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ABSTRACT

Neuropeptide messenger RNAs are generally of relatively low 
abundance and often have a very limited tissue distribution, being 
present in a defined and limited subset of neurones. This makes the 
study of their regulation by conventional RNA hybridisation techniques 
very difficult, and thus the technique of in situ hybridisation 
histochemistry has been used to localise growth hormone releasing 
factor (GRF) mRNA to cell bodies within the mediobasal hypothalamus. 
The gene is primarily expressed in cell bodies within the arcuate 
nucleus and around the ventromedial hypothalamus (VMH). This is in 
agreement with immunocytochemical studies, which have shown the 
presence of the peptide in a similar set of neurones.

The method of in situ hybridisation has been verified and optimised 
to provide an objective and quantitative means of investigating changes 
in mRNA content which may result from hormonal or surgical 
manipulations.

After hypophysectomy-, GRF mRNA levels are increased by 3-5 fold in 
the hypothalamus by two separate mechanisms. In the arcuate nucleus 
the amount of mRNA per cell is increased by 70% in hypophysectomised 
animals when compared to controls. Additionally, there is an 80% 
increase in the number of cells expressing the GRF gene around the VMH. 
Both growth hormone (GH) and thyroxine (T4) replacement partially 
attenuate these increases. GH and T4 may act synergistically.

In a parallel study carried out on hypothyroid rats, there was no 
significant change in GRF mRNA levels; however, these animals may still 
be secreting some GH. These results demonstrate the feedback loop 
that exists between GH and the GRF neurones, although thyroid hormones 
and glucocorticoids may also be involved.

The additional cells expressing the GRF mRNA after hypophysectomy 
may demonstrate the plasticity of the adult CNS, where these cells are 
recruited to express the GRF gene by the endocrine environment.

Extra-hypothalamic sites of synthesis of GRF have been addressed 
using in situ hybridisation, in the GI tract and reproductive system. 
GRF mRNA has been found in submucosal Brunner's glands in the duodenum, 
and within Sertoli cells in the testis.
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1.1 THE PHYSIOLOGICAL CONTROL OF GROWTH HORMONE (GH) SECRETION

Physiological studies 40 years ago, led to the concept that 

secretion of all hormones from the anterior pituitary gland would be 

controlled by specialised neurones in the hypothalamus. The

controlling mechanisms would be neurohumoral in nature, the products 

of these neurones reaching the pituitary through an extensive network 

of portal capillary vessels (Greene & Harris 1947).

The neuroendocrine regulation of growth hormone (GH) secretion 

from pituitary somatotrophs involves two factors of hypothalamic 

origin, a stimulator, growth hormone-releasing factor (GRF), and an 

inhibitor, somatostatin (SRIF) (Fig 1.1).

GRF mediates both the neural and hormonal control of the release 

and synthesis of GH in the anterior pituitary. GRF and SRIF are 

synthesised in specialised cells within the hypothalamus. When

stimulated, these cells release their peptide product into the portal 

capillaries of the median eminence, thereby inducing or inhibiting 

growth hormone release (reviewed by Vale et al 1977).

In adult animals, GH secretion is pulsatile as a consequence of 

complex interactions that occur between GRF and SRIF (Plotsky & Vale 

1985). GH has no single target organ, instead it can influence a

variety of tissues. It promotes growth of bone, soft tissue and

viscera, and has metabolic functions which, in general, oppose those 

of insulin.

Some of the effects of GH are due to direct action e.g. uptake of 

amino acids, others, such as growth, are mediated indirectly by 

somatomedins, in particular somatomedin-C, or IGF-1 (Salmon & 

Daughaday 1957).

The feedback regulation of GH secretion is very complex,

involving ultra-short loop, short loop and long loop signals. SRIF
13



Figure 1.1 Hypothalamic - Growth Hormone - Somatomedin Axis

GH secretion by the pituitary is stimulated by growth hormone 

releasing factor (GRF) and inhibited by somatostatin (SRIF).

Negative feedback control is exerted at the pituitary level by 

somatomedin C (or insulin-like growth factor I). IGF-I also acts at 

the hypothalamus to stimulate secretion of SRIF. Release of GRF is 

stimulated by cholinergic, a-adrenergic and dopaminergic stimuli, 

and inhibited by p-adrenergic stimuli. SRIF secretion is stimulated 

by cholinergic and dopaminergic stimuli, and inhibited by GABA. GH 

secretion is additionally modified by sleep rhythms, stress and 

exercise.
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and GRF regulate both their own and each other’s secretion. IGF-1 

and GH itself regulate GH secretion at both the pituitary and 

hypothalamic level. Both exhibit stimulatory effects on SRIF 

secretion, which in turn inhibits GH release. In addition, IGF-1 

reduces GH release in response to GRF. IGF-1 may also decrease GRF 

content and is thought to affect GH mRNA stability.

Additionally, GH gene expression is regulated by GRF, thyroid and 

glucocorticoid hormones, and stress, sleep and exercise are also 

known to influence GH secretion (Frohman & Jansson 1986). These 

effects will be discussed in greater detail later in Chapter 1.

1.2 HISTORICAL REVIEW OF GRF CHARACTERISATION AND BIOLOGY

Although somatostatin was the first hypothalamic GH regulating 

factor to be identified (Brazeau et al 1973), the existence of a 

stimulatory factor had been proposed more than a decade earlier by 

Reichlin (1960), who demonstrated that bilateral lesions in the 

ventromedial hypothalamus (VMH) of rats resulted in impaired linear 

growth. Deuben and Meites (1964) reported stimulation of pituitary 

GH release by an extract of rat hypothalamus in vitro. However, the 

bioassay used by these workers was later discredited after isolation 

of a putative GRF (Schally et al 1971) was shown to be a fragment of 

porcine haemoglobin (Veber et al 1971).

Using a rat GH radioimmunoassay with greater sensitivity and 

specificity, Frohman and Bernadis (1968) showed that electrical 

lesions of the VMH decreased pituitary and plasma GH levels and 

electrical stimulation of the ventromedial and arcuate nucleus 

regions increased GH plasma levels (Frohman et al 1969). A few years 

later, these workers reported that intrapituitary administration of

16



an extract of ovine hypothalamus caused an acute rise in plasma GH 

levels (Frohman et al 1971). Several confirmatory results appeared 

from a number of laboratories during the next few years, but all 

efforts to isolate and identify GRF remained unsuccessful, primarily 

because of loss of biological activity during purification attempts.

The solution to the problem came not from the use of larger 

quantities of animal hypothalami, but as a result of a series of 

clinical observations, associating acromegalic patients with 

carcinoid tumours which were not themselves secreting GH (Southren 

1960; Weiss & Ingram 1961; Buse et al 1961; Dabek 1974). Sonksen and 

colleagues (1976) demonstrated that removal of bronchial carcinoid 

tumours in two patients reversed the GH hypersecretion, suggesting 

that something from these tumours stimulated GH secretion. In 1979, 

extracts of bronchial carcinoid tumours were shown to exhibit 

dose-dependent GH releasing activity in rat pituitary cell cultures 

(Zafar et al 1979; Shalet et al 1979). These findings were confirmed 

with several other tumours and partial characterisation studies were 

performed. The GH releasing activity was found to be peptide in 

nature and was inhibited by SRIF (Frohman et al 1980). The limited 

quantity of tissue available and the low level of activity in many of 

the tumours precluded purification and isolation of the factor(s).

a) Isolation and sequencing of GRF

In 1982, Rivier et al and Guillemin et al succeeded in isolating 

and characterising GRF from extracts of two pancreatic endocrine 

tumours removed from two agromegalic patients. Rivier et al (1982) 

identified hpGRF40 in the Charlottesville tumour provided by 

Thorner's group (1982). In the Lyon tumour provided by Sassolas et 

al (1983) Guillemin identified three molecular forms of bioactive

17



Figure 1.2 Structure of human GRF

NH2 - Tyr - Ala - Asp - Ala - lie
2 0

Leu - Lys - Arg - Ala - Ser 
1 2 5

Leu - Gin - Asp - lie - Met
4 4  4  0

NH2 - Leu - Arg - Ala - Arg - Ala

1 0
Phe -  Thr - Asn - Ser - Tyr - Arg

Leu - Gin
1 5

- Gly - Leu - Val
1

- Lys
3 0

Ser - Arg -  Gin - Gin - Gly - Glu
3 5 1

Gly - Arg - Glu - Gin - Asn -  Ser

The 3 identified forms of the hormone are identical except for the 

C-terminal end of the molecule where hpGRF^ and hpGRF3 7 are shorter by 

4 and 7 amino acids respectively. The C-terminal ends of hpGRF4 Q and 

hpGRF3 7 are non-amidated, unlike that of hpGRF4 4 .
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Figure 1.3 Peptides of the glucagon-secretin family

hGRF Y A_D A I _F T_N S Y _ R K_ V L _ GQL  S A _ R K L L Q D  I  M _ S R Q Q G E S  

PHI H m V F T S D F S R L _ L G Q L S A K K Y L _ E S L I

VI P H S_D A V F T D N Y_T R L R K Q_M A V K K_Y L^N S I L  N 

SECRETIN H S D G T F T S E L S R L R D S A R L Q R L L Q G L V

GLUCAGON H S Q G T_F T S D_Y S_K Y L D S R R A Q D F V A H L M N T  

GI P Y A E G T F I S D Y S I A M D K I R Q Q D F V N W L L A Q K G K K

Residues underlined are identical with the corresponding residue of 

underlined hGRF. hGRF and its closest relative Peptide Histidine 

Isoleucine (PHI) have 12 common residues in an equivalent position, 

while 12 other residues could represent single nucleotide base changes. 

VIP, vasoactive intestinal peptide; GIP, gastric inhibitory polypeptide. 

Only the N-terminal portion of hGRF and GIP are shown.
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GRF, the longest of which was hpGRF44, which was amidated at the C 

terminus. The other two peptides were identical in structure, but 

shorter in length (and non-amidated) being fragments of hpGRF44NH2; 

hpGRF40 and hpGRF37 (Fig 1.2).

Both groups noted the structural homology with peptides of the 

glucagon-secretin family, and more particularly with the peptide 

histidine-isoleucine (PHI) isolated from porcine gastrointestinal 

tract by Tatemoto and Mutt (1981) (Fig 1.3).

With a larger amount of hypothalamic stalk median eminence 

tissue, Ling et al (1984a) showed hypothalamic GRF to be identical in 

structure to hpGRF44. Removal of increasing numbers of residues from 

the C terminal end indicated that full biological activity was 

present with a fragment as short as GRF29 (Ling et al 1984b).

b) Species variation (Fig 1.4)

In 1983, Spiess et al reported the isolation and characterisation 

of rat hypothalamic GRF from extracts of 80,000 rat hypothalami. The 

structure of rat GRF is substantially different from human GRF as it 

consists of only 43 residues and is non-amidated at the carboxy 

terminus. It shows 67% homology with the corresponding N terminal 43 

residues of hGRF44, the 13 amino acid differences being distributed 

throughout the molecule, although they are more frequent at the C 

terminal end. Mouse GRF (Suhr et al 1989) exhibits the greatest 

dissimilarity to human GRF, with 18 residues different, and a total 

length of 42 amino acids. Porcine (Bohlen et al 1983), bovine (Esch 

et al 1983) and ovine (Brazeau et al 1984) GRF sequences have been 

determined, and all exhibit almost complete homology to human GRF.

20



Figure 1.4 Amino acid sequence comparison of characterised GRF 

peptides

5 1 0 1 5 20 25 30 35 40 44

Human Y A DA 1 F T N S Y R K V L GQ L S A R K L L Q D I MS R Q Q G E S N Q E R G A R A R L- NH2

Pig Y A DA 1 F T N S Y R K V L G Q L S A R K L L Q D I MS R Q Q G E R N Q E Q  G A R V R L- NH2

Cow Y A DA 1 F T N S Y R K V L G Q L S A R K L L Q D I MN R Q Q G E R N Q E Q G A K V R L- NH2

Goat Y A DA 1 F T N S Y R K V L G Q L S A R K L L Q D I MN R Q Q G E R N Q E Q  G A K V R L- NH2

Sheep Y A DA 1 F T N S Y R K I L G Q L S A R K L L Q D I MN R Q Q G E R N Q E Q  G A K V R L- NH2

Rat H A DA 1 F T S S Y R R i L G Q L Y A R K L L N E I MN R Q Q G E R N Q E Q - - R S R F N-OH

Mouse H VA DA 1 F T T N YA R K L L S Q/A L Y A R K V I QA A D I MN K QA GA E R I QA E Q  - - R A R L S-OH

Amino acid residues underlined in the human sequence are identical 

in all species studied. Bovine and caprine GRF are identical in 

structure and exhibit only 1 and 2 residue differences from ovine and 

porcine GRF respectively. Rat GRF has 13 residues different from 

human GRF and is only 43 amino acids long. Mouse GRF exhibits the 

greatest dissimilarity with 18 residues being different from human 

GRF, and has a total length of 42 amino acids. Gaps (-) have been 

inserted into the rat and mouse sequences to bring them into maximal 

alignment with the human sequence.
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c) The GRF gene

Molecular cloning of the DNA extracted from the tumours used for 

the isolation of GRF was performed by Gubler et al (1983) using cDNA 

libraries generated from the Lyon tumour, and by Mayo and coworkers 

(1983) using a cDNA library constructed from the Charlottesville 

tumour. These studies provided characterisation and sequence 

analysis of the cDNA for the GRF precursor. From the inferred 

peptide sequence, two precursors of GRF, with lengths of 107 or 108 

residues, were identified. They are identical except for the 

presence or absence of a serine residue at position 103. The 

predicted precursor has a molecular weight of 13,000 and contains 

both amino (7-9 amino acids) and carboxy (30 or 31 amino acids)

extensions, as well as a carboxy terminal amidation signal for GRF44 

(Leu44-Gly).

The entire human GRF gene was isolated and mapped to chromosome 

20 by Mayo et al (1985a). The gene consists of 5 exons separated by 

4 introns, and spans lOkb of genomic DNA. The 5 exons encode

functionally discrete domains of the GRF precursor and its mRNA (Fig 

1.5).

Exon 1 includes the 51 non translated sequences; exon 2 encodes 

the signal peptide and small amino terminal connecting peptide; exon 

3 encodes most of the mature GRF peptide (all the biologically active 

portion); exon 4 encodes the carboxy terminal peptide (of unknown 

function) and exon 5 contains the 3' nontranslated sequences.

The two forms of GRF precursor result from a single gene - the 

inclusion or exclusion of serine at residue 103 resulting from 

different utilisation of two splice acceptor sites at the beginning 

of exon 5. The rat GRF gene was characterised by Mayo's group

(1985b) and is similar in structure to hGRF; however the C terminal

22



Figure 1.5 Structure of the GRF gene

Genomic

5' NT Signal GRF 3 ' NT Poly A

cDNA 50bp

d n a — Q

EXONS: 1
E —

5
M

2 3 4

The GRF gene consists of 5 exons separated by 4 introns and spans 

10 Kb. Exon 1 codes for the 5’ non-translated sequences; Exon 2 

encodes the signal peptide and a small amino terminal connecting 

peptide; Exon 3 encodes most of the GRF peptide, with Exon 4 

encoding the C terminal end, along with the carboxy terminal peptide. 

Exon 5 contains the 3' non-translated sequences.
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amidation signal present in human, bovine, ovine, porcine and caprine 

GRFs is absent in rat GRF. The N terminal sequences are well 

conserved, whereas the C terminal half diverges completely, at the 

point where the coding sequence is interrupted by intron D. The high 

conservation of nucleotide sequence in the 51 non-coding region 

reflects a functional importance, perhaps in regulation of GRF gene 

expression.

d) The effects of GRF expression in transgenic mice

Animals expressing experimentally introduced genes provide a 

powerful system in which gene expression and regulation can be 

studied (Palmiter & Brinster 1985). Hammer et al (1985) and Mayo et 

al (1988) examined the physiological consequence of GRF 

over-expression in transgenic mice harbouring the promoter/regulatory 

region of the ,mouse metallothionein-1 (MT-1) gene, fused with the 

coding region of the human GRF gene. Over-expression of the human 

GRF precursor peptide greatly accelerated growth rates relative to 

control littermates, and demonstrated a direct role for GRF in the 

control of somatic growth (Hammer et al 1985). Chronic GRF 

production in these mice leads to dramatic pituitary hyperplasia 

(Mayo et al 1988) due to selective proliferation of the GH producing 

cells, implying that this releasing hormone could also be acting as a 

trophic factor.

Botteri et al (1987) generated transgenic mice containing a 

fusion gene of the human GRF promoter sequence and the coding 

sequences from the simian virus 40 large T antigen in order to study 

the cis-acting regulatory sequences that confer tissue-specific 

expression. The SV40 oncoprotein is tumorigenic (Hanahan 1985) and 

thus it is strange that these mice showed no aberrant growth in the

24



hypothalamus. This could be due to the GRF enhancer element 

directing hypothalamic expression not being contained in the 

transgene construct. These animals, however, suffered from severe 

thymic hyperplasia although normally the GRF peptide and gene are not 

detectable in the thymus. This thymic hyperplasia does not appear to 

be connected to expression directed by the GRF sequences, but could 

be due to sequences present in the chimeric transgene, or in the SV40 

T antigen gene itself (Swanson et al 1985).

e) Distribution of GRF

i) Central nervous system

Early lesion experiments (Frohman & Bernadis 1968) and studies 

involving electrical stimulation (Frohman et al 1969) predicted that 

the major sites of GRF containing perikarya would include the 

ventromedial and arcuate nuclei of the hypothalamus. Monosodium 

glutamate treatment of rats produces a specific lesion in the arcuate

nucleus (Millard et al 1982; Bloch et al 1984a) and this was shown to

significantly decrease GH secretion.

With the availability of antisera raised against synthetic hpGRF, 

immunocytochemical and immunohistological techniques were used to 

localise GRF-containing neurones in the medio-basal hypothalamus. 

Bloch et al (1983a) demonstrated that antisera to hpGRF40 revealed 

immunoreactive fibres in the median eminence, but immunoreactive cell 

bodies were found only in the arcuate nucleus. Studies on humans 

(Bloch et al 1984b), monkeys (Bloch et al 1983b), cats (Bugnon et al

1983) and rats (Jacobowitz et al 1983) demonstrated that the majority 

of GRF immunoreactive cell bodies are present in both the 

ventromedial and arcuate nuclei.

Antisera raised against rat GRF allowed analysis of cellular
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distribution of GRF immunoreactivity in the same species from which 

the immunogen was derived (Sawchenko et al 1985; Merchenthaler & 

Arimura 1985; Daikoku et al 1986). GRF immunoreactivity in the rat 

is distributed in a similar pattern to that in the primate, with the 

major GRF containing area being the arcuate nucleus, and with GRF 

immunoreactive cells at the ventral and dorsal margins (but not 

throughout) of the ventromedial nucleus. Clusters of cells also 

extend along the lateral hypothalamus and are found along the walls 

of the third ventricle.

Nerve endings originating from cells in the arcuate nucleus 

project to the external layer of the median eminence, and terminate 

on the capillaries of the hypothalamic-pituitary portal system. Cell 

bodies in the ventromedial nucleus do not appear to project to the 

median eminence, and may project to other intra- or 

extra-hypothalamic regions, where GRF could act as a neuro

transmitter/ neuromodulator.

Small groups of neurones are also localised in the parvocellular 

division of the paraventricular nucleus and in the dorsomedial 

nucleus. It is unsure if these cells contribute to the plexus of 

fibres in the median eminence.

In addition to GRF immunoreactive cell bodies, there is a fine 

network of GRF fibres and varicosities that can be seen in the 

arcuate nucleus (Sawchenko et al 1985). Electron microscopy studies 

by Horvath and Palkovits (1988) have demonstrated GRF immunostained 

terminals in synaptic contact with GRF immunoreactive dendrites and 

perikarya. These circuits could provide evidence of a neuronal 

ultrashort feedback mechanism for regulating GRF release, or may come 

from extra arcuate GRF neurones which project to the arcuate nucleus.

GRF immunoreactivity has been shown to co-localise with tyrosine 

hydroxylase (TH) immunoreactivity in the ventro lateral part of the
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arcuate nucleus (Okamura et al 1985; Meister et al 1985, 1986). This 

may play an important role in the stimulation of GH release, as 

dopamine has been shown to play an excitatory role in the GH 

releasing mechanism in the infant rat and in humans (Liuzzi et al 

1976).

ii) Ontogeny of CNS GRF

GRF immunoreactivity has been demonstrated in both perikarya and 

nerve processes in the infundibular nucleus as early as 18 weeks of 

human foetal development (Bressen et al 1984). As somatotrophs are 

first detectable in the pituitary as early as the 8th week, this 

suggests that GRF may not be necessary for the control of GH until 

mid or late gestation. In the rat, immunoreactive GRF is first 

detected on day 18 of foetal life (Ishikawa et al 1986), which 

coincides with the first observation of GH. GRF content increases 

steadily until birth and for the first 50 days postnatally. GRF thus 

appears to serve an important role in the regulation of growth 

hormone secretion during late prenatal and early neonatal periods of 

rodents.

iii) GRF in extraneural tissues

GRF has been identified in extra-CNS loci by both radio

immunoassay and immunocytochemistry, though the results have not 

always coincided. In normal humans, there have been few convincing 

reports of extraneural GRF, though the presence of GRF in tumours 

derived from many tissues has been clearly demonstrated. Low levels 

of GRF have been reported in several segments of the upper intestine 

and pancreas in both humans and rats (Bosman et al 1984; Christofides 

et al 1984), but only in rat duodenum have characterisation studies 

confirmed the identity of GRF (Bruhn et al 1985). A biologically
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active GRF has also been identified in human (Shibaski et al 1984) 

and rat (Baird et al 1985) placenta, although its physiological role 

remains uncertain.

Berry and Pescovitz (1988) have recently identified at GRF-like 

substance in rat testis, which is present as both a peptide and a 

gene transcript, and appears to be of testicular origin. Like other 

neuropeptides found in the testis, e.g. GnRH, TRH, CRF, the role of 

GRF is at present unknown.

1.3 THE PHYSIOLOGY OF GRF SECRETION AND ACTION

a) Patterns of GRF and SRIF secretion into the hypophysial-portal

circulation

Spontaneous secretion of growth hormone in the rat (Tannenbaum & 

Martin 1976) is characterised by episodic, high amplitude bursts 

separated by troughs of low level secretion throughout each 24 hour 

period. GRF and SRIF are secreted tonically by the hypothalamus into 

the portal blood reaching the anterior pituitary gland. Superimposed 

on this steady state release, an additional rhythmic surge of each 

peptide occurs every 3-4 hours. This extra release of GRF and SRIF 

is partially but not totally out of phase, resulting in an ultradian 

rhythm of GH secretion (Tannenbaum & Ling 1984; Plotsky & Vale 1985). 

Conceptually, it appears that each GH secretory episode is initiated 

by pulsatile secretion of GRF into the portal system, which is 

preceded by or is concurrent with a moderate reduction of the 

inhibitory tone provided by portal SRIF.
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i) Continuous versus intermittent exposure to GRF

Continuous infusion of GRF to rats previously treated with 

anti-SRIF serum produces a rapid initial increase in plasma GH 

levels, followed by a slow decrease to a steady level, and a blunted 

GH response to a pulse of GRF after the infusion (Wehrenberg et al

1984). These results suggest pituitary desensitisation with 

continuous GRF exposure, which may be accounted for by depletion of 

the GH pool (Wehrenberg et al 1984; Bilezikian & Vale 1984) or by 

down regulation of GRF receptors (Bilezikian & Vale 1984).

The majority of the experiments performed in rats entail the 

removal of the SRIF influence and may not be a true physiological 

reflection. Additionally, several human studies have failed to show 

desensitisation. Patients with ectopic GRF production, where levels 

of GRF are continuously elevated, show marked increases in GH 

production and acromegalic symptoms (Vance et al 1985). A 

significant increase in GH secretion and body growth also occurs in 

transgenic mice expressing the GRF gene and displaying high plasma 

GRF concentrations (Hammer et al 1985). Thus it is doubtful whether 

desensitisation occurs in vivo.

Many reports suggest that intermittent administration of GRF to 

animals (Jansson et al 1985) and man (Gelato et al 1985) enhances 

responsiveness to the peptide. Clark and Robinson (1985a) showed 

that long-term pulsatile infusion of a hGRF fragment every 3 hours 

accelerated growth in GRF-deficient male and normal female rats, 

whereas continuous infusion had little effect. This result suggests 

that intermittent exposure to a comparatively small dose of GRF 

exerts a more favourable effect on the GH synthesis-release ratio 

than constant exposure to a larger dose.
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These findings indicate that high constant levels stimulate 

rather than inhibit GH production and release, but episodic release 

of GRF appears to be substantially more effective,

ii) Sex differences

The pattern of GRF release exerts an important role in regulating 

the different GH secretory patterns that occur in male and female 

animals. At puberty, the differences in GH secretion become obvious 

(Eden 1979). GH pulses occur regularly every 3-3| hours and reach 

several hundred ng/ml in the male, with levels undetectable between 

pulses (Tannenbaum & Martin 1976). Females have a more continuous GH 

secretion with lower amplitude pulses and higher troughs (Eden 1979).

GRF appears to be responsible for the pulses of GH in the male 

rat. Passive immunisation with anti-GRF serum abolishes these surges 

(Wehrenberg et al 1982). Administration of SRIF antiserum to male 

rats causes a greater increase in trough levels (Terry & Martin 1981) 

than in pulse height.

Basal release of GRF from hypothalamic explants is not 

significantly different between male and female rats but at all ages 

males release more GRF in response to potassium stimulation (Ge et al 

1989). Contrastingly, SRIF release, both basally and stimulated, is 

the same in the two sexes.

Male rats given GRF injections every 90 minutes respond only to 

every second injection, i.e. they displayed a 3 hour GH pulse cycle 

(Clark & Robinson 1985b), similar to spontaneous male GH secretion. 

This is due to varying GRF sensitivity rather than depletion of the 

GH pool or down regulation of receptors. Female rats, however, 

released GH to GRF at 40 or 90 minute intervals. Variations in GRF 

sensitivity in male rats may be due to a regular 3 hour cycle of SRIF 

release (Plotsky & Vale 1985), with female pituitaries being exposed 

to a more constant intermediate SRIF concentration (Clark & Robinson
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1985a).

Intracerebroventricular injections of anti-SRIF serum increase 

levels of GRF in the portal circulation during troughs but not peaks 

(Plotsky & Vale 1985). Thus SRIF may contribute to the low trough 

levels of GH in male rats by inhibiting GRF release as well as 

counteracting the actions of GRF at the pituitary. Rapid withdrawal 

of SRIF in vitro and in vivo causes a rebound release of GH which is 

caused mainly by hypothalamic release of GRF (Clark et al 1988). 

Thus the relative rates and magnitude of GRF and SRIF secretion are 

determinants of the sex differences in GH secretion. Moreover, GRF 

can regulate SRIF release and vice versa (Aguila & McCann 1985; 

Katakami et al 1986b).

Other studies indicate interactions between sex steroids and GRF. 

GRF stimulated GH release was greater in freshly dispersed cells from 

male rather than female rats (Evans et al 1985). Prior orchidectomy 

resulted in decreased GRF responsiveness that was reversed by 

testosterone replacement, whilst oestrogen treatment suppressed the 

effects of GRF.

The sex difference in GH release may in some part by explained by 

the greater proportion of somatotrophs (Gross 1980) and the higher 

pituitary GH content (Birge et al 1967) in male rats, factors over 

which testosterone may exert stimulatory effects.

Sex steroids exert few effects on GRF-induced GH release when 

added to cultured pituitary cells (Wehrenberg et al 1985a). The in 

vivo effects of sex steroids on pituitary GRF responsiveness must 

therefore be mediated by altered hypothalamic release of GRF or SRIF, 

or both. Thus, the sex difference in GH-secretory pattern appears to 

result primarily from complex interactions between GRF- and 

SRIF-producing neurones, with little contribution from steroid 

modulatory influences on somatotroph responsiveness to GRF or SRIF.
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b) The regulation of GRF synthesis and release

i) Ultra-short loop feedback regulation of GRF and SRIF
Both in vivo studies in which SRIF was directly administered into 

the central ventricles (Lumpkin et al 1981) and in vitro studies with 

cultured foetal rat hypothalamic cells (Peterfreund & Vale 1984) 

point to the possibility that SRIF and GRF might influence their own 

secretion via ultra-short loop negative feedback mechanisms.

Additionally GRF and SRIF influence each other's secretion. 

Katakami et al (1986b) showed that intracerebroventricular (ICV) 

injections of GRF stimulates SRIF release in order to suppress GH 

secretion. Similarly, ICV injection of SRIF increased plasma GH, 

this effect being mediated in part by GRF (Murakami et al 1987). 

These results demonstrate the presence of inhibitory feedback 

controls within the central nervous system, for the regulation of GH 

secretion.

ii) Neurotransmitter control
GH release induced by the a 2 receptor agonist, clonidine, is 

completely abolished by pre-treatment with rabbit anti-rat GRF serum 

(Miki & Shizume 1984). This indicates that the central c^-adrenergic 

stimulation of GH release is mediated by endogenous GRF.

In vivo and in vitro studies of p-adrenergic influences on GH 

secretion have produced conflicting data. The in vivo effects seem to 

be inhibitory, and the in vitro effects stimulatory. In vitro 

stimulation of GH release by p-adrenergic agents, including 

adrenaline and noradrenaline, is well established (Perkins et al 

1985). The p-adrenergic stimulation is brought about by production 

of cAMP, a system activated during GRF stimulated GH release (Brazeau 

et al 1982). It is suggested, however, that p-adrenergic agents act
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directly to stimulate GH release. Chihara et al (1984) have shown in 

vivo that p-adrenergic blockade augments GH release. This 

p-adrenergic inhibitory effect is probably due to SRIF release (Krieg 

et al 1988).

Cholinergic tone also influences GH response. Atropine 

selectively inhibits GRF-induced GH secretion in adults (Casanueva et 

al 1986). Drugs which enhance cholinergic tone increase GH secretion 

and augment the GH response to GRF (Massara et al 1986). These data 

are consistent with the view that the cholinergic system exerts an 

inhibitory control over SRIF secretion in man (Ross et al 1987). 

Dopamine has been shown to inhibit GH secretion (Cronin et al 1984). 

Kitaj ima et al (1989) have shown that dopamine is a secretagogue for 

both SRIF and GRF, indicating that dopamine plays a complex role in 

the regulation of GH secretion. GH release induced in the rat by 

various opioids is also inhibited by immunoneutralisation of GRF 

(Miki & Shizume 1984; Wehrenberg et al 1985b). Additionally, the GH 

release induced by y aminobutyric acid (GABA) is shown to be 

abolished by GRF antiserum (Murakami et al 1985).

iii) Other factors

As the hypothalamic factors controlling GH secretion are under 

the control of the central nervous system, stresses such as exercise, 

excitement, cold, anaesthesia, surgery and haemorrhage, can all 

produce a rapid increase in the concentration of GH in serum. The 

most significant and consistent changes in GH secretion are 

associated with sleep, and bursts of secretion occur every 1 - 2  hours 

during deep sleep (Finkelstein et al 1972).

In vivo administration of SRIF in man powerfully suppresses basal 

and stimulated GH release in response to a variety of stimuli 

including exercise (Prange-Hansen et al 1973) and sleep (Parker et al
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1974).

Plotsky and Vale (1985) reported that urethane and pentobarbital 

anaesthesia in rats markedly suppressed GRF secretion into the 

hypophyseal portal blood. Imaki et al (1985) showed that free fatty 

acids (FFAs) inhibit the GH response to GRF. Whether FFAs act

directly on the pituitary gland or through other central mechanisms 

is not known.

One other parameter that can alter GRF response is body mass. 

Williams et al (1984) showed that the GH response to GRF was severely 

blunted in morbidly obese patients. Following weight loss, the GH 

response increased but was still lower than that of normal subjects. 

The mechanisms of this effect of body weight on the response to GRF 

is not yet clear.

c) Cellular mechanisms of GRF action: (Fig 1.6)

i) The GRF receptor

The cell surface receptor for GRF has been incompletely 

characterised; Seifert et al (1985a) have reported the specific 

binding of GRF to high affinity binding sites on intact rat pituitary 

cell cultures. Rat GRF was found to be more potent than human GRF in 

releasing GH from rat pituitary cells, and had a higher binding 

affinity. The GRF radioligand was not displaced by peptide histidine 

isoleucine or vasoactive intestinal polypeptide (VIP). GRF binding 

to specific receptors has also been reported using partially purified 

rat pituitary membranes (Seifert et al 1985b). Glucocorticoid 

treatment enhances GRF binding capacity, possibly explaining why 

glucocorticoids potentiate the GH response to GRF. Cross-linking 

studies with a GRF analogue (Zysk et al 1986) identified a 

polypeptide of 26 kDa, whose radiolabelling was diminished in a
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Figure 1.6 Proposed model for the effects of GRF and SRIF on
the adenylate cyclase - cAMP pathway in the somatotroph
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The initial step entails the binding of GRF or SRIF to their 

respective membrane receptors (Rec). The activated GRF-receptor 

complex stimulates the catalytic subunit (C) of adenylate cyclase 

by activating a stimulatory G protein (Gg). Activated C then 

converts ATP to cAMP which stimulates GH release and probably also 

GH synthesis. Conversely, the SRIF-receptor complex inhibits the C 

subunit via an inhibitory G protein (G^).

(Taken from Frohman & Jansson, 1986)
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concentration-dependent manner by unlabelled GRF. However, in a 

similar experiment, Velicelebi et al (1986) observed specific 

labelling of a putative receptor with a molecular weight of 75 kDa in 

both rat and bovine pituitaries. They propose disulphide linking of 

receptor subunits to form a multimer.

Struthers and Bilezikjian (1989) have identified both high and 

low affinity GRF binding sites within a transplantable GH secreting 

tumour - MtTW15. This provides a model in which to study the GRF 

receptor.

ii) The SRIF receptor
Saturable and specific SRIF receptors have been found on rat 

(Reubi et al 1982a; Aguilera & Parker 1982) and bovine (Leitner et al 

1979) anterior pituitary cell membranes. These receptors mediate the 

inhibitory effect of SRIF on GH release. Good correlation between 

the affinity of SRIF receptors and the ability of various synthetic 

SRIF analogues to inhibit GH release has been observed (Aguilera & 

Parker 1982; Reubi et al 1982b). The presence of SRIF receptors in 

normal humans has not been addressed, but the ability of SRIF to 

inhibit normal GH secretion in man strongly indicates their presence.

iii) Second messenger systems
Adenylate cyclase system 

cAMP derivatives and theophylline have long been known to 

stimulate GH release in vitro (MacLeod & Lehmeyer 1970) and more 

recently forskolin and cholera toxin have been shown to stimulate GH 

secretion (Brazeau et al 1982) by activating the adenylate cyclase 

system. GRF increases both extra- and intracellular cAMP 

accumulation (Bilezikjian & Vale 1983), and also stimulates pituitary 

adenylate cyclase in a dose and GTP dependent manner (Labrie et al
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1983). Thus it appears likely that the activated GRF-receptor 

complex couples to a stimulatory G protein (Gs) and thereby activates 

the adenylate cyclase catalytic unit. The catalytic unit, once 

activated, converts ATP to cAMP and thus stimulates GH release, and 

probably also GH synthesis. It is proposed that SRIF acts to oppose 

this system by activating an inhibitory G protein in the adenylate 

cyclase unit (Jakobs et al 1983). However, SRIF does not completely 

inhibit the increase in cAMP caused by GRF even when it abolishes GH 

release (Bilizikjian & Vale 1983; Login et al 1986).

Calcium flux system

GRF produces a rapid dose-dependent stimulation of calcium efflux 

(Login et al 1986), at a concentration 10 times lower than that 

required to increase intracellular cAMP. Verapamil, a calcium 

channel blocker, abolishes GRF-induced GH release but has no effect 

on cAMP production. The release of GH by a cAMP analogue is blocked 

by verapamil (Bilezikjian & Vale 1983). Additionally in purified 

somatotrophs PGE2 and diacylglycerol have been shown to increase both 

GH release and the internal calcium concentration (Lussier et al 

1989). All these findings are consistent with the assumption that 

calcium mobilisation into the cytosol is distant to cAMP synthesis in 

the GH release pathway.

SRIF blocks calcium ionophore stimulated GH release (Kraicer & 

Spence 1981). The peptide is postulated to act either by slowing the 

transmembrane flow of calcium or by inhibiting some step later in the 

pathway. SRIF has also been shown to inhibit calcium mobilisation 

from perifused pituitary cells (Login et al 1986).

Ca++-calmodul in system

Schnetti et al (1984) reported that a calcium ionophore
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stimulated cAMP accumulation in addition to causing GH release. An 

antagonist to calmodulin reversed this effect, suggesting that the 

Ca++-calmodulin complex participates in the GRF activation of 

adenylate cyclase.

d) GH synthesis and release

i) GH synthesis

Destruction of GRF producing neurones in the hypothalamus causes 

a decrease in both plasma GH levels and pituitary GH content (Millard 

et al 1982; Eikelboom & Tannenbaum 1983). Also, GH content is 

increased in pituitary cell cultures after exposure to GRF 

(Bilezikjian & Vale 1983), as discussed previously, indicating a 

direct role of GRF on GH synthesis.

GRF has been shown to stimulate transcription of the GH gene 

(Barinaga et al 1983) and increase levels of GH mRNA in the rat 

pituitary (Gick et al 1984). Increased GH gene transcription occurs 

with exposure of pituitary cells to forskolin (Barinaga et al 1985), 

and in vitro treatment with a cAMP analogue increases GH content 

(Bilezikjian & Vale 1983). Additionally, GH transcription occurs 

independently of calcium mobilisation (Barinaga et al 1985). These 

results indicate that increased GH synthesis appears to be dependent 

on the adenylate cyclase-cAMP system and not on calcium mobilisation. 

Several studies also indicate that SRIF has no effect on GH gene 

transcription (Barinaga et al 1985; Fukata et al 1985).

ii) GH secretion

GH secretion in vitro is stimulated by prostaglandins of the E 

series (Schofield 1970) and this stimulation is reversed by SRIF 

(Michel et al 1983). Fafeur et al (1985) have reported that GRF
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induces a dose dependent release of prostaglandin E2 from rat 

pituitary. Also indomethacin and aspirin (cyclooxygenase inhibitors) 

inhibited GRF induced GH release;. PGE2 restored the GH release. PGE, 

and PGE2 also increase adenylate cyclase activity and cAMP levels in 

the pituitary (Zor et al 1969). This effect is reversed by SRIF 

(Michel et al 1983). It has not, however, been proved that the GH 

releasing effects of PGE, and PGE2 are mediated by cAMP. Although 

interactions exist between GRF, prostaglandins, adenylate cyclase and 

GH secretion, the exact mechanisms of action are as yet unknown.

e) Insulin-like growth factor 1 - a peripheral mediator of GH action

Growth hormone can influence a variety of tissues, promoting 

growth of bone, soft tissue and viscera. In addition GH has 

physiological actions which antagonise insulin action. Growth 

appears to be mediated indirectly.

Salmon and Doughaday (1957) observed that serum from 

hypophysectomised rats lacked the activity, seen in normal rats, to 

incorporate 35S into cartilage. This was not corrected by the 

addition of GH, but could be restored by adding normal rat serum. 

The somatomedin hypothesis postulated that the peripheral actions of 

GH are mediated by a direct acting growth factor.

Insulin-like growth factors (IGFs) are polypeptides synthesised 

mainly in the liver, transported in the blood, bound to serum binding 

proteins (Zapf et al 1975) and released by dissociation and binding 

to the IGF receptors. Many other tissues, however, appear to 

synthesise IGF-1 (d'Ercole et al 1984) and there has been much debate 

as to the mode of action of IGF-1, endocrine or autocrine/paracrine.

Maes et al (1984) report an increase in the number of hepatic GH 

receptors after birth in the rat, coinciding with an increase in
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serum IGF-1. However, an increase in IGF-1 mRNA in cartilage growth 

plates in hypophysectomised rats after GH treatment provides evidence 

that the action of GH on cartilage is mediated by IGF-1 synthesis 

locally. IGF-1 mediated GH effects have been confirmed repeatedly in 

bone and cartilage (Hall 1970; Phillips & Weiss 1982). In contrast 

to this, direct effects of GH on primary chondrocytes and osteoblast 

cultures have been reported (Meier & Solursh 1972; Stracke et al

1984). Thus the mode of action of GH on skeletal tissues is not yet 

clear. IGF-1 appears to mediate the actions of GH in a autocrine 

manner, but a possible endocrine role of circulating IGF-1 cannot be 

excluded.

f) GH and IGF feedback

GH and its peripheral mediators of action exert a negative 

feedback effect on normal GH secretion. In the rat, GH does not 

directly suppress GH release at the pituitary level (Richman et al 

1981) but it inhibits its own release via a negative autofeedback 

effect at the hypothalamic level, by reducing secretion of GRF 

(Chihara et al 1981; Conway et al 1985).

IGF-1 directly stimulates SRIF release from cultured rat 

hypothalamic fragments (Berelowitz et al 1981) but both IGF-1 and 

IGF-II also exert direct negative feedback on GH release by the rat 

somatotroph (Goodyer et al 1984a; Yamashita & Melmed 1986). Specific 

receptors for IGF-1 are present in rat pituitary tissue (Goodyer et 

al 1984b). The direct IGF-1 mediated suppression of GH release 

appears to act via suppression of GH gene transcription (Yamashita & 

Melmed 1986, 1987).

SRIF and IGF-1 have been shown to exert an additive inhibitory 

effect on basal (Hoeffler et al 1987) and GRF stimulated GH secretion
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by normal cultured rat pituitary cells (Lamberts et al 1989).

g) Hormonal modulation of the GH response

Although modulation of the GH response occurs mainly within the 

hypothalamus, peripheral factors also influence the sensitivity of 

somatotrophs to GRF and SRIF.

i) Glucocorticoids

Wehrenberg et al (1983) showed that both intact and 

adrenalectomised rats treated with dexamethasone had an enhanced GH 

response to GRF. Adrenalectomised animals had lower GH responses to 

submaximal doses of GRF than intact animals, and this response was 

restored by dexamethasone, suggesting that glucocorticoids increase 

the sensitivity of the pituitary gland to GRF. Additionally, 

pre-incubation of rat pituitary cultures with dexamethasone resulted 

in a large increase in both GH release following GRF stimulation, and 

in the sensitivity of the pituitary to GRF (Michel et al 1984).

Glucocorticoids directly attenuate the sensitivity of 

somatotrophs to SRIF (Schonbrunn 1982), but completely prevent the 

inhibitory effects of IGF-1 on GH secretion (Lamberts et al 1989).

ii) Thyroid hormones

GH secretion is also reduced in hypothyroidism (Williams et al 

1985) and propylthiouracil-induced hypothyroidism blunts the response 

to GRF both in vivo and in vitro (Root et al 1985).

Hypothyroidism diminishes the hypothalamic content of 

immunoreactive GRF by 50%, a decrease that was completely restored by 

thyroid hormone replacement therapy (Katakami et al 1986). The 

action of thyroid hormone at the hypothalamus and at the pituitary
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probably accounts for the marked decrease in spontaneous GH secretion 

as well as pituitary GH content in hypothyroid rats.

iii Sex steroids

There is relatively little information on the effects of sex 

steroids on the GH response to GRF. Prepubertal boys and girls and 

young and old adult men and women show similar responses to maximal 

doses of GRF (Gelato et al 1984). There also appear to be no obvious 

changes in the responses of women in the menstrual cycle (Gelato et 

al 1984).

McCormick et al (1984) showed, in both sexes of rat, that 

testosterone increased and oestrogen decreased the GH response to 

GRF. However in humans, in vivo, oestrogens appear to sensitise the 

pituitary gland to stimulators of GH release (Merimee et al 1969).

iv) Glucose

Glucose suppresses GH levels in normal subjects and can modulate 

the effects of GRF. In normal adults, the GH response to GRF was 

significantly depressed following a loading dose of 50% dextrose, 

compared to the fasting response (Sharp et al 1984). Whilst both 

insulin and glucose levels rose after the glucose infusion, there was 

no correlation between the change in insulin levels and the decrease 

in response of the pituitary to GRF. A group of hypoglycaemic, 

poorly-controlled diabetic patients showed no change in 

responsiveness to GRF, suggesting that the suppressive effect of 

hypoglycaemia is not sustained indefinitely (Press et al 1984). At 

what level glucose acts to inhibit the GH response to GRF is at 

present not clear.
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1.4 AIMS OF THIS STUDY
The concentration of a specific neuropeptide in an area of the 

brain is the result of various steps of its fate: synthesis, storage 

and release. Thus, measurement of peptide levels within the CNS may 

not be indicative of true physiological control. Although peptide 

levels may be increased or decreased by physiological manipulations, 

the molecular mechanism by which these changes are mediated is 

complex. Regulation may occur at one or more pretranslational step, 

or by varying the amount of peptide released. For a clear 

understanding of the regulatory mechanisms underlying the synthesis 

of GRF, more direct studies on the physiological regulation of the 

GRF gene are required.

The messenger RNA for GRF is relatively low in abundance and the 

peptide is synthesised in a very defined and limited subset of 

neurones. This makes isolation of the particular tissue for RNA 

analysis by Northern blots or SI nuclease protection assays very 

difficult.

Considering these factors, it appeared that studies on GRF gene 

expression could best be approached using the techniques of in situ 

hybridisation.

Thus the first aim of this study was to set up and optimise this 

technique for use with the GRF cRNA probe and rat brain tissue. Once 

established, the technique was used to localise the specific cells 

within the hypothalamus that express the GRF gene.

The regulation of GRF gene expression in response to 

physiological and surgical manipulations of the GRF/GH feedback 

system, was also to be addressed using this semi-quantitative method. 

Finally, identification of any extra hypothalamic sites of GRF gene 

expression was attempted to further understanding of the 

physiological role of GRF.
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CHAPTER 2

MATERIALS AND METHODS
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2,1 GENERAL PROCEDURES

a) Restriction enzyme digests
Restriction enzyme digests were performed in low, medium or high 

salt buffers as recommended by Maniatis et al (1982). Digests 

contained 0.1 volume of enzyme, 1 x buffer, no more than 0.2vig/vil DNA 

and were carried out at 37°C in a volume of 10-20jj1 for 1-4 hrs, or 

overnight in a volume of 50iil.

When the products were to be used in further enzymic digestions, 

an aliquot was analysed by gel electrophoresis, and when digestion 

was judged to be complete, the products were either precipitated with 

ethanol, or salt was added to adjust the buffer to that required by 

the second enzyme.

Other digests were subject to immediate electrophoresis after the 

addition of 0.2 volume of 0.01% bromophenol blue in 50% glycerol.

b) Phenol extraction
To a volume of 50|il of DNA and Tris/EDTA (TE) buffer, 50iil of 

phenol saturated with TE was added. This was mixed to form an 

emulsion and then centrifuged for 5 minutes in a microfuge. The 

upper phase was transferred to a new tube avoiding the material at 

the interphase, and the procedure was repeated prior to ethanol 

precipitation.

c) Ethanol precipitation
To the phenol extracted DNA, 1/10 volume of 3M sodium acetate pH 

6.0, or 5M ammonium acetate, and 2.5 volumes of cold ethanol were 

added. This was left at -20°C overnight, or on methanol/dry ice for 

20 minutes in order to precipitate the DNA. The Eppendorf tube was 

spun in a microfuge for 1 0 minutes and the supernatant was carefully
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poured off the DNA pellet. This pellet was washed with 750^1 cold 

70% ethanol, and centrifuged for 5 minutes. After removing the 

supernatant the DNA was dried thoroughly in a vacuum dessicator, and 

resuspended in an appropriate volume of TE buffer.

d) Gel electrophoresis

(i) Agarose gel electrophoresis - to separate DNA fragments 

Agarose gels were used for routine analysis of DNA fragments and

for isolation of DNA fragments prior to subcloning or nick 

translation.

Agarose was dissolved at 0.5-1.5% (w/v) in lxTBE by boiling,

allowed to cool to 50°C, and ethidium bromide added to 0.5|ig/ml. 

Gels were poured into a gel former and samples were loaded into the 

wells (wells were enlarged for fragment preparative gels). 

Electrophoresis was performed in 1 x TBE at 100V for 1-2 hrs or until 

desired separation was achieved.

DNA was visualised by illumination with ultra violet light and 

photographed with a polaroid camera. DNA fragment sizes were 

estimated by comparison with restriction fragments of known sizes 

(Hindlll fragments of phage X or Haelll fragments of 0X174).

(ii) Urea/polyacrylamide gels - For sequencing and sizing of 

transcripts:

6 % gels were made by dissolving 14.4g of urea in 4.5ml of 30% 

bis/acrylamide and 3ml of (lOx) TBE in a total volume of 30ml. 200|il

of 10% ammonium persulphate and 30]il TEMED (NNN'N1-tetramethyl- 

ethylenediamine) were added and the solution rapidly poured into a 

preformed gel mould. This was set up using clean glass gel plates 

separated by spacer bars and bound with watertight 3M electrical 

tape. After inserting the comb, the acrylamide was allowed to
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polymerise at room temperature for 60 min. The gel was run in a 

vertical electrophoresis tank in lxTBE. Pre-heated samples were 

loaded with a micropipette and the gel was run at 1000V. At the end 

of the run, when the lighter blue xylene cyanol band had reached the 

bottom of the gel, the gel was collected onto 3MM paper (dried if 

using 3 5 S) and exposed to autoradiographic film overnight.

2.2 DNA ANALYSIS

a) Preparation of competent bacteria

E. col i (strain TGI) was streaked onto an L-agar plate, grown at 

37°C overnight, and a single colony used to inoculate 5ml of L-broth. 

After incubation at 37°C overnight, 0.5ml of the culture was added to 

50ml of broth. The flask was shaken at 37°C until the OD6so of the 

culture reached 0.5 to 0.7 (approximately 2 hours). The cells were 

pelleted by centrifugation at 4000 rpm, 4°C, for 5 minutes, and

resuspended very gently in half a volume of ice cold 100 mM calcium

chloride. After incubation on ice for 20 minutes, the cells were

repelleted at 4°C (400 rpm,5 minutes) and resuspended in one fortieth 

of the original culture volume of 100 mM CaCl2. This was left on ice 

for at least 40 minutes, and subsequently used for transformations.

b) Transformation of bacteria

The DNA to be transformed was added, in a volume of lOyl, to 

lOOyl of competent cells, and incubated on ice for 40 minutes. 

Following heat shock at 42°C for 2 minutes, 1.5ml of L-broth was 

added, and the tube was incubated at 37° for 1 hour. 10pl of lOOmM 

IPTG , 50|il of 2% X-Gal and 1ml of normal 1.5% agar were added. 

This was poured onto L-agar plates containing the appropriate 

antibiotic, and incubated at 37°C overnight. The efficiency of
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transformation was estimated by comparison with controls, typically 

5ng of uncut plasmid. Antibiotic-resistant colonies that had lost 

fi-gal activity were used to prepare 'minipreps1 of DNA, which were 

analysed by restriction enzyme digestion.

c) Isolation of plasmid DNA
(i) Minipreps (Maniatis - with modifications suggested by Promega 

Biotech):

Alkaline lysis method. 5ml of L-broth containing lOOyg/ml ampicillin 

was inoculated with a single bacterial colony, and incubated at 37°C 

overnight with vigorous shaking. 1.5ml of this was spun in an 

Eppendorf tube for 1 min, and the medium removed, leaving the 

bacterial pellet as dry as possible. The pellet was resuspended by 

vortexing in lOOyl of ice cold solution I (25mM Tris HC1 pH 7.5, lOmM 

EDTA, 15% sucrose) and placed in ice for 5 min; 200yl of freshly 

prepared 0.2N NaOH, 1% SDS was then added and mixed by inversion 

only. The tube was stored on ice for 5 minutes and 150yl of ice cold 

potassium acetate, pH 4.8, was added. This was mixed by inversion 

and incubated on ice for 5 minutes. The tubes were spun for 10 

minutes in a microfuge and the supernatant transferred to a fresh 

tube, avoiding the white precipitate. RNase A was added to a final 

concentration of 20yg/ml and incubated at 37°C for 20 min. This was 

then phenol:chloroform extracted and ethanol precipitated. The pellet 

was washed with 70% ethanol and resuspended in 16yl of distilled 

water. 4yl 4M NaCl was added with mixing, followed by an addition of 

20yl 13% PEG. The reagents were mixed well and incubated on ice for 

60 min. The nucleic acids were recovered by centrifugation, washed 

with 70% ethanol and resuspended in 10-20 yl of sterile distilled 

water.
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(ii) Maxiprep (modified from Promega Biotech):

A single bacterial colony was used to inoculate 5ml of L-broth 

containing the appropriate antibiotic. This was grown overnight at 

37°C and the starter culture added to 250ml of L-broth plus 

antibiotic. After shaking overnight at 37°C, cultures were harvested 

(5000 rpm, 15 min), drained well and resuspended thoroughly in 6ml of 

freshly prepared solution I. This was incubated on ice for twenty 

minutes before the addition of 12ml of 0.2M NaOH, 1% SDS. After 

mixing by inversion, and incubating on ice for 10 minutes, 7.5ml of 

3M sodium acetate pH 4.6 was added. This was mixed by inversion, and 

the solution was placed in ice for 20 minutes. Centrifugation at 15K 

rpm for 15 minutes precipitated out all proteins, chromosomal DNA and 

cell debris. The supernatant was treated with 50pl RNase A at 37°C 

for 2 0  minutes, extracted twice with phenol chloroform and ethanol 

precipitated. The resulting pellet was resuspended in 1.6ml

distilled water and 0.4ml 4M NaCl and 2ml 13% PEG added with mixing 

and put to 4°C overnight. The DNA was recovered by centrifugation 

(10k rpm for 10 minutes) and dissolved in an appropriate volume of TE 

buffer.

d) Preparation of genomic DNA

Tissue (lg) was minced in 2ml of 0.2% Nonidet P40/0.9% NaCl

buffer in a sterile glass homogeniser at 4°C and volume was made up 

to 10ml with the buffer. The homogenate was centrifuged (2000 rpm, 

4°C for 15 minutes) and the resulting pellet was resuspended in 30ml 

of the saline/Nonidet buffer. Further centrifugation was carried out 

and the pellet was lysed in 10ml of 7M urea, 0.3M NaCl, lOmM EDTA,

lOmM Tris-HCl pH 7.5 with 2ml of 10% SDS for 10 minutes at 37°C. The

solution was extracted twice with phenol/chloroform, once with 

chloroform and ethanol precipitated overnight at -20°C. The genomic
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DNA was recovered by spooling (twisting around the bent end of a 

sterile pipette), washed with 70% EtoH and resuspended in 5ml TE. 

RNase A was added to a final concentration of 100ug/ml and incubated 

at 37°C for 1 hr. 250vil of 10% SDS was added. This was then 

incubated at 56°C for 1 hr with 100 jig/ml proteinase K. The DNA was 

extracted twice with phenol chloroform, once with chloroform and 

ethanol precipitated. The high molecular weight DNA was collected by 

spooling and the yield determined from OD2 6 0 / 2 8 0 measurements.

e) Isolation of DNA fragments by electrophoresis
Ethidium bromide stained agarose gels were viewed under UV light 

and a gel slice containing the fragment of interest was cut out using 

a new razor blade. The gel slice was collected into a 1.5ml 

Eppendorf tube containing 1 x electroelution buffer. The slice was 

transferred into prewashed dialysis tubing (18/32) tied at one end. 

The bag was sealed excluding all bubbles and electroeluted in an 

agarose gel tank containing 1 x electroelution buffer at 2 0 0 v for 1 - 2  

hrs. Current direction was reversed for 1 minutes to remove any DNA 

adhered to the bag. The buffer was recovered from the bag and the 

DNA was ethanol precipitated. The resulting pellet was washed with 

70% ethanol and dissolved in an appropriate volume of TE.

f) Subcloning and ligations
Ligations were carried out in small volumes (5 to 10}il) of 1 x 

ligation buffer (50mM Tris HC1 pH 7.5, 20mM DTT, lOmM magnesium 

acetate, ImM adenosine 5'triphosphate (ATP), 10|ig/ml BSA) at 4°C 

overnight. T4 DNA ligase was used at a concentration of 20 units/ml 

for sticky end ligations, and 80 units/ml for blunt end ligations. 

In general, the fragment to be subcloned was added in a 3-fold molar 

excess to the vector in which it was to be ligated.
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g) Radioactive labelling
(i) Multiprime DNA. labelling (Amersham kit)

25ng of double stranded DNA fragment in 20|il sterile distilled 

water was denatured for 2 minutes at 100°C. On ice, lOiil buffer 

(containing unlabelled dNTPs), 5^1 of primer solution (random 

hexanucleotides), 5yl of 32P dCTP (50]iCi) and 2pl of enzyme solution 

(Klenow) were added, in a total volume of 40|il. After incubation for 

3hr at room temperature, unincorporated label was removed by 

filtration through P60 gel column (Biorad). The DNA was denatured for 

2 minutes at 95-100°C before use in a hybridisation reaction.

(ii) Klenow labelling of 51overhanging ends
lpg of enzyme cleaved DNA (usually Taql or Mspl digested DNA) in 

5jil sterile distilled water was labelled with 5pl 32P dCTP in a 

reaction mixture containing the dNTPs required to fill in the 

recessed 3* ends (2|il), 10 x nick translation buffer (2yl) and l\il of 

the Klenow fragment of DNA polymerase in a total volume of 20pl. 

After incubation at room temperature for 30 min, the reaction was 

stopped by the addition of lpl of 0.5M EDTA. The DNA was separated 

from the unincorporated dNTPs by filtration through P60 columns.

2.3 RNA ANALYSIS

a) Isolation of RNA - by acid guanidinium thiocynate-phenol-
chloroform extraction (P Chomczynski & N Sacchi, 1987)

The tissue (5, 4x4mm hypothalamic blocks, or lg other tissue) was 

minced on ice and homogenised at room temperature in 0. 5ml of 

solution D (4M guanidinium thiocyanate, 25mM sodium citrate pH 7.0, 

0.5% sarcosyl, 0.1M 2-mercaptoethanol) using a glass-Teflon
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homogeniser. The homogenate was washed into a 4ml polypropylene 

tube, using an additional 0.5ml solution D. 0.1ml 2M sodium acetate, 

lml phenol and 0.2ml chloroform: isoamylalcohol (49:1) were added 

sequentially and mixed by vigorous shaking. After cooling on ice for 

15 minutes, the tubes were centrifuged at 10,000g for 2 minutes at 

4°C. The aqueous phase was precipitated at -20°C for 1\ hrs with lml 

of isopropanol, and spun at 10,000g for 20 minutes at 4°C. The 

resulting pellet was dissolved in 0.3ml solution D and was 

precipitated further with isopropanol. After microfuging the pellet 

was washed with 75% ethanol, dried and resuspended in 0.5% SDS at 

65°C for 10 minutes. Poly(A+) RNA was then extracted using oligo 

(dT) columns.

b) Isolation of poly(A)+ RNA - by oligo (dT) cellulose

chromatography.

Oligo (dT) cellulose (Pharmacia) in sterile loading buffer (20mM 

Tris HCl pH 7.6, 0.5M NaCl, ImM EDTA, 0.1% SDS) was poured into a 

pasteur pipette to make a lml column. The column was washed with 3

volumes of (a) RNase-free water, (b) 0.1M NaOH, 5mM EDTA, (c)

RNase-free water until the pH of the effluent was less than 8.0, and

d) 5 volumes of loading buffer. The RNA samples were heated at 65°C 

for 5 minutes and an equal amount of 2 x loading buffer was added. 

When cool, the sample was applied to the column, the flow-through was 

collected, again heated to 65°C, and reapplied to the column. This 

was washed with 5 volumes of loading buffer, and 4 volumes of loading 

buffer containing 0.1M NaCl. The poly(A+) RNA was eluted with 2 

volumes of TES (lOmM Tris HCl pH 7.5, ImM EDTA, 0.05% SDS) and 

ethanol precipitated at -20°C overnight. The pellet was washed with 

70% ethanol, dissolved in RNase-free water and used in Northern blot 

analysis.
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c) Northern blotting
(i) RNA-formamide gels

Ribonuclease enzymes on the gel apparatus were destroyed by 

soaking the gel tank, tray and comb in 0.5M NaOH for 30 minutes, lg 

agarose was boiled with 74ml of sterile water and when cooled to 

60°C, 16.2g of formaldehyde and 10ml of lOxMOPS buffer were added. 

The gel was poured and allowed to set. The RNA pellets (5-10yg) and 

markers were dissolved in 2.5yl of sterile water and 5yl of MOPS, 

formaldehyde, formamide cocktail (50% formamide, 6 % formaldehyde, 

lxMOPS). Samples were heated at 90°C for 2 minutes and quenched on 

ice. 2yl of bromophenol blue/50% glycerol was added and the samples 

were loaded onto the gel. The gel was run for 4.5 hours at 70V in a 

running buffer of lxMOPS pH 7.0 containing 3% formaldehyde.

(ii) Blotting and hybridisation
Prior to blotting the f ormamide gel, the marker lanes were 

separated from the gel, stained in ethidium bromide, and viewed under 

ultraviolet light. The remainder of the gel was rinsed in RNase-free 

water and the blot was set up with Hybond-N nylon filter (Amersham) 

and 10 x SSC. Once transferred, the RNA samples were baked onto the 

filter for 2 hours at 80°C.

The filter was prehybridised at 42°C for 3 hours in 50% 

formamide, 5 x SSPE, 5 x Denhardts, 0.1% SDS and 250vig/ml salmon 

sperm DNA. Hybridisation with the GRF probe (labelled by random 

priming or in vitro transcription) was carried out overnight at 43°C. 

Low stringency washing entailed a 2 x SSC wash at room temperature, 

followed by a 40 minute 1 x SSC, 0.1% SDS wash. If probed with the 

cRNA probe, the filter was washed twice for 20 minutes in 0.1 x SSC, 

0.1% SDS at 80°C. The blot was exposed to Kodak X-ray film for a 

period of 7-21 days.
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2.4 IN SITU HYBRIDISATION

a) Preparation of 3SS labelled RNA hybridisation probes

A 207 bp EcoRI-Hind III fragment encoding rat GRF (prGrh-2 from 

K.E. Mayo, Department of Biochemistry, Northwestern University, 

Evanston, IL, USA) was subcloned into pTZ18R and pTZ19R expression 

vectors (Pharmacia) such that the GRF cDNA was in both orientations 

with respect to the T7 RNA polymerase promoter. The antisense GRF 

expression vector was cleaved with EcoRI, and the sense with Hindlll, 

to allow termination of transcription to occur.

Clones of pSP64 and pSP65 (Promega) containing a 1.4 kb insert 

encoding the cDNA for rat a tubulin (obtained from Dr K Philpott, 

Transplantation Biology, CRC, Harrow) were used to synthsise 35S 

labelled a-tubulin sense and antisense probes. The pSP64 clone, when 

linearised with BamHl, served as the template for the sense probe. 

The pSP65 clone was digested with BamHl to produce the template for 

the antisense probe.

Transcripts of the GRF and tubulin cDNA were synthesised in a 

reaction mixture containing lyg of linearised DNA template, 

transcription buffer (40mM Tris HCl pH 7.5, 6mM MgCl2, 2mM 

spermidine, lOmM DTT), 600 units/ml human placental RNase inhibitor 

(Amersham International pic), 250yM GTP/ATP/UTP and lOyCi/yl 35S a 

thio CTP with 5 units T7 (for GRF) or 3 units SP6 (for tubulin) RNA 

polymerase (Boehringer, Mannheim) at 37°C for 1 hr. Template DNA was 

removed by digestion with RNase-free DNase (Sigma) for 15 minutes at 

37°C.

Unincorporated 35S label was separated from the probe using spun 

Sephadex G50 column prerun with 500yg yeast RNA (Sigma) in lOmM Tris 

HCl pH 7.5, 5mM EDTA, 0.1% SDS, lOmM DTT. The probe was hydrolysed
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at 60°C in bicarbonate buffer (80mM NaHC03, 120mM Na2C03) to produce 

fragments of approximately 100 nucleotides long (as described by Cox 

et al 1984) according to the equation

t(min) = Lo - 0.1 where Lo = size of insert

0.011 Lo in kb.

The probe was precipitated with \ volume of 6 M ammonium acetate pH

5.2 and 2 x volume of 100% ethanol, the pellet washed with 70% 

ethanol, dried and resuspended at 3ng/Kb/ml in lOmM DTT.

Specific activity of the probe was 1-2x109 cpm/yg. Probes were 

stored at -20°C until use and were generally used within 4 days 

before any loss of hybridisation signal occurred.

(b) Animals

All experiments were carried out using male Sprague Dawley albino 

rats (250-300g). Rats were maintained under standard environmental 

conditions and provided with water and food pellets ad libitum. 

Treatments will be dealt with in the appropriate chapters.

The animals were anaesthetised with hypnorm (Janssen 

Pharmaceuticals Ltd) and valium (Phoenix Pharmaceuticals Ltd) and 

perfused for 60 seconds through the ascending aorta with 0.85% 

saline. The rats were subsequently perfused for 20 minutes with 

neutral 4% paraformaldehyde in PBS. Brains were removed and trimmed 

to produce a block encompassing the entire hypothalamus, as 

determined histologically by cresyl violet staining.

Tissues of interest were post-fixed in the same fixative for a 

further 1 - 2 hr, before embedding in paraffin.

56



c) Preparation of microscope slides

Slides were cleaned by immersing in chromic acid for at least 24

hours, followed by thorough washing to remove all traces of acid.

This entailed rinsing the slides for 2 hours in running tap water, 

followed by two 30 minute washes in distilled water. After rinsing 

individually with RNase-free water, slides were air-dried. Baking 

the slides at 160°C for 2 hours ensured the destruction of all 

ribonuclease enzymes.

Cool slides were subbed in 0.5% gelatin/0.05% chrome alum by

dipping individually into the solution, and drying vertically for at 

least 4 hours. Slides were used within 24 hours of subbing.

(d) Tissue preparation

The tissues were dehydrated and embedded in paraffin blocks.

Blocks were stored at 4°C in airtight containers until sectioning.

5ym sections were taken on a microtome at 30ym intervals and were 

adhered onto baked, RNase-free gelatin-chrom alum subbed slides, in a 

43° oven for 2 hr. Microtome sections could be stored at 4°C for up 

to 8 weeks prior to hybridisation.

Tissue sections were dewaxed in xylene (2x10 min) and rehydrated 

quickly through graded alcohols. After post-fixation in 4%
f

paraformaldehyde for 20 minutes and two 5 minutes washes in PBS, the 

sections were incubated in lOpg/ml proteinase K (BDH) in 50mM Tris 

HCl pH 7.5, 5mM EDTA for 7 minutes to improve accessibility of the 

radiolabelled hybridisation probe. Slides were rinsed in PBS and 

immersed in 4% paraformaldehyde to arrest proteolysis. After a water 

rinse, sections were treated with freshly prepared 0.25% acetic 

anhydride in 0.1M triethanolamine pH 8.0 for 10 min. This step is 

crucial for preventing the probe from sticking non-specifically to 

the slide. Sections were dehydrated and allowed to air dry before
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prehybridising in hybridisation buffer (50% formamide, 4xSSC, 

500yg/ml salmon sperm DNA, 250yg/ml yeast RNA, lxDenhardts (Denhardt 

1966), 10% dextran sulphate, lOmM DTT) at 50°C for 3 hr.

(e) Hybridisation

After 3hr of prehybridisation, the slides were washed in 5xSSC 

for 5 minutes and allowed to air dry. 20yl of preheated (80°C for 3 

min) hybridisation mixture containing hybridisation buffer (50% 

formamide, 4xSSC, 500yg/ml salmon sperm DNA, 250yg/ml yeast RNA, 

lxDenhardts, 10% dextran sulphate, lOmM DTT) and either antisense or 

control (sense) GRF probe 1-2x107 cpm/20yl buffer, was applied to the 

sections and covered with clean 22x22mm coverslips. Slides were 

hybridised in a chamber kept moist with tissue soaked in 50% 

formamide, 5xSSC, at 45°C for 16 hours.

The coverslips were gently removed by inversion in 5xSSC at 40°C 

for 15-30 minutes and tissue sections were stringently washed in 50% 

formamide, 2xSSC at 65°C for 20 min. The sections were treated with 

RNase A (Sigma) at 20yg/ml in 0.5M NaCl lOmM Tris HCl, 5mM EDTA for 

30 minutes at 37°C (according to Lynn et al 1983) to remove 

unhybridised single stranded RNA. The tissue sections were immersed 

in 2xSSC and washed with gentle shaking at 37°C for 20 min, followed 

by a O.lxSSC wash at the same temperature. Sections were dehydrated 

in 30,60,80,95 and 100% ethanols containing 300mM ammonium acetate 

(pH8.0) and allowed to dry before autoradiography.

(f) Autoradiography

Prior to dipping in photographic emulsion, sections were often 

exposed to |3-max X-ray film (Amersham International pic) to obtain 

information about the strength of the signal. Emulsion

autoradiography was performed using Ilford K5 photographic emulsion
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strands which were melted at 43°C in the dark and diluted 1:1 with 

distilled water which contains 1/50 volume of glycerol. Each slide 

was dipped in the emulsion, drained for 2 sec and placed horizontally 

in a light-tight box to dry. As a reference for quantitative ISH 

studies, Amersham microscales (5ym thickness, mounted on

coverslips) were laid over the dried emulsion-coated slides and 

positioned to lie adjacent to the brain sections. Slides were stored 

dessicated at 4°C for the required exposure time, generally 11-17 

days. Coverslips with the microscales were removed, and the slides 

were developed in Kodak D19 developer for 2 min, in water for 10 sec 

and in Kodak fixer for 2 minutes at room temperature, followed by two 

10 minutes water washes.

Brain sections were counterstained with freshly prepared cresyl 

violet for 10 min, washed with distilled water, and differentiated 

with 0.1% acetic acid before dehydrating and mounting. Tissues other 

than brain were counterstained with haemotoxylin and eosin.

59



CHAPTER 3

In situ hybridisation methodology
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3.1. HISTORY AND USES

A variety of techniques are commonly used to measure mRNA 

abundance, chiefly techniques involving absorption of RNA onto 

nitrocellulose or nylon membranes (Northern and dot/slot blotting), 

or solution hybridisation followed by digestion with RNase or S, 

nuclease. These procedures have been used to determine the tissue 

distribution of a particular mRNA, to measure the abundance of the 

mRNA within various tissues, and to quantitate changes in mRNA in 

response to physiological perturbations.

RNA hybridisation techniques have not been widely used for 

studying the regulation of neuroendocrine peptide genes for several 

reasons. Firstly, peptide mRNAs are generally of low abundance and 

often have very limited tissue distribution. Even when a particular 

peptide is present in the brain, it will often be present in a 

defined and limited subset of neurones, making isolation of the 

particular tissue for RNA analysis very difficult. Secondly, it is 

often difficult to culture and establish permanent lines of cells 

that make particular peptides, hence in vitro regulation experiments 

are not feasible.

Immunocytochemical techniques provide well established and 

reliable methods for identifying endocrine cell types and obtaining 

information about the peptide content of endocrine cells. However, 

these techniques cannot differentiate sites of final peptide 

localisation from sites of precursor synthesis. They cannot easily 

monitor changes in peptide biosynthesis, and cellular peptide content 

may be unrelated to the physiological status of the cell or the rate 

of turnover of its products.
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The development of the in situ hybridisation technique (ISH), 

often referred to as hybridisation histochemistry, which allows the 

analysis of peptide encoding mRNAs, was a logical extension of 

immunocytochemistry.

The technique of in situ hybridisation was first used to localise 

the genes for ribosomal RNA in the nucleus of Xenopus oocytes (Gall & 

Pardue 1969; John et al 1969). Globin specific mRNAs were detected 

in erythroblasts (Harrison et al , 1973) and viral DNA and RNA 

sequences were found in virus-infected tissue culture cells (Wolf et 

al 1973). In situ hybridisation techniques have been used to map the 

position of genes on chromosomes of drosophila, mice and humans 

(Manning et al 1975). In 1983 the technique was extended to detect, 

in sections of embryos, RNA transcripts of genes regulating embryonal 

development in drosophila (Hafen et al 1983).

Since its development, in situ hybridisation has been applied 

extensively in localising peptide hormone and neuropeptide mRNAs. 

The procedure has been used to examine distribution of mRNAs in 

different tissues (Hudson et al 1981), brain regions (Arentzen et al

1985) and parts of the cell (Bentley Lawrence & Singer 1986), the 

developmental migration of identified neurones (McAllister et al

1983), the occurrence of inter-species mRNA sequence homologues 

(Bloch et al 1984c) and regulation of transcription rates (Fremeau et 

al 1986).

The technique has recently been widely used to quantify changes 

in mRNA levels following endocrine or pharmacological manipulations 

(Fremeau et al 1986; Segerson et al 1986; Zoeller et al 1988). It is 

thus increasingly apparent that in situ hybridisation represents a 

valuable tool for investigations of gene expression and 

post-transcriptional mRNA processing at the cellular level,
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particularly in tissues composed of heterogeneous cell populations.

3.2 a) Basic protocol (Fig. 3.1) (for more detail see Chapter 2, 
Materials & Methods).

b) Precautions
It is of the utmost importance when preparing and sectioning the 

tissue to maintain the mRNA intact and available for hybridisation. 

Whenever possible, the potential for ribonuclease degradation of the 

mRNA should be kept to a minimum. To prevent contamination, gloves 

must be worn at all times when handling tissues and slides. All 

glassware and plasticware must be RNase-free and since RNases are 

active in the presence of water and higher temperatures, tissue 

blocks and sections should be processed quickly and stored at low 

temperatures in the presence of dessicant.

3.3 METHODOLOGICAL CONSIDERATIONS

A large number of different in situ hybridisation protocols are 

described in the literature, but the significance of many of the 

procedural variations is difficult to assess. It is also not clear 

how generally applicable published protocols are, or whether they 

need to be greatly modified when using different probes or tissue 

types. As this chapter represents the testing of a number of 

procedural variables, each section will first present a general 

procedure followed by a description of the variables tested within 

our laboratory.
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Figure 3.1 In situ hybridisation histochemistry

RAT PERFUSED WITH FIXATIVE

i
TISSUE REMOVED AND PARAFFIN EMBEDDEDt
SECTIONS CUT AND COLLECTED ON SLIDES

I
PROTEINASE K TREATMENT TO REMOVE PROTEIN 

ASSOCIATED WITH RNA

ACETIC ANHYDRIDE TREATMENT

I
PREHYBRIDISATION AT 45 C FOR 3 HOURS

I
HYBRIDISATION WITH ANTISENSE RNA PROBE 

OVERNIGHT AT 50 C

I
UNHYBRIDISED PROBE REMOVED

I

DIPPED IN PHOTOGRAPHIC EMULSION

i
DEVELOPED AFTER 10-20 DAYS EXPOSURE

An outline of the general procedures followed during the in situ 

hybridisation protocol.
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a) Tissue preparation

Any fixative that cross-links proteins is sufficient to prevent 

RNA loss during the in situ hybridisation procedure. However, 

various reports find glutaraldehyde better than acid:ethanol as a 

fixative (Angerer & Angerer 1981) and others show that 

paraformaldelyde results in a better hybridisation signal than 

glutaraldehyde (Wilcox et al 1986). If proteins as well as mRNA are 

of interest in the same tissue preparation, gluteraldehyde or 

paraformaldehyde fixatives have been used (Brahic et al 1984).

Perfusion fixation is usually used for brain tissue as it 

maximises penetration of the fixative into the tissue and prevents 

loss of RNA from the cell cytoplasm.

Once removed from the body, preparations are often postfixed in 

the same fixative for approximately 1 hr. However, reduction in in 

situ signal has been reported if the tissue is left longer (Gee

1984).

Variables tested:

Perfusion fixation was carried out with either 4% 

paraformaldehyde in PBS or with 4% paraformaldehyde + 0.2%

gluteraldehyde in PBS. Additionally, rather than perfusion fixation, 

some animals were sacrificed and the tissues were post-fixed by 

immersion fixation.

b) Sectioning of the tissue

In situ hybridisation can be effectively performed on fixed or 

freshly frozen tissue (Hafen et al 1983; Fremeau et al 1986) as well 

as on paraffin-embedded tissue preparations (McAllister et al 1983; 

Gee 1984). After fixation and before freezing the tissue is placed 

in sterile sucrose in PBS, for as short a time as possible, as some

65



degradation of mRNA occurs if the tissue is left in this solution for 

longer than 3 hrs (Wilcox et al 1986).

Thin sections (5-7ym) are generally used for in situ 

hybridisation. This ensures penetration of the cRNA probe to the 

entire section. After sectioning slides are kept in dessicated slide 

boxes at 4°C until use.

Variables tested:

Both frozen cryostat and paraffin-embedded sections were used in 

preliminary studies. Generally sections were used for in situ 

hybridisation within 6 weeks of sectioning. Sections stored for up 

to 6 months were tested for retention of hybridisation signal.

c) Deproteination

Many researchers have found that a mild deproteination step prior 

to addition of the probe increases the resulting autoradiographic 

signal (Hafen et al 1983), probably by removing proteins associated 

with the RNA, thereby making it more accessible to the cRNA probe.

Variables tested:

Pronase and proteinase K were both tested as deproteination 

agents during the course of these studies. As the concentration of 

agent used on the sections is very important, each new batch of 

deproteination agent was first calibrated to determine a suitable 

concentration for use.

d) Acetic anhydride treatment

Hayashi et al (1978) reported that treatment of slides with 

freshly prepared 0.25% acetic anhydride in 0.1M triethanolamine 

neutralised positive charges on the slide and thus reduced 

non-specific binding of the probe. This was tested in the protocol.
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e) Prehybridisation
The prehybridisation buffer is the same as the hybridisation 

buffer without the RNA probe. Prehybridisation serves two purposes: 

firstly it equilibrates the tissue section with the hybridisation 

buffer. Most importantly, however, it reduces non-specific binding 

of the cRNA probes by the presence of Denhardts (1966) buffer which 

contains bovine serum albumin, polyvinylpyrrolidone and Ficoll.

Background binding of the RNA probes can be reduced by adding 

unlabelled thioribonucleotides to the prehybridisation buffer. 

However, this generally also results in a reduction of the signal 

from the in situ hybridisation and does not greatly improve the 

signal:noise ratio (Wilcox et al 1986). Thus, no thioribonucleotides 

were included in the prehybridisation step.

f) Temperature of hybridisation
It has been shown that a minimum hybridisation time of 5 hrs is 

needed for RNA:RNA hybrids to form (Angerer & Angerer 1981). 

Although successful RNA:RNA hybridisation has been achieved at 37°C 

on brain tissue (Segerson et al 1986; Zoeller et al 1988), thermal 

denaturation studies indicate that hybridisation should be carried 

out at between 45°C and 50°C (Angerer 1983). This higher temperature 

increases the stringency of the hybridisation, and should thus 

decrease non-specific binding.

Variables tested:
The hybridisation step was always carried out overnight (i.e. 22 

hrs); however, a series of hybridisation temperatures were used, 

ranging from 37°C to 50°C.
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g) Probes

(i) Choice of radioactive label

The choice of radioactive label used for the probe will depend on 

what the in situ hybridisation is to be used for. In studies seeking 

to show distribution of cells containing a particular mRNA, higher 

energy probes (32P) can be used relatively successfully. The short 

exposure times will allow rapid evaluation of results, and 

development of a specific in situ protocol. However, backgrounds are 

quite high, and as the |3 emissions are very energetic and may travel 

more than 2500ym through both tissue and emulsion, grains may appear 

to extend out of the cell cytoplasm. These factors make quantitation 

difficult. Additionally, not all nuclear track emulsions are 

sensitive to 32P emissions, including the Ilford K5 emulsion used in 

our laboratory.

3H-labelled probes will provide very discrete cellular 

localisation, and lower backgrounds, allowing the number of grains 

over particular cells to be quantified. These probes, however, 

require exposure times of several weeks to months, depending on the 

abundance of the specific tissue mRNA.

35S-labelled probes provide localisation over cells which is 

sufficiently discrete to allow quantitation. Although the

localisation is slightly less resolved than that of 3H-labelled 

probes, exposure times are greatly reduced, thus making 35S the best 

radiolabel to use in the proposed studies.

(ii) Type of probe

The type of probe used for in situ hybridisation depends on their 

availability and the specificity of the resulting grain localisation.
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Double-stranded DNA probes, RNA probes or synthetic oligonucleotides 

may be used for in situ hybridisation and each has its relative 

advantages and disadvantages.

cDNA probes can be labelled to high specific activity, thus 

reducing exposure time. However, as these probes are

double-stranded, the in situ signal is reduced by the anticoding 

strand, which has the same base sequence as the endogenous mRNA and 

therefore competes for the probe.

A single stranded cRNA probe, which is obtained by transcribing 

the cDNA (Green et al 1983) will yield a higher signal:noise ratio 

than that obtained with cDNA probes. A further advantage of cRNA 

probes is that the RNA:RNA hybrids formed are much more stable than 

DNA:RNA hybrids. They can withstand much more stringent washing (low 

salt and high temperature), and the sections can be treated, after 

hybridisation, with ribonuclease A, which will digest any RNA that is 

not hybridised. Thus, it is possible to get positive in situ 

hybridisation signals with extremely low backgrounds, which is 

advantageous for quantitative analysis.

Oligonucleotide probes, short synthetic strands of DNA that will 

hybridise to their mRNAs, have been successfully used for in situ 

hybridisation (Green et al 1983). With the widespread availability 

of DNA synthesisers it is relatively easy to obtain almost any DNA 

sequence required, and probes of only 20 bases will provide an 

adequate in situ signal.

Synthetic probes can easily be prepared to any region of the gene 

of interest and even where the gene is not cloned, DNA sequence can 

be postulated from the amino acid sequence of the peptide. One 

drawback to using synthetic oligomers is that they usually must be 

used with 32P to give a high enough specific activity to visualise
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Figure 3.2A Northern blot analysis of hypothalamic poly(A+) RNA

An RNA species of approximately 750bp can be seen in the hypothalamic 

poly(A+) RNA lane (lane 3). This agrees with the published size of 

rGRF mRNA (Gubler et al 1983; Mayo et al 1983); Lane 1 containing 

testicular poly(A+) RNA also contains an RNA species corresponding to 

the size of GRF mRNA. Lane 2 contains poly(A+) RNA from immature

testis. Lanes 4 and 5 contain cortex and liver poly(A+) samples 

respectively.

Figure 3.2B Subcloning of a 2Q7bp fragment of the GRF CDNA into 

pTZ18R and pTZ19R vectors

The 207bp ECoRI-Hindlll fragment of GRF was separated from the pUC8 

vector by enzyme digestion. The DNA fragment (shown by the arrow) 

was electroeluted from the gel and subcloned into the pTZ18R arid 

pTZ19R expression vectors. ECoRI-Hindlll digestion of these clones 

yielded the correct size DNA fragment. Prior to in vitro 

transcription the supplied a tubulin clones in pSP64 and pSP65 (lanes 

1 & 2) and the GRF clones in pTX18R and pTZX19R (lanes 4 & 5) were 

linearised by enzyme digestion. Lane 3 shows X cut by Hindlll 

markers.
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hybridisation. This results in loss of resolution of the signal, and 

difficulty in quantitation.

Considering the discussions mentioned above, a single-stranded 

cRNA probe appeared to be the best option for our proposed 

localisation and quantitative manipulation studies.

(iii) Transcription procedure

Available in the laboratory was a plasmid, prGRF-2, obtained from

Kelly Mayo, which contained a 3-50bp ECoRI-Sal I fragment of the GRF
I 90 nt of carboxy terminal peptide 

cDNA encoding the entire sequence of GRF( 1-43) ;̂ JL05 nucleotides of 3'

non-translated RNA, and an 2b residue poly(A) tail. This plasmid was

first tested on a Northern blot before use to check for the right

size fragment (Fig 3.2A). A 207bp ECoRI-Hindlll fragment encoding

all Of the GRF (1-43) sequences and j 78 nt of carboxy terminal peptide

was separated from the pUC18 plasmid sequences by restriction enzyme

digestion followed by gel electrophoresis (Fig 3.2B). The GRF cDNA

sequence was recovered from the gel by electroelution, and then

subcloned into the pTZ18R and pTZ19R expression vectors (Pharmacia)

which contain the T7 RNA polymerase initiation site within the

plasmid (Fig 3.3). These plasmids were sequenced to check that the

inserts were indeed GRF, and that the cDNA was in the correct

orientation.

A cRNA probe for the a tubulin gene (Cowan et al 1983) was also 

used for in situ hybridisation. As this message is very abundant in 

brain tissue, the probe was used during the establishment of the 

technique. A 1.4kb BamHl-BamHl fragment present in the pSP64 and 

pSP65 plasmids (from Dr K Philpott, Transplantation Biology Section, 

CRC) provided both sense and antisense a tubulin 35S-labelled cRNA 

probes when transcription was carried out with sp6 RNA polymerase.
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Figure 3.3 Probe preparation
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The GRF fragment was inserted into the pTZ18R and pTZl9R vectors 
in both orientations with respect to the T7 RNA polymerase site.
The pTZl8R clone was linearised with Hindlll and transcription 
produced a GRF sense probe. This has the same sequence as endogenous 
GRF mRNA. The pTZ19R clone was linearised with ECoRI, transcription 
producing an antisense probe which has a sequence complementary to 
that of endogenous GRF mRNA.
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Transcription is carried out at 37°C. DNase 1 treatment removes 

the DNA template. The resulting transcripts are partially hydrolysed 

by alkali (Cox et al 1984) so that the labelled fragments are 50-100 

nucleotides in length. These smaller fragments have increased 

penetrance into the section and can thus hybridise more readily with 

the tissue mRNA.

Variables tested:

Transcription was carried out at 37°C for either 30 or 60 minutes 

in the presence or absence of 25mM cold CTP. The effects of alkali 

hydrolysis of the probe on hybridisation signal was also addressed.

(iv) Probe concentration

Probe saturation has been shown to be achieved within 5 hrs at 

0.2-0.3ng/pl/kb complexity (Angerer 1983). Transcription products 

were therefore resuspended at 3ng/yl/kb and diluted down with 

hybridisation buffer prior to addition to the sections.

Variables tested:

Dilutions of 1 in 5, 1 in 10, 1 in 20 and 1 in 40 of a probe 

preparation which had a specific activity of 2 x 107 cpm/vil were used 

in a hybridisation experiment with an exposure time of 17 days. As a 

final volume of 20]il of probe and hybridisation buffer was added per 

section, the number of counts added were 8 x 107 cpm, 4 x 107 cpm, 2 

x 107 cpm and 1 x 107 cpm respectively.

h) Posthybridisation washing

Denaturation of RNA:RNA hybrids depends on both the salt 

concentration and the temperature.- Incorrect hybrid formation, and 

thus backgrounds, should therefore be reduced by washing the tissue
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sections in low concentrations of salt (SSC - sodium chloride/sodium 

citrate) at 37°C. Addition of 50% formamide and washing at higher 

temperatures increases stringency significantly and greatly reduces 

background. With 35S-labelled probes, salt washes included 14mM 

2-mercaptoethanol, to maintain the reduced state of the labelled 

thionucleotide.

Sections probed with cRNA probes are digested for 30 min with 

20yg/ml RNase A according to Cox et al (1984) to further reduce 

background hybridisation, by removing any single stranded cRNA that 

has not hybridised. After rinsing the sections in enzyme buffer 

(0.5M NaCl, lOmM Tris HC1, pH 8.0, ImM EDTA) sections are again 

washed in low concentration salt solutions at 37°C, to wash off any 

remaining products from the RNase A digestion. After the washes to 

remove unhybridised probe, the sections are dehydrated in graded 

alcohols diluted with 300mM ammonium acetate, which decreases the 

chance of hybrid loss (Brahic et al 1984).

Variables tested:
The effect of increasing the washing temperature was addressed by 

washing the sections in 50% formamide/2xSSC at 37°C, 45°C or 55°C. 

RNase A washing was tested at 20vig/ml in 0.5M NaCl, lOmM Tris HC1 pH 

8.0, ImM EDTA for 30 minutes at 37°C, and the omission of 300mM 

ammonium acetate from the ethanol solutions was also carried out.

(i) Time of exposure

Sections hybridised with 35S-labelled probes were often exposed 

to Amersham p-max X-ray film overnight prior to emulsion 

autoradiography, to obtain information about the strength of the 

signal. This film is silver coated on one side only, therefore
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reducing grain scatter. Grains are also more closely packed, thus 

allowing discrete localisation.

To detect hypothalamic GRF mRNA, the sections were dipped in 

Ilford K5 nuclear track emulsion and allowed to dry at room 

temperature for 2 hr followed by a further 2 hr in the presence of a 

sachet of dessicant. Once dry, slides were placed at 4°C for 

exposure. A dipped slide without tissue was included for each 

exposure time to estimate the cumulative background.

Exposure time depends on the level of mRNA in the cell and the 

amount of probe used, therefore optimal exposure times needed to be 

empirically determined.

Variables tested:
Hybridisation experiments were set up in triplicate, at a 

constant probe concentration (1 in 20 dilution) and, in conjunction 

with results from overnight X-ray film autoradiography, were exposed 

for 9, 15 and 20 days.

(j) Counterstaining of sections

Brain sections included in localisation studies were 

counterstained with 0.5% cresyl violet, differentiated with 0.1% 

acetic acid, dehydrated in alcohol, cleared in xylene and mounted. 

Brain sections included in quantitation studies were not 

counterstained, but merely mounted, so as to limit the number of 

variables involved in the computer analyses.

Pancreas, duodenum, testis and ovary were either counterstained 

lightly with haemotoxylin and eosin, or remained unstained, to 

minimise masking of low grain densities by dark dye colours.
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(k) Controls

There are various controls that should be carried out to ensure 

that the silver grain distribution obtained by in situ hybridisation 

is the result of hybridisation of the cRNA probe with its specific 

tissue mRNA. Important controls included:- the 'sense1 probe; or the 

cRNA probe which has the same sequence as the tissue mRNA. This was 

used as a hybridisation negative control to monitor for non-specific 

binding of RNA probes, and thus allows for quantification of 

backgrounds.

The a tubulin cRNA probe is an important positive control, 

showing that tissue mRNA has not been degraded. This is a necessary 

control to include when investigating GRF localisation in tissues 

with a high RNase content, e.g. pancreas.

Chemical interactions with the emulsion may cause silver iodide 

reduction (i.e. grain formation) in the absence of radioactive decay 

particles. This is known as positive chemography and some subsets of 

brain cells have been reported to show specific cellular grain 

distributions due to this effect (Wilcox et al 1986; Daniels & 

Gilmore 1975). As an autoradiographic control for these artefacts, 

some sections were incubated in hybridsation buffer without 

radiolabelled RNA.

RNase A digestion of sections prior to hybridisation proves that 

hybridisation depends on the presence of mRNA in the tissue sections 

(McAllister et al 1983; Angerer & Angerer 1981). This control was 

carried out prior to the prehybridisation step (20yg/ml RNase A in 

0.5M NaCl, lOmM Tris HC1, pH 8.0, ImM EDTA for 30 min at 37°C). 

Additionally, prior hybridisation with an excess of unlabelled sense 

cRNA was also tested.
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Where a suitable antibody is available, serial or same section 

immunocytochemistry should be performed to confirm that the mRNA is 

localised to cells containing the peptide product of that gene. 

However, because the immunocytochemical localisation of GRF has been 

extensively studied, immunocytochemistry was not performed in this 

study.

(1) Quantitation of in situ hybridisation signal

Several assumptions have to be made when quantifying an in situ 

hybridisation signal including: (1) target mRNA is stable during the 

procedure; (2). target mRNA is hybridised with 100% efficiency; (3) 

efficiency and linearity of the emulsion is the same throughout the 

experiment; (4) quenching of the p particle by the tissue section is 

constant.

It is very important in quantitative studies that the 

concentration of probe should not be a limiting factor in the 

hybridisation buffer. To optimise detection of differences in 

amounts of tissue mRNA, the probe should be provided in excess to the 

sections so that the endogenous messenger RNA will be saturated. 

While the approximate amount of probe needed to be in excess of the 

endogenous mRNA can be calculated (Angerer 1983), these estimates can 

be complicated by a number of factors. Messenger RNA is known to be 

associated with various nucleic acids and proteins both before and 

during translation. These proteins may theoretically interfere with 

binding of the probe to the mRNA. However, our deproteinisation 

step, and the use of shorter length hybridisation probes should 

decrease the probability of this occurring.
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Additionally, background levels increase as the concentration of 

cRNA probe in the hybridisation buffer increases, thus reducing the 

sensitivity of the technique. The concentration of probe providing 

the maximum difference in the autoradiographical signals between the 

two treatment groups was thus empirically determined.

For quantitation, in theory the number of silver grains over a 

cell should be related to the amount of radioactive cRNA probe 

hybridised to the mRNA. If the amount of cRNA is saturating, then 

the amount hybridised will be proportional to the amount of 

complementary mRNA in that cell. Since grain density is linearly 

related to reflectance (Rogers 1979), measuring the average grain 

reflectance within a fixed area over an individual cell is equivalent 

to counting the number of grains over that cell.

A neuron was considered to be labelled only if the number of 

grains overlying it was greater than three times background. Only 

those cells whose stained nuclei were visible were included in the

analysis. As all cells in the arcuate nucleus are similar in size

(Sawchenko et al 1985), no adjustments of cell area were carried out.

Average grain reflectance over an individual cell was measured 

using dark field optics and an image analysis system. This system 

(situated in the Human Anatomy Dept, Oxford, with program written by 

Ann Stanmore) consisted of an Olympus BHZ microscope with dark field 

condenser, camera and a Kontron IBAS Image Analysis processor. The 

image analysis system was carefully calibrated so that light level 

and camera sensitivity were consistent for all cell measurements. A 

cluster of grains associated with a single cell was centred inside a 

circle of 15ym diameter, and the reflectance was measured.

Background noise was measured within the arcuate nucleus, over

unlabelled cells. Ten unlabelled background and 10 labelled mRNA
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containing cells were measured per section from both sides of the 

brain.

To validate that grain density over labelled cells was below 

saturation of the photographic emulsion, 3H brain paste micro-scales 

(Amersham) were exposed to the emulsion in parallel to experimental 

tissues. The grain density over each resulting band was measured and 

a calibration curve was generated by plotting the log-log 

relationship of polymer specific activity and the optical density of 

the image on the autoradiogram.

Where hybridised sections had been exposed to X-ray film prior to 

dipping in photographic emulsion, the X-ray films were also analysed 

using the Image Analysis system. A macro camera and bright field 

optics were employed. Reflectance measurements were taken of the 

total arcuate nucleus and adjusted for background.

Variables tested:
Arcuate nucleus cells from different animals were quantified to 

determine whether grain density histograms were reproducible within 

sections processed in the same experiment. These intra-assay results 

were compared with cells from brains processed in different 

experiments i.e. inter-assay. Comparisons were carried out using one 

way analysis of variance, followed by two-tailed £-tests. 

Quantification from X-ray films was compared to that of emulsion 

autoradiography. Amersham brain paste standard grain densities were 

determined and compared for different emulsions.
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3.4 RESULTS

(a) Tissue preparation
The autoradiographed signal intensity within 4% paraformaldehyde 

fixed tissue was higher than that in sections fixed with 

paraformaldehyde-glutaraldehyde. Tissues fixed by immersion fixation 

showed a greater spread of silver grains from the cell cytoplasm 

whereas perfusion fixation resulted in a higher signal intensity and 

lower background level (Fig. 3.4).

(b) Sectioning of tissue
There was little difference in signal intensity between cryostat 

and paraffin embedded sections. However, as in-house facilities were 

available for the sectioning of paraffin preparations and as the 

sucrose step could be omitted in this procedure, the technique was 

carried out on tissues embedded in paraffin wax. Although sections 

stored at 4°C for longer than 6 weeks still retain hybridisation 

signal, the signal:noise ratio is very much reduced compared to 

fresher samples (Fig. 3.5). Hence, sections were normally used 

within 6 weeks of sectioning.

(c) Deproteination
Proteinase K produced a stronger hybridisation signal than 

pronase treatment.

Each new batch of proteinase K was calibrated with brain tissue 

samples to determine the optimal concentration for use (normally half 

that needed to remove the tissue section from the slide). Once a 

suitable dilution was determined, an effort was made to use the same 

concentration throughout the experiments.
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Figure 3.4 The effect of fixation conditions on the hybridisation signal
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Tissues fixed by immersion fixation (B) show a greater spread of 

grains from the cell cytoplasm than tissues fixed by perfusion 

fixation (A) (x 296 mag.)
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Figure 3.5 The effect of long-term storage of tissue samples on

ISH signal

Tissue sections stored at 4°C for greater than 6 weeks (B) show a 

very reduced signal to noise ratio when compared to freshly cut 

sections (A). (x 296 mag.)
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(d) Acetic anhydride

Slides not pretreated with acetic anhydride showed a high 

background of grains on both the section and the slide. This step 

was thus included throughout the course of the experiments.

(e) Prehybridisation

Inclusion of a prehybridisation step appeared to reduce 

background levels of non-specifically bound probe.

(f) Temperature of hybridisation

The highest signal:noise ratio was achieved at 50°C. The highest 

background was seen at 37°C. For probes with complete homology to 

the endogenous mRNA, hybridisation was carried out at 50°C (Fig 3.6).

(g) Probes

Transcription procedure: Transcription occurred optimally at lhr; 

however, a 'ladder' of transcript sizes was present when tested on a 

urea-polyacrylamide gel. When the linear templates were very clean, 

and no cold CTP was included, single transcripts of specific 

activities of 1-5x10® cpm/vil, approximately 40-80% incorporation, 

were obtained (Fig. 3.7).

The hybridisation signal was reduced if the cRNA probes were not 

hydrolysed down to a 100 nucleotide size. Their reduced size could 

be shown on a urea-polyacrylamide gel

Probe concentration:

As the probe concentration was increased, so the autoradiograph 

signal increased. However, it was seen that background levels also 

increased (Fig 3.8). The best signal:noise ratio was achieved with 

the 1 in 20 dilution, i.e. 0.15ng/vil/kb and 2 x 107 cpm. As the
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Figure 3.6 Hybridisation temperature and its effects on the 

signal to noise ratio

At a hybridisation temperature of 37°C (A) the GRF mRNA containing

cells can be recognised, however background grain levels are

very high. At A2°C (B) the background cover of grains is reduced,

and at 50°C (C) the background level of grains is negligible.

The highest signal to noise ratio is achieved at 50°C (x 296 mag.)
The GRF mRNA containing cells shown in (A) are part of the ,

i
P V N , and are smaller than those in the arcuate nucleus (B,C).|
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Figure 3.7 Optimisation of the transcription procedure

Autoradiograph 1 shows that transcription occurs optimally at 60 

minutes. A 'ladder' of RNA transcripts can be seen from this gel, 

although the primary transcript is approximately 200 nucleotides long. 

When no cold CTP is added, and the templates are very clean, the 'ladder' 

effect is reduced (gels 2 and 3). After hydrolysis with alkali the 

transcripts are seen to be hydrolysed down to smaller fragments (gel 2).
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Figure 3.8 The effect of probe concentration on the signal to 

noise ratio

At a 1 in 40 probe dilution (lxlO7 cpm/yl) - part A, the ISH 

signal is exceedingly faint. At a 1 in 20 dilution (part B), 

the signal is obvious and the background is negligible. As the

probe concentration increases to a 1 in 10 dilution (C), the

signal increases; however, the background levels also increase. 

The signal to noise ratio is reduced further at the 1 in 5

dilution (D). The highest signal to noise ratio is seen at the

1 in 20 dilution factor. (x 116.5 mag.)
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specific activity varies between transcriptional preparations, an 

attempt was made to consistently add 2-3 x 107 cpm/yl to each 

section. This varied with different experiments to between a 1 in 10 

and 1 in 20 dilution, but as quantification occurred only between 

slides processed in the same experiment, and therefore hybridised 

with the same probe preparation, this was not deemed to represent a 

real problem.

(h) Post-hybridisation washing
Washing at higher temperatures greatly reduces the background 

level of hybridisation. As RNA:RNA hybrids are very stable, and the 

sequence of the cRNA probe is completely homologous to that of the 

endogenous RNA, the high temperature washes used in our protocol 

(55-60°C) should not result in loss of hybrids.

RNase A digestion of remaining single stranded cRNA was also 

shown to reduce background 1 noise1.

Omission of 300mM ammonium acetate from the ethanol solution 

resulted in a slightly decreased hybridisation signal, showing that 

this step is important for retention of the radioactive probe on the 

section.

(i) Time of exposure
Hybridisation signals were weakly detected at 9 days, were more 

clear at 15 days and slightly overexposed, with higher backgrounds, 

at 20 days. In general, 17 day exposure times were used, unless the 

X-ray autoradiography indicated a weaker or stronger signal (Fig 3.9)
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Figure 3.9 Exposure times and the effect on the hybridisation
signal

After 9 days’ exposure (A) the silver grain hybridisation signal 

is only weakly detected. The hybridisation signal is very clear 

after 15 days’ exposure (B). At 20 days (C) the silver grain 

density appears slightly overexposed with higher background 

levels. (x 116.5 mag.)
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Figure 3.10 In situ hybridisation with the GRF ’sense* probe,
GRF 1 antisense * probe and a tubulin probe

Hybridisation with the negative control sense GRF probe shows 

no specific binding, with a low level of background labelling (A). 

The specific labelling by the GRF antisense probe of cells within 

the arcuate nucleus is seen in (B). a tubulin mRNA is very 

abundant in brain tissue (C), however hybridisation signal intensity 

varies between regions. (x 156 mag.)
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(j) Controls
Hybridisation with the sense cRNA probe produced no specific 

binding in any area of the brain. Background levels were also very 

low, showing our protocol to be effective in providing low background 

noise levels (Fig 3.10).

The a tubulin probe was used initially to establish the 

technique, as this message is very abundant in brain tissue. Results 

do, however, suggest that the level of expression of the gene varies 

between brain regions (Fig. 3.10).

In our system, no positive chemography was seen for any subset of 

cells. A very low background level of hybridisation was seen.

The hybridisation signal was abolished after pretreatment of 

sections with RNase A. This proves that our probe is hybridising to 

endogenous mRNA. Also, prior hybridisation with an excess of 

unlabelled sense cRNA greatly reduces the hybridisation signal, by 

competing with the tissue GRF mRNA for the antisense cRNA probe.

(k) Quantitation

The frequency distribution histograms of Grey values for 40 

arcuate nucleus cells from different brains processed within the same 

experiment are shown in Fig. 3.11, parts la & lb. Statistical 

analysis shows there to be no statistical difference between these 

distributions. The frequency distributions for cells from an animal 

of the same treatment group, processed in a separate experiment, is 

shown in Fig. 3.11, part 2a. One way analysis of variance and the 

two-tailed t-test show this distribution to be statistically 

different from both la and lb with p<0.001. Gross examination of the 

total arcuate nucleus from X-ray film proved to be just as sensitive 

to changes in mRNA levels as the emulsion autoradiography (Fig. 

3.12). In most studies both analyses were carried out.
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Figure 3.11 Quantitation of intra- and inter-assay variations in 

grey value distribution frequencies

Grey values measured over 40 arcuate nucleus cells from different 

brains processed within the same experiment are seen in la and lb. 

There is no statistical difference between the 2 distributions 

(one-way analysis of variance, followed by two-tailed t test). 

Statistical difference (p<0.001) from both la and lb is apparent 

for the frequency distribution of cells from an animal processed in 

a different experiment (2a).

97



1 5-

co
CDO

CD
JH

20'

15'
10-

5-
0-

20-

1 5 -

1 0 -

5 -

0 0 40

98

80 120 
Grey Values

60



Ar
bi
tr
ar
y 

Gre
y 

Va
lu
es

Figure 3.12 Emulsion versus X-ray autoradiography
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Quantitation of GRF mRNA levels (arbitrary grey values) from 

emulsion dipped sections shows an increase in mRNA levels after 

hypophysectomy (hypox). Measurement of total arcuate nucleus 

reflectance (arbitrary grey values) from Amersham 3“niax X-ray film 

shows an equivalent increase in GRF mRNA levels following 

hypophysectomy (p <0.001)



A calibration curve for the measured Grey values over the 

labelled bands of the Amersham brain paste standards is shown in Fig 

3.13. There was a positive correlation (p<0.001) between tissue 

optical density and tissue 3H content. This is shown for all the 

different emulsions and exposure times tested. The standard curve 

shown is typical of a 17 day exposure time. From standard curves 

produced with different emulsions, a correction factor can be 

calculated to allow comparisons between experiments. Generally, 

however, inter-experiment comparisons were not carried out.

3.5 DISCUSSION AND CONCLUSIONS

A GRF cRNA probe has been used in conjunction with rat brain 

tissue, to set up and optimise the technique of in situ 

hybridisation. Specificity of localisation of GRF mRNA in this 

system has also been established using a number of negative controls.

Prior ribonuclease treatment established that the hybridisation 

is to RNA, but does not show whether there is hybridisation to a 

particular mRNA. Preabsorption controls establish that the probe is 

capable of hybridising to a complementary sequence, and as 

competition between the cold sense cRNA and the endogenous mRNA 

results in a decreased signal, this suggests that there is 

specificity of localisation. The sense probe also suggests that 

there is sequence specificity for the probe used.

Positive controls have advantages over negative controls, but 

these have not proved easy to perform with the GRF system. The small 

number and discrete localisation of GRF mRNA producing cells make
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Figure 3.13 Quantitation of grey values over Amersham H brain

paste microscale standards

The calibration curve for grey values measured over labelled

bands of the microscales shows positive correlation (p <0.001)
3between tissue optical density and tissue H content. Similar 

standard curves produced from different experiments allow for 

comparisons between mRNA levels measured within different 

experiments.
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Northern blot studies difficult. Our Northern blot experiments have 

shown a faint mRNA species of approximately 750 nucleotides long, 

corresponding to the expected length of GRF mRNA (Gubler et al 1983). 

This gives evidence that our GRF cDNA probe specifically hybridises 

to rat GRF mRNA.

Procedural variations

The effect of procedural variations on hybridisation signal 

intensity and background were examined using the GRF cRNA probe. A 

wide variety of fixation conditions have been described in the 

literature for in situ hybridisation. In this study perfusion 

fixation with 4% paraformaldehyde resulted in a stronger signal and 

lower background compared to post-fixed tissues, indicating that 

perfusion fixation results in better preservation of cellular mRNA 

for in situ hybridisation.

In situ hybridisation works equally well on both cryostat and 

paraffin embedded sections, and paraffin sections were selected for 

use only due to their ease of availability. As extended storage of 

the sections results in a diminished hybridisation signal, all 

sections were used within 6 weeks.

Enhancement of tissue permeability has been suggested in the 

literature (Angerer & Angerer 1981). In our hands, pronase did not 

increase the signal as efficiently as proteinase K. This penetration 

enhancement step did seem necessary even though our probe is small in 

size (50-100 nucleotide fragments).

Acetic anhydride neutralises positive charges present on the 

slide (Hayashi et al 1978). Omission of this treatment resulted in 

high background levels, and hence this was included as an important 

step throughout the course of the experiments.
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A number of variables in the hybridisation and autoradiographical 

procedures had significant effects on hybridisation signal and 

background. Prehybridisation with the hybridisation buffer decreased 

the levels of non-specific binding.

The temperature of hybridisation proved to be an important 

variable. Increases in background were observed as hybridisation 

temperatures were decreased. This result is to be expected as lower 

hybridisation temperatures tend to favour formation of mis-matched 

hybrids. As optimal hybridisation temperature is dependent on base 

composition of probe and probe length, this variable will be 

different in other systems. In our system the optimal signal:noise 

ratio was achieved with a hybridisation temperature of 50°C.

The concentration of probe to be used in the hybridisation step 

is an important consideration. In a detailed study of hybridisation 

kinetics, Cox et al (1984) have shown the highest signal:background 

noise ratio is obtained where the probe concentration is optimal for 

maximum saturation of target sites. Although a higher concentration 

of probe may produce a higher signal, it also results in an increased 

background. The optimal probe concentration thus needs to be 

determined for each particular system or tissue. For quantitative 

studies, where the probe must be provided in excess, the probe 

concentration providing the maximum differences in the 

autoradiographical signals between the two treatments must also be 

empirically determined.

The temperature of post-hybridisation washes was also an 

important variable in the in situ hybridisation protocol. The 

presence of 50% formamide and washing at higher temperatures greatly 

reduces background by denaturing incorrect RNA:RNA hybrids. 

Additionally, treatment of the sections with a single strand specific
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ribonuclease also decreases background noise.

The duration of exposure to photographic emulsion was another 

important determinant of the ratio of signal hybridisation to 

background noise. Use of initial exposure of sections to X-ray film 

proved to be a useful aid in determining the optimal time of 

exposure. In general, sections processed by our protocol were 

exposed for 14 to 17 days with very low backgrounds.

This in situ hybridisation protocol was established to allow 

localisation and quantitative studies to be performed. Preliminary 

quantitative experiments showed that quantitation could be carried 

out successfully on both emulsion and X-ray autoradiography. 

Differences between animals within the same treatment group were 

shown to be minimal, when processed within the same experiment and 

exposed for the same length of time. If processed within a different 

experiment, where probe concentration and emulsion thickness may be 

different, the animals showed different frequency histograms.

The use of Amersham 3H standards to generate calibration curves 

could allow for comparisons to be made between sections from 

different experiments. However, this was not generally needed within 

our studies.

This protocol has been used successfully for localisation studies 

and also to quantitate changes in mRNA levels after physiological and 

pharmacological manipulations.
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CHAPTER 4

THE DISTRIBUTION OF GRF mRNA CONTAINING CELLS WITHIN 
THE CENTRAL NERVOUS SYSTEM OF THE RAT
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4.1 INTRODUCTION

a) Localisation of GRF imnnmoreactivity
A considerable number of studies have localised GRF 

immunoreactivity in the hypothalami of rats, mice, monkeys and humans 

using GRF antisera. Sawchencko et al (1985) and Daikoku et al (1986) 

have reported elegant and complex studies on the organisation and 

distribution of GRF immunoreactivity within rat brain using 

antibodies to rat GRF. Detailed mapping of GRF immunostaining cell 

bodies and fibres provided a 3-dimensional model of the neuronal 

pathways contributing to the control of GH secretion.

GRF immunoreactivity is localised to two adjacent cell groups 

within the mediobasal hypothalamus. In the arcuate nucleus there are 

many staining cells thoughout the rostro-caudal extent of the 

nucleus, with a few cells lying laterally.

The second major group of GRF cells consists of perikarya that 

surround but do not lie within, the ventromedial nucleus. In 

addition, a small population of immunostaining neurones is present in 

the parvocellular division of the paraventricular nucleus. A few 

cells are also found scattered throughout the dorsomedial nucleus. A 

recent study (Leidy & Robbins 1988) has also indicated the presence 

of GRF immunoreactivity within rat cortex.

GRF immunolabelled fibre terminals are present in the external 

lamina of the median eminence. These fibres presumably arise from 

the cell bodies in the arcuate nucleus, as suggested by retrograde 

studies (Niimi et al 1989). Axons from cells in the ventromedial 

nucleus project to many intra and extra hypophysiotrophic areas.

The very restricted distribution of GRF cell bodies in the

hypothalamus is different to that of any other neuropeptide whose

distribution has been characterised. In contrast, other peptidergic
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releasing factors such as somatostatin, CRF and TRH appear to be 

widely distributed throughout the central nervous system.

Terminals also show a restricted localisation, predominantly in 

the median eminence; however, a considerable amount of GRF 

varicosities are found in intra- and extra-hypothalamic areas. This 

suggests that GRF neurones are probably heterogeneous in nature, and 

that each subpopulation of cells will be differentially regulated.

(b) In situ hybridisation histochemistry versus innmmocytochemistry

Immunocytochemical techniques are not generally applicable for 

monitoring changes in peptide biosynthesis, as it is difficult to 

differentiate changes in synthesis from changes in secretion. In 

situ hybridisation histochemistry allows analysis of peptide encoding 

mRNAs and provides a means of visualising and quantifying 

differential expression of a particular gene within subpopulations of 

heterogeneous cells. It also has the ability to differentiate sites 

of precursor synthesis from sites of final peptide localisation.

GRF is a member of the glucagon-secretin family, and is closely

related to peptide histidine isoleucine (PHI) (Tatemoto & Mutt,

1981). Possible cross-reactivity with these GRF-like molecules is a

potential source of error in immunocytochemical studies. To minimise

the risk of false positives, extensive preabsorption tests must be

carried out. Additional immunocytochemistry using antiserum raised

to a specific peptide sequence, not common to other members of the

family, may also be required. The GRF and PHI peptides show 52%

amino acid homology (see Chapter 1); however the homology is widely

spread throughout the sequences. Therefore, the possibility of

cross-reactivity between mRNAs in in situ hybridisation studies is

negligible; this technique thus has a considerable advantage over
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immunocYtochemistry, where mapping the distribution of a particular 

peptide is involved.

Additionally, visualisation of peptide mRNA containing cell 

bodies by in situ hybridisation is achieved without the colchicine 

treatment needed for immunocytochemical studies. Animals treated 

with this drug are unwell and highy stressed: conditions which may 

affect hypothalamic GRF production. Hence, the localisation achieved 

using in situ hybridisation is more likely to be a true reflection of 

actual sites of peptide synthesis under normal physiological 

conditions.

Heterogeneity of cells is often addressed by studying the effects 

of deafferentation and lesion experiments on peptide containing nerve 

terminals (Daikoku et al 1986). Although in situ hybridisation 

histochemistry does not allow visualisation of neuronal fibres, there 

are a considerable number of surgical or pharmacological treatments 

that will indicate heterogeneity using in situ hybridisation.

Monosodium-L-glutamate (MSG) treatment of rats on alternate days 

for the first 10 days of life results in selective destruction of 

neurones in the retina and arcuate nucleus (Nemeroff et al 1977). As 

they mature, the animals manifest an endocrine deficiency syndrome 

characterised by stunted growth, obesity, secondary hypothyroidism 

and hypogonadism, and pituitary atrophy. Immunoreactive studies 

(Bloch et al 1984a) reported that treatment with MSG results in 

complete loss of GRF immunoreactive cell bodies in the arcuate 

nucleus, and the disappearance of GRF fibres in the median eminence. 

The effect on GRF cells around the ventromedial nucleus was not 

addressed. If the cells containing GRF peptide are made up of 

heterogeneous populations, then MSG treatment may differentially 

affect these populations.
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(c) Proposed study
There has been little published data concerning the localisation 

of GRF mRNA within the hypothalamus. K Mayo has quoted GRF as an 

example for the in situ hybridisation methodology in a review (Mayo 

et al 1986), but no systematic in depth investigations of the 

localisation of rat GRF mRNA have been reported. A recent study on 

mouse GRF (Suhr et al 1989) has localised GRF mRNA in the arcuate 

nucleus of mouse brain. This study proposed the use of in situ 

hybridisation to map the sites of expression of the GRF gene 

throughout the rat brain, and construct a 3-dimensional image of this 

distribution. Cell heterogeneity was addressed by measuring the 

relative amount of mRNA per cell within the two major nuclei, and by 

analysing the effect of neonatal MSG treatment on the distribution of 

GRF mRNA containing cells.

4.2 METHODS

a) Animals

All experiments used adult male Sprague-Dawley albino rats 

(300-350g). The distribution of GRF mRNA containing cell bodies was 

charted in the brains of 6 normal animals. Additional analysis took 

place on the brains of 4 that had been treated with MSG (4mg/g s. c.) 

on alternate days during the first 10 days of life. These animals 

were of comparable age to the normal rats studied.

b) Tissue preparation

Animals were perfused with 4% paraformaldehyde, the brains were

removed, postfixed and embedded in paraffin. 5ym microtome sections

were taken at 30ym intervals through the entire brain. Initially a 1

in 10 series of sections was processed by in situ hybridisation in
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order to identify regions of interest. Based on these results, 

detailed mapping was done on a closer 1 in 2 series. Adjacent 

sections were either processed by in situ hybridisation using the a 

tubulin probe, GRF sense probe or counterstained with cresyl violet.

c) Determination of the sites of synthesis of GRF
(i) Identification of GRF mRNA containing cells

Cells were identified as containing GRF mRNA if the density of 

silver grains overlying that cell was greater than 3 times 

background. Detailed mapping studies of identified areas was then 

carried out by in situ hybridisation in order to determine the sites 

of expression of the GRF gene.

The topography of cell bodies containing GRF mRNA was traced 

using a bright field Zeiss microscope with camera lucida attachment 

(Anatomy Dept, Kings College London). Camera lucida illustration 

entailed outlining the base of the brain, the third ventricle, and 

any other anatomical detail visible. The position of positively 

hybridising cell bodies was then accurately marked onto this outline. 

In general, the fornix and optic tract could not be distinguished on 

the thin microtome sections used in this study.

(ii) 3-dimensional reconstruction system
The serial system reconstruction system (SSRCON) is a set of

computer programs written by R J Green at the National Institute for

Medical Research, Mill Hill, which allow a series of sections taken

through any solid object to be digitised, stored and subsequently

reconstructed and displayed in any orientation using a computer.

Each section was entered into the computer using a graphic

digitiser to trace around the outlines illustrated in the camera

lucida sketches: a closed line profile of the third ventricle, an

open line profile of the base of the brain, and single marker dots
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for the localisation of GRF mRNA containing cells.
The serial section data were aligned by shifting and rotating 

each section, and the resulting 3-dimensional image was then 

manipulated by a variety of commands including rotating about the X, 

Y or Z axes, shifting up or down the screen and altering the colours 

or size of image used. A digital plotter was used for a hard copy 

output of any required image. Useful images included the display of 

the 3 orthogonal views, hidden line elimination which shaded over 

areas occupied by new sections, and the display of a stereo pair of 

images.

(iii) Measurement of cellular size

Overall cell length or diameter was measured using a micrometer 

eye piece and stage graticule, on a random sample of the GRF mRNA 

containing nuclei within the 10 brain sections. 40 cell diameters 

were measured in the arcuate and ventromedial nuclei for comparison. 

The measured cell size will appear larger than the actual cell 

diameter due to the spread of silver grains caused by the emissions 

from the 35S labelled probe. Where cresyl violet stained outlines of 

cells were clearly visible under silver grain clusters, the diameter 

of these cells were measured to allow quantification of true cellular 

size.

(iv) Determination of the number of GRF mRNA containing cells in the

hypothalamus

The number of cells containing GRF mRNA within a section was 

counted from the camera lucida illustrations. The true cell density 

within this 5jim section was determined by correcting this crude cell 

count for double counting errors according to Abercrombie (1946)
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where: P = A M

L+M

P = the average no. of nuclear parts per section

A = the crude count of the no. of nuclei seen in the section

M = the thickness (in yin) of the section

L = the average length in (ym) of the nuclei

The cell density was calculated for each section taken through 

the extent of the hypothalamus, and the total number of GRF mRNA 

containing cells within the arcuate and ventromedial nuclei was thus 

determined.

(v) Determination of the number of grains/cell (grey values)

Grey values, measured using the Kontron IBAS Image Analysis 

system discussed in Chapter 3, provide an index of the amount of GRF 

mRNA present within a cell. The OD/cell was determined for cells in 

both the arcuate and ventromedial nuclei. These grey values were 

compared for the two brain nuclei as an indication of cell activity, 

within single sections where probe conditions are identical, and also 

as collective values.

(vi) Monosodium-L-glutamate treatment

Rats were injected with MSG (4g/kg s.c.) on alternate days for 

the first 10 days of life, and were sacrificed at 3 months by 

perfusion fixation. Post-mortem examination showed grossly increased 

amounts of fat, both subcutaneously and around the abdominal organs 

(Fig. 4.1). In situ hybridisation was carried out on anatomically 

matched sections through the arcuate and ventromedial nuclei, using 

GRF antisense and a tubulin antisense probes.
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Figure 4.1 Monosodium-L-glutamate treated rats

A monosodium glutamate-treated animal (on the right) is shown against 

a saline-injected littermate control. Treated animals have physically 

stunted growth, shorter tails and grossly increased amounts of fat, 

both subcutaneously and around the abdominal organs. The animals 

manifest an endocrine deficiency syndrome, due to destruction of the 

neurones in the arcuate nucleus.

114



4.3 RESULTS

(a) Normal distribution of GRF mRNA containing cells

The distribution of GRF mRNA containing cells within the rat 

brain can be seen in the photomicrographs in Fig 4.2 and 

topographically illustrated in Fig 4.3. The drawings are based on 

the results of an in situ hybridisation experiment on an untreated 

male rat (A3147/87), and are modified in minor ways to incorporate 

results of additional untreated rats.

This series of camera lucida drawings are arranged from rostral 

(A) to caudal (L) showing the distribution of cells (dots) containing 

silver grains corresponding to GRF mRNA, in frontal sections through 

the basal forebrain of the rat.

The very restricted distribution of cells expressing the GRF gene 

is clearly demonstrated. From drawings D to L the cell groups 

containing most of the GRF mRNA can be identified. Within the 

arcuate nucleus silver grains associated with cell bodies are 

ventrally concentrated. A few scattered cells lying laterally along 

the base of the brain can also be seen (D-L).

A second major group of cells containing GRF mRNA is seen roughly 

coextensive in the rostrocaudal dimension with the arcuate nucleus. 

These cells surround the ventromedial nucleus of the hypothalamus 

(H-K). Quite strikingly, no cells are found within the ventromedial 

nucleus.

Additionally, a small but prominent group of GRF mRNA containing

cells was detected in the ventromedial part of the parvocellular

division of the paraventricular nucleus (A,B). These localisations

are in agreement with those seen in the immunocytochemical studies

mentioned previously. However, in this study no GRF mRNA containing
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Figure 4.2 Photomicrographs showing the distribution of GRF mRNA

containing cells within the rat hypothalamus

The distribution of GRF mRNA-containing cells within the hypothalamus 

is shown rostral (A) to caudal (C). A small cluster of GRF cells is 

detected in the parvocellular division of the paraventricular nucleus 

(PVN) (A). A few GRF mRNA-containing cells are seen at the base of the 

third ventricle (III) in the rostral arcuate nucleus (A,B). The cells 

containing the majority of the GRF mRNA are concentrated ventrally 

within the arcuate nucleus (Arc) (C). A few scattered cells lie 

laterally along the base of the brain and further cells lie around the 

ventromedial nucleus (VMH). No GRF-producing cells are found within 

the VMH (C) . (x 65 mag.)
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Figure 4.3 Camera lucida drawings showing the topography of cells 

containing GRF mRNA

Schematic illustrations (A - L) of the frontal sections through the 

basal forebrain of the rat, showing the topography of cell bodies 

expressing the GRF gene. The sections are arranged rostrocaudally, 

with 150ym intervals. Drawings D - L show the majority of the GRF 

mRNA-containing cells. Cells in the arcuate nucleus (Arc) are 

ventrally concentrated. A second major group of cells encapsulates 

the ventromedial nucleus (VMH). Additionally, a small group of GRF 

cells was detected in the medial parvocellular (MP) division of the 

paraventricular nucleus (A,B)
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cells have thus far been localised in the dorsomedial nucleus, and no 

other brain area including the cortex contained any GRF messenger 

RNA.

(b) 3-D reconstruction

Figure 4.4 shows the three orthogonal views of the reconstructed 

3-dimensional distribution of GRF mRNA containing cells. To avoid 

confusion, the line representing the base of the brain has been 

omitted. The red outline represents the third ventricle, whilst each 

green triangle represents a cell containing GRF mRNA.

The top left-hand corner shows the standard 'top down' view which 

represents the rostral to caudal sections along the z axis. The top 

right and bottom left corners show views at 90° to this, with the 

rostral to caudal extent along the x and y axes respectively.

The discrete localisation in the arcuate nucleus is clearly 

demonstrated in the top left corner. The lack of cells within the 

VMH is also very apparent in these diagrams.

Figure 4.5 represents all the cells containing GRF mRNA within 

the hypothalamus. This view has been rotated about the y and z axes 

to show the tight distribution of the cells synthesising GRF to the 

arcuate, around the ventromedial and within the paraventricular 

nucleus. The hidden line elimination feature has allowed the 

'stacking' of the third ventricle to become more apparent.

Figure 4.6 shows further rotation through the z and y axes of 

sections through the arcuate nucleus and VMH alone. Hidden line 

elimination has additionally been used to mask cells on the right 

hand side of the third ventricle. Here the cells that lie along the 

base of the brain are seen tightly concentrated and the lack of cells 

within the VMH is reiterated.
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Figure 4.4 The three orthogonal views of the reconstructed 3-D
distribution of GRF mRNA-containing cells

Red lines represent the third ventricle; green triangles represent 

cells containing GRF mRNA.

The top left quadrant shows a standard 'top down1 view with sections 

rostral to caudal along the z axis. The top right and bottom left 

quadrants show views at 90° to this, with rostral to caudal extents 

along the x and y axes respectively.

The discrete localisation of GRF mRNA-containing cells is clearly 

demonstrated in the top left quadrant. The lack of GRF mRNA-containing 

cells in the VMH is also obvious from these diagrams.
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Figure 4.5 A 3-dimensional reconstruction localising all the cells
containing GRF mRNA within the hypothalamus

The 3-D model of the hypothalamus has been rotated about the y and 

z axes to show the tight distribution of GRF mRNA-containing cells 

within the arcuate nucleus, around the VMH and within the para

ventricular nucleus. The 'stacking’ of the third ventricle has been 

achieved using the hidden line elimination feature.
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Figure 4.6 3-dimensional localisation of the cells expressing
GRF within the arcuate nucleus

Further rotation through the z and y axes, and the use of the hidden

line elimination feature to mask cells on the right hand side of the

ventricle, have enhanced the localisation of GRF mRNA-containing 

cells within the arcuate nucleus and around the VMH. A tight

concentration of cells is seen along the base of the brain. The

lack of cells within the VMH is once again very obvious.
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(c) Neurone size

Measurements of the cells containing GRF mRNA suggests that these 

cells have diameters of between 12.5 and 25 ym (Fig 4.7). The mean 

size of cells in the arcuate nucleus is 18.7 ± 0.43 ym, whilst around 

the VMH they measure 17.7 ± 0.49 ym. One-way analysis of variance 

shows that this is statistically different at a p value of <0.05. 

Sawchenko et al (1985) described GRF immunoreactive cells as being 

round or polygonal in shape, with diameters of between 14 and 18 ym. 

Our mean cell size is larger than this quoted value, probably due to 

the spread of silver grains which is caused by the 35S £ emissions 

travelling through the emulsion.

When cresyl violet stained cells visible through the silver 

grains were measured, the actual cell size was measured to be 14.2 ± 

0.39 ym (n=41) in the arcuate nucleus, and 11.1 + 0.51 ym (n=42) in 

the cells surrounding the VMH. This significant difference (p<0.05) 

in cell size may reflect a functional heterogeneity between the two 

cell types.

(d) The number of cells containing GRF mRNA in the arcuate,

ventromedial & paraventricular nuclei

The number of cells expressing the GRF gene within the arcuate 

nucleus was counted from the camera lucide pictures. In 12 5ym thick 

sections, 143 cells were counted on one side of the brain. Double 

counting errors were corrected for as described earlier.

Within the 1900ym depth of the arcuate nucleus, there are 380 x 5 

ym sections, thus there are 2.98 x 380 = 1133 cells containing GRF 

mRNA within the arcuate nucleus. These figures agree with those 

quoted by Sawchenko (1985) for GRF immunoreactive cells.

In the area surrounding the VMH, 150-250 cells appear to be

expressing the GRF gene (p=- 1.5 cells/section through a thickness of
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Figure 4.7 The diameter of GRF cells in the arcuate nucleus and
around the VMH

Arcuate nucleus 
n = 41

Diameter (ym) Number

12.5 2
15.0 6

17.5 10
2 0 . 0  16
22.5 8

25.0 3

Ventromedial nucleus 
n = 42

Diameter (ym) Number

12.5 3
15.0 14
17.5 11
20.0 9
22.5 3
25.0 3

mean = 18.7 ± 0.43 ym mean = 17.6 ± 0.49 ym

p <0.05 (one-way analysis of variance)

Approximately 40 cell diameters were measured for each group of 

cells containing GRF mRNA. Cells within the arcuate nucleus have a 

mean length of 18.7 ± 0.43 ym, whilst those around the VMH have a 

mean length of 17.7 ± 0.49 ym. One-way analysis of variance shows a 

statistical difference at p<0.05.

128



600 ym). The paraventricular nucleus contains a further 50-70 GRF 

mRNA containing cells (p=~l.l cells/section over 300ym). Thus on one 

side of the brain there are approximately 1400 cells expressing the 

GRF gene.

(e) The number of silver grains per cell (Grey values)

The grey values measured for 5 cells within both the arcuate and 

ventromedial nuclei are compared within single sections as shown in 

Fig 4.8, and as collective values by frequency histograms (Fig. 4.9).

In 4 of the 6 intra-section comparisons, cells around the VMH 

contain less silver grains than those in the arcuate nucleus. As 

hybridisation conditions should be identical within a section, this 

suggests a difference in the activity between the 2 types of cell.

When cumulative grey values for cells in the arcuate nucleus and 

VMH are represented by frequency histograms (Fig. 4.9), the 

distributions appear similar. However, one way analysis of variance 

shows the distributions to be different at p<0.05.
wit h  cells around the VMH having slightly more silver grains.

(f) Monosodimn-L-glutamate treatment

The lack of a tubulin hybridisation signal in the arcuate nucleus 

verifies the MSG destruction of cell bodies in this area. MSG 

treatment has destroyed arcuate nucleus GRF mRNA containing cells, 

without altering those around the ventromedial nucleus (Fig. 4.10).

This suggests that cells around the ventromedial nucleus are 

functionally independent of those in the arcuate nucleus.
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Figure 4.8 Grey value measurements for GRF mKNA-containing cells 

in the arcuate and ventromedial nuclei
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Grey values for 5 cells within the arcuate nucleus are compared 

directly to those measured for 5 cells around the VMH. 6 individual 

sections have been analysed.
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Fig. 4.9 Histograms representing the frequency distribution of
grey values measured in cells in the arcuate nucleus and around 

the VMH
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Collective grey values from the data in Figure 4.8 are represented 

by frequency histograms. Although the distributions appear 

similar, one-way analysis of variance shows the distributions to be 

different at p<0.05.
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Fig. 4.10 The effects of MSG treatment on the arcuate nucleus,
and on GRF mRNA-containing cells

The lack of a tubulin hybridisation signal in the arcuate 

nucleus of an MSG-treated animal is seen in part B, The 

arcuate nucleus of a control littermate (A) shows a strong 

a tubulin hybridisation signal (x 116.5 mag.)

MSG treatment destroys GRF mRNA~containing cells in the arcuate 

nucleus without altering those lying ventrally and around the 

VMH (C) (x 76 mag.) Higher magnification (x 116.5) shows the 

lack of cresyl violet stained cell bodies in the arcuate nucleus. 

A few laterally lying GRF mRNA-containing cells can be 

identified.
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4.4 DISCUSSION

(a) Distribution

The distribution of GRF mRNA containing cells is quite strictly 

limited to the hypothalamus and immediately adjoining areas. Cell 

bodies expressing the GRF gene are localised principally in the 

arcuate nucleus, and the regions around the ventromedial nuclsus. 

Similar findings have been reported immunocytochemically (Sawchanko 

et al 1985; Daikoku et al 1986) in rat hypothalami. In primates, 

however, hpGRF are localised in the arcuate nucleus, and within the 

ventromedial nucleus proper (Bloch et al 1983b). These results also 

confirm Mayo's in situ localisations (1986) and those found by Suhr 

et al (1989) in mouse hypothalami.

Apart from those in the medial basal hypothalamus, a modest 

number of GRF mRNA containing cells have been observed in the 

paraventricular nucleus. These cell bodies are undetectable by 

immunofluorescence preparations, but have been visualised in 

immunoperoxidase experiments (Sawchenko et al 1985; Merchenthalei et 

al 1984) since immunoperoxidase methods have the greater sensitivity. 

This discrepancy is probably attributable to a lower level of 

expression by these particular neurones. This is verified by in situ 

hybridisation as suggested by the photomicrographs in Fig. 4.2. It 

thus appears that in situ hybridisation will detect all cells 

containing GRF mRNA, whether they are expressing the gene at love or 

high levels. As no other brain area has been detected to contain GRF 

mRNA in this study, or the mouse study by Suhr et al (1989), it is 

likely that our results represent the total distribution of the 

primary sites of synthesis of GRF.
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(b) Functional classification of GRF mRNA containing cells

This study has shown that GRF mRNA containing cells can be 

separated into two groups by their differences in size, activity and 

response to MSG treatment. In conjunction with immunocytochemical 

studies on function (Daikoku et al 1986), it can be postulated that 

GRF synthesising cells in the arcuate nucleus and surrounding the 

ventromedial nuclei are functionally different.

Cells in the arcuate nucleus, which are known to project their 

fibres to the median eminence, are larger in diameter and appear to 

have higher activity (i.e. contain more GRF mRNA) than those around 

the VMH, whose fibres project to as yet unidentified areas.

Results from the in situ hybridisation studies performed on 

MSG-treated rats, and from similar immunocytochemical studies by 

others (Bloch et al 1984a) have shown complete loss of cells 

expressing GRF in the arcuate nucleus, with cells around the VMH 

remaining unaffected. As these rats still maintain GH secretion, but 

have little or no GRF in the median eminence, the two cell types 

appear to contribute to the control of GH secretion via different 

pathways.

(c) Implications for the control of growth hormone secretion

Evidence from stimulation and ablation studies (Martin et al 

1978) implicates the medial basal hypothalamus in the control of 

growth hormone secretion. Consistent with this is the localisation 

of GRF mRNA containing neurones predominantly in the arcuate nucleus 

and in the region of the ventromedial nucleus.
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Anatomical evidence from immunohistochemical studies suggests 

that cells in the arcuate nucleus project to the external layers of 

the median eminence. This has been supported by retrograde transport 

studies, that have identified the cells of origin of different 

projections to the median eminence (Lechan et al 1982). Technical 

difficulties, however, have made difficult simultaneous 

identification of the peptides present in the cell bodies. Niimi et 

al (1989) have recently reported GRF immunocytochemical localisation 

together with retrograde transport. Their studies indicate that GRF 

cells from the arcuate nucleus project to the median eminence.

Bloch et al (1984a) have shown that MSG treatment, which 

preferentially destroys cells in the arcuate nucleus, results in 

complete disappearance of GRF immunoreactive fibres in the median 

eminence. Daikoku's results (1986), in contrast, showed a small 

amount of immunoreactivity remaining in the median eminence, and 

these rats, although lacking GRF from the arcuate nucleus, still 

secrete GH. Thus, even though it seems clear that most of the fibres 

in the median eminence originate from the arcuate nucleus, it cannot 

be said that the neurones around the VMH play no role in the control 

of GH secretion.

Frohman et al (1968) have shown that stimulation of the VMH in 

rats results in increased plasma GH levels, and that discrete lesions 

of the VMH result in a marked decrease in plasma growth hormone 

levels, and stunted growth (Frohman et al 1969). Additionally, 

projections from the VMH to the arcuate nucleus have been 

demonstrated ultrastructurally (Zaborsky 1982). Whilst it seems 

clear that the VMH is involved in the regulation of growth hormone 

secretion, how neurones in this region are participating still 

remains to be elucidated.

GRF mRNA containing cells in the paraventricular nucleus are very
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small in number, which indicates that their contribution to the 

control of GH secretion should be relatively minor. Their function,

if any, still remains unclear.

The very limited central distribution of GRF mRNA containing

cells makes viable the view that the entire hypothalamic GRF system 

makes up an integrated functional unit for the control of GH

secretion.
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CHAPTER 5

REGULATION OF GRF GENE EXPRESSION
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5.1 INTRODUCTION

The development of methods with sufficient sensitivity to measure 

hypothalamic GRF content and release has made possible the study of 

GRF regulation by pituitary and other hormones.

The effect of GH deficiency produced by hypophysectomy (HX), and 

of GH replacement therapy on GRF content and release in vitro, was 

studied using a specific GRF radioimmunoassay (Ganzetti et al 1986/ 

Katakami et al 1987). Hypophysectomy resulted in a marked reduction 

in GRF content. Thyroid hormones (Peake et al 1973), glucocorticoids 

(Wehrenberg et al 1983) and gonadal steroids (Wehrenberg et al 1985a) 

have all been shown to affect GH secretion, and thus replacement 

doses of T4, cortisone and testosterone were administered. This 

therapy had no effect on the decreased hypothalamic GRF content, but 

when administered together with GH replacement, GRF levels were 

partially restored to normal (Ganzetti et al 1986; Katakami et al 

1987)

The decrease in GRF content seen could represent either a 

decrease in GRF synthesis with gradual depletion of the stored 

hormone or an increase in GRF release with inadequate increase in 

synthesis to maintain stores. The latter possibility would be 

consistent with the classical concept of negative feedback where a 

lack of GH would result in an increase in GRF secretion. Mayo (1986) 

showed that hypophysectomy enhances GRF gene expression by increasing 

hypothalamic GRF mRNA. This suggests that transcriptional activity 

is regulated by GH, but that other factors may be required for 

efficient translation.

Katakami et al (1986a) showed that thyroidectomy decreased 

hypothalamic GRF content by approximately 50% and that this reduction 

was completely corrected by one week of T4 treatment, suggesting that
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the role of T4 in maintaining GH secretion was related to its effect 

on GRF.

Although considerable evidence existed showing the role of GRF in 

the promotion of growth in vivo and in vitro, at the onset of this 

study little experimental data was available concerning the 

regulation of GRF gene activity. This study addressed this question 

by evaluating the role of the pituitary, and of GH in the regulation 

of GRF gene expression in vivo.

5.2 THE EFFECTS OF HYPOPHYSECTOMY ON GRF GENE EXPRESSION 

(a) Methods
(i) Animals: (Fig. 5.1) Hypophysectomised and sham-operated male

Sprague-Dawley rats, 3-4 weeks old and weighing 200-250g, were 

purchased from Charles River Breeding Laboratories UK Ltd, Kent. 

Animals were housed in an environmentally controlled room (lights on 

0600-1800 h, temperature 28±1°C), provided with tap water and saline, 

and food was made readily available by placement on the floor of the 

cages as well as in the feed bins. Rats were allowed to recover for 

5 days and were weighed daily to check for the lack of growth that 

should be associated with hypophysectomy. Animals whose weight gain 

was greater than lg/day were considered incompletely 

hypophysectomised, and were excluded from the study.

Some hypophysectomised rats were treated for 5 days beginning on 

the sixth day post-operatively, with replacement doses of bovine GH 

(75yg subcutaneously, twice daily), T4 (2^g/100g subcutaneously 

daily) or hydrocortisone (50yg/100g intramuscularly, twice daily).

All animals were weighed daily for the duration of treatment, and 

efficacy of GH treatment was confirmed by demonstration of weight 

gain.
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Hypox Replacement Sacrifice

\ J \
I Recovery____ j________________ I__________

0 5 10 Days

Control 
Hypox 
Hypox with:- bGH 75\ig s.c. 2 x daily 

or:- T4 2p.g/1 OOg s.c. once daily 
or:- Hydrocortisone 50pg/1 OOg im 2 x daily

Figure 5.1 Treatment of hypophysectomised animals

Animals were hypophysectomised on day 0. Following a 5-day recovery 
period, rats exhibiting no weight gain were either untreated (hypox) 
treated for 5 days, beginning on the 6 th day post-operatively, with 
replacement doses of bovine GH (75 yg subcutaneously, twice daily),

(2 yg/lOOg subcutaneously daily) or hydrocortisone (50 yg/lOOg 
intramuscularly, twice daily).

On the 10th day after hypophysectomy, animals were sacrificed by 
perfusion fixation with 4% paraformaldehyde.

or
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On day 10 after hypophysectomy the animals were anaesthetised 

using hypnorm (Janssen Pharmaceuticals) and valium (Phoenix 

Pharmaceuticals) and killed by perfusion fixation with 4% 

paraformaldehyde, as discussed previously. Completeness of

hypophysectomy was confirmed by visual inspection of the sella 

turcica. Serum GH levels were measured by RIA kindly performed by Dr 

ICAF Robinson, NIMR (NIADDK rat GH assay kit with supplied standards, 

using monkey antibody).

(ii) ISH to measure GRF mRNA: ISH was carried out on anatomically 

matched sections at 6 progressive levels through the arcuate and 

ventromedial nuclei using the GRF cRNA probe. Sections were also 

probed with the a tubulin cRNA probe, to assess the effects of 

treatments on overall transcription levels.

Sections were exposed overnight to Amersham (3-max X-ray film 

prior to emulsion autoradiography. Quantitation of the amount of 

mRNA within the arcuate nucleus was determined using film 

autoradiography, and by measuring grey values over individual cells 

on emulsion dipped slides (as discussed previously - Chapter 3). Ten 

cells were measured from each section, on both sides of the brain, 

for 6 animals in each treatment group.

In addition, the number of cells expressing the GRF gene in the 

arcuate nucleus and in the areas surrounding the VMH, was counted 

manually using bright field optics, by an operator unaware of the 

treatment group.

Results were analysed using one-way analysis of variance followed 

by two-tailed Student's t tests.
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Figure 5.2a Representative examples of animal growth rates

Control animals grew at between 10 and 12g/day. Following the 

initial recovery period, when hypophysectomised rats lost weight, 

no growth was seen in these animals. On commencing GH treatment, 

hypophysectomised animals resumed growth at a rate of 6 to 7g/day 

Rats treated with or hydrocortisone showed no growth (data not 

shown).

Figure 5.2b The effects of hypophysectomy on serum GH levels

Control rats had mean serum GH levels of 2.310.3 ng/ml. Serum 

of hypophysectomised rats, and hypophysectomised rats treated with 

GH, and hydrocortisone, contained no measurable rat GH. The 

administered bovine GH is not detected by the rat GH assay.
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(b) Results

(i) Growth rates and serum GH levels:
Growth rates are shown for 3 animals within each treatment group

(Fig 5.2a). The control rats grew at between 10 to 12 g/day. As 

expected, hypophysectomsed rats did not grow. Their weight initially 

decreased during the recovery period and then levelled out. On 

commencement of GH treatment, hypophysectomised rats resumed growth 

at a rate of between 6 and 7 g/day. Rats treated with T4 and 

hydrocortisone showed no growth.

Control rats had mean serum GH levels of 2.3±0.3ng/ml (Fig 5.2b). 

The serum of hypophysectomised rats, and hypophysectomised rats 

treated with GH, T4 and hydrocortisone contained negligible growth 

hormone, confirming completeness of hypophysectomy. The exogenous GH 

administered was bovine GH, and thus this was not detected by the rat 

GH assay.

(ii) Effects of hYPophYsectomy on GRF mRNA:
After hypophysectomy, the silver grain density, or GRF mRNA

level, appears to have increased in cell bodies in the arcuate 

nucleus. In addition, a substantially increased number of cells

around the VMH are expressing the gene compared to sham-operated 

controls (Figs 5.3 & 5.4).

The number of cells containing GRF mRNA around the VMH is 

increased by 80% (p<0.01) (Fig. 5.5). This is seen in 23

hemisections from 6 animals in each treatment group. GH replacement 

partially attenuates this phenomenon.

Interestingly, T4 replacement appears to have a similar effect to 

GH, whereas hydrocortisone treatment has little effect on GRF 

expression in these additional cells.
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Figure 5.3 Bright field photomicrographs showing the effect of
hypophysectomy on GRF mRNA levels within the hypothalamus

Photographs showing equivalent levels through (A) control and 

(B) hypophysectomised brains (x 76 mag.)

After hypophysectomy there are many more cells expressing the GRF 

gene in the area around the VMH. Additionally levels of GRF mRNA 

per cell within the arcuate nucleus are elevated above control 

levels. This suggests an overall increase in GRF mRNA levels 

within the hypothalamus, following removal of the pituitary gland.
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Figure 5.4 Dark field photomicrographs showing the effect of
hypophysectomy on GRF mRNA levels

Dark field photographs of (A) control and (B) hypophysectomised 

rat hypothalami (x 85 mag.)

Hypophysectomy is shown to increase the number of cells expressing 

the GRF gene around the VMH, and also to increase the amount of mRNA 

per cell within the arcuate nucleus.
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Histograms demonstrating the frequency distribution of grey 

values measured in 100 arcuate nucleus cells per treatment, revealed 

a significant difference in the distribution of signal intensities 

after hypophysectomy (p<0.001) (Fig 5.6). Histograms representing 

cells from animals receiving GH and T4 replacement showed partial 

restoration of the frequency distribution towards normal. 

Quantifiable differences between treatment groups can also be 

determined by comparing histograms of mean grey values ± SEM for the 

100 cells analysed within each group.

Relative amounts of GRF mRNA in the arcuate nucleus following 

hypophysectomy and replacement therapy are seen in Figures 5.7 a & b. 

The number of silver grains per cell increased by 70% in 

hypophysectomised animals compared to sham-operated controls

(p<0.001). This increase is partially attenuated by GH (p<0.01 from

hypophysectomised levels) and slightly attenuated by T4 (p<0.05 from

hypophysectomised levels), but is unaffected by hydrocortisone

treatment. The number of cells expressing the GRF gene within the 

arcuate nucleus remains unaffected by hypophysectomy. Analysis of 

the X-ray film autoradiographs shows similar differences in mRNA 

levels between controls, hypophysectomised and treated groups (Fig 

5.7b). Additionally, there was little change in tubulin mRNA levels 

between animal groups, suggesting that hypophysectomy specifically 

affects GRF transcription, rather than being a generalised effect.

5.3 THE EFFECTS OF HYPOTHYROIDISM ON GRF GENE EXPRESSION

(a) Methods

(i) Animals: (Fig 5.8) Male Sprague-Dawley rats (3-4 weeks old,

100-150g) were fed on a low iodine content rice diet for a week,
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Figure 5.5 The effect of hypophysectomy on the number of cells 

expressing the GRF gene in the area surrounding the VMH

DC
E
LL
DC
o
O)c
‘c
'cti
coo
if}

oCD CO
o  
E03 

8  *  
O oQ_ CD >  -Q -C
I 1^  CD

25n

20-

E -2  15-

10-

5-

0 J

* p < 0.01 vs control 
n=23-30 hemi-sections 
(6 animals)

Control Hx Hx + GH Hx + T4 Hx + HC

The number of cells expressing the gene in the area surrounding the 

VMH was counted manually by an operator unaware of the treatment group. 

Shown are the mean ± SEM values for 23 hemisections from animals within 

each treatment group.

The number of cells containing GRF mRNA around the VMH is increased by 

80% after hypophysectomy (p<0.01 vs control). Both GH and T^ partially 

attenuate this increase. Hydrocortisone treatment has no effect on the 

number of cells expressing GRF.
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Figure 5.6 Frequency distributions showing the effect of
hypophysectomy on GRF mRNA levels within the arcuate nucleus
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The frequency distribution histograms represent the grey values 

measured over 100 cells per treatment. Hypophysectomy results in a 

significant shift of the distribution to the r-iĉht: (p < 0.001 - one-way 

analysis of variance, followed by Student’s t test). Treatment with 

GH and T^ partially restores the frequency distribution to the control 

levels. Hydrocortisone treatment of hypophysectomised animals has no 

effect on the frequency distribution (data not shown).
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Figure 5.7 The effect of hypophysectomy on GRF mRNA levels within
cells in the arcuate nucleus

The mean grey value ±SEM for 100 cells/treatment is shown in 

graph (A). Graph (B) shows parallel results obtained from the 

image analysis of X-ray films.

Hypophysectomy results in a 70% increase in the number of silver 

grains per cell within the arcuate nucleus when compared to control 

levels (p<0.001). This increase is partially attenuated by GH 

replacement (p<0.01 vs. hypophysectomised levels). T^ treatment also 

slightly attenuates this increase (p<0.05 from hypophysectomised 

levels), but hydrocortisone treatment has no effect.

Analysis of the X-ray film autoradiography shows similar differences 

in mRNA levels to those seen in single cell analyses.
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prior to administration of 0.25mCi of 13,i intraperitoneally. 1 3,i

will be rapidly taken up into the iodine depleted thyroid, thus 

destroying the tissue. Normal diet resumed after a further week of 

rice feeding. Propylthiouracil (PTU), which blocks the uptake of 

iodine to any remaining thyroid tissue, was added to the drinking 

water at a concentration of lOOmg/L.

Control animals received no 1311 or PTU, and normal food. Some 

animals were treated with PTU but no 1311 to test for non-specific

effects on transcription. After 6 weeks, by which time the

131I-treated animals should be hypothyroid, half of these animals 

received T4 replacement therapy (2yg/100g s.c. daily) for 14 days. 

The animals were anaesthetised with hypnorm/valium and sacrified by 

perfusion fixation. Serum TSH was measured by radioimmunoassay to 

confirm the hypothyroid status (kindly performed by Dr J Franklyn, 

Birmingham).

(ii) ISH to measure GRF mRNA: ISH was carried out on anatomically

matched sections at 6 progressive levels through the arcuate nucleus.

Both GRF and a tubulin probes were used to compare effects of 1311,

PTU and T4 on gene transcription.

Prior to emulsion autoradiography, sections were exposed 

overnight to Amersham p-max autoradiographic film. Quantitative 

analyses were carried out over the whole arcuate nucleus from the 

X-ray film results, and additional analysis was carried out over 

single cells within the arcuate nucleus after dipping. The relative 

amount of GRF mRNA within the arcuate nucleus was statistically 

analysed using one-way analysis of variance and two-tailed Student's 

t tests.
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Figure 5.8 Treatment of hypothyroid animals

Rice only 1311 Normal
diet +PTU diet T4 replacement SacrificeI I I  | jI I I_____________ I_________I

- 1 0  1 6 8
Weeks

13,l -  0.25mCi 
PTU -  O.lg/l in  d rink ing  water 
T4-2ftg/100g sc daily

Young animals were fed on a rice only diet for 1 week to ensure
131depletion of iodine stores. 0.25mCi of I injected intrapentoneally 

will then be rapidly taken up into the thyroid. Following a further week 

of rice feeding, normal diet was resumed. Propylthiouracil (O.lg/L)

was added to drinking water to block the uptake of iodine to any
. 131remaining thyroid tissue. Control animals receive no I or PTU. Some

131 131animals receive PTU but no I. After 6 weeks, half of the I-treated

animals received T^ replacement (2 yg/lOOg subcutaneously, daily) for

14 days. Animals were sacrificed by perfusion fixation with 4%

paraformaldehyde.
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(b) Results

(i) TSH assay: (Fig 5.9)

High serum TSH levels in PTU, and 1311 and PTU treated animals 

confirms hypothyroid status of rats within both treatment groups. T4 

replacement therapy returns animals to the euthyroid state as 

determined by suppression of elevated TSH to normal values. Serum GH 

levels would have provided evidence of the reduced GH secretion 

normally associated with hypothyroidism. Unfortunately, as animals
iwere sacrificed by perfusion fixation, relatively little serum was 

available for radioimmunoassay and only the TSH assay was possible.

(ii) Effects of hypothyroidism on GRF mRNA levels:

Figure 5.10 shows colour enhanced photographs of an

autoradiographic X-ray film of control and hypothyroid rat brain 

sections. Red indicates the highest level of 35S labelling, with 

blue representing the lowest level of labelling.

As suggested by the colouring in these photographs, quantitation 

of the autoradiographic film showed no significant changes in GRF 

mRNA levels between treatment groups (Fig. 5.11). Additionally, 

on showed no alteration in the number of cells around the VMH 

following destruction of the thyroid gland.



Figure 5.9 Effect of hypothyroidism on serum TSH levels
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131High serum TSH levels in PTU and I + PTU treated animals confirms
131hypothyroid status (PTU alone p<0.05 vs control; PTU + I p< 0.001 

vs control). T^ replacement therapy returns hypothyroid animals to 

euthyroid status.
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Figure 5. 10 Photomicrographs showing the effects of hypothyroidism

on GRF mRNA levels

Colour enhanced photographs of hypothalami from (A) control and

(B) hypothyroid animals (x 11.5 mag) showing little difference in

GRF mRNA levels between treatment groups. Red colouring indicates
35highest levels of S labelling and thus measurable GRF mRNA levels.

Blue represents low levels of labelling, i.e. background grain cover. 
Although it appears that there are more GRF mRNA containing

cells around the VMH in hypothyroid animals, quantification

showed this not to be the case. The difference seen here is

probably due to slight differences in the anatomical levels

of the sections.
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Figure 5.11 The effect of hypothyroidism on GRF mRNA levels
within the arcuate nucleus
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As suggested by the colour enhanced photograph, the inducement of 

hypothyroid status does not affect GRF mRNA levels in the arcuate 

nucleus. Additionally, there is no alteration in the number of cells 

expressing the gene in the area surrounding the VMH. Between 11 and 21 

measurements were made within each treatment group (4 animals).
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5.4 DISCUSSION

These results show that hypophysectomy causes an increase in GRF 

mRNA levels, and that this occurs in two separate ways. GH 

deficiency results in an increase in the amount of mRNA produced per 

cell within the arcuate nucleus. Secondly, and unexpectedly, lack of 

GH results in an increase in the number of cells expressing the GRF 

gene in the area surrounding the ventromedial nucleus.

This increase in GRF mRNA content within the hypothalamus agrees 

with results published recently by Chomczynski, Downs and Frohman 

(1988) where a 6-fold rise in mRNA levels was measured by Northern 

and dot blots after hypophysectomy. De Gennaro et al (1988), using 

slot blots, also showed a rise in GRF mRNA levels following 

hypophyectomy. These investigations, however, could not discern the 

mechanisms leading to the increase in GRF mRNA. The in situ 

hybridisation results show that there are two separate mechanisms by 

which GRF mRNA increases.

The increased number of detectable GRF mRNA containing neurones 

around the VMH could result from either the recruitment of neurones 

which previously did not express the GRF gene, or by an increase in 

the levels of GRF mRNA in neurones which previously had very low and 

undetectable levels of mRNA. Although we are unable to distinguish 

between the two possibilities, in a similar study of the effects of 

oestrogen on POMC expression, Romano et al (1988) argue that such a 

phenomenon would result from an increase in mRNA levels from either 

zero, or from low undetectable levels to very much higher levels.

Merchenthaler and Arimura (1985) reported the effects of 

hypophysectomy on GRF peptide levels using immunocytochemical 

techniques. GRF immunoreactivity was decreased in the median 

eminence, but as the hypophysectomised animals did not survive the
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colchicine treatment needed to localise GRF immunoreactive cell 

bodies, there are no published data regarding the effect of 

hYP°phYsectomY on GRF immunoreactive neurones.

The additional cells expressing GRF mRNA after hypophYsectomy may 

reflect the plasticity of the adult central nervous system (Hatton 

1986), where these cells are being recruited to express the GRF gene 

by the changed endocrine environment. Similar results illustrating 

this adult plasticity have been reported by Wolfson et al (1985) 

where, after adrenalectomy, both vasopressin mRNA and CRF mRNA are 

present in cells which normally express only CRF. Oestrogen 

treatment increases the number of cells containing proenkephalin mRNA 

in the VMH (Romano et al 1988) and castration increases the number of 

neurones expressing the GnRH gene (Wiemann & Steiner 1989).

The cells around the ventromedial nucleus which are recruited to 

express GRF mRNA may represent part of a sensor mechanism which will 

drive GRF production in the arcuate nucleus in response to extreme 

disruption of the GRF/GH feedback loop. Whether these cells project 

to the arcute nucleus is not yet known. Horvath and Palkovitz (1988) 

have shown GRF immunoreactive nerve terminals synapsing with GRF 

immunoreactive dendrites within the arcuate nucleus. These workers 

postulate that the terminals could originate either from 

extra-arcuate neurones, perhaps those around the VMH, or from 

recurrent collaterals of local circuits.

The increase in GRF mRNA by both mechanisms demonstrates the 

feedback loop that exists between growth hormone and the GRF 

neurones, although thyroid hormones and glucocorticoids may also be 

involved. GH replacement therapy partially reverses the increase in 

GRF mRNA levels, but does not return levels to normal. The 

explanation for this is unclear, but may be attributed to the method 

of GH administration. Twice daily injections does not mimic the
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pattern of spontaneous GH secretion, which has 6 to 8 pulses per day. 

Continuous administration of GH has been shown to have no effect on 

the hypox-induced GRF mRNA levels (Wood et al 1989).

Hormone deficiencies associated with hypophysectomy could also 

contribute to the changes in GRF mRNA content seen. The results from 

this study of hypothyroidism, together with those reported by 

Chomczynski et al (1988), indicate that thyroid hormones do not 

appear to be responsible for maintaining normal levels of GRF gene 

expression. Additionally, neither adrenalectomy nor gonadectomy 

resulted in changes in GRF mRNA levels (Chomczynski et al 1988), 

suggesting that the regulatory effects of androgens, glucocorticoids 

and thyroid hormones on GH are not related to their actions on GRF 

synthesis.

In our hands, T4 partially attenuates the hypox-induced GRF mRNA 

levels. As there are no other data from other investigators for GH 

deficient rats treated with T4 alone, this requires further 

investigation. T4 and GH may act synergistically to return GRF mRNA 

levels to normal. However, when GH is administered in conjunction 

with T4, cortisone acetate and testosterone proprionate, the GRF mRNA 

levels remain elevated (Chomczynski et al 1988).

GRF mRNA levels were unaffected by thyroid deficiency in this 

study. This agrees with early results by Frohman's group 

(Chomczynski et al 1988) in a study using dot blots to measure mRNA 

levels. Later data from this group suggest that the hypothyroid 

animals studied had significant residual GH secretion (Downs et al 

1989). Hypothyroid animals that develop associated GH deficiency are 

reported to show an increase in GRF mRNA levels (Downs et al 1989). 

T4 replacement reduces the increased GRF mRNA levels by approximately 

50%, whilst rat GH treatment returns GRF mRNA levels to normal. This 

indicates that the increase in GRF gene expression in hypothyroid
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animals is mediated by GH deficiency rather than as a direct effect 

of T4 on the hypothalamus. It is unfortunate that there are no GH

data for the animals used in our study. The above evidence would 

appear to suggest that although the high serum TSH levels indicate 

hypothyroidism, the associated GH deficiency had not yet occurred in 

these animals.

Wood et al (1989) suggest that corticosterone regulates GRF gene 

expression. Adrenalectomy increases GRF mRNA levels (shown by SI 

nuclease protection assays). This effect is decreased by 

corticosterone administration. In this study, increased GRF mRNA 

levels were attenuated by T4, corticosterone and testosterone, but 

were unaffected by continuous GH treatment. This was probably due to 

the mode of administration - continuous rather than intermittent. 

Thus, whether glucocorticoids and thyroid hormones act directly to 

affect GRF gene expression is still not clear.

Whilst it is possible that other hormonal and neural factors are 

needed to totally reverse the GRF changes that are associated with 

hypophysectomy, our results clearly indicate that GH plays a critical 

role in the regulation of GRF gene expression. The increase in GRF 

mRNA accumulation in GH deficient animals and its partial prevention 

by GH replacement indicates a classical negative feedback regulation 

of GRF gene activity at the transcriptional or post-transcriptional 

level.

The decrease in GRF content seen by others after hypophysectomy 

(Katakami et al 1987), despite the increase in GRF mRNA seen in our 

study could be explained by an increase in GRF release, by an 

alteration in the molecular form of synthesised GRF, or by 

post-transcriptional impairment of GRF synthesis.

Katakami et al (1987) and de Gennaro Colonna et al (1988) 

postulated that the decrease in peptide content after hypophysectomy
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was due to an increase in GRF release, with an insufficient increase 

in synthesis to maintain stores. Conflictingly, Chomczynski et al 

(1988) have reported basal GRF release to be unchanged by 

hypophysectomy. GRF release measured in vitro may not, however, be 

an accurate reflection of that occurring in vivo. Conclusive 

evidence could only be obtained from portal blood sampling. Only one 

HPLC peak of GRF immunoreactivity has been found within 

hypophysectomised and normal hypothalami (Chomczynski et al 1988), 

suggesting that there is no alteration of the molecular form of GRF. 

Thus it appears that the overall regulation of GRF production is very 

complex. While GH clearly regulates GRF expression at the 

pretranslational level, other factors may be required for the 

efficient translation of the GRF mRNA.

Although not as common as regulation at the transcriptional 

level, post-transcriptional regulation is an important mechanism in 

the control of eukaryotic gene expression (Hunt 1985; Shaw & Kamen 

1986). Hunt proposed that certain proteins can regulate

translational activity by binding to the 51 untranslated regions of 

mRNA.

The effects of GH deficiency may be mediated, in part, by IGF-1. 

IGF-1 exerts a negative feedback on GH secretion at both the 

hypothalamic and pituitary levels, by stimulating somatostatin (SRIF) 

release and inhibiting GRF stimulated GH release (Berelowitz et al 

1981). However, intracerebroventricular injections of GH indicate 

that its feedback effects occur within the CNS (Abe et al 1983). 

Therefore IGF-1 participation in the GH feedback effects should be 

related to CNS IGF-1 levels rather than peripheral IGF-1. D'Ercole 

et al (1984) have shown brain IGF-1 levels to be unaffected by 

hypophysectomy. Thus, this study seems to demonstrate a short loop 

feedback, where GH directly inhibits GRF mRNA accumulation.
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SRIF is another potential regulator of GRF gene expression.
Liposits et al (1988) and Horvath et al (1989) have shown that SRIF 

and GRF neurones interact with each other. If SRIF secretion is 

decreased in hypophysectomised animals, this could contribute to the 

increase in GRF mRNA accumulation. Hypophysectomy has been reported 

to reduce preprosomatostatin mRNA in the periventricular nucleus 

(Rogers et al 1987), and thus SRIF may play a part in mediating the 

GH feedback regulation of GRF gene expression.

In summary, these studies demonstrate the short loop feedback 

regulation of GH on GRF gene expression. The mechanism of action

involves GH dependent inhibition of GRF mRNA accumulation within

cells in the arcuate nucleus, and the GH, and perhaps T4 inhibition

of expression within certain cells in the area around the 

ventromedial nucleus.
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CHAPTER 6

EXTRA HYPOTHALAMIC LOCALISATION OF GRF mRNA
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6.1 INTRODUCTION

Although the characterisation of hypothalamic GRF was achieved by 

researchers studying human pancreatic tumours, and GRF activity has 

been found outside the brain in many neoplastic tissues, there has 

however been little convincing evidence of extra-cranial localisation 

of GRF in normal tissue.

Most of the hypothalamic regulatory hormones have been found 

within the gastrointestinal tract (Pearse 1976) and several studies 

have attempted to identify GRF in normal tissues outside the central 

nervous system. However, conflicting results have been obtained as 

to the localisation of GRF in the gut. Radioimmunoassay studies have 

demonstrated small but detectable amounts of immunoreactive GRF 

(IR-GRF) in the upper intestine and pancreatic islet cells 

(Christofides et al 1984, Shibaksi et al 1984). Shibaski and 

colleagues (1984) also detected small amounts of IR-GRF in the lung 

and adrenal glands, but in contrast Frohman (1984) found no 

detectable IR-GRF in adrenals, lung or pancreas.

GRF-containing cells have rarely been identified in 

immunocytochemical studies; only Bosman et al (1984) have localised 

GRF immunoreactivity to the pancreatic polypeptide containing cells 

of the pancreas, and the gastrin containing cells of the stomach. 

Sano et al (1987) have since reported that GRF immunoreactivity in 

pancreatic tissue may result from cross-reactivity of the anti-GRF 

serum with the pancreatic polypeptide molecule. GRF is a member of 

the glucagon-secretin family of peptides, many of which are 

synthesised in the GI tract. Thus cross-reactivity in immunological 

studies may account for a certain proportion of extra-hypothalamic 

GRF reported in the literature.
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The nucleotide sequence of the genes for GRF and other members of 

the glucagon-secretin family have been closely studied, and under 

stringent probing and washing conditions, no cross-hybridisation 

should occur in our in situ hybridisation studies.

The peptide histidine isoleucine (PHI) gene shows 59% homology 

with the sequence of GRF, but these bases are evenly distributed 

throughout the cDNA (Fig. 6.1). The melting temperature (Tm) values 

of GRF and PHI are 83°C and 78.5°C respectively. However, with 47% 

mismatches between the two sequences, a temperature of 47°C below the 

Tm of GRF will melt any duplexes formed between the two mRNAs (Bonner 

et al 1973). Thus by washing at 60°C in the presence of 50% 

formamide, which will also decrease the Tm of duplex DNA by 0.7°C for 

every 1% increase in formamide, no cross-hybridisation should occur.

Although no conclusive evidence exists to support the production 

of GRF in the normal gastrointestinal tract of humans, Bruhn et al 

(1985) have confirmed and chemically characterised the presence of a 

GRF-like peptide in the duodenum of rats.

A possible role of GRF outside the CNS, which is independent from 

its effect on GH secretion, has been suggested by Pandol et al (1984) 

who showed that rat GRF can stimulate exocrine secretion from the 

guinea pig pancreas through a cAMP-mediated mechanism. This effect 

probably involves participation of the vasoactive intestinal peptide 

receptor. Outside the GI tract immunological and biologically active 

GRF has been identified in both human and rat placenta (Shibaski et 

al 1984; Baird et al 1985; Meigan et al 1988).

Several hypothalamic neuropeptides have been found to be produced 

locally in the testis (Bhasin et al 1983; Yoon et al 1988). Their 

role here is largely unknown, but studies with POMC derived peptides 

suggest that they may serve as mediators of communication among 

different testicular cells (Orth 1986) to regulate testicular
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Figure 6.1 Sequence homology between GRF and PHI

1 oGRF His Ala Asp Ala lie Phe Thr Ser Ser Tyr
CAT GCA GAC GCC ATC TTC ACC AGC AGC TAC

PHI His Ala Asp Gly Val Phe Thr Ser Asp Phe

CAT GCT GAT GGA GTT TTC ACC AGT GAC TAC

2 oGRF Arg Arg lie Leu Gly Gin Leu Tyr Ala Arg
CGC AGA ATC CTG GGC CAA TTA TAT GCC CGC

PHI Ser Arg Leu Leu Gly Gin Leu Ser Ala Lys

AGT AGA CTT CTG GGT CAG AAT TCT GCC AAA

GRF Lys Leu Leu His Glu lie Met
AAA CTG CTG CAC GAA ATC ATC

PHI Lys Tyr Leu Glu Ser Leu lie - NH2 

AAA TAC CTT GAG TCA CTC ATT

The GRF amino acid sequence is shown in bold lettering, with the 

corresponding coding sequence immediately below. PHI amino acid and 

coding sequences are shown in normal print. Identical sequences are 

underlined. The PHI gene shows 59% homology with the GRF sequence, 

but these identities are spread throughout the cDNA. Tm for GRF f 83°C, 

Tm for PHI = 78.5°C. Mismatches = 47, therefore Tm for duplex =

83°C - 47 = 36°C
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function or development (Gizang-Ginsberg & Wolgemuth 1987).

POMC mRNA has been localised in Leydig cells by in situ 

hybridisation (Pintar et al 1984). CRF levels are decreased in the 

abdominal testis leading to speculation that the Sertoli cell is the 

site of production (Yoon et al 1988). However, CRF-immunoreactivity 

has been localised in the advanced germ cells only.

Recently, a GRF-like peptide has been detected by ELISA within 

the testis (Berry & Pescovitz 1988). The testis was also found to 

contain a mRNA species which hybridised to GRF cRNA, inferring that 

the peptide product has a testicular origin.

This chapter will address the localisation of extrahypothalamic 

sites of origin of GRF mRNA using the technique of in situ 

hybridisation.

6.2 GRF mRNA IN THE GI TRACT

a) Methods

Adult male Sprague Dawley rats (200-250g) were anaesthetised with 

Hypnorm/Valium and perfused through the ascending aorta with buffered 

4% paraformaldehyde. The descending aorta was left unclamped to 

ensure fixation of all tissues. The pancreas, duodenum and jejunum 

were removed and postfixed for a further hour, before paraffin 

embedding. Resected segments of duodenum and jejunum were processed 

through to the embedding stage, and then cut into 4mm pieces. These 

pieces were then embedded in the paraffin so that sections were taken 

transversely.

In situ hybridisation was carried out on 5ym sections of 

duodenum, jejunum and pancreas, with GRF antisense and sense probes,
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Figure 6.2 Photomicrographs c>)f pancreatic sections probed for

the presence of GRF and a tubiul in mRNA

!.. * r>.v

No GRF mRNA was detected in either the exocrine or endocrine 

pancreas (A). Only a background level of silver grains can be seen.

No a tubulin mRNA was present in these sections either (B), suggesting 

that RNA in these samples has been degraded (x 296 mag.)
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and the a-tubulin probe. Brain sections taken through the arcuate 

nucleus were used as positive controls for the GRF antisense probe.

Slides were exposed for 10 to 20 days before developing and were 

viewed under bright field optics, dark field optics and as

colour-enhanced computer images (Kontron IBAS Image Analysis System, 

Oxford).

b) Results

(i) Pancreas

In situ hybridisation detected no GRF mRNA in either the exocrine 

or endocrine pancreatic cells (Fig. 6.2). However, very little 

a-tubulin mRNA was detected either. This is unexpected, but is

probably due to the very high levels of ribonuclease enzymes present

within this tissue. These results, in association with the positive 

GRF mRNA signal seen in the arcuate nucleus with the same GRF probe, 

indicates that the RNA within these samples has been degraded. Thus

no conclusion can be reached as to the presence or absence of

pancreatic GRF mRNA.

(ii) Duodenum and jejunum

Fig. 6.3 shows the bright field and colour enhanced localisation

of GRF mRNA to the Brunner1 s glands in the submucosal layer of the

duodenum. This was seen in all 5 animals studied. Where the duodenum 

had a poorly developed submucosal layer, very little GRF mRNA was 

seen (Fig. 6.4). The sense GRF probe showed only a background cover 

of grains. In addition, no GRF mRNA could be detected in jejunal 

tissue although a-tubulin mRNA is present throughout the small bowel.
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Figure 6.3 Bright field and colour-enhanced localisation of GRF mRNA 

within the duodenum

The localisation of GRF mRNA to the cells around the Brunner’s glands 

is less obvious (A) in bright field (x 203.5 mag.) than in the same 

field when viewed with colour enhancement (B). Distally in the duodenum

(C) GRF mRNA is still detected only in the submucosal Brunner's glands 

(x 200 mag.). Blue represents the highest levels of labelling and red 

represents slide background.

SM = submucosal layer, M = mucosal layer, BG = Brunner's glands
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Figure 6.4 Dark field photomicrographs showing localisation of

GRF mRNA in the submucosal layer of the duodenum

The field seen in Figure 6.3 is shown under dark field optics (A), 

highlighting the localisation of GRF mRNA to the cells surrounding 

the submucosal glands of Brunner. No GRF mRNA was detected in 

duodenal areas with a poorly developed submucosal layer (B),

(x 200 mag.)
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6.3 GRF mRNA IN THE REPRODUCTIVE TRACT

a) Methods
Sprague Dawley male and female rats of various ages, and 

hypophysectomised rats purchased from Charles River Breeding Labs, 

were anaesthetised and sacrificed by perfusion fixation, to ensure 

complete fixation of the gonads (n=5). Females were sacrificed on 

precise days of the oestrus cycle, as determined by vaginal swabbing.

Testes and ovaries were fixed for a further hour following 

removal, and were embedded in paraffin such that sections were taken 

transversely.

In situ hybridisation was carried out on 5ym sections using the 

GRF antisense and sense probes. Additional gonadal sections were 

probed with the a-tubulin probe to validate the presence of RNA, and 

hypothalamic sections were used to ensure that the antisense GRF 

probe was specific. After exposure periods of 7 to 14 days, 

developed slides were viewed under bright and dark field optics. 

Colour-enhanced computer images were also studied.

Additionally, Northern blot RNA analyses were carried out to 

determine the size of any GRF mRNA species which may be present 

within the testis. Poly A+ mRNA from both adult and immature 

decapsulated testicular tissue was probed under conditions of low and 

high stringency with a 3 2 P-labelled rat GRF cRNA probe. Low 

stringency washing was carried out at room temperature (2xSSC for 20 

minutes, followed by lxSSC, 0.1% SDS for 40 minutes). High 

stringency washing entailed two 20 minute washes in O.lxSSC, 0.1% SDS 

at 80°C.
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Figure 6.5 Northern blot analysis of rat poly(A)+ RNA samples

1. Testis (adult) poly(A)+ RNA

2. Testis (immature) poly(A)+ RNA

3. Hypothalamus poly(A)+ RNA

4. Cortex poly(A)+ RNA

5. Liver poly(A)+ RNA

6. Ovary poly(A)+ RNA

7. Testis A" RNA

8. Hypothalamus A" RNA

A 750-800 nucleotide hypothalamic RNA species is present with both 

low (A) and high (B) stringency washes. Under low stringency 

conditions (A) the adult testis poly(A)+ sample contains the 750nt 

RNA species, with an additional 1500nt species. A band corresponding 

to 185 ribosomal RNA can also be seen. At higher stringency, only 

the 750nt RNA species is present. No GRF mRNA species were 

detected in immature testicular poly(A)+, nor in cortex, liver or 

ovary RNA samples.

(5yg of each poly (A)+ RNA loaded. Blots exposed for 3 weeks)
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b) Results

(i) Testis

Fig. 6.5 - Northern blot: In adult rats, under low strigency, a 

species of 750-800 nt was seen within the hypothalamic poly (A) + 

sample. In the adult testis poly (A)+ sample, a primary RNA species 

of the same size, and a second larger species of approximately 1500 

nt were detected. A band of similar size to 18S ribosomal RNA was 

also seen.

Under conditions of high stringency (e.g. 80°C washes in O.lxSSC, 

0.1% SDS), both the 18S and 1500 nt hybrid species were no longer 

detected (Fig. 6.5B). However, the 750-800nt sized band was visible 

in both hypothalamus and testis. No GRF RNA species were detected in 

immature testicular poly (A)+ samples, suggesting that the expression 

of the GRF gene in the testis is developmentally regulated.

In situ hybridisation shows a relatively high background cover of 

grains over all testicular cells. Over Sertoli cells, however, the 

grain density appears to be slightly more concentrated (Fig. 5.6a).

Although grain levels are only a little higher than background, 

these results suggest that GRF mRNA is present in the Sertoli cells. 

The levels of GRF mRNA in these cells is much less than the levels of 

a-tubulin mRNA in the same cells (Fig. 6.6b). Neither GRF nor 

tubulin messenger RNA is seen in Leydig cells. The background of 

grains seen with the sense GRF probe (Fig. 6.7) is evenly distrubuted 

over all cells, showing that the pattern of localisation seen with 

the GRF antisense probe is not due to non-specific binding. Although 

this localisation is not as convincing as the localisation of GRF 

mRNA in the hypothalamus and duodenum, it must be noted that Sertoli 

cells are larger and more discrete than neurones or the cells 

surrounding the Brunner's Glands. Hence the hybridisation signal
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Figure 6.6 Bright field photomicrographs showing localisation
of GRF and a tubulin mRNA within adult rat testis

At low power (x 203.5 mag.) silver grains appear slightly more 

concentrated over the Sertoli cells within the seminiferous tubules 

(A). At higher power (x 296 mag.) silver grain levels over Sertoli 

cells are more obviously higher than background grain levels. The 

hybridisation signal appears diffuse, which may be due to the large 

size and diffuse nature of the Sertoli cells. The a tubulin gene 

is also expressed in the Sertoli cells, but at very much higher 

level than the GRF gene (C) (x 203.5 mag.). Neither GRF mRNA nor 

a tubulin mRNA is seen in the Leydig cells.

SC = Sertoli cells, LC = Leydig cells
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Figure 6.7 Dark field and colour enhanced photographs showing
grain densities over seminiferous tubules probed with GRF antisense, 

sense and q tubulin probes

A testicular section probed with the antisense GRF probe (A) shows 

a specific localisation of silver grains over Sertoli cells. Tissue 

probed with the GRF sense probe shows a very slight background 

labelling (B). Very high levels of a tubulin mRNA can be detected 

within Sertoli cells (C). In the colour enhanced photographs, 

labelling levels are reflected by the darkness of. blue. Background 

is shown pink (x 170 mag.). Dark field images are magnified x 116.5.
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appears more diffuse and less specific.

Testes from hypophysectomised rats have severely altered 

morphology and show little specific hybridisation signal, even on 

longer exposure. This suggests that GRF production in the testis is 

probably gonadotrophin dependent.

(ii) Ovaries (Fig 6.8)

No specific localistaion of GRF mRNA has thus far been detected 

in ovaries at any stage of the oestrus cycle. Tubulin mRNA is 

detected in all cell types in the ovary, but higher expression is 

seen in developing granulosa cells, as reported earlier from our 

laboratory (Oliver et al 1989). These results indicate that GRF is 

not produced within the ovary but further investigation may be 

required to confirm this.

6.4 DISCUSSION

a) The gastrointestinal tract

By in situ hybridisation, GRF mRNA has ben localised in the GI 

tract to cells surrounding the duodenal submucosal glands of Brunner. 

Expression of the GRF gene was not detected in any other cell type 

within the duodenum, nor in any other part of the small intestine. 

Whether GRF mRNA is present in pancreatic tissue is not known at this 

stage.

Numerous endocrine cells which secrete polypeptide hormones, e.g. 

somatostatin, gastrin, VIP etc., are found distributed throughout the 

GI tract. In the belief that all these cells had the potential to 

decarboxylate amine precursors, and produce and store biogenic
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Figure 6.8 Bright field photomicrographs of rat ovary sections

probed with (A) GRF and (B) q tubulin probes

No GRF mRNA has been detected in any cell type within the ovary (A) 

Tubulin mRNA is seen in all cell types (B), with levels highest in 

developing granulosa cells. (x 116.5 mag.)

GC = granulosa cells CL = corpora lutea
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amines, they had been christened APUD (amine precursor uptake and 

decarboxylation) cells (Pearse 1969). As the gut had features of 

both neural and endocrine tissues, the APUD concept postulated that 

these gastrointestinal endocrine cells were derived from a common 

neuroectodermal ancestor, suggested to be the neural crest. 

Significant evidence has since mounted against this hypothesis, but 

the functional and physiological similarities, and the complex 

neurohumoral interactions that occur continue to support the concept 

of an integrated neural/endocrine system.

The cells within the polypeptide-hormone secreting family, now 

referred to as gut endocrine cells, can be identified from other 

cells using semi-specific histochemical screening techniques such as 

lead haemotoxylin and silver techniques. Most gut endocrine cells 

will stain under these conditions and are collectively referred to as 

argyrophil.

Peptide-containing neurones have been found in each layer of the 

gut wall. VIP nerves are found around blood vessels predominantly in 

the circular muscle coat and sub-mucous plexus. Substance P neuronal 

cell bodies occur in the myenteric plexus (Jesson et al 1980).

The physiology of the GI endocrine system appears to be more 

complex than the function of its individual members. The endocrine 

cells are suggested to work together to maintain metabolic 

homeostasis, as the interactions of insulin, glucagon, GH, adrenalin 

and GIP maintain the levels of circulating glucose.

Accumulating evidence suggests that these hormones function as 

neurotransmitters, indicating that neural and hormonal interactions 

contribute to the overall control of the gastrointestinal tract. 

Some of the polypeptides that are part of this gut endocrine system 

possess vasoactive properties and have important systemic vascular 

effects. It is proposed that others, including GRF, act to stimulate
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digestive enzyme secretion (Pandol et al 1984). Sopwith et al (1985) 

have also shown that GRF levels increase after food in humans.

Recently, GRF immunoreactivity has been detected in Brunner's 

glands in the duodenum of transgenic mice bearing a fusion gene which 

encodes the promoter region and 5' flanking regions of the mouse 

metallothionein-1 (MT) gene, and the coding region of the human GRF 

gene (MT-hGRF) (Brar et al 1989). This cell-specific expression 

could be directed by the MT promoter or by a 3' flanking region or 

intron of the GRF reporter gene, as suggested by Russo et al (1988). 

If these results represent the true site of expression of the GRF 

gene in Brunner1s glands, it may be postulated that GRF exists in the 

gut as part of the diffuse endocrine system.

Duodenal Brunner's glands are known to produce a protective 

alkaline secretion, which contains mucous, but no enzymes. What 

actions, if any, that GRF has on these or adjacent cells is not yet 

clear. To date, no other polypeptide hormones have been localised in 

these cells, and whether these cells are part of the gastrointestinal 

endocrine system is not known.

In conclusion, the GRF gene is expressed in normal rat duodenum 

in the cells of the submucosal Brunner's glands. These cells may 

contribute to the gastrointestinal endocrine system, where they could 

be acting in an autocrine or paracrine manner to cause release of 

digestive enzymes from other cells within the duodenum. Further 

investigation is required to determine the exact nature and 

physiological effects of the secretion from these cells.

b) The reproductive tract

At present, data from both the Northern blots and in situ 

hybridisation suggest that no GRF mRNA species is present in the
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adult rat ovary at any stage of the oestrus cycle. No specific grain 

localisation occurred over any cell type within the ovary. However, 

background levels were relatively high and may obliterate specific 

hybridisation if the gene is expressed at extremely low levels. No 

immunocytochemical studies of GRF in the ovary have been reported.

The Northern blot data indicate that there are mRNA species 

present within adult testicular tissue which will hybridise to the 

GRF cRNA probe. The predominant gene transcript found is the same 

size as that detected in the hypothalamus, in this study and others 

(Gubler et al 1983; Mayo et al 1985). Under conditions of low 

stringency, there is a second species of larger transcript size, 

corresponding to that reported by Berry and Pescovitz (1988). At 

higher stringency, this species is not detected with the GRF cRNA 

probe, suggesting that this species does not show complete homology 

with GRF mRNA. This transcript may represent a physiologically 

significant alternative gene transcript, which would translate into a 

GRF-like peptide.

Results from the in situ hybridisation studies suggest that the 

GRF mRNA is expressed at relatively low levels in the Sertoli cells 

present within the seminiferous tubules. However, as all in situ 

hybridisation studies on the testis were washed at high stringency 

(50% formamide, 2xSSC at 60°C, and O.lxSSC at 37°C for 20 minutes 

each), it is probable that the 1.5 kb mRNA species detected by 

Northern blotting will not be seen by in situ hybridisation. No GRF 

mRNA was detected in the interstitial cells or capsular coat of the 

testis. In contrast, Brar et al (1989) have detected immunoreactive 

GRF in Leydig cells in transgenic mice carrying the MT-hGRF fusion 

gene. This localisation may be directed by the promoter sequences of 

the metallothionein gene, rather than those of the GRF gene, which 

may explain the different results of this and Brar's study. At
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present there are no reports of immunocytochemical studies of GRF in 

normal rat or mouse testis.

In situ hybridisation shows that hypophysectomy results in a 

severely decreased hybridisation signal, suggesting that testicular 

GRF production is probably under the control of gonadotrophins or 

only expressed in mature testis. This could be studied further by 

hormone replacement or in hypogonadal (hpg) mice (Cattanach et al 

1977), with or without gonadotrophin replacement therapy.

These data provide strong evidence that the rat testis, and in 

particular the Sertoli cells, contains significant quantities of GRF 

mRNA. Whether or not the larger mRNA transcript coding for a 

possible GRF-like substance is also synthesised here remains unclear.

GRF and the putative GRF-like peptide might act within the testis 

as a regulator of testicular function or as a mediator of 

communication. Additional studies are needed to determine the 

physiological role of this peptide, and to determine whether the gene 

is developmentally and hormonally regulated.
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CHAPTER 7

CONCLUDING REMARKS
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The technique of in situ hybridisation has been set up and
optimised to allow studies on the localisation and hormonal control 

of the GRF gene to be performed. The method was specifically 

established for the hypothalamic-GRF system, and extensive negative 

and positive controls have ensured that the RNA detected in these 

studies is in fact the endogenous GRF mRNA. Additionally, the

technique allows for accurate quantitation of changes in mRNA levels 

following physiological or pharmacological manipulation, and this has 

been tested and shown to be reproducible within our tissue, probe and 

image analysis system.

Localisation of GRF mRNA within the medial basal hypothalamus, 

and specifically in cell bodies in the arcuate nucleus and around the 

ventromedial nucleus, reflects the localisation of rat GRF peptide 

shown in immunocytochemical•studies (Sawchenko et al 1985; Daikoku et 

al 1986). The cell bodies that contain GRF mRNA within the

paraventricular nucleus are only detected immunocytochemically by the 

more sensitive immunoperoxidase techniques, suggesting that these 

neurones express GRF at relatively low levels. This shows the

superiority of the in situ hybridisation technique over 

immunocytochemistry in studies on substances present only in low 

abundance.

In situ hybridisation has been used to map the sites of synthesis 

of GRF throughout the entire hypothalamus. Via camera lucida 

tracings taken from the brain sections, a 3-dimensional image of the 

cell bodies containing GRF mRNA has been constructed. Results 

obtained from the mapping studies have also indicated that functional 

heterogeneity exists between the GRF cells in the arcuate nucleus and 

those around the VMH. Arcuate nucleus GRF synthesising cells are 

destroyed by monosodium-L-glutamate treatment, whereas those around
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the VMH are not, and the grey value measurements have shown these 

arcuate cells to have higher activity. This suggests that the two 

cell types contribute to the control of GH secretion via different 

pathways.

Arcuate nucleus cells project their fibres to the external layer 

of the median eminence (Sawchenko et al 1985; Bloch et al 1984) where 

GRF peptide is released into the portal blood vessels, and thereby 

influences the somatotroph cells to synthesise and release GH.

It is not known whether fibres from cell bodies in the VMH 

project to the median eminence; however, stimulation and lesion 

experiments on the VMH (Frohman et al 1968, 1969) were shown to

affect plasma GH levels. How the neurones in this region regulate 

the secretion of GH is not yet known, but it is clear that the entire 

hypothalamic GRF system exists as a functional unit controlling GH 

secretion.

The effects of GH deficiency on the expression of the GRF gene 

has been addressed using hypophysectomised rats with or without GH 

replacement. Results show that hypophysectomy increases GRF mRNA 

levels by two separate mechanisms. The amount of GRF mRNA per cell 

is increased in cells within the arcuate nucleus, as expected from 

recent studies published by Chomczynski et al (1988) and de Gennaro 

Colonna et al (1988). However, the technique of in situ 

hybridisation has also detected a second mechanism that could not be 

distinguished in Northern or slot blot studies. GH deficiency is 

shown to result in an increase in the number of cells expressing the 

GRF gene in the area around the VMH.

These additional cells expressing the GRF gene after 

hypophysectomy could result from recruitment of neurones which 

previously did not express the gene, and may reflect the

plasticity of the adult central nervous system (Hatton 1986).
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Recruitment of neurones under the influence of the endocrine 

environment has been reported with other neuropeptides (Wolfson et al 

1988; Romano et al 1988; Wieman & Steiner 1989) and could constitute 

part of an important homeostatic mechanism which is activated by 

extreme variations in circulating hormone levels.

The increase in GRF mRNA accumulation in GH-deficient animals, 

and its partial prevention by GH replacement, demonstrates the 

classical negative feedback loop that exists between GH and the GRF 

neurones, although other pituitary related hormones may also be 

involved.

Contention exists at the present time as to whether effects 

produced by thyroid hormone and glucocorticoid deficiencies on GRF 

levels are mediated directly, or as a result of the associated lack 

of GH (Chomczynski et al 1988; Downs et al 1989; Wood et al 1989).

The in situ hybridisation results suggest that T4 partially 

attenuates the hypophysectomy-induced GRF mRNA levels; however, 

hypothyroidism had no effect on the expression of the GRF gene. 

Whether these rats had become GH-deficient is unfortunately not 

known, but these and other published data (Chomczynski et al 1988) 

suggest that the effects of androgens, glucocorticoids and thyroid 

hormones on the regulation of GH synthesis and secretion are not 

related to their actions on GRF synthesis, and probably occur at the 

pituitary level.

Although the GRF mRNA levels are increased by hypophysectomy, GRF 

content is decreased (Kakakami et al 1987), suggesting that lack of 

GH results in a release of GRF exceeding the unrestrained GRF 

synthesis, the final effect being a decrease in GRF stores.

If the release of GRF is unaltered by hypophysectomy, as claimed 

by Chomczynski et al (1988), it may be that GH regulates the GRF gene 

at the transcriptional level or by altering mRNA stability, but that
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other factors are required for the efficient translation of the GRF 

mRNA. Thus, even though the amount of GRF mRNA is increased by 

hypophysectomy, the unaltered rate of release of the stored peptide 

with concurrent post-transcriptional impairment of further GRF 

synthesis, results in a decrease and eventual depletion of 

hypothalamic GRF content.

Brain IGF-1 levels are unaffected by hypophysectomy (D'Ercole et 

al 1984), suggesting that IGF-1 is not mediating the effect of GH on 

the hypothalamus. Thus, either GH itself, or SRIF may mediate this 

short loop inhibition of GRF mRNA accumulation.

Further studies to elucidate the mechanism of the GH feedback may 

include studies on hypothalamic cell cultures or blocks, with 

incubations of various neurotransmitters, e.g. atropine, a and p 

adrenergic blockers, or the use of antisera to SRIF, IGF-1 etc. 

Measurement of resultant GRF content and mRNA changes in the media 

and tissue may provide further insight into the mechanisms of the 

GRF/GH feedback loop.

Additional parallel in situ hybridisation studies using probes to 

IGF-1 and SRIF on adjacent brain sections to those probed with GRF 

may increase the understanding of the overall effects of GH 

deficiency on the central nervous system.

This study has also provided insight into the extra-hypothalamic 

sites of GRF synthesis which have long been postulated. GRF mRNA has 

been localised in the Brunner1s glands of the duodenal sub-mucosa and 

thus GRF may exist in the gut as part of the well documented diffuse 

endocrine system (Pearse 1969; Launay et al 1983). What actions, if 

any, GRF has in the duodenum have yet to be discovered, and 

additional studies are required to determine the nature of the 

secretion from the Brunner's gland cells and the physiological 

effects of GRF within the GI tract.
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GRF mRNA has also been detected in the testis by Northern blot 

analysis and has been localised to the Sertoli cells by in situ 

hybridisation. These data imply the presence of a larger transcript 

encoding a putative GRF-like peptide. This could represent a 

physiologically significant alternative gene transcript.

The GRF mRNA present within the Sertoli cells is decreased after 

hypophysectomy, suggesting that the GRF gene in the testis is 

regulated by gonadotrophins. This requires further investigation and 

could be addressed in hypogonadal mice (hpg) (Cattanach et al 1977) 

with or without hormone replacement.

Additional studies are needed to identify and confirm the 

presence of the GRF-like peptide within the testis, and to determine 

the physiological role of GRF within the reproductive tract.
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APPENDIX 1

1. Solubilisation and preparation of bovine GH

(Groesbeck & Parlow 1987)

A stock solution of bGH (1.1 mg/ml) was prepared by solubilising 

with 0.03M NaHC03 in 0.15M NaCl, adjusted to pH 10.8 by the addition 

of 8.0M NaOH. Immediately after solubilising the GH, the pH of the 

solution was lowered to 9.5 by dropwise addition of 2M HC1. A final 

concentration of 1 . 0 mg/ml was achieved by further dilution with

0.03M NaHC03 in 0.15M NaCl at pH 9.5. The stock GH solution was kept 

refrigerated or on ice at all times for a maximum of 8  days. bGH for 

injection was freshly prepared daily by dilution of the stock 

solution with the diluent.

2. Solubilisation and preparation of T̂.

A stock solution of T4 (2yg in lOOyl) was prepared by 

solubilising lOOyg of T4 in 0.5ml of alcohol. Once dissolved, lmg of 

bovine serum albumin was added, and the volume was made up to 5ml 

with phosphate buffered saline (PBS). The dose required for 

replacement of circulating T4 levels was 2yg/100g/day. For rats 

weighing 200g, a 200yl injection would provide 4yg of T4 .

3. Solubilisation and preparation of hydrocortisone

Hydrocortisone was reconstituted at 0.5mg/ml in sterile distilled 

water. An injection of 0.1ml per lOOg would thus meet the required 

dose of 50yg/100g, which was given twice daily.
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APPENDIX 2

Buffers, media and reagents

1. LB medium (L-broth)
Per litre: lOg bactotryptone

5g yeast extract 
lOg sodium chloride

2. LB agar
Add 15g per litre bacto agar to LB medium

3. IPTG (Isopropyl-p-D-thio-galactopyranoside)
lOOmM (23.8 mg/ml in H20)
Prepare fresh

4. X-gal (5-bromo-4-chloro-3-indolyl-p-galactosidase)
2 % in dimethylformamide 
Prepare just before use.

5. lOx TBE
Per litre: 108g Tris base

55g boric acid 
40ml EDTA (0.5M)

6 . 20x SSC
Per litre: 175.3g NaCl

8 8 .2 g sodium citrate 
Adjust to pH 7.0 with NaOH

7. 2Ox SSPE
Per litre: 174g NaCl

27.6g NaH2P04 
7.4g EDTA 

Adjust to pH 7.4 with NaOH

8 . lOOx Electroelution buffer
0.5M Tris HC1 
0.25M acetic acid
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9. lOx MOPS
0.2M Mops pH 7.0 
0.05M sodium acetate 
0.01M EDTA pH 8.0

10. Bicarbonate buffer
80mM NaHC03 
120mM Na2C03 pH 10.2 
lOmM DTT

11. TE
lOmM Tris HC1 
ImM EDTA 

adjust to pH 8.0 with HC1

12. 50x Denhardts solution 
for 500ml

5g Ficoll
5g Polyvinylpyrrolidone 
5g bovine serum albumin

13. Solution I
25mM Tris HCl pH 7.5 
lOmM EDTA 
15% sucrose

14. Solution D
4M guanidium thiocynate 

25mM sodium citrate pH 7.0 
0.5% sarcosyl 
0.1M 2-mercaptoethanol

15. Slide subbing solution
l.Og gelatin
O.lg chrome alum (chromic potassium sulphate) 

in 200ml RNAse-free H20 
(at 60°C with vigorous stirring)
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