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1. ABBREVIATIONS
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3. INTRODUCTION

3.1 Anatomical and neurochemical organization of the parvicellular neurosecretory 

system
Aschner reported in 1912 that hypothalamic lesions can result in gonadal atrophy, 

suggesting thereby an important role of the hypothalamus in the maintenance of normal
Other investigators including Dott[ll], Mahoney and 

Sheehan[56], Harris[19], Hinsey[25] and Westman and Jacobsohn[92] were able to reproduce 

the phenomenon of gonadal atrophy via the interruption of connections between the 

hypothalamus and the hypophysis, by pituitary stalk trans-sections. In 1937 Haterius and 

Derbyshire[20] and Harris[19] showed that electrical stimulation of the hypothalamus can 

induce ovulation, corroborating the involvement of the hypothalamus in the control of 

gonadal functions. Dey in 1943 demonstrated[10] that guinea pigs are unable to ovulate if 

electrolytic lesions are placed at the posterior level of the optic chiasm of the hypothalamus 

and that the ovaries of the operated animals contain only follicles and no corpora lutea. In 

addition to the listed findings which indicated a fundamental role of the hypothalamus in the 

maintenance of normal gonadal functions, Cahane and Cahane reported[7] in 1938 that 
profound histological alterations also occur in the thyroid gland following destruction of the 

hypothalamic infundibular region.
Although the observations above indicated that the hypothalamus plays a crucial role 

in the regulation of normal anterior pituitary-related endocrine functions, the way the 

hypothalamus communicates with the anterior pituitary gland still remained obscure. Taking 

into account that (i.) nerve endings of hypothalamic origin are absent or very scarce in the 

anterior pituitary gland and that (ii.) the pituitary has a special kind of blood supply, termed 

hypophysial portal circulatory system, which is characterized by the intimate contact of blood 

vessels and hypothalamic nervous tissue, Harris[18] and Green and Harris[15] in 1947 

proposed that the link between the hypothalamus and the anterior lobe might be 

The neurohumoral hypothesis gained a strong support by numerous 

subsequent observations that hypothalamic extracts exert direct effects on pituitary hormone 

secretion.

anterior pituitary functions[2].

neurovascular.
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Such an action was first evidenced on adrenocorticotropin (ACTH) secretion and the active 

substance has been called corticotrophic releasing factor (CRF)[16, 71].
The basic organization of the hypothalamic area that regulates the adenohypophysis 

has been clarified by Hungarian neuroscientists. Halász et al. performed transplantation 

experiments with anterior pituitary tissue into different hypothalamic regions of the rat and 

concluded that only a very definite region of the hypothalamus is capable of maintaining the 

normal structure of pituitary implants[17]. This area was termed hypophysiotropic zone, and 

found to include mainly the mediobasal hypothalamus. The parvicellular neurosecretory 

system of the hypophysiotropic area which regulates anterior pituitary functions via secreting 

releasing- and release-inhibiting substances into the hypophysial portal circulation was 

defined and first described by Szentágothai et al.[83]. The axons emanating from the 

perikarya of small peptidergic and dopaminergic neurons in the arcuate (AN), periventricular 

and the parvicellular paraventricular (PVN) hypothalamic nuclei and in the medial preoptic 

area (MPOA) of the rat form the tuberoinfundibular tracts which terminate around the 

fenestrated capillaries of the median eminence (ME)-pituitary stalk complex. The 

neurosecretory products, isolated and structurally characterized so far, include growth 

hormone-releasing hormone (GHRH), dopamine, luteinizing hormone-releasing hormone 

(LHRH), thyrotropin-releasing hormone (TRH), corticotropin-releasing hormone (CRH, 
identical to CRF) and somatostatin. These substances are transported via the long portal 
veins to the anterior pituitary gland where they bind to specific membrane receptors to 

modulate secretion of growth hormone (GH), prolactin (PRL), luteinizing hormone (LH), 

follicle stimulating hormone (FSH), thyroid stimulating hormone (TSH), ACTH, a- 

melanocyte stimulating hormone (a-MSH) and other troph hormones of the 

adenohypophysis[64]. In addition to be secreted as hypophysiotropic factors, most 
neurohormones have been shown to fulfill a neurotransmitter/neuromodulator function in the 

peripheral- as well as the central[46, 47] nervous system.
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3.2 Anatomical and neurochemical organization of the magnocellular hypothalamo- 

neurohypophysial neurosecretory system
The phenomenon of neurosecretion by magnocellular neurons of the diencephalon was 

discovered and described by Scharrer and Scharrer in 1937[74], Now little doubt can be 

raised against the fundamental correctness of the theory that the magnocellular neurosecretory 

system of the hypothalamus consists of large peptidergic neurons whose perikarya (about 25 

pm in diameter in the rat) are located in the hypothalamic supraoptic (SON) and 

paraventricular (PVN) nuclei and several accessory magnocellular cell groups, 
neurons synthesize arginine vasopressin (VP) and oxytocin (ОТ) and project through the 

supraoptico-hypophysial and paraventriculo-hypophysial tracts to the neural lobe of the 

pituitary gland where the neurosecretory substances, transported and stored in dense-core 

vesicles, are delivered to the bloodstream in response to various humoral and neuronal 
stimuli[64, 73]. While the main function attributed to VP is the central control of water and 

electrolyte balance[70], ОТ seems to be primarily involved in the regulation of reproductive 

events, including parturition[14], sexual[l, 8] and matemal[65] behaviour, and the milk 

ejection reflex[89]. In addition to innervate the neurohypophysis, paraventricular ОТ and VP 

neurons have been shown to project to the lower brain stem and the spinal cord to regulate 

autonomic responses[82].

These

3.3 Humoral and afferent neuronal regulation of the parvi- and magnocellular 

neurosecretory systems
The parvi- and magnocellular neurosecretory systems represent the final common 

pathways in the central regulation of pituitary functions, and neurohormone output from their 

neurons is determined by the dual control of humoral and afferent neuronal agents.
3.3.1 Humoral regulation of neurosecretory systems
Radioligand-binding[67, 69, 85], immunocytochemical[23, 24] and recently, in situ 

hybridization (ISH)[76-79, 85] studies have been used extensively to investigate potential 
feed-back sites of peripheral hormones to brain areas involved in the neuroendocrine 

regulation. The results of these experiments provided morphological evidences for the 

responsiveness of the endocrine hypothalamus to the feedback actions of glucocorticoids[54, 
80], mineralocorticoids[38], estrogens[85], progesterone[90], androgens[5, 95] and thyroid 

hormones[42]. Neurons contributing with axon projections to the parvicellular
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tuberoinfundibular and the magnocellular hypothalamo-neurohypophysial tracts either 

respond directly to the actions of peripheral hormones or the humoral effects are mediated to 

them via synaptic communication with hormone receptor-expressing interneurons. While 

CRH-IR neurons of the PVN can be regulated directly by glucocorticoids[54], estrogens seem 

to require cooperation of estrogen-receptive intemeurons to influence LHRH neurons, which 

neither seem to accumulate estrogens[75], nor express estrogen receptor- 

immunoreactivity[22-24] in their nuclei. Similarly, an indirect action whereby estradiol 
regulates OT-ergic neurons of the SON has been proposed by Herbison et al.[21].

3.3.2 Regulation of neurosecretory systems by synaptic afferents 

The neurons of the parvi- and magnocellular neurosecretory systems are regulated by 

synaptic afferents from hypothalamic as well as extrahypothalamic origins. Previous studies 

using dual-label immunocytochemistry (ICC) at the ultrastructural level[53] have partially 

elucidated the chemical identity of specific neuronal afferents to the hypothalamic 

hypophysiotropic neurons[26, 41, 44, 46-51].
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4. SPECIFIC AIMS

The aim of the studies underlying this thesis was to provide new morphological data 

about the afferent connectivity as well as the humoral regulation of immunocytochemically 

characterized neurosecretory systems of the rat forebrain. To overcome some methodological 
limitations of classical immunocytochemical and ISH double-labeling techniques, we also 

attempted to develop new dual- and triple-labeling approaches with conjoint application of
The specific aims of our studies areICC and ISH to the same brain tissue sections.

summarized below.

To study the putative catecholaminergic afferent regulation of GHRH- 

synthesizing neurons by light- and electron microscopic dual-label ICC.
To provide light- and electron microscopic evidence for the involvement of 

adrenergic afferents in the regulation of the ТША neuronal system.
To reveal galanin-ER synaptic afferents to ТША neurons.
To provide a morphological support for the putative involvement of TRH-IR 

afferents and TRH receptors in the synaptic regulation of the ТША neuronal 
system.
To develop and use a new technique combining ICC and ISH for the light 

microscopic analysis of galanin-Ш afferents to parvicellular paraventricular 

neurons expressing prepro-TRH mRNA.
To develop a new methodological approach which enables the simultaneous use 

of 35S-labeled oligodeoxynucleotide and digoxigenin-labeled cRNA probes for 

dual-label ISH experiments.
To develop and use a triple-labeling method for simultaneous detection of c-Fos- 

and LHRH immunoreactivities and prepro-galanin mRNA within the same 

neurons.
To compare the distribution of GHRH-IR neuronal elements in the medial basal 
hypothalamus of monosodium glutamate (MSG)-lesioned rats and study GH 

responses to challenges by a GHRH analog.
To demonstrate the putative coexpression of the recently-discovered estrogen 

receptor-ß (ER-ß) mRNA in ОТ and VP neurons of the PVN and SON.

1.

2.

3.

4.

5.

6.

7.

8.

9.
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5. MA TERIALS AND METHODS

5.1 Animals
Experimental animals used in these studies included male and female rats (200-250 g, 

bw) from either the Wistar or the Sprague-Dawley strains. The rats were kept under a 

controlled photoperiod (141ight:10dark, lights on at 0500 h), with free access to standard rat 
chow pellets and tap water. Maintenance and handling of the animals were in accordance 

with the regulations and permission of the Ethic Board of the Albert Szent-Györgyi Medical 
University, Szeged, Hungary.

5.2 Surgical procedures

5.2.1 Colchicine administration
For the visualization of GHRH-synthesizing neuronal perikarya, the 

intracerebroventricular administration of the axonal transport inhibitor, colchicine was 

used[44]. Eighty pg/100g, bw colchicine, dissolved in 5 pi saline was injected into the lateral 
cerebral ventricle of the experimental animals via a stereotaxic approach, under Nembutal 
anesthesia (40 mg/kg, bw; ip). The animals were sacrificed 24-48 h later.

5.2.2 Exogenous estradiol and progesterone administration[32]
Bilateral ovariectomy was performed on female Sprague-Dawley rats (200-225g, bw). 

Seven days later, a pair of silastic capsules (3cm, each) containing 150 pg/ml estradiol in 

sesame oil were implanted subcutaneously into each animal. Surgeries were performed under 

ether anesthesia. Two days later at 9.00 am, the animals received a single subcutaneous 

injection of progesterone (5 mg; 50mg/ml in sesame oil). This pattern of steroid 

administration is known to mimic the proestrus surge of LH in the afternoon of the 

progesterone injection. The animals were anesthetized between 16.00 and 17.00 with 

Nembutal (40 mg/kg, bw; ip), and perfused transcardially with 4% paraformaldehyde in 500 

mis of 0.1 M phosphate buffered saline (PBS, pH 7.4), as described below.
5.2.3 Tissue fixation by transcardiac perfusion of rats
To sacrifice, the animals were deeply anesthetized with Nembutal (40 mg/kg, bw; ip) 

and the thorax was opened with the aid of a pair of sharp scissors. A short cut was made on 

the right atrium to ensure outflow of the perfusate, and immediately after, the descending 

aorta was clamped to keep the fixative in the upper body-half. Then, the apex of the heart
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was incised and a cannula was introduced and fixed into the ascending aorta. The blood was 

rinsed out with an initial 50 ml volume of PBS, then the perfusion was continued with 300- 

500 ml of fixative solution. For electron microscopic immunocytochemical studies, either a 

paraformaldehyde-based dual-pH fixative was used[4], or 1% glutaraldehyde was added to a 

4% paraformaldehyde solution at pH 7.4[28, 29, 31]. For most light microscopic studies with 

either ICC or ISH, the perfusate consisted of phosphate-buffered (pH 7.4) 4% 

paraformaldehyde[27, 30, 32]. Following transcardiac perfusion, the brains were removed 

from the skull and immersed in 4% paraformaldehyde fixative for variable periods of time.

5.3 Preparation of sections

5.3.1 Section preparation on cryostat (Reichert-Jung)
Small tissue blocks were dissected out from the forebrains, postfixed in 4% 

paraformaldehyde for 2 h, then infiltrated with gradually increasing concentrations of sucrose 

through 30% at 4°C. The tissue pieces were snap-frozen on dry-ice and then, 20 gm-thick
These sections were stored permanently incoronal sections were sliced on a cryostat, 

cryoprotectant solution at - 20 °C[55], and used for studies applying either ISH or
combination of ICC and ISH[27, 30-32].

5.3.2 Section preparation on Vibratome (Technical Products International)
Ultrastructural ICC studies [27, 30, 32, 44] were conducted on sections prepared on a

Vibratome.
5.3.3 Preparation of ultrathin sections for preembedding dual-label immuno- 

electron microscopic studies
Double-immunostained arcuate sections from male rats were also processed for 

electron microscopic studies[28, 29, 31]. 
embedded into Epon resin (LX-112; Ladd Research Industries, Burlington, VT), and then, 
semithin and ultrathin sections were cut on a Reichert ultratome. The ultrathin sections were 

mounted on Formvar-coated single-slot grids, contrasted with uranyl acetate and lead citrate 

and examined with a Tesla BS 500 transmission electron microscope.

They were osmicated, dehydrated and flat-
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5.4 Dual-label Immunocytochemistry

For preembedding dual-label ICC, the peroxidase-antiperoxidase complex (PAP) 

technique of Sternberger et al. [81] was used sequentially twice, for the detection of the two 

different antigens[53], Following the development of the first signal, the brown DAB 

precipitate was silver-gold-intensified. Then the sections were further processed for the 

detection of the second antigen, using the unmodified DAB chromogen. The silver-gold 

intensification of the DAB immunostain[52] and the dual-label ICC protocol we used in our 

experiments have been developed and described in detail by Liposits et al.[53]. Our 

papers[28-31, 46] refer to these original publications.

5.5 Combination of Immunocytochemistry and in situ hybridization

5.5.1 Hybridization probes

Two types of "antisense" (complementary to the coding, “sense” mRNA sequence)

These included single-stranded synthetichybridization probes were used, 

oligodeoxynucleotide probes of a usual length of 48 bases, which were end-tailed by the 

terminal deoxynucleotidyl transferase enzyme reaction and 35S-dATP substrate. The other

approach for mRNA detection used cRNA probes transcribed in vitro from double-stranded 

DNA templates, using the T7, T3 or SP6 promoter of plasmid vectors and appropriate RNA 

polymerase enzymes. The label incorporated into these probes was digoxigenin for non

isotopic ISH or 35S for the isotopic approach.

5.5.2 Preincubation, hybridization and posthybridization tissue processing steps

We have recently published a detailed tissue processing protocol for combined use of 

ICC and ISF1 in the same tissue sections[32]. In brief, immediately before hybridization, the 

sections were removed from the cryoprotectant solution[55] and the following sterile 

incubation steps were performed: Tissue permeabilization with a pK predigestion (lpg/ml; 30 

min); 5 min fixation in 4% paraformaldehyde/0.1M PBS; 2 min rinse in 2Xstandard saline 

citrate solution (2XSSC; 1XSSC=0.15M NaCl-0.015M sodium citrate, pH 7.0; Sigma); 20 

min acetylation in 0.25% acetic anhydride (Fisher Scientific)/0.1M triethanolamine(pH 8.0; 

Sigma)/ 0.9% NaCl; and 2 min rinse in 2XSSC.
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For hybridization, the sections were tansferred with a bent syringe needle into 

microcentrifuge tubes containing the hybridization solution [50% formamide, 4XSSC, 10% 

dextran sulfate (500,000 MW; Sigma), IX Denhardt's solution, 500pg/ml heparin sodium salt 

(Sigma), 0.5 mg/ml yeast tRNA (Boehringer Mannheim), 0.4 mg/ml sheared single-stranded 

salmon sperm DNA (Boehringer Mannheim), 0.1% sodium dodecyl sulfate (SDS), 0.1M 

DTT, and 20,000 cpm/pl of the hybridization probe.]. The tubes were sealed with Parafilm 

and placed in an incubator to hybridize for 16 h at 37 °C (for oligodeoxynucleotide probes) or 

50 °C (for cRNA probes). The hybridized sections were rinsed in 1XSSC for 10 min, 

followed by stringent washes (total 2 h) in 50% formamide/2XSSC, at 40 °C (for 

oligodeoxynucleotide probes) or 50 °C (for cRNA probes). Following the use of cRNA 

probes, the introduction of an RNAse A digestion step (100pg/ml; 1 h) before 50% 

formamide/2XSSC rinses was necessary for sufficient control over background. Then the 

sections were transferred into 0.1M PBS and washed copiously before being processed for 

ICC.

5.5.3 Hybridization controls

1. For negative control, A/ some sections were pre-digested for 30 min with RNAse 

A (100pg/ml at 37°C), then hybridized with the antisense probes. Absence of signal on 

predigested sections proved that binding of probes in our experiments was to tissue RNAs. В/ 

Also, oligodeoxynucleotide and RNA probes with the "sense" sequence (mRNA-homologous) 

were labeled similarly to the antisense probes, and used for control hybridizations. Absence 

of signal following the use of sense-sequence hybridization probes indicated lack of non

specific interactions between the nucleic acid probe molecules and various tissue domains.

2. For positive control, the distribution pattern of the ISH signal was compared to the 

pattern of immunocytochemical signal distribution, whenever we possessed appropriate

The specificity of ER-ß and galanin probes was confirmed by 

comparative use of two different antisense hybridization probes.

5.5.4 Immuno cytochemistry

Posthybridization stringency treatments were followed by ICC. In our experience, 

sterility of antibody solutions was not required any more for hybrid stability, but presence of 

salt in all solutions was indispensable. Therefore, we kept concentration of sodium salts over 

300mM in all incubation solutions.

antibodies for ICC.
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Posthybridized sections were immersed in a 9:1 mixture of methanol:30% H202 for 5 

min to inactivate endogenous peroxidases, permeabilized with 0.2 % Triton X-100 (in PBS) 

for 30 min, blocked with 2% bovine serum albumin (BSA) against non-specific antibody
binding for 20 min, and finally, placed in antibody solutions. Single- or double-labeling 

immunocytochemical procedures were performed as detailed elsewhere[32]. For specificity
testing of antibodies and further details of ICC, we refer to our original publications included 

in this thesis[27-32, 35, 44].
5.5.5 Detection of the hybridization signal
Hybridization signal was either detected with ICC (digoxigenin-labeled probes), or 

with autoradiography (isotopically labeled probes) as described in original publications[27, 
The immunocytochemical visualization of digoxigenin used a commercially 

available antibody directly conjugated to either horse-radish peroxidase (dig-POD; 
Boehringer-Mannheim), or alkaline phosphatase (dig-AP; Boehringer-Mannheim). 
development of color reactions was performed as recommended by the manufacturer. For 

autoradiography, sections were first mounted onto double gelatin-coated microscopic slides, 
air-dried, then dehydrated in increasing concentrations of ethanol through 100%, and air- 

dried again. Dehydrated sections were dipped into nuclear-track emulsion (NTB-3; Kodak or 

LM-1; Amersham) in a dark-room. The slides were air-dried, then placed in light-tight slide- 

boxes with desiccant capsules and exposed at 4°C for variable periods of time. Then, the 

autoradiograms were developed with Dektol developer (Kodak) for 3 min, rinsed with 

distilled water briefly, then fixed with Kodak fixer for 5 min. Finally, the sections were 

dehydrated in ethanol dilutions, cleared with xylenes, and coverslipped with Permount to 

prepare for photography.
If either nickel-DAB (Ni-DAB) or BCIP/NBT chromogens were used for the 

immunocytochemical detection[32], we had to introduce an additional step prior to emulsion
dipping. In such cases the slides were covered by a thin layer of Parlodion (Mallinkrodt) film 

in an attempt to prevent interaction of chromogens with the emulsion. The Parlodion coat 
prevented fading of the histochemical stain and formation of chemographic artifacts on the 

emulsion[32, 66, 94].

30-32].

The
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6. RESULTS

Catecholaminergic afferents to growth hormone-releasing hormone-synthesizing6.1
neurons

Following intracerebroventricular administration of colchicine to male Wistar 

rats, the hypothalamic AN exhibited numerous fusiform and multipolar GHRH-IR 

perikarya which were concentrated ventro-laterally in the nucleus. The same region 

also contained a dense network of noradrenergic and adrenergic fibers, IR to 

dopamine-ß-hydroxylase (DBH) and phenylethanolamine-N-methyltransferase 

(PNMT), respectively (I., Figures lc,d; p. 59).
The use of immunocytochemical dual-labeling at the light microscopic level 

demonstrated juxtapositions between DBH-ER as well as PNMT-IR axons and GHRH- 

ER perikarya and dendrites. (I., Figures 2a-f; p. 61).
The ultrastructural analysis of double-labeled sections from the ventro-lateral 

part of the AN provided evidence for axo-dendritic (I., Figure 3e; p. 62) and axo- 
somatic (I., Figure 3f; p. 62) synaptic connections between PNMT-IR adrenergic 

axons and GHRH-IR neurons.

a/

Ы

d

6.2 Adrenergic innervation of the tuberoinfundibular dopaminergic neuronal system
The perikarya of TH-IR ТША neurons in the AN were clustered in a dorso-

Adrenergic fibers exhibiting PNMT
a/
medial and a ventro-lateral population, 
immunoreactivity were found to innervate abundantly both subdivisions of the AN
(H., Figures la,b; p. 144).

Analysis of dual-labeled light microscopic preparations revealed PNMT-IR 

axons in contact with dopaminergic perikarya (П., Figures lc,e; p. 144) and dendrites 

(П., Figure Id; p. 144).
Electron microscopic studies demonstrated asymmetrical (П., Figure If; p. 

144) as well as symmetrical (П., Figure lg; p. 144) synaptic specializations between 

the PNMT-IR axon terminals and the TH-IR neuronal profiles.

Ы

d
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6.3 Galaninergic afferents to tuberoinfundibular dopaminergic

a/ Galanin-immunoreactivity was confined to axons in the AN of rats that were
numerous

neurons

not pretreated with colchicine (UL, Figure lb; p. 51), but also appeared in 

perikarya following an intracerebroventricular colchicine injection to the animals (1П.,

The untreated rat model was found suitable for theFigure lc; p. 51).

immunocytochemical visualization of TH-containing dopaminergic neurons (IEL,

Figure la; p. 51).

In the untreated animals, both galanin-ER axons and TH-ER neurons were 

detected in the dorso-medial (Ш., Figure Id; p. 51) as well as the ventro-lateral (Ш., 

Figure le; p. 51) subnuclei.

Galanin-IR axons were frequently juxtaposed to dendrites (Ш., Figure If; p. 

51) and somata (Ш., Figures lg,h; p. 51) of dopaminergic neurons. Serial contacts 

(Ш., Figure If; p. 51) as well as sole boutons (Ш., Figure lg; p. 51) could be 

revealed.

Ы

с/

Ultrastructural examination of dual-labeled sections detected axo-somatic 

synapses exhibiting either symmetrical (Ш., Figures 2b,c; p. 52) or asymmetrical 

(Ш., Figures 2d,e; p. 52) synaptic densities. Diaminobenzidine deposits were most 

abundant over the rough endoplasmic reticulum of TH-IR neurons (Ш., Figures 2b,c; 

p. 52), whereas silver grains accumulated predominantly over the dense-core vesicles 

in galanin-ER axon terminals (Ш., Figures 2c,e,f; p. 52).

Asymmetrical galaninergic synapses were also revealed on dendrites of TH-IR 

neurons (Ш., Figure 2f; p. 52).

d/

e/

6.4 Involvement of thyrotropin-releasing hormone-immunoreactive terminals and 

thyrotropin-releasing hormone receptors in the afferent regulation of 

tuberoinfundibular dopaminergic neurons

By the application of light microscopic dual-label ICC, a dense plexus of TRH- 

IR axons was revealed in the dorso-medial part of the hypothalamic AN, where most 

TH-ER perikarya of the ТША system can be localized (VU., Figure a; p. 10).

a/
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Ы Dopaminergic neurons were embedded in the network of TRH-IR axons, 
which established contacts with dopaminergic cell bodies and dendrites (VI., Figure d; 

p. 761 and VII., Figures b-d; p. 10).
с/ Dual-label immuno-electron microscopic studies provided evidence for the 

synaptic communication between TRH-IR axons and ТН-Ш. neuronal elements (VIL, 
Figure e; p. 10).
d/ Combined application of ICC and ISH to paraformaldehyde-fixed sections was 

found suitable for simultaneous detection of TH immunoreactivity and TRH receptor 

mRNA in the AN. The hybridization signal was visualized by autoradiography, 
following the use of a 35S-labeled cRNA probe (VI., Figure e; p. 761 and VH., 

Figures f,g; p. 10).
e/ The autoradiographic signal (grain clusters) over TH-ГО. neurons appeared 

preferentially in the dorso-medial part of the AN (VI., Figure e; p. 761 and VH., 
Figure f; p. 10) and very few cases of colocalization were revealed laterally in the AN 

(VH., Figure g; p. 10).

6.5 Combination of immunocytochemistry and in situ hybridization to demonstrate 

galanin-immunoreactive afferents to prepro-thyrotropin-releasing hormone 

mRNA-expressing neurons of the paraventricular hypothalamic nucleus
Non-isotopic ISH with the use of a digoxigenin-labeled cRNA probe to prepro- 

TRH mRNA was found to represent a sensitive method for the visualization of 

diencephalic TRH neurons (VI., Figures b,c; p. 761).
The ISH method was found to be compatible with the subsequent 

immunocytochemical detection of galanin-IR axons in the hypothalamic PVN. The 

black staining in galanin-IR axons (visualized by silver-intensified DAB chromogen) 
gave sufficient color contrast with the purple of BCIP/NBT chromogen in prepro- 

TRH mRNA-expressing TRH neurons (VI., Figures b,c; p. 761).
The use of the combination method provided light microscopic evidence for 

the juxtaposition of galaninergic axons to TRH neurons in the PVN (VI., Figure c; p. 
761), as well as several other prosencephalic areas.

a/

Ы

d
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Simultaneous use of 3SS-labeled oligodeoxynucleotide and digoxigenin-labeled 

cRNA probes for dual-label in situ hybridization studies
Overnight hybridization of tissue sections with a cocktail containing a ,5S- 

labeled oligodeoxynucleotide and a digoxigenin-labeled cRNA probe gave 

temperature-dependent results. A 37 °C hybridization temperature (other parameters 

also adjusted to the routine of oligodeoxynucleotide hybridizations) gave optimal 

autoradiographic signal strength with the oligodeoxynucleotide probe, but the signal 

was largely decreased with the digoxigenin-labeled cRNA probe.

Increasing the temperature to 50 °C to favor cRNA hybridization conditions 

(with other parameters unaltered) ensured optimal signal strength with the cRNA 

probe without compromising the sensitivity of the oligodeoxynucleotide hybridization 

(VI., Figure a; p. 761).

Alternating use of the two different hybridization temperatures (37 °C and 50 

°C) in a thermal cycler (30 min intervals, total of 20 hours), as well as various 

arbitrary time patterns of 37 °C and 50 °C temperatures resulted in maximal signal 

strengths with both probe components.

Application of the new approach for simultaneous visualization of 

proopiomelanocortin neurons (using a digoxigenin-labeled cRNA probe and 

immunocytochemical detection) and galanin neurons (using an isotopic probe and 

autoradiographic detection) in the AN could not reveal colocalization of the two 

neuronal populations (VI., Figure a; p. 761).

6.6

a/

b/

с/

d/

6.7 Triple-labeling for simultaneous detection of c-Fos- and luteinizing hormone

releasing hormone immunoreactivities and prepro-galanin mRNA

a/ We have developed a successful tissue processing protocol for combined 

application of ICC and ISH to the same tissue sections of perfused rat hypothalami. 

This method resulted in well-preserved and reproducible immunocytochemical and 

ISH signals. The regions of the orgánum vasculosum of the lamina terminális 

(OVLT) and the MPOA contained many c-Fos-IR nuclei, LF0RH-IR perikarya and 

galanin mRNA-expressing neurons (IV., Figure 3; p. 367).
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It was found that preservation of Ni-DAB signal in c-Fos-IR nuclei during the 

triple-labeling procedure required the introduction of a slide-coating step with 

Otherwise, Ni-DAB was bleached out from the sections during the 

photographic development, and chemographic artifacts also occurred (IV., Figure 3f- 

h; p. 367).

b/

Parlodion.

Single-, double-, and triple-labeled LHRH neurons were revealed in the OVLT 

and MPOA regions.

Quantitative analysis identified 66.2+2.5% of LHRH neurons that contained c- 

Fos-IR nuclei and 65,2+2.9% of LHRH neurons that coexpressed galanin mRNA in 

the OVLT and MPOA regions. Only 18.1%+1.9% of LHRH neurons contained none 

of these substances.

A high correlation between coexpression of galanin mRNA and c-Fos 

immunoreactivity was evidenced (IV., Figures 3i,j; p. 367): as many as 76.8+2.7% of 

LHRH neurons that were c-Fos-ER also coexpressed galanin mRNA and 73.6+3.2% of 

galanin mRNA-containing LHRH neurons contained ER c-Fos in their nuclei.

In addition to triple-labeled neurons, c-Fos-ER but LHRH-negative neurons 

were often observed to express prepro-galanin mRNA in the ventro-lateral part of the 

preoptic area (IV., Figure 3k; p. 367).

с/

d/

e/

f/

Distribution of growth hormone-releasing hormone-immunoreactive neuronal 

elements in the brain of monosodium glutamate-lesioned rats and growth 

hormone responses to continuous and repetitive administration of a growth 

hormone-releasing hormone analog

Immunocytochemical mapping of GHRH-IR neuronal perikarya in the 

mediobasal hypothalami of control rats identified numerous GHRH-ER perikarya in 

the AN and a dense plexus of GHRH-ER axons in contact with blood vessels of the 

ME (V., Figures la,b; p. 704).

Neonatal administration of MSG resulted in complete disappearance of 

GHRH-ER perikarya from the AN and large reduction in numbers of the GHRH-ER 

axons in the ME. GHRH-ER perikarya could still be detected in several hypothalamic 

areas outside the AN (V., Figures lc,d; p. 704).

6.8

a/

Ы
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Repetitive administration of GHRH analog (A-495) to MSG-treated rats by 

daily injections for two weeks caused significant increases in the growing rate of 

MSG-treated animals, and the body weight and length of these rats reached similar 

values to those of unlesioned controls. Continuous infusions of the GHRH analog, in 

turn, only moderately increased the growh rate of MSG-lesioned animals and a 

distinct backwardness could still be found (at 8 weeks age of the animals), as 

compared to the normal controls (V., Figures 2,3; p. 705-706).

Basal serum GH levels were only slightly increased by repetitive 

administration of the GHRH analog to MSG-treated rats, and remained unaltered 

following continuous infusions of A-495. However, the relative responses (ratio of 

the absolute GH responses to the basal GH concentrations) were equal in the MSG- 

treated and the untreated groups (V., Figure 5; p. 708).

In vitro studies of superfused pituitaries showed that the total GH secretion in 

response to challenges by A-495 was significantly higher if the GHRH analog was 

administered episodically, instead of continuously.

с/

d/

e/

6.9 Coexpression of estrogen receptor-ß mRNA in oxytocin and vasopressin neurons

a/ Single-labeling ISH studies using a mixture of two cRNA hybridization probes

have revealed ER-ß mRNA in the PVN and SON of the hypothalamus (УШ., Figures 

la-c; p. 17), where ER-a was not detected previously.

b/ Dual-labeling experiments detected ОТ- (УШ., Figures 2a,b; p. 18), as well as 

VP-IR (VHL, Figure 2c; p. 18) neurons throughout the rostro-caudal extent of the 

PVN that exhibited autoradiographic hybridization signal for ER-ß. 

с/ The highest signal levels for ER-ß mRNA were revealed in the posterior part 

of the nucleus, where 93% of ОТ neurons also expressed ER-ß mRNA (VHL, Figure 

2a; p. 18).

The SON contained somewhat stronger hybridization signal in its ventral part. 

Here ER-ß mRNA could be detected within VP-ER neurons (УШ., Figure 2e; p. 18). 

In addition, variable levels of hybridization signal also occurred over OT-ER 

supraoptic neurons (УШ., Figure 2f; p. 18).

d/
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7. DISCUSSION

Catecholaminergic afferents to growth hormone-releasing hormone-synthesizing 

neurons
The GH secretion by the anterior pituitary gland is under the control of a dual 

hypothalamic mechanism which utilizes the inhibitory somatostatin and the stimulatory 

GHRH hypophysiotropic neuronal systems as "final common pathways"[91]. 
involvement of norepinephrine and epinephrine in the regulation of GH secretion has been 

clearly documented[12, 58, 59], however, the site(s) of action of central catecholamines 

remained unclear. Because administration of the a2 adrenergic receptor agonist, clonidine to 

experimental animals increased GH secretion following the suppression of endogenous 

somatostatin with anti-somatostatin antibodies[12], and to the opposite, the effects of 

clonidine on GH secretion were absent following passive immunization of rats with anti- 

GHRH antiserum[59], we proposed that the adrenergic effects on GH secretion are mediated, 
at least in part, by the hypophysiotropic GHRH neuronal system. Our findings that axons IR 

for the marker enzymes of catecholamines, DBH and PNMT form dense plexuses within the 

AN where most hypophysiotropic GHRH neurons occur, suggested that a monosynaptic 

pathway might account for the adrenergic effects upon GHRH neurons. This hypothesis was 

verified by the electron microscopic observation of synaptic contacts between PNMT-IR 

adrenergic axons and GHRH-IR perikarya and dendrites of the AN. Liposits et al. have 

recently demonstrated that somatostatinergic neurons of the anterior periventricular nucleus 

are also innervated by the adrenergic neuronal system[45], therefore, central catecholamines 

can also influence GH secretion via somatostatin, in addition to GHRH neurons, 
receptorial mechanism underlying the synaptic communication between adrenergic axons and 

GHRH neurons is presently unclear, although the results of binding studies with a2 

adrenergic receptor radioligand[93] as well as the pharmacological effects of clonidine on GH 

secretion[12, 59] suggest that the a2 adrenergic receptor is involved in this mechanism.

In summary, the observation of synaptic communication between adrenergic axons 

and GHRH-IR neuronal elements in the AN indicates that the central adrenergic neurons 

influence GH secretion, at least in part, via the hypophysiotropic GHRH neuronal system.

7.1

The

The
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Adrenergic innervation of the tuberoinfundibular dopaminergic neuronal system 

The ТША neuronal system represents the final common pathway in the central 
inhibitory control of PRL secretion[3]. It has been well documented that the PRL output 
from lactotrophs is largely influenced by systemic[36, 39, 43] as well as

intracerebroventricular[88] administration of adrenergic drugs. Local injections of a2- and 

ß-adrenergic agents into the mediobasal hypothalamus where neuronal perikarya of the TIDA 

system are located were shown to increase plasma PRL levels, indicating that the TIDA 

system might account for the mediation of adrenergic effects upon the lactotrophs. We 

hypothesized that a direct synaptic communication exists between the adrenergic and the 

To find a morphological support for this concept, we performed 

preembedding dual-label immunocytochemical studies, and provided light- and electron 

microscopic evidences for the synaptic interaction of PNMT-IR (adrenergic) axons and TH- 

IR (dopaminergic) neurons.
Our observations give a firm support to the idea that central catecholaminergic 

pathways can influence PRL secretion by establishing synaptic contacts with neurons of the 

ТША system.

7.2

ТША neurons.

Galaninergic afferents to tuberoinfundibular dopaminergic neurons
The involvement of the 29-amino acid gut-brain peptide galanin in the regulation of 

various pituitary functions has been well estabished[34, 58, 63, 72]. 
intracerebroventricularly administered galanin was found to increases PRL secretion[34, 58, 
63], furthermore, a similar effect was absent in hypophysial cultures in vitro[63], we 

proposed that galanin exerts a synaptic effect upon the ТША system, instead of directly 

regulating pituitary lactotrophs. To provide a morphological support for our hypothesis, we 

used preembedding dual-label ICC and revealed both axo-somatic and axo-dendritic synaptic 

contacts between galaninergic axons and the ТША neurons.
Our data indicate that galaninergic pathways regulate PRL secretion via a synaptic 

communication with ТША neurons.

7.3

Because
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Involvement of thyrotropin-releasing hormone-immunoreactive terminals and 

thyrotropin-releasing hormone receptors in the afferent regulation of 

tuberoinfundibular dopaminergic neurons
While the function of the ТША neuronal system as a final common inhibitory 

pathway in the central regulation of PRL secretion has been widely accepted, the chemical 
identity of PRL-releasing hormone (PRH) is still controversial^]. Thyrotropin releasing 

hormone (TRH) which is one of the PRH candidates, is capable of stimulating pituitary 

lactotrophs via a direct action[33, 84]. In addition to fulfill a hypophysiotropic function, 
TRH also represents an important synaptic transmitter/modulator substance in the brain. 
Several lines of evidence suggested that the suckling-induced PRL secretion is accompanied 

by both an increased release of TRH and a decreased output of dopamine into the hypophysial 
portal vasculature. Furthermore, a transient dopamine antagonism was found to be necessary 

to sensitize lactotrophs to the stimulatory action of TRH[9, 13, 68]. To clarify the central 
mechanism underlying the reciprocal regulation of dopamine- and TRH secretion, we 

proposed that an intrahypothalamic neuronal communication might exist between the 

hypophysiotropic TRH and ТША neuronal systems. To elucidate this putative interaction, 
two strategies were used: (i) We performed dual-label immunocytochemical studies at the 

light- and electron microscopic levels and revealed synaptic contacts between TRH-IR axon 

terminals and ТН-Ш. neurons of the AN. (ii) To reveal the receptorial mechanism of the 

synaptic transmission, we combined ICC and ISH and demonstrated the coexpression of TRH 

receptor mRNA in a subpopulation of ТША neurons. The putative source of origin of TRH- 

IR axons innervating the AN was clarified earlier by Brownstein et al. who demonstrated a 

65% depletion of the TRH content in the AN following lesions of the hypothalamic PVN[6]. 
Because the PVN also represents the main source of TRH axons in the ME[6], we have a 

good reason to believe that the same paraventricular TRH neurons that innervate the ME also 

regulate synaptically the TIDA system. If this is the case, TRH-IR fibers synapsing with TH- 
IR arcuate neurons either represent "en-passant" contacts or axon collaterals of the 

hypophysiotropic TRH fibers, with the final destination in the palisade zone of the ME. At 
present, the precise role of the intrahypothalamic link we described between TRH neurons 

and the TIDA systems is not fully understood. Also, the location of the TRH receptor protein 

within TIDA neurons is uncertain.

7.4
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In addition to mediate synaptic effects to ТША neurons at the synapses we described, TRH 

receptor can hypothetically occur on dopaminergic terminals in the ME to be involved in 

paracrine regulatory mechanism.
Our results demonstrate that the TRH-containing neuronal system regulates TIDA 

neurons via a synaptic pathway. Furthermore, the detection of TRH receptor mRNA- 

coexpression in ТША neurons reveals receptorial mechanism of the synaptic transmission.

Combination of immunocytochemistry and in situ hybridization to demonstrate 

galanin-immunoreactive afferents to prepro-thyrotropin-releasing hormone 

mRNA-expressing neurons of the paraventricular hypothalamic nucleus
The use of dual-label immunocytochemical technique for innervation studies is 

frequently compromised by moderate levels of the neuropeptide antigen in the postsynaptic 

structure. To overcome this limitation, the concentration of neuropeptides in perikarya can be 

increased by pretreatment of the experimental animals with the axoplasmatic transport 
inhibitor substance, colchicine[44, 47-49, 51]. Because colchicine administration to animals, 
in itself has multiple disadvantages (e.g., it causes pain to the animals, further, it results in an 

unwanted perikaryal staining during the detection of the first antigen, etc.), we attempted to 

detect the postsynaptic neuronal element by means of non-isotopic ISH histochemistry, in lieu 

of ICC. Using a modification of a tissue-processing paradigm we developed for conjoint 
application of ICC and ISH[32], we demonstrated that the combination technique is suitable 

for simultaneous detection of galanin-Ш. axons and prepro-TRH mRNA-containing perikarya 

in the hypothalamic PVN.

7.5
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Dual-labeling studies provided light microscopic evidence for neuronal contacts between 

galanin-IR axons (immunostained by silver-gold-intensified DAB) and paraventricular 

neurons expressing prepro-TRH mRNA (visualized by non-isotopic ISH and BCIP/NBT 

chromogens)[30].
In conclusion, the ICC-ISH combination method was found to be a suitable new 

approach to reveal neuronal contacts between two chemically characterized neurotransmitter 

systems. In addition, we provided light microscopic evidence for the afferent regulation of 

TRH neurons by galanin-containing neuronal pathways, which still awaits ultrastructural 
confirmation.

Simultaneous use of 35S-labeled oligodeoxynucleotide and digoxigenin-labeled 

cRNA probes for dual-label in situ hybridization studies
Dual-label ISH studies aimed at colocalizing the mRNAs of two different neuronal 

compounds either utilize two oligodeoxynucleotide-[86] or two cRNA[66, 94] probes 

combined together within the same hybridization buffer. Both of these approaches have 

specific advantages. On the one hand, the use of cRNA hybridization probes ensures a 

maximal detection sensitivity for the hybridization, which is especially advantageous when 

detecting unabundant mRNAs. Synthetic oligodeoxynucleotide probes, in turn, although 

provide much lower sensitivity than cRNAs, can be easily designed to hybridize specifically 

to a single mRNA target sequence, and to distinguish even between structurally very similar
A further advantage of using

7.6

A-

mRNAs derived from the same gene family, 
oligodeoxynucleotide probes is easier control over background labeling, which represents a 

frequent problem when "sticky" cRNA probes are utilized. To simultaneously benefit from 

the advantages of the two probe types, we tried to develop a dual-label ISH technique which 

enables combined application of a 35S-labeled oligodeoxynucleotide and a digoxigenin- 

labeled cRNA probe in the same dual-label ISH. Briefly, our results showed that either 

proper choice of a single hybridization temperature, or alternatively, periodic application of 

two different hybridization temperatures can yield optimal detection sensitivity for the two 

hybridization components[30].
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We believe that this method will be especially valuable in staining a maximal number 

of neuronal perikarya of a neuropeptide system by non-radioactive ISH (with a cRNA probe), 
and to colocalize with these neurons a specific member of a larger neuropeptide receptor 

family (by using a specific oligodeoxynucleotide probe).

Triple-labeling for simultaneous detection of c-Fos- and luteinizing hormone
releasing hormone immunoreactivities and prepro-galanin tnRNA
Several lines of evidence have suggested that LHRH-IR neurons can be subdivided 

into functionally distinct populations. One subpopulation characterized by the coexpression 

of IR c-Fos during the surge-release of LH upon proestrus[40] seems to play a crucial role in 

the regulation of the ovulation. Therefore, the identification of the receptor or regulatory 

peptide complement in c-Fos-IR, LHRH neurons is critical in order to understand the 

mechanisms of the LH surge and the subsequent ovulation. Consequently, we tried to 

develop a triple-labeling technique which would enable the colocalization of a receptor or 

regulatory peptide mRNA in the active subpopulations of LHRH-IR neurons, characterized 

by the coexpression of nuclear c-Fos immunoreactivity. The prepro-galanin mRNA we chose 

to colocalize with c-Fos- and LHRH-immunoreactivities was identified earlier in a subset of 

LHRH-IR neurons[57]. The results of our triple-labeling experiments demonstrated that the 

tissue processing protocol we chose was compatible with various immunocytochemical and 

ISH detections. Furthermore, with this technique we were able to colocalize prepro-galanin 

mRNA in 76% of LHRH neurons that also expressed c-Fos immunoreactivity during the 

estrogen- and progesterone-induced surge-release of LH[32],
The observation of this high correlation strongly suggests that the galanin content of 

activated LHRH neurons has an important, albeit presently unknown function in the 

regulation of the preovulatory surge-release of LH. In addition, the triple-labeling method 

can gain wider applications in colocalization studies of functionally heterogenous neuronal 
systems which expresses nuclear c-Fos immunoreactivity upon activation.

7.7
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Distribution of growth hormone-releasing hormone-immunoreactive neuronal 
elements in the brain of monosodium glutamate-lesioned rats and growth 

hormone responses to continuous and repetitive administration of a growth 

hormone-releasing hormone analog
Parenteral administration of MSG to neonatal rats induces local brain lesions, most 

prominently in the AN of the hypothalamus where the cell bodies of most GHRH- 
synthesizing neurons are located[62]. Because one half or more of GH deficiency cases are 

caused by hypothalamic dysfunctions, MSG-treated rats have been used extensively as a 

GHRH deficiency model[60], In a series of experiments we have used MSG-treated animals 

to assess the effects of a potent GHRH analog on the GH secretory responses and the gain of 

body weight[35]. To supplement these data, we have also mapped the immunocytochemical 
distribution of GHRH-ER neuronal elements. The largely reduced numbers of GHRH-IR 

axons in the ME, together with the absence of GHRH-IR neurons in the AN were in keeping 

with the slow growing rate of MSG-lesioned animals. The scattered GHRH-IR axons 

maintained in the ME might originate outside the mediobasal hypothalamus, e.g. in the lateral 
hypothalamus, where GHRH-IR neurons remained detectable in our study. The results of our 

in vivo and in vitro experiments harmoniously indicated that pituitary cells respond with 

much higher GH pulses to the repetitive, as compared to the continuous administration of the 

GHRH analog, and that the growing rate of MSG-lesioned and GHRH-substituted animals 

depends on the presence and amplitude of the GHRH-stimulated secretory pulses of GH, 
rather then the basal GH concentrations.

In conclusion, evidence have been provided that the attenuated growth rate of MSG- 
lesioned rats can be fully restored with the chronic and repetitive administration of A-495, a 

new potent GHRH analog.

7.8

7.9 Coexpression of estrogen receptor-ß mRNA in oxytocin and vasopressin neurons
The regulatory actions of estradiol upon magnocellular ОТ and VP neurons of the 

PVN and the SON are well documented[61, 87], but whether they are exerted directly or 

mediated by estrogen-sensitive interneurons has long been a question of debate. Previous 

immunocytochemical and ISH studies detected low levels or absence of the classical form of 

estrogen receptor (ER-a) in the PVN and the SON of the rat[21, 22, 76, 78, 79]. Recently, a 

second form of ER, termed ER-ß has been cloned from the rat prostate[37], and its wide
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distribution in the hypothalamus[77] and brain[78] of the rat has been evidenced. Our 

experiments using combined ICC and ISH were undertaken to examine the putative 

coexpression of ER-ß mRNA in ОТ- and VP-ER neurons of the rat hypothalamus. The 

results of double-labeling studies have established the coexpression of ER-ß mRNA in a large 

percent of ОТ- and VP-IR magnocellular neurons. Dual-labeled ОТ and VP neurons were 

observed in both the PVN and the SON and the highest levels of hybridization signal were 

detected in the posterior portion of the PVN where ER-ß mRNA was colocalized within 91% 

of ОТ-IR neurons[27].
Our data provide a strong support for the concept that the functions of ОТ and VP 

neurons are regulated directly by estradiol, and the genomic effects of estrogen in these 

neurons are mediated by the recently discovered ß form of ER.
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8. SUMMARY OF THE MAIN ACHIEVEMENTS

8.1 We have performed immunocytochemical as well as pharmacological studies of the 

hypophysiotropic GHRH neuronal system. We have used preembedding dual-label ICC, and 

demonstrated synaptic contacts between PNMT-IR, adrenergic axons and GHRH-IR 

neurons of the hypothalamic AN. These findings elucidated the mechanism of the previously 

known adrenergic actions upon GH secretion(I). In addition, we have used MSG-pretreated 

rats as a GHRH deficiency model, for studying GH responses to continuous and repetitive 

administration of A-495, a potent GHRH analog. We have evidenced that the attenuated 

growth rate of MSG-lesioned rats is reflected by a largely restricted distribution of GHRH- 

containing neurons in the medial basal hypothalamus, and that the growth responses of 

MSG-lesioned animals can be fully restored with the chronic and repetitive administration 

of the GHRH analog(V).

We have studied the afferent connectivity of the TIDA neuronal system, which plays 

a pivotal role in the central inhibitory regulation of prolactin secretion. We have provided 

light- and electron microscopic evidences that adrenaline(YX), galanin(J5J) and TRH(V1, 

VII) are involved in the synaptic regulation of ТША neurons. These observations contribute 

to our knowledge about the neuronal circuitry which regulates PRL secretion via synaptic 

interaction with neurons of the ТША system.

8.2

8.3 We have developed a tissue-processing protocol for conjoint use of various 

immunocytochemical and ISH techniques in the same tissue sections.

8.3.1 We have modified this method for innervation studies, and revealed 

galanin-IR axon juxtapositions to prepro-TRH mRNA-containing neuronal perikarya. The 

light microscopic observation of contacts indicates that galaninergic pathways might regulate 

TRH functions via synaptic channels(VI).
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8.3.2 Further, we have adapted the hybridization protocol for simultaneous 

use of oligodeoxynucleotide and cRNA hybridization probes in dual-label ISH 

We have found that appropriate choice of a single hybridization 

temperature, or alternatively, cyclic application of two different hybridization temperatures 

(other parameters of hybridization unchanged) can result in maximal signal strengths for both 

the 35S-labeled oligodeoxynucleotide and the digoxigenin-labeled cRNA hybridization 

probes(VI).

experim en ts(V I).

8.3.3 We have used the protocol of combined ICC and ISH for 

colocalization studies of neurotransmitter receptors in neurosecretory systems. In these 

studies we have detected TRH receptor mRNA in a subpopulation of TH-IR, TIDA 

neuronstyI, VII), revealing the putative receptorial mechanism of the synaptic interaction 

we have described between TRH-IR axons and the ТША neurons(VI).

8.3.4 Combined ICC and ISH was also applied to hormone receptor- 

colocalization studies. We have investigated the possibility that the feedback action of 

estrogen upon magnocellular ОТ and VP neurons is mediated by the recently discovered ß 

subtype of estrogen receptor (ER-ß). In contrast to the currently-accepted concept that 

estrogen regulates magnocellular neurons via estrogen-sensitive interneurons, we have 

demonstrated that the effects of estrogen on the magnocellular neurosecretory systems are 

direct, and mediated by ER-ß which is coexpressed in a large percent of paraventricular 

and supraoptic ОТ and VP neurons.

We have developed and used a triple-labeling method for studying receptor- or 

neuropeptide coexpression in distinct subpopulations of functionally heterogenous 

neurotransmitter systems. In our studies we have examined the putative coexpression of 

prepro-galanin mRNA in the subset of LHRH-IR neurons which exhibits c-Fos-IR nucleus, 

as a marker of LHRH neuronal activity during the estrogen- and progesterone-induced surge- 

release of LH. The results of triple-labeling experiments demonstrated that prepro-galanin 

mRNA is expressed in 76% of LHRH neurons that also contain c-Fos-IR nucleus during 

the estrogen- and progesterone-induced surge of LH.

8.4
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The observation of such a high correlation suggests that the galanin content of 

activated LHRH neurons has an important, albeit presently unknown function in the 

regulation of the preovulatory surge-release of LH. We propose that the triple-labeling 

method can gain a wider applications in colocalization studies of functionally heterogenous 

neuronal systems(IV).
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CATECHOLAMINERGIC AFFERENTS TO 

GROWTH HORMONE-RELEASING HORMONE (GH-RH)- 

SYNTHESIZING NEURONS OF THE ARCUATE NUCLEUS 

IN THE RAT
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ABSTRACT
Growth hormone-releasing hormone (GH-RH; somatocrinin) is one of the 
main diencephalic factors that regulates growth hormone (GH) production of 
the anterior pituitary gland. In order to elucidate the nature of the specific 
afferent systems to GH-RH-synthesizing neurons, immunocytochemical dou
ble labelling studies were carried out in the arcuate nucleus (ARC), the main 
source of hypophysiotrophic GH-RH. The possible interrelationship between 
GH-RH-producing neurons and catecholaminergic axons was studied, using 
dopamine-/?-hydroxylase (DBH) and phenylethanolamine-A^-methyltrans- 
ferase (PNMT) immunolabelling for tracing the catecholaminergic system. At 
the light microscopic level, the dual antigen localization revealed a similar 
pattern of distribution of catecholaminergic fibers and GH-RH-immuno- 
reactive (IR) neurons in the ARC. It also demonstrated that DBH- 
and PNMT-tR axon varicosities were in juxtaposition with GH-RH- 
synthesizing neurons. The simultaneous detection of PNMT- and GH-RH- 
immunoreactivities at the electron microscopic level, demonstrated axo
dendritic and axo-somatic synaptic specializations between these systems. 
These morphological findings indicate that the hormone production and/or 
release of hypophysiotrophic GH-RH-synthesizing neurons can be influenced 
by catecholaminergic fibers ascending from the brainstem via synaptic 
mechanisms.

Peptides possessing a stimulatory action rat hypothalamus (41). Growth hormone-
upon the growth hormone (GH) produc- releasing hormone (GH-RH) appears to be
lion and release from anterior pituitary produced by neurons locating mainly in
cells have recently been isolated from a two well-defined regions of the dienceph-
human pancreatic tumor (16, 39) and the alon, the arcuate nucleus (ARC) and the

parvocellular division of the hypothalamic 
paraventricular nucleus (PVN) (3, 6, 7, 1 1, 
21, 22, 33, 34, 40). Axons arising from these 
GH-RH-producing neurons terminate in

Dedicated to Professor Yutata Sano. on the 
occasion of his retirement.
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the median eminence-pituitary stalk com
plex (3, 33, 34) and are also distributed to 
certain diencephalic and telencephalic nu
clei (40). Therefore, at least two functions 
might be attributed to GH-RH. First, it 
plays a critical role, as a hypophysiotrophic 
hormone, in the control of growth hormone 
secretion, and second, the hormone might 
be utilized as a neurotransmitter or neuro
modulator substance in influencing the 
function of other neuronal circuits. This 
latter assumption is supported by recent 
data (19) that have demonstrated the pres
ence of GH-RH in presynaptic neuronal 
structures.

MATERIALS AND METHODS

Animals
Adult, colchicine pretreated male rats (n = 
20) were used in this study. A single dose of 
colchicine (80/*g/100g, b.w.; dissolved in 
5 jjl\ of saline) was injected into the central 
part of the lateral cerebral ventricle, under 
Nembutal (40 mg/kg; i.p.) anaesthesia. The 
animals were allowed to survive for a 
period of 30-36 h.

Fixation and Section Preparation

Re-anaesthetized (Nembutal) animals were 
perfused through the ascending aorta, first 
with 30-50 ml of 0.1 M phosphate buffered 
saline (PBS; pH 7.4) and then with 400-500 
ml of a 4% paraformaldehyde solution, used 
at variable pH (6.5 and 11) according to the 
concept of Berod et al. (2). Satisfactory 
visualization of GH-RH antigen required 
the addition of glutaraldehyde (0.02%) to 
the alkaline component of the fixative. 
Finally, the animals were perfused with the 
high pH fixative solution without glutaral
dehyde. The same glutaraldehyde free solu
tion was used for overnight postfixation. 
Thereafter, the brains were removed from 
their skull and 30^m thick coronal sec
tions were cut on a Lancer vibratome.

From a neuroendocrine point of view, it 
has been challenging to examine the neuro
nal systems that are capable of influencing 
the activity of hypophysiotrophic GH-RH- 
neurons. Substance-P (12), methionine- 
enkephalin (12), somatostatin (12, 20, 28) 
and GH-RH (19)-containing axons have 
been demonstrated to form synapses with 
neurons which synthesize growth hormone 
releasing hormone. This observation sup
ports previous pharmacological data (9, 10, 
23).

Catecholamines have been shown to alter 
growth hormone secretion (for reviews, see 
14, 32), however, to date, the site(s) of 
action for monoamines have not been 
mapped completely. In addition to their 
direct influence upon GH-synthesizing cells 
of the adenohypophysis, the catecholamin- 
ergic modulation might also be mediated 
via somatostatin and GH-RH-synthesizing 
neuronal systems located within the hypo
thalamus. Recent pharmacological studies 
support the view that an alpha-adrenergic 
receptor mechanism stimulates growth hor
mone release via a GH-RH dependent 
action (I 3, 35).

To characterize this interrelationship, 
catccholamincrgic fibers and growth 
hormone-releasing hormone producing 
neurons were simultaneously analyzed in 
the ARC by means of a recently developed 
immunocytochemical double labelling 
technique at the light and electron micro
scopic levels. A preliminary report of these 
findings has appeared recently in abstract 
form (29).

Immunocytochemical Labelling

Detection of single tissue antigens 
Preembedding immunocytochemical tech
niques were employed for the detection of 
growth hormone-releasing hormone con
taining neurons and catecholaminergic 
axons. Both the traditional peroxidase 
anti-peroxidase complex (PAP)-3,3'-di- 
aminobenzidine (DAB) technique of Stern- 
berger el al. (42) and a modified version of 
this procedure (26), that amplifies the final 
DAB product by silver-gold intensification 
(15) were used. The rat hypothalamic GH- 
RH antiserum (R567) was raised in rabbit 
and used at 1:5,000 working dilution. The 
details of the production and characteriza
tion of this antiserum have been published 
elsewhere (34). Antibodies raised against 
bovine dopamine-/?-hydroxylase (DBH) (8) 
and rat phenylethanolamine-TV-methyltrans-
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Fig. 1 Immunocytochemical detection of growth hormone-releasing hormone (GH-RH)- 
immunoreactive (IR) (a and b) and catecholamine-containing (c and d) structures in the arcuate 
nucleus (A). ME, median eminence, a, b: Non-intensifted DAB-chromogen. c, d: Silver-gold 
postintensified DAB-chromogen. a: GH-RH-synthesizing neurons residing in the arcuate nucleus 
of the hypothalamus. The median eminence contains intensely stained GH-RH-IR axons. X 56 
b: GH-RH-synthesizing neurons shown at higher power. Note the well-developed dendritic spines. 
X 110 c: Dopamine-/?-hydroxylase-IR axons distributed in the arcuate region and median emi
nence. x42 d: Adrenergic, phenylethanolamine-A^-methyltransferase-containing axons located in 
the arcuate nucleus. x42

ferase (PNMT) (4) were utilized to demon
strate noradrenergic and adrenergic axons. 
Working dilutions of the anti-DBH and 
anti-PNMT sera were 1:10,000 and 1:3,000, 
respectively. All antibodies were diluted in 
PBS containing 1% normal goat serum and 
0.1% sodium azide. The sections were in
cubated in the primary antibodies for 36-48 
h and then for 1-2 h in both the bridging 
(goat, anti-rabbit IgG, 1: 200, Jackson Im- 
munoresearch Laboratories, Inc.) and 
PAP-compiex (Jackson immunoresearch

Laboratories, Inc.). The antigen-antibody 
sequences were visualized according to the 
method of Streit and Reubi (43). The labo
ratory protocol of the silver-gold inten
sification of the DAB reaction product for 
electron microscopic purposes has previ
ously been reported (26).

Sequential detection of two tissue antigens 
In order to elucidate the relationship of 
either DBH- or PNMT-immunoreactive 
(IR) axons, with GH-RH-producing neu-
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PNMT- (Fig. 2Q containing axons, suggest
ing the possible occurrence of interactions 
between the central catecholamine and 
hypothalamic GH-RH-synthesizing sys
tems.

rons in the arcuate nucleus, a recently 
developed dual antigen localization tech
nique (27) was applied. First, either DBH- 
IR or PNMT-IR fibers were visualized by 
the black, silver-gold intensified (SGI)- 
DAB-end-product. After the complete 
intensification of labelled monoaminergic 
axons, GH-RH-containing neuronal ele
ments were identified by the natural brown 
DAB chromogen. The high contrast of 
color and electron density between the 
chromogens allows a clear distinction, at 
both the light and electron microscopic 
levels, of structures that express these 
different immunoreactive substances. Some 
of the immunostaincd sections were 
mounted on glass slides for light micro
scopic evaluation, while the majority were 
processed for fiat embedding in Epon resin. 
The ultrathin sections were cut and col
lected on Formvar coated single slot grids, 
contrasted with uranyl acetate and 
Reynolds’ lead citrate and examined with a 
Tesla BS 500 transmission electron micro
scope.

Electron Microscopy

Ultrastructural examination of double 
labelled sections was focused on the ventral 
and ventro-lateral parts of the arcuate 
nucleus where the light microscopic obser
vations suggested contacts between the two ■ 
chemically differing neuronal circuits. The 
GH-RH-tR profiles were recognized on the 
basis of exhibiting non-intensified DAB- 
polymer. It was associated mainly with 
ribosomes and neurosecretory granules 
located in the cytoplasm (Fig. За, с, e, Г). 
The GH-RH-IR neurons received non- 
labelled axon terminals on both their den
drites (Fig. 3c) and cell bodies (Fig. ЗГ).

For tracing catecholaminergic axons at 
the ultrastructural level, the immunodetec
tion of PNMT was chosen as a marker 
enzyme of the central adrenergic system (1 7, 
18). Fibers expressing PNMT immuno- 
reactivity were selectively labelled by 
silver-gold particles (Fig. 3b) and they were 
seen to form asymmetric synaptic speciali
zations (Fig. 3d) with neuronal elements of 
the arcuate nucleus. As far as the chemical 
nature of structures being post-synaptic to 
these adrenergic, PNMT-immunopositi vc 
axons was concerned, GH-RH-immunore- 
activity was detected in some of the profiles. 
PNMT-IR axons were observed to establish 
synaptic connections with dendrites (Fig. 
3e) and cell bodies (Fig. ЗГ) of GH-RH- 
producing neurons.

.v-

;

RESULTS 
Light Microscopy
In colchicine treated rats, the arcuate 
nucleus exhibited numerous fusiform and 
multipolar GH-RH synthesizing neurons 
(Fig. I a, b). The median eminence also con
tained a substantial number of GH-RH- 
IR fibers (Fig. la). The cells were concen
trated ventro-laterally within the nucleus. 
The same region of the arcuate nucleus 
was seen to receive both DBH- (Fig. lc) 
and PNMT- (Fig. Id) containing axons.

In the double labelled sections, the black 
silver-gold intensified DAB-end-product 
labelled DBH- or PNMT-IR axons, while 
GH-RH-producing neurons were labelled 
by brown non-intensified DAB chromogen 
(Fig 2). Low power micrographs (Fig. 2a, 
b) revealed congruency in the distribution 
of catecholaminergic fibers and GH-RH-IR 
neurons. 1 he labelled cells were surround
ed by fibers expressing DBH- (Fig. 2c) and 
PNMF- (Fig. 2d) immunoreactivity. High 
power micrographs of GH-RH neurons 
demonstrated that these cells were in close 
juxtaposition with both DBH- (Fig. 2e) and

DISCUSSION

It has been well established that the growth 
hormone production by the anterior pitui
tary gland is under the influence of a dual 
hypothalamic regulatory mechanism (47) 
that utilizes somatostatin (5) and GH-RH 
(16, 39, 41) as neuromessengers. A peculiar 
feature of this regulation has been the 
physiological interrelationship (30, 3S. 47) 
and the recently published anatomical link 
(12, 20, 28), at the level of the hypothal-
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Fig. 2 Simultaneous immunohistological demonstration of catecholaminergic axons and growth 
hormone-releasing hormone (GH-RH)-synthesizing neurons in the arcuate nucleus (A) of col
chicine treated rats. ME, median eminence, a, c, e: Co-distribution of dopamine-/?-hydro.xylase 
(DBH)- and GH-RH-immunoreactive (IR) elements, b, d, f: Co-visualized phenylethanolamine- 
A^-methyltransferase (PNMT)- and GH-RH-IR neuronal structures, a: Low power micrograph 
demonstrates co-distribution of DBH- (arrowheads) and GH-RH- (arrows) containing profiles. 
X42 b: GH-RH-synthesizing neurons (arrows) located among PNMT-1R axons (arrowheads). 
x42 c and d: Demonstration of the relationship of DBH- (c) and PNMT- (d) IR axons (arrow
heads) with GH-RH-producing neurons (arrows). Silver-gold intensified DAB endproduct labels 
the catecholaminergic axons, while the less intensely stained GH-RH-IR cells are detected by 
non-intensified DAB-chromogen. x 70; X 70 e: DBH-IR axon (arrowhead) juxtaposed to a 
proximal dendritic shaft of a GH-RH-synthesizing neuron (arrow), x 280 f: Adrenergic, PNMT- 
containing axon-varicosity (arrowhead) contacts the perikaryon of a GH-RH-IR neuron (arrow). 
X 280



•í ;r

Zs. UPOS1TS. E. HRABOVSZKY and W.K PAULL62

T"- r -
M

r:

1

, D v

r J4

SAa?

*

Fig. 3 Ultrasiructural analysis of phcnyleihanolannne-iV-meihyliransferase (PNMT)- and 
growth hormone-releasing hormone (GH-RH)-immunoreactive (1R) structures in the arcuate 
nucleus ol a colchicine treated rat a: Cytoplasmic detail from a GH-RH-synthesizing neuron 
labelled by noil-intensified DAB-chromogcn x 14.300 b. High power micrograph of a cross 
sectioned PNMF-IR axon, tagged selectively by silver-gold particles x 34,800 c Dendrite (D) 
immunoreactive for G H-R11. receiving (arrowhead) a non-label led axon terminal (A ). x 4.750 d 
PNMT-IR axon (arrows) synapsmg (arrowhead) on a non-identified dendrite (D) x 4.550 c 
Axo-dendrilic communication (arrowhead) between an adrenergic. PNMT-containing axon- 
terminal and a GH-RH-IR dendritic process (D). X4.550 f: PNMT-immunoreactive axon (arrows) 
establishes a synaptic connection (arrowhead) with a growth hormone-releasing hormone- 
synthesizing perikaryon (CiH-RH). Note the different, properties of the pre- and postsynaplie 
immunolabcls. Non-labclled axon terminals (A) also communicate with the releasing hormone 
producing neuron x 14.200
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also been reported to increase GH-secretion 
in animals that were injected with anti
somatostatin serum (13). These observa
tions suggest a GH-RH neuronal system 
mediated action. After passive immuniza
tion with anti-hp-GR-RH-serum, an i.v. 
injection of clonidine failed to stimulate 
GH release in the unanaesthetized rat (35), 
indicating that alpha-adrenergic mecha
nisms are mediated through the stimulation 
of endogenous GH-RH release.

In summary, the present findings indicate 
that PNMT-1R axons synapsing on GH- 
RH-synthesizing neurons in the arcuate 
nucleus might represent an anatomical 
route for the adrenergic regulation of this 
hypophysiotrophic system.

amus, between the somatostatin and GH- 
RH systems. The assumed interaction of the 
periventriculo-infundibular, inhibitory (l, 
25) and tubero-infundibular, stimulatory 
(34, 40) ‘final common pathways’ of growth 
hormone regulation establishes an intra- 
hypothalamic loop that can be balanced by 
diverse neuronal circuits of the brain 
impinging on the somatostatin and somato- 
crinin synthesizing hypophysiotrophic 
neurons.

In relation to the hypothalamic GH-RH- 
system, several substances including cate
cholamines, serotonin, acetylcholine, sub- 
stance-P, somatostatin, endorphins (9, 10, 
23, 31) have been implicated to function as 
neurotransmitters or neuromodulators. The 
aim of the present work was to study the 
morphological correlates of the previously 
proposed catecholamine-GH-RH interac
tion (13, 35, 44) by means of immunocyto- 
chemical double labelling technique. The 
distribution pattern of GH-RH-synthe- 
sizing neurons and catecholaminergic 
axons found in the arcuate nucleus is in 
agreement with previous morphological 
data (3, 6, 7, 34, 40). The overlapping of 
GH-RH-synthesizing neurons with DBH- 
and PNMT-containing axons, respectively, 
indicates that the central noradrenergic and 
adrenergic pathways are in an optimal 
anatomical position to interact with GH- 
RH-producing cells. The ultrastructural 
analysis of juxtaposed PNMT-1R axons 
and GH-RH-synthesizing neurons revealed 
synaptic specializations. These synapses, 
formed by PNMT-containing axon termi
nals on the cell bodies and dendrites of 
GH-RH-IR neurons, are indicative of a 
direct monosynaptic input from central 
adrenergic neurons (17, 18, 24, 45) to cells 
of the arcuate nucleus which synthesize 
GH-RH. Moderate noradrenaline (37) and 
adrenaline (46) levels have been previously 
reported in the arcuate nucleus. Phis sug
gests that its neurons might be inlluenced 
by catecholamines.

The administration of selective 
phrine synthesis inhibitors results in the 
suppression of pulsatile GH-secrction. that 
can be eliminated by the administration of 
clonidine, an 
compound (44). Clonidine treatment has

Supported by grants from the National Science 
Foundation (NS [NT 8703030), the Hungarian 
Academy of Sciences (OTKA 104), the 
National Institute of Health (NS 19266) and 
the National Foundation of Technical Devel
opment (OKKFT Ti 286/1986). The authors 
express their appreciation to Drs. M.C. Bohn, 
l-Li. Chen and I. Merchenthaler for the gener
ous gift of primary antibodies used in this 
study. We also wish to thank K. Hilyovszky, J. 
Lipscomb. M. Soltész and C. Swanson for their 
excellent technical assistance.

REFERENCES
Aieert L.C.. Вrлwt;tt J.R.. Patel Y.C. 
and Reichlin S. (1976) Somatostatinergic 
neurons in anterior hypothalamus: Im- 
munohisiochemical localization. Endo
crinology 98, 255-258 
Berod A.. Hartman B. and Pujol J.F. 
(1981) Importance of fixation in immuno- 
hismchemisiry: Use of formaldehyde solu
tions at variable pH for the localization of 
tyrosine hydroxylase. ./. /Ustochem. Cyio- 
chcin. 29. 844-850
fii.om B.. Live N . Be.Non R.. Whf.ren- 
iii'iu; W. G. and Gt'iu.i.Miv R (1984) 
Specific depletion of mimunoreactivc 
gamih hormone releasing factor by 
monosodium glutamate in rat median emi
nence .Venure 307. 2 72-2 73 
Bniiv. M.C. Dro its C.E.. Friedman 
W'.J and Marked К A (198?) Glucocor
ticoid effects on phenvlethanolamine N- 
meiliyItranslerusc (I’NMT) in explants of 
cmbrvonic rat medulla oblongata. Dev. 
Brain Rea. 37. 25 7-266

I

í

epme-
■I

alpha-receptor activating



Zs. LfPOSlTS, E. HRABOVSZKY and W.K. PAULL64

A prerequisite for intensification of histo- 
chemical reactions by physical developers. 
Acta Histochem. 70, 99-105 
Guillemin R., Brazeau P., Bochlen P., 
Esch F., Ling N. and Wehrenberg W.B. 
(1982) Growth hormone-releasing factor 
from a human pancreatic tumor that 
caused acromegaly. Science 218, 585-587 
Hökfelt T., Fuxe K.. Goldstein M. 
and Johansson O. (1974) Immunohisto- 
chemical evidence for the existence of 
adrenaline neurons in the rat brain. Brain 
Res. 66. 235-251
PlöKFELT T., Johansson O. and Gold
stein M. (1984) Central catecholamine 
neurons as revealed by immunohisto- 
chemistry with special reference to 
adrenaline neurons. In Handbook of 
Chemical Neuroanatomy (ed. Bjorklund 
A. and Hökfelt T.) Elsevier, Amsterdam, 
New York, Oxford, pp. 157-276 
Horváth S. and Palkovils M. (1988) 
Synaptic interconnections among growth 
hormone-releasing hormone (GHRH)- 
containing neurons in the arcuate nucleus 
of the rat hypothalamus. Neuroendo
crinology 48, 471-476 
Horváth S., Palkovits M., Görcs T. 
and Arimura A. (1989) Electron micro
scopic immunocytochemical evidence for 
the existence of bidirectional synaptic con
nections between growth hormone-releas
ing hormone- and somatostatin-contain
ing neurons in the hypothalamus of the rat. 
Brain Res. 481, 8-15
Ibata Y., Okamura H . Makino S., 
Kawakami F., Morimoto N. and Chi- 
hara K. (1987) Light and electron micro
scopic immunocytochemisiry of GRF-like 
immunoreactive neurons and terminals in 
the rat hypothalamic arcuate nucleus and 
median eminence. Brain Res. 370, 136-143 
Jacobowitz D M., Schelte H., Ciirou- 
SOS G.P. and Loriaux D.L. (1983) Locali
zation of GRF-like immunoreactive neu
rons in the rat brain. Peptides 4, 521-524 
Kakucska I. and Makar \ GB (1983) 
Various putative neurotransmuters affect 
growth hormone (GH) release in rats with 
anterolateral hypothalamic dealferemation 
of the medial basal hypothalamus: Evi
dence lor mediation by a GH-relcasing 
factor Endocrinology 113. 31 S-323 
Kai.ia M., Fuxe K. and Goldstein M. 
(1985) Rat medulla oblongata II. 
Dopaminergic, noradrenergic (AI and A2) 
and adrenergic neurons, nerve fibers and 
presumptive terminal processes. J. Comp.

5. Brazeau P., Vale W., Burgus R., Ling 
N., Butcher M., Rivier J. and Guil
lemin R (1973) Hypothalamic polypep
tide that inhibits the secretion of immunor- 16.
eactive growth hormone. Science 197, 77
-79

6. Bruhn T.O., Anthony E.L.P., Wu P. and 
Jackson I.M.D. (1987) GRF immuno
reactive neurons in the paraventricular 
nucleus of the rat: An immunohisto- 
chemical study with monoclonal and poly
clonal antibodies. Brain Res. 424, 290-298

7. Bugnon C.A., Gouget A., Fellmann D. 
and Clavequin M.C. (1983) Immuno- 
cytochemical demonstration of a novel 
peptidergic neurone system in the cat brain 
with an anti-growth hormone-releasing 
factor serum. Neurosci. Lett. 38, 131-137

8. Chen I-L., Hansen J.T. and Yates R.D. 
(1985) Dopamine-/?-hydroxylase-like im- 
munoreactivity in the rat and cat carotid 
body: A light and electron microscopic 
study. J. Neurocytol. 14, 131-144

9. Chihara K., Arimura A., Coy D.H. and 
Schally A.V. (1978) Studies on the inter
action of endorphins, substance P and 
endogenous somatostatin in growth hor
mone and prolactin release in rats. Endo
crinology 102, 281-290

10. Chihara K., Okimura Y., Kita T., 
Kashio Y. and Sato M. (1986) The pres
ence of neural pathways inhibiting the 
excitement of hypothalamic GHRH-neu- 
rons in the rat. in Program 1st Int. Congr. 
Neuroendocrinology, San Francisco p. 67, 
No. 173 (Abstract)

11. Daikoku S., Kawano H., Noguchi M„ 
Nakanishi J. Tokuzen M., Chihara K. 
and Nagatsu L (1986) GRF neurons in 
the rat hypothalamus. Brain Res. 399, 250 
-261

12. Daikoku S., Hisano S., Kawano H., 
Chikamori-Aoyama M., Kagotani Y., 
Zhang R. and Chihara K. (1988) Ultra- 
structural evidence for neuronal regulation 
of growth hormone secretion. Neuroendo
crinology 47, 405-415

13. Eden S, Eriksson E„ Martin J.B. and 
Modigii K. (1981) Evidence for a growth 
hormone releasing factor mediating alpha- 
adrenergic influence of growth hormone 
secretion in the rat. Neuroendocrinologv 
33, 24-27

14. Frohman L.A. and Jansson J.O. (1986) 
Growth hormone-releasing hormone. 
Endocr. Rev. 7, 223-253

15. Gallyas F. (1982) Suppression of argyro- 
phil III reaction by mercapto-compounds.

17.

18.

19.

20.

21.

22.

23.

24.



INTERACTION OF ADRENERGIC AND SOMATOCRIN1N SYSTEMS 65

mechanisms stimulate rat growth hormone 
release via growth hormone-releasing fac
tor (GRF). Endocrinology 114, 1950-1952

36. Moore R.Y. and Card P. (1984) Nor
adrenaline containing neuron systems. In 
Handbook of Chemical Neuroanatomy 
(ed. Björklund A. and Hökfelt T.) 
Elsevier, Amsterdam, New York, Oxford, 
pp. 123-156

37. Palkovits M„ Brownstein M., Saave
dra J.M. and Axelrod J. (1974) Nor
epinephrine and dopamine content of 
hypothalamic nuclei of the rat Brain Res. 
77. 137-149

38 Plotsky P.M. and Vale W. (1985) Pat
terns of growth hormone-releasing factor 
and somatostatin secretion into the 
hypophyseal-portal circulation of the rat. 
Science 230, 461-463

39. Rivier J., Spiess J., Thorner M. and 
Vale W. (1982) Characterization of a 
growth hormone-releasing factor from a 
human pancreatic islet tumour. Nature 
300, 276-278

40. Sawchenko P.E., Swanson L.W., Rivier 
J. and Vale W. (1985) The distribution of 
growth-hormone-releasing factor (GRF) 
immunoreactivity in the central nervous 
system of the rat: An immunohisto- 
chemical study using antisera directed 
against rat hypothalamic GRF. J. Comp. 
Neurol 237, 100-115

41. Spiess J., Rivier J. and Vale W. (1983) 
Characterization of rat hypothalamic 
growth hormone-releasing factor. Nature 
303, 532-535

42. Sternberger L.A., Hardy P.H., Cucu- 
lis J.J. and Meyer H.G. (1970) The un
labelled antibody enzyme method of im- 
munochemistry. Preparation and prop-

• erties of soluble antigen-antibody complex 
(horseradish peroxidase-anti peroxidase) 
and its use in identification of spirochetes. 
J. Histochem. Cytochem. 81, 315-333

43 Streit P. and Reubi J.C. (1977) A new 
and sensitive staining method for axonally 
transported peroxidase (HRP) in the 
pigeon visual system. Brain Res. 126, 530 
-537

44 Terry C.L., Crowley W.R., Lynch C, 
Longserre C. and Johnson M.D. (1982) 
Role of central epinephrine in regulation 
of anterior pituitary hormone secretion. 
Peptides 3. 311-318

45 Tucker D C.. Saper C.B.. Ruggiero D. 
A. and Reis D.J. (1987) Organization of 
central adrenergic pathways: I. Relation
ships of ventrolateral medullary projec-

iNeurol. 233, 308-332
25. Lechan R.M., Goodman R.H., Rosen

blatt M., Reichlin S. and Habener J.F. 
(1983) Prosomatostatin-specific antigen in 
rat brain: Localization by immunocyto- 
chemical staining with an antiserum to a 
synthetic sequence of preprosomatostatin. 
Proc. Nall. Acad. Sei. USA 80, 2780-2784

26. Liposits Zs., Sétáló Gy. and Flerkó В. 
(1984) Application of the silver-gold 
intensified 3,3'-diaminobenzidine chromo- 
gen to the light and electron microscopic 
detection of the LH-RH system of the rat 
brain. Neuroscience 13, 513-525

27 Liposits Zs., Sherman D.. Pi-ielix C. and 
Pauli. W.K. (1986) A combined light and 
electron microscopic immunocytochemical 
method for the simultaneous localization 
of multiple tissue antigens. Histochemistry 
85, 95-106

28 Liposits Zs., Merchenth.aler I.. Paull 
W K. and Flerkó В. (1988) Synaptic 
communication between somaiosiatincrgic 
axons and growth hormone-releasing fac
tor (GRF) synthesizing neurons in the 
arcuate nucleus of the rat. Histochemistry 
89. 247-252

29 Liposits Zs., Hrabovszky E. and Paull 
W.K. (1989) Adrenergic innervation of 
somatostatin (SS) and growth hormone- 
releasing hormone (GH-RH) synthesizing 
hypothalamic neurons in the rat. Abstr. 
Soc. for Neu rose i. 1989 (in press)

30 Lumpkin M.D., Negro-Vilar A. and 
McCann S.M. (1981) Paradoxical eleva
tion of growth hormone by intraven
tricular somatostatin: Possible ultrashort- 
loop feedback. Science 211. 1072-1074

31 Mariin J.B. (1980) Functions of central 
nervous system neurotransmitters in regu
lation of growth hormone secretion. Fed. 
Proc. 39. 2902-2906

32. Mariin J.B. and Reichlin S. (1987) 
Clinical Neuroendocrinology. Edition 2, F. 
A Davis Company, Philadelphia

33 Ml КС hen i haler I.. Vigh S.. Schally 
A V and Pi-trlis? P. (1984) Immunocyto- 
chemical localization of growth hormone- 
i cleaving lactor in the rat hypothalamus 
Endocrinology 114, 1082-1085 
Mi itt in N th aler I.. Thomas C.R. and 
Akimuka A (1984) Immunocytochemical 
localization ol growth hormone releasing 
lactor (GIIRF) in the rat brain using 
annual GIIRF serum Peptides 5. 1071 

1075
La Miki N . Ono M. and Shizuml К (1984) 

Evidence that opiatergic and zr-adrenergic

N



Zs. L1POSITS, E. HRABOVSZKY and W.K. PAULL66

tions to the hypothálamus and spinal cord. 
J. Comp. Neurol. 259, 591-603 

46. Van der Gugten J., Palkovits M., 
Wunen H.L.J.M. and Versteeg D.H.G. 
(1976) Regional distribution of adrenaline 
in rat brain. Brain Res. 107, 171-175

47. Wehrenberg W.B., Ling N.. Bohlen P., 
Esch F., Brazeau P. and Guillemin R. 
(1982) Physiological roles of somatocrinin 
and somatostatin in the regulation of 
growth hormone secretion. Biochem. Bio- 
phys. Res. Commun. 109, 562-567





ионinrasELSEVIER Neuroscience Letters 182 (1994) 143-146

Adrenergic innervation of dopamine neurons in the hypothalamic
arcuate nucleus of the rat

Erik Hrabovszky3’*, Zsolt Lipositsb

"Department of Anatomy, University Medical School, Szigeti út 12., Pécs, H-7643. Hungary 
ь Department of Anatomy, Alben Szent-Cyörgyi Medical University. Kossuth L. sgt. 40.. Szeged. H-6724, Hungary

Received 10 June 1994; Revised version received 14 September 1994; Accepted 30 September 1994

Abstract
Tuberoinfundibular dopaminergic (TIDA) neurons, which represent the final common pathway in the inhibitory neuronal control 

of prolactin (PRL) secretion, are regulated by synaptic input from various transmitter systems. Because adrenergic receptors ai 
hypothalamic sites were implicated in the central regulation of lactotrophs, we hypothesized that a synaptic communication might 
exist between adrenergic pathways ascending from the brain stem and the TIDA system. Polyclonal antisera directed towards 
phenylethanolamine TV-methyltransferase (PNMT) and tyrosine hydroxylase (TH), biosynthetic enzymes of catecholamines, were 
used for the simultaneous immunocytochemical detection of adrenergic fibers and TIDA neurons, respectively, in Vibratome sections 
of the rat hypothalamus. By the light microscopic evaluation of double-immunostained sections, PNMT-immunoreactive (IR) axon 
varicosities were localized in juxtaposition to TH-IR cell bodies and dendrites in the arcuate nucleus (AN) which contains perikarya 
and dendrites of TIDA neurons. The ultrastructural analysis of contacts provided firm evidence for the occurrence of synaptic 
interactions between the adrenergic and TIDA neuronal systems. These morphological findings show that adrenergic neurons are 
involved in the afferent regulation of the TIDA system and indicate a putative pathway of central adrenergic effects upon PRL 
secretion.

Key words: Arcuate nucleus; Catecholamine; Electron microscopy; Hypothalamus; Immunocytochemistry; Phenylethanolamine 
/V-methyltransferase; Synapse; Tyrosine hydroxylase

Prolactin (PRL) secretion by the anterior pituitary 
gland is influenced by systemic [7-9] and i.e.v. admini
stration [18] of adrenergic agents. The elevation of 
plasma PRL by local injection of a2- and /9-adrenergic 
agonists into the mediobasal hypothalamus (MBH) and 
a2-adrenergic agonists into the preoptic-anterior hypo
thalamus strongly suggests that at least two hypotha
lamic sites participate in the adrenergic stimulation of 
lactotrophs [6]. One of these areas, the MBH, contains 
the tuberoinfundibular dopaminergic (TIDA) system [2] 
which represents the final common pathway in the inhib
itory neuronal control of PRL secretion [1]. Therefore, 
we proposed that the adrenergic mechanisms regulating

PRL secretion act, at least in part, via modulation of 
TIDA neuronal activity.

The aim of this study was to provide a morphological 
support for the synaptic regulation of TIDA neurons by 
central adrenergic neuronal pathways [5]. The hypotha
lamic arcuate nucleus (AN), which contains the peri
karya and dendrites of TIDA neurons [2], was analysed 
by preembedding double-labeling immunocytochemistry
[13].

Five male Wistar rats (200-250 g) were deeply anes
thetized with Nembutal (60 mg/kg i.p.) and perfused 
through the ascending aorta with 4% paraformaldehyde- 
\% glutaraldehyde in 300 ml of a 0.1 M phosphate- 
buffered saline solution (PBS; pH 7.4). The brains were 
immersed in the same fixative for 2 h and then 25-/rm- 
thick coronal sections containing the AN were cut from 
the hypothalami on a Vibratome (Technical Products 
International, St Louis, MO). Residual aldehydes were

‘Corresponding author. Address: Albert Szem-György Medical 
University, Kossuth L. sgt 40.. Szeged H-6724. Hungary.
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Fig. I Simulumeous detection of PNMT- and TH-1R neuronal elements in the hypothalamic AN of the rat. a-e: light microscopic demonstration 
of PNMT-IR. adrenergic and TH-1R, dopaminergic neuronal structures. f,g: electron micrographs of adrenergic synapses on dopaminergic neurons. 
a,b: overlapping distribution of silvcr-gold-stained PNMT-IR axon varicosities (arrowheads) and DAB-Iabeled, TH-1R neurons (arrows) in the 
dorso-mcdial (a) and ventro-lateral (b) subdivisions of the nucleus. xab250. c,d: axo-somatic (c) and axo-dendritic (d) juxtapositions (arrowheads) 
between adrenergic libers and dopaminergic neurons, representing potential sites of neuronal interactions. xcdl450. e: light microscopic demonstration 
of an axo-somatic juxtaposition (arrowhead) in a semilhin section. x2000. f: synaptic communication (arrowheads) between PNMT-IR axon (P) and 
TH-expressing dendrite (1 HI x36.000. g: synaptic interaction of PNMT-IR terminal (P) and TH-immunopositive perikaryon (TH). Arrowheads 
point to a symmetrical synapse, x23.000.

inactivated with a 1% sodium borohydride (NaBH4; 
Sigma, St Louis, MO) treatment lor 30 min, followed 
first, by permeabilizalion of sections with 0.2% Triton 
X-100 (Sigma) for 20 min and then blockage of non
specific antibody binding with 2% normal sheep serum 
(NSS) for 10 min. Adrenergic fibers were characterized 
by their phenylethanolamine /V-methyltransferase 
(PNMT) content. This enzyme catalyzes the conversion

of noradrenaline to adrenaline, therefore, it occurs in 
adrenergic but not in noradrenergic or dopaminergic 
neuronal structures. For the immunocytochemical detec
tion of PNMT, the peroxidase-antiperoxidase complex 
(PAP) technique [16] and 3,3'-diaminobenzidine (DAB) 
chromogen were used, with the subsequent silver-gold 
intensification of the DAB precipitate [12]. Then, 
dopaminergic neurons were demonstrated by means of
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the PAP-DAB method, on the basis of immunoreactivity 
for the dopaminergic marker enzyme, tyrosine hydrox
ylase (TH). The rabbit, anti-rat PNMT [3] and the rab
bit, anti-bovine TH (#1012, Eugene Tech International, 
Allendale, NJ) primary antisera were diluted to 1:3000 
and 1:1000, respectively, and the sections incubated at 
4°C for 48 h.

While some double-immunostained sections were 
mounted on glass slides and coverslipped for light micro
scopic evaluation, most were osmicated, dehydrated and 
flat-embedded into Epon resin (LX-112; Ladd Research 
industries, Burlington, VT). The resin blocks were fur
ther processed with an ultramicrotome (Ultracut E, 
Reichert-Jung, Vienna, Austria). Some were serially cut 
at 2 /лп for light microscopic studies, others were desig
nated for ultrastructural analysis. The ultrathin sections 
were collected on Formvar-coated, single-slot grids, con
trasted with uranyl acetate and lead citrate and examined 
with a Tesla BS 500 transmission electron microscope.

In light microscopic preparations, the silver-gold-la
beled PNMT-IR axons appeared in black which 
contrasted with the brown (gray, in black-and-white mi
crographs) DAB-stained TH-containing structures. 
PNMT-IR fibers had a wide distribution throughout the 
AN, whereas this entire area was devoid of PNMT-IR 
cell bodies. TH-IR neurons of the AN formed two dis
tinct subpopulations in the dorso-medlal and ventro
lateral parts of the nucleus, and they intermingled with 
beaded PNMT-IR axons (Figs. la,b). At higher power, 
appositions of PNMT-positive fibers to TH-containing 
perikarya and dendrites were revealed (Figs. lc-e). Be
cause of the neurochemical diversity of TH-IR neurons 
in the dorso-medial and ventro-lateral portions of the 
AN [14,15], both regions were separately analysed by 
electron microscopy. At the ultrastructural level, 
PNMT-containing axons were recognized by the accu
mulation of highly electron-dense, silver-gold grains over 
both dense core and clear vesicles. In contrast, the depo
sition of DAB in TH-IR neuronal elements resulted in 
a medium degree of electron density. The examination 
of ultrathin sections revealed PNMT-IR axon terminals 
which w'ere engaged in synaptic contacts with both TH- 
IR dendrites (Fig. If) and cell bodies (Fig. Ig). Synapses 
between PNMT-containing terminals and TH-labeled 
neurons w'ere detected in both the dorso-medial and ven
tro-lateral subdivisions of the AN.

Our morphological findings strongly indicate a physi
ological adrenergic/noradrenergic involvement in the af
ferent neuronal regulation of theTIDA system. The type 
of adrenergic receptors underlying this synaptic inter
action might be a2, based on the abundance of 
p-['H]aminoclonidine-binding sites in the AN [19] and 
the observation of reduced TIDA neuronal activity fol
lowing a2-adrenergic receptor stimulation with clonidine 
[4]. Because the major function attributed to TIDA neu
rons is the inhibitory control of PRL secretion [1], we

propose that adrenergic input to the TIDA system might 
modulate this process.

The choice of male animals in these studies was made 
to eliminate estrogen-dependent variations in the stain
ing pattern of antigens in the course of the estrus cycle. 
However, in preliminary light microscopic studies, we 
verified the existence of PNMT-IR axon juxtapositions 
to TIDA neurons of the female rats.as well. Possible 
sexual dimorphism and other quantitative aspects of the 
explored synaptic interaction were not addressed in this 
study.

It remains to be determined whether central norad
renergic pathways also contribute to the afferent regula
tion of TIDA neurons. Unfortunately, commonly used 
immunocytochemical markers of the noradrenergic sys
tem, dopamine /J-hydroxylase or noradrenaline itself 
also occur in adrenergic, in addition to noradrenergic, 
neurons. :

TH-IR nerve cells in the ventro-lateral part of the AN, 
which are chemically distinct from the dorso-medial TH- 
expressing neuronal population, are thought to be par
tially identical with growth hormone-releasing hormone 
(GH-RH)-synthesizing neurons [14]. Our present find
ings on their adrenergic regulation is in harmony with 
the earlier observation of PNMT-IR synapses on GH- 
RH-ÍR arcuate neurons [10,11].

In conclusion, we explored synaptic communication 
between adrenergic axons and TIDA neurons in the hy
pothalamic AN. These results support the concept that 
adrenaline and/or intermediates of its biosynthesis mod
ulate the operation of TIDA neurons via synaptic chan
nels.
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T55I2 from the National Science Foundation of Hun
gary. The technical assistance of Anikó Kiss, Klára 
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Abstract

Prolactin (PRL) secretion by the anterior pituitary gland is dependent upon the tonic inhibitory influence of the tuberoin- 
fundibular dopaminergic (TIDA) neuronal system. TIDA neurons, in turn, are regulated by various afferent neuronal systems. 
To support the concept that the recently-discovered neuropeptide, galanin (GAL), is one of the ncurotransmiticr/neuromodula- 
tor substances which might synaptically regulate the function of the TIDA system, immunocytochemical double-labeling studies 
were carried out in the hypothalamic arcuate nucleus (AN) of the male rat. The analysis of light microscopic preparations 
revealed the overlapping of GALergic and dopaminergic (detected by tyrosine hydroxylase immunoreactivity) neuronal elements 
in both the dorsomedial and ventrolateral parts of the AN. TH-containing perikarya and dendrites were contacted by varicose 
GAL-IR axons in these regions. The electron microscopic studies of ulirathin sections demonstrated axosomatic and axoden
dritic synapses between GALergic axons and TH-IR neurons. These findings support the view that GAL may modulate PRL 
release, acting as a neurolransmitter/neuromodulator in synaptic afferents to the TIDA system.

Key words: Arcuate nucleus; Dopamine; Double-labeling; Electron microscopy; Galanin; Hypothalamus; Immunocytochcmistry: 
Interaction; TIDA; Tyrosine hydroxylase e

I. Introduction point of view. Several lines of consistent data demon
strate that the secretion of prolactin (PRL) [14,23,31], 
growth hormone [31] and luteinizing hormone [33] can 
be influenced by GAL. In addition to its central ef
fects, GAL might also act at the pituitary level and 
alter anterior pituitary cell functions. This hypophys- 
iotropic role of the peptide has been concluded from 
(i) the presence of a dense network of GAL-ini- 
munorcactivc (IR) fibers within the external layer of 
the median eminence (ME) [3.21.23,32,35]. (ii) the 
higher concentration of the peptide in hypophysial 
portal than in peripheral blood [14.21], and (iii) the 
labeling of GAL neurons from the ME with the retro
grade tracer. Eluoro-Gold [2S|.

Galanin. when administered m nils mtracercbrovcn- 
iricularly (i.c.v.L produces increased plasma levels ol 
PRL 114,23.31]. Because isolated pituilaries are not 
affected by GAL treatment [31]. and systemic adminis
tration of the peptide does not modify PRL levels 
[14,31], a central, instead of hypophyseal site ol action

The biologically active, 29-amino acid peptide, 
galanin (GAL), was originally isolated from porcine 
intestinal extracts [39], and later its ubiquitous pres
ence in both the peripheral and central nervous sys
tems was established [5,8,25,32,35,36]. Within the brain, 
the hypothalamus is especially rich in GAL immunore
activity [5,8,25,32,35,36], GAL mRNA [3,12] and 
GAL-binding sites [3,24,27,29,34]. The presence of the 
peptide and its mRNA in neurons of the supraoptic, 
paraventricular, periventricular, arcuate and medial 
preoptic nuclei and the wide distribution of GAL-con- 
taining axons and GAL receptor sites within the hy
pothalamus are of importance from a neuroendocrine

* Corresponding author. Present address; University of Mas
sachusetts, Biology Department, Morrill Science Center 221. 
Amherst, MA 01003, USA.
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upon the Iactotrophs has been proposed. Meiander et 
al. [23] have found that the elevation of plasma PRL by 
i.c.v. injection of GAL is associated with reduced PRL 
release inhibiting factor, dopamine (DA) content of the 
ME. Taken together, these data suggest that GAL acts 
upon the tuberoinfundibular dopaminergic (TIDA) 
neuronal system, and the inhibition of DA release into 
the portal blood may account, at least in part, for the 
GAL-induced rise in PRL secretion.

Because the major source for DA-containing termi
nals of the ME is the hypothalamic arcuate nucleus 
(AN) [2], we hypothesized a direct GAL-DA interac
tion within this region. To provide morphological evi
dence for the synaptic regulation of TIDA neurons by 
GALcrgic axons, immunocytochernical double-labeling 
studies were conducted at the light and electron micro
scopic levels.

Eugene Tech International, Allendale, NJ, USA), the rate-limiting 
enzyme of DA synthesis, and used at 1:1000 working dilution.

The immunocytochernical detection of GAL-containing struc
tures utilized the combination of the PAP-DAB procedure and 
subsequent silver-gold intensification of the DAB end-product [9]. 
The anti-porcine GAL antibody (RAS7153N, Peninsula Laborato
ries, Belmont, CA, USA) was generated in rabbit, and diluted to 
1:4000. Following 36 h incubation in the primary antisera, the 
sections were placed in the bridging antibody (sheep, anti-rabbit IgG, 
1:500, Arnel Products Co., New York, NY, USA), and after in the 
PAP complex (rabbit, 1:500, Arnel) for 1 h in each. All antibodies 
were dissolved in PBS-1% NSS, and the incubations were followed 
by 30 min rinses in several changes of PBS. The antigen-antibody 
complexes were visualized according to the method of Streit and 
Reubi (38|. The silver-gold intensification of the DAB endproduct 
was carried out as adapted to electron microscopic studies by Li- 
posits et al. [161.

2.5. Sequential detection of two tissue antigens

To visualize both the TU- and the GAL-IR antigenic sites within 
the same sections, a dual antigen localization technique (171 was 
used. First, GALergic elements were immunostained by the black, 
silver-gold-inlensified DAB endproduct, followed by the detection of 
TH-containing structures using the non-intensified, brown DAB 
chromogen. Some of the immunostained sections were mounted on 
glass slides for light microscopic evaluation; whereas the majority 
was processed further for electron microscopic flat embedding in 
Epon resin (LX-112, Ladd Research Industries, Burlington, VT. 
USA). Because of the marked contrast between the two reaction 
products in color and electron-density, a clear distinction of GAL- 
and TH-containing neuronal elements was achieved at both the light 
and electron microscopic levels. Semithin and series of ullrathin 
sections were cut from the resin blocks on an ultramicrotome (Ultra- 
cut E, Reichert-Jung, Vienna, Austria). Ribbons of ultrathin sections 
were collected on Formvar-coated. single-slot grids, contrasted with 
uranyl acetate and Reynolds' lead citrate and examined with a Tesla 
BS 500 transmission electron microscope.

2. Materials and methods

2./. Animals

Adult, male Wislar rats (n = 10) weighing 250-300 g were main
tained under standard environmental conditions. Two of them re
ceived a single i.c.v. injection of colchicine (80 jig, dissolved in 5 д1 
of saline) 36 h before sacrifice; whereas the rest remained untreated. 
While the former model was used for the detection of GAL in cell 
bodies, the immunostaining of GAL-containing fibers, DAergic neu
rons and immunocytochernical double-labelings were performed 
without colchicine-pretreatment of the animals.

2.2. Fixation and tissue preparation

Rats were anesthetized with Nembutal (40 mg/kg; ip) and per
fused through the ascending aorta. A short initial rinse with 0.1 M 
phosphate-buffered saline (PBS, pH 7.4) was used to remove the 
blood from the vasculature. Subsequently, the animals were fixed 
with 500 ml of a mixture containing 1% paraformaldehyde and 1% 
glutaraldehyde in PBS, at a slow flow-rate (60 drops/min). The 

. brains were removed and immersed in the same fixative for 2 h. 
Thereafter, the hypothalami were dissected and 25 pm thick, coronal 
sections were cut on a Vibratomc (Technical Products International, 
St. Louis. MO, USA).

3. Results

3.1. Light microscopy

The distribution of TH immunoreactivity in the AN 
substantiated previous immunocytochernical data 
[4,10,41]. A prominent accumulation of the DAB chro
mogen was observed in dendrites and small perikarya 
of the dorsomedial TH-IR cell group; whereas im- 
munopositive neurons in the ventrolateral portion of 
the AN were larger and expressed lesser amounts of 
the enzyme (Fig. la). GALergic elements were stained 
by the black, silver-gold-intensified DAB chromogen. 
The AN of colchicine-untreated animals contained nu
merous GAL-IR axons, but only some poorly labeled 
cell bodies could be visualized (Fig. lb). In contrast, a 
substantial number of neurons contained detectable 
levels of the peptide in the AN of colchicine-adminis
tered rats (Fig. lc).

Double-labeling immunocytochemistry revealed the 
overlapping distribution of GAL-and TH-IR antigenic 
sites in the AN. The silvcr-gold-stained, GALergic

2.3. Imniunocytocliemical labeling

Prior io incubation in the primary antibodies, the residual glu- 
laraldchyde was neutralized in the sections by a 30 min treatment in 
Ir/r sodium borohydride (NaBH.,. Sigma Chemical Co., St. Louis, 
MO. USA) solution under constant gentle agitation. Sections were 
subsequently permeabilized with 0.2% Triton X-100 (Sigma) in PBS 
tor 20 min and treated with 2% normal sheep scrum (NSS) in PBS 
for 10 min to prevent non-specific antibody binding.

2 V Detection of single tissue antigens

For the immunostaining of DAergic neurons, Sternberger’s (371 
peroxidase-antiperoxidase complex (PAP) technique and the 3,3'-di- 
aminohenzidine (DAB) chromogen were used. The primary' anti
serum was raised in rabbit against tyrosine hydroxylase (TH) (#1012,
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GAL yielded discordant results. Koshiyama et al. 
demonstrated that vasoactive intestinal polypeptide 
(VIP), a putative PRL releasing factor, is involved in 
PRL rise by GAL, since passive immunization of rats 
with anti-VIP antibody significantly suppressed PRL 
response to i.c.v. administration of GAL [14]. The 
mediation of the GALergic action by the TIDA system 
was suggested by Melander et al., who reported a 24% 
reduction of the catecholamine stores in the medial 
palisade zone of the ME 20 min after i.c.v. GAL 
injection, an effect associated with an unequivocal in
crease in PRL. secretion [23].

Our present immunocytochemical findings show that 
GALergic axons innervate TH-containing neurons m 
the AN of the rat. Because TH-IR neurons in the 
anterior AN project to the posterior pituitary, instead 
of the ME [2], we preferentially analyzed more caudal 
arcuate regions, neurons of which represent presum
ably the TIDA system On the basis of the earlier 
suggestion that TH-IR neurons located in the ventro
lateral part of the AN might represent a non-DAergic 
subpopulation [22,30]. we performed a separate im
munocytochemical analysis of the dorsomedial and 
ventrolateral portions of the AN. By the light micro
scopic application of a double-labeling immunocyto- 
chemical technique, wc demonstrated GAL-IR axon 
varicosities in close appositions to TH-IR cell bodies 
and dendrites in both subdivisions of the nucleus. At 
the ultrastructural level, the double-labeled juxtaposed 
profiles showed patterns of synaptic communication 
and displayed symmetrical and asymmetrical special
izations. These observations support.the concept that 
GAL modulates the operation of TIDA neurons via 
synaptic mechanisms.

However, additional site/s for GAL to interact with 
the TIDA system cannot be ruled out. Nordstrom ci al 
[29] have recently shown that the high potassium- 
evoked [’H]DA release I’mm medio-basal hypothala
mic fragments, including the ME, is inhibited by GAL 
Moreover, the distribution of ['•’SI]GAL binding sites 
and that of TH-IR axons overlaps in the medial pal
isade zone of the ME [29] Consequently, these authors 
propose that GAL might eseit a paracrine inhibitory 
effect on DAcrgic terminals at the level of the ME 
Based on the co-localiz.inon of GAL. and TH within 
the same arcuate ncuionsf' Ri.29|. it is assumed that 
pail ol TIDA neurons se.ieie both GAL and DA mi 
the portal blood I tins dv idea that the synthesis 
and/or release ol I LA h\ diese pariiculai iietiions 
might depend pat lulls upon an autocrine contiol bs 
GAL. can also be challenged The. similai location ol 
G.Al. binding sites ami GAP and I'll immunoieaetisi 
ties ui the. external zone o! die ME [29] suppoits :1ns 
concept.

The physiological action ol GAL upon I IDA neu 
rons is strongly supported in recent findings, i e . the

axons contacted the DAB-labeled TH-IR perikarya 
and dendrites both in the dorsomedial (Fig. Id) and 
ventrolateral (Fig. Le) subdivisions of the nucleus. At 
higher power, double-labeled axodendritic (Fig. If) and 
axosomatic (Fig. Ig) juxtapositions were detected 
throughout the AN. The close relátionship between 
GAL- and TH-IR neuronal structures was also appar
ent in semithin sections (Fig. Ih).

3.2. Electron microscopy

At the ultrastructural level, the DAB deposits pro
duced a medium degree of electron density in TH-IR 
neuronal structures, as compared to the surrounding 
non-labeled profiles. Abundant chromogen was ob
served over the rough endoplasmic reticulum and 
dense-core vesicles of labeled perikarya (Fig. 2a). In 
GAL-IR axons, the highly electron-dense silver-gold 
grains were associated primarily with dense-core vesi
cles (Figs. 2c, e). By the serial evaluation of double-im- 
munostained ultrathin sections (Figs. 2d. c), GAL-IR 
fibers were revealed to establish axosomatic (Figs. 2b- 
e) and axodendritic (Fig. 2f) synaptic contacts with 
TH-IR neurons. Both the symmetrical (Figs. 2b, c) and 
the asymmetrical (Figs. 2d — f) forms of synaptic special
izations occurred.

4. Discussion

The A12 catecholaminergic cell group of the hy
pothalamic AN [6] is largely involved in the central 
inhibitory control of PRL secretion by the anterior 
pituitary gland. A subpopulation of these neurons, 
termed TIDA, send short axons to the external layer of 
the ME and release the putative PRL. release inhibit
ing factor, DA, into the primary' capillaries of the 
hypophysial portal system [2]. The function of TIDA 
neurons is influenced by multiple humoral and neu
ronal mechanisms [I], the latter represented by axonal 
inputs from various neuronal sources. On the basis of 
ultrastructural observations. DA [13], serotonin [4()|. 
y-aminobulyric acid (GABA) [13] and endogenous opi
oids [11] are assumed to act as ncurotransmitiers/neu- 
romodulators in these afferent synaptic connections.

In the pi resent study, we provided morphological 
evidence tor the GAl.eigic regulation ol I IDA 
rons. In pharmacological experiments. G.Al. was found 
■ O increase the secretion of PRL when administered 

to iats (14,23.31]. Because the peptide did 
exert the same cflcci on isolated pitiiitai ics [3 11, and 
tystemic injection did not modi I v the icleasc of PRL 
14,31] it was concluded that the GAL-mduced rise of 

PRL was mediated through the central 
Earlier studies aimed at identifying neuronal circuits 
hat participate in the stimulation of lactotrophs by

neu-

.c.v. not
us

nervous system.
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blockade of endogenous GAL by passive immunization 
is capable of blunting the proestrous afternoon PRL 
surge without affecting the time of its onset [20]. 
Whether, and to what extent, the assumed synaptic, 
paracrine and autocrine GALergic control mechanisms 
might be involved in the regulation of DA synthesis 
and/or release requires clarification.

The source of GALergic axons synapsing in the AN 
is still unknown. López et al. have provided pharmaco
logical and electron microscopic immunocytochemical 
data suggesting that a local GALergic circuit exists 
within the AN [18]. Consequently, we propose that 
T1DA neurons might be innervated, at least in part, by 
arcuate GAL neurons. If this is the case, it remains to 
be determined whether these GALergic interneurons 
represent a population separate from the hypophys- 
iotropic GAL cell group of the AN [28].

In summary, we demonstrated synaptic connections 
between GAL-IR axons and TH-IR neurons in the AN 
of the rat hypothalamus. These results strongly indicate 
a role for GAL as a possible synaptic modulator of 
TIDA neurons.
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We describe a sensitive technique combining dual-label im
munocytochemistry (ICC) with isotopic in situ hybridiza
tion histochemistry (ISHH). We developed this technique 
to characterize the receptor and/or peptide content of pheno- 
typically identified neurons that express cell markers of neu
ronal activity (immediate early gene products) after physio
logical or pharmacological perturbation. Tissue was fixed by 
perfusion with 4% paraformaldehyde in PBS, sucrose- 
infiltrated, and cryosectioned. Sections were stored in 
cryoprotectant or immediately hybridized. After stringent 
hybridization wash procedures, Fos and luteinizing hormone
releasing hormone (LHRH) neurons were visualized sequen
tially using immunocytochemistry. Finally, galanin mRNA

was detected autoradiographicaily. We applied the technique 
to study of subpopulations of LHRH-containing neurons. 
Results of this study indicate that a majority of the LHRH 
neurons activated during the luteinizing hormone (LH) surge 
(as indicated by presence of nuclear Fos staining) also ex
press mRNA encoding galanin. However, there is not a com
plete overlap between the subpopulation of LHRH neurons 
that express Fos and that which expresses galanin mRNA. 
(J Histochem Cycochem 43-363-370, 1995)
KEY WORDS: Immunocytochemistry; Lmmunohistochemistry; In situ 
hybridization histochemistry: Triple-labeling; Luteinizing hormone- 
releasing hormone; Galanin; Fos. mRNA: immediate early genes.

ntroduction
leuroanatomic and neurochemical studies of peptidergic neuronal 
ystems have been facilitated by the development of sensitive dual- 
ibel immunocytochemical (ICC) and in situ hybridization (ISHH) 
nethods. Studies with these methods have demonstrated that 
lypothalamic neurons expressing a common ncuroactivc substance 
an be divided further into subpopulations on the basis of differ- 
nces in coexpressed peptide or receptor complement. However, 
he functional significance of neuronal subpopulations defined on 
he basis of these chemical differences has been difficult to deter- 
ninc without a method for detecting changes in the activity of in- 
ividual neurons. Abundant data now indicate that many

fonal systems exptess lmmunorcacuvity for immediate-early gene 
(1EC) products soon after activation (2 2.26,27.29). The goal of the 
present studies was to develop a method with which we could fur
ther characterize responsive (lEC-positive) neuronal subpopulations 
based on their receptor and/or peptide content.

In these studies we focused on the luteinizing hormone-releasing 
hormone (LHRH) neuronal system ot the hypothalamus, the final 
common pathway bv which estrogen, through modulation of vari
ous neuropeptide, ncurotransnutiet. and amino acid systems, regu
lates luteinizing hormone (LH) secretion Functional diversity of 
the LHRH system has been implied by studies demonstrating that 
not all LHRH neurons project to the median eminence, where they 
would presumably play a role in LH iclease (S.10.21.30). Further
more. some but not all LHRH neurons coexpiess Fos during the 
LH surge (3.6.12-14). indicating thai only a subpopulation of neu
rons is activated during the surge Finally, functional diversity is 
implied by ICC studies using diiictcnt antibodies that recognize 
high molecular weight or fully processed forms of LHRH (4,9). The 
results of these studies indicate that there are subgroups of LHRH

neu-
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LH Radioimmunoassay
Scrum samples were assayed in quadruplicate for LH by mechods described 
previously (23). All samples were analyzed in the same assay. NIAMDD 
rat LH RP-2 was used as the reference material and iodinated rat LH (Hazeiton 
Laboratories; Vienna, VA) as competitor. The CSU-120 antibody (provided 
by Dr. Gordon Niswender. Ft Collins. CO) was used at a final concentra
tion of 1:120,000. In this assay, the least detectable amount of LH W2S 0.04 
ng (the lowest amount of LH that significantly displaced iodinated LH from 
the antibody) and the intra-assay coefficient of variation was 5.6%

neurons chat may vary in their rates of biosynthesis, processing, 
transport, or release under different steroid conditions (4).

In addition to their functional diversity, neurochemical diver
sity of LHRH neurons has been demonstrated by studies of recep
tor complement (25) and peptide co-localization (2,19,20,34). Of 
particular interest is a subpopulation of LHRH neurons that coex
presses the peptide galanin (2,19.20). Although licclc is known abouc 
the physiological significance of this coexpression, there is abun
dant evidence chat galanin plays an important role in LH secretion 
(15,16,18,28). However, until now there was no direct evidence that 
the LHRH neurons containing galanin comprise a subpopulacion 
chat is active during periods of LH hypersecretion. Therefore, in 
the present studies our goal was to determine whether the galanin- 
containmg subpopulation of LHRH neurons also expresses Fos dur
ing the LH surge. To accomplish this goal, we developed a sensitive 
triple-label technique which combines dual-label 1SHH with ICC 
or dual-label ICC with isotopic ISHH. A preliminary report of our 

’resulcs has been published in abstract form (7)

Triple-labeling Procedure
The main steps of the triple-labeling procedure used arc shown in Figure 
l and presented in detail below To prevent degradation of tissue mRNAs. 
all solutions (except for the fixative and the cryoprotectant) useeffor 
bauons before ISHH were created wich DEPC and autoclaved. All metal 
and glassware was baked at I8G*C overnight before use.

In Situ Hybridization Histochemistry
Preparation of Anti-sente RNA Probes. Anci-sense cRNA probes la

beled with digoxigenin or were prepared by in vitro cranscnption as 
described previously (24). Briefly, a 330 BP BamHl-Hindlü fragment of 
the rac LHRH cDNA, corresponding to exons I-ÍV of LHRH mRNA, was 
subcloned into a modified p$P65 plasmid containing a T7 promoter (I) 
(provided by Dr. John Adelman, Vollum Institute. Portland, OR). The plas
mid was linearized with Hindlll and transcribed in the presence of 
digoxigenin-11-UTP (Boehringer Mannheim). The template for in vitro syn
thesis of anti-sense prc-pro-galanin probe was prepared by cloning a 678 
BP fragment of the rat prc-pro-galanin cDNA (35) into the EcoRl site of 
che Bluescript Ml3+ vector. The vector was linearized wich Hindlll and 
transcribed in the presence of [^Sj-LiTP. The specificity of this probe was 
confirmed by demonstrating chat the cRNA probe for galanin mRNA used 
in this study labels ehe same cells on adjacent sections as a previously de
scribed 44 base oligodcoxynudcic acid probe synthesized to detect galanin 
mRNA (complementary to bases 228-271 of rat galanin cDNA) (36). in 
addition, we found good correlation between the ncuroanacomic localiza
tion of galanin peptide as described in previous studies (19.20) and the 
localization of galanin mRNA detected in the present study.

Preparation of Ohgodeoxyn uc/eonde Probe to Galanin. As an aiterna 
tivc to the cRNA probe described above, a synthetic 44 base oltgodcoxy- 
nudcoiidc complementary to bases 22S-271 of the rat pre-pro-gaJanm cDNA 
(36) was used to detect galanin mRNA. The probe was З'-cnd-tailed with 
(°S|-dATP (New England Nuclear: Boston. MA) using terminal dcoxy- 
nudeotidyl transferase (Gibco BRL: Gaithersburg. MD) as described previ
ously (23). In triple-labeling studies, detection of galanin mRNA with this 
(uolx was combined with ICC detection of Fos and LHRH

Pre-mcubalion, Hybridization, and Washes. For pre-mcubacion. sec
tions were removed from cryoprotectant solution by straining through ster
ile seamless steel fine-meshed sieves. The sieves were then placed in glass 
Pvrex custard dishes containing 4 % pjr3form:i!dchyde-0 1 M PBS solution 
Inr 5 mm After this post-fixation. the sieves were lifted and the i:\auvc 
was replaced with 2 x standard saline Citrate solution (2 * SSC. I * SSC 
= 0 15 M NaCI-0 015 M sodium citrate. pH 7 0; Sigma) for a short (’mm) 

nnsc Tissues were acecylatcd with 0 25% acetic anhydride (Fisher Scien
tific) in 0 1 M triethanolamine-0 9% NaCI (pH 8.0; Sigma) for 10 mm. 
followed by a 2-min rinse m 2 к SSC Then the sections were incubated 
m 50% formamidc-4 x SSC containing 0 1% sodium dodecyl sulfate (SOS. 
Bochrmger Mannheim) and 25 mM dithiothrcuol (D4TI; Sigma) at 52’C 
lor 10 mm and stored in this solution until hybridized. Hybridization wa* 
performed in sterile 2 50-и I microcemrifuge tubes containing the hybrid 
ization buffer[50% formamidc. 4 * SSC. 10% dextran sulfate (500.000 
\iv\"; Sigma), I x Dcnhardt’s solution. 500 pg/ml heparin sodium salt

I neu-

Materials and Methods

Animals
Female Spraguc-Dawlcy rats (Charles River, Wilmington. ME; n - 20, 
200-225 g) were maintained under a controlled photoperiod (14L:10D, lights 
on at 0500 hr). The animals were ovariectomizcd. and steroid treated as 
described previously (23). Briefly. 1 week after ovariectomy (Day 0). each 
was implanccd SC with two silastic capsules containing csrradiol in sesame 
oil (3 cm; 150 pg/ml) Surgeries were performed under mcthoxyfluranc 
(Metofanc: Pitman-Moorc. Mundelein. IL) anesthesia. On the morning of 
Day 2 (0900 hr), animals were injected SC with 5 mg progesterone (50 mg/ml 
diluted in sesame oil).

To verify and establish the time of peak LH release induced by this 
method, some animals (n - 6) were treated as described above, but on 
Day 1 were fitted with right atrial cannulac. On Day 2. serial blood samples 
were drawn hourly from 1100 through 1800 hr and scrum was frozen for 
subsequent determination of LH concentrations by radioimmunoassay (23)

Animals used for various ISHH and nnmunocviochcmical analyses 
anestherized wi:h 87 mg/kg ketamine (Sigma. St Louis. MO) and 10 mg/kg 
xylazinc (Sigma) and were sacrificed by transcardiac perfusion between 1530 
and 1700 hr on Day 2 A short initial flush with 0 I M PBS. pH 7.4, was 
followed by fixation with 400 ml of a freshly made 4% paraformaldehyde 
solution m PBS. After perfusion, brains were removed and small tissue blocks 
were dissected oui For post-fixation, the tissue blocks were immersed in 
phosphate-buffered 4% paraformaldehyde solution for 1 hr. Infiltration 
of the tissue pieces with gradually increasing sucrose concenrrations through 
30% was periormed m diethyl pyrocarbon.uc (DEPC. 0 1%: Sigma) -[reared, 
and subsequently autoclaved PBS solutions containing molecular biologv 
grade sucrose (Fisher Scientific. Pittsburgh. РЛ } and sodium azide (0 1% 
Fisher Scientific) preservative Alter the hypothalami were soaked, they were 
snap-frozen on dry ice and 16-цт thick corona! sections 
(Rcichari-Jung; Nussloch. Gennam ) from the region of the orgánum 
culosum of the lamm.« terminális (QVl.T) through the moral medial preopt к 
area (M РОЛ. A 7-1 #0-A6860) (1 I). where I.IIRII neuron* were prcviouslt 
со-local ized with Fos (5. И. 14 ) and galanin (2.10.20) mimu йоге acti vines 
Sections were thaw-mounied onto a sterile glass hook and transferred im
mediately mio prc-chillcd crvoprotccuni 4>!ution fot longer storage at - 20*C 
as described previously (17) The uvoprotcaam 
300 g molecular biological grade sucrose (Sigma) m 500 ml of 0 1 M DEPC 
treated PBS. then adding 300 ml cthvlene glycol (Fisher Scientific) and 
bringing (he volume of the solution to I liter wuh DF.PC-trcntcd

were

\n re ait on a cryostat
vas-

made by dissolvingwas

wa г с r
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TRIPLE-LABELING PROCEDUREgure 1. Flow chart ot the procedure used 
r triple labeling.

Perfusion
Fixation

Sucrose
Infiltration■*- Post-Fixation

Long-Term Storage 
in CryoprotectantCryosection

ICC Detection of Fos Hybridization and Washes

ICC Detection of LHRH in Situ Detection of LHRH mRNA

Autoradiographic Detection of Probe for Galanin mRNA

tions were incubated in rabbit anti*Fos primary antibody (Oncogen Ab-2, 
1:5000; Uniondale, NY) for 48 hr at 4*C. then in biotinylated anti-rabbit 
secondary antibody (Jackson, 1:800; West Grove, PA) for 1 hr at RT. Next, 
the antigen-antibody complexes were reacted with the ABC-Elite reagent 
(Vector; Burlingame. CA) for i hr and POD-containing sites were visual
ized with a developer consisting of 0.014% 3,3'*diaminobenzidine tetra- 
hydrochloridc (DAB; Sigma), 0.4% nickel ammonium sulfate hexahydrate 
(Sigma). 0.01% H2O2, and 0.23% sodium acetate trihydrate in 0.05 M Tris 
buffer solution (pH 8.0). Sections used for multiple labelings were treated 
with 3% H2O2 in methanol for 10 min to destroy POD activity that might 
interfere with the subsequent ICC detection system. Optionally. Fos im- 
munorcactivity was detected with the alkaline phosphatase (AP)-based ABC 
detection system (ABC-AP; Vector). In this case, sections were first rinsed 
in Buffer A (100 mM Tris-HCI. pH 7.5. 100 mM NaCl) three times for 10 
min, then in Buffer В (100 mM Tris-HCI. pH 9.5, 100 mM NaCl. 50 mM 
MgCh) for 5 min. The developer was freshly prepared by the addition of 
45 pi 4-nitroblue tetrazohum chloride solution (NBT; Boehringer Mann
heim). 35 pi 5-bromo-4-chloro-3*indolyl-phosphatc solution (BCIP. 
X-phosphatc; Boehringer Mannheim), and 2.4 mg levamisole (Sigma) in 
10 ml Buffer B. For color development, sections were incubated in this chro
mogen solution at 4*C in the dark for several hours.

Detection of LHRH Neurons. LHRH neurons were detected using ei
ther nomsotopic ISHH or 1CCH

To detect digoxigenin-labeled cRNA probes hybridized to LHRH mRNA. 
sections were incubated with either sheep anu-digoxigcnin antibody con
jugated to horseradish POD (Antidig-POO. Fab fragments. 1.200: Boeh
ringer Mannheim) or sheep anii-digoxigemn antibody conjugated to AP 
(Ancidig-AP. Fab fragments. 1:1000: Boehringer Mannheim). The color reac
tion for demonstration of the POD-conjugatcd antibody was developed 
in Buffer A containing 0.02% DAB and 0 005% H»0*. whereas the BC1P- 
NBT chromogcn described above was used for visualization of the AP 
reaction.

For visualization of LHRH immunorcacuvuy. either a rabbit polyclonal 
antiserum (LR-l, 1:100.000; kindly donated by Dr. R.A. Benoit. Montreal. 
Quebec. Canada) or a mouse monoclonal antibody (33) (HU4H. 1:1000; 
generously provided bv Dr H.F Urbanski. Beaverton. OR) was used foe

gma), 0.5 mg/ml yeast tRNA (Boehringer Mannheim), and 0.4 mg/ml 
:arcd single-stranded salmon sperm DNA (Boehringer Mannheim)], 0.1% 
)S, 0.1 M DTT, and both the digoxigenin-labeled LHRH (1:25 final dilu- 
n) and 33S-labclcd galanin probes (20,000 cpm/pl). The sections were 
nsferred from the sieves into the cubes with a sterile, bent syringe nee- 
i. The cubes were rilled to the edge with the hybridization solution, sealed 
th Parafilm to exclude air, and incubated at 52eC overnight. Alterna- 
ely, if the 44 base oligodeoxynucleocide probe was used to detect galanin 
INA, hybridization was performed in the same buffer but at 37*C over- 
>hc.
After hybridization, sections were transferred into glass cylinders cov- 

d ac one end with fine plastic meshwork for easier handling. The cylinders 
re placed in plascic tea strainers and post-hybridization treatments were 
rformed by placing strainers in Pyrcx custard dishes containing solutions, 
esc treatments for tissues hybridized with the cRNA probes included: 
ce 5-min rinses in 1 x SSC at room temperature (RT), a stringent wash 
50% formamide-2 x SSC at 52*C for 30 min, a 30-min digestion of 
css probe with RNAsc A (Boehringer Mannheim) [50 pg/mi dissolved 
10 mM Tris, 0.5 M NaCl, 1.0 mM ethylene diamine tccraacecatc dihy- 
ice (EDTA, pH 8.0; Sigma)] at 37*C, followed by three sequential 30- 
n stringent washes in 50% formamidc-2 x SSC at 52eC. Finally, sec- 
ns were rinsed in three changes of 1 x SSC for 10 min each on an orbital 
Lkcf at RT and then transferred into PBS.
Post-hybridization treatments of sections hybridized with the oligodeoxy- 

clcotide probe consisted of four 30-min stringent washes in 50% forma- 
dc-2 x SSC at 40*C and sequential rinses in 1 x SSC and PBS solutions.

Sequential Detection of Fos Immunoreactivity, LHRH mRNA or Im- 
norcactiviry, and Galanin mRNA
Pre-treatment. Hybridized sections were treated with 3% H2O2 in 

thanol for 10 min to eliminate endogenous peroxidase (POD) activity, 
n washed twice for 5 min in PBS and blocked against nonspecific antibody- 
ding with 2% bovine serum albumin (BSA, Fraction V heat shock; 
rhnnger Mannheim) in PBS for 10 min. The primary and secondary an- 
Ddies were both diluted with 2% BSA and 0.1% sodium azide in PBS.

Detection of Fos immunoreactivity. For ICC detection of Fos, the sec-
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ICC detection of LHRH by the biotinylated secondary antibody-ABC-POD 
system. LHRH-immunoreactive (IR) sites were visualized with the brown 
DAB chromogen.

Detection of3>S-labeled cRNA Probe or Oligodeoxynucleotide Probe 
Hybridized to Gaianin mRNA. After detection of LHRH mRNA or pro
tein, sections were copiously washed in PBS and placed in 50% ethanol 
containing 300 mM ammonium acetate for 5 min. This solution was replaced 
with 70% ethanol-300 mM ammonium acetate and the sections were 
mounted on gelatin-coated glass slides with a fine-btistled paintbrush and 
air-dried. Some mounted sections were further dehydrated through 100% 
ethanol, air-dried, then dipped into 1% Parlodion (Sigma) in acetone (39). 
After a short drying period, sections were coated two more times with Parlo
dion solution in the same way. Then, both Parlodion-coated and untreated 
slides were dipped into Kodak photographic emulsion (NTB-3; Kodak, Roch
ester, NY) and exposed for 3-5 days at 4'C. Autoradiographs were devel
oped with Kodak Dektol developer and fixed with Kodak Fixet Finally, 
sections were dehydrated in increasing ethanols, transferred into xylenes, 
and immediately coverslipped with Permount. BCIP-NBT-stained sections 
were coverslipped with Crystal/Mount (Fisher Scientific), an aqueous mount
ing medium.

Quantitation by Cell Counting. Sections from 10 animals sacrificed 
between 1530 and 1700 hr were analyzed to estimate the degree of overlap 
between the Fos and gaianin mRNA-containing LHRH neuronal subpopu
lations. A total of 674 LHRH neurons in the OVLT and MPOA regions 
were included in this study.

17001100 1200 1300 18001400 1500 1600
Time (H)

Figure 2. Time course of the estrogen- and progesterone-induced surge of LH 
release in 1-week ovariectomized rats (see Materials and Methods). Values rep
resent the mean serum LH concentrations (± SEM) of serial blood samples 
obtained hourly via jugular cannulae from six animals/group.

As observed earlier on slides that were processed for autoradi
ography without Parlodion coating, the presence of BCIP-NBT im- 
munostaining in tissue sections resulted in nonspecific chemo- 
graphic artifact (24,39). In the present study, we found that Ni-DAB 
was also capable of producing high levels of nonspecific autoradio
graphic background (Figures 3F-3H). Moreover, treatment of un
protected sections with the photographic developer and fixer 
resulted in severe losses of the Ni-DAB signal from Fos-IR nuclei 
(Figures 3G and 3H). Although some triple-labeled neurons could 
still be recognized, the color contrast between nuclear Ni-DAB and 
cytoplasmic DAB was greatly diminished (Figure 3H). In contrast, 
coating of slides with several layers of Parlodion, which was intro
duced earlier against chemographic artifacts on BCIP-NBT-stained 
material (38), fully prevented decoloration of the Ni-DAB precipi
tate and also eliminated emulsion fogging. In this way, single-, 
double-, and triple-labeled LHRH neurons were detected in the 
regions of the MPOA (Figure 31) and OVLT (Figure 3J). The 
oligodeoxynucleotide probe to gaianin was also successfully used 
in triple-labeling studies after Parlodion coating of the sections (Fig
ure 3K).

It is noteworthy that several subpopulations of gaianin mRNA- 
containing, LHRH-immunoncgative neurons also expressed Fos im- 
munoreactivity. Areas containing such galaninergic neurons in
cluded the sexually dimorphic ancerovcncral periventricular nucleus 
(AVPV) and the anteroventral preoptic nucleus (AVPO; Figure 3K). 
In the latter area, Fos immunoreactivity was generally faint, but 
a high proportion of Fos-IR neurons expressed mRNA for gaianin.

Quantitative analysis of LHRH neurons identified 66.2 ± 2.5% 
of LHRH neurons that contained ÍR Fos and 65.2 ± 2.9% of LHRH 
neurons that coexpressed gaianin mRNA in the OVLT and MPOA 
regions. Only 18.1 ± 1.9% of LHRH neurons did not contain ei
ther of these substances. Almost half (495 ± 2.8%) of LHRH neu
rons were triple labeled. This represents 76.8 ± 2.7% of the total 
of Fos-containing LHRH neurons and 73-6 ± 3.2% of gaianin 
rriRNA-coexprcssing LHRH neurons in the analyzed areas.

Results
We verified by radioimmunoassay that the estrogen and progester
one treatment of ovariectomized rats we used reliably induced LH 
surge release, which peaked between 1500 and 1700 hr (Figure 2). 
This steroid treatment also induced Fos expression in a subset of 
LHRH neurons during the surge.

The methods described above resulted in well-preserved ICC 
and ISHH signals after triple-labeling procedures. The regions of 
the OVLT and the MPOA of female rats contained many Fos- 
IR nuclei, which were visualized with the purple-black BCIP- 
NBT chromogen (AP-based derection system; Figure ЗА) or the 
dark blue-black nickel-DAB chromogen (POD reaction product; 
Figures 3B-3E). The subsequent detection of LHRH neurons with 
the DAB chromogcn using cither ICC (Figures 3A-3D) 
isotopic ISHH (Figure 3E) revealed many LHRH neurons in the 
OVLT-MPOA region that coexpressed Fos immunoreactivity in their 
nuclei. LHRH neurons without Fos immunoreactivity were also pres
ent in the same areas (Figure 3C). LHRH neurons with either 
irregular profiles (Figure 3B) or a characteristic fusiform shape (Fig
ure 3C) were co-localized with Fos. Although detection of dig 
genin-labcled LHRH probe with the AP-enzyme reaction yielded 
comparable staining intensity to that provided by LHRH ICC, the 
BCIP-NBT chromogen gave insufficient contrast with nickel-DAB. 
and therefore this combination was not optimal for double label 
ing of Fos- and LHRH-containing structures (data not shown). Both 
the mouse monoclonal (Figures 3A-3D and 31-3K) and the rabbit 
polyclonal anci-LHRH ancibodies resulted in excellent irnmuno- 
staining for LHRH-containing perikarya. With the double ICC ap
proach, LHRH-IR axons were often seen in juxtaposition to LHRH- 
IR neurons (Figure 3C), as well as Fos-IR, LHRH-negative preoptte 
neurons (Figure 3D).

or non-
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Figure 3. Combined ICCH and ISH for simultaneous detection of Fos immunoreactivity, LHRH immunoreactivity or mRNA, and galanin mRNA within the same 
tissue sections of the OVLT-POA region during the LH surge of the female rat. (A-D) Double-label immunocytochemical detection of FOS- and LHRH-expressing 
neuronal structures. (E) Immunocytochemical detection of Fos combined with non-isotopic ISHH detection of LHRH mRNA by the anti-dig-POD-DAB method. Black 
arrows in A-C and E indicate double-stained neurons. Fos immunoreactivity (dark chromogen in the cell nuclei) was visualized by the ABC-AP method and BCIP- 
NBT chromogen (A) or, optionally, the ABC-POD-Ni-DAB approach (B-E), whereas LHRH neurons were immunostained with the brown DAB-POD reaction 
product. Most LHRH neurons were bipolar and exhibited either irregular (arrow in B) or typical fusiform morphology (black arrow in C). In addition to double-labeled 
LHRH neurons in the region of the OVLT and MPOA, some immunostained neurons only contained LHRH (open arrow in C) or Fos immunoreactivity (arrowheads 
in C and D). LHRH-IR axons (white arrows in C and D) were often juxtaposed to LHRH (black arrows in C)- or Fos (arrowhead in D)-IR neurons. (F-H) Demonstration 
of chemographic artifacts on Ni-DAB-stained sections processed for galanin autoradiography without previous Parlodion-coating. LHRH mRNA was detected 
with the anti-dig-POD-DAB method. During the visualization of galanin mRNA (grain clusters shown by open arrows in F) in LHRH neurons by the use of the 
35S-labeled cRNA probe, high background (scattered grains in F-H) also occurred. The original blue-black color of Ni-DAB in Fos-IR nuclei (arrowheads in G 
and H) faded and turned brown, thus providing very poor color contrast with cytoplasmic DAB stain in triple-labeled neurons (arrow in H). (I,J) Parlodion-coated 
slides had low levels of autoradiographic background and well-preserved Ni-DAB immunostain. In this way, LHRH neurons could be classified to the triple (black 
arrows in I and J)-, double (open arrows in I)-, and single (not shown)-labeled categories in the MPOA (I) and in the vicinity of the OVLT (J). (K) Although triple 
labeling could also be performed with 35S-labeled oligodeoxynucleotide probe to galanin, longer autoradiographic exposure time was necessary. Interestingly, 
a large population of galanin neurons in the ventrolateral part of the MPOA contained faint immunostaining for Fos in their nuclei (arrowheads). White arrows 
show the course of an LHRH-IR axon approaching a Fos-IR, galanin-expressing preoptic neuron (arrowhead on the left). Original magnifications: A,C,E,F,H-K 
x 550; B,G x 460; D x 940. Bars: A,В = 10 pm; D = 5 pm.
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Discussion term storage of brain sections in cryoprotectant solution preserves 
antigenicity of proteins, tissue morphology (37), and mRNAs (17). 
In our application, the main advantage of cryoprotectant storage 
is that we could process floating sections from a relatively large num
ber of treated and control animals simultaneously within the same 
hybridization. This is an important requirement for studies in which 
changes in mRNA induced by specific treatments are measured 
by quantitative autoradiography.

In developing our method, a final concern was that conditions 
of hybridization and post-hybridization treatments might damage 
the antigenicity of proteins. However, we found that incubation 
of sections at temperatures as high as 55"C did not seem to inter
fere with subsequent ICC detection of Fos and LHRH. Although 
we did not specifically invescigace the reason for the thermostabil - 
icy of antigenic sites, it seems possible that it was attributable to 
efficient cross-linking of proteins by the fixative.

For any specific application of our method, either the combi
nation of dual-label ICC and isotopic 1SHH or the combination 
of dual-label ISHH and ICC can be used. In che prescht studies 
we found the former combination preferable, because our antibodies 
provided higher staining intensity in labeling LHRH neurons than 
did the non-isotopic ISHH detection of digoxigenin-labeled probes 
for LHRH mRNA. We tested several chromogen combinations for 
double labeling of Fos- and LHRH-containing neurons. The best 
contrast was obtained when LHRH neurons were visualized with 
either ICC or non-isotopic ISHH using the brown DAB-peroxi- 
dase reaction product. Non-isotopic ISHH detection of LHRH 
mRNA with the AP-BCIP-NBT method also provided high sensi
tivity and dark labeling of LHRH neurons; however, the contrast 
between the chromogen reaction product and silver grains was not 
sufficient for reliable computer-assisted quantitation. Fos im- 
munoreactivity could be detected at high sensitivity with either 
BCIP-NBT (ABC-AP technique) or Ni-DAB (АВС-POD method) 
chromogens. Unfortunately, both endproducts left chemographic 
artifacts when slides were dipped in Kodak NTB3 nuclear track 
emulsion without first coating them with Parlodion. In addition, 
solubilization and decoloration of Ni-DAB-stained structures by 
the photographic developer and fixer occurred on the sections not 
protected with Parlodion. Therefore, use of the Parlodion treat
ment before autoradiography was required in both instances. As 
an alternative to Parlodion coating, chemography can be eliminated 
by using Ilford K-5 instead of the Kodak NTB3 nuclear track emu!-- 
sion to visualize autoradiographic signals in BCIP-NBT-iabeled sec
tions (39). This approach, however, does not prevent solubilization 
of t!. Ni-DAB chromogcn during the photographic development 
pror - ,s.

Un the basis of the results of these studies, we believe that this 
method will be important in determining the receptor comple
ment of LHRH and other neurons. The use of isotopic ISHH to 
detect mRNA encoding the receptor protein rather than ICC to 
detect the protein itself has several advantages. First, probes for 
cloned receptors are readily available. Second, even in receptor fam
ilies in which there is a high percentage of conserved sequences 
among subtypes, very specific probes can be made to distinguish 
between mRNAs encoding structurally similar proteins, whereas 
raising specific antibodies might be difficult. Third. mRNAs usu
ally reside in the perikaryon and proximal dendrites of neurons.

We describe here a sensitive triple-labeling technique for charac
terizing the receptor or peptide coexpression in IEG-IR subpopu
lations of chemically identified ncurotransmitter/neuropepdde sys
tems. This triple-labeling technique will be particularly valuable 
for analysis of the receptor complement of functionally heteroge
neous neuronal systems.

In the present application of the triple labeling, we determined 
that 76.8% of the LHRH neurons that express Fos immunoreac- 
tivity during periods of LH hypersecretion also express mRNA en
coding galanin. Furthermore, 73-6% of the galanin mRNA- 
containing LHRH neurons also express Fos. Therefore, a high 
proportion, but not all, of the LHRH neurons that appear to be 
activated also express mRNA encoding galanin. It is possible that 
we underestimated the number of triple-labeled cells by underes
timating either the number of LHRH neurons that express Fos or 
those that express galanin. However, the percentage of Fos-posicive 
LHRH neurons we detected was approximately 15% greater than 
reported previously in estrogen- and progesterone-treated rats dur
ing peak LH release and maximal Fos expression (14). For this rea
son, we believe that it is unlikely that we arc underestimating the 
number of Fos-positive neurons. The percentage of LHRH neu
rons we detected which express galanin during the LH surge (65.2%) 
is also in agreement with values previously reported (19) for female 
rats. Therefore, we conclude that although a majority of LHRH 
neurons that appear to be active during LH surge release contain 
galanin, there is not a complete overlap in these subpopulations.

In the development of our triple-labeling method, we addressed 
several technical concerns. First, to successfully combine ICC and 
ISHH, cissues must be fixed sufficiently to retain proteins of in
terest, but not so heavily fixed that the mRNA is not readily acces
sible to probes. We found, in agreement with previous studies 
(31,32), that perfusion-fixation with 4% paraformaldehyde in PBS 
satisfies these criteria. Penetration of the probe did not pose a prob
lem, even when we used a cRNA probe chat was approximately 
seven or eight times longer than synthetic deoxynucleotidyl probes 
used in previous studies of perfused tissues (31,32).

Our second concern was that the method must be sensitive 
enough to detect mRNAs of low abundance. Therefore, we chose 
to use cRNA probes rather than oligomeric DNA probes as de
scribed previously (32) because the former can be labeled to higher 
specific activities and therefore can be used to detect even low-abun
dance mRNAs (25). This capability of cRNA probes is particularly 
advantageous for examining coexpression of mRNAs encoding spe
cific receptors that may not be abundant in individual neurons. 
For example, in a previous study we used dual-label ISHH with 
cRNA probes to demonstrate that approximately 75% of LHRH 
neurons in the region of the OVLT-rMPOA express mRNA encod
ing the ßj-receptor subunit of the GABAa receptor (25). By using 
triple labeling we can now determine whether these neurons com
prise the same population that expresses Fos and/or galanin dur
ing the LH surge.

A chird concern in the development of this method was the stor
age of tissue sections before hybridization. We chose to store tissue 
sections in cryoprotectant solution as described previously (17). Our 
work confirmed that of previous studies demonstrating that long-
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whereas receptor protein is often found in terminal regions of com
plex neuropil (3)- The proximal distribution of mRNAs makes it 
easier to verify co-localization. A final advantage is that the au
toradiographic signal for regulatory peptide or receptor mRNA can 
be quantitated using a computer-assisted image analysis system.

[n conclusion, we developed a sensitive triple-labeling technique 
to study the receptor or regulatory peptide complement in ÍEGTR 
subpopulations of functionally heterogenous neuronal systems. 
Using this technique, we established a significant overlap between 
two subsets of LHRH neurons chat differentially express Fos-IR gala- 
nin mRNA during the estrogen- and progesterone-induced LH 
surge. Wich chis sensitive approach, it will now be possible to de
termine the receptor and/or regulatory peptide complement of sub
populations of LHRH neurons that express Fos protein after vari
ous physiological manipulations. We believe chat chis method will 
be a valuable cool for identifying the complex afferent neurocir- 
::uirrv by which estrogen and progesterone regulate LHRH neu
ronal activity. Furthermore, this technique will be suitable for similar 
applications in studies of a variety of other functionally heteroge
neous neuronal systems.
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;
.bstract

о assess the efficacy of a potent GH-releasing hormone (GH-RH) analog (D-Ala2,Nle27,Gaba30-GH-RH-(1 -30)-amide) in the treatment of 
iH deficiency, we investigated the effects of chronic administration of this analog (A-495) on growth responses in monosodium glutamate 
4SG)-lesioned rats. Basal serum GH concentrations, GH responses to bolus injections of GH-RH, as well as acceleration of body gain 
nd linear growth were compared after long-term continuous and repetitive administration of A-495. The effects of continuous and 
jpetitive administration of the analog on GH responses in vitro were also compared using the superfused pituitary cell system method, 
reatment with MSG reduced the body weight and linear growth of the animals ( — 22% and —11%, respectively), the basal serum GH 
oncentration ( — 66%), and the GH-RH-induced absolute GH responses ( — 61%) but did not alter the relative GH responses (to basal GH 
oncentrations). Repetitive administration of 10 цд daily doses of A-495 at 24 h intervals for 2 weeks highly increased the GH responsiveness 
> GH-RH and induced catch-up growth, by which MSG-treated animals achieved the growth rate of normal controls. However, basal 
arum GH concentrations were only modestly enhanced. Continuous infusion of A-495 at the same daily dose resulted in slight increases 
i the GH-RH-induced GH rises, moderate acceleration of body gain, and no change in'linear growth. Basal serum GH concentrations 
ere not significantly influenced by this treatment. These results demonstrate that exogenous GH-RH pulses administered at lower 
equency than the frequency of the physiological GH secretion are able to fully restore the normal growth rate of the GH deficient rats, 
ne effectivity of the treatment is rather dependent on the magnitude of GH rises than the basal GH level. Although continuous 
dministrations of the GH-RH is also have some effect on the body gain, repetitive administration is more effective at the same daily 
ose. Our results from in vitro experiments show that, in addition to the low magnitude of the GH-RH-stimulated GH rises, desensitization 
' the GH secretory response might also be accounted for the low effectivity of the continuously administered GH-RH. Present results 
amonstrate the therapeutic usefulness of our new GH-RH analog and are the first to evidence that GH-RH need not be administered as 
equently as the appearance of the endogenous GH pulses to restore the normal growth of the GH deficient rats.

is well established that parenteral administration of MSG or 
dated excitatory amino acids to neonatal rats induces local brain 
sions, most prominently in the arcuate nucleus of the hypothal- 
nus (1, 2). Because MSG destroys most of the GH-RH- 
oducing neurons (3, 4). MSG-treated rats have been used as a 
odel to study GH-RH deficiency (5, 6, 7). Similarly to the 
itients having GH deficiency due to hypothalamic dysfunction 
;), significant reductions in the pulse amplitude and frequency 
ith markedly reduced baseline GH concentrations have been 
tserved in this experimental model (9). Since GH deficiency is 
used by hypothalamic dysfunction in half or more of the 
itients (8), GH-RH and its potent analogs have a great impor- 
nce both in the therapy and the etiological diagnosis of the 
tuitary dwarfism. In children with GH deficiency both the

prolonged repetitive (10, 11) and the continuous administrations 
of GH-RH (12) or GH-RH (1-29)-amide (13) accelerated linear 
growth. In contrast to human, in GH-deficient rats repetitive 
pulses of the GH-RH( 1 -29)-amide given at 3 h intervals acceler
ated growth, whereas continuous infusions of this GH-RH I rag
men! at the same daily dose were ineffective (6).

In the present study we used the MSG-lesioned animal model 
to answer the following questions: (1) How does the sensitivity 
of the GH secretory response to GH-RH change after MSG- 
lesion in rats? (2) Is the chronic treatment with a potent GH-RH 
analog able to restore the normal growth rate of these animals? 
(3) What is the difference between the effects of continuous and 
repetitive administration of GH-RH on the hypothalamic GH-RH 
deficiency syndrome? To answer these questions, a newly
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developed GH-RH analog (14, 15) was used in our in vivo and 
in vitro experiments.

became more accentuated at 8 weeks of age (—22%, P<0.01 and 
— 34%, P<0.01, respectively w normal controls). Repetitive 
administration of the GH-RH analog by daily injections for two 
weeks caused 16% increase in body weights of the MSG-treated 
animals by the end of the treatment (at 6 weeks age), and a 
further 21% increase was detectable at 8 weeks age (+16%, 
PcO.Ol and +37%, PcO.Ol, respectively vs MSG-treated con
trols). By these increases the MSG-treated animals reached the 
body weight of the normal controls. Continuous infusion of the 
GH-RH analog for two weeks resulted in a moderate elevation 
of body weights of the MSG-treated rats (+11%, P<0.05 and 
+ 17%, P<0.05 at 6 and 8 weeks age, respectively vs MSG- 
treated controls), but a distinct backwardness could still be found 
at 8 weeks age of the animals (—23%, PcO.Ol vs normal 
controls). (Fig. 2).

Treatment with MSG significantly reduced linear growth of the 
animals by 4 weeks of age, and the reduction became more 
accentuated at 8 weeks of age (—11%, PcO.Ol and —22%, 
PcO.Ol, respectively vs normal controls). Daily injections of the 
GH-RH analog for two weeks resulted in significant acceleration 
of the linear growth of the MSG-treated animals ( + 7%, PcO.Ol 
and +11%, PcO.Ol at 6 and 8 weeks of age, respectively vs 
MSG-treated controls), by which the animals attained BL similar 
to the normal controls. However, continuous infusion of A-495

Results

1. Results from in vivo experiments
1.1. Effects of MSG treatment on the GH-RH immunoreactivily of 
the hypothalamus
In control rats, numerous immuno reactive cells were detected in 
the arcuate nucleus and the ventral and dorsolateral hypothal
amus. GH-RH immunoreactivity was constantly found in dense 
bundles of fibers in the median eminence (ME), terminating in 
contact with portal vessels. In rats neonatally treated with MSG, 
no GH-RH immunoreactive cell bodies could be observed in the 
arcuate nucleus, they were only found in the dorsolateral and 
ventral hypothalamus. The ME showed very few GH-RH immu
noreactive fibers. (Fig. 1).

1.2 Effects of pulsatile and continuous administration of the 
GH-RH analog on growth rates, GH-RH-induced GH responses, 
and basal serum GH concentrations in MSG-treated rats
As expected, treatment with MSG significantly reduced body 
weights of the animals by 4 weeks of age, and the reduction
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DG. 1. Immunohistoiogical staining of arcuate nucleus and median eminence of normal control and MSG-treated rats, л In control rats, numerous 
GH-RH immunoreactive cells are seen in the arcuate nucleus (arrowhead) and dense bundles of fibers in the ME. terminating in contact with portal 
vessels (x 80). c In rats neonatally treated with MSG, no GH-RH immunoreactive cell bodies 
immunoreactive fibers are present in the median eminence (x80). Micrographs in в and D correspond to the enframed region in л and c. respectively 
and are shown at higher magnification (x200).

observed in the arcuate nucleus and very lew GH-RHare
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Fig. 2. Body weight of MSG-treated rats received GH-RH by repetitive (n = 7) or continuous (n = 7) administration of A-495 for two weeks from 4 to 
5 weeks of age. MSG control (n = 12) and normal control (n=15) rats received solvent. Data points represent mean + SEM. *P<0.05, **P<0.01 vr 
MSG control rats. ■ Normal control; ▲ MSG control; • GH-RH pulsatile; О GH-RH continuous.

analog for two weeks caused no significant changes in the linear 
growth. (Fig. 3).

Treatment with MSG markedly reduced the basal GH secre
tions (—66%, P<0.01 vs normal controls) measured at —1 min 
to the minipump implantation and/or to the first bolus injections 
of GH-RH on the day 0. Although, chronic repetitive administra
tion of A-495 augmented the mean basal serum GH concentration 
( + 40%, P<0.05 and +63%, P<0.05 at 6 and 8 weeks of age, 
respectively), it still remained extremely low, compared to normal 
control values (—59%, P<0.01 vs normal controls). Continuous 
infusion of A-495 did not induce significant changes in the basal 
serum GH levels. (Fig. 4).

MSG-treatment resulted in attenuation in the magnitude of the 
GH responses (absolute response) to 10 pg/kg bolus injections of 
the GH-RH analog (—61%, P<0.01 vs normal controls). 
However, the ratio of the absolute response values to the basal 
GH concentrations (relative response) was calculated to be equal 
in the normal and the MSG-treated groups (6-7 fold increase 
above baseline values). Daily injections of A-495 increased both 
the absolute and the relative GH responses to bolus injections of 
the same analog already by the 7th day of treatment (+ 142%, 
P <0.01 and +5 fold vs MSG treated controls), and no differences 
were found in the absolute GH secretory responses between the 
analog-treated MSG-lesioned and the normal control group of 
animals. Further elevations of the absolute values of GH 
responses were observed on the 14 day of treatment (+49%, 
P<0.05 vs response on the 7th day) but the degree of elevation 
was not significantly different from that observed on the 7th day" 
(+133% ví+142%, respectively), because GH responses of the

MSG-treated control animals also increased between the 7th and 
the 14th day (+55%, P<0.05).

Continuous infusion of the GH-RH analog evoked slight 
increases in the absolute GH responses of the MSG-lesioned rats 
by the 14th day of treatment (+42%, P<0.05 vs MSG-lesioned 
controls), but mean GH responses still remained significantly 
blunted (—27%, P<0.05 vs normal controls). The relative GH 
responses showed 2 fold decrease between the 7th and 14th day 
of the continuous GH-RH treatment (vs MSG-treated controls). 
Comparing the relative GH responses of the two different control 
groups on the 14th day of treatment, 5 fold response over baseline 
values was found in the normal control rats, while 11 fold 
elevation could be detected in the MSG-treated rats. (Fig. 5).

2. Results from in vitro experiments
Perfusion of 1 ng/ml GH-RH analog for 7.5 h (150 ng/150 ml) 
resulted in pulsatile GH secretion. The amplitude of pulses was 
higher at the beginning (3 times of the basal release, P<0.01) 
than at the end of the experiments. A gradually decreasing GH 
secretion could be detected during the continuous perfusion,-and 
GH pulses decreased to the initial basal GH level by the end of 
the perfusion. The last GH response to the exposure of K.+ was 
higher (168 ±22%) than the first one (reference response: 100%), 
showing that the intracellular GH pool was rather increased than 
depleted. (Fig. 6л). Repetitive 3 min pulses of 30 ng/ml of the 
GH-RH analog in every 90 min (150 ng/5 ml during the experi
ment) induced high GH responses. The maximum peak concentra
tions rose to 9-13 times of the basal GH, P<0.01), and the 
amount of GH induced by the first to fifth pulses (net integrated

D 1995 Blackwell Science Ltd, Journal of Neuroendocrinology, 7, 703-712
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Fig. 3. Linear growth of MSG-treated rats received GH-RH by repetitive (n = 7) or continuous (n = 7) administration of A-495 for two weeks from ‘ 
to 6 weeks of age. MSG control (n= I2) and normal control (n= 15) rats received solvent. Data points represent mean + SEM. **P<0.01 vs MSC 
control rats. ■ Normal control; A MSG control; • GH-RH pulsatile; О GH-RH continuous.

values) were not significantly different from each other (87 ± 15%, 
74 ±13%, 80 ±11%, 64 ±10%, and 60 ± 13% of the reference, 
respectively). In these experiments, the terminal response to the 
membrane depolarizing K.+ also was higher than the initial one 
(230±29% to 100%, P<0.01). (Fig. 6b). Comparing the magni
tude of GH responses to the membrane depolarizing K.+ applied 
at the end of the two different patterns of GH-RH administration, 
significantly higher responses were produced by the cells after the 
repetitive, than after the continuous administration (230 ±29% 
ví 168±22%, P<0.01). A significant difference was also found 
in the total hormone secretion (integrated area under the superfu
sion curve), i.e. repetitive administration of the GH-RH analog 
induced higher GH secretion than continuous administration 
(3.09 ±0.48 pg and 1.97 ±0.31 pig, respectively, P <0.01). 
However, no significant difference could be detected in the 
remaining hormone content of the cells between the two types of 
experiments (continuous perfusion: 19.67 ± 2.54 pg; repetitive 
administration: 18.46±2.38 pg).

(5, 23). In keeping with this finding, we have observed market 
reductions of GH-RH immunoreactivity in the ME and decreasec 
serum GH concentrations in the MSG-treated animals. Despitt 
the significant reduction in absolute GH responses in MSC 
treated animals, GH-RH bolus injections given at 4 week agt 
induced comparable 6-7 fold increases of GH over baseline level: 
in both the MSG-treated and the normal control animals. Thest 
findings suggest that despite the highly diminished GH-RF 
influence, pituitary cells keep the normal responsiveness tc 
GH-RH. The simplest explanation for this finding is, tha 
although neonatal exposure to MSG results in smaller anterio: 
pituitary gland and lower GH content in the adult, the pituitan 
GH concentration remains unchanged (5, 9). In addition to thf 
preserved GH concentration, a significant reduction of the pituit 
ary somatostatin binding (24), may also be accounted for the 
preserved GH responses to GH-RH after the MSG treatment 
Supplementation of the endogenous GH-RH by repeated adminis 
tration of the GH-RH analog markedly increased both th< 
absolute and the relative GH responses. Since the stimulaton 
effect of repeated administration of GH-RH on the pituitary GF 
synthesis in normal female rats has been published (6), the mos 
obvious explanation for this finding is, that the regular exposurt 
of the pituitary to high GH-RH pulses might have augmentec 
the GH and the GH-RH receptor biosynthesis. However, furthe 
experiments on pituitary GH content and GH-RH recepto 
determination in MSG-treated rats also have to prove this to b(

Discussion

Injection of MSG in neonatal rats produces selective lesions of 
the arcuate nuclei, resulting in a 70-90% destruction of neuronal 
cell bodies (3, 4, 22), including most of the GH-RH-producing 
neurons (3, 7). This causes disappearance of GH-RH immunorc- 
active fibers in the ME (4) and markedly diminished GH secretion

© 1995 Blackwell Science Ltd, Journal of Neuroendocrinology, 7, 703-71.
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!. 4. Basal serum GH concentrations of MSG-treated rats received GH-RH by repetitive (n = 7) or continuous (n = 7) administration of A-495 for 
5 weeks from 4 to 6 weeks of age. MSG control (n= 12) and normal control (n= 15) rats received solvent. Data points represent serum GH mean 
SEM measured on days 0, 7, and 14 related to the treatment. *P<0.05, **P<0.01 vs MSG control rats. ■ Normal control; A MSG control; 
GH-RH pulsatile; О GH-RH continuous.

i case. The high GH peaks, induced at 24 h intervals, resulted 
a catch-up growth of the GH deficient animals by which they 
iched the weight and length of the normal controls. In contrast 
the previous experiments applying GH-RH every 3 h in MSG- 
ioned rats (6, 11), we administered the GH-RH at a much 
ver frequency (every 24 h), and it was enough to achieve the 
ne effect. Our results are the first to demonstrate that GH-RH 
id not be administered as frequently as the appearance of the 
Jogenous GH pulses to restore the normal growth rate of the 
i deficient animals, and that growth responses correlate rather 
)h the amplitude than the frequency of GH pulses. We have 
md that those animals which received high GH-RH stimuli at 
ig intervals and responded high GH pulses to the GH-RH 
átment achieved a catch-up growth, despite the extremely low 
sal serum GH concentration. These results support the earlier 
dings, that growth responses appear to be related to the 
ignitude of the GH-RH stimulated rises in GH levels rather 
in to basal GH levels (11), and that the deleterious consequence 
GH-RH deficiency is resulted from the loss of the GH pulses 
I. The effect of GH-RH treatment on the growth rate of rats 
ted for 2 weeks after the treatment had ceased. The maintained 
>wth of the animals no longer receiving GH-RH injections 
ght be resulted from an increased GH and IGF biosynthesis

due to previous repetitive GH-RH administration. Since we found 
that GH responsiveness to GH-RH bolus injections was gradually 
increasing from the 0 to the 14 day of the pulsatile GH-RH 
treatment, we can rightly suppose that a gradually increasing GH 
and IGF biosynthesis was resulted from this treatment, which 
lasted for 2 weeks. Nevertheless, as there are no direct data 
proving this explanation, further experiments have to confirm it.

Interestingly, in the MSG-treated control animals both the 
absolute and the relative GH responses to GH-RH bolus injec
tions increased between the 7th and 14th day of treatment, while 
in the normal control rats no increase could be seen in either GH 
response. On the basis of these observations, we can suppose that 
two bolus injections of the GH-RH analog (on the 0th and the 
7th day) were enough to increase GH responsiveness of the MSG- 
lesioned but not of the normal rats. These results also suggest 
that pituitary cells being out of GH-RH stimulus for a long time 
are more sensitive to the repeated exogenous GH-RH stimulus 
than the normal pituitary gland. Chronic continuous administra
tion of the GH-RH analog at the same daily dose was ineffective 
on the linear growth of the MSG treated rats, and only the body 
weight was slightly increased by this treatment. Although the 
absolute GH responses to bolus injections of the GH-RH analog 
were moderately enhanced by the 14th day of the continuous
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Fig. 5. GH-RH stimulated absolute and relative serum GH responses in MSG-treatcd rats received GH-RH supplementation by repetitive (n = 7) c 
continuous (n = 7) administration of A-495 for two weeks from 4 to 6 weeks of age. MSG control (n = 12) and normal control (n = 15) rats receive 
solvent. Bars represent serum GH mean + SEM measured at +10 min to 10 pg/kg bolus injections of A-495 on days 0, 7, and 14 related to tk 
GH-RH treatment (absolute responses). The inserted black areas at the bottom of the bars represent basal mean scrum GH concentrations measure 
at —1 min to the bolus injections. Relations of absolute GH responses to basal GH concentrations are expressed as relative responses. *P<0.0: 
**P<0.01 vs MSG control rats. □ Normal control; E2 MSG control; §3 GH-RH pulsatile; □ GH-RH continuous.

On the base of our previous results from normal (25, 26) an 
present results from MSG-treated rats, we arrived at the conch 
sion that continuously administered GH-RH can be effective о 
the growth rate if the dose is high enough to markedly eleval 
the serum GH concentration. This dose was found to be betwee 
18 and 36 pg/day in our previous experiments in normal ra 
(25), but it could be even higher depending on the potency c 
the GH-RH analog used. In our present experiments in MSC 
treated rats, 10 pg daily doses of our GH-RH analog had onl 
moderate, but not significant effects on the basal serum GH an 
linear growth and it was only slightly effective in increasing if 
body gain. Considering, that this GH-RH analog has more tha 
2 times higher potency than GH-RH( l-29)-amide (15) used t

treatment, the relative GH responses of these animals were found 
to be slightly lower than those of the untreated MSG-lesioned 
control rats. These results show that the moderate increases in 
GH responses of both latter groups of animals between the 7th 
and 14th day of treatment must have been caused by the GH-RH 
bolus injections on the Oth and 7th day, and that continuous 
administration of the GH-RH at the same daily dose is ineffective 
to increase either the sensitivity of GH secretion or the linear 
growth rate of the MSG-lesioned animals. Above data strengthen 
those of our conclusions as well, that growth responses appear 
to be related to the magnitude of the GH-RH stimulated rises in 
GH levels. Similar observations have also been made in children 
with GH deficiency (11) and in MSG-lesioned rats (6).

Fig. 6. GH responses to continuous (л) and repetitive (n) administration of GH-RH (A-495) in the superfused pituitary cell system, a A-495 wi 
perfused onto the cells for 7.5 h in a concentration of I ng/ml. n 3-min pulses of 30 ng/ml of A-495 (G) were applied every 90 min for 7.5 h. Ba 
indicate GH concentrations of 3-min fractions collected during the experiment for 9 It. The first and the last GH peak of the panels (K.) was evokt 
by 3-min pulse of 50 mM K.CI.
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Clarke and Robinson (6), it is understandable that 8 pg daily 
dose of the GH-RH(l-29)-amide proved to be ineffective to 
accelerate growth in their experiments in MSG treated rats.

Our results from the in vitro system correspond with the results 
from our in vivo experiments. These results demonstrate that 
pituitary cells respond with much lower GH pulses to continuous 
perfusion than to repetitive administration of the GH-RH. The 
magnitude of the high GH responses was maintained during the 
pulsatile application, while GH responses were gradually attenuat
ing during the continuous perfusion of GH-RH. Since no deple
tion of the intracellular GH content could be detected after the 
attenuated GH release, we can conclude that desensitization of 
the GH secretory response might be responsible for this finding. 
(11, 26) In contrast, no desensitization showed up during the 
repetitive administration of the GH-RH analog.

Those of our results that the releasable GH pool of the pituitary 
cells was higher at the end than at the beginning of each in vitro 
experiment indicate that either the continuous or the pulsatile 
administration of GH-RH stimulates the in vitro GH biosynthesis 
of the GH-deficient pituitaries. The trophic effect of GH-RH on 
GH m-RNA transcription in vitro, using normal but not GH 
deficient pituitaries, has been published before (27). Since both 
the releasable hormone pool and the total hormone secretion 
were found to be higher in the experiments on repetitive than on 
continuous GH-RH administration, and the remaining hormone 
contents of the cells were identical, we can conclude that the 
former administration provides stronger stimulus for the GH 
biosynthesis than the latter. This conclusion corresponds with the 
previous in vivo results from MSG treated female rats, demonstrat
ing that administration of GH-RH in pulsatile manner signific
antly increases the pituitary GH content, whereas continuous 
GH-RH infusion is without effect (6). Considering these and 
those of our earlier results that pulsatile administration of GH-RH 
is able to induce both sensitization and desensitization, depending 
on the frequency of pulses (25), we can rightly suppose that daily 
exposure of the pituitary GH cells to GH-RH induced sensitiza
tion, while the continuous perfusion evoked desensitization of the 
GH secretory response in our in vivo experiments.

We observed some difference between the in vivo and m vitro 
effects of repetitive administration of the GH-RH analog on GH 
responses to GH-RH bolus injections, i.e. repetitive administra
tion of GH-RH increased the sensitivity of GH secretion in vivo, 
but not in vitro. This finding can be explained by the different 
frequency of GH-RH exposure (24 h v.v 90 min intervals, respect
ively), that is an autocrine and/or paracrine negative feedback 
effect of the high GH concentrations might have acted against 
the increase of GH secretion in vitro (28), while this effect could 
have been eliminated during the 24 h intervals between GH 
responses in vivo.

In conclusion, evidence was provided that the highly attenuated 
growth rate of the MSG-lesioned rats can be fully restored by 
chronic treatment with GH-RH. Although continuous administra
tion of the GH-RH also has some effects on the body gain, 
repetitive administration is more effective at the same daily dose. 
Present results demonstrate that the grow'th response appears to 
be related to the magnitude of the GH-RH-stimulated rises in 
GH levels rather than basal GH concentrations and are the first 
to evidence that GH-RH need not be administered as frequently 
as the appearance of the endogenous GH pulses to restore the

normal growth of the GH deficient rats. In addition, above data 
prove the therapeutic usefulness of our new GH-RH analog.

Materials and methods
1. In vivo experiments in MSG-treated rats
Neonatal female rats (Wistar R-Amsterdam) received subcutaneous (SC) 
injection of MSG in doses of 4 mg/g body weight (BW) or hyperosmotic 
saline (0.01 ml 10% sodium chloride/g BW; controls), on days 1, 3, 5, 7, 
9 of life. At 28 days of age, the pups (6-9 per group) were weaned and 
grouphoused according to treatment. The rats were maintained under 
controlled conditions of lighting (lights on from 06:00-20:00 h) and 
temperature (22+ I °C), with free access to standard rat chow pellets and 
tap water. BW and body length (BL; head-tail distance) of the animals 
were recorded weekly from 4 to 8 weeks of age. The cffectivity of the 
MSG treatment was controlled immunohisiologically by using the peroxi- 
dase-anti-peroxidase (PAP) method of Slernberger (16). 36 h before 
scarifying, the animals were treated with single dose of colchicine 
(80 pg/100 g BW, dissolved in 5 pi of saline) injected into the central part 
of the lateral cerebral ventricle, under Nembutal (40 mg/kg BW) anaesthe
sia. Re-anesthetized animals were perfused through the ascending aorta 
first with phosphate-buffered saline (PBS) and than with 4% paraformal
dehyde solution, used at variable pH (6.6 and 11) according to the 
concept of Berod et at. (17). Satisfactory visualization of GH-RH antigen 
required the addition of glutaraldehyde (0.02%) to the alkaline component 
of the fixative. Finally the animals were perfused with the high pH fixative 
solution without glutaraldehyde. The same glutaraldehyde free solution 
was used for overnight postfixaiion. Thereafter, the brains were removed 
from their skull and 30 pm thick coronal section were cut on a Lancer 
vibratome. The rat hypothalamic GH-RH antiserum (R567) was raised 
in rabbit and used at I : 5.000 working dilution. The details of the 
production and characterization of this antiserum have been published 
elsewhere (18). All antibodies were diluted in PBS containing 1% normal 
goat serum and 0.1% sodium azide. The sections were incubated in the 
primary antibody for 36-48 h and than for 1-2 h in both the bridging 
(goat, anti-rabbit IgG, I :200. Jackson Immunoresearch Laboratories, 
Inc.) and PAP-complex (Jackson Immunoresearch Laboratories, Inc ). 
The antigen-antibody sequences were visualized by according to the 
method of Streit and Reubi (19).

I. I. Chronic repetitive administration of the GH-RH analog in MSG- 
treated rats
The GH-RH analog D-Ala\Nle::.Gaba30-GH-RH-( l-30)-amide (Л-495) 
was synthesized by solid-phase methods in our laboratory as it was 
published earlier (14). Daily injections of 10 pg doses of A-495 or 0.9% 
saline (control) were applied intramuscularly (IM ) to 7 MSG-treated rats 
for 14 days. Six MSG-treated (control) and 9 normal (control) animals 
were injected with the solvent of A-495 (0.9% saline). On the day 0, 7, 
and 14, GH responses to bolus injections of GH-RH were tested by 
injecting 10 pg/kg test-doses of A-495 intravenously (i.v.). GH concentra
tions were measured by RIA from sera obtained from the jugular vein 
under ketamine anesthesia (50 mg/kg) at -I and +10 min to the 
injections. Blood was replaced by saline, centrifuged, and sera were stored 
at -20°C until assayed by RIA

1.2. Chronic contitmous administration of the GH-RH analog in MSG- 
treated rats
At 4 weeks of age osmotic mimpumps (Alzel, CA, USA) releasing 
0.42 pg/h (10 pg/day) of A-495 were implanted into the peritoneal cavity 
of 7 MSG-treated animals, under ketamine anesthesia (50 mg/kg). Si> 
MSG-treated (control) and 6 normal (control) animals received minipumj: 
releasing the solvent of the GH-RH analog (0.9% saline). The delivery 
capability of the pump lasted for 14 days. On days 0, 7. and 14, GH 
responses to bolus injections of GH-RH were tested by injecting 10 pg/kc 
test-doses of A-495i.v. At - I and + 10 min to the injections blood wa: 
drained from the jugular vein and was replaced by saline under ketamine 
anesthesia (50 mg./kg). Blood was centrifuged, and sera were stored a 
— 20°C until assayed for GH concentration by RIA. At the end ol tin 
experiments the pump was explained from the animals, it was cut in hal 
crosswise using a razor blade, and reservoir was checked whether it wa: 
collapsed or not. Since all pumps appeared to be collapsed into i
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■iangular or figure eight form, they were considered to be empty and to 
»notion appropriately.

In vitro experiments on pituitary cells from MSG-treated rats
uperfused rat anterior pituitary cell system (20, 21) was used for the in 
\tro experiments. Pituitaries from 4 MSG-treated female rats were 
(moved, cut into small pieces, incubated with collagenase (Typte I, 0.5%, 
Worthington, USA) for 50 min in a metabolic shaker, dispersed, gently 
fixed with 1 ml of swollen Sephadex G-10 which had been equilibrated 
■ith oxygenated tissue culture medium (Medium 199, Sigma), and transfer 
tto the superfusion chamber. To assure stable baseline values the cells 
ere perfused with the enzyme-free Medium 199 overnight before col- 
cting fractions. GH release during and after the continuous perfusion 
Г 1 ng/ml of A-495 for 7.5 h (150 ng/150 ml), and GH responses to 5 
spetitive 3 min pulses of 30 ng/ml (150 ng/5 ml) of this peptide given at 
') min intervals were measured. At the beginning and the end of each 
tperiment, the membrane-depolarizing K+ (50 mM KC1) was adminis- 
:red to obtain standard GH releases and control the amount of releasable 
1H in the cells. The first GH response to K + was used as reference, 
hich the additional responses were related to. 1 ml fractions of the 
»perfusion medium were collected every 3 min, and GH concentrations 
ere determined by RIA. After finishing the superfusion, the remaining 
ormone content of the cells were extracted with 0.1 N HC1 and deter- 
fined by RIA. These experiments were repeated 3-4 times, and data 
om them were expressed as mean + SEM.

Hormone determination
1H concentrations of the sera and the samples from the in vitro 
tperiments were measured by RIA, using materials (antigen for iodina- 
on, a-rGH S-5 antiserum, and rGH RP-2 reference hormone) supplied 
у the National Hormone and Pituitary Program. Inter- and intra-assay 
»nation was 10% or less.

Statistical analysis
«suits expressed as means ±SEM were evaluated by analysis of variance; 
hen the P value was less than 0.05, the analysis was completed using 
tuncan’s multiple range test. The superfusion data were analyzed by a 
»ecial computer program (21). With the help of this program we 
aalyzed the peaks, calculated the amount of GH secreted above the 
aseline during and/or after the stimulation. GH responses during the 
tperiments were related to the first response to K + (reference response) 
ad were expressed as % of the reference response.
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COMBINATION OF IMMUNOCYTOCHEMICAL (ICC) AND IN SITU HYBRIDIZATION 
(ISH) TECHNIQUES TO STUDY THE MOLECULAR REGULATION OF INDIVIDUAL 
NEURONS IN THE RAT BRAIN.

Hrabovszky E., Petersen S.L.*, Kalló I. and Liposits Zs. Dept, of Anatomy, Albert Szent-Györgyi Medical 
University, Szeged 6724, Hungary and *Dept. of Biology, Univ. of Massachusetts Amherst, MA 01003, U.S.A.

Immunocytochemical (ICC) and in situ hybridization (ISH) multiple labeling techniques are powerful tools for 
studying the coexpression of neuronal compounds in the brain (references, 1, 2, 3). In this paper, we describe novel 
double- and triple-labeling approaches that combine ICC and ISH in order to investigate the molecular mechanisms 
of neuronal regulations.

In our hands, the same histological paradigm was used successfully for various ICC and ISH detections. Steps 
of the tissue processing included perfusion-fixation of rats with 4% paraformaldehyde (pH 7.6), and then, sucrose- 
infiltration of the brains. Small tissue blocks containing the area of interest were snap-frozen on dry-ice, and 20-p.m 
thick floated sections were prepared on a freezing microtome. The sections were stored in a cryoprotectant solution 
at -20 °C until hybridized with one or two probes. Following stringent post-hybridization treatments, antigens of 
interest were visualized by means of ICC, and then, the hybridization signals were developed. Non-isotopic probes 
used digoxigenin as a marker for detection. Digoxigenin was reacted with anti-digoxigenin antibody conjugated to 
alkaline phosphatase, and the signal was revealed with 5-bromo-4-chloro-3-indolyl-phosphate (BCIP)/nitro blue 
tetrazolium (NBT) chromogen. Isotopic probes were labeled with and visualized by autoradiography. The 
combined methods described below were developed for various applications.

1. / We assayed several hybridization temperatures (with other hybridization parameters unchanged) to develop 
a method for the simultaneous application of a ^S-labeled oligodeoxynucleotide probe and a digoxigenin-labeled 
cRNA probe within the same dual-label ISH. Double-labelings were successful following ISH at 50 °C, and none of 
the signal components seemed to be compromised. In turn, we found that lowering the temperature to a constant 37 
°C considerably impaired the signal intensity of the cRNA hybridization. Dual label ISH in figure a exhibits 
proopiomelanocortin mRNA-containing neurons of the hypothalamic arcuate nucleus (AN) which were identified by 
non-isotopic ISH using a cRNA probe. Preprogalanin mRNA-expressing neurons of the AN, in turn, were 
demonstrated autoradiographically following the use of an oligodeoxynucleotide probe labeled with ^S.

2. / We combined ICC and non-isotopic ISH to investigate the putative regulation of thyrotropin releasing 
hormone (TRH) neurons by galanin-containing afferents in the hypothalamic paraventricular nucleus (PVN). 
Sections were hybridized with a digoxigenin-labeled cRNA probe to pro-TRH mRNA, thereafter, galaninergic axons 
of the hypothalamus were visualized with ICC using silver-gold-intensified diaminobenzidine (DAB) chromogen 
(reference 1). Finally, the ISH signal was developed. Figures b and c demonstrate the intimate relationship between 
galaninergic axon varicosities and neuronal perikarya containing pro-TRH mRNA.

3. / Dual-label ICC, as well as combined ICC and ISH were used to study the molecular regulation of 
tuberoinfundibular dopaminergic (TIDA) neurons by TRH. Dual-label ICC (reference 1) revealed the apposition of 
TRH-immunoreactive (IR) axons to tyrosine-hydroxylase (TH)-IR neurons of the TIDA system (fig. d). In other 
experiments, TH-IR neurons were tested for the presence of TRH receptor mRNA, by means of combined ICC and 
isotopic ISH. Autoradiographic signal in figure e delineates TH-IR neurons which co-express the mRNA encoding 
for TRH receptor.

4. / We developed a triple-labeling method which combines dual-label ICC and isotopic ISH, in order to study 
the co-expression of preprogalanin mRNA in the subpopulation of luteinizing hormone-releasing hormone (LHRH)- 
1R neurons that exhibit immunoreactive c-Fos in the cell nuclei, following steroid activation (reference 2). We were 
able to demonstrate the presence of preprogalanin mRNA in 76.8 % of LHRH-IR neurons that co-expressed 
immunoreactivity for the immediate-early gene product, c-Fos (fig. f).

In conclusion, our newly developed double- and triple-labeling techniques provide further methodological 
tools for studying the molecular regulation of individual neurons.

- 760 -
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3?S-Fig. a: Simultaneous use of a digoxigenin-labeled cRNA probe to proopiomelanocortin (POMC) mRNA and a 
labeled oligodeoxynucleotide probe to preprogalanin mRNA in dual-label in situ hybridization (ISH). Neurons 
exhibiting non-isotopic ISH signal for POMC mRNA (P), as well as preprogalanin mRNA-containing neurons 
(clusters of grains, indicated by arrowheads) are identified in the arcuate nucleus (AN).
Figs, b and c: Combined use of immunocytochemistry (ICC) and ISH for the demonstration of neuronal contacts 
between silver-stained galanin-immunoreactive (IR) axons (arrowheads) and neuronal perikarya expressing pro
thyrotropin releasing hormone (TRH) mRNA (asterisks) in the paraventricular nucleus of the hypothalamus.
Fig. d: Dual-label ICC demonstration of contacts between TRH-IR axons (arrowheads) and tyrosine hydroxylase 
(TH)-IR neurons (asterisks) in the AN. Silver-gold-intensified diaminobenzidine (DAB) and DAB chromogens were 
used for the staining of TRH- andTH-IR structures, respectively (reference 1).
Fig. e: Application of ICC and isotopic ISH for the simultaneous demonstration of TH immunoreactivity and TRH 
receptor mRNA-expression in the AN. Arrowheads indicate TH-IR neurons exhibiting also the hybridization signal 
for TRH receptor mRNA (grain clusters).
Fig. f: Conjoint application of dual-label ICC and isotopic ISH for simultaneous detection of c-Fos immunoreactivity 
(dark nickel-DAB staining in cell nuclei, arrowheads) and preprogalanin mRNA-expression (autoradiographic grains 
over the cytoplasm) in luteinizing hormone-releasing hormone-IR (cytoplasmic DAB staining) neurons.
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ABSTRACT

Prolactin secretion is regulated by the hypothalamus via releasing and release- 
inhibiting factors secreted into the hypophyseal portal circulation. In episodes of stimulated 
prolactin secretion, a transient blockade of the inhibitory tuberoinfundibular dopaminergic 
(TIDA) neuronal system potentiates the action of the putative prolactin-releasing factor, 
thyrotropin-releasing hormone (TRH), upon the lactotrophs. To partially elucidate the 
central mechanism underlying the reciprocal regulation of dopamine and TRH secretion into 
the portal blood, we investigated the possibility of an intrahypothalamic communication 
between the neurosecretory TRH and the ТША neuronal systems of the rat.

The light microscopic examination of double-immunostained sections revealed axo- 
somatic and axo-dendritic contacts between TRH-immunoreactive (IR) fibers and tyrosine 
hydroxylase (TH)-ER, dopaminergic nurons in the arcuate nucleus of both the male and-the 
female rat. By means of preembedding dual-label immuno-electron microscopy, we 
identified synapses of TRH-containing axons established with tyrosine hydroxylase (TH)- 
immunoreactive (IR) neurons. Furthermore, by combining the immunocytochemical 
localization of TH and simultaneous in situ hybridization (ISH) detection of TRH receptor 
mRNA, we demonstrated the co-expression of TRH receptor in a population of ТША 
neurons.

Our data indicate an intrahypothalamic link between TRH-possessing fibers and the 
ТША system, and contribute to the understanding of the complex central mechanisms which 
regulate PRL secretion via the hypophysiotropic dopamine- and TRH-secreting neuronal 
pathways.
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INTRODUCTION

The secretion of prolactin (PRL) by the anterior pituitary gland is controlled by a 
complex interplay between hypothalamic releasing and release-inhibiting factors which reach 
the lactotrophs via the hypophysial portal circulation^ ]. 
dopaminergic (ТША) neuronal system[2] with perikarya in the arcuate nucleus (AN) and 
axon terminals in the median eminence (ME) represents the final common inhibitory 
pathway in this regulation, whereas the chemical identity of PRL-releasing factor(s) is still 
controversial[l]. Thyrotropin-releasing hormone (TRH), which is one of the PRL-releasing 
factor candidates in the rat, stimulates the secretion of PRL both in vivo[3,5,9] and in 
vfrro[21,34]. The rempval of the tonic dopaminergic inhibition of lactotrophs highly 
increases the PRL-releasing potency of TRH, suggesting that central mechanisms regulating 
the secretion of PRL might involve inhibition of dopamine and simultaneous stimulation^of 
TRH release into the portal blood of the hypophysis. The sensitization of lactotrophs by 
transient dopamine antagonism, accompanied by an increased TRH secretion represents a 
physiological mechanism in the suckling-induced[6,8,29] as well as the estrogen- 
stimulated[10] surges of PRL. 'To elucidate partially the central mechanism underlying the 
reciprocal regulation of dopamine and TRH secretion into the hypophysial portal blood, we 
examined the possibility that a neuronal communication exists between the hypothalamic 
TRH and TEDA neuronal systems of the rat. Our studies were performed on sections from 
the hypothalamic arcuate nucleus (AN) which contains the cell bodies and dendrites of the 
ТША system[2] and also receives abundant innervation by TRH-immunoreactive axons[4]. 
We used two strategies to provide evidence for the synaptic regulation of TIDA neurons by 
TRH-containing axons:(i) We performed dual-label immunocytochemical studies at the 
light- and electron microscopic levels, in order to reveal neuronal communication between 
TRH-immunoreactive (ER.) axon terminals and ТША neurons of the hypothalamic AN. In 
addition, (ii) we used combined immunocytochemistry and in situ hybridization (ISH) to 
demonstrate the co-expression of TH immunoreactivity and TRH receptor mRNA in TEDA 
neurons. A preliminary report of these data has been published recently in a short 
communication form[17].

The tuberoinfundibular
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MATERIALS AND METHODS

Preembedding dual-label immunocytochemical studies 
Tissue preparation

Adult male Wistar rats (N=5; 200-250 g. b.w.) were anesthetized with Nembutal (40 
mg/kg, i.p.) and perfused transcardially with 400 mis fixative containing 4% 
paraformaldehyde and 1% glutaraldehyde in 0.1M phosphate buffered saline (PBS, pH 7.4). 
The hypothalami were dissected and postfixed in 4% paraformaldehyde for 2 h. Thereafter, 
25-prn thick coronal sections containing the AN were cut on a Vibratome (Technical 
Products International, St. Louis, Mo., USA). The sections were incubated in 1% sodium 
borohydride (NaBH4) for 20 min to inactivate excess aldehydes, permeabilized with 0?2%
Triton X-100 for 20 min, and blocked against non-specific antibody-binding with 2% normal 
sheep serum (NSS) in PBS for 30 min.

Female adult Wistar rats (N=10; 200-250 g. b.w.) were ovariectomized in Nembutal 
anesthesia. Five animals recieved subcutaneous silastic capsule implants with estradiol (3cm; 
I50pg/ml in sesame oil) 12 days after the ovariectomy, and were perfusion-fixed two days 
later. The other 5 animals were perfused on the same day without prior estrogen
replacement.

Dual-label immunocytochemistry

We used light- and electron microscopic dual-label immunocytochemistry[25] to 
simultaneously visualize TRH- and dopamine-containing structures of the AN. By the 
application of this technique, we have recently published data on the galaninergic[16] and 
adrenergic[15] innervation of ТША neurons. TRH-immunoreactive (IR) axons were 
immunostained first with the peroxidase-antiperoxidase complex (PAP)-3,3' 
diaminobenzidine (DAB) technique of Stemberger et al.[33], and then, the DAB-containing 
sites were silver-gold intensified[24]. The sections were incubated for 36 h in a primary 
antiserum (1/4000) generated in rabbit against pyroglutamyl-histidyl-proline (TRH) 
conjugated to bovine serum albumin. The preparation and specificity-testing of this antibody 
was described elsewhere[27]. Then, the secondary antiserum (sheep, anti-rabbit IgG, 1/500; 
Arnel) and the rabbit PAP complex (1/500; Amel) were sequentially administered to the 
sections for 1 h each. All antisera were diluted with 2% NSS in PBS. The peroxidase- 
containing sites were initially visualized by the brown DAB chromogen[32], and then the 
DAB was silver-gold-intensified to yield a final black reaction end-product, as reported by 
Liposits et al.[24]
immunocytochemistry using an antiserum to the rate-limiting enzyme of dopamine synthesis, 
tyrosine hydroxylase (TH). The primary antibody was raised in rabbit against TH purified 
from bovine adrenal medulla, and used at a 1:1000 working dilution[19]. The antigen- 
antibody complexes were visualized by the PAP-DAB method. Double-immunostained 
sections were either mounted on glass slides, coverslipped and examined with a light 
microscope, or further processed for electron microscopy.

Subsequently, TIDA neurons were detected by means of
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Electron microscopy

Immunostained sections from male rats were also processed for electron microscopic 
studies. They were osmicated, dehydrated and flat-embedded into Epon resin (LX-112; Ladd 
Research Industries, Burlington, VT), and then, semithin and ultrathin sections were prepared 
on a Reichert ultratome. The ultrathin sections were mounted on Formvar-coated single-slot 
grids, contrasted with uranyl acetate and lead citrate and examined with a Tesla BS 500 
transmission electron microscope.

Combined immunocytochemical and in situ hybridization techniques

We have recently published a detailed protocol for combined use of ICC and ISH 
within the same sections of perfusion-fixed hypothalami[ 18]. • ^

Preparation of anti-sense RNA probe
\

A 486-bp fragment of the rat TRH receptor cDNA was inserted into the EcoRI-Xbal 
site of a pGEM-4Z vector[35]. The plasmid was linearized with Xbal and -^^S-labeled anti- 
sense RNA probe was transcribed with SP6 RNA polymerase, as described earlier[28]. For 
preparation of sense control, the plasmid was digested with EcoRl and transcribed with T7 
RNA polymerase.

Tissue preparation procedure
;
i Male Wistar rats (N=5; 200-250 g. b.w.) were fixed by transcardiac perfusion with 

4% paraformaldehyde in 0.1M PBS (pH 7.4). Small tissue blocks containing the medial 
basal hypothalami were dissected from the brains, infiltrated with gradually increasing 
concentrations of sucrose through 30%, and snap-frozen on dry-ice. Then, 20-pm thick 
coronal sections of the AN were prepared on a cryostat (Reichert-Jung). The sections were 
stored permanently in cryoprotectant solution[26] at -20 °C.

Preincuhation, hybridization and washes

Immediately before hybridization, the sections were removed from the cryoprotectant 
solution and the following sterile incubation steps were performed: Permeabilization for 30 
min with proteinase К (Serva; 0.1pg/ml, dissolved in 2XSSC), five min fixation in 4% 
paraformaldehyde/0.1M PBS; 2 min rinse in 2X standard saline citrate solution (2XSSC; 
1XSSC=0.15M NaCl/0.015M sodium citrate, pH 7.0); 20 min acetylation in 0.25% acetic 
anhydride/0.9% NaCl/0.1M triethanolamine (pH 8.0); 5 min rinse in 2XSSC. 
hybridization, the sections were transferred into a microcentrifuge tube containing the 
hybridization solution [50% formamide, 4XSSC, 10% dextran sulfate (500,000 MW; 
Sigma), IXDenhardt's solution, 500pg/ml heparin sodium salt (Sigma), 0.5 mg/ml yeast 
tRNA (Boehringer Mannheim), 0.4 mg/ml sheared single-stranded salmon sperm DNA 
(Boehringer Mannheim), 0.1% SDS, 0.1M DTT, and 20,000 cpm/pl of the hybridization 
probe.]. The tube was sealed with Parafilm and placed in an incubator for hybridization 
overnight at 50 °C. The hybridized sections were rinsed in 1XSSC for 10 min, followed by a 

1 h stringent wash step in 50% formamide/2XSSC, at 50 °C.

For
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Then, the excess probe was digested with RNAse A (Boehringer Mannheim; 100pg/ml in 
2XSSC buffer) for 1 h at 37 °C, followed by two lh stringent treatment steps in 50% 
formamide/2XSSC, at 50 °C. Finally, the sections were transferred into 0.1M PBS and 
washed copiously.

Immunoty to chemical detection ofTH

Hybridized sections were immersed in a 9:1 mixture of methanol and 30% H202 for 
10 min, thereafter, the immunocytochemical detection of TH was carried out as described 
earlier.

Detection of the hybridization signal

Immunostained sections were gradually desalted in IX, 0.5X and 0. IX SSC solutions, 
transferred into 50% ethanol-ЗООтМ ammonium acetate for partial dehydration, and 
mounted from this solution onto gelatin-coated glass slides. After air-drying, they were 
further dehydrated in increasing concentrations of ethanol through 100%. Finally, the slides 
were air-dried, dipped into photographic emulsion (NTB-3; Kodak, Rochester, NY) and 
exposed for 5 weeks at 4 °C. Autoradiograms were developed for 3 min with D19 developer 
(Kodak) and fixed for 5 min with Kodak fixer. Finally, the sections were dehydrated with 
ethanol, cleared with xylenes and coverslipped with Permount.
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RESULTS

Preembedding dual-label immunocytochemical studies

Light microscopy

In the male rats, the hypothalamic AN was rich in TRH-IR axon varicosities as well 
as TH-ER neurons. The black color of silver-gold-intensified DAB allowed an easy 
distinction of TRH-IR structures from TH-ER elements, characterized by the brown DAB 
deposition (Fig. a). TRH- and TH-immunoreactive structures were observed in both the 
dorso-mediál and the ventro-lateral parts of the AN. Analysis of dual-labeled sections at 
higher power demonstrated juxtaposition of TRH-ГО. axon varicosities to TH-ER perikarya 
and dendrites (Fig. b). Axo-somatic and axo-dendritic juxtapositions occurred most 
frequently in the dorso-medial subdivision of the AN, where virtually all TH-IR neurons 
were contacted by TRH-ER axon varicosities. Juxtapositions were obvious in semithin 
sections as well (Figs, c, d).

The double-immunostained medial basal hypothalami of ovariectomized and 
ovariectomized plus estradiol-substituted female rats showed similar innervation pattern of 
TH-ER neurons by TRH-ER axons in the female, to the male rat. Furthermore, the use of 
dual-label ICC did not reveale major estrogen-dependent differences in the staining of 
arcuate nuclei. Because sex and estrogen levels did not seem to have a visible effect on the 
innervation pattern, only male arcuate nuclei were further processed for electron microscopic 
studies.

Electron microscopy

At the ultrastructural level, TH-ER neurons were recognized by the presence of DAB 
deposits which resulted in a medium degree of electron density, whereas TRH-ER axons 
contained silver-gold particles exhibiting high degree of electron density, 
microscopic analysis of ultrathin sections from male rat medial basal hypothalami revealed 
synaptic specializations between TRH-ER terminals and TH-ER neuronal profiles (Fig. e).

Electron

Combined immunocytochemical and in situ hybridization studies

As we observed earlier, hybridization treatments did not interfere with the subsequent 
immunocytochemical procedure[18]; therefore, dopaminergic neurons remained detectable in 
hybridized sections of the AN. Autoradiographic exposure of sections hybridized with the 
antisense cRNA probe for 5 weeks resulted in the appearance of grain clusters mainly in the 
dorso-medial part of the AN. In this subdivision of the nucleus, the autoradiographic signal 
for TRH receptor mRNA often appeared above the cell bodies of TH-ER neurons (Fig. f). In 
turn, after 5 weeks of exposure, autoradiographic signal was only occasionally evident in the 
ventro-lateral area of the AN and cases of colocalization with TH immunoreactivity were 
scarce (Fig. g). Hybridization of control sections with the sense probe did not result in the 
appearence of autoradiographic signal over background levels.
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DISCUSSION

In these studies, we presented evidence for the neuronal regulation of the TIDA
Using preembedding dual-labelsystem[2] by TRH-containing axons. 

immunocytochemistry[25], we identified synapses of TRH-IR axons with TH-IR perikarya 
and dendrites of TIDA neurons, consistent with a previous observation of TRH-IR synapses 
on 3H-dopamine-labeled neurons in the AN[31]. In addition, using a novel approach of 
combined immunocytochemistry-ги situ hybridization (ISH)[18], we co-localized the mRNA 
encoding TRH receptor with TH-IR neurons of the AN. Altogether, these findings suggest 
that dopaminergic neurons of the TIDA system are synaptically regulated by TRH.

PRL secretion by the anterior pituitary gland is controlled by the hypothalamus via 
releasing and release-inhibiting factors[l]. Dopamine, the major PRL release-inhibiting 
factor is synthesized and released into the hypophysial portal vessels by the TIDA system[2], 
neurons of which, in turn, are regulated by specific synaptic afferents from various 
neurotransmitter/neuromodulatory systems[14,15,16,22]. Our present observations that 
TRH, a putative PRL-releasing factor[l] is present in synaptic afferents to TIDA neurons, 
and that TIDA neurons express the mRNA encoding for TRH receptor, merit special interest 
from the viewpoint of the central regulation of PRL secretion. Although the role of TRH as 
a major PRL-releasing factor is controversial[23,30], TRH has long been known to be a 
potent secretagogue of PRL[3,5,9,21,34], A great deal of evidence suggests a complex 
interplay between hypothalamic dopamine and TRH in the stimulatory regulation of PRL 
secretion, under various physiological and pharmacological stimuli. In ovariectomized and 
estrogen-primed rats, a decrease in dopamine is followed by an increase in TRH in the 
hypophysial stalk blood during the PRL surge. Likewise, a transiently decreased 
dopaminergic tone at the anterior pituitary increases the potency of TRH to release PRL in 
the lactating rat[6,8,29]. This dual mechanism involving reciprocal regulation of dopamine 
and TRH releases has also been proposed as a cause of the steroid-stimulated PRL surge[10], 
as well as PRL hypersecretion during pregnancy[12] and pseudopregnancyf 1 1].

Our data increase the knowledge of the hypothalamic connectivity of neuronal 
systems which regulate PRL secretion via TIDA neurons; nevertheless, at present, the precise 
role of this interaction is not understood. In the domestic fowl, the dopamine turnover in the 
medial basal hypothalamus is increased following intracerebroventricular administration of 
TRH[13]. This observation suggests a stimulatory action of TRH upon dopamine neurons of 
the AN in this species. Hypothetically, if TRH axons also exert a stimulatory action upon 
TIDA neurons in the rat, this might prevent prolonged inhibition of TIDA neurons by the 
ascending catecholaminergic[15], serotonergic[22] or other afferent neuronal pathways 
during episodes of PRL hypersecretion. On the contrary, if the function of TRH-containing 
synaptic terminals is inhibitory upon dopaminergic neurons, TRH might have a central, in 
addition to the widely known pituitary site of action, whereby it increases PRL secretion.

Three different animal models, the male, the ovariectomized female, and the 
ovariectomized and estrogen-primed female rat were tested in light microscopic dual-label 
ICC studies to reveal crude differences in the innervation pattern and density of TIDA 
neurons by TRH-IR axons. It seems likely that sensitivity of immunocytochemical approach 
is too low to reveal subtle quantitative differences depending on the sex or hormonal status of 
the animal.
The studies of the dorso-medial arcuate nuclei in all cases demonstrated that virtually all TH- 
IR neurons were contacted by TRH-IR axons and the innervation in the ventro-lateral AN 
was more scarce. The combined ICC-ISH studies of male rats showed that TRH receptor 
mRNA was also expressed preferentially in the dorso-medial subdivision of the AN, and only 
occasionally in its ventro-lateral subdivision.
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The precise origin of TRH-IR axons regulating TH-IR neurons of the AN is still to be 
determined. Earlier studies revealed a 65% depletion of the TRH content in the AN 
following bilateral lesions of the paraventricular nucleus[4], indicating that TRH neurons of 
the PVN are involved in the innervation of ТГОА neurons. It still remains to be clarified 
whether TRH neurons of the PVN that innervate the ТША system represent a separate group 
from the hypophysiotropic population of TRH neurons[20]. If the opposite is true and the 
same paraventricular TRH neuron population fulfills both functions, fibers synapsing with 
TH-IR neurons of the AN might be either collaterals or "en passant" contacts of axons with a 
final destination in the external zone of the ME.

The expression of TRH receptor mRNA in cell bodies of TH-ER neurons indicates 
that TRH-ER synaptic terminals influence ТША neurons via these receptors. Although, ^the 
synaptic pathway reported in our studies might only represent one type of potential 
interactions between TRH and the ТША system. Other ways of neuronal communication 
might include • volume transmission and/or regulation of TIDA axon terminals by TRH- 
secreting axons at the level of the ME. In fact, the latter hypothesis seems to be corroborated 
by our present study, in which we observed similar distribution patterns of TRH- and TH-IR 
axons in the ME, and also dual-labeled axo-axonic contacts were frequently observed in this 
area.

In conclusion, we described a synaptic connection between TRH-IR axons and TH-IR 
neurons in the hypothalamic AN and identified the mRNA encoding for TRH receptor in 
TH-IR neurons of the TIDA system. These results support the hypothesis that TRH- 
containing neurons directly regulate ТША neurons. Thus, TRH has at least two sites of 
action to regulate PRL release: (i) It stimulates the secretion of PRL via a direct action on 
lactotrophs, and (ii) it influences ТША functions at the level of the hypothalamus via a 
synaptic mechanism.
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Synaptic regulation of tyrosine hydroxylase (TH)-immunoreactive (DR), dopaminergic 
neurons by thyrotropin-releasing hormone (TRH) in the hypothalamic arcuate nucleus 
(AN) of the male rat
Fig. a: Dual-label immunocytochemical detection of TRH-1R axons (black axon
varicosities, immunostained with silver-gold-intensified diammobenzidme [DAB]) and TH- 
IR neurons, stained with DAB chromogen (gray perikarya and dendrites ). Fig. b: 
Juxtapositions of TRH-IR axons (arrows) to perikarya and dendrites of TH-IR neurons 
(asterisks). Fig. c: Semithin section exhibiting a neuronal contact between a TRH-IR axon 
(arrow) and a TH-IR cell body (asterisk). Fig. d: Juxtapositions of TRH-IR axons (arrows) 
to the dendrite of a TH-IR neuron (asterisk). Fig. e: Asymmetric synaptic specialization 
between the apposed surfaces of a TRH-IR axon (A) and a TH-IR perikaryon (TH). Arrows 
point to the postsynaptic density. Figs, f and g: Co-localization of TRH receptor mRNA 
(autoradiographic grains) with TH in immunostained perikarya of the dorso-medial (Fig. f) 
and ventro-lateral (Fig. g) aspects of the AN. Arrows indicate the contours of dual-labeled 
neurons. (Bars in a-d, f and g =10pm; Bar in e=250nm.)



•••
'-í'

11

REFERENCES

1. Ben-Jonathan, N.; Arbogast, L.A.; Hyde, J.F.: Neuroendocrine regulation of prolactin 
release. Progress in Neurobiology 33: 399-447 (1989).

2. Björklund, A.; Moore, R.Y.; Nobin, A.; Stenevi, U.: The organization of 
tuberohypophysial and reticulo-infundibular catecholamine neuron systems in the rat brain. 
Brain Res. 5L 171-191 (1973).

3. Blake, C.A.: Stimulation of pituitary prolactin and TSH release in lactating and proestrous 
rats. Endocrinology 94; 503-508 (1974).

».■

4. Brownstein, M.J.; Eskay, R.L.; Palkovits, M.: Thyrotropin releasing hormone -in ‘the 
median eminence is in processes of paraventricular nucleus neurons. Neuropeptides 2; 197- 
201 (1982).

;
5. Burnet, F.R.; Wakerley, J.B.: Plasma concentrations of prolactin and thyrotropin during 
suckling in urethane-anesthetized rats. J. Endocrinol. 70; 429-437 (1976).

6. Fagin, K.D.; Neill, J.D.: The effect of dopamine on thyrotropin-releasing hormone- 
induced prolactin secretion in vitro. Endocrinology 109: 1835-1840 (1981).

7. de Greef, W.J.; Klootwijk, W.; Karels, B.; Visser, T.J.: Levels of dopamine and 
thyrotropin-releasing hormone in hypophysial stalk blood during an oestrogen-stimulated 
surge of prolactin in the ovariectomized rat. J. Endocrinol. 105: 107-112 (1985).

8. de Greef, W.J.; Visser, T.J.: Evidence for the involvement of hypothalamic dopamine and 
thyrotropin-releasing hormone in suckling-induced release of prolactin. J. Endocr. 91; 213- 
223 (1981).

9. Grosvenor, C.E.; Mena, F.: Evidence that TRH and a hypothalamic prolactin-releasing 
factor may function in the release of prolactin in the lactating rat. Endocrinology 107: 863- 
868 (1980).

10. Haisenleder, D.J.; Moy, J.A.; Gala, R.R.; Lawson, D.M.: The effect of transient 
dopamine antagonism on thyrotropin-releasing hormone-induced prolactin release in 
ovariectomized rats treated with estradiol and/or progesterone. Endocrinology 119: 1996- 
2003 (1986).

11. Haisenleder, D.J.; Moy, J.A.; Gala, R.R.; Lawson, D.M.: The effect of transient 
dopamine antagonism on thyrotropin-releasing hormone-induced prolactin release in 
pseudopregnant rats. Endocrinology 119: 1989-1995 (1986).

12. Haisenleder, D.J.; Moy, J.A.; Gala, R.R.; Lawson, D.M.: The effect of transient 
dopamine antagonism on thyrotropin-releasing hormone-induced prolactin release in 
pregnant rats. Endocrinology 119: 1980-1988 (1986).

13. Harvey, S.; Lea, R.W.: Thyrotropin-releasing hormone-induced growth hormone 
secretion in domestic fowl: concomitant stimulation of dopamine turnover in the medial basal 
hypothalamus. J. Endocrinol. 138: 225-232 (1993).



тттттщщщт .-г'--, •.'■'Ti ,к***щп ÜÍWW.'1 •, 1?ст

12

14. Horváth, T.L.; Naftolin, F.; Léránth, Cs.: Beta-endorphin innervation of dopamine 
neurons in the rat hypothalamus: a light and electron microscopic double immunostaining 
study. Endocrinology 131: 1547-1555 (1992).

15. Hrabovszky, E.; Liposits, Zs.: Adrenergic innervation of dopamine neurons in the 
hypothalamic arcuate nucleus of the rat. Neurosci. Letts. 182: 143-146 (1994).

16. Hrabovszky, E.; Liposits, Zs.: Galanin-containing axons synapse on tyrosine 
hydroxylase-immunoreactive neurons in the hypothalamic arcuate nucleus of the rat. Brain 
Res. 652: 44-55 (1994).

17. Hrabovszky, E.; Petersen, S.L.; Kalló, L; Liposits, Zs.: Combination L.of 
immunocytochemical (ICC) and in situ hybridization (ISH) techniques to study the molecular 
regulation of individual neurons in the rat brain. Acta Histochem. Cytochem. 29, 
Supplement: 760-761 (1996).

18. Hrabovszky, E.; Vrontakis, M.E.; Petersen, S.L.: Triple-labeling method combining 
immunocytochemistry and in situ hybridization: Demonstration of overlap between Fos- 
immunoreactive and galanin mRNA-expressing subpopulations of luteinizing hormone
releasing hormone neurons in female rats. J. Histochem. Cytochem. 43; 363-370 (1995).

19. Joh, T.H.; Gegham, C.; Reis, D.J.: Immunocytochemical demonstration of increased 
tyrosine hydroxylase protein in sympathetic ganglia and adrenal medulla elicited by 
reserpine. Proc. Natl. Acad. Sei. U.S.A. 70; 2767-2771 (1973).

20. Kawano, H.; Tsuruo, Y.; Bando, H.; Daikoku, S.: Hypophysiotropic TRH-producing 
neurons identified by combining immunohistochemistry for pro-TRH and retrograde tracing. 
J. Comp. Neurol. 307: 531-538 (1991).

21. Keith, L.D.; Tam, B.; Ikeda, H.; Opsahl, Z.; Greer, M.A.: Dynamics of thyrotropin
releasing hormone-induced thyrotropin and prolactin secretion by acutely dispersed rat 
adenohypophyseal cells. Neuroendocrinology 43: 445-452 (1986).

22. Kiss, J.; Halász, В.: Synaptic connections between serotoninergic axon terminals and 
tyrosine hydroxylase-immunoreactive neurons in the arcuate nucleus of the rat hypothalamus. 
A combination of electron microscopic autoradiography and immunocytochemistry. Brain 
Res. 364: 284-294 (1986).

23. Laudon, M.; Grossman, D.A.; Ben-.Tonathan, N.: Prolactin-releasing factor: Cellular 
origin in the intermediate lobe of the pituitary. Endocrinology 126: 3185-3192 (1990).

24. Liposits, Zs.; Sétáló, Gy.; Flerkó, В.: Application of the silver-gold intensified 3,3'- 
diaminobenzidine chromogen to the light and electron microscopic detection of the LH-RH 
system of the rat brain. Neuroscience FT 513-525 (1984).

25. Liposits, Zs.; Sherman, D.; Phelix, C.; Pauli, W.K.: A combined light and electron 
microscopic immunocytochemical method for the simultaneous localization of multiple 
tissue antigens. Histochemistry 85: 95-106 (1986).



**••••V- • •*4-TW" '-. ...

13

26. Lu, W.; Haber, S.N.: In situ hybridization histochemistry: A new method for processing 
material stored for several years. Brain Res. 578: 155-160 (1992).

27. Mercbenthaler I.; Csemus V.; Csontos Cs.; Petrusz P.; Mess B.: New data on the 
immunocytochemical localization of thyrotropin releasing hormone (TRH) in the rat central 
nervous system. Amer. J. Anat. 181: 359-376 (1988).

28. Petersen, S.L.; McCrone, S.: Characterization of the receptor complement of individual 
neurons using dual-label in situ hybridization histochemistry. In: In situ hybridization in 
neurobiology. Advances in methodology. Eberwine J.H.; Valentino, K.L.; Barchas J.D., 
editors, pp. 78- (Oxford University Press, New York, 1994).

29. Plotsky, P.M.; Neill, J.D.; Interactions of dopamine and thyrotropin-releasing hormone in 
the regulation of prolactin release in lactating rats. Endocrinology 111: 168-173 (1982).

30. Riskind, P.N.; Millard, W.J.; Martin, J.B.: Evidence that thyrotropin-releasing hormone 
is not a major prolactin-releasing factor during suckling in the rat. Endocrinology 115: 312- 
316 (1984).

31. Shioda, S.; Nakai, Y.; Ochiai, H.; Hashimoto, A.: Monoamine-TRH interactions by 
means of simultaneous autoradiography and immunocytochemistry. In: Structure and 
function of peptidergic and aminergic Neurons. Sano, Y.; Ibata, Y.; Zimmerman, E.A. 
editors, pp. 99-107. (Japan Sei. Soc. Press, Yokyo/VNU Sei. Press, Utrecht, 1983).

32. Streit, P.; Reubi, J.C.: A new and sensitive staining method for axonally transported 
peroxidase (HRP) in the pigeon visual system. Brain Res. 126: 530-537 (1977).

33. Sternberger, L.A.; Hardy, P.H.; Cuculis, J.J. Meyer, H.G.: The unlabelled antibody 
enzyme method of immunochemistry. Preparation and properties of soluble antigen-antibody 
complex (horseradish peroxidase-antiperoxidase) and its use in identification of spirochetes. 
J. Histochem. Cytochem. 8Jj. 315-333 (1970).

34. Tashjian, Jr., A.H.; Barowsky, N.J.; Jensen, D.K.: Thyrotropin releasing hormone: direct 
evidence for stimulation of prolactin production by pituitary cells in culture. Biocbem. 
Biophys. Res. Commun. 4T 516-523 (1971).

35. Yamada, M.; Monden, T.; Satoh, T.; Iizuka, M.; Murakami, M.; Iriuchijima, T; Mori, 
M.: Differential regulation of thyrotropin-releasing hormone receptor mRNA levels by 
thyroid hormone in vivo and in vitro (GH3 cells). Biochem. Biophys. Res. Commun. 184: 
367-372 (1992).





1

Expression of estrogen receptor-ß mRJ4A in oxytocin and

vasopressin neurons of the rat supraoptic and paraventricular

nuclei/

ERIK HRABOVSZKY, IMRE KALLÓ, TIBOR HAJSZÁN, PAULÁT 

SHUGHRUE, ISTVÁN MERCHENTHALER* AND ZSOLT LIPOSITS

Department, of Anatomy (EH, IK, TH, ZsL), Albert Szent-Györgyi. Medical University, 6724

Szeged, Hungary and The Women's Health Research Institute (PS, IM), Wyeth-Ayerst

Research, Radnor, PA 19087, USA

*Correspondance is requested to István Merchenthaler, The Women’s Health Research

Institute, Wyeth-Ayerst Research, 145 King of Prussia Road, Radnor, PA 19087, USA

RUNNING TITLE: Estrogen receptor-ß in ОТ and VP neurons

KEY WORDS: hypothalamus, oxytocin, vasopressin, situ hybridization,m

immunocytochemistry, estrogen receptor, paraventricular nucleus, supraoptic nucleus



И35**'"'"' ■ír-Й?“'

2

ABSTRACT

The regulatory actions of estradiol on magnocellular oxytocin (ОТ) and vasopressin (VP)

neurons of the paraventricular (PVN) and supraoptic (SON) nuclei are well documented. To

date it is still debated whether the effect of estrogens is exerted directly or mediated by

estrogen-sensitive intemeurons. Previous immunocytochemical (ICC) and in situ

hybridization (ISH) studies detected either low levels or absence of the classical estrogen

receptor (ER-a) in the PVN and the SON of the rat. The present experiments using a

combined ICC and ISH method were undertaken to examine the expression of the recently

cloned beta form of ER (ER-ß) in ОТ- and VP-immunoreactive (IR) neuronal systems of the

rat hypothalamus. The results demonstrate that the highest cellular levels of ER-ß mRNA in

ОТ-IR neurons can be visualized in the caudal portion of the PVN and in an area ventro

medial to the central core of VP-IR cells. These neurons were previously shown to project 

caudally to the brainstem and the spinal cord to regulate autonomic functions. In addition, the

whole rostro-caudal extent of the PVN and the SON contained ОТ-IR neurons that co

expressed variable levels of ER-ß mRNA. Similarly, the presence of ER-ß mRNA was

evidenced in a large population of VP-IR paraventricular and supraoptic neurons. In the SON, 

somewhat stronger hybridization signal was detectable in VP-IR neurons as compared with

ОТ-IR neurons.

Together, these findings provide strong support for the concept that the functions of ОТ- and

VP-IR neurons in the PVN and the SON are regulated directly by estrogen and that the

genomic effects of estrogens in these neurons are mediated by ER-ß.
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Introduction

The magnocellular neurosecretory system consists of vasopressin (VP)- and oxytocin (OT)-

synthesizing neurons which send axon projections to the neurohypophysis from the

hypothalamic supraoptic and paraventricular nuclei (SON; PVN) (1). While the main function

attributed to VP is the central control of water and electrolyte balance (2), ОТ is primarily

involved in the regulation of reproductive functions, including parturition (3), sexual (4; 5)

and maternal (6) behavior, and the ejection of milk (7). The neurohormone output from OT-

ergic and VP-ergic neurons is controlled partly by neuronal mechanisms (7). Among the

humoral agents influencing ОТ and VP neurons, the actions of ovarian steroids have been

studied extensively. The observations that the expression of ОТ mRNA in magnocellular

neurons increases with the onset of puberty and decreases following castration (8), and that

the cellular levels of ОТ mRNA exhibit variations during the estrus cycle (9) indicate that

estrogen regulates the expression of ОТ. Furthermore, increased VP-, in addition to ОТ

mRNA levels were detected in the SON of pregnant and lactating rats (9). While the effects

of estrogen on magnocellular functions are well documented, the site of estrogen action,

direct or interneuron-mediated, remains a question of controversy. Although ER

immunoreactivity was colocalized with the majority of ОТ neurons in the guinea-pig (10),

ligand binding (11, 12), ICC (13) and ISH (14) studies failed to demonstrate estrogen-

receptivity of most magnocellular neurons in the rat. New evidence by Herbison indicates that

ER-1R GABA-ergic neurons located in the perinuclear zone of the SON might mediate, at

least in part, the effect of estrogen on ОТ neurons in this species (13).

Recently, a new estrogen receptor, termed ER-ß has been cloned from the rat prostate

gland (15). In situ hybridization studies with ER-ß-specific cRNA probes have established a

wide distribution of ER-ß mRNA in the hypothalamus (16) and brain (17) of the rat. An

interesting finding of these experiments was the high level of ER-ß mRNA in the PVN and
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the SON. The aim of the present studies was to analyze the expression of ER-ß mRNA in

ОТ- and VP-ER neurons of the hypothalamic PVN and SON, by means of a combined ICC

and ISH method (18).
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Materials and methods

Preparation of hybridization probes

The preparation of hybridization probes was described earlier (16). Briefly, a 285 and a 558

base-pair fragments (bases 52-610 and 1809-2094, respectively) of the rat ER-ß cDNA (15)

were selected as templates for transcription of cRNA probes and subcloned into the EcoRI
.4*

site of the pBluescript plasmid vector (Stratagene, La Jolla, CA). The vectors were linearized

with BamHI and antisense RNA probes were transcribed from the T7 promoter in the 

presence of 35g-UTP. To increase detection sensitivity of the hybridization procedure, the 

two probes were preferentially combined in a hybridization cocktail, instead of using a single

probe. A series of preliminary experiments detailed elsewhere verified the specificity of these

hybridization probes (16).

ISH detection of ER-ß mRNA by autoradiography

For single-labeling ISH studies of ER-ß mRNA expression, fresh-frozen sections including

the hypothalamic PVN and SON of the ovariectomized female rat were used as described

earlier (16). For single-cell analysis of the hybridization signal, the autoradiograms were

visualized on Kodak NTB-3 photograhic emulsion.

Combined use of ICC and ISH in the same sections

The methodology of combined ICC and ISH was modified from a previous protocol (18).

Animals

Five female Wistar rats (200-220 g) were maintained in a controlled environment (lights on

5h, off 19h, 22 °C), with food and water available ad libitum. The animals were anesthetized

with Avertin (lml/100g bw), and gonadectomized bilaterally. On postovariectomy day 12, the
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animals were reanesthetized and sacrificed by transcardiac perfusion using a short flush with

0.1 M phosphate buffered saline (PBS, pH 7.6), followed by 400 ml of a 4%

paraformaldehyde solution in PBS. Small tissue blocks containing the hypothalamic SON and

PVN were dissected from the brains, infiltrated with gradually increasing concentrations of

sucrose through 30% (for 24 h total) and snap-frozen on dry-ice. Then, 20-pm thick coronal

sections were prepared on a freezing microtome (Reichert-Jung), collected and stored

permanently in cryoprotectant solution at -20 °C (19) until use.

Preincubation, hybridization and washes

Immediately before hybridization, the sections were removed from the cryoprotectant 

solution and rinsed thoroughly in 2X standard saline citrate solution (2XSSC; 1XSSC=0.15M 

NaCl/0.015M sodium citrate, pH 7.0). Subsequently, they were pretreated with proteinase К 

(Serva Feinbiochemica GmbH & Co., Heidelberg, Germany; lpg/ml, dissolved in 2XSSC at

room temperature) for 30 min, postfixed with 4% paraformaldehyde for 5 mm to stop the

digestion, rinsed shortly in 2XSSC, and acetylated with 0.25% acetic anhydride in 0.1M 

triethanolamine (pH 8.0)/0.9% NaCl for 20 min. Finally, the sections were rinsed in 2XSSC

and transferred into hybridization solution.

During the hybridization, the sections were incubated in microcentrifuge tubes containing

the hybridization cocktail [50% formamide, 4XSSC, 10% dextran sulfate (500,000 MW;

Sigma Chemical Company, St. Louis, Ml), lXDenhardfs solution, 500pg/ml heparin sodium 

salt (Sigma Chemical Company), 0.5 mg/ml yeast tRNA (Boehringer Mannheim GmbH, 

Mannheim, Germany), 0.4 mg/ml sheared single-stranded salmon sperm DNA (Boehringer 

Mannheim GmbH), 200 mM dithiothreitol, and 30 000 cpm/pl of each hybridization probe.]. 

The tubes were sealed with Parafilm to exclude atmospheric air and placed in an incubator for 

hybridization overnight at 52 °C.

In the morning, the hybridized sections were rinsed in 1XSSC for 10 min, followed by a l- 

hour stringency-wash in 50% formamide/2XSSC at 50 °C and a 1-hour digestion of excess



•• ■••••../Т<-4К*^
—fT.-j.’

1

hybridization probes with RNAse A (Boehringer Mannheim GmbH; 100pg/ml in 2XSSC

buffer) at 37 °C. Finally, two sequential stringent treatment steps (1 hour each) were

performed in 50% formamide/2XSSC solutions at 50 °C and the sections were rinsed in 0.1M

PBS with 0.2% Triton X-100.

Immunocytochemical detection of oxytocin and vasopressin
f*

Before the immunocytochemical detection of either ОТ or VP was carried out, the sections

were immersed in 0.5% H2O2 in PBS for 10 min and blocked with 2% bovine serum

albumine (BSA) against non-specific antibody-binding for 20 min. The primary monoclonal

antibodies for neurophysin-OT (PS-38; 1/1000, kindly provided by Dr. Sharon Key) were 

diluted with 2% bovine serum albumin (BSA) in PBS and applied to the sections for 12 h at 

4°C. The tissue-bound antibodies were reacted with biotinylated antimouse IgG (1/800;

Jackson ImmunoResearch Laboratories, Inc., West Grove, PA), then with streptavidin-

peroxidase complex (1/2000; Jackson ImmunoResearch Laboratories, Inc.) for lh each. The

antiserum against VP (Incstar Corp., Stillwater, MN) was raised in a rabbit and applied to the 

sections at a 1/4000 working dilution for 12 h. The detection protocol included sequential 

incubation of sections in the antirabbit IgG (1/500, Amel Products Co., Inc., New York, NY.) 

and then, in the peroxidase-antiperoxidase complex (1/2000, Dako Corporation, Carpinteria, 

CA) solutions for lh each. Finally, ОТ- and VP-ER. neurons were visualized in a developer 

containing 0.01% diaminobenzidine tetrahydrochloride (DAB; Sigma-Aldrich Chemical

Company) and 0.003% H2O2 in 0.1 M Tris-HCl buffer (pH 7.6).

Detection of the hybridization signal

The immunostained sections were rinsed in PBS for 5 min, transferred briefly into 0.3%

Elvanol with 300 mM ammonium acetate, mounted onto precleaned double gelatin-coated

microscopic slides and air-dried. They were then dehydrated in a graded series of ethanol 

through 100%, dried and then dipped into photographic emulsion (LM-1; Amersham
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International plc, Amersham, UK) and exposed for 3-6 weeks at 4 °C. The slide 

autoradiograms were developed with Kodak D19 developer for 3 min, rinsed briefly with 

distilled water, then fixed with Kodak fixer for 5 min. Finally, the sections were dehydrated

in ethanols, cleared in xylenes and coverslipped with Permount.

Mapping of double-labeled cells
Л*

The immunocytochemical distribution of ОТ- and VP-ER neurons did not seem to respect-the 

borders of the classical anatomical subnuclei of the PVN. Moreover, a high percent of OT-1R 

neurons occurred in the classical parvocellular subnuclei of the PVN (20). Therefore, the 

topographical analysis of double- and single-labeled neurons in the PVN followed a 

simplified terminology adapted from a previous immunocytochemical study of ОТ- and VP- 

[R neurons, which subdivided the PVN into a rostral (rPVN) a middle (mPVN) and a caudal

(cPVN) portion (21).

In the caudal portion of the PVN where the highest cellular levels of ER-ß mRNA were

detected, a semiquantitative estimate of the numbers of ER-ß-positive ОТ-IR neurons was

made. From sixteen sections representing the cPVN of four animals, a total of 543 OT-IR

neurons were analyzed for co-expression of ER-ß mRN A.
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Results

Single-labeling studies

Following 3-6 weeks of autoradiographic exposure, a clear hybridization signal was

detectable in all three rostro-caudal subdivisions of the PVN and the whole rostro-caudal

extent of the SON. In order, the strongest labeling of neurons was observed in the cPVN (Fig.

la), then in the mPVN (Fig. lb) and finally, in the rPVN (not shown) and the SON (Fig. lc).

In the SON, the signal had a tendency to be slightly higher in the ventral than in the dorsal

part of the nucleus.

Colocalization studies with combined use of ICC and ISH

The method of combined ICC and ISH was used for the simultaneous visualization of ОТ- or

VP-immunoreactivity and ER-ß mRNA (Fig. 2).

Paraventricular nucleus

Corroborating the results of single-labeling experiments, the peak ISH signal intensity was

observed in the cPVN. The majority of the high ER-ß mRNA-expressing neurons in the

cPVN were immunoreactive for ОТ (Figs. 2a, b). Semiquantitative analysis of ОТ neurons

further revealed that 93+ 6.8 % of them also expressed ER-ß hybridization signal. In

addition, the few VP-IR neurons that intermingled with ОТ neurons in the cPVN often

coexpressed detectable, albeit relatively lower levels of ER-ß mRNA. In the mPVN, the

strongest hybridization signal was detected in cells situated ventro-medial to the central core

of VP neurons, and dual-labeling studies with the ОТ antiserum have established that most of

them were OT-ergic. Variable levels of ER-ß mRNA were revealed in different populations

of ОТ- as well as VP-fR (Fig. 2c) neurons. Subsets of ОТ- and VP-IR neurons in the mPVN 

did not contain detectable hybridization signal. Similarly, the population of ОТ-IR neurons in
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the rPVN consisted of a mixture of ER-ß mRNA-expressing and ER-ß mRNA negative

neurons, reflecting either lack of ER-ß-coexpression in some OT-ergic neurons or a limitation

of the method.

Supraoptic nucleus

In the SON, ER-ß mRNA was coexpressed both in VP- (Figs. 2d, e) and ОТ-IR (Fig. 2f)

neurons. Somewhat higher cellular levels of the receptor mRNA were seen in VP as

compared with ОТ neurons. Dual-labeled cells appeared along the rostro-caudal extent of the

nucleus. A longer exposure time was needed to visualize the hybridization signal in the SON,

compared with the PVN.
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Discussion

The results of the studies described herein have demonstrated that ER-ß mRNA is expressed

in ОТ- and VP-IR neurons of the hypothalamic PVN and SON.

Substantial data support an important role for estradiol in the regulation of magnocellular

ОТ and VP neurons. The concentration of ОТ in the pituitary (9) and in the hypophyseal

portal blood (22) as well as ОТ mRNA levels in the SON (9) change throughout the estrus

cycle and estrogen treatment of ovariectomized rats increases plasma ОТ levels (23). In

addition, VP mRNA in the SON is elevated in the lactating and the pregnant rat (9) and

lactation also increases the percent ratio of ОТ neurons that coexpress VP mRNA in this

nucleus (24). The effects of estradiol on the magnocellular systems are well documented,

although whether they are direct or intemeuron-mediated, have long been a question of

controversy. In the guinea pig, most ОТ neurons of the PVN and the SON contain

immunoreactive ER (10), supporting the hypothesis of a direct effect of estrogen. In contrast,

few magnocellular neurons were found to contain ER immunoreactivity in sheep (25) and

monkeys (26). In rats, only a restricted population of paraventricular neurons concentrate

tritiated estradiol (11; 12). Similarly, ISH studies of the rat hypothalamus have revealed the

absence of ER-a mRNA in the SON and only low levels of its expression in the anterior

magnocellular subnucleus of the PVN (17). Therefore, the concept that the actions of

estrogen on ОТ and VP neurons are mediated by estrogen-sensitive interneurons has been

raised. Accordingly, an ER-ER GABA intemeuron population located in the perinuclear zone

of the SON has been implicated in the circuitry whereby estrogens might regulate ОТ neurons

of the SON (13).

Recently, a second form of ER termed ER-ß has been cloned from rat prostate (I 5). Using

ISH with complementary probes to the ER-ß mRNA, the anatomical distribution of ER-ß

mRNA-expressing cells has been mapped in the hypothalamus (16) and brain (17) of the rat
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A surprising observation of these studies was the wide distribution of ER-ß mRNA in the

PVN and the SON. We now show that a large percent of ОТ- and VP-IR neurons in these

nuclei coexpresses ER-ß mRNA. The highest hybridization signal was revealed in the cPVN,

where 93+6.8 % of ОТ-ER. neurons expressed detectable levels of ER-ß mRNA. Interestingly,

this topographical distribution of double-labeled ОТ neurons highly resembles the map of

neurophysin-containing neurons which exhibit nuclear uptake of tritiated estradiol (12), and

project caudally to the medulla and/or spinal cord to influence autonomic functions (20).

Nevertheless, the area populated by ER-ß-positive ОТ neurons is larger and includes the

whole rostro-caudal extent of the PVN as well as the SON, comprising regions that project to

the posterior lobe of the pituitary gland. Most VP-ergic neurons expressing ER-ß mRNA

were localized in the middle portion of the PVN (mPVN), and ventrally in the SON. To

establish the precise role of ER-ß in functionally distinct subpopulations of ОТ and VP

neurons and to identify parvicellular neuropeptide systems which express ER-ß mRNA in the

subnuclei of the PVN, further studies will be required. The genes regulated by ER-ß in ОТ

and VP neurons are presently unclear. However, identification of ER-ß mRNA in ОТ

neurons, most of which do not express ER-a, might explain the presence of functional

estrogen-response elements on the promoter of the ОТ gene, itself (27). Among the 

neuropeptides that have been colocalized in magnocellular VP neurons (28), galanin might

represent a putative target for regulation by ER-ß because of the presence of estrogen-

response elements on the preprogalanin gene (29).

The method of combined ICC and ISH has been used successfully earlier for the

colocalization of preprogalanin mRNA with c-Fos- and LHRH immunoreactivities in the

preoptic area of the female rat (18). In the present application of the combination technique 

several efforts have been made to maximize the sensitivity of the ISH detection component. 

This seemed to be especially important in view of the relatively low cellular abundance of
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ER-ß mRNA. Modifications we have introduced to the protocol included a proteinase К

digestion step prior to hybridization in order to facilitate access of probes to the target mRNA

and combination of two antisense hybridization probes in the hybridization cocktail, instead 

of using a single cRNA probe. These changes resulted in a largely increased sensitivity of the

hybridization.

In summary, the present studies have localized ER-ß mRNA in paraventricular and

supraoptic ОТ-IR and VP-ER neurons of the rat. These new data suggest that estrogen direbtly

regulates gene(s) in ОТ-IR and VP-IR neurons.
i
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Fig. 1. Detection of ER-ß mRNA in representative sections of paraventricular (PVN) and

supraoptic (SON) nuclei by ISH. The expression of ER-ß mRNA in the PVN is highest in the

caudal part (a) and attenuated in the middle part of the nucleus (b). The receptor signal is the 

strongest in the lateral, magnocellular subdivision (arrows), while the medial, parvocellular 

subdivision (mp) is weakly labeled. In the SON (c) the hybridization signal is slightly higher 

in the ventral than in the dorsal part of the nucleus. *, third ventricle; oc, optic chiasm. Scale

bars: 150pm (in a, b) and 100pm (in c).



FIG. 2. Expression of mRNA encoding the ß type of ER in ОТ- and VP-immunoreactive (IR)

perikarya located in the hypothalamic paraventricular (PVN) (a,b,c) and supraoptic (SON) 

(d,e,f) nuclei of OVX rats, oc, optic chiasm; ОТ, oxytocin; VP, vasopressin, (a) Most of the

ОТ-IR neurons in the caudal part of PVN exhibit strong hybridization signal for ER-ß

mRNA. In this part of the nucleus the ОТ-IR neurons are rather scattered than forming a

solid mass, (b) OT-lR/ER-ß mRNA and (c) VP-IR/'ER-ß mRNA double labeled cells at

higher magnification in the PVN. (d) ER-ß mRNA expression in VP-IR neurons of SON. The

autoradiographic silver grains are mainly clustered over VP-IR neurons located in the ventral

part of the nucleus (arrows), (e) VP-lR/ER-ß mRNA and (f) OT-IR/ER-ß mRNA double

labeled cells shown at a higher power in the SON. In (f) arrows point to double labeled cells,

arrowheads mark immunonegative cells that express the ER-ß mRNA. Scale bars: 60pm (in

a, d) and 25pm (in b, c, e, f)




