrastructural, morphometrical parameters in the pars intermedia cells of neonatal mice and effect of haloperidol on the
pars intermedia cells of neonatal mice. (a) The kinetics and effects of haloperidol on the percentage of the cytoplasm occupied by the rough
endoplasmic reticulum. (b) The kinetics and effects of haloperidol on the numerical density of immature Golgi granules per Golgi area (µm2). (c)
The kinetics and effects of haloperidol on the numerical density of secretory granules per cytoplasmic area (µm2). (d) The number of nerve fibers
in the pars intermedia of neonatal mice. The nerve fibers in the pars intermedia of neonatal mice were observed by electron microscope. The
number of nerve fibers observed in the pars intermedia significantly increased from day 5 to day 7. Data represent mean±SE. *, significantly
different from control (p<0.05). **, significantly different from control (p<0.01).

a dopamine agonist blocked serotonin-induced release of α-
MSH from the rat pars intermedia (Carr et al., 1991). Never-
theless, an in vitro study reported that short-term treatment
with serotonin failed to alter peptide secretion by the perfused
pars intermedia (Jackson and Lowry, 1983). These results
suggest that the complicated effect of serotonin on the pars
intermedia is masked by a dominant strong inhibition by
dopamine. Recently Takeuchi(1995) observed that serotonin
directly inhibits hormone synthesis and release by cultured
melanotrophic cells free from inhibitory control by dopamine
in vitro (Fig. 5).

The physiological functions of NPY also appear to be
complicated. Though it has been reported that the pars
intermedia does not contain NPY receptors (Torda and
Saavedra, 1990), NPY inhibits the release of POMC from
melanotrophic cells (Blasquez et al., 1995). Thus, many ques-
tions about mechanisms of neural control on the pars
intermedia remain unanswered. Furthermore, nonsynaptic and
receptor-mediated regulations of melanotrophic cells are
illustrated by the presence of β-adrenergic receptors and cor-
ticotropin-releasing factor (CRF) in the pars intermedia. There
is evidence that sympathetic noradrenergic axons are sparse
in the pars intermedia of the pituitary and are only present in
the vicinity of blood vessels (Björklund, 1968), and that the

Fig. 5. Expression of POMC-mRNA in the dispersed pars intermedia
cells of 0 hr controls (  ), 120 hr controls (  ), and bromocriptine-
treated (  ), GABA-treated (  ) and serotonin-treated (  ) cells.
Data represent mean±SE. *, significantly different from control
(p<0.05). **, significantly different from control (p<0.01).

Downloaded From: https://bioone.org/journals/Zoological-Science on 07 Sep 2024
Terms of Use: https://bioone.org/terms-of-use



Structure and Function of the Pars Intermedia 139

pars intermedia is controlled by stimulatory β-adrenergic
input in addition to inhibitory controls (Munemura et al., 1980;
Cote et al., 1982). While the receptor for CRF is also observed
in the pars intermedia (Grigoriadis and De Souza, 1989), CRF
is localized in the axons of the pars nervosa, but not those of
the pars intermedia (Burlet et al., 1983).

Atrial natriuretic factor (ANF), histamine, somatostatin,
bombesin, glucocorticoids and nerve growth factor have been
demonstrated to have inhibitory or stimulatory roles in the pars
intermedia. Multiregulatory mechanisms of various neurotrans-
mitters may act on hormone synthesis and release from the
pars intermedia. Recently it has been reported that β-endor-
phin levels and processing in the pars intermedia are also
regulated by a T-cell specific factor (IL-2), secreted in animals
undergoing transplantation immunity (Zakarian et al., 1989).
In addition, cytokines also regulate hormone synthesis and
release from the pars intermedia (See Section 6).

Synaptic and asynaptic receptor-mediated controls of
melanotrophic cells are important regulatory mechanisms for
hormone synthesis and release not only by the stimulatory β-
adrenergic receptors, but also by the inhibitory dopamine and
GABA receptors. An interesting heterogeneity in tinctorial prop-
erties among individual melanotrophic cells exists in rat and
mouse sections, which correlates with the different levels of
proopiomelanocortin observed (See Section 2). Molecular
heterogeneity of POMC may be controlled by a combination
of synaptic and asynaptic receptor-mediated neurotransmis-
sion, cytokines and other humoral factors acting upon indi-
vidual melanotrophic cells. As yet, it is unclear why inhibitory
and stimulatory transmitters are simultaneously present in the
pars intermedia of mammals. Thus, subpopulations of
melanotrophic cells expressing different biochemical mol-
ecules are present, suggesting differential regulatory influ-
ences at the level of individual cells. I think that there are
several avenues for the control of melanotrophic cells namely,
synaptic transmission, classic endocrine regulation and
asynaptically released regulatory transmitters acting by mecha-
nisms similar to parasynaptic transmission (Schmitt, 1984).

(2) Paracrine and autocrine control mechanisms
Chronic administration of morphine reduces the secre-

tion and biosynthesis of POMC-related peptides in
melanotrophic cells. In contrast, acute morphine treatment
stimulates secretion and synthesis of POMC-related peptides
by the cells. Stimulation of POMC-related peptide secretion
by opioid peptides occurs, at least in part, as a result of direct
interaction with opioid receptors in the pars intermedia of the
pituitary. In fact, activation of µ-opioid receptors stimulates
α-MSH and β-endorphin secretion by the pars intermedia (Carr
and Lovering, 2000). This result suggests that secretion of
POMC-related peptides by melanotrophic cells appears to be
under tonic µ-receptor control in regions where inhibitory
dopaminergic innervation to the pars intermedia is poor. Five
subtypes of melanocortin receptors (MC-1 receptor ~ MC-5
receptor), which are G-protein linked receptors, are observed
in the different organs and tissues of mammals (Cone et al.,

1996). Recently, the MC-3 melanocortin receptor has been
identified on melanotrophic cells (Lorsignol et al., 1999). More
detailed studies are necessary to determine expression of
melanocortin receptors on melanotrophic cells and their role
in the physiological control mechanisms which act on
melanotrophic cells. These results suggest that melanotrophic
cells in the pars intermedia may be regulated by POMC-
related peptides (at least by endorphins and MSHs) in
autocrine and paracrine manners.

GFAP-positive glial-like cells with long cytoplasmic pro-
cesses are present in the pars intermedia interspersed among
the melanotrophic cells. Surprisingly, alterations in the glial-
like cell GFAP expression following lactation, salt-loading,
adrenalectomy and D2 receptor agonist treatment (Gary and
Chronwall, 1995; Sands and Chronwall, 1996) suggest that
glial-like cells in the pars intermedia respond to variations in
dopaminergic tone. On the other hand, glial-like cells produce
a number of cytokines, and these cytokines are found in the
pars intermedia (See Section 3). Therefore, cytokines pro-
duced by the glial-like cells in the pars intermedia may also
regulate POMC synthesis and release by melanotrophic cells
in a paracrine manner.

6. PHYSIOLOGICAL FUNCTIONS OF POMC-DERIVED
PEPTIDES (FIG. 6)
(1) Host defense during fetal and neonatal life

Significant alterations in the synthesis of the numerous
hormonal peptides derived from POMC may occur during
fetal and neonatal life. For example, pituitary α-MSH and CLIP
predominate during the fetal life of humans and monkeys but
are absent in the adult while the levels of β-endorphin may
also be more prominent during fetal life (Swaab et al., 1976;
Silman et al., 1978; Mauri et al., 1993). Morphological studies
also suggest that immaturity of the hypothalamic inhibitory
control mechanisms on the pars intermedia cause marked
hypersecretion of various hormones (Kobayashi and Takeuchi,
1985). The presence of these POMC-derived peptides has
been suggested to reflect a physiological function in the fetus
and in neonatal life. In this regard, it is important to substanti-
ate current hypotheses about the pituitary-adrenal axis in
development. The mammalian adrenal cortex possesses a
so-called fetal zone that is of a great size during gestation
(Rudman et al., 1980). This steroidogenic zone undergoes
rapid involution at parturition, whereas the outer cortical zone
hypertrophies to produce the definitive cortical zone. There is
evidence that in some animals the fetal zone is responsive to
α-MSH rather than to ACTH, and that the definitive cortical
zone is responsive to ACTH, but not to α-MSH. Near the time
of parturition, there is a sharp increase in ACTH production
compared with neuropeptides of lower molecular weight, such
as α-MSH and CLIP. It is postulated, therefore, that the
increase in ACTH synthesis rather than parturition is respon-
sible for the increase in the production of cortisol by the
definitive adrenal cortex. Thus the key mechanism in the chain
of events controlling parturition may be the switch in pituitary
peptide synthesis from α-MSH production in the pars
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intermedia to ACTH synthesis in the pars distalis. Further-
more, the neonatal period is a critical time for survival in all
mammals, and neonatal animals require an ability to cope
with acute exogenous infections, dehydration and hypoglyce-
mia (Cornblath and Schwartz, 1993). Recently, it has been
reported that repeated hypoglycemic stress enhances the
secretory activity of the pars intermedia in mice (Takeuchi and
Takahashi, 1995). These results suggest that POMC-related
peptides are necessary for the host to survive during the post-
natal period of mammals.

(2) Hydro-mineral regulation
Previous electron microscopic and morphometric stud-

ies have demonstrated ultrastructural changes showing
marked hypersecretion by the cells of the pars intermedia of
the mouse pituitary gland in response to dietary sodium
restriction (Kobayashi, 1974; Kobayashi and Takema, 1976),
suggesting a new role for POMC-related peptides as a major
pituitary factor in the regulation of aldosterone secretion by
the adrenals (Silman et al., 1978). Furthermore, experimental
copious drinking has the effect of causing marked hyperse-
cretion by melanotrophs of the mouse pars intermedia
(Kobayashi et al., 1984). Morphological changes in melano-
trophic cells of new-born mice indicate hypersecretion when,
after 5 hr of separation, pups are returned to their mother and
allowed to breast feed for 1 hr (Kobayashi and Takeuchi, 1985).
Leenders et al. (1990) demonstrated that this experimental

copious drinking causes a rapid increase in POMC synthesis
in melanotrophs, whereas dehydration has the opposite
effect. Studies have demonstrated that aldosterone secretion
is stimulated by POMC-derived peptides such as α-MSH
(Vinson et al., 1984), β-MSH (Yamakado et al., 1980) and γ-
MSH (Griffing et al., 1985). These results suggest that the
pars intermedia may be involved in regulating plasma
aldosterone levels under severe conditions of low plasma
sodium conditions, and hydro-mineral metabolism in mam-
mals. In fact, it is well known that camels and llamas, which
have a well developed pars intermedia that completely sur-
rounds the pars nervosa, drink water copiously after dehydra-
tion due to their long travels in desert country. Similarly, a
well-developed pars intermedia is also found in other mam-
mals adapted to arid environments. Lebaili et al. (1999)
reported that in hydrated Gerbils, marked hypersecretion by
melanotrophic cells was morphologically evident. Neverthe-
less, Kobayashi suggested that excess drinking of supplemen-
tal NaCl at a concentration of up to 0.9% in a 5% glucose
drinking solution, still evokes significant melanotrophic cell
activity (unpublished data). Thus, it is probably correct to
assume that NaCl intake is not solely an inhibitory stimulus
on the function of melanotrophic cells, but changes in hydro-
mineral conditions of the animal after copious drinking may
be a major factor for controlling melanotrophs.

Fig. 6. Schematization of the hypothetical pathways underlying the host defense effects of POMC-derived peptides.
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(3) Immuno-modulatory activity of POMC
One of the oldest vertebrate host defense mechanisms

for survival is the innate immunity. The skin is constantly sub-
jected to injury and threatened invasion by pathogens. There-
fore, the epithelial tissue of the skin is a barrier and a first line
of defense against infection. Recently it has been reported
that keratinocytes release large amounts of IL-1 (Mizutani et
al., 1991) and constitutively express IL-18 (Naik et al., 1999).
These cytokines promote inflammatory reactions in the epi-
dermis and dermis. POMC-derived peptides exhibit immuno-
modulatory properties. α-MSH decreases fever and all major
forms of experimental inflammation. The anti-pyretic potency
of α-MSH in reducing fever caused by endogenous pyrogen
is surprisingly more than 25,000-fold greater than that of
acetaminophen on a molar basis (Murphy et al., 1983; Catania
and Lipton, 1993). α-MSH inhibits the production of interferon-
γ (IFN-γ), tumor necrosis factor (TNF), inducible NO synthase
(iNOS) and thus NO production (Chiao et al., 1996), and
inhibits the inflammatory effects of IL-1 (Cannon et al., 1986).
Furthermore, non-opioid fragments of β-endorphin enhance
lymphocyte natural killer (NK) cell cytotoxicity (Kay et al., 1987).
These results suggest that in mammals, POMC-derived pep-
tides play an important role in the first line of host defense
against infection together with inflammatory cytokines as
immuno-modulators. Surprisingly, it has been reported that
macrophages produce immunoreactive POMC-derived pep-
tides that inhibit the production of proinflammatory cytokines
by macrophages in an autocrine or paracrine manner (Lyons
and Blalock, 1995). It is well known that the macrophage has
phagocytic ability and is regarded as a primitive type of cell in
host defense. α-MSH is considered to be an ancestor pep-
tide, since its amino acid sequence has been highly conserved
throughout evolution. These observations suggest that POMC-
derived peptides play a role in the innate network of basic
adaptive mechanisms that are essential for survival.

Moreover, transplantation immunity stimulates POMC
biosynthesis and processing in the pars intermedia, and simi-
lar phenomena are induced by IL-2 administration in the rat
(Zakarian et al., 1989). Immunological stress can also enhance
the production of POMC-derived peptides by melanotrophic
cells and it is well known that α-MSH inhibits the immunologi-
cal activities of IL-1. Conversely, administration of IL-1
enhances the release of CRF in the median eminence
(Berkenbosh et al., 1987). Interferons (IFNs) stimulate the dif-
ferentiation of melanocytes by increasing the expression of
surface α-MSH receptors (Kameyama et al., 1989). These
data support the notion of the existence of an immuno-
regulatory feedback circuit between the immune system and
the pars intermedia. Previously Chiao and collaborators
reported interesting results showing that α-MSH prevents LPS-
induced hepatic inflammation by inhibiting the production of
TNF-α, IL-8 and MCP-1, which then modulate the infiltration
of inflammatory cells (Chiao et al., 1996). Interestingly, their
experimental protocol stimulates the production of IL-18 in the
liver, and the administration of anti-IL-18 antibody also inhib-
its parenchymal cell damage in the liver (Okamura et al., 1995).

The intestinal epithelium is also the first line of host defense
in the gut. Surprisingly, intestinal epithelial cells also have
opioid receptors (Quito et al., 1991; Zagon et al., 1996) and
the production of IL-18 is markedly enhanced by physiologi-
cal stresses (Takeuchi et al., 1997, 1999). These results also
suggest that POMC-derived peptides play a role in host
defense together with inflammatory cytokines. Nevertheless,
the physiological roles of POMC-related peptides produced
by melanotrophic cells are still unclear. Further studies are
required for us to understand the physiological functions of
POMC-related peptides.

7. CONCLUSIONS
In endocrinology, studies on the physiological functions

of the mammalian pituitary gland have been mainly through
reductionism, and molecular biology and biotechnology have
contributed greatly to the study of the pituitary gland. The sci-
entific basis for studying the pars intermedia is developing
rapidly and more appropriate approaches may be developed
in the near future. Nevertheless, the reason for the existence
of the pars intermedia of the mammalian pituitary gland is still
unknown. Therefore, for the first time, I have applied the new
concept of neuro-immuno-endocrinology to the studies of the
pars intermedia of the mammalian pituitary gland in this
review. Accordingly, this review should be interpreted as a
landmark for the study of the mammalian pars intermedia.
Since mammals lack a pigmentary effector system in the skin,
it seems very obvious that POMC-derived peptides including
α-MSH produced by melanotrophic cells have other unknown
functions. So far, α-MSH and endorphins are the subjects of
a relatively large number of research reports, because these
hormones have been thought to be the main products of the
pars intermedia. Moreover, various conditions and factors that
influence the activity of the pars intermedia have been also
well discussed. Notwithstanding, there are many molecular
and biochemical events in the pars intermedia, and physiologi-
cal functions of POMC-derived peptides produced by mam-
malian melanotrophic cells that are still unclear. Mammals
require an increase in POMC-derived peptides secretion dur-
ing their life span. The inhibitory control on the pars intermedia
can be attenuated resulting in a rise in POMC-derived pep-
tides secretion. Actually, the pars intermedia of mammals show
marked hypersecretion of various POMC-derived peptides
during the fetal and neonatal periods. Since neonatal animals
are susceptible to exogenous infections, POMC-derived pep-
tides secreted during the fetal and postnatal periods may play
a role in host defense. The pars intermedia of the desert mouse
(Gerbil) shows interesting morphological changes in nature.
These results demonstrate that there are many avenues for
studying the mammalian pars intermedia. It is interesting that
lymphocytes also express authentic POMC-mRNA, and this
mRNA is translated and the resulting protein is processed and
secreted as POMC-derived peptides. Physiological functions
of these peptides produced by lymphocytes are also still
unknown. Consequently, POMC-derived peptides are now
thought to have multiple physiological functions and ubiqui-

Downloaded From: https://bioone.org/journals/Zoological-Science on 07 Sep 2024
Terms of Use: https://bioone.org/terms-of-use



M. Takeuchi142

tously contribute to host-defense against exogenous infec-
tions and environmental stresses.

Lastly, I would like to emphasize that the pars intermedia
of the pituitary gland should be regarded as a neuro-immuno-
endocrine gland in mammals. Advances in neuro-immuno-
endocrinology are quite rapid. Novel physiological functions
of the mammalian pars intermedia will be identified through
this novel point of view.

ACKNOWLEDGMENTS

I wish to thank Dr. S.Takahashi (Okayama University) for his criti-
cal reading of the manuscript and for helpful suggestions. I also thank
Dr. M.Micallef (Hayashibara Biochemical Laboratories) for his helpful
review of the manuscript, and Dr. I.Kumano (Kawasaki Medical School)
for his helpful support and encouragement throughout my study.

REFERENCES

Allen BM (1916) The results of extirpation of the anterior lobe of the
hypophysis and of the thyroid of the Rana pipience larvae. Sci-
ence 44: 755–757

Antankly T, Sasaki A, Liotta AS, Polkovits M, Krieger DT (1985)
Induced expression of the glucocorticoid receptor in the rat inter-
mediate pituitary lobe. Science 229: 277–279

Arras M, Hoche A, Bohle R, Eckert P, Riedel W, Schaper J (1996)
Tumor necrosis factor-α in macrophages of heart, liver, kidney,
and in the pituitary gland. Cell Tissue Res 285: 39–49

Back N, Soinila S, Virtanen I (1993) Endocytotic pathways in the
melanotroph of the rat pituitary. Histochem J 25: 133–139

Beatty DM, Morris SJ, Chronwall BM (1998) Heterogeneity in POMC
expression among explanted melanotropes decreases with time
in culture and bromocriptine treatment. Peptides 19: 659–665

Berkenbosh F, Van Oers J, Del Rey A, Tilders F, Besedovsky H (1987)
Corticotropin-releasing factor-producing neurons in the rat acti-
vated by interleukin-1. Science 238: 524–526

Björklund A (1968) Monoamine-containing fibers in the pituitary neuro-
intermediate lobe of the pig and the rat. Z Zellforsch Mik Ana 89:
573–589

Björklund A, Moore RY, Nobin A, Stenevi U (1973) The organization
of tubero-hypophyseal and reticulo-infundibular catecholamine
neuron systems in the rat brain. Brain Res 51: 171–191

Blasquez C, Jegou S, Friard O, Tonon MC, Fournier A, Vaudry H
(1995) Effect of centrally administered neuropeptide Y on hypo-
thalamic and hypophyseal proopiomelanocortin-derived peptides
in the rat. Neuroscience 68: 221–227

Burlet A, Tonon MC, Tankosic P, Coy D, Vaudry H (1983) Compara-
tive immunocytochemical localization of corticotropin releasing
factor (CRF-41) and neurohypophysial peptides in the brain of
Brattleboro and Long-Evans rats. Neuroendocrinology 37: 64–
72

Cannon JG, Tatro JB, Reichlin S, Dinarello CA (1986) α-Melanocyte
stimulating hormone inhibits immunostimulatory and inflamma-
tory actions of interleukin 1. J Immunol 137: 2232–2236

Carr JA, Saland LC, Samora A, Benavidez S, Krobert K (1991) In
vivo effects of serotonergic agents on alpha-melanocyte-stimu-
lating hormone secretion. Neuroendocrinology 54: 616–622

Carr JA, Lovering AT (2000) Mu and delta opioid receptor regulation
of pro-opiomelanocortin peptide secretion from the rat
neurointermediate pituitary in vitro. Neuropeptides 34: 69–75

Catania A, Lipton JM (1993) α-Melanocyte stimulating hormone in
the modulation of host reactions. Endocr Rev 14: 564-576

Chiao H, Foster S, Thomas R, Lipton J, Star RA (1996) α-Melano-
cyte-stimulating hormone reduces endotoxin-induced liver inflam-

mation. J Clin Invest 97: 2038-2044
Chronwall BM, Millington WR, Griffin WST, Unnerstall JR, O’Donohue

TL (1987) Histological evaluation of the dopaminergic regulation
of proopiomelanocortin gene expression in the intermediate lobe
of the rat pituitary, involving in situ hybridization and [3H]thymidine
uptake measurement. Endocrinology 120: 1201–1211

Cone RD, Lu D, Koppula S, Vage DI, Klungland H, Boston B, Chen
W, Orth DN, Pouton C, Kosteroson R (1996) The melanocortin
receptors : agonists, antagonists, and the hormonal control of
pigmentation. Recent Prog Horm Res 51: 287–318

Conti B, Park LCH, Calingasan NY, Kim Y, Kim H, Bae Y, Gibson GE,
Joh TH (1999) Cultures of astrocytes and microglia express
interleukin 18. Mol Brain Res 67: 46–52

Cornblath M, Schwartz R (1993) Hypoglycemia in the neonate. J Ped
Endocrinol 6: 113–129

Cote TE, Eskay RL, Frey EA, Grewe CW, Munemura M, Stoof JC,
Tsuruta K, Kebabian JW (1982) Biochemical and physiological
studies of the beta-adrenoceptor and the D-2 dopamine receptor
in the intermediate lobe of the rat pituitary gland : A review. Neu-
roendocrinology 35: 217–224

De Souza EB (1986) Serotonin and dopamine receptors in the rat
pituitary gland : Autoradiographic identification, characterization,
and localization. Endocrinology 119: 1534–1542

Friedman E, Krieger DT, Mezey E, Leranth CS, Brownstein MJ,
Palkovits M (1987) Serotonergic innervation of the rat pituitary
intermediate lobe : Decrease after stalk section. Endocrinology
112: 1943–1947

Gary KA, Chronwall BM (1995) Regulation of GFAP expression in
glial-like cells of the rat pituitary intermediate lobe by lactation,
salt-loading, and adrenalectomy. Glia 13: 272–282

Geiling EMK, Vos BJ, Oldham FK (1940) The pharmacology and
anatomy of the hypophysis of the porpoise. Endocrinology 27:
309–316

Griffing GT, Berelowitz B, Hudson M, Salzman R, Manson JAE,
Aurrechia S, Melby JC (1985) Plasma immunoreactive gamma-
melanotropin in patients with idiopathic hyperaldosteronism,
aldosterone-producing adenomas, and essential hypertension.
J Clin Invest 76: 163–169

Grigoriadis DE, De Souza EB (1989) Corticotropin-releasing factor
(CRF) receptors in intermediate lobe of the pituitary : Biochemi-
cal characterization and autoradiographic localization. Peptides
10: 179–188

Hadley ME, Davis MD, Morgan CM (1977) Cellular control of melano-
cyte stimulating hormone secretion. Front Hormone Res 4: 94–
104

Halmi NS, Peterson ME, Colurso GJ, Liotta AS, Krieger DT (1981)
Pituitary intermediate lobe in dog : Two cell types and high
bioactive adrenocorticotropin content. Science 211: 72–74

Holzbauer M, Racke K (1985) The dopaminergic innervation of the
intermediate lobe and of the neural lobe of the pituitary gland.
Med Biol 63: 97–116

Hopker VH, Kjaer B, Varon S (1997) Dopaminergic regulation of BDNF
content in the pituitary intermediate lobe. Neuro Reort 8: 1089–
1093

Iturriza FC (1989) Two kinds of cells in grafts of pituitary pars
intermedia and their probable dependence on dopamine. Neu-
roendocrinology 49: 1–6

Jackson S, Lowry PJ (1983) Secretion of pro-opiocortin peptides from
isolated perfused rat pars intermedia cells. Neuroendocrinology
37: 248–257

Kameyama K, Tanaka S, Ishida Y, Hearing V (1989) Interferons modu-
late the expression of hormone receptors on the surface of
murine melanoma cells. J Clin Invest 83: 213–221

Kay N, Morley JE, van Ree JM (1987) Enhancement of human lym-
phocyte natural killing function by non-opioid fragments of β-
endorphin. Life Sci 40: 1083–1087

Kobayashi Y (1974) Quantitative and microscopic studies on the pars

Downloaded From: https://bioone.org/journals/Zoological-Science on 07 Sep 2024
Terms of Use: https://bioone.org/terms-of-use



Structure and Function of the Pars Intermedia 143

intermedia of the hypothesis. III.Effect of short-term administra-
tion of a sodium deficient diet on the pars intermedia of mice.
Cell Tissue Res 154: 321–327

Kobayashi Y, Takema M (1976) A morphometric study on the pars
intermedia of the hypothesis during impairment of the renin-
angiotensin-aldosterone system in sodium depleted mice. Cell
Tissue Res 168: 153–159

Kobayashi Y, Kumazawa T, Takeuchi M (1984) A new method for
inducing copious drinking and the accompanying stimulation on
the pars intermedia of the mouse pituitary gland. Arch Histol Ja-
pan 47: 71–77

Kobayashi Y, Takeuchi M (1985) Postnatal development of inhibitory
control and sucking-induced activation of pituitary pars intermedia
in infant mice. Proc Japan Acad 61(B): 37–40

Lamacz M, Tonon MC, Louiset E, Cazin L, Vaudry H (1991) The
intermediate lobe of the pituitary, model of neuroendocrine com-
munication. Arch Int Physiol Bio 99: 205–219

Lebaili N, Bensalem M, Stoeckel ME (1999) The pituitary intermedi-
ate lobe of the hydrated and dehydrated Gerbil. An immunohis-
tochemical and electron-microscopic study. Cells Tissues Organs
164: 155–166

Leenders HJ, de Vries TJ, Loop FTL, Jenks BG (1990) Biosynthetic
response of mouse intermediate pituitary gland to induced drink-
ing and dehydration. Acta Endocrinol(Cop) 122: 527–534

Loh YP (1992) Molecular mechanisms of β-endorphin biosynthesis.
Biochem Pharmacol 44: 843–849

Lorsignol A, Vande Vijver V, Ramaekers D, Vankelecom H, Denef C
(1999) Detection of melanocortin-3 receptor mRNA in immature
rat pituitary : functional relation to gamma3-MSH-induced changes
in intracellular Ca2+ concentration? J Neuroendocrinol 11: 171–
179

Lyons PD, Blalock JE (1995) The kinetics of ACTH expression in rat
leukocyte subpopulations. J Neuroimmunol 53: 103–112

Mauri A, Volpe A, Martellotta MC, Barra V, Piu U, Angioni G, Angioni
S, Argiolas A (1993) α-Melanocyte-stimulating hormone during
human perinatal life. J Clin Endocrinol Metab 77: 113–117

Mizutani H, Black R, Kupper TS (1991) Human keratinocytes pro-
duce but not process pro-interleukin-1 (IL-1) beta. Different strat-
egies of IL-1 production and processing in monocytes and
keratinocytes. J Clin Invest 87: 1066–1071

Munemura M, Eskay RL, Kebabian JW (1980) Release of α-melano-
cyte-stimulating hormone from dispersed cells of the intermedi-
ate lobe of the rat pituitary gland : Involvement of catecholamines
and adenosine 3’,5’-monophosphate. Endocrinology 106: 1795–
1803

Murakami M, Yoshida T, Nakayama Y, Hashimoto J, Hirata S (1968)
The fine structure of the pars intermedia of the pituitary in the
human fetus. Arch Histol Jap 30: 61–73

Murakami T, Ohtsuka A, Taguchi T, Kikuta A, Ohtani O (1985) Blood
vascular bed of the rat pituitary intermediate lobe, with special
reference to its development and portal drainage into the ante-
rior lobe. A scanning electron microscope study of vascular casts.
Arch Histol Jap 48: 69–87

Murphy MT, Richards DB, Lipton JM (1983) Antipyretic potency of
centrally administered α-melanocyte stimulating hormone. Sci-
ence 221: 192-193

Naik SM, Cannon G, Burbach GJ, Singh SR, Swelick RA, Wilcox JN,
Ansel JC, Caughman SW (1999) Human keratinocytes constitu-
tively express interleukin-18 and secrete biologically active
interleukin-18 after treatment with pro-inflammatory mediators and
dinitrochlorobenzene. J Invest Dermatol 113: 766–772

Nakanishi S, Inoue A, Kita T, Nakamura M, Chang ACY, Cohen SN,
Numa S (1979) Nucleotide sequence of cloned cDNA for bovine
corticotropin-β-lipotropin precursor. Nature 278: 423–427

Oertel WH, Mugnaini E, Toppaz ML, Weise VK, Dahl AL, Schmechel
DE, Kopin IJ (1982) Central GABA ergic innervation of
neurointermediate pituitary lobe : Biochemical and immunocy-

tochemical study in the rat. Proc Natl Acad Sci USA 79: 675–
679

Okamura H, Tsutsui H, Komatsu T, Yutsudo M, Hakura A, Tanimoto
T, Torigoe K, Okura T, Nukada Y, Hattori K, Akita K, Namba M,
Tanabe F, Konishi K, Fukuda S, Kurimoto M (1995) Cloning of a
new cytokine that induces IFN-γ production by T cells. Nature
378: 88–91

Prinz M, Hanisch U-K (1999) Murine microglial cells produce and
respond to interleukin-18. J Neurochem 72: 2215–2218

Quito FL, Seybold VS, Brown DR (1991) Opiate binding sites in
mucosa of pig small intestine. Life Sci 49: PL219–PL222

Randle JCR, Moor BC, Kraicer J (1983) Differential control of the
release of pro-opiomelanocortin-derived peptides from the pars
intermedia of the rat pituitary. Neuroendocrinology 37: 131–140

Rudman D, Hollins BM, Lewis NC, Chawla RK (1980) Effects of
melanotropic peptides on fetal adrenal gland. J Clin Invest 65:
822–828

Sakaue M, Saito N, Taniguchi H, Baba S, Tanaka C (1988) Immuno-
histochemical localization of γ-amminobutyric acid in the rat
pituitary gland and related hypothalamic regions. Brain Res 446:
343–353

Sands SA, Chronwall BM (1996) GFAP expression induced by dopam-
ine D2 receptor agonists in the rat pituitary intermediate lobe.
Endocrine 4: 35–42

Schmitt FO (1984) Molecular regulations of brain function : A new
view. Neuroscience 13: 991–1001

Silman RE, Holland D, Chard T, Lowry P, Hope J, Robinson JS,
Thorburn GD (1978) The ACTH “family tree” of the rhesus mon-
key changes with development. Nature 276: 526–528

Smith PE (1916) Experimental ablation of the hypophysis in the frog
embryo. Science 44: 280–282

Spangelo BL, De Holl PD, Kalabay L, Bond BR, Arnaud P (1994)
Neurointermediate pituitary lobe cells synthesize and release
interleukin-6 in vitro : Effects of lipopolysaccharide and interleukin-
1 β. Endocrinology 135: 556–563

Stoeckel ME, Dellmann HD, Porte A, Klein MJ, Stutinsky F (1973)
Corticotrophic cells in the rostral zone of the pars intermedia and
in the adjacent neurohypophysis of the rat and mouse. Z Zellforsch
Mik Ana 136: 97–110

Swaab DF, Visser M, Tilders FJH (1976) Stimulation of intra-uterine
growth in rat by α-melanocyte-stimulating hormone. J Endocrinol
70: 445–455

Takeuchi M (1995) Morphological and pharmacological studies on
the pars intermedia of the mouse pituitary gland. Dissertation of
Ph.D., Okayama University

Takeuchi M, Takahashi S (1995) Effect of hypoglycemic stress on
the pars intermedia of the mouse pituitary gland : An ultrastruc-
tural analysis. Zool Sci 12: 99–103

Takeuchi M, Nishizaki Y, Sano O, Ohta T, Ikeda M, Kurimoto M (1997)
Immunohistochemical and immuno-electron-microscopic detec-
tion of interferon-γ-inducing factor (“interleukin-18”) in mouse
intestinal epithelial cells. Cell Tissue Res 289: 499–503

Takeuchi M, Okura T, Mori T, Akita K, Ohta T, Ikeda M, Ikegami H,
Kurimoto M (1999) Intracellular production of interleukin-18 in
human epithelial-like cell lines is enhanced by hyperosmotic stress
in vitro. Cell Tissue Res 297: 467–473

Tomiko SA, Taraskevich PS, Douglas WW (1983) GABA acts directly
on cells of pituitary pars intermedia to alter hormone output. Na-
ture 301: 706–707

Tonon MC, Danger JM, Lamacz M, Leroux P, Adjeroud S, Andersen
AC, Verburg-van Kemenade L, Jenks BG, Pelletier G, Stoeckel
L, Burlet A, Kupryszewski G, Vaudry H (1988) Multihormonal
control of melanotropin secretion in cold-blooded vertebrates. In
“The Melanotropic Peptides” Ed by ME Hadley, CRC Press,
BocaRaton, Florida, pp 127–170

Torda T, Saavedra JM (1990) Determination of guanine nucleotide
sensitivity of [125-I]-neuropeptide Y binding in the rat pituitary

Downloaded From: https://bioone.org/journals/Zoological-Science on 07 Sep 2024
Terms of Use: https://bioone.org/terms-of-use



M. Takeuchi144

gland by quantitative autoradiography. Neuroendocrinology 52:
361–367

Turner CD, Bagnara JT (1976) General Endocrinology, Sixth edition,
Philadelphia, W.B.Saunders Company

Vinson GP, Whitehouse BJ, Bateman A, Hrudy VJ, Sawyer TK,
Darman PS (1984) α-MSH analogues and adrenal zona
glomerulosa function. Life Sci 35: 603–610

Vuillez P, Perez SC, Stoeckel ME (1987) Colocalization of GABA and
tyrosine hydroxylase immunoreactivities in the axons innervat-
ing the neurointermediate lobe of the rat pituitary : An ultrastruc-
tural immunogold study. Neurosci Lett 79: 53–58

Westlund KN, Childs GV (1982) Localization of serotonin fibers in the
rat adenohypophysis. Endocrinology 111: 1761–1763

Whiteside MB, Quan N, Herkenharn M (1999) Induction of pituitary
cytokine transcripts by peripheral lipoplysaccharide. J
Neuroendocrinol 11: 115–120

Xian CJ, Huang BR, Zhou XF (1999) Distribution of neurturin mRNA
and immunoreactivity in the peripheral tissues of adult rats. Brain
Res 835: 247–258

Yamakado M, Saenz RF, Mulrow PJ (1983) Effect of sodium defi-
ciency on β-melanocyte-stimulating hormone stimulation of
aldosterone in isolated rat adrenal cells. Endocrinology 113:
2168–2172

Zagon IS, Hytrek SD, McLaughlin PJ (1996) Opioid growth factor toni-
cally inhibits human colon cancer cell proliferation in tissue cul-
ture. Am J Physiol 271: R511–R518

Zakarian S, Eleazan MS, Silvers WK (1989) Regulation of pro-
opiomelanocortin biosynthesis and processing by transplanta-
tion  immunity. Nature 339: 553–556

(Received December 4, 2000 / Invited Review)

Downloaded From: https://bioone.org/journals/Zoological-Science on 07 Sep 2024
Terms of Use: https://bioone.org/terms-of-use


