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Abstract

Hypothalamic neurosecretory neurons transcribe, translate, store, and secrete a large number of chemical
messengers. The neurons contain hypothalamic signal substances that regulate the secretion of anterior pitu-
itary hormones as well as the neurohypophysial peptides vasopressin and oxytocin. In addition to the classical
hypophysiotropic hormones, a large number of neuropeptides and classical transmitters of amine and amino
acid nature are present in the same cells. This is particularly evident in the magnocellular neurons of the
supraoptic and paraventricular nuclei, and in parvocellular neurons of the arcuate and paraventricular nuclei.
The changes in gene expression induced by experimental manipulations and the colocalization chemical
messengers in hypothalamic neurosecretory neurons and its possible significance is summarized in this review.
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Index Entries: Arcuate nucleus; medial preoptic area; paraventricular nucleus; supraoptic nucleus; pituitary;
galanin; neurotensin; dynorphin; cholecystokinin; enkephalin; GABA; acetylcholine; neuropeptide Y; neuro-
peptide K; somatostatin; substance P; vasoactive intestinal polypeptide; peptide histidine-isoleucine; growth
hormone-releasing factor; corticotropin-releasing factor; thyrotropin-releasing hormone; luteinizing hormone-
releasing hormone; vasopressin; oxytocin; tyrosine hydroxylase; glutamate; aspartate; monosodium glutamate;
neuropeptide; excitatory amino acid; transmitter; salt-loading; hypophysectomy; growth hormone; prolactin;
adrenocorticotropin; neurosecretion; neuroendocrinology; colocalization; mRNA; in situ hybridization; immuno-

histochemistry.

Introduction

The neurosecretory cell represents an interme-
diate between endocrine cells and neurons, and
the concept of neurosecretion refers to the release
of a neurohormone into the blood stream from a
nerve terminal. Neurosecretory cells were first
discovered by Ernst and Berta Scharrer and
Wilhelm Bargmann (Bargmann, 1949; Bargmann
and Scharrer, 1951; Scharrer and Scharrer, 1954).
They showed that the large (magnocellular) neu-
rons in the paraventricular (PVN) and supraop-
tic (SON) nuclei produce neurosecretory products
and transport them through the internal layer
of the median eminence to the posterior lobe
of the pituitary. Neurosecretory cells were later
shown to be present not only in the magno-
cellular SON and PVN, but also in hypotha-
lamic nuclei involved in control of anterior
pituitary hormone secretion.

Hypothalamic neurosecretory neurons play a
fundamental role in the brain control of endo-
crine organs and body homeostasis. Magno-
cellular neurosecretory neurons in the SON and
PVN produce messenger molecules that are
transported to the nerve terminals located in the
posterior pituitary, where they are released into
the systemic circulation. Parvocellular neuro-
secretory neurons produce the releasing or inhib-
iting hormones that are released into the portal
circulation of the median eminence and control
the secretion of the anterior pituitary hormones
according to the concept of Harris (1955). The
hypothalamic hormones have during the last
decades been chemically characterized, primarily
as peptides. In addition to the classical hypotha-
lamic peptide hormones, including corticotropin-
releasing factor (CRF), growth hormone-releasing
factor (GRF), thyrotropin-releasing hormone
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(TRH), luteinizing hormone-releasing hormone
(LHRH), and somatostatin (SOM), several other
peptides have been demonstrated within hypo-
thalamic neurons. Radioimmunological, immu-
nohistochemical, and in situ hybridization
techniques have defined levels, localization, and
regulation of various peptides within hypotha-
lamic regions. In many cases the additional pep-
tides are encountered in the same neurons
containing the classical hypophysiotropic factors.
This is particularly evident in the magnocellular
neurons of the SON and PVN and in the parvo-
cellular neurons of the PVN and arcuate nucleus.

In the following chapter the chemical diversity
and colocalization of various messenger mol-
ecules within neurosecretory neurons of hypo-
thalamic nuclei will be reviewed. The state of
activity of these neurons under “normal” and
manipulated states has been studied with immu-
nohistochemistry and in situ hybridization and
some of these results will be presented. Functional
aspects on the presence of additional messengers
in hypothalamic neurons will also be considered.

Arcuate Nucleus

Chemical Messengers
and Their Localization

The first compound to be chemically defined
in cell bodies of the arcuate nucleus and in fibers
of the median eminence was dopamine (Fuxe,
1964; Dahlstrom and Fuxe, 1964). Subsequent
evidence showed that dopamine represents the
major prolactin-inhibiting factor (PIF) (MacLeod
and Lehmayer, 1974). For a long period dopamine
was considered to be the only hypophysiotropic
factor located in neurons of the arcuate nucleus.
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However, almost two decades since the demon-
stration of dopamine in arcuate nucleus, GRF was
demonstrated to have its location within cell bod-
ies of the ventrolateral part of the arcuate nucleus
(Sawchenko et al., 1985). During the last decade
alarge number classical transmitters and peptides
have been discovered in the different parts of the
arcuate nucleus, and for many of these substances
direct or indirect effects on anterior pituitary hor-
mone secretion have been demonstrated (see
McCann, 1982).

The arcuate nucleus may anatomically be divided
into three subdivisions; the dorsomedial part, the
ventromedial part, and the ventrolateral part
(Everitt et al., 1986; Meister and Hokfelt, 1988;
Meister et al., 1989). The dorsomedial part contains
the Al2 dopamine neurons (Fuxe, 1964;
Dahlstr6m and Fuxe, 1964). The dopamine neu-
rons, serving as the main prolactin regulating fac-
tor, contain in addition aminobutyric acid
(GABA), and they produce two peptides,
neurotensin (NT) and galanin (GAL) (see Everitt
etal.,, 1986, Meister and Hokfelt, 1988). That these
dorsomedial dopamine neurons are truly dopa-
minergic has been verified with the formalde-
hyde-induced fluorescence technique (Fuxe,
1964), and by demonstration of aromatic L-amino
acid decarboxylase (AADC), the enzyme that
converts L-DOPA into dopamine, as well as
dopamine-immunoreactivity in these cells
(Meister et al., 1988a; Okamura et al., 1988a,b).
The ventrolateral part of the arcuate nucleus also
contains a large number of tyrosine hydroxyl-
ase(TH)-containing cell bodies, however, they
exhibit a less intense immunostaining compared
to the dorsomedial ones, and they lack both
AADC- and dopamine-like immunoreactivity
(-LI) (Meister et al., 1988a; Okamura et al.,
1988a,b). The dopaminergic nature of these cells
is therefore uncertain, and it has been suggested
that the ventrolateral TH-postive cells may release
L-DOPA into the pericapillary space (see Meister
etal., 1988a). L-DOP A may subsequently be con-
verted into dopamine during its passage through
the blood vessels of the portal plexus to the ante-
rior pituitary. The true dopaminergic nature of
the ventrolateral neurons may, however, in the
future be revealed by demonstration of AADC
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mRNA in these cells. The TH-positive neurons
in the ventrolateral arcuate nucleus also contain
a large number of colocalized molecules, includ-
ing GABA, choline acetyltransferase (ChAT;
the acetylcholine-synthesizing enzyme), GRF,
GAL, and NT (Everitt et al., 1986; Meister and
Hokfelt, 1988) (Fig. 1). A smaller number of the
TH-containing neurons also contain dynorphin
(DYN), leu-enkephalin (ENK), and met-ENK-
octapeptide (Everitt et al., 1986). In the ventrolat-
eral part there are also propiomelanocortin
(POMC)-containing neurons, however, they rep-
resent a separate set of neurons and have to date
not been found to contain any other classical
transmitter or peptide. Furthermore, the
POMC-containing neurons do not give rise to
fibers in the external layer of the median emi-
nence, but project instead centrally.

In the ventromedial part of the arcuate nucleus,
neuropeptide Y (NPY)- and SOM-containing neu-
rons are present. The NPY-containing neurons
are mainly confined to the ventral aspect of this
subdivision of the nucleus, whereas the SOM-
containing neurons are found more dorsally,
especially in the caudal part of the nucleus. Single
neurons have been reported to contain both pep-
tides (Chronwall et al., 1984), but the majority of
the SOM- and NPY-positive neurons have so far
not been reported to contain additional messengers
(see also below). Apart from the abovementioned
peptides, there are neurons that are less clearly
organized within the three different parts of the
nucleus, often between the compartments and/
or extending into several of them. This is the case
for several ENK-, DYN, and substance P/neu-
ropeptide KINPK)-immunoreactive neurons.

Monosodium
Glutamate-Induced Lesion
of the Arcuate Nucleus

When the monosodium salt of glutamate
(monosodium glutamate; MSG) is administered
parenterally (1-4 mg/g body weight) during the
first 2 wk after birth, a specific lesion is induced
in the arcuate nucleus as first described by Olney
(1969). The MSG-induced lesion has in a large
number of studies been used in order to charac-
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Fig 1. Immunofluorescence photomicrographs of the same section of the arcuate nucleus processed with two
subsequent double-labeling techniques using antisera to neurotensin (NT) (A,E), galanin (GAL) (B,F), growth
hormone-releasing factor (GRF) (C,G), and tyrosine hydroxylase (TH) (D,H). Rectangles in A-D indicate higher
magnifications shown in E-H. In A and B, double-labeling with mouse monoclonal antibodies to NT and rabbit
polyclonal antiserum to GAL was performed. After photography, the section was eluted with acid potassium
permanganate (KMnQO,) in order to eliminate the previous staining. The section was subsequently reincubated
with rabbit antiserum to GRF (C) and thereafter eluted again and reincubated with (Continued on next page)
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(Continued from previous page) rabbit antiserum to TH (D). It can be seen that the vast majority of the neurons in
the ventrolateral part of the arcuate nucleus contain NT, GAL, GRF, and TH (see arrows in E-H). In the
dorsomedial part of the nucleus a neuron containing both NT and GAL is observed (see open arrow in A and B).

Bars = 50 pm. (Modified from Meister and Hokfelt, 1988).

terize the chemical neuroanatomy and neuroen-
docrine role of the arcuate nucleus and projec-
tions to the median eminence (see Meister, 1991).

MSG is toxic to cell bodies possessing glutamate
receptors within the arcuate nucleus. Glial cells or
axons passing through the nucleus, lacking the
amino acid receptor, are spared by the neurotoxic
action. About 80-90% of the cell bodies in the arcu-
ate nucleus appear to be susceptible to the effects of
MSG. The lesion is restricted to the ventrolateral,
ventromedial, and to a lesser extent to the
dorsomedial part of the arcuate nucleus. The remain-
ing dorsomedial cell group is condensed and ven-
trally dislocated to the ventrolateral corner of the
third ventricle. Parenteral adminstration of MSG
causes well characterized endocrine, metabolic, and
behavioral abnormalities, including mainly
stunted skeletal growth, severe obesity, and tail
autoingestion. Histochemically, MSG causes a
complete loss of cell bodies containing GRF, GAL,
DYN, ENK, NPY, POMC, and NPK (see Fig. 2).
Cells containing TH, GAD, NT, and SOM are
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always detected in the ventrally dislocated
dorsomedial division of the arcuate nucleus.
These changes are combined with marked decreases
in numbers of fibers of the median eminence con-
taining GRF, GAL, GAD, DYN, and ENK, suggest-
ing that the arcuate cell bodies containing the
above mentioned immunoreactivities contribute
to the fiber network in the median eminence (Fig.
2a-d). Fibers containing TH, SOM, and NPY are,
however, not affected by MSG (Fig. 2e-h). These
observations suggest that the TH-immunoreac-
tive fiber plexus in the median eminence originates
from the remaining ventrolaterally dislocated cell
group, that SOM-containing fibers in the median
eminence originate from the periventricular area,
and that NPY-containing fibers in the external
layer of the median eminence have an origin in
the lower brainstem, since they also contain
dopamine B-hydroxylase (see Meister et al., 1989).
The histochemistry of the arcuate nucleus and
the projections to the median eminence are
schematically summarized in Fig. 3.
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Fig. 2. Immunofluorescence photomicrographs of sections of the arcuate nucleus from control (C) (a,c,e,g)
and MSG-treated (b,d,f,h) rats after incubation with antiserum to growth hormone-releasing factor (GRF) (a—
d) and neuropeptide Y (INPY) (e~h). In control rats, GRF-immunoreactive (IR) cell bodies are located in the
ventrolateral part of the arcuate nucleus (Arc; outlined with broken line) (a), whereas NPY-IR cell bodies are
distributed in the ventromedial part of the nucleus (e). After MSG treatment, a complete loss of GRF- and NPY-
containing cell bodies is seen in the arcuate nucleus (b,f). Some remaining GRF-IR cells are seen lateral to the
ventromedial nucleus (small arrows in b), and some NPY-IR neurons are seen Jorsal to the remaining arcuate
nucleus (f). In the median eminence of control rats, a very dense plexus of GRF-immunoreactive (IR) fibers is
seen in the external layer (c), whereas NPY-IR fibers are mainly seen in the internal layer (g). After MSG
treatment, there is a marked reduction in GRF-IR fibers (d), indicating that GRF-containing cell bodies in the
ventrolateral part of the arcuate nucleus project to the median eminence. No change in numbers of NPY-IR
fibers is observed after MSG administration (h), suggesting that the NPY-containing cell bodies in the ventromedial
part of the arcuate nucleus do not send projections to the median eminence. (Modified from Meister et al., 1989).
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Fig. 3. Schematic drawing illustrating the distribution of neuroactive compounds in different parts of the
arcuate nucleus and afferents to the median eminence as revealed with MSG-neurotoxicity. Anatomical
abbreviations: DM = dorsomedial; MO = medulla oblongata; MPOA = medial preoptic area; Pe = periventricular
nucleus; pPVN = parvocellular paraventricular nucleus; VM = ventromedial; VL = ventrolateral; and 3V = third
ventricle. Abbreviations for transmitters and peptides: A = adrenaline; CCK = cholecystokinin; ChAT = choline
acetyltransferase; CRF = corticotropin-releasing factor; DA = dopamine; DYN = dynorphin; ENK = enkephalin;
GABA = gamma-aminobutyric acid; GAL = galanin; GRF = growth hormone-releasing factor, NA = noradrenaline;
NPK = neuropeptide K; NPY = neuropeptide Y; NT = neurotensin; POMC = proopiomelanocortin; SOM =
somatostatin; SP = substance P; TI = tyrosine hydroxylase; TRH = thyroptropin-releasing hormone; and VP =
vasopressin. (From Meister et al.,, 1989).

these main actions. In fact, it is well established

Functional Aspects
that GABA, to a large extent colocalized with

The two major hypophysiotropic factors located
in the arcuate nucleus are dopamine and GRF,
located in the dorsomedial and ventrolateral part
of the arcuate nucleus, respectively. It seems sub-
sequently appropriate to assume that the two
main functions of cell bodies in the the arcuate
nucleus are to regulate prolactin and growth hor-
mone (GH) secretion and that the additional
comessengers may have synergistic effects on
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dopamine, also has an inhibitory effect on pro-
lactin secretion (see Racagni et al., 1982; McCann
and Rettori, 1986; see also Meister and Hokfelt,
1988), in agreement with its colocalization with
dopamine in dorsomedial arcuate neurons. The
GRF neurons contain a large number of putative
messenger molecules, of which GAL is of special
interest. The peptide GAL has been shown to
stimulate GH secretion when given intraven-
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tricularly (Melander et al., 1987; Ottlecz et al.,
1986,1988; Murakami et al., 1987) and parenter-
ally in both rats (Cella et al., 1988; Murakami et
al., 1989; Hulting et al., 1991) and humans (Bauer
etal, 1986; Davis etal., 1987; Hulting etal., 1991).
The GH releasing effect induced by GAL seems,
however, not to be excreted directly at the pitu-
itary level, since there are no binding sites for
GAL in the anterior pituitary (Gaymann and
Falke, 1990; Hulting et al., 1991). Moreover,
GAL does not appear to have any effect on
cultured pituitary cells (Ottlecz et al,,
1986,1988; Meister and Hulting, 1987) and the
GAL-induced GH secretion in both rat and human
is seen with a temporal delay (Hulting et al.,
1991). More recently it has been shown that
GAL in vitro releases GRF from fragments of the
hypothalamus (Kitajima et al., 1990). The major-
ity of GRF neurons in the monkey infundibular
nucleus and median eminence also contain GAL
(Meister et al., 1990a), indicating that GRF/GAL
colocalization is not only confined to rats. Thus,
evidence suggests that GAL is present with GRF
in ventrolateral neurons of the arcuate nucleus
and that GAL exhibits synergistic effects with
GREF to release GH, most probably via a hypo-
thalamic action to release GRF. The role of the
other coexisting compounds with GRF is more
unclear, but it is of interest that acetylcholine
promotes GH secretion, both directly at the
pituitary level (see Quabbe, 1986) and at the hypo-
thalamic level via inhibition of SOM release
(Locatelli et al., 1986).

Anterior Hypothalamic Regions

LHRH Neurons
in the MPOA and OVILT

The LHRH containing neurons in the medial
preoptic area (MPOA) and organum vasculo-
sum of lamina terminalis (OVLT) have so far
only been found to contain a very limited
amount of cotransmitters. Recently the peptide
GAL was demonstrated in a subset of OVLT and
preoptic LHRH neurons (Merchenthaler et al.,
1990), and functional studies have shown that
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GAL enhances in vitro release of LHRH from
nerve terminals in the median eminence
(Merchenthaler et al., 1990). The distribution of
neurons coexpressing GAL and LHRH exhibit a
sexual difference. In male rats about 20% of
LHRH neurons are also immunopositive for
GAL, whereas in female rats, about 65% of
LHRH-containing perikarya contain GAL-LI
(Merchenthaler et al., 1991). Female rats have
higher levels of GAL in the preoptic area and
median eminence in proestrous as compared
to estrous, suggesting that gonadal steroids,
primarily estrogen, may physiologically regu-
late the expression of GAL in a subpopulation
of LHRH neurons (see Merchenthaler et al.,
1991). Interestingly, estrogen has previously
been reported to represent an important regu-
lator of GAL gene expression in both the pitu-
itary (Kaplan et al., 1988; Vrontakis et al., 1989)
and brain (Gabriel et al., 1990). In the pituitary,
estrogen has been found to cause at least a
1000-fold increase in GAL expression (Kaplan
et al., 1988; Vrontakis et al., 1989). Furthermore,
a sexual difference in GAL-like immunore-
activity (LI) in rat hypothalamus has been dem-
onstrated using RIA measurements (Gabriel
et al., 1989), showing that during sexual matura-
tion the concentrations of GAL-LI increase
in the pituitary and median eminence of the
female rat.

Somatostatin Neurons
in the Periventricular Nucleus

The somatostatin-containing neurons of the
anterior hypothalamic periventricular nucleus
give rise to the extensive fiber network in the exter-
nal zone of the median eminence, whereas the
somatostatin neurons in the the arcuate nucleus
do not seem to give any major contribution to
this fiber network (see Meister et al., 1989). In spite
of the high number of somatostatin neurons sur-
rounding the third ventricle in the anterior
periventricular area, no other messenger molecule
has been demonstrated in these somatostatin
neurons. In other areas, such as the cerebral cor-
tex, somatostatin colocalizes with GABA and
NPY (see Meister and Hokfelt, 1992).
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Parvocellular
Paraventricular Nucleus

The parvocellular part of the paraventricular
nucleus contains two main hypophysiotropic
hormones; corticotropin-releasing factor (CRF)
and thyrotropin-releasing hormone (TRH). Apart
from these two peptides, immunohistochemical
evidence has accumulated showing that a large
number of additional peptides and one classical
transmitter (GABA) are present in parvocellular
PVN neurons. Since the discovery of CRF in the
early 1980s, the exact location and projections of
CRF-containing neurons have been clarified. It
was shown early that some of the parvocellular
CRF neurons also express vasopressin after
adrenalectomy (Tramu et al., 1983; Kiss et al.,
1984; Sawchenko et al., 1984; see Swanson et al.,
1986), which is of particular interest, since vaso-
pressin is known to be a secretagogue for
adrenocorticotropin (ACTH), and thus acts syn-
ergistically with CRF. The CRF neurons exhibit an
extensive coexistence with several other pep-
tides. They have been shown to contain NT and
ENK in larger proportions, whereas smaller num-
bers of CRF neurons contain GAL, cholecystokinin
(CCK), and peptide histidine-isoleucine (PHI)/
vasoactive intestinal polypeptide (VIP) (Ceccatelli
etal., 1989). The CRF neurons have so far been shown
to contain one classical transmitter, namely GABA.
In the dorsomedial part of the parvocellular PVN,
several CRF neurons contain GAD- and GABA-
immunoreactivity (Fig. 4), and a substantial num-
ber of the GAD /CRF-containing cells have been
suggested to project to the median eminence as
revealed with retrograde tracing (Meister et al.,
1988b). As would be expected, TRH- and CRF-
containing neurons represent separate cell popu-
lations, and surprisingly the TRH-containing
neurons have been found to contain a very lim-
ited number of additional messengers.

Although the role for CRF is well established, the
functional significance of NT, ENK, GAL, VIP /PHI,
and GABA in these neurons is more unclear. It has,
however, been found that NT (Rivier et al., 1977;
Maeda and Frohman, 1978), Vijayan and
McCann, 1979) and VIP/PHI (Kato et al., 1978;
Ruberg et al., 1978) have stimulatory effects on
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Fig 4. Inmunofluorescence photomicrographs of
a section of the parvocellular PVN after incubation
with antiserum to GABA (A) and subsequent elution
and restaining with antiserum to rat CRF (B). Com-
parison of A with B shows that a GABA cell in the
dorsal aspect of the nucleus also contains immuno-
reactivity for CRF (see arrow). Note also distribution
of a dense GABA-immunoreactive fiber plexus in the
PVN, where the fibers closely surround CRF cells.
Large arrow points in a medial direction and small
arrow in ventral direction. (From Meister et al., 1988b).

prolactin secretion, and that prolactin is released
during stress. Colocalization of NT and VIP/PHI
with CRF may support the idea that NT and VIP/
PHI could mediate this stress-induced release of
prolactin parallel to the release of ACTH. Sev-
eral studies indicate that GABA is also of impor-
tance in the control of ACTH secretion, mainly
to inhibit the release of ACTH by a hypothalamic
action, most likely via CRF (McCann and Rettori,
1986; Meister et al., 1988b).

Magnocellular Paraventricular and
Supraoptic Nuclei
The two main products of the magnocellular
hypothalamic neurons were early shown to be

vasopressin (Du Vigneaud et al., 1953a), a hor-
mone with main actions to maintain arteriolar
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perfusion pressure and extracellular fluid bal-
ance, and oxytocin (Du Vigneaud et al., 1953b),
involved in smooth muscle contractability. Besides
these well known actions, other roles for vaso-
pressin and oxytocin have been described, and
both nonapeptides have been reported to be
present in several peripheral tissues. Apart from
the main neurohypophysial hormones, the
magnocellular neurons transcribe, translate, and
store several other neuroactive substances (see
Brownstein and Mezey, 1986).

The placticity of the magnocellular system may
easily be studied after experimental manipula-
tions. In the following the changes in gene expres-
sion and changes in peptide/protein levels after
two such manipulations, salt-loading and hypo-
physectomy, will be presented. The results sug-
gest that in some cases the colocalized peptides
are expressed in a different way as compared to
the classical magnocellular hormones.

Hyperosmolarity-Induced
Changes in Gene Expression

Administration of hyperosmotic stimuli, usu-
ally carried out by replacing tap water by 2%
saline, induces several changes in the neurohy-
pophysial system. These include increase in cell
size (Kalimo, 1975), decreased glial contacts in the
SON (Hatton et al., 1984), decrease in pituitary
vasopressin and oxytocin levels (Zerbe and
Palkovits, 1984) and increased gene expression
for vasopressin (Sherman et al., 1986a,b,1988;
Meister et al., 1990b), oxytocin (Van Tol et al.,
1987; Meister et al., 1990b), TH (Young et al., 1987;
Meister et al., 1990b; Watts, 1992), GAL (Rokaeus
et al., 1988; Meister et al., 1990b, Young et al., 1990),
DYN (Sherman et al., 1988; Meister et al., 1990b),
CCK (Sherman et al., 1988; Meister et al., 1990b;
Watts, 1992), VIP/PHI (Watts, 1992), and CRF
(Young, 1986; Young et al., 1986; Watts, 1992).

The changes in gene expression for several of
the substances colocalized in vasopressin and
oxytocin neurons have been analyzed and corre-
lated with changes in the immunoreactive pep-
tide/protein products. This comparison may
reflect parallel events in synthesis, transport, and
secretion (Meister et al., 1990b). After prolonged
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salt-loading, increased levels of mRNA were
demonstrated in the SON/PVN for vasopressin,
oxytocin, TH, GAL (Fig. 5), and DYN. A substan-
tial increase in CCK mRINA was also observed in
the magnocellular PVN, whereas the increase in
the SON was moderate. In noncolchicin treated /
salt-loaded rats, a marked increase in TH-LI in
cell bodies of the SON/PVN was evident,
whereas vasopressin- and oxytocin-LI showed
marked decreases, reaching almost nondetectable
levels. In cell bodies of colchicine-treated /salt-
loaded animals, decreases in GAL- (Fig. 5) and
DYN-LI, but no certain changes in CCK-LI could
be demonstrated. At the level of the posterior
pituitary in noncolchicine-treated animals, simi-
larly a decrease for vasopressin-, oxytocin-, GAL
(Fig. 5), and DYN-LI were shown. However, there
was no difference in numbers of TH-IR fibers, in
agreement with the idea that TH is a cytoplasmic
nonreleasable enzyme, and there was no demon-
strable change in numbers of CCK-IR fibers. The
abovementioned findings suggest that there is
hyperosmolarity-induced synthesis of both vaso-
pressin and oxytocin as well as their colocalized
compounds GAL, DYN, and CCK. Since a deple-
tion of immunoreactive peptide was seen at the
level of the posterior pituitary and within the cell
bodies of the SON/PVN, it may be concluded
that the rate of transport and secretion exceeds
the rate of synthesis (Fig. 6). These observations
are in agreement with the demonstration that in
osmotically stressed rats biosynthesis and axonal
transport of hormone/peptides is augmented
about fivefold (Gainer et al., 1977; Brownstein et
al., 1980). In addition to the increase in biosynthetic
rate, the prohormones are posttranslationally
processed at a threefold more rapid rate (see
Castel et al., 1984). These changes are consistent
with the need for maintaining an augmented
secretion rate under conditions of hormone
depletion. In spite of the increased synthesis in
magnocellular neurons observed after salt-load-
ing, colchicine does not seem to be sufficient
enough to build up high levels of immunoreac-
tive material. This may be explained by the increased
axonal transport and by the fact that colchicine
treatment of salt-loaded rats inhibits transport
less well than in normal rats (Pefia et al., 1988).
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Fig. 5. Photomicrographs of emulsion-dipped (a,b) and immunofluorescence (c-f) sections of the para-
ventricular nucleus (PVN) (a-d) and posterior lobe of the pituitary (e,f) illustrating galanin (GAL) mRINA (a,b)
and GAL-like immunoreactivity (-LI) in control (a,c,e) and salt-loaded (b,d,f) rats. In ¢ and d, colchicine was
adminstered 24 h before sacrifice. After salt-loading, there is an increase in GAL mRNA (cf. a with b) and a
depletion of GAL-LI within the cell bodies of the PVN (cf. ¢ with d) as well as in nerve fibers of the posterior
pituitary (cf. e with f). The figure should be compared with schematic drawing in Fig. 6. (Modified from Meister

et al., 1990b).

However, other mechanisms should also be con-
sidered, including changes in processing of the
precursor and the formation of new products that
may not be recognized by the antisera used in
immunohistochemical analysis.

Effects of Hypophysectomy/Nerve
Transection on Gene Expression

Removal of the pituitary gland, i.e., hypophys-
ectomy, includes two main alterations to the experi-
mental animal, lack of pituitary hormones and
transection of the nerve axons from the SON and
PVN to the posterior pituitary. The expression of
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neurohypophysial hormones/peptides has been
studied with combined in situ hybridization and
immunohistochemistry (Villar et al., 1990). Five
days after hypophysectomy a dramatic increase
in GAL (Figs. 7,8) and CCK mRNA and GAL-
and CCK-immunoreactivity was demonstrated
in the SON and magnocellular PVIN. In addition,
some parvocellular CCK neurons in the PVN
could be demonstrated. DYN, however, showed
a differential change after hypophysectomy, with
a decrease in DYN mRNA and increase in DYN-
immunoreactivity (Fig. 7). Only smaller decreases
in mRNA and immunoreactivity were observed
for vasopressin and oxytocin. There were also
temporal changes in mRINA during the different
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Control

Synthesis (+)

Transport (+) .

Release (+)

Meister

Salt-loading

Synthesis (++)

Transport (+++) ® f”l

Release (++++)

Fig. 6. Schematic drawing of a magnocellular neuron of a control and salt-loaded rat. In the control neuron,
synthesis, transport, and release occur at a similar rate. In the salt-loaded neuron, there is an increase in
synthesis, transport, and release, where the rate of release exceeds the rate of transport and synthesis, leading to
a depletion of immunoreactive peptide at the nerve terminal and cell body level. Note hypertrophy of the salt-

loaded neuron. See Fig. 5 and text for further information.

survival times with an increase in GAL mRNA
as early as 2 d after hypophysectomy, reaching a
maximum at 5 d and thereafter gradually declin-
ing during 7 and 14 d to reach normal values at
36d (Fig. 8). Similarly, CCK levels reached peak
values at around 5 d posthypophysectomy and
thereafter decreased. That CCK mRNA in addi-
tion showed an increase in the parvocellular neu-
rons of the PVN suggests that the removal of the
anterior pituitary induces increased CCK mRNA
levels in this part of the nucleus. The results from
this study have shown that the transient expres-
sion of several peptides in magnocellular neurons
is altered in differential ways after hypophys-
ectomy. The changes observed in expression of
peptides and their mRNAs in hypophysec-
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tomized animals should be considered against the
well known fact that transection of the neuro-
hypophysial tract causes extensive degeneration
in magnocellular neurons of the SON and PVN.
Of particular interest is that the peptides GAL
and CCK markedly increase after hypophysec-
tomy. Upregulation of GAL peptide and GAL
mRNA has been reported in dorsal root ganglia
after transection of the sciatic nerve (Hokfelt et
al., 1987; Villar et al., 1989), and lesions of the hip-
pocampus results in increased GAL mRNA in the
ipsilateral cholinergic forebrain neurons (Cortés
et al., 1990). Taken together these observations
suggest that GAL, and also CCK, may be pep-
tides involved in degenerative and subsequent
regenerative processes.

Volume 7, 1993



Hypothalamic Neurosecretory Neurons %%

CONTROL HYPOPHYSECTOMY
A g " GAL mRNA

- 'GAL mRNA:

DYN: mRNA

Fig. 7. Photomicrographs of emulsion-dipped (a,b,e,f) and immunofluorescence (c,d,g,h) sections of the
supraoptic nucleus showing galanin (GAL) mRNA and GAL-like immunoreactivity (LI) as well as dynorphin
(DYN) mRNA and DYN-LI in control (a,c,e,g) and hypophysectomized (b,de f) rats (survival time 5 d).
Hypophysectomy induces a dramatic increase in GAL mRNA (cf. a with b) and GAL-LI (cf. ¢ with d). However,
whereas there is an increase in DYN-LI (cf. g with h) after hypophysectomy, there is also a paralle]l decrease in
DYN mRNA (cf. e with f), suggesting differential induction in GAL and DYN mRNAs after hypophysectomy.
(Modified from Villar et al., 1990).
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Fig. 8. Film autoradiograms showing expression of galanin (GAL) mRNA in magnocellular neurons of the
SON and PVN during different survival times after hypophysectomy (2,5,7,14, and 36 d). GAL gene expression
in relation to time is depicted in the lower figure. In control (C) animals, low levels of GAL mRNA are expressed.
Two days after hypophysectomy, there is an increase in GAL mRNA, which reaches its maximum at d 5, and
thereafter declines at d 7. At d 14 and 36 posthypophysectomy, the levels of GAL mRNA have reached control
values. (Modified from Villar et al., 1990).
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Plasficity in Expression
of Multiple Chemical
Messengers

A large number of studies using immunocy-
tochemistry and in situ hybridization have con-
cluded that vasopressin and oxytocin are made
in separate populations of magnocellular cells in
normal animals (Aspeslagh et al., 1976; Rhodes
etal, 1981; Hou-Yu et al., 1986; Mohr et al., 1988)
(Fig. 9a,b). However, recent findings indicate that
after certain experimental manipulations or
physiological stimuli, such as lactation, many
neurons of the SON can synthesize both hor-
mones at the same time (Mezey and Kiss, 1991).
Also, after salt-loading a smaller number of
magnocellular neurons have been demonstrated
to coexpress vasopressin and oxytocin mRNA
(Kiyama and Emson, 1990).

Alarge number of additional messenger mol-
ecules are encountered in vasopressin and oxy-
tocin neurons (see Brownstein and Mezey, 1986;
Meister et al., 1990c). Many vasopressin neurons
contain DYN (Gaymann and Martin, 1987;
Watson et al., 1982; Whitnall et al., 1983; Meister
et al., 1990c), leu-ENK (Martin and Voigt, 1981;
Martin et al., 1983; Gaymann and Martin, 1987),
GAL (Brownstein and Mezey, 1986; Rokaeus et
al., 1988; Gaymann and Martin, 1989; Meister et
al., 1990c) (Fig. 9¢,d), and TH (Meister et al.,
1990c), whereas oxytocin neurons contain chole-
cystokinin (CCK) (Vanderhaeghen et al., 1981;
Martin et al., 1983; Meister et al., 1990), CRF
(Burlet et al., 1983; Sawchenko et al., 1984) (Fig.
9e,f), and met-ENK (Martin and Voigt, 1981;
Martin et al.,, 1983; Vanderhaeghen et al., 1983;
Adachi et al., 1985; Gaymann and Martin, 1987)
and TRH (Tsuruo et al., 1988; Meister et al., 1990c)
(see Fig. 10). Several of the mentioned combina-
tions cannot be visualized after only colchicine-
treatment, however, after hypophysectomy of
salt-loading plus colchicine-treatment, colocaliz-
ation can be demonstrated when the magno-
cellular neurons are under maximal synthetic
capacity (Fig. 10). Thus, the expression of mul-
tiple chemical messengers in magnocellular
neurons shows plasticity depending on the
appropriate stimuli.
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Functional Considerations

Although it has been evident for some years
that the magnocellular neurons of the SON and
PVN store a large number of other chemical mes-
sengers, the knowledge on the functional roles
of these colocalized compounds in the neuro-
hypophysis is fragmentary. It has been reported
that dynorphin (mainly colocalized with vaso-
pressin) inhibits the secretion of oxytocin (Bondy
et al., 1988) and that CCK (mainly colocalized
with oxytocin) stimulates both vasopressin and
oxytocin secretion (Bondy et al., 1989a). Both
effects can be blocked by naloxone and the CCK-
antagonist L-364,718, respectively. In agreement,
specific binding sites for DYN (Gerstberger and
Barden, 1986; Herkenham et al., 1986) and CCK
(Bondy et al., 1989a,b) have been demonstrated
in the posterior pituitary. Both dehydration and
salt-loading causes a parallel depletion of DYN
and vasopressin (Lorens et al., 1985; Meister et
al., 1990b), suggesting a concomitant release of
both compounds from the posterior pituitary and
a subsequent simultaneous inhibitory effect on
neighboring oxytocin-containing terminals. The
secretion of CCK also parallels the secretion of
oxytocin (Sherman et al., 1988), which may sug-
gest presence of presynaptic CCK receptors
mediating further oxytocin release from the
CCK/ oxytocin-containing nerve terminal as well
as postsynaptic CCK receptors that mediate
stimulated release of vasopressin.

The peptide GAL, mainly present in vaso-
pressin-containing nerve terminals, has so far
not been shown to have any significant effect
on either vasopressin of oxytocin secretion
(Gaymann and Falke, 1990; Meister et al., 1993).
However, a marked stimulatory effect on CCK
release has recently been found (Meister et al.,
1993). Dehydration and salt-loading, i.e.,
increase in plasma osmolality, which is known
to deplete vasopressin and oxytocin from the
neurohypophyseal system, cause a reduction
in GAL-LI in cell bodies in the SON/PVN, in
nerve fibers in the median eminence, and in
nerve terminals in the neurohypophysis as
demonstrated with RIA (Koenig et al., 1989;
Skofitsch et al., 1989). Parallel to the decrease
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Fig. 9. Immunofluorescence photomicrographs of sections of the rat SON after double-staining with antisera
to vasopressin (VP) (a) and oxytocin (OXY) (b), VP (¢) and galanin (GAL) (d), and OXY (e) and corticotropin-
releasing factor (CRF) (f) after hypophysectomy (a-d) and after salt-loading (e,f). It can be seen that in the
hypophysectomized rat, VP and OXY-containing neurons represent separate cell populations (cf. a with b),
whereas a large number of VP neurons also contain GAL (cf. ¢ with d). In the salt-loaded rat, a large number of
the OXY-containing cell population also contain CRF (cf. e with f). (Modified from Meister et al., 1990c).
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Fig. 10. Schematic drawing summarizing the proportional presence of additional chemical messengers in
vasopressin (VP) and oxytocin (OXY) neurons after hypophysectomy, after salt-loading plus colchicine treatment

and in the colchicine-treated Brattleboro rat. CCK =

cholecystokinin; CRF = corticotropin-releasing factor; DYN

=dynorphin; ENK = enkephalin; GAL = galanin; PHI = peptide histidine-isoleucine; SOM = somatostatin; TH =
tyrosine hydroxylase; TRH = thyrotropin-releasing hormone. Note that the Brattleboro rat has a defect in the

ability to synthesize VP. (From Meister et al., 1990c).

in GAL-LI, the levels of GAL mRNA in the
SON and PVN increase during hyperos-
molarity (Meister et al., 1990b; Young et al.,
1990), indicating that the rate of transport
through axons in the median eminence and the
secretion from the neural lobe exceeds the rate
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of synthesis in the SON and PVN (Meister et al.,
1990b) (see Fig. 6). When GAL is administered
systemically there is a mild diuresis in rats,
whereas GAL does not seem to influence the
vasopressin-induced antidiuretic effect (Skofitsch
et al., 1989).
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Fig. 11, Immunofluorescence photomicrographs of sections of the rat arcuate nucleus after double-staining
with antisera to aspartate (ASP) (a) and neuropeptide Y (NPY) (b). In the ventromedial part of the arcuate
nucleus, several ASP-positive neurons are distributed, and several of them also contain NPY-immunoreactivity

(see arrows).

Excitatory Amino Acids
in Neurosecretory Neurons

Recent studies have shown that the excitatory
amino acids glutamate and asparate are widely
distributed in the hypothalamus (Palkovits etal.,
1986; Meeker et al., 1989; Van den Pol, 1990,1991).
Particularly high concentrations of glutamate and
aspartate are encountered in the hypothalamic
magnocellular neurons (Palkovits et al., 1986),
and it has been suggested that glutamate may be
the main excitatory transmitter in neuroendocrine
regulation (Van den Pol, 1990). Thus, magno-
cellular neurons of the SON respond to the appli-
cation of glutamate by firing a train of stimulus
bound action potentials (Arnauld et al., 1983;
Biolacetal., 1978), and perifusion or iontophoretic
application of glutamate to the magnocellular
neurons elicits high frequency action potentials
and bursting patterns that mimic the natural fir-
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ing pattern of these cells in vivo (Haller and
Wakerley, 1980). Specific antibodies to glutamate
have shown that this excitatory amino acid is
present in perikarya and dendrites of the magno-
cellular neurons of the SON as well as in termi-
nal endings that synapse on these cells (Meeker
et al., 1989). Recent experiments have given evi-
dence for a widespread occurrence of glutamate
and aspartate in neurosecretory neurons of the
suprachiasmatic, periventricular, SON, PVN
(both parvo- and magnocellular parts), and arcuate
nuclei (Decavel and Van den Pol, 1992; Meister
et al., in preparation). Within these nuclei, several
neuropeptides have been demonstrated together
with both glutamate and aspartate. For example,
in the ventromedial part of the arcuate nucleus,
aspartate is present in NPY-containing neurons
(Fig. 11), and in the SON and magnocellular PVN,
glutamate and aspartate are colocalized with both
vasopressin and oxytocin.
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Colocalization in hypothalamic neurosecretory neurons: current concepts

Area Hormone

Colocalizing substance

Medial preoptic area LHRH

- Anterior periventricular nucleus SOM

Arcuate nucleus GRH
Dopamine
Paraventricular nucleus CRH
(parvocellular part) TRH
Supraoptic nucleus VP
Paraventricular nucleus OXY

(magnocellular part)

GAL

TH, ACh, GABA, GAL, NT
GABA, NT, GAL

VP, NT, ENK, CCK, GAL, VIP/PHI, GABA

TH, GAL, DYN, PHI, ENK, TRH, CCK
CRH, CCK, ENK, TRH, GAL

Fig 12. Summary of current concepts of colocalization in hypothalamic neurosecretory neurons. ACh =
acetylcholine; CCK = cholecystokinin; CRH = corticotropin-releasing hormone; DYN = dynorphin; ENK =
enkephalin; GABA = gamma-aminobutyric acid; GAL = galanin; GRH = growth hormone-releasing hormone;
LHRH = luteinizing-releasing hormone; NT = neurotensin; OXY = oxytocin; PHI = peptide histidine-isoleucine;
SOM = somatostatin; TH = tyrosine hydroxylase; TRH = thyrotropin-releasing hormone; VIP = vasoactive

intestinal polypeptide; VP = vasopressin.

Summary and Conclusions

The majority of neurosecretory neurons in the
hypothalamus have the genetic codes necessary
to express more than one messenger molecule
(Fig. 12). Within these neurosecretory neurons
there is to date at least one hormone with a well
characterized function in the regulation of ante-
rior pituitary hormone secretion and in the regu-
lation of physiological events in peripheral
tissues. The function of messenger molecules
colocalized with the classical hypothalamic hor-
mone remains still rather unknown, but evidence
suggests interactions between hypothalamic hor-
mones and coreleased messenger molecules at the
level of the median eminenceor at the level of the
pituitary gland. A given stimuli may cause
changes in gene expression for all colocalized
compounds in neurosecretory neurons, but dif-
ferential changes in gene expression also exist,
suggesting diversity at the receptor level and in
signal transduction pathways. Comparative

Molecular Neurobiology

analysis of changes in gene expression and
changes in peptide/protein levels may provide
information on rates of synthesis and secretion.
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