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Neuropeptides and catecholamines are biologically active substances

which play the roles of neurotransmitters, neuromodulators and

cotransmitters in the central nervous system (CNS). These substances

are known to regulate and influence a wide spectrum of functions; such

as food and water intake, thermoregulation, growth and maturation, sexual

behaviour, reproduction, function of the hypothalamic-hypophysial-organ

axes, and many others. This large family of neuropeptides is comprised

of around 40 fundamental polypeptides, which does not include their

derivatives and related peptides. Localization and development of several

of them was intensively studied in the brain of a wide range of species,

including the rat and the pig. In this present paper, data regarding

distribution of catecholamine synthesising enzymes and some

neuropeptides, as well as their gene expression during development in

the rodent and porcine brain are summarised and related to development

of LHRH-containing structures.

Introduction

The number of putative neurotransmitters has dramatically increased during recent decades. In

addition to the classical neurotransmitters and a few amino acids, at least 40 neuropeptides

have been found: all these substances can act as chemical messengers in the mammalian ner-

vous system. Neuropeptides are divided into several families, such as the vasoacrive intestinal

peptide (VIP)-glucagon family, neuropeptide Y (NPY) and related peptides, tachykinins, hypo-

thalamic hormones, hypothalamic releasing and inhibiting hormones, a large group of "miscel-

laneous" peptides (including galanin), and some "novel" neuropeptides. Immunohistochemis-

try and molecular biology methods have allowed the precise localization of these neurotrans-

mitters and neuropeptides, and thus, contributed to the understanding of how certain regions of

the brain function. This expanding body of knowledge of the relationship between structure and

function has been accompanied by studies revealing the ontogeny of distribution and gene

expression of these neuropeptides in the brain of different groups of animals. Due to restric-

tions regarding the length of this paper, the interesting issue of the distribution and gene

expression of neuropeptides during brain development in models of rodents and pigs were

emphasised. It was also necessary to reduce the number of neuropeptides discussed to those

receiving the most attention by researchers in recent years.
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Luteinisinghormone-releasing hormone (Figures1-5)

One of the neuropeptides belonging to the hypothalamic releasing and inhibiting hormone
family is luteinising hormone-releasing hormone (LHRH). LIARH is a decapeptide that regu-
lates reproductive function and behaviours in mammalian species. Because of the importance
of efficient reproductive function in farm animals, the ontogeny of LHRH immunoreactivity
(LHRH-IR) was also studied in the pig (Polkowska et al., 1985; Danchin and Dubois 1982).
LHRH was present in nerve terminals of the median eminence (ME) and organum vasculosum
of the lamina terminalis (OVLT) beginning on day 72 of gestation (G72) and gradually in-
creased with development of the embryo. In this stage, a few immunoreactive LHRH perikarya
appeared, but they were most numerous in the last days of pregnancy (G110; duration of preg-
nancy averages 114 days). The greatest numbers of these neurons were localised in the most
anterior periventricular parts of the hypothalamus, the preoptic area (POA) and diagonal band of
Broca, but they were very rare in the medial basal hypothalamus (MBH).

The ontogeny of LHRH-IR was studied in the Meishan pig by Pearson et al. (1996b). LHRH-
IR cell bodies and fibres were detected entering the brain via the terminal nerve and in the
septal region of the basal telencephalon at G30. The number of immunoreactive cell bodies
increased at G50 and cells were localised primarily in the septum, OVLT, POA and lateral
hypothalamus, whereas immunoreactive fibres were present throughout the septum and hypo-
thalamus and reached the ME. The density and distribution of immunoreactive fibres increased
by G70 and G90, but did not change dramatically from G90 to postnatal day 50 (P50). These
results indicate that LHRI-1may be present earlier in the Meishan pig brain than in the domestic
pig. Nerve fibres containing LHRH-IR appear to reach the ME in the Meishan pig 10 days
earlier than previously reported for the domestic pig. Some quantitative analyses of LHRH
content in the porcine brain were performed. The POA and suprachiasmatic area contained only
low concentrations of LHRH while the MBH contained high concentrations of LHRH (Kumar et
al., 1991).

VIP-glucagon family peptides (Figures6-8)

The VIP-glucagon family of peptides encompasses, among others, glucagon-like peptide-1,
peptide histidine isoleucine, pituitary adenylate cyclase-activating polypeptide (PACAP), and
vasoactive intestinal peptide (VIP). VIP is a 28-amino acid neuropeptide, which has potent
growth-related actions on dissociated neural cells (Gressens 1998, Waschek 1995). In recent
years, its role in brain development has been elucidated: VIP is a regulator of early
neurodevelopment and embryonic growth, a stimulator of neocortical astrocytogenesis, and is
a neuroprotective molecule acting against excitotoxic and other neurotoxic substances.

Localization of VIP-immunoreactive (VIP-IR) structures and appearance during development
were studied in rats (Hajos et al., 1990). Numerous cells displayed intense VIP-IR in the
subventricular zone of the rat occipital hemisphere from birth to P8 (Hajos et al., 1990). By P8,
this cell population was markedly reduced. In the ageing brain (Cha et al., 1995), there was a
significant loss of VIP-IR neurons in the cortex. Numbers of VIP-IR structures increased in the
developing visual cortex of the rat (Zilles et al., 1991). In studies by Ichihara et al. (1983), VIP
concentrations increased in some brain areas until the fourth week of postnatal life, and then
decreased in brains of adult animals. Similar observations regarding the suprachiasmatic nucleus
(SCN) were described by Chee et al. (1988), who revealed a 36% decrease in the number of
VIP-IR neurons in the SCN of old rats compared to that of young animals. Concentrations of VIP
were determined in extracts of the brain of the developing and adult pig (Ich ihara et al., 1984).
VIP concentrations in acid extracts of the brain cortex were 13.5 +1- 2 pmol/g at birth and rose
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Figures 1-8. Immunocylochemical or LHRH in the median eminence (ME), preoptic

area (140A), arcuate nucleus (ARC) and venteromedial nucleux (VMN) and VIP in the ME, ARC and

VMN in a sexually mature pig.

LHRH-IR nerve fibres in the POA.

LHRH-IR nerve cell bodies in the POA.

.3. Very dense meshwork of LHRH-IR nerve fibres in the ME.

LHRH-IR neurons and nerve terminals in the ARC.

LHRH-IR nerve fibres in theVMN.

VIP-IR nerve fibres in the ME.

VIP-IR nerve fibres in the ARC.

B. Numerous VIP-IR neurons in the VMN.

vtP

gradually to 30 + 1- 9 pmol/g in the adult. Localization of VIP-IR structures was studied in the

hypothalamus of the immature female pig (Calka 1992). VIP-IR neurons were found in the

arcuate (ARC), paraventricular (PVN) and supraoptic nuclei (SON), as well as in the pituitary

stalk. The ME contained an abundance of VIP-IR processes, both in the internal and external

layers. In the developing porcine hypothalamus, VIP-IR nerve fibres and perikarya were ob-

served in the POA, SON, PVN, ME, ARC, ventromedial nucleus (VMN) and mamillary region

(W. Sienkiewicz, unpublished). Animals at P1 and sexually mature pigs were used in this
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study. Some nerve fibres and cell bodies were detected in the POA of pigs at P1. There were
single nerve fibres in the SON, while perikarya were moderate in number. The PVN contained
a moderate number of neuronal somata and numerous nerve fibres, which were gathered mainly
in the periventricular zone. During maturation, there were no changes in number of VIP-IR
structures in these nuclei. A greater number of nerve fibres were in the ME (Fig. 6), ARC (Hg.
7) and VMN (Fig. 8) in sexually mature pigs compared to 1 day-old animals. Neuronal somata
were absent at P1, but were numerous in the adults (Fig. 8 ). There were single VIP-IR fibres
and neurons in nuclei of the mamillary region in both P1 and adult pigs (W. Sienkiewicz,
unpublished observations).

In studies by Waschek et al. (1996), the VIP gene was expressed at least as early as Gll in
the mouse hindbrain. VIP expression was also studied during rat brain development (Graber
and Burgunder 1996). VIP was first expressed in the lateral thalamus at G17. At G19, VIP
mRNA was also in the hypothalamus, especially the SCN. VIP expression matured continu-
ously during the first three postnatal weeks, and adult-like patterns were found at P22, when
expression of VIP was most prominent in the cerebral cortex, thalamic nuclei and SCN. Gozes
N al. (1988) described high VIP mRNA expression as early as G16, but VIP mRNA expression
was significantly lower in the cerebral cortex in aging rats compared to P21 rats. The VIP
mRNA, VIP protein and VIP receptor-associated protein were in endothelial cells of veins,
arteries and capillaries in the marginal zone of brainstem tissue sections, especially in the pons
and mesencephalon, as well as in pial vessels of newborn pigs (Lange et al., 1999).

Neuropeptide Y (Figures 9 and 10)

Neuropeptide Y (NPY) and related peptides (pancreatic polypeptide and peptide tyrosine-ty-
rosine) are some of the most intensively studied neuropeptides. Localization and development
of NPY-containing structures within the brain was studied in a wide range of species, including
farm animals.

Changes in the concentration of NPY were determined in the developing rat brain (Allen et
al., 1984). NPY was present in the brain stem and diencephalon in the earliest embryos studied
(G14). Postnatally, concentrations of NPY rose rapidly in all regions examined. The distribution
of NPY in the developing rat brain was also studied by immunocytochemistry (Woodhams et
al., 1985). NPY-IR perikarya first appeared on G13 and immunostained fibres appeared from
G15 onwards: staining of the perikaryal was generally more intense prenatally than after birth.
According to other authors (Kagotani et al., 1989), NPY-IR neurons first appeared in the rat ARC
and in the dorsolateral hypothalamic area on G14,5. NPY-IR cell bodies increased in number in
the ARC, dorsomedial-lateral hypothalamic area and PVN until birth, but disappeared thereaf-
ter, with some cells still remaining in the ARC. On the contrary, the number of NPY-IR fibres
diminished markedly on P16, particularly in the PVN, dorsomedial-lateral nuclei, and medial
POA, but recovered considerably on P60 and P120.

During the ontogeny of the porcine brain, NPY-IR in cell bodies and fibres was evident in
many areas of the brain at G30, including the basal telencephalon, hypothalamus, mesencepha-
Ion, pons and medulla (Pearson et al., 1996c). Throughout prenatal development, cell bodies
containing NPY-IR generally increased in number and distribution in the brain (Fig. 9, 10). The
distribution of NPY-IR in fibres became more widespread as gestation progressed, showing a
pattern by G110 that was characteristic of the postnatal period. The intensity of NPY-IR in fibres
also increased throughout gestation. During postnatal development, the number of cell bodies
displaying NPY-IR decreased. There was a dramatic reduction in the number of immunoreac-
tive cell bodies in the ARC between P1 and just before weaning at P20. Some additional
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Figures9 and 10. lmmunocytochemical localization of NPY in the preoptic area (POA) of a 1 day-
old pig and ME of a sexually mature pig.

NPY-IR nerve cell bodies in the preoptic area in a 1 day-old pig.
NPY-IR nerve fibres in the median eminence in a sexually mature pig.

increases in immunoreactivity occurred postnatally, especially in the periventricular hypothala-
mus and the hippocampus. NPY-IR decreased postnatally in other brain areas, like the caudate
nucleus and putamen. In juvenile pigs, NPY-IR hypothalamic structures were present in the
PO& ARC, dorsomedial nucleus (DMN) and VMN, as well as in the internal layer of the ME

and infundibulum (Calka et al., 1994). There were NPY-IR fibres throughout the hypothalamus,
but most prominently within the periventricular region.

Expression of NPY at the mRNA level was studied in the rat brain. In the normal adult rat,
hypothalamic NPY mRNA expression is limited to the ARC. In contrast to the normal adult rat,
there was NPY mRNA in the ARC, the DMN and the perifornical region during development
(Singer et al., 2000). NPY mRNA expression in all three regions increased progressively from P

0-4 reaching maximum at P16 and subsequently decreasing to near-adult expression by P30.
Similar observations were described by Grove et al. (2001). Examination of the full rostral to
caudal extent of the hypothalamus revealed two additional regions displaying novel NPY mRNA
expression; the parvocellular division of the PVN and lateral hypothalamus.

Galanin (Fig. 11-16)

Development of galanin (GAL)-IR in the rat CNS has been investigated immunologically (Sizer
et al., 1990). GAL-IR processes in the CNS were first recognised in the spinal cord at P1. The
GAL-IR neuronal somata were first visualised in several regions of the diencephalon at P2.
Positive cells were also detected in many brainstem areas at later stages of maturation. The
number, density and staining intensity of GAL-IR structures in these and other brain regions
increased steadily until P28, at which age the adult distribution was attained. No reduction in
GAL-IR was noted in any area during later postnatal periods. GAL-IR cell bodies and fibres were
evident primarily in the porcine hypothalamus at G30 (Pearson et al., 1996a)., Cell bodies
containing GAL-IR generally increased in number and distribution in the brain throughout the
prenatal period. During postnatal development, the number of GAL-IR cell bodies decreased,
particularly in hypothalamic areas (Fig. 11-16). The presence of GAL-IR fibres became more
widespread throughout gestational development, establishing a pattern by postnatal P1 that
continued during later postnatal ages. The intensity of GAL-IR in fibres also increased through-
out gestation. Some additional increases in immunoreactivity occurred postnatally, especially
in the periventricular hypothalamus.



6 W. Sienkiewicz

13

GAL




G112, PA 14

GAL

•
G112. PVN

 1 :




15

CIL

s

P84, SON 16

GAL

P240, ARC

figures 11-16. Immunocytochemical localization of GAL in the hypothalamus of the pig.

Gal-IR nerve fibres in the ME of a 70 day-old foetus.
Gal-IR nerve cell bodies in the ARC of a 70 day-old foetus.
Gal-IR perikarya in the POA of a 112 day-old foetus.
Gal-IR perikarya in the PVN of a 112 day-old foetus.
Gal-IR neurons in the SON of an 84 day-old pig.
Gal nerve cell bodies in the ARC of a sexually mature pig.

The regional and cellular distribution of GAL-like peptide (GALP) mRNA (Larm and Gundlach

2000), GAL peptide and GAL receptor-binding mRNAs (Gundlach et al., 2001) and preprogalanin
messenger RNA (Ryan and Gundlach 1996) were investigated in the rat brain. In a thorough
screening of the adult male rat brain, GALP mRNA expression was detected only throughout
the rostrocaudal extent of the ARC with the strongest hybridisation signal in the posterior and

periventricular zones (Larm and Gundlach 2000). GALP mRNA-positive neurons were mostly
localised in the ventromedial division of the ARC. Smaller numbers of labelled neurons were
also in ventrolateral areas. The distribution of GALP mRNA was somewhat complementary to

that of GAL mRNA in the ARC, but contrasted with the broad distribution of this transcript
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throughout the hypothalamus. GAL mRNA was also distributed along the rostrocaudal extent of

the ARC, but was most abundant at the anterior to middle levels and in ventrolateral regions. In

the adult rat brain, GALP mRNA expression was restricted to a discrete subpopulation of neu-

rons in the ARC. Expression and distribution of the mRNA coding for the GAL precursor,

preprogalanin (ppGAL), were also analysed in the rat periventricular nuclei, PVN, SON, DMN,

ARC nuclei and the lateral hypothalamic area (Giorgi et al., 1995). During development, ppGAL

mRNA was detected in all the nuclei considered beginning at P1. Preprogalanin mRNA pro-

gressively increased from P8 to P21. The ontogenic expression of ppGAL mRNA in the postna-

tal rat brain was studied by Ryan et al. (1997). Preprogalanin mRNA was detected in the fore-

brain and hindbrain from P4 to P60 (adult). Weak hybridisation signals were observed in cells of

a number of nuclei, including the medial POA, PVN and DMN on P4.

Tachykinins

Four neuropeptides belong to the tachykinin family: neurokin in A, neurokin in B, neuropeptide

K and Substance P (SP). Most data regarding development of the tachykinin brain system were

obtained from studies of SP-containing structures.

Ontogeny of the SP neuron system in the rat brain stem was investigated by Sakanaka et al.

(1982). SP-IR structures (cells and fibres) first appeared in the primordium of the ventral part of

the nucleus tractus spinalis nervi trigemini (nVs), in the reticular formation between nucleus

reticularis lateralis and nVs, and in the reticular formation between nVs and nucleus originis

nervi facial is at G14 in the brain stem. After that time, SP-IR structures made their appearance

gradually in various areas of the brain stem. Ontogeny of SP-IR structures was also examined in

the VMN of the rat (Yamano et al., 1984). SP-IR cell bodies and fibres first appeared at G21.

These structures subsequently increased in number. The maximum content was reached at P21

and was observed even in adult rats.

The concentrations of other members of the tachykinin family: neurokinin A, neurokinin B

and neuropeptide K, were measured in several regions of the rat CNS at different stages of

postnatal development by Diez-Guerra et al. (1989). All 3 tachykinins were detectable in the

hypothalamus, striatum, substantia nigra, cerebral cortex and spinal cord during postnatal de-

velopment. Interestingly, there was a general increase in tachykinin concentrations during the

second week of life. Some of these reached concentrations on P15, which far exceeded those

in the adult. Tachykinin content of most areas declined slowly after P15 until adult values were

finally reached. There is no information on development of tachykinin-containing structures in

the brain of large domestic animals. The distribution of SP in the brain and spinal cord of

the adult pig was described for the first time in a paper by Kumar et al. (1991). There were high

levels of SP in the POA, suprachiasmatic area, MBH and brain stem, while moderate amounts

of SP were in the olfactory bulb. In our studies, the number of nerve cell bodies in the POA and

nerve fibres in the SON decreased, whereas the number of nerve fibres remained unchanged in

the PVN, ME and mamillary region when comparing sexually mature pigs to animals at P1. The

number of nerve fibres increased in the POA, whereas the number of neuronal somata in-

creased in the SON and ARC (W. Sienkiewicz, unpublished). Postnatal development of SP-IR

structures was studied in the pineal gland of newborn, P21 and 7 month-old female pigs

(Przybylska-Gornowicz et al., 2000). Immunoreactive nerve fibres were in the pineal gland as

well as in the posterior commissure and habenular areas and SP-IR cell bodies were in the

medial habenular nucleus, but there were no differences in the distribution and density of SP-

IR nerve fibres among newborn, P21 and 7 month-old pigs. SP-containing structures in the ME—

ARC complex in the juvenile pig were also described by Sienkiewicz et al. (1996). Numerous
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SP-IR perivascular nerve fibres were located within both layers of the ME. SP-IRperikarya were
also in the ARC.

Gene expression of tachykinins was studied in the developing and ageing rat brain.
Preprotachykinin A (PPT-A)mRNA-positive and -immunoreactive cells were first detected at birth.
By P5, the numbers of SP-expressing cells diminished dramatically. The number of SP mRNA-
positive neurons and SP-IRcells decreased gradually from P10 and P15 onward (Zhang and Harlan
1994). In contrast, expression of neurokinin B was not evident until P10. Neurons expressing this
tachykinin were gathered in layer II, and to a lesserextent in layers V and VI of the cerebrum. This
distribution pattern remained at P45 (Zhang and Harlan 1994). In studies by Brene et al. (1990), rat
brains at 12 different developmental stages,ranging from G15 to adult were used. Preprotachykinin
A mRNA was detected as early as G15 and an approximately 3-fold increase occurred by birth,
which remained until P21 when the level increased, reaching a peak at P35. Adult concentrations
were approximately 3-fold higher than levels at birth. The distribution of PPT-A mRNA-expressing
cells was studied on sections of G20, P4 and P7 rat brains aswell asfrom adults (Brene et al., 1990).
Cells expressing PPT-A mRNA were detected in the forebrain at all 4 stagesanalysed. However,
the hybridisation pattern and labelling intensity varied in different brain regions during develop-
ment. In the cingulate cortex, there was intense PPT-A labelling in numerous cells at G20 and P4
and 7, whereas only a few scattered labelled cells were in the adult cingulate cortex. Labelled
cells were found in the frontoparietal cortex from P4 to adult, with the highest density of labelled
cells at P7. There were also developmental differences in both the distribution of PPT-A mRNA-
expressing cells and the level of PPT-A mRNA expression in the caudate-putamen, lateral hypo-
thalamus and amygdala.

The effect ot ageing on PPT-A mRNA levels in discrete regions of the rat brain was studied by
Pompei et al. (1999). There were no changes in PPT-A mRNA levels in the nucleus accumbens,
islands of Calleja, and medial POA.

Opioid peptides

The opioid peptide family, which is derived from proopiomelanocortin (POMC), consists of en-
kephalins (ENK), endorphins (END), dynorphins (DYN) and their other forms. Development of
leucine-ENK and DYN-A was studied in the rat CNS and pituitary gland (Khachaturian et al., 1983).
POMC-IR appeared first in hypothalamic neurons on G12, in pituitary anterior lobe cells on G15,
in pituitary intermediate lobe cells on G16, and in perikarya of the nucleus tractus solitarius on
G17. At the foetal stages, G19-22, all POMC systems were adult-like; however, the peak of IR
occurred between P2land P28. In contrast, both Leu-ENK-IR and DYN-A-IR appeared at later
embryonic stages,G16-17; their maturation lagged behind that of POMC peptides and the peak of
IR for these latter peptides also occurred between P21 and P28. The effect of ageing on S-END in
rat corpus striatum and hypothalamus was investigated in the studies of Gambert et al. (1980). In
both brain areas, basal levels of &END declined with age. R-END-IR was quantitated in the MBH
in rats of different ages (P1-P45) by radioimmunoassay (Hompes et al., 1982). Low, but significant,
amounts of g-END were present on P1. Hypothalamic R-END content did not change during the
first week, but decreased during the second week to a minimum on P14. Thereafter, g-END-IR
increased rapidly to P28 and remained at this level. Also, Tsang and co-workers (1982) studied
postnatal changes in levels of ENK and g-END in rat cerebellum, brainstem and whole forebrain.
The opioid peptides reached their highest levels at the first week postpartum in the cerebellum, at
the second week in the brainstem and at the third week in the whole forebrain, indicating a caudal-
rostral sequence of development. Immunoreactive R-END was measured in discrete brain areas
and pituitary glands from rats aged 6 weeks (young), 6 months (mature), and 20-24 months (senes-
cent) (Gambert et al., 1980). R-END declined significantly with age in the hypothalamus and
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corpus striatum. B-END increased in the frontal lobe during early development; however, no
change was noted after maturity. The distribution of END-IR was described in the dentate area,
hippocampus, and subiculum of the pig by Holm et al. (1993). ENK-IR nerve cell bodies were

faintly stained and generally present in very small numbers, except for some pyramidal cells in the
subicular cell layer. ENK-like immunoreactive fibres were few in number, whereas stained puncta
appeared with variable densities. There were puncta of particularly high densities in the dentate
molecular layer, whereas they were of moderate density in the dentate hilus, stratum moleculare
of the hippocampal regio superior, and in the subiculum. In the porcine hypothalamus at P1, some
Leu5-Enk-IR nerve fibres were found in the POA, SON, PVN, ME, ARC and mamillary region. The
ARC of immature female pigs contained a moderate number of nerve cell bodies and also a
moderate number of nerve fibres were in the ARC and ME (Sienkiewicz et al., 1996). In sexually

mature pigs, the POA exhibited a moderate number of nerve fibres (Fig.17) and cell bodies. The
SON contained a moderate number of perikarya and single nerve fibres. Single nerve cells and
numerous nerve fibres were in the PVN. The ME had a very dense network of nerve fibres (Fig. 18)
and numerous neurons were visible in the ARC (Fig. 19) and VMN (Fig. 20). The mamillary region
exhibited single nerve fibres and cell bodies (W. Sienkiewicz, unpublished).

Levels of proenkephalin A (P-enk A) and B mRNA were analysed throughout prenatal develop-
ment in the hippocampus and striatum of foetal pigs by Pittius et al. (1987a). In the hippocampus,

both mRNAs increased steadily throughout development with P-enk B mRNA increasing faster
than P-enk A mRNA. In the striatum, both mRNAs behaved similarly, increasing to a maximum
level around mid-gestation and declining thereafter.

Concentrations of P-enk B mRNA in porcine brain and pituitary were also measured using RNA
blotting and solution hybridisation (Pittius et al., 1987b). P-enk B mRNA concentrations were
highest in the caudate nucleus, followed by hypothalamus and hippocampus.

Figures 17-20. Immunocytochemical localization of Leu'-ENK-IR in the hypothalamus ol a

sexually mature pig.

17 Leu1-ENK-IR nerve fibres in the POA.
18 Leu'-ENK-IR nerve fibres in the ME.
19 Leu1-ENK-IR nerve cell bodies in the ARC.
20 Leu'-ENK-IR ner ve cell bodies and nerve fibres in the VMN.
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Catecholamines (Figs. 21-28)

A very important group of neurotransmitters, which strongly influence different brain functions
are the catecholamines. Development of the catecholaminergic system was intensively stud-
ied in the porcine brain, especially with respect to the hypothalamus, by Sienkiewicz et al.

(1996), Sienkiewicz (2002) and Sienkiewicz and Lakomy (2003). In the porcine POA at G70,
there were single nerve fibres immunoreactive only for tyrosine hydroxylase (TH) (Calka et al.,
1993b; Fig. 21). These nerve fibres were encountered in all three nuclei of the POA. The most
numerous TH nerve fibres were found in the medial preoptic nucleus and only a very few fibres
were observed in median preoptic nucleus. There were additional single nerve cell bodies
immunoreactive to TH in the POA at G84, and some of them also contained dopamine beta-
hydroxylase (DRH) . These nerve fibres were slightly more numerous at G112 (Fig. 22). Mod-
erate numbers of nerve fibres immunoreactive to TH and only single TH/DRH-IR nerve termi-
nals were in the POA at P1. Furthermore, TH-IR nerve cell bodies were moderate in number
and many of them also contained DISH-IR. A moderate number of nerve fibres were in the POA
of 10 week-old pigs. They contained mainly TH-IR, hut part of them were also TH/DISH-IR.
Very few nerve f ibres, which contained only DRH-IR, were present. Moderate numbers of TH-
IR nerve cell bodies were in this area, and some of them also contained DRH-IR. Only perikarya
containing phenylethanolamine N-methyltransferase (PNMT)-IR, but not TH were encountered.
TH-IR nerve cell bodies (Fig. 23) and fibres (Fig. 23) were numerous in the POA of sexually
mature sows. Part of them simultaneously contained DRH-IR. Single perikarya also stained for
PNMT.

There were single TH-IR neurons in the ARC of G70 foetuses and single TH-IR neurons as
well as single fine TH-IR nerve fibres in G84 foetuses. The number of TEHR nerve fibres
increased in foetuses by G112. There was a small increase in the number of TH-IR nerve cells
bodies, but a significant decrease in the number of TH-IR nerve fibres in P1 animals. Numerous
nerve cells bodies and nerve fibres, which were TH-, DRH-, TH/DBH- and PNMT-IR, were in
the ARC of 10 week-old piglets. Moreover, TH-IR fibres were most numerous, whereas PNMT—
IR nerve terminals were only occasionally encountered. In sexually mature sows, the immu-
noreactive structures resembled those in 10 week-old pigs.

Single nerve fibres, which were immunoreactive only for TH, were in the ME of G70 foet-
uses. The number of THAR nerve fibres was higher in the ME of G84 and G112 foetuses as
compared to G70 foetuses. The ME contained numerous TH-IR and single DRH-IR nerve fibres
in P1 animals. There were greater numbers of TH- and DRH-IR nerve terminals in the ME of 10
week-old and sexually mature animals as compared to younger animals. The density of these
nerve fibres increased with advancing age. TH-IR nerve terminals appeared in the ME before
P70, whereas DRH-IR nerve terminals appeared for the first time at P1.

Other hypothalamic nuclei were also studied. In general, the number of catecholamine
synthesizing enzyme-IR structures also increased with age in the AHA, SON, VMN (Fig. 25-
28) and tubero-mamillar (TM) nuclei. However, in the PVN, the number of IR structures in-
creased up to P70, and then decreased in sexually mature pigs to half of the amount observed
earlier.

Interaction between developing I_HRH and peptidergic systems

All the substances mentioned above influence LH release. VIP inhibits secretion of LH by a
hypothalamic action (Weick and Stobie 1992; Weick and Stobie 1995; Van der Beek et al.,
1999). Experiments involving neural lesions indicated that there are VIP receptors on neurons
in the PVN whose cell bodies are located in the SCN. VIP also blocked the steroid-induced LH
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Figures 21-28. Immunocytochemical localizationof tyrosine hydroxylase (TH) in the hypo-




thalamus of a sexually mature pig.

TH-IR nerve fibres in the POA in a 70 day-old porcine foetus.
TH-IR nerve fibres in the POA in a 112 day-old porcine foetus.
TH-IR perikarya in the POA in a sexually mature pig.
TH-IR nerve fibres in the POA in a sexually mature pig.
TH-IR neuron in the VMN in a 70 day-old porcine foetus.
TH-IR neuron in the VMN in a 84 day-old porcine foetus.
TH-IR neurons in the VMN in a 1 day-old piglet.
TH-IR neurons in the VMN in a sexually mature pig.
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surge in the ovariectomised rat (Weick and Stobie 1992). A VIP antagonist induced a small, but
significant increase in LH secretion in the intact rat, indicating that VIP has a modulatory rather
thdn a regulatory role in control of LH secretion. Also, about 40% of all LHRH neurons analysed
contained VIP2 receptors. In addition processes, which contained VIP, were in close apposition
to a significant number of VIP2 receptor-positive LHRH neurons (Smith et al., 2000). LHRH
neurons, that exhibited immunoreactivity for the VIP2 receptor, are located predominantly in
the OVLT. In the ME, where the majority of LHRH neurons terminate, VIP2 receptor IR was
absent. These findings showed that VIP neurons may communicate directly with LHRH neurons
(Smith et al., 2000). The data presented above demonstrate the importance of the VIP-IR sys-
tem for LH release. It is very interesting to compare time of appearance of VIP-IR and LHRH-IR
structures within the porcine brain, especially in the hypothalamus. Unfortunately, data regard-
ing development of hypothalamic VIP-IR structures in the pig are fragmentary, but generally
indicate that the number of VIP-positive neuronal elements in the hypothalamus increase with
age up to the prepubertal period. The most numerous VIP-IR nerve structures were in juvenile
gilts, and there was a decrease in the number of those nerve structures in sexually mature pigs.
Similarly, the number of LHRH-IR structures increased with age, up to the end of foetal devel-
opment. Later, there were no changes in the number of LHRH-IR structures until the peripubertal
period when LHRH-IR increased significantly. There was a similar pattern of changes in hypo-
thalamic LHRH mRNA. These similarities in development of the VIP and LHRH hypothalamic
systems suggest that VIP is important for development and survival of LHRH containing neu-
rons. Direct contact between VIP-IR and LHRH-IR structures is additional evidence for the
importance of VIP in regulation of LH secretion via the hypothalamic LHRH system.

NPY also modulates LH secretion by influencing the LHRH hypothalamic system (McDonald
1990; Calka et al., 1993a; Crowley and Kalra 1994; Advis et al., 2003) and by acting directly on
LH producing cells in the pituitary (McDonald 1990; Bauer-Dantoin et al., 1991; Kalra and
Crowley 1992; Estrada et al., 2003). NPY-IR appeared in porcine hypothalamic centres earlier
than LHRH-IR structures, but later in the course of development, the localization patterns of
these substances were similar. The number of NPY-IR neurons and nerve terminals as well as
LHRH mRNA declined during the peripubertal period. In sexually mature animals, the number
of NPY-IR neurons increased in hypothalamic centres, especially in the PVN. At the time of the
preovulatory LH surge, NPY gene expression increased in the ARC of the rat. These results
suggest that interactions between NPY and LHRH neurons are important in controlling the
timing, magnitude and maintenance of the preovulatory LH surge.

Results of previous studies clearly show that GAL is also a very important agent in regulation
of LH release due to excitatory effects on LHRH, and therefore, LH release (Lopez and Negro-
Vi lar 1990; Lopez et al., 1993; Elsaesser2001). GAL-IR structures were first visible in hypotha-
lamic areas on G30. The number of GAL-IR structures reached maximum development at P1,
then gradually decreased, except in the periventricular hypothalamus where GAL-IR structures
increased. In adult female mice, many LHRH-containing neurons also showed IR for GAL
(Rajendren and Gibson 1999). Galanin mRNA expression may be regulated by sex steroids,
since it was induced coincident with the LH surge, and persisted well after completion of the
LH surge (Finn et al., 1998). LHRH-containing cells begin to express detectable levels of GAL
mRNA at the onset of puberty. During the oestrous cycle, GAL mRNA levels increased in
LHRH neurons at the time of the LH surge (Rossmanith et al., 1996). Similarities between
patterns of development of GAL and LHRH systems and the data reviewed above, suggest a
tight coupling of GAL biosynthesis and release to the activity of the LHRH neurons.

Tachykinins, which include SP, suppress LH release (Battmann et al., 1991; Sahu and Kalra
1992; Duval et al., 1996; Hidalgo-Diaz et al., 1998). The previously mentioned papers clearly
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demonstrated that SPplays a modulatory role in the neuroendocrine control of the preovulatory LH
surge. There are some differences between the development of the SP-IRand LHRH-IR hypotha-
lamic systems.The number of SP-IRperikarya was lower, but the number of SP-IRnerve fibres was
greater in the POA and SON of adult female pigs compared to P1, whereas the number of nerve
fibres in the PVN, ME and mamillary region remained unchanged between P1 and sexual matu-
rity. A greater number of SP-IRneuronal somata was in the ARC of the sexually mature pigs. The
lower number of SP-IRperikarya and the greater number of SP-IRnerve fibres in the adult pig may
have resulted from release of SP from the neurons.

Opioid peptides suppress LH release (Barb et al., 1986; Rossmanith et al., 1988; Barb et al.,
1994; Giri and Kaufman 1994; Lieberman et al., 1998). Studies in rodents and pigs also suggest a
role for the opioid peptide system in controlling the timing of the LH surge (Asanovich et al.,
1998, Barb et al., 1986, Barb et al 1994). Based on this information, it is interesting to compare
time of appearance of opioid peptides and LHRH-IR in the porcine hypothalamus. During postnatal
development, there is a gradual increase in Leu5-ENK-IR structures, which reach a maximum in
sexually mature pigs, so it can be assumed that this system develops simultaneously with the
LHRH system in the hypothalamus.

Catecholamines are one of the most powerful stimulators of LHRH and LH release from the
hypothalamus and pituitary, respectively (Sarkarand Fink 1981; Barraclough 1983; Kalra and Gallo
1983; Kalra 1985; Bergen and Leung 1986; Clement et al., 1986). Catecholaminergic cells are also
sensitive to changes in the hormonal milieu during the oestrous cycle (Conde et al., 1995) and are
most active during early proestrus. Taking into consideration all these data, it is interesting to
compare time courses of development of catecholamine and LHRH structures in the pig hypothala-
mus. The catecholamine system develops gradually with age, reaching its final configuration in
sexually mature animals, especially in regions involved in regulation of sexual function, such as
the POA, ARC, ME and MBH. This similar pattern of development compared to the LHRH system
indicates functional relationships between these systems. In summary, comparison of develop-
ment of neurotransmitter structures with development of the LHRH-IR system within hypothala-
mus revealed similarities and differences in the time course of these processes. The hypothalamic
catecholaminergic system, which stimulates LFIRH and LH release, develops in a very similar
manner to the LHRH-IR system. The number of catecholamine positive LHRH-IR structures gradu-
ally increases throughout development and reach a maximum in the sexually mature pig. NPY-IR
structures are already developed in the hypothalamus at the end of foetal life, but later, at the
beginning of postnatal life, the number of these structures decreases, which is earlier than when
LHRH declines. However, NPY-IR structures increase in later periods. The number of GAL-IR
structures in the hypothalamus reach maximum development at P1, then gradually decrease, ex-
cept in the periventricular hypothalamus where GAL-IR structures increased. VIP-IR structures
were studied in the postnatal porcine hypothalamus. Available data indicate that the VIP-IR system
is already well developed in P1 piglets and there are no changes when compared to adults, except
in the ME and ARC nucleus where an increased number of VIP-IR structures are found in adults.
Hypothalamic systems containing SP and Leu'ENK develop gradually in the pig, reaching their
final configuration in adults. The different patterns of development of the hypothalamic systems
containing substances discussed above indicates different roles by which they influence matura-
tion of LHRH-IR structures and LHRH and LH release. The decrease in the number of structures
containing VIP and GAL, coincident with the time when the LHRH system almost reaches its final
configuration, supports the idea that those substances are very important agents for survival, growth
and maturation of LHRH neurons. Structures which are IRfor other substancesalso increased during
development. Catecholamines and NPY excite, whereas SP and opiates inhibit LHRH and LH
release. To completely understand all aspects of the regulation of LHRH synthesis and release from
hypothalamic centres, further studies are needed.
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All of the above mentioned substances, which influence the LHRH system, are present in

hypothalamic centres involved in regulation of reproductive functions of sexually mature ani-
mals, so it is extremely difficult to explain how they interact to regulate such a complicated

and sensitive process. The results presented above strongly indicate that timing of the appear-
ance and changes in the quantity of these substances are crucial for proper regulation of repro-
ductive function.
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