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Abstract

The aim of the project described in this thesis was to generate 

transgenic rats targetting neuroendocrine systems, with particular 

reference to the hormones vasopressin (AVP), oxytocin (OT) and growth 

hormone (GH). The use of rats in preference to mice was guided by the 

extensive background of research done into their neuroendocrine 

systems as they are large enough to be physiologically manipulated.

A rat cosmid library was screened to isolate large fragments of 

DNA including the whole of the rat OT/AVP locus and flanking 

sequences. These cosmids were used to engineer a construct spanning 

44kb of this locus with bovine oxytocin-neurophysin (bNP) and human 

GH (hGH) as reporter genes respectively. Using this construct, two lines 

of transgenic rats have been generated in which the cell-specific 

expression of the transgenes has been investigated.
The hGH transgene is expressed specifically in magnocellular 

neurones in the hypothalamus of both lines as verified by 
immunocytochemistry, radioimmunoassay and RT-PCR. Physiological 

stimuli and a whole animal antidiuretic bioassay have been used to 
manipulate the endogenous AVP system and therefore the transgene 

levels in these rats to investigate whether hGH is being regulated 
appropriately.

The male rats of one of the lines of transgenics are subfertile and 

become obese in adulthood. They also have a reduction in endogenous 

growth hormone (rGH) and prolactin. This phenotype has been explored 

and compared with another transgenic rat model where the hGH 

transgene is targetted to the hypothalamic neurones which control rGH 

levels resulting in a dominant dwarfism phenotype. This has allowed an 

insight into the effects of this transgene when targetted to different 
neuroendocrine system. The bNP transgene, however, does not have 

detectable expression in these transgenic rats.
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Chapter 1

General Introduction



“ The pituitary body is a smaii grey mass consisting of two 

iobes in the forepart of the brain. Of its function, nothing is 

known.” 

(Schofieid, Eiementary Physioiogy, 1892).

1.1 Aims of this thesis.
Since the nineteenth century the pituitary gland has been the 

subject of extensive physiological and molecular research, which more 

recently has included the targetting of neuroendocrine cells in vivo by the 

genetic engineering of animals (Waschek 1993). The project described in 
this thesis is an attempt to specifically target the neurones which 

synthesize the posterior pituitary hormones vasopressin (AVP) and 
oxytocin (OT) in transgenic rats. By engineering a large DNA construct 

containing the gene loci for both of these hormones, I aimed to direct the 

expression of the reporter genes human growth hormone (hGH) and 

bovine neurophysin I (bNP) to AVP and OT cells respectively. In addition to 
indicating whether the sequences required for cell-specific expression are 

present within the microinjected DNA fragment, these reporter genes are 

bioactive and therefore present some interesting possibilities for future 

studies. It was intended that the DNA construct described in this thesis 

would be used in future studies to target specific proteins to these cell- 

types for further physiological analysis of these systems. To this end, I have 

generated transgenic rats as opposed to mice so that, by virtue of their 

size, it has and will be possible to use these animals in physiological 

studies. The effects of the expression and release of the hGH protein, in 

particular, have been investigated and compared to those of another line of 
transgenic rats in which we attempted to target hGH expression to cells of 

another hypothalamic nucleus, those expressing growth hormone 

releasing hormone (GHRH).



1.2 The Pituitary Giand.
The pituitary gland is functionally and anatomically divided into 

three regions, the two major regions being the anterior lobe 

(adenohypophysis) and the posterior lobe (neurohypophysis). The former 

originates from ectodermal cells of the primitive oral cavity whereas the 

posterior pituitary is derived from neuroectodermal tissue of the 

diencephalon (Everitt eta l 1986, Ikeda eta l 1988). A third region (the pars 

intermedia) has a species-specific role (Lerner 1981).

The anterior pituitary gland is composed of five different cell types 

secreting hormones whose function includes the regulation of, postnatal 

growth, lactation, reproduction, metabolism and stress. The posterior lobe, 
on the other hand, is composed of neural tissue containing the termini of 

magnocellular neurones. These cells originate from two distinct nuclei 
within the hypothalamus and project through the internal zone of the 

median eminence to the posterior lobe (Robinson 1986). These neurones 

are the major sites of synthesis for the nonapeptide hormones AVP and 

OT.

The regulation of hormone secretion from each lobe also differs 

significantly. The secretion of anterior pituitary hormones is under the 

control of neuropeptides released from the hypothalamus into a capillary 

portal plexus which flows through the external zone of the median 
eminence to the anterior lobe (Clarke 1992). In contrast, AVP and OT 

secretion is controlled neuronally by pathways of afferent inputs into the 

neurosecretory cells (Lincoln et a /1982, Bisset et a /1988) .

The main focus of this thesis is the molecular and physiological 
regulation of the posterior pituitary hormones and their manipulation in 

transgenic rats. The actions of the anterior pituitary hormone growth 

hormone (GH), being used as a active reporter gene, will also be 

discussed here.

1.3 Hormones of the posterior pituitary.
OT and AVP are synthesized in discrete neurones of the



supraoptic (SON), paraventricular (PVN) and accessory nuclei of the 

hypothalamus (Vandesande eta l 1975). In addition, these hormones have 

also been found in several other areas of the brain, some of which exhibit 

species-specific expression (Buijs 1987). The expression of these 

hormones appears to be mutually exclusive; coexpression in the same 

neurone rarely occurs (Kiyama et a /1990).

The SON contains a homogenous population of magnocellular 

neurones which bestride the lateral edge of the optic chiasm. These are 

bipolar or multipolar neurones with two or three simple dendrites which 

project into the ventral glial lamina forming a plexus and a possible site of 

afferent innervation (Armstrong et a! 1982). The unmyelinated axons from 

these cells course along the suproptic hypophysial tract, into the internal 

lamina of the median eminence and terminate in the posterior pituitary.

The PVN contains two major, distinct cell-types organised into 

topographically separate areas of this nucleus (Van Den Pol 1982). The 

magnocellular neurones leave the PVN and project laterally above or 

below the fornix, arch posteroventromedially toward the inner median 
eminence where, together with the axons from the SON, they project into 

the posterior pituitary. In contrast, the parvocelluiar cells extend to both 
hypothalamic and extrahypothalamic regions (Swanson et a! 1983) 

including a subset which terminate in the exterior zone of the median 

eminence (Vandesande ef a /1977).

Outside the SON and PVN there are other vasopressinergic and 
oxytocinergic neurones, including those of the suprachiasmatic nucleus 

(SON), which innervate other regions within and outside the hypothalamus 
(Hoorneman e ta l 1982, Caffé et al 1987). In addition to functioning as 

hormones, the AVP and OT peptides released within the brain are 

proposed to act as neurotransmitters and neuromodulators (Richard et al 

1991 a, de Wied et al 1993).



1.4 Physiological roles of magnocellular AVP.

1.41 Antidiuretic and pressor activity.

AVP released into the peripheral circulation from the posterior 

pituitary has a much different function from that released centrally. 

Magnocellular AVP is involved in the maintenance of homeostatic water 

and salt balance during dehydration by promoting water reabsorption in 

the kidney. AVP control of water balance is dependent on its interaction 

with the V2 AVP receptor (Birnbaumer et al 1992, Lolait eta l 1992) which 

is present in the basal membrane of the cells of the proximal tubules and 

collecting ducts of the kidney. (Chase eta l 1968, Valtin 1987). Binding of 

AVP to this receptor activates adenylate cyclase (Bulten et al 1978) 

resulting in the production of cyclic AMP (cAMP). Increased intracellular 

cAMP activate protein kinase A. The transient actions of this enzyme result 

in aquaporin-2 water channels being inserted into the apical membrane of 

the cell (Brown 1989, Harris et al 1991, Deen ef a /1994). These water 

channels greatly increase the osmotic permeability of the membrane 

allowing water reabsorption. Through this route, AVP concentrates urine 

rendering it hypertonic to plasma during times of dehydration. It has also 

been proposed that AVP causes sodium excretion in kidney (Forsling et al 

1994), although the relevance of this within physiological ranges of 

hormone concentration is unclear (Valtin 1987).

At higher plasma concentrations, peripheral AVP has pressor 

activity causing peripheral vasoconstriction during haemorrhage in order to 

maintain an adequate supply of blood to major organs (Rocha e Silva et al 

1969). The threshold blood loss required for stimulated release is thought 

to be in excess of 1% of body weight in the rat (Laycock et a /1979). The 

pressor activity of AVP is mediated by the V ia  AVP receptor (Morel et al 

1992) which is located in smooth muscle of the peripheral vascular system 

(Gopalakrishnan et al 1991). Binding of AVP to V ia  receptors causes the 
mobilization of intracellular Ca^+ (Burnatowska-Hledin eta l 1987) through



phosphatidylinositol hydrolysis resulting in the contraction of vascular 
smooth muscle. V ia  receptors have also been isolated from the livers of 

several species including rat (Massicote efa/1990) and humans (Howl et 

al 1991). It has been shown that treatment of isolated hepatocytes with 

AVP stimulates glycogenolysis (Hue et a! 1981, Bond et a! 1987). This 

effect is species-specific (Howl et a! 1993) and its consequence at 

physiological concentrations of the hormone is, as yet, unclear.

Magnocellular AVP release is therefore under the control of two 

systems; Osmotic control causing release of hormone during conditions of 

elevated plasma osmolality and volume control releasing AVP during a 

hypovolemic stimulus (Bisset ef a/1988).

1.42 Osmotic control.

Under conditions of normal water homeostasis, the major stimulus 

for AVP release is an increase in plasma osmolality. Indeed a rise of as 

little as 1% in this physiological parameter is sufficient for a significant rise 

in the plasma concentration of AVP (Lightman ef a /1986).
It is proposed that neurones in the subfornical organ (SFO) and the 

anteroventral region of the third ventricle (AV3V), which includes the 

median preoptic nuclei (MnPO) and the organum vasculosum of the lamina 

terminalis (OVLT) (Honda e fa /1990, Ramsey eta! 1983), are involved in 

the release of AVP during osmotic stimulation. Lesioning of any of these 

nuclei results in a dramatic decrease in AVP release in response to 

osmotic stimulation (Thrasher et al 1982, Mangiapane eta! 1984) although 

the response to haemorrhage remains intact, indicating that these 
neurones are specifically involved in osmotic control (Thrasher et al 1987). 

Indeed both the OVLT and SFO are outside the blood-brain barrier and are 

accessible to peripheral electrolytes (Lightman et ai 1986). 

Electrophysiological studies and experiments with retrograde tracers have 

revealed the presence of direct projections from these neurones to the 

magnocellular secretory cells (Chaudhry et al 1989, Wilkins et al 1989) 

and also interneurones between these regions forming indirect pathways



to the magnocellular neurones (Honda et al 1990, Renaud et al 1993). It 

has been suggested that the interneurones in the perinuclear zone of the 

PVN and SON may relay the final afferent signal to the vasopressinergic 
neurones through excitatory amino acids (Bisset ef a /1996).

The SON itself has been reported to be osmosensitive (Leng et al 
1980, Mason et al 1980) although in isolation, without usual synaptic 

contacts, the osmotic response is reduced (Bourque e fa / 1984). This 

reduction in response can be restored in the presence of a 

neurotransmitter (Leng et al 1989). It has therefore been suggested that 

when plasma osmolality is elevated, osmoreceptors around the third 

ventricle act in synergy with the osmosensitive magnocellular secretory 

cells, through a network of interconnecting neurones, to elicit an AVP 

response (Honda ef a /1990).
In addition to the increase in plasma concentrations of AVP during

I?
dehydration, an increase in the level and size of the AVP transcripts^also 
detected in the rat (Carter ef a/ 1989b, Murphy et al 1990). The increase in 

size of the mRNA can be attributed to increased polyadenylation which 
occurs early during water deprivation. The lengthening of the poly A tail in 

this species may therefore be intrinsically important to the response of this 
system to osmotic stimulation.

1.43 Volume control.

It has long been known that a significant haemorrhage causes 

release of AVP (Ginsburg eta l 1953, Share 1961) whereas an increase in 

blood volume is accompanied by an inhibition of release (Shade et al 

1975). The amount of hormone released during a decrease in blood 

pressure and volume is much greater than that released under osmotic 

stimulus (Dunn 1973).

It is obvious that receptors in the periphery must be able to detect 

changes in blood pressure and volume, therefore being able to stimulate 

an appropriate release of AVP. Such receptors are present in the left 

atrium of the heart, the carotid sinus and the aortic arch (Share 1988).



The stretch receptors send a tonic inhibitory signal to the 

vasopressinergic cells. This inhibition is increased when atrial pressure is 

increased causing a decrease in plasma AVP levels (Brennan Jr et al 

1971), whereas plasma AVP levels increase due to a disinhibition when 

there is a decrease in atrial pressure (Clark at al 1967). The stretch 

receptors of the left atrium are innervated by the vagus nerve which carries 

the afferent signal to the brain, hence sectioning of the vagi causes an 

increase in AVP as the inhibitory impulse has been removed (Share at al 

1962).
Baroreceptors, which are sensitive to pulsatile arterial pressure 

(Share at a/ 1966a), are present in the carotid sinus and aortic arch (Share 
1988). These receptors have a similar inhibitory effect on AVP secretion as 

the atrial stretch receptors (Clarke at al 1967). The afferent pathway for the 
carotid sinus baroreceptors is carried by the carotid sinus nerve (Share at 

al 1962), whereas the aortic baroreceptors are innervated by the vagi 

(Kumada at a /1970).

The chemoreceptors of the aortic and carotid bodies which are 

sensitive to conditions of hypoxia and hypercapnia, also affect the release 

of AVP (Share at al 1966b). Unlike stretch receptors and baroreceptors, 
when stimulated, the chemoreceptors send an excitatory impulse to the 

PVN and SON eliciting the release of AVP (Yamashita ef a /1977).
The innervations of the vagi and the carotid sinus nerve, from the 

peripheral receptors described above, project via the IXth and Xth cranial 

nerves to the nucleus of the tractus solitarius (NTS) in the brain stem 

(Cottle 1964, Berger 1979, Jordan ef a /1977,1978). Direct connection from 

the NTS to the PVN (Ricardo efal 1978, Tribollet at al 1981) and the SON 

(Rogers at al 1979) have been documented. The importance of these 
pathways in the regulation of AVP release, however, is unclear as it has 

been suggested that only the parvocellular part of the PVN is innervated by 

the NTS and the connection to the SON has not been found in all studies 

(McKellar at a /1981).
An extensive study of retrograde transport of a fluorescent dye
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(Sawchenko et al 1982) demonstrated that the stimulation or inhibition 
from peripheral receptors travels to the magnocellular neurones of the 

SON and PVN indirectly. A direct connection exists between the NTS and 

the A l group of neurones of the brain stem which directly innervate the 

AVP magnocellular cells of the hypothalamus (Sawchenko et ai 1982, 

Loewy et al 1981, McKellar et al 1981). y-aminobutryic acid (GABA)

(Knepel et al 1980) and acetylcholine (Bisset et al 1984) have been 
implicated as the major inhibitory and excitatory neurotransmitters involved 

in the pathway from the NTS to the A l group of cells. It is thought that the 

efferent pathway from the A l group of cells to the magnocellular 

neurosecretory cells is noradrenergic (Willoughby et al 1987). The release 

of AVP during haemorrhage, therefore, is thought to be due to a decrease 

in tonic inhibition from baroreceptors and stretch receptors and an increase 
in excitation from chemoreceptors.

1.5 Physiological roles of parvocellular AVP.
Within the brain there are subsets of parvocellular neurones which 

make and secrete AVP. These neurones, however, do not terminate in the 

posterior pituitary and do not release the hormone into the peripheral 
circulation but project centrally, releasing AVP into other regions of the 

brain. AVP made in these cells has been proposed to be involved in a 

number of wide ranging endocrine, neuronal and behavioural functions

very different from the antidiuretic and pressor properties described above.
;

1.51 PVN parvocellular AVP neurones.

The PVN also contains a significant amount of vasopressinergic 

parvocellular neurones, anatomically divided from the regions of the 

magnocellular neurones. Some of the parvocellular AVP neurones in the 

PVN terminate in the external zone of the median eminence (Vandesande 

et al 1977, Makara et al 1981). AVP from these neurones is released into 

the portal blood system of the anterior pituitary where it is involved in the 

release of adrenocorticotrophic hormone (ACTH) which in turn causes a



release of cortisol from the adrenal cortex (Jones^198J5). The release of 
ACTH is also under the control of another peptide made in the PVN, 

corticotrophin releasing factor (ORF) (Vale et al 1981). Both GRP and AVP 

alone can release ACTH from pituitary corticotrophs (Gonzalez-Luque et ai 

1970, Baertschi et al 1985), although CRF has by far the greater effect 

(Gillies eta l 1982). In combination, these neuropeptides are thought to act 

in synergy; AVP potentiating the actions of CRF (Yates eta l 1971, Gillies et 

al 1979, 1982, Rivier et al 1983). The regulation of ACTH release is 

controlled centrally by a negative feedback system involving peripheral 

glucocorticoids which inhibit expression of parvocellular AVP and CRF 

(Herman efa/1990, Sawchenko ef a /1993).

The AVP receptors on the corticotrophs themselves and are 

pharmacologically different from V ia  and V2 receptors previously 
described (Baertschi et al 1985, Jard et a/ 1986).The binding of AVP to this 

receptor, designated VI b, results in the mobilization of Ca^+ via an inositol 

phosphate intracellular signalling pathway (Jard et al 1986). It has been 

suggested that the synergy between the two peptides is due to the 
interaction of the intracellular signalling pathways stimulated by CRF and 

AVP receptors (Bilezikijan ef a /1995).

AVP parvocellular neurones of the PVN also project to other areas 

of the brain including the dorsal vagal complex, spinal cord (Swanson et al 

1980) and the medulla oblongata (Sofroniew et al 1981). The hormone 

released from these neurones is proposed to act as a neurotransmitter, the 

specific function of which is unknown although a role in the control of 

autonomic functions has been suggested (Buys 1987).

1.52 SCN parvocellular AVP neurones.

AVP has been detected in parvocellular neurones within the SCN 

nucleus of the anterior hypothalamus (Sofroniew et al 1980), which 

comprises of a group of hypothalamic neurones which act as the 

endogenous circadian pacemaker in mammals entrained by the light-dark 

cycle (Moore et a /1983, Meijer et a /1989). AVP expressed within the SCN
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is subject to circadian variations in levels of mRNA (Burbach et al 1988), 

mRNA poly A tail length (Robinson at al 1988, Carter at al 1989) and AVP 

protein levels (Gillette at al 1987). AVP mRNA in the SCN reaches a 

maximal level late in the light phase of 12 hour light-12 hour dark 

conditions (Burbach ef a /1988). AVP protein level
however, reaches a peak during the early period of the light phase which 

coincides with an increase in the length of the poly A tail of the transcript 

indicating that the polyadenylation event may affect the translational 

efficiency of the mRNA.

Vasopressinergic neurones in the SCN project into several areas 

of the brain (Hoorneman at al 1982) which are responsible for behavioural 

properties such as the regulation of drinking (OVLT) and feeding 

(dorsomedial hypothalamus) and are influenced by circadian cues 
(Mangiapane ata l 1983, Bray at al 1979). It has therefore been proposed 

that AVP originating from the SCN could act as a neurotransmitter 

participating in the rhythmic regulation of such behaviour (Buijs 1987 

Watts at a /1987).

1.53 Extrahypothalamic AVP neurones.

Vasopressinergic parvocellular neurones have been identified in 
many other areas of the brains (Buijs 1987) of a variety of different species 

including the bed nucleus of the stria terminalis (BNST). This subset of 
AVP neurones projects to the lateral septum (de Vries at al 1983) and 

shows sexual dimorphism (Van Leeuwen at al 1985). It has been 

suggested that the AVP released from the BNST neurones is involved in 

temperature regulation and motor responses (Kasting at al 1989, Burnard 

at a /1985).

AVP immunoreactivity has been detected in a variety of other 

regions of the brain where it is proposed to be involved in several 

behavioural traits such as learning, memory and a growing list of social 

and sexual behaviours (de Wied ef a /1993, Hermes at al 1993, Winslow at 

al 1993, Wang ata l 1994). These data, however, are species specific and 
their relevance to humans has yet to be established.
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1.6 AVP in Peripheral Tissue.
AVP immunoreactivity has been detected in several peripheral 

tissue-types such as the adrenal gland (Nussey et al 1987), thymus 

(Markwick at al 1986), pancreas (Johansson eta l 1991), testis (Kasson et 

a /1985) and the anterior pituitary (Terrier ef a /1991). The presence of AVP 

does not necessarily suggest that the AVP gene is expressed in this tissue, 

it may reflect hormone captured from the circulating plasma. The actions of 

AVP in these tissues have still yet to be confirmed.

RNA hvbridizina to specific AVP probes is detectable in several 
including the anterior pituitary 

peripheral cell-type^ The rat posterior pituitary has been shown to contain

AVP transcripts (Lehman et al 1990), although whether these RNA

molecules are synthesized locally or originate from the hypothalamus and

what specific role they fulfil is a matter for ongoing debate (Murphy et al

1993). AVP transcripts of unknown function have also been observed in

the rat ovary (Fuller et al 1985) and testis (Poo et al 1991). Indeed, three
different species of testicular AVP transcripts have been detected. These

contain RNA transcribed from additional exons not present in the

hypothalamic transcript, although they do not contain a nucleotide

sequence corresponding to the exon which contains the coding region for
the hormone (Foo et al 1994). It has been suggested that thtsLtranscripts

are not actually translated and may not fulfil a physiological function but be
the consequence of redundant activation of the AVP locus by c/s-acting

factors within this tissue (Murphy et a /1993).

1.7 Physiological roles of magnocellular oxytocin.
Oxytocin, synthesized in magnocellular neurones of the SON and 

PVN and released from the posterior pituitary, is classicaj^nown for its role 

in the milk ejection reflex. OT is also present in males (Mohr et al 1992) 

which is surprising as the only conclusive evidence for a role for OT is in 

birth-related physiology, although a natriuretic property has been 

suggested for this hormone (Verbalis ef a/1991).
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1.71 Milk Ejection Reflex.

During lactation, and as a result of the anterior pituitary hormone 

prolactin, milk is secreted into alveoli within the mammary gland. There is a 

remarkable variation in the anatomy of mammary glands of different 

species. In some larger animals such as cows, a large milk store means 

the collecting ducts fill passively and the milk can be removed by the 

sucking young. In other species (including rats and humans) the 

myoepithelial cells, which form a reticulum around the alveoli, contract to 

expel the milk (Lincoln ef a /1982, Robinson 1986).

The rat has proved an invaluable model for the study of this 

system as it suckles its young for up to 18 hours a day and milk ejection 

continues during anaesthesia and subsequent cannulation of teat ducts 

(Lincoln 1973b). The nipples of lactating animals are rich in 
somatosensory nerves terminals (Findlay 1966). These are stimulated by 

touch and pressure during suckling. This stimulus causes the excitation of 
oxytocinergic neurones in the SON and PVN via the spinal cord (Lincoln et 

al 1974). When stimulated, the OT neurones in the PVN and SON 
synchronize and greatly increase their firing (Wakerley ef a/1973). This 

bursting of OT neurones releases a pulse of the hormone from the 
posterior pituitary into the peripheral circulation (Wakerley at al 1971). The 

sudden increase in the concentration of plasma OT is essential for the 
response of the myoepithelial cells. It has been shown that a bolus of OT 

given intravenously to a lactating rat elicits a much larger milk ejection 

response than the same amount of hormone given as a continuous 

infusion (Lincoln 1973a). The frequency of OT release in this reflex is 

governed by the suckling patterns of the species. In the rat, this release is 

repeated in intervals of between 3-10 minutes causing the intramammary 

pressure to increase for about 15 seconds (Wakerley at al 1971, Dyball at 

a /1986).
It is proposed that central OT within the limbic system (especially 

the BNST), ventrolateral septum, SON and PVN is involved in the 

facilitation of the periodicity and amplitude of the bursts of activity of the
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oxytocinergic neurones (Theodosia 1985, Richard ef a/1991a, Neumann 
et al 1994, Ingram et al 1995). This facilitatory effect is mediated by 

reproductive state and hormonal status of the animal (Wakerley ef a/1996, 

fac ilita to ry  e fa / 1995) and involves anatomical changes in the 

arrangement of magnocellular oxytocinergic neurones (Theodosis ef al

1986).

The pulse of hormone released by the burst of activity of the OT 

neurones, binds to specific receptors on the myoepitheilal cells of the 

mammary gland (Ruberti e ta l 1983, Kimura et al 1992). When ligand- 

bound it has been suggested that this G-protein coupled receptor 

stimulates myosin phosphorylation. This constitutes part of the pathway 

resulting in contraction of the myoepithelial cells and subsequent milk 

ejection (Olins et al 1984). The concentration of these receptors gradually 

increases during pregnancy and remains at a high level during lactation 

(Soloff ef a /1979).

1.72 Parturition and reproduction.
The involvement of OT in parturition is less clear. OT is a potent 

uterotonic agent causing the contraction of smooth muscle of the uterus 
during parturition (Gainer ef al 1994). Electrophysiological studies have 

found that OT neurones in the hypothalamus are activated in a pulsatile 

way associated with the expulsion of each foetus (Summerlee ef a/1981). 

OT receptor numbers on the myometrium layer of the uterus are greatly 

increased before labour (Soloff et al 1979) and it is proposed that the 

release of neurohypophysial OT coordinates the contraction of the 
myoepithelium layer of the uterus during normal parturition (Luckman ef al 

1993). There is evidence, however, that this may not be the case as rats 

with pituitary dysfunction give birth normally (Gale e ta l 1961). It was 

suggested that OT produced locally in the uterus acts in a paracrine 

fashion to initiate and maintain parturition as OT mRNA in the uterus of rats 

is greatly upregulated prior to labour (Lefebvre ef a/1992a, 1992b).
OT released centrally has been proposed to be involved in a
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variety of reproduction-related behaviours in males and females including 

penile erection, ejaculation (Argiolas ef a /1988), lordosis (Witt eta l 1991) 

and maternal and paternal behaviours (Pedersen eta l 1982, Winslow eta l 

1993). OT transcripts have also been detected in testis and ovaries of a 

variety of species (Murphy et al 1993) although the levels detected vary 

greatly between species (Ivell eta l 1984b, 1990, Ang ef a /1991, Foo eta l

1991).

1.73 OT-Deficient Mouse Model.

Mouse models have been created in which the OT gene has been 

eliminated via homologous recombination in embryonic stem cells (Young 

III et al 1996, Nishimori et al 1996). The male OT-deficient mice are fertile 

and procreate normally. The females are also fully fertile, they deliver their 
young successfully and exhibit normal maternal behaviour. These females, 

however, lack a functional milk-ejection reflex and the pups^t around a 

day of age. This can be avoided by injecting the mothers with exogenous 

OT.
These results indicate that, although OT and its receptor are found 

in a variety of tissues in males and females, the only essential role for this 
hormone is in milk ejection. It is possible however, that in these OT knock

out mice, other peptides which are capable of fulfilling similar roles are up- 

regulated to compensate for the lack of this hormone. It is still possible that 

OT plays an important role in parturition and a variety of other, probably 

species-specific roles in the physiologically normal animal.

1.8 AVP and OT precursors

1.81 Precursor structures.

AVP and OT are both nonapeptides only differing in two positions 

in their amino acid sequence, positions 3 (Phe in AVP and lie in OT) and 8 

(Arg in AVP and Leu in OT) (Robinson 1986). The structures of OT and 
AVP are very similar, consisting of a hexapeptide ring, a C-terminal amide
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group, both of which are essential for biological activity, and a tripeptide tail 

(Robinson 1986).

Experiments injecting labelled cysteine into the SON of rats 

indicated that OT and AVP are synthesized as part of larger precursor 

molecules in the soma of magnocellular neurones (Gainer et al 1977). 

Both preprohormones consist of the sequence for a signal peptide, the 

nonapeptide hormone, a tripeptide sequence required for processing, a 

larger carrier protein termed neurophysin (NR) and in the case of AVP a 0- 

terminal glycoprotein.

The structure of the OT/AVP precursors are depicted in figure 

1.1. This basic structure is preserved throughout all studied mammalian 

species (Land ef a /1983, Schmale ef a /1983, Ivell efa/1984, Ruppert etal 

1984, Sausville ef a /1985, Hara e ta l 1990). The nonapeptide hormone is 

preceded by a putative signal sequence and is followed by a tripeptide 

sequence essential for cleavage (G-K-R), the associated NP, a single 

arginine residue and in the case of AVP a glycoprotein moiety.

In the rat, neurophysins of both OT and AVP contain a high number 
of cysteine residues indicating multiple disulphide bonds within the 

molecules. These peptides, although extremely similar in amino acid 
composition, do have sequence differences. The NP molecules are also 

extremely homologous between species and the central domain is virtually 

identical when examined within a species (Young et al 1992). The 

significance of these similarities is apparent when the functions of 

neurophysins are considered. Although released from the posterior 

pituitary with the nonapeptide hormones, their function in the periphery, if 
any, is unclear. They are, however, essential for sorting, processing and 

axonal transport of the prohormone (Burbach ef a /1996).

1.82 Preprohormone precursor processing.

When the mRNA coding for the preprohormones has been 

translated, the protein is translocated into the lumen of the endoplasmic 
reticulum. The precursors have the N-terminal signal peptide removed to
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Figure 1.1 The AVP/OT gene locus. The genes are 
linked by an intergenic region (11 kb in rats) and are 
transcribed towards each other being on opposite 
strands of DNA. Both genes consist of three exons 
(A, B and C) which code for protein precursors 
containing a signal peptide, the hormone i tself, a 
neurophysin carrier molecule and in the case of AVP 
an additional glycopeptide moiety.
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form the prohormone with the nonapeptide sequence at the amino 

terminal. It is also within the endoplasmic reticulum (ER) that the AVP 

precursor becomes glycosylated (Brownstein et al 1982). It has been 

suggested (Breslow eta l 1993, Burbach eta l 1996) that the hormone and 

NP sequences now associate. This association involves the amino group 

and the phenyl ring of the aromatic residue at position 2 of the hormone. 

The requirement for the amino group at the end of the hormone ensures 

that no interaction occurs until the preprohormone is within the ER and the 

signal peptide is removed.

Neurophysins are cysteine-rich molecules which, when folded, 

form 7 disulphide bridges. Studies on the crystal structure of these 

molecules (Chen et al 1991) has revealed a hormone-binding pocket 

which suggests a non-covalent interaction between the hormone and the 
associated NP. Within this binding site lies the most thermodynamically 

unstable disulphide bond, binding of the ligand stabilizes the folded 

structure probably by protecting this bond from reducing agents (Huang et 

a /1992).
In the Golgi apparatus, the prohormones are sorted into the 

secretory pathway by an unknown mechanism (Bauerfeind e ta l 1993) 
which targets the prohormones into neurosecretory granules (NSG) which 

have a low pH (5.5) and contain the enzymes required for further 
processing (Gonzalez et al 1993). NP has also been suggested as having 

a role in this sorting (Burbach etal 1996). NP without their ligands can self

associate to form dimers, this is an equilibrium which produces a higher 

proportion of dimers when the hormone is added (Nicolas et al 1980). 

Dimerization into dense cores may be an important element in the 

formation of secretory granules by the Golgi apparatus (Pfeffer et a /1987).
Within the secretory granules, cleavage to liberate AVP/OT and NP 

peptides occurs at the Gly-Lys-Arg tripeptide bridge (which is exposed in 

the model of the hormone bound to the NP). The initial cleavage occurs at 

the carboxyl side of the Arg residue (Rouille et a /1992). This occurs by way 

of a selective dipeptide endonuclease present within the NSG and specific
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for these amino acids in this particular context (Clamagirand et al 1987, 
Brakch 1989).

The processing continues by way of the systematic removal of the 

Arg and Lys residues by carboxypeptidase E molecules localised within 

the NSG where it is most active at a low pH (Hook et al 1984 and Fricker 

1990). The hormone sequence is now extended by a single glycine 

residue which provides the nitrogen residue needed for amidation of the 

carboxyl terminus, which also requires oxygen molecules and copper 

(Bradbury ef a /1982).

The amidation is in two steps (Bateman et al 1985). Initially the 

glycine residue is hydroxylated before being broken down by peptidyl 

hydroxyglycine N-C lyase into the amidated peptide and glyoxylic acid 

(Bradbury et al 1991). This processing occurs during axonal transport. The 

final products are stored in secretory granules in the nerve terminals of the 

posterior pituitary and released by Ca2+-dependent excytosis when the 

neurone is stimulated.

1.9 AVP and OT gene structures.
The AVP and OT precursor genes both contain three exons 

(Schmale et al 1983, Ivell et al 1984a, Ruppert et al 1984, Sausville et al 

1985, Hara et al 1990). Exon A contains the 5’ untranslated region, the 

coding regions of the signal peptide, the hormone, the G-K-R cleavage 

residues and the variable N-terminal of the neurophysin. Exon B encodes 

the highly conserved region of neurophysin, whilst exon C encodes the 

variable C-terminal part of the neurophysin, and in the case of AVP a 

glycoprotein with an undefined biological function. The AVP and OT genes 

have been found to be closely linked in the human, rat and mouse 

genomes by 8kb, 11 kb and 3.5kb respectively (Sausville ef a /1985, Mohr 

et al 1988, Hara et al 1990). The coding regions are on opposite DNA 
strands and the two genes are transcribed towards each other (figure 

1.1). In the rat, the intergenic sequence contains a long interspersed 
repeated DNA element (Schmitz eta l 1991). A similar element is not seen
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in the mouse (Ratty et al 1996) and it is therefore unlikely that it is of 
regulatory importance.

1.9.1 Familial Diabetes Insipidus.

Diabetes Insipidus (Dl) is a clinical disorder with individuals 

suffering from a constant thirst and producing copious amounts of very 

dilute urine. Familial Dl in humans is an autosomal dominant disease in 

which sufferers have negligible AVP level due to mutations within the AVP 

gene locus. Point mutations which cause an amino acid substitution within 

the neurophysin have been identified (Ito et al 1991, Bahsen e ta l 1992, 

Yuasa ef a/ 1993, Repaske ef a/ 1996) and are proposed to alter the 

polymerization of AVP-NP complexes and therefore hinder the processing 

and transport of the precursor molecules. It is unclear why heterozygosity 

should cause the disease as one unaffected allele is still present and the 

sequences coding for the hormone and the processing sites are unaltered.

A point mutation within the signal peptide region of the precursor 

has also been identified (Krishnamani et al 1993, Mcleod et al 1993) 
causing a substitution in the last amino acid of the sequence. It is proposed 

that this precursor undergoes cleavage less readily and that the 
unprocessed precursor may therefore accumulate within the cell.

A rat model for recessive Dl has been identified; the Brattleboro rat 

(Valtin et al 1982) suffers from an autosomal recessive form of the disease 

caused by a frameshift mutation resulting from a single base deletion in the 
neurophysin moiety of the AVP gene (Schmale et al 1984). Research into 

these rats and the autosomal dominant type of Dl have yielded much 

information about the structure, processing and transport of the AVP.

1.10 Genetic regulation of hypothalamic OT and AVP.

OT and AVP are expressed in separate populations of 

magnocellular neurones in the hypothalamus as well as an array of 

extrahypothalamic tissue, they respond to different physiological stimuli.
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and both have several functions. Their gene regulation, therefore, must be 
complex in order to respond in a cell-specific manner in different neurones 

and peripheral tissues to different stimuli.

1.10.1 AVP gene regulation.

Osmotic stimuli such as dehydration or salt loading causes a long 

lasting increase in AVP mRNA in the PVN and SON but not in the SCN 

(Zingg et al 1986, Lightman at al 1987, Sherman at al 1986). AVP mRNA 

levels in parvocellular PVN neurones, but not in magnocellular neurones, 

are increased by adrenalectomy (Young at a /1986) as they are involved in 

the control of ACTH release from the anterior pituitary. In the SCN and 

BNST, however, levels of AVP mRNA are mediated by circadian cues 

(Burbach at al 1988) and sex steroids respectively (Carter at a /1993). It is 

therefore apparent that the regulation of the level of AVP mRNA is cell-type 

specific.
Sequence analysis of the AVP promoter region reveals several 

potential binding sites for regulatory DNA-binding proteins. The proximal 5'
4

flanking sequence contains putative^cAMP response element (CRE) and 

potential binding sites for the transcription factor AP-2 (Mohr at al 1990)
•VPKC

which mediates the induction of transcription by cAMI^(lmagawa at al

1987). Cyclic AMP has been shown to stimulate AVP expression in an 

AVP-expressing small cell lung carcinoma cell-line (Verbeeck et al 1990) 

and in cultured hypothalamic neurones from 14-day fetal rats (Ceding ata l

1990). In another heterologous system (Monkey kidney cells), deletion 

studies have also delineated the cis-acting CRE which regulates an 

increase in transcription in response to cAMP (Pardy at al 1992). This 

element binds a protein present in nuclear extracts from these cells. In 

addition to osmotic stress causing an increase cAMP levels (Carter at al 

1989c), phosphorylation (and therefore activation) of a cAMP response 

element binding protein (CREB) in the hypothalamus also occurs (Borsook 

et al 1994). This transcription factor may be responsible for the cAMP 
stimulated increase in AVP mRNA observed during osmotic stimulation.
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Other proteins such as AP-1, the components of which |(c-fos and c-jun) 
are also up-regulated by dehydration (Carter et al 1990), may also be 

involved in this regulation.

A putative glucocorticoid response element has also been 

detected in the 5' flanking region of the rat AVP gene. Glucocorticoids 

have been shown to have an inhibitory effect on VP expression in the small 

cell lung carcinoma cells and cultured hypothalamic neurones from 14-day 

fetal rats discussed above (Verbeeck e ta l 1991 ; Schilling e ta l 1991) 

suggesting a negative feedback mechanism to inhibit AVP-mediated 

release of ACTH.

It is important to note that these studies in heterologous cells lines 

do not necessarily reflect the regulation of the gene in vivo.

1.10.2 OT gene regulation.

OT gene expression is regulated by developmental stage, 
hormonal status and physiological conditions (van Toi et al 1988, 1990, 

Burbach et a /1992). The regulation of the rat OT (rOT) gene has also been 
studied using heterologous expression systems. The rOT gene promoter 

contains an estrogen responsive element (ERE) that stimulates OT 
expression in cell cultures in the presence of estrogen receptors and 

estradiol (Burbach et al 1990). Estrogen receptors, however, have so far 

been undetectable in the SON and PVN (Burbach efa/1990). It may be 

however, that estrogens play an important part in the expression of OT in 

extrahypothalamic tissue. A thyroid hormone responsive element (which 

overlaps the ERE) has also been shown to stimulate OT expression in the 
presence of a thyroid hormone and receptor. Thyroid hormone receptor 

(TR) is present in the PVN and SON, which therefore presents the 

possibility for direct regulation of OT by thyroid hormone in vivo (Adan et al 

1992).

The effects of retinoids on OT mRNA levels have been also been 

explored, due to the presence of a retinoic acid receptor (RARa) in the 

hypothalamus of adults rats (Giguere et al 1987). The effect on
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transcription of four direct pentameric repeats in the human and rat 

promoters has been investigated and shown to confer retinoic acid 

responsiveness in heterologous systems (Richard eta l 1991b, Lipkin et al 
1992). In rOT gene promoter these repeats (two of which overlap the ERE 

and TR) have a negative effect, inhibiting expression of the rOT gene in a 

monkey kidney cell line (Lipkin et al 1992). Also overlapping the

ERE/TR/RARa is the binding site for the orphan receptor chicken 

ovalbumin upstream promoter transcription factor-1 (COUP-1). In PI 9 cells 

this transcription factor prevented the activation of OT gene transcription by 

the nuclear hormone receptors described above (Burbach et al 1994).

The in vivo physiological relevance of these nuclear hormone 

receptors and COUP-1 to OT gene regulation is unclear. Interaction 

between the different response elements and their individual receptors in 
the OT promoter sequence has been suggested as a possible way of 

regulating not only the cell-specificity of OT expression but also the 
magnitude of response to physiological stimuli (Burbach ef a/1993, 1995).

1.11 In Vivo Studies of Gene Regulation.
The information on the AVP/OT system described above has been 

based on data achieved by means of pharmacological, physiological 

manipulations and in vitro cell studies. These techniques although 

invaluable, have limitations. The lesioning of certain cell types and the 

treatment with pharmacological agents may, in some cases lack specificity. 

Investigations into gene regulation and protein processing in the cell lines 

currently available, although suggestive, may not absolutely reflect the 
endogenous situation. The advent of transgenic technology meant that the 

specific targetting of AVP and OT expressing cells in vivo could be 

attempted. This would therefore allow specific perturbations in these 

systems to be introduced, limiting the non-specific effects experienced by 

other methodology.
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1.11.1 Transgenic Technology.

In the early 1980's, technology for transferring DNA sequences of 

one species into another became available (Costantini eta l 1981, Harbers 
ef a/1981, Brinster ef a/1981, 1982). By microinjecting DNA fragments into 

fertilized oocytes it is possible for heterologous DNA to become integrated 

into the host genome. The production of transgenic animals has allowed 

great insight into in vivo regulation of genes and has opened many 

avenues for research into gene and protein function.

1.11.2  Expression of Transgene

Microinjected DNA fragments used to make transgenic animals in 

order to investigate gene expression, usually contain a heterologous 

reporter gene, the expression of which can be specifically detected, fused 
either to flanking control sequences specific to the gene being investigated 

or a gene which is expressed in the cell-type being targetted.

1.11.3  Reporter genes

Reporter gene sequences used to generate transgenic animals 

contain the initiation and termination codon as well as sequences essential 

for translation (Kozak 1985). Reporter genes which have been widely used 

in transgenic constructs include genes from heterologous species such as 

the introduction of human, bovine and rat growth hormone genes in mice 

(Palmiter eta l 1982,, McGrane eta l 1988, Russo et al 1988, Hollingshead 

et al 1989) which can be recognized by specific antibodies and nucleic 

acid probes. Other genes of bacterial and viral origin such as lac Z  

(R o ssan t e ta l  1991, Smeyne et al 1992), chloramphenicol 

acetyltransferase (CAT) (Walker et al 1983, Aronow efa/1995) and the 

herpes simplex virus thymidine kinase gene (Ross et al 1985), have been 

used as reporter genes in studies into the expression patterns generated 

by specific promoter sequences. Many transgenic animals have also been 

made which express functional transgenes such as specific agonists 

(Morello eta l 1986), antagonists (Chen eta l 1990), antisense (Pepin et al
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1992) and oncogenes (Giraldi ef a /1994), allowing analysis of the systems 
being investigated and their associated pathologies.

1.11.4 Proximal promoter sequence.

Whether the constructs used to make transgenic animals are 

expressed and in which cell-type this expression occurs is dependent on 

several factors. The proximal promoters of genes transcribed by RNA 

polymerase II contain a consensus sequence (termed the TATA box) 

around 30 base pairs upstream of the site of transcriptional initiation 

(Kornberg 1996). This sequence is required for the binding and activation 

of the basic transcriptional machinery. It is the site of binding of the TATA 

box binding protein (TBP) (Nikolov ef a /1996) which subsequently binds to 

a number of other proteins known as transcription activation factors (TAFs) 
prior to the ordered recruitment of general transcription factors and RNA 

polymerase II to form a preinitiation complex required for transcriptional 

activation (Roeder ef al 1996). This sequence of events however, only 

confers basal low level transcription.

1.11.5 Enhancers and silencers.
Enhancer and silencer elements are gene-specific sequences 

present in flanking DNA which bind to sequence-specific fra/is-acting 
transcription factors. The activation or repression of transcription and the 

level at which this occurs within a certain cell-type is dependent on which 

transcription factors are present within that cell. The binding of frans-acting 

factors to enhancer or silencer elements is proposed, via mediator proteins 

(Bjorklund et al 1996), to interact with the TAFs to promote or repress 

transcription (Verrijzer ef a /1996).

These sequences have been found not only in the 5' flanking 

region of genes but S' to coding sequence (Banerji eta l 1983, Queen et al 

1983) and in intronic sequences (Gillies etal 1983). The inclusion of these 

elements in a transgene construct is essential to the cell-specific 

expression of the reporter gene (Walker et al 1983, Ornitz et al 1985,
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Selden ef a /1986, Patil efa/1990).
Transgene expression is often obtained in ectopic sites where the 

gene being targetted is not usually expressed. This is possibly due to the 

absence of silencer elements in the flanking regions of the trangene which 

would normally suppress expression of the endogenous gene in that cell- 

type (Murphy et al 1988) or the presence of a tissue-specific enhancer in 

the endogenous chromosomal DNA at the site of integration (Banerjee et 

al 1994). The converse is true of the lack of the expression of a transgene 

as this could be due to the absence of specific enhancer sequences in the 

microinjected DNA or the presence of a silencer element at the site of 

transgene integration. Inappropriate expression of a transgene can also be 

as a result of the interaction of combinations of regulatory elements from 

the reporter gene used (within the introns) interacting with those in the 

flanking sequences. This is exemplified by the unpredictable expression 

patterns of different foreign genes fused to metallothionein promoter 
sequences which is dependent on the reporter gene being used (Swanson 

et a /1985).

1.11.6 Position effect
The effect of the chromosomal DNA at the site of integration on the 

expression of a transgene is known as position effect and has been 

widely encountered in transgenic studies. This effect is seen when there 

are differences in the patterns and levels of transgene expression in a 

number of transgenic animal lines generated from the same construct 

(Lacy et al 1983, Al-Shawi et a /1990, Huber et al 1994). Assuming the site 

of integration of a transgene into a hosts chromosome is random, the 

differing expression patterns in these animals is due to the interaction 

between regulatory elements at the integration site and those of the 

transgene. Each integration event potentially positions a different 

chromosomal regulatory element juxtaposed to the transgene thereby 

exerting different effects on its expression.
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1.11.7 Locus control regions.

Regulatory sites within the loci of several genes have been 

delineated which, when included in a construct used to make transgenic 

mice impart position-independent, copy-number dependent expression of 

transgenes (Grosveld et al 1987, Bonifer at al 1990). These sites have 

been termed the locus control regions (LCR) and are classified by their 

cell-specific hypersensitivity to DNase I.

The LCR of a gene can comprise of several DNase I 

hypersensitive regions positioned some distance from the transcriptional 

start site of the gene (Stief at al 1989, Higgs at al 1990, Jones a ta l 1995). 

The individual sites may have different functional capacities when used 

independently (Fraser at al 1990). Some of the regions specifically serve 

as insulators, confering position-independent expression of the foreign 

DNA without enhancing or repressing expression (Chung at al 1993, 

Aronow at al 1995). It appears that these are regions are essential for the 

establishment of active chromatin domains which are accessible for the 

proteins necessary for transcription (Steif at al 1989, Forrester at al 1990, 
Bonifer at al 1991). It is only in combination with other DNase I 

hypersensitive regions containing the sites for interactions with other trans- 
activating factors that the appropriate level of cell-specific expression of a 

transgene is achieved (Huber ef a/1994).

1.11.8 Sequences at the 3' end of a transcript

There are sequences at the end of a transcript which are essential 

for transcriptional termination and processing of the 3' end of the mRNA 

(Wahle ef a /1996). These include a polyadenylation signal which causes 

the polymerization of AMP onto the 3' end of a transcript resulting in a 

varying length poly A tail. This has been implicated in the control of the 

stability (Decker at al 1994) and translation of the mRNA (Sachs ef al

1993). In a transgene construct these sequences can either be present as 

part of the sequence of the reporter gene or, in the case of cDNA 

transgenes, as additional added sequences (Bijvoet ef a /1996).

27



It seems that for cell-specific high level expression of a transgene,
the construct must include regions which insulate the sequence from

g,
position effects, cell-specific enhancer^silencer elements and sequences 

responsible for mRNA processing and correct transcriptional initiation and 

termination.

1.12 Uses of transgenic animals.
The uses of transgenic animals over the last decade have been 

wide ranging, including many fields of biological research, for research into 

topics as varied as the control of gene transcription to the generation of 

strains of commercially viable agricultural animals (Ward ef a /1993).

Transgenic technology has been especially important for the study 

of gene regulation for which adequate cell lines are not available. These 

studies have a great advantage over those using cell cultures as the 

expression and physiological regulation of a transgene reflects the 
regulatory sequences actually utilized in vivo in specific cell-types rather 

than those sequences which potentially can be used in vitro.
The sequences comprising the LCR and enhancer and silencer 

elements of many genes have not yet been mapped. Many experiments, 
therefore, have resulted in inappropriate expression of transgenes. These 

results, however, have enabled a comparison of promoter sequences used 
with the results generated leading to the delineation of individual c/s- 

acting regulatory elements flanking a gene. A complex picture of 

interacting sequences can therefore be built up enabling a greater 

understanding the c/s-acting elements which are involved in the regulation 
of gene expression.

The use of functional transgenes has allowed the introduction of 

agonist, antagonists, antisense and other molecules to cause specific 

perturbations in endogenous systems allowing explorations into function 

and regulation. This has and will in the future, allow specific, non-invasive, 

changes for which no physiological technique or pharmacological agent 
provide the same degree of specificity or accuracy. The animals produced
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under such rationales, however, are not without their unpredictable 

drawbacks. Such is the case for early investigations into the growth 

hormone system. Over-expression of growth hormone under the control of 

a ubiquitous promoter allowed the production of transgenic mice with 

significant increases in growth (Palmiter et al 1982). It was hoped that 

these results could be repeated in farm animals leading to an increase in 

their meat yields. This was not the case however, the expression of 

heterologous growth hormone in sheep and pigs did result in increased 

growth but had severe detrimental physiological effects (Pursel ef a/1989).

The advent of greater understanding into the regulation of 

transgenes has allowed more accurate targetting of reporter genes with 

specific flanking sequences. The growth hormone (GH) axis is just one 

such example of a system extensively investigated using transgenic 

technology. Specifically targetting cell-types and proteins involved in the 

regulation of this hormone has permitted, amongst other things, insights 

into GH protein structure and function (Chen et al 1990), the intracellular 

mechanisms occurring in somatotrophs (Burton et al 1991, Struthers et al
1991) and the roles of growth hormone-releasing hormone (GHRH) (Mayo 

ef a /1988) and insulin-like growth factor I (IGF-I) (Behringer ef a /1990, Asa 
ef a /1992) in the modulation of GH function.

Trangenic animal technology has also been widely used in order 

to produce disease models for research into specific pathologies. 

Transgenic mice have been generated expressing toxic and disruptive 

proteins within targetted cell-types (Behringer e ta l 1987, Borelli e ta l 

1989). This has resulted in the production of animals with significantly 
decreased amounts of proteins such as GH where the cell-type 

synthesizing these peptides has been disrupted. The phenotypes of these 

mice have been explored during research into diseases which exhibit the 

same deficiencies. Similarly, the overproduction of proteins by specifically 

targetted transgenes has led to animal models for pathologies involving 

the excessive production of proteins by either tissue hyperplasia or 

inappropriately by tumors (Quaife et al 1989). For example, pituitary
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adenomas caused by the overproduction of growth hormone releasing 

factor for which a transgenic mouse model has been generated (Asa eta l

1992).

Transgenesis has been extensively used in the study of cancer 

(Coletta eta l 1995). By specifically targetting the expression of transgenes 

involved in the establishment of tumorigenesis, it has been possible to 

transform certain cell-types into cancerous states allowing the regulation 

of these oncogenes and their protein products to be studied (Rindi et al 

1989, Kim et al 1991, Eades-Perner et al 1994, Chooi eta l 1996). Another 

consequence of specifically targetting oncogene expression in transgenic 

animals has been the immortalization of cell-lines for use in in vitro studies. 

(Mellon efa/1990, Jat ef a/1991).

1.13 Choice of species of transgenic animal.
Transgenic technology has extended to several species of 

domestic and laboratory animals (Mullins ef al 1996). By far the most 

commonly used is mice due to the well developed methods for the 
application of this technique and the low cost of maintaining this species.

In recent years several laboratories have been generating 
transgenic rats (Mullins et al 1990, Zeng e ta l 1994). The efficiency of 

production of these animals and the protocols used vary between 

laboratories (Chareau ef al 1996) but there are important advantages for 

using this species. As well as being relatively cheap to breed and house, 

the physiology of the rat is much more defined than that of the mouse. This 

is largely due to their size being compatible with physiological techniques. 

Surgery used for in vivo bioassays (Bisset et al 1984), multiple-blood 

sampling procedures (Clark et al 1986) and fine tissue dissections can 

more easily performed on rats than mice to yield sufficient quantities of 

material for analysis.

1.14 Transgenic studies of the AVP/OT locus.
The tissue-specific expression patterns of AVP and OT are
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generated by the actions of regulatory elements in the flanking sequences 
of both genes. Expression or its absence is dependent on the interaction of 

these elements with cell-specific frans-acting factors. In order to delineate 

these sequences, in the absence of adequate, neuronally derived cell lines 

which express AVP or OT, transgenesis has been used (Grant et al 1993, 

Gainer et al 1995, Murphy et al 1995). Expression patterns generated by 

transgene constructs based on the AVP/OT locus are depicted in figures

1.2 and 1.3.

1.14.1 Bovine AVP (bAVP) expression in transgenic mice.

Initial experiments using 1.25kb of 5' promoter sequence of the 
bovine AVP gene (bAVP) and the simian virus 40 (SV40) large T-antigen 

reporter gene targetted expression to the anterior pituitary and pancreas in 
trangenic mice (Murphy et al 1987). Tumors developed in three lines of 

mice carrying this gene as a result of this expression. These tumors 
showed some of the phenotypic properties of multiple endocrine neoplasia 

and represented a possible disease model for monitoring neoplastic 
transformation caused by the expression of the SV40 reporter gene (Hindi 

et al 1988). In addition, those of the anterior pituitary provide a model for 
non-hyperplastic somatotroph tumors (Stefaneau et ai 1992). Although 

previous experiments with short promoter regions of the elastase and 

insulin genes (Ornitz et al 1985, Hanahan et al 1985) had conferred cell- 

specific expression of reporter genes it is obvious that additional 

sequences are required for appropriate cell-specific bAVP expression.

There are two possible explanations for the expression pattern 
generated with this construct. It is possible that the 1.25kb of bAVP 

promoter does not include enhancer elements to activate expression in 

vasopressinergic cells and silencer elements to repress expression in the 

anterior pituitary and pancreas. It is also possible that the combination of 

regulatory elements included within the promoter region and reporter gene 

of this construct is responsible for this expression pattern. Replacing the 

SV40 reporter gene with the CAT reporter gene causes ubiquitous

31



expression in nearly all the peripheral tissue examined in two lines of the 

transgenic mice generated (Ang et al 1993). This indicates that the 

expression directed by this promoter region is dependent, to some extent, 

on the reporter gene used.

The addition of the structural gene for bAVP with 200 bp of 
sequence 3' to exon III to the 1.25 kb promoter fragment conferred a more 

restricted pattern of expression within the neuronal tissue of 3 lines of mice 

(Ang eta! 1993). All lines showed hypothalamic expression with additional 

expression detected in the adrenal medulla in two of the three lines. The 

addition of the AVP gene and 200bp of 3' sequence, therefore, restricts 

expression to tissue that is derived from neuronal progenitors. More 

accurately targetted expression occurred in the PVN and SON but not the 

parvocellular SON with a larger construct containing 9kb upstream of 5’ 
flanking sequence, the structural gene and 1.5 kb of 3' sequence. However 

3 lines of transgenic mice carrying this transgene also exhibited peripheral 

expression in the ovary (Ang ef a /1993).

It has been concluded, therefore, that the cell-specific expression 

of bAVP in transgenic mice is due to repression of expression in non- 

vasopressinergic cells. It is possible that silencer elements are present 
within the gene and 200bp of 3' flanking sequence which repress 

expression in non-neuronal tissue. Additional regulatory elements in the 

flanking sequeces extending 9kb 5’ of and 1.5 kb 3' of the bAVP gene 

repress expression in all tissues except the magnocellular vasopressin 

neurones of the PVN and SON. This piece of DNA however does not 

contain sufficient regulatory elements to direct expression to parvocellular 

neurones of the SON. The ovarian and adrenal expression can be 

explained by the presence of one or more tissue-specific enhancer 

elements in the foreign DNA present which are usually suppressed by 

additional elements outside the span of these fragments.

When mice generated with both the smaller (1.25kb 5' to 0.2 kb 

3') and larger (9kb 5’ to 1.5 kb 3’) bAVP constructs were salt loaded, an 

increase in expression but not length of the transgene mRNA in the PVN
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and SON was detected (Ang et al 1993). The regulatory element 

responsible for increased expression due to physiological stimulation 

(possibly the cAMP responsive element described previously) is therefore 

present in both constructs.

1.14.2 Bovine OT (bOT) expression in transgenic mice.

Similar experiments have been performed to delineate the cis- 

acting elements responsible for the regulated expression of the bOT gene 

(figure 1.2). A construct consisting of sequences 0.6 kb 5', 1.8 kb 3' and 

the entire structural gene of bOT reproducibly directed expression to the 

oxytocinergic cells of the SON and the PVN, the lung and Sertoli cells of 

the testis in transgenic mice (Ho eta! 1995). The hypothalamic expression 

was also physiologically regulated with an increase in the abundance of 
the transgene transcript occurring during dehydration. The Sertoli cells are 

a site of peripheral expression of the endogenous OT gene in cattle but not 

in mice. In these mice the level of testicular expression in the transgene is 

ten-fold larger than that of the endogenous OT in cattle and the resulting 
transcripts are translated and faithfully processed (Ang eta ! 1994). This 

suggests that this construct contains regulatory elements capable of 
interacting with trans-acWng factors in the mouse testis to recapitulate the 

bovine expression pattern of OT (Ang ef a/1991). Sequences regulating 

the levels of testicular expression, however, are absent. No OT expression 

is detectable in the lungs of cattle indicating the absence of silencer 
elements repressing the expression of the transgene in this tissue, or the 

presence of elements which interact with frans-acting factors specific to the 

mouse lung.

Unlike the bAVP gene, transgenic mice with additional bOT 

flanking sequences did not result in increased cell-specificity in the 

expression of the transgene. Three lines of transgenic mice generated with 

a bOT transgene containing the same amount of upstream promoter 

sequence (0.6 kb) but with 2.5 kb of downstream sequence did not exhibit 
hypothalamic expression although transgene transcripts were present in
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Figure 1.2 The expression patterns of bovine AVP/OT 
transgenes. The flanking sequences spanned by each 
construct and t he cell-type targetted is also shown. CAT 
and SV40 represent the chloramphenicol transferase and 
simian virus 40 large T-antigen reporter genes.
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the testis and lung of two (Ang et al 1991). This suggested the presence of 
a regulatory element in the additional 3' sequence (that is between 1.8 kb 

and 2.5 kb downstream) which suppress hypothalamic expression.

Judging by the lack of coexpression of the OT and AVP genes it is 

possible that the flanking sequence of one gene may interact with that of 

the other to regulate their almost mutually exclusive expression. To test this 

theory, mice were generated bearing 1.25 kb of 5', 0.2 kb of 3' and the 

structural gene for bAVP fused, in same the orientation as the endogenous 

genes, to the hypothalamically expressing bOT transgene described (Ho at 

a /1995). The resulting mice, although still expressing the bOT transgene in 

the testis and lung, lacked any hypothalamic expression of this transgene 

and any expression at all of the bAVP gene. It seems likely, therefore, that 

this region of the bAVP gene also contains elements responsible for the 

repression of hypothalamic OT expression, whereas the bOT sequences 

must contain elements repressing bAVP expression. In the context of the 

endogenous gene in cattle, all these silencer elements must be 

suppressed by the presence of other cis-acting elements absent from these 
constructs and the trans-acting factors that they have recruited.

The expression patterns of the transgenic mice previously 
described bearing 1.25 kb fragment of bAVP promoter (which confers 

reporter gene-dependent expression) to the bOT transgene (0.6 kb 5', 

structural gene and 2.5 kb downstream) included the cortex and the testis 

but not the lung (Murphy at a /1995). This again suggests that this promoter 

segment of the bAVP gene directs expression which is dependent on the 

elements present in the sequence it is fused to.

A fragment of the bOT gene including 3 kb of 5' sequence, the 

structural gene and 2.5 kb of downstream sequence which was used in an 

attempt to overcome this repression, was found to be non-compatible with 

the generation of transgenic mice as no such animals were generated from 

an otherwise successful laboratory. It was argued, therefore, that the region 

between 0.6 kb and 3 kb 5' of the bOT gene confers a toxic effect in 

embryonic development which is usually repressed (Ho ef a/1995).
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1.14.3 Rat AVP (rAVP) expression in transgenic mice.

A fusion gene containing 35bp of 5’ sequence and the rAVP 

structural gene linked to the metallothionein promoter has been introduced 

into transgenic mice in an attempt to produce an animal model for 

hypervasopressinemia (Habener et al 1989). The resulting expression is 

detectable in brain, including the hypothalamus and a range of peripheral 

tissues. The brain is not a target tissue for endogenous metallothionein 

expression. It is likely that this expression is due the combinatorial effect of 

the metallothionein promoter and rAVP gene resulting in an unpredictable 

pattern of expression which has also been encountered with this promoter 

and other transgenes (Swanson at a /1995).

A rAVP transgene consisting of 3kb of both 5’ and 3’ sequence and 

the structural gene directed expression in a line of transgenic mice to brain 

areas including the hypothalamus and peripherally to the pancreas and 

the lung, although the cell-types specifically expressing rAVP were not 

investigated (Grant et al 1993a,b). The basal level of plasma AVP was 

increased in these transgenic mice, presumably as a result of transgene 

expression (Gordon et al 1993). This did not affect the water balance of 2 

month old mice of this line (Miller et al 1993). The level of transcription of 
this transgene did increase when osmotically stimulated indicating that this 

fragment of DNA includes sequences necessary for physiological 

stimulation (Grant at a/1993a,b).

1.14.4 Rat AVP transgenes in transgenic rats.

Expression of AVP/OT and the regulation of polyadenylation 

seems to involve species-specific c/s-acting DNA sequences. This is 

exemplified by the increase in polyadenylation of the AVP transcript seen 

after osmotic stimulation in the rat but not the mouse (Murphy et al 1990) 

and the presence of OT and AVP in different peripheral tissue depending 

on the species in question (Ang ef a /1991).

A series of experiments have been performed in which the 
endogenous rAVP gene has been 'tagged' with marker genes and
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introduced into transgenic rats. An advantage of these experiments is that 

the presence of any c/s-acting regulatory elements within the transgenic 

construct will interact with endogenous frans-acting factors mediating their 

actions. The use of transgenes derived from the same species as the 

allows a more accurate delineation of the regulatory mechanisms which 

are occurring within that species.

Transgenic rats have been generated bearing fragments of the 

rAVP locus with reporter genes inserted into the third exon of the gene. 

Transgenes containing 1.5 kb and 3kb of 5', 0.2kb of 3' and the rat 

structural AVP gene with a p-galactosidase reporter gene in exon C

conferred aberrant expression to the testis. This was attributed to the 

presence of a cryptic testicular promoter within the reporter gene (Zeng et 

a/ 1994a).
When the construct was extended to 5kb 5' and 3kb 3' of the 

structural gene and a CAT reporter gene was used instead of 

p-galactosidase gene, expression was reproducibly obtained in the

magnocellular PVN and SON as well as ectopically in the heart and 
thymus (Zeng at al 1994b). The basal level of hypothalamic expression of 

the fusion gene is lower than the endogenous rAVP transcripts. When an 
osmotic stimulus is applied, however, two lines of animals analyzed 

showed 18- and 24-fold increases in the levels of transgene transcripts, 

much greater than the 2-fold upregulation of the endogenous gene. It has 

been concluded therefore that this construct (with 5 kb S', 3kb 3' and the rat 

structural gene) contains regulatory sequences required for magnocellular 

expression in vasopressinergic cells, although the sequences required for 

basal expression levels comparable to the endogenous and parvocellular 

expression are absent. The remarkable upregulation of the transgene 

following osmotic stimulation indicates the absence also of c/s-acting 

sequences which specifically regulate the degree of transcriptional 

activation under such conditions.

The generation of transgenic rats bearing the sequence for a 
unique peptide (DR-12-EK), for which a specific antibody has been raised.
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instead of the CAT reporter gene, allowed the detection of the protein 

product of this reporter gene in the neurointermediate lobe (NIL). Studies 

with these rats showed that the mRNA from this reporter gene is indeed 

expressed within the hypothalamus and that the protein is transported to 

the posterior pituitary whilst undergoing processing. The stimulated 

upregulation of the reporter gene with these flanking regions of the rat AVP 

gene could therefore be monitored at a protein as well as RNA level 

(Waller et a /1996).

Salt loading these rats resulted in a decrease of the transgene 

protein in the NIL after 5 days although a significant increase after 10 days, 

whereas endogenous AVP levels show a large decrease at both time 

points as would be expected with the stimulated secretion of the hormone. 

This is possibly a reflection of the massive increase in transgene 
expression resulting, in time, in an increase in the amount of transgene 

protein in the pituitary stores.
In the rat, an increase in AVP mRNA after osmotic stimulation is 

also accompanied by an increase in the length of the poly A tail of the 
transcript. The mRNA of the AVP-DR-12-EK transgene does not show an 

increase in polyadenylation. This could be due to the insertion of the 
reporter genes causing disruptions to either sequences within exon 0  or 

the pre-mRNA structure which are necessary for this process.
There are also two sites of recurring peripheral expression within 

these transgenic rats. The transgene is expressed in the heart probably as 
a consequence of the absence of heart-specific repressor elements. 

Endogenous AVP expression has been detected in the rat thymus 

(Geenen eta l 1987). Transgene expression is detected in the same thymic 

cell-type as the endogenous rAVP (Jessop e ta l 1995) therefore reflecting 

the inclusion of regulatory elements within the transgene for appropriate 

thymic expression.

1.14.5 Expression of rat OT in transgenic mice.
All attempts at generating transgenic mice bearing a small

3 8



construct containing 0.36 kb of 5’, 0.4 kb of 3’ and the structural gene for 
rOT failed (Gainer et al 1995). This construct may impart a toxic effect not 

compatible with embryonic development similar to that encountered by the 

bOT transgene described above, possibly due to the inappropriate 

expression of this transgene at a certain stage of development which has a 

detrimental effect on the viability of the embryos.

The addition of the rAVP gene with 1.4 kb of 5’ and 0.2 kb of 3’ 

flanking sequences to this rOT fragment in a parallel orientation (so that 

transcription of the genes occurs in the same direction) confers cell-specific 

expression of the OT reporter gene to the hypothalamus (Young et a /1990) 

of 2 lines of transgenic mice. Transgene protein has been detected in the 

same neurosecretory granules as the endogenous mouse OT-NP within 

these cells (Belenky et al 1992). The amount of transgene mRNA is 10- 
20% of that of the endogenous mouse OT mRNA and the upregulation of 

the transgene during lactation is at a comparable amount to that seen in 
wild-type rats (Young III ef a/1990).

Regulatory elements which are responsible for activating the rOT 

gene, therefore, are presumably present within the rAVP fragment in this 

construct. Transgenic mice bearing constructs with deletions of the 5’ 
regions of the rAVP component of this transgene have shown that this cell- 

specific expression of the rOT gene is still preserved when this region is 
truncated to contain only exon C and 3' flanking sequence (Gainer et ai 

1995). It has therefore been suggested that the enhancer for rOT 
expression resides in the intergenic sequence. This element must act in an 

orientation-independent way if it is responsible for cell-specific OT 
expression when the genes are in their original orientation of being 

transcribed towards each other. Rat AVP is not expressed in these mice as 

the relevant sequences for activation of transcription are not present. The 

expression patterns generated by rat AVP/OT transgenes is depicted in 
figure 1.3.

The data discussed above shows a complex system of interacting 
regulatory elements directs the cell and species-specific expression of the
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Pattern
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0.2 kb 3' J
0.36 kb 5* \  OT 
0.4 kb 3'

mice Young et al 1990
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mice Grantef a/1993

Testis.

magnocellular 
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Figure 1.3 The expression patterns generate by rat 
AVP/OT transgenes. The flanking sequences spanned by 
each construct and the animal species used is also shown. 
MT-pr denotes a metallothionein promoter, B-gal and CAT
represent the p-galactosidase and chloramphenicol 
transferase reporter genes, whereas DR-12-EK is the 
coding sequence for a novel peptide.
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AVP/OT locus. The expression patterns of the transgenic animals 

generated (figures 1.2 and 1.3) suggest the presence of other elements in 

the flanking sequences of the locus not included in these constructs 

selectively activating or repressing expression in different cell-types. 

Although the delineation of the locus has revealed a useful construct for 

targetting magnocellular vasopressinergic neurones (containing 5 kb of 5’, 

3 kb of 3’ and the structural gene), sequences required for parvocellular 

expression of AVP still elude investigators as do those required for higher 

level basal expression.

As discussed previously, the LCR of a gene can be some way from 

the coding regions. In the experiments described in this thesis, we have 

attempted to generate transgenic rats with a large cosmid construct derived 

from the rAVP/OT locus consisting of different reporter genes inserted into 

the coding regions of the AVP and OT genes. It was hoped that this 

construct, by virtue of the size of the flanking sequences, would contain the 

LCRs for both genes and thereby direct cell-specific, position-independent, 

high level expression of the transgenes to vasopressinergic and 
oxytocinergic cells. If specific targetting of these cell-types was achieved, 

this construct could provide an expression cassette for the introduction of 

different foreign proteins into the vasopressinergic and oxytocinergic cells 

within the same animal and be used for deletion studies of the flanking 

regions to delineate the regulatory regions of these genes further. We have 

chosen the rat as our animal model so that we can investigate the 

physiological regulation of the transgenes using previously established 

techniques for this species.
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Chapter 2

Materials and Methods
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2.1 Bacterial cultures.
All media were made with double distilled water and autoclaved 

prior to use, according to standard protocols (Sambrook eta l 1989). Liquid 

cultures of bacteria were incubated with shaking at 37°C in either LB broth 

or terrific broth. Bacterial colonies were grown on agar plates made with 

either LB broth or terrific broth with 15g/l bacto-agar. These media were 

supplemented with combinations of 20|iig/ml or SOpg/ml ampicillin, 20|ig/ml 

tetracycline and 0 .2% glucose. Stocks of bacterial clones were stored at 

minus BĜ C after the addition 15% glycerol.

2.2 Purification of nucleic acids.
2.2.1 Phenol extraction and ethanol precipitation of DNA solutions. 

Aqueous solutions containing DNA were purified by vortexing with
an equal volume of phenol:chloroform:isoamyl alcohol (25:24:1). The 

emulsion was then centrifuges at 12,000 rpm for 5 minutes in a microfuge 

at room temperature. DNA was precipitated by adding 3M sodium acetate 

(pH 5.2) to a final concentration of 300mM and two volumes of absolute 
ethanol. The samples were frozen before centrifugation, the supernatant 

was removed and the pellet was resuspended in TE buffer (lOmM Tris.HCI 
pH 8 , ImM EDTA).

2.3 DNA preparation from bacteria stocks.

2.3.1 Small scale preparation of plasmid and cosmid DNA.

The alkaline lysis method of DNA isolation was used (Birnboim et 

al 1979, Sambrook et al 1989) to prepare plasmid DNA from small 

volumes of bacterial cultures (typically 10ml).

2.3 .2 Large scale preparation of plasmid and cosmid DNA

Plasmid DNA was also prepared from 1 Litre overnight cultures by 

the alkaline lysis method. DNA was dissolved in T100E1 (lOOmM Tris.CI pH 

8 , ImM EDTA) and further purified using caesium chloride gradient which 
was centrifuged at 55,000rpm overnight (Sambrook ef a /1989).
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2.3.3 Preparation of genomic DNA from animal tissue.

Rat tail biopsies (typically 1 cm) were taken from 10-14 day old 

rats and placed in tail mix (50mM Tris.HCI pH8 , lOOmM EDTA, lOOmM 

NaCI). The genomic DNA was prepared using a standard procedure 

(Hogan et al 1986) involving incubation with proteinase K, RNase A, 

phenol extraction and precipitation with isopropanol. Genomic DNA from 

other tissue such as liver was prepared by the same method. This required 

additional homogenisation of the samples in a large volume (typically 5ml) 

of tail mix using a Kinematica Polytron PT 3000 homogenizer prior to the 

preparation of DNA from a small aliquot of homogenate.

2.4 Restriction digestion of DNA.
Restriction enzyme digestion was performed in accordance with 

manufacturers instructions (Boehringer Mannheim, Cambio or New 

England Biolabs). Plasmid DNA was incubated for upto 4 hours whilst, 

genomic DNA digests were incubated overnight.

2.5 Subcioning DNA fragments into plasmid vectors.
2.5.1 Blunting of DNA fragments with a 3’ overhang.

After digestion of DNA with a restriction enzyme which leaves a 3' 

overhang, the overhang was removed by incubation with T4 DNA 

polymerase to create a blunt end for ligation with other blunt ended DNA 

fragments. The digests were phenol extracted, ethanol precipitated with 

10pg tRNA and resuspended in TE. MgCl2 and dNTPs were added to final 

concentrations of lOmM and 0.1 mM respectively prior to the addition of 2 
units of T4 DNA polymerase (New England Biolabs). The reaction was 

incubated for 15 minutes at 12°C. The polymerase was inactivated at 75°C 

for 10 minutes before purification.

2.5.2 Blunting a DNA fragment by refilling the 5’ overhang.

DNA fragments with 5’ overhangs were blunted by filling in the 

single stranded ends. This was done using the Klenow fragment of E.coli
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DNA polymerase I (New England Biolabs). The DNA was digested with an 

appropriate restriction enzyme, phenol extracted, ethanol precipitated with 

1|ig of tRNA and resuspended in IE . 10x Klenow buffer (0.5M Tris.HCI, 

pH7.6, 0.1 M MgCl2) and dNTPs to a final concentration of 1x and 0.2mM 

respectively were added with 10 units of Klenow. The reaction was 

incubated at 37°C for 30 minutes prior to purification of the DNA.

2.5.3 Vector dephosphorylation.

Calf alkaline phosphatase (CAP) was used to remove 5' 
phosphate groups from digested vectors to prevent self-ligation during 

subcloning. Plasmid and cosmid vectors, linearized with restriction 

enzymes, were incubated with 2 units of CAP (Boehringer) in SOmM 

Tris.HCI (pH 8.5), 50 mM EDTA, for 30 minutes prior to purification.

2.5.4 Inserting linkers into DNA fragments.

Digested plasmid DNA was blunted (if necessary), phenol 

extracted, ethanol precipitated in the presence of Ipg of tRNA and 
resuspended in TE. 0.5-1 pg of phosphorylated linkers were ligated to 

linearized, blunt ended plasmid DNA. Ligations were performed in a final 

concentration of 1x ligase buffer (50mM Tris.HCI (pH 7.5), lOmM MgCl2, 

lOmM dithiothreitol, ImM ATP, 25pg/ml BSA), 0.5mM spermidine-HCI with 

400units of T4 DNA ligase (New England Biolabs). The reactions were 

incubated at room temperature overnight. The enzyme was then 

inactivated at 65°C for 15 minutes. The linkered fragments were digested 

with a large amount of the appropriate restriction enzyme (i.e. the site 

encoded for by the linker) and the DNA was purified prior to further 

subcloning procedures.

2.5.5 Electrophoresis of DNA fragments

DNA fragments were electrophoresed in gels of varying 

percentages of agarose in IxTBE buffer (90mM Tris-borate, 2mM EDTA, 

pH 8.0) containing 0.5ng/ml ethidium bromide. The DNA bands were
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visualized on an ultraviolet transilluminator and photographed. Size 
markers used were Lambda DNA digested with Bst Ell, pUC 19 DNA 

digested with Msp I and commercially available 1kb ladder (Gibco-BRL).

2.5.6 Purification of DNA fragments.

Digested, blunted, dephosphorylated or linkered DNA fragments 

were electrophoresed in low melting-point agarose. Gel bands were 

excised, melted at 65°C for 5 minutes, extracted twice with phenol/0.3M 

NaOAc. Following a phenol extraction and ethanol precipitation with Ipg 

tRNA, the DNA was recovered by centrifugation and resuspended in TE.

2.5 .7 Purification of large fragments containing the vector for subcloning 

(such as large cosmid-containing fragments).
Large vectors were digested and treated with 50 units of CAP for 

in excess of 3 hours. EDTA and SDS were added to final concentrations of 
5mM and 0.5% respectively. The phosphatase was denatured for 1 hour at 

65°C and the solution was phenol extracted, ethanol precipitated with Ipg 
tRNA and the DNA recovered was resuspended in TE.

2.5.8 Ligation of DNA fragments into phosphatased vectors.

After purification, DNA fragments and vectors were mixed a t^o la r 

ratios at a concentration of BOng/ml, whilst DNA for recircularization was 

used at a concentration of 20ng/ml. Ligation were done in a volume of 5pl 

with 200 units of T4 DNA ligase (New England Biolabs) in 1x ligase buffer. 

Two control reactions were performed simultaneously omitting the insert in 

the first (to test the efficiency of the dephosphorylation of the vector) and 

the second excluding the insert and ligase (to test the purity of the cut 

vector). Ligations were incubated overnight at 16°C.

2.5.9 Preparation of competent cells.

psi-broth 5g/l bacto-yeast extract, 20g/l bacto-tryptone,

5g/l MgS04 , adjusted to pH 7.6 with NaOH.
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TFbl 30mM KAc, lOOmM KCI, 10mM CaClg, 50mM

MnCl2, 15% glycerol (v/v), adjusted pH 5.8 

with acetic acid and filter sterilized.

TFbll lOmM PIPES, 74mM CaClg, lOmM KCI, 15%

glycerol (v/v), adjusted to pH 6.5 with acetic 

acid and filter sterilized.

Competent cells yielding a transformation frequency >5x10® 

transformed colonies per pg of supercoiled plasmid DNA were prepared by 

a method modified from Hanahan ef a /1983. Bacteria of the strain 

DH10B (Grant ef a/ 1990) were plated on an agar plate and grown 

overnight at 37°C. 10ml of psi-broth was then innoculated with 4 colonies 

from this plate. The bacteria was then shaken at 37°C until 00550=0 .3 . 5ml 

of this broth was then diluted into 100ml psi-broth and shaken until 

00550=0.28. The flask was then placed on ice, the bacteria was centrifuged 

at 4°C for 15 minutes at 2,000 rpm. The supernatant was removed and the 

pellet was allowed to dry briefly before being resuspended in 20ml TFbl. 

This suspension was left on ice for 5 minutes and then centrifuged at 2,000 

rpm for 10 minutes at 4°C. The supernatant was then removed and the 

pellet was resuspended in 3 ml TFbll and placed on ice for 15 minutes. 
Aliquots were then frozen on dry ice and stored at -80°C. The competence 

of the cells was tested by transforming plasmid ONA of known 

concentrations.

2.5 .10 Transformation of competent cells.

Competent cells were thawed on ice before 50pl of cells was 

added to each ligation. These tubes were then incubated on ice for 30 

minutes. The cells were then subjected to heatshock at 42°C for 90 

seconds before being placed on ice for 2 minutes. 0.4ml of LB broth was 

added and the culture was shaken at 37°C for 1 hour. Cells were then 

incubated overnight at 37°C on agar plates containing the appropriate 

antibiotic. Single colonies were picked with a flamed wire loop and used to 
innoculate 10ml of media for minipreparation of plasmid ONA.
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2.5.11 Packaging of Cosmid DNA into bacteriophage particles.

Cosmid constructs were packaged into bacteriophage particles 

using Gigapack II packaging extracts (Stratagene) and E.coli strain DH10B 

were infected in accordance with manufactures instructions.

2.6 Detection of DNA sequences by Southern blotting.

2.6.1 Southern blotting.

DNA (lOpg of genomic DNA or 0.5 |xg of plasmid DNA) was 

digested with restriction enzymes and electrophoresized on agarose gels 

with marker DNA of known size fragments. After photography, gels were 

treated as described by Sambrook etal 1989 and the DNA was transferred 

from the gels onto nitrocellulose filters by the capillary transfer method 

(Southern 1975, Sambrook e ta /1989) which were then baked for 2 hours.

2.6.2 Radiolabelling of DNA fragments for Southern blots.

DNA probes were obtained by gel purifying appropriate fragments 
from restriction digests of subcloned DNA. The DNA was denatured by 

being incubated for 3 minutes in a boiling water bath. Resultant single

stranded DNA fragments were radiolabelled with [a32p]dQTp by the

random primer labelling kit, Prime-lt II supplied from Stratagene, in 

accordance with manufacturers instructions. The labelling reaction was 

halted by the addition of TES buffer to a final concentration of lOmM Tris.CI 

(pH 7.5), lOmM EDTA, 0.1% SDS. Radiolabelled DNA probes were 

purified from unincorporated nucleotides by eluting through a column 
containing Sephadex G-50.

2.6.3  Hybridization of Southern blots.

Denhardts solution 2% BSA, 2% Ficoll 400, 2% Polyvinyl

Pyrollidine.

1M Na Phosphate buffer (pH6 .6) 352 ml 1M Na2H PO 4 648ml 1M

NaHgPO .̂
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Prehybridization mix 0.1 mg/ml tRNA, 5x SSC, 50mM Na

Phosphate buffer (pH 6 .6), lOx Denhardts 

solution, 1% SDS.

Hybridization mix Prehybridization mix with the above

described radiolabelled DNA probe.

Filters from Southern blotting were gently shaken at 65^0 in 

prehybridization mix for a minimum of 2 hours. This solution was then 

replaced with hybridization mix and incubated overnight. The filters were 

washed in varying concentrations of SSC with 0 .1% SDS for varying 

amounts of time dependent on the DNA probe which was being used. 

Filters were then dried and placed between two intensifying screens at -70 
°C with Kodak “ Xomat-AR” film.

2.7 Screening a rat cosmid iibrary

A rat cosmid library containing genomic DNA inserts in the pWE15 

cosmid vector (Wahl et al 1987) was kindly provided by Dr Noel Buckley. 

Duplicate filters were prehybridized and hybridized as described above 

(section 2.6.3) with probes specific for rat OT and AVP gene sequences 

(described in Chapter 3 of this thesis). Following overnight hybridization, 
filters were washed with 3x SSC/0.1% SDS, 20 minutes and 1xSSC/0.1% 

SDS also twice for 20 minutes. Filters were briefly washed in 2x SSC, 

dried and autoradiographed. Duplicate hybridization signals were aligned 

with the master filters and bacteria were picked, placed in media and left to 

diffuse. The resulting cultures were grown on terrific broth agar with 

20pg/ml ampicillin and replica plated.

2.7.1 Replica Plating.

Replica plating of the bacterial culture from the library screening 

was performed by a previously described method (Sambrook ef a /1989). 

Replica filters were prehybridized and hybridized as above. Positively 

hybridizing colonies were picked from the master filters and grown in larger 

volumes of ampicillin supplemented media for minipreparation and
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southern blot analysis of the cosmid DNA.

2.8 Generation of transgenic rats.

2.8.1 Purification of DNA for microinjection.

50-100|Lig of DNA was digested with Not I to separate cosmid 

insert from vector DNA. To purify the 44kb OT/AVR fragment used to 
generate the trangenic rats documented in subsequent chapters, a salt 

gradient was used as described by Dillon ef a /1993. Briefly, a gradient 

former was used to pour a gradient ranging in NaCI concentration from 5- 

25%. The digested DNA was applied to the top of the gradient which was 

then centrifuged at 5.5 hours at 37,000 rpm. The solution was then 

removed in 500|liI aliquots which were examined by electrophoresis. 

Fractions containing the fragment to be microinjected were pooled and 

ethanol precipitated. The pellet was dissolved in microinjection buffer 
(10mM Tris.CI, pH 7.5, 0.1 mM EDTA, pHB.O). DNA was purified further 

using an Elutip column (Schleicher and Schuell) according to 
manufacturers instructions. DNA at a concentration of 2ng/|il was used for 

generating transgenic rats.

2 .8 .2 Superovulation, microinjection and embryo transfers.

40 day old prepubertal female Wistar rats were given 

intraperitoneal (i.p.) injections of 30 ID pregnant mare’s serum (Folligon, 

Intervet Laboratories Ltd) between 9 and 11 o’clock on day -3. The same 

rats were injected i.p. at midday on day -1 with 22.5 ID human chorionic 

gonadotrophin (Chorulon, Intervet Laboratories Ltd) and placed in a cage 

with a stud male of the same strain. On day 1, females were killed and 

their oviducts removed and placed in M2 media (Hogan et al 1986). The 

oviducts were dissected to release the eggs which were subsequently 

placed in M2 media with 0.5mg/ml hyaluronidase (Sigma) in order to 

remove the cumulus cells surrounding the eggs. After 5 minutes the eggs 

were removed from the hyaluronidase solution, washed thoroughly in M2
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and placed in the unbuffered M16 (Hogan et al 1986) in a 37°C incubator 

supplemented with 5% CO2. After 2 hours of incubation the male pronuclei 

of the eggs were microinjected using standard procedures and equipment 

(Hogan et al 1986). Microinjected eggs were incubated overnight at 37°C.

The following day (day 2), eggs which had divided to the two-cell 

stage were washed in M2 media and transferred into the oviducts of 

pseudo-pregnant adult Wistar rats which had been mated with 

vasectomized male rats the previous night. The surgery was performed 

under halothane anaesthetic by standard procedures (Hogan et al 1986), 

adapted for the rat, with between 15 and 20 eggs being transferred into 

each infundibulum. Litters from transferred eggs were tail clipped at 2 

weeks of age. The tails were used for DNA preparation by standard 

procedures (Hogan et al 1986) and analysized by southern blotting for 

animals containing transgenes.

2.9 Immunocytochemistry.
Tris-buffered saline (TBS) 0.05M Tris buffer (pH 7.6), 0.15M NaCI.

Human growth hormone (hGH) was localised in pituitary and brain 

sections of male transgenic rats using a modified avidin-biotin complex 
immunocytochemistry technique (Bourne eta l 1984). Tissue was collected 

and fixed in 4% paraformaldehyde for 24 hours. Tissues were stored at 

4°C in 70% ethanol before embedding in parafin wax and sectioning by 

the Histology department at N.I.M.R.

Tissue sections (6[im) were dewaxed in Histoclear (National 

diagnostics) and rehydrated by sequential 20 secs washes of 100%, 70 % 

and 30 % ethanol followed by a 1 min wash in distilled HgO. Endogenous 

peroxidase activity was inhibited by a 30 mins incubation in 3% (v/v) 
hydrogen peroxidase in methanol. Sections were then washed in distilled 

H2O for 1 min before being treated with 0.1% (w/v) trypsin (Sigma) for 15 

min at 37°C followed by 0.5% (v/v) Triton X-100 (Sigma) for 15 mins. After 

two 5 min washes of distilled H2O and TBS the sections were incubated 
with 20% (v/v) normal rabbit serum (DAKO) with 5% (w/v) BSA for 30 mins
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in order to reduce non-specific background staining. The sections were 
then incubated overnight in a humidity chamber at 4°C with sheep anti- 

hGH primary antibody (1:30,000) (Scottish Antibody Production Unit).

Following two washes in TBS, sections were incubated with 

biotinylated rabbit anti-goat serum (DAKO) (1:200) for 30 mins. The 

sections were again washed in TBS and incubated for 30 mins with avidin 

complexed to biotinylated horse radish peroxidase (DAKO). Human GH 

immunoreactivity was visualized by development using 3,3- 

Diaminobenzidine tetrachloride/hydrogen peroxide (DAB) (4mg/10ml in 

0.05M Tris buffer pH 7.6) containing 3% (v/v) H2O2. This reaction was 

quenched in distilled H2O prior to counterstaining with Gill's haematoxylin 

(BDH) and coverslipped for microscopic examination.

2.9.1 Double immunocytochemstry.

Human GH and OT were visualized in the same section by a

combined avidin-biotin (AB) peroxidase/alkaline phosphatase procedure

(Brown ef a /1993). Human GH was localised first using the AB method
described above but substituting the biotin-horse radish peroxidase

complex with biotinylated alkaline phophatase. This was visualized using a
solution of 5-bromo-4-chloro-3-indolyl phosphate and nitro blue

o r
tétrazolium (BCIP/NBT) (DAKO) which contains 0.2 mol^levAsimole to inhibit 

endogenous phosphatase activity.

Following the colour development, the sections were stained for 

OT. Sections were washed in TBS and the above method repeated using 

20% normal swine serum and BSA (5% w/v) to reduce background 

staining and the specific rabbit anti-OT antibody RI5 (1:2000, Robinson 

1980) as the primary antibody. Following overnight incubation with 

antibody, the sections were treated as above with biotinylated swine anti

rabbit (DAKO) prior to a 30 min incubation with avidin complexed with 

biotinylated horse radish peroxidase. DAB was again used to visualize the 

staining.
In sections stained using these techniques the localisation of hGH
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alone is represented by a brown colour. In sections which have been 
subjected to the double staining method, immunoreactivity corresponding 

to hGH is represented by a blue colour whereas that of OT is brown. All 

sections were photographed under light microscopy.

2.10 Radioimmunoassays (RIA).

All radioimmunoassays were performed according to published 

methods (Robinson 1980, Horn ef a/ 1985, Fairhall ef a /1992). Tissue 

samples were homogenized in varying volumes of phosphate buffered 

saline with either glass homogenizers (for volumes upto 1ml) or the 

Kinematica Polytron PT 3000 homogenizer (larger volumes). Urine was 

extracted using C l8 , Sep-Paks (Waters Associates) by a method 

described by Bisset et al 1990. Plasma was obtained from trunk blood of 

freshly culled rats and used unextracted.

2.10.1 Antibodies and Standards used for RIA.

Antibody (Ab) Final Ab 
concentration

Standard S t a n d a r d

range

Oxytocin R is
Robinson

1990.

1:200,000 International 

standard for 

OT, NIBSC, 
London.

250-0.244pg

Urinary

Vasopressin

A8

gift from 

Ferring AB 

Malmo.

11400,000 International 

standard for 

AVP, NIBSC, 
London.

250-0.244pg
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Antibody (Ab) Final Ab 

concentration
Standard S t a n d a r d

range

Human GH Sheep anti-

hGH

SAPU.

1:200,000 Genotropin,

Kabi,

Pharmacia.

25ng-24.4pg

rat GH rabbit anti- 

rGH

NIADDK.

1:30,000 GH-RP-2,

NIADDK.

16ng-1.6pg

rat prolactin rabbit anti

rat prolactin, 

NIADDK.

1:45,000 GH-RP-3,

NIADDK.

16ng-1.6pg

In all assays, standards were doubly diluted in triplicate and the 
hormonal content of the samples were expressed in terms of the standard 

values. A porcine-NP II antibody was used in the bNP RIA. (performed by 
Prof I.C.A.F. Robinson) as this has 100% cross-reactivity with bNP. Quality 

controls of known concentrations of hormone were included in RIAs to 

ensure accuracy of each experiment, and therefore allowing comparison of 

values from RIAs run at different times. Pituitary extracts were assayed at 

varying concentrations.

2 .10 .2  lodination of Tracers.

Tracers for R.I.A. were as previously published (bNP-Gordon- 

Weeks 1987, OT-Robinson 1980, AVP-Bisset etal 1990, hGH-Fairhall et al 

1992, rat GH and rat PRL-Flavell et al 1996) and used at 4000-6000 
cpm/tube. All radiolabelled tracers were generated by other members of 

the laboratory.
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2.10.3 Assay Buffers 
OT/AVP/NP RIA IGGmMTris.CI (pH 7.4), 3mg/ml BSA.

human GH, rat GH, 

rat prolactin RIA.

Phosphate buffered saline,3mg/ml BSA.

Phosphate buffered saline

18% PEG solution

Tris Buffer

5GmM NaH2P0 4 , IGGmM Na Cl, G.6mM 

Thimerosal, adjusted pH to 7.4 with 

NaOH.

2ml/l 1G% Triton-X, 1.5g gamma

globulins, 333ml/l Tris Buffer (below), 

667ml/l 27% PEG.

IGGmM Tris.HCI (pH8.4), G.6mM 

Thimerosal.

2.10.4 Separation of bound antibody from free tracer.

After an incubation period (typically overnight at room 
temperature), bound antibody was separated from free tracer by 

polyethylene glycol (Desbuquois et al 1971). Twice the volume of each 
tube of 18% PEG solution (above) was added and following vortexing the 

tubes were incubated at room temperature for 3G minutes. The tubes were 

then centrifuged at 3,GGG rpm, for 1G minutes at 4°C, before the supernant 

was removed by aspiration and the bound fraction (pellet) was counted for 

3-5 minutes per tube in a LKB 1277 Gammamaster automatic gamma 

counter.

2 .10.5 Plasma and delayed addition hGH RIA.

More sensitive delayed addition hGH RIAs. were performed on 

both tissue and plasma samples. These assays were identical to the hGH 

assays described above except that the standards range from 6Gpg- 
6.25ng and the tracer was not added until the antibody had been
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incubated with the standards and samples overnight. The plasma hGH 
assays included the addition of an equal volume of normal rat plasma to 

the standard tubes.

2.11 RNA preparation.
RNA was prepared from rat tissue by the acid guanidium 

thiocyanate-phenol-chloroform extraction method (Chomczynski et al 

1987). Briefly, tissue was homogenized in SOOpI 4M guanidium 

thiocyanate, 25mM Sodium citrate (pH 7.0), 0.5% (w/v) sodium N- 

lauroylsarcosine, lOOmM 2-mercaptoethanol prior to the addition of 33pl 

3M sodium acetate (pH 4.1), SOOpI phenol and lOOpI chloroform. The 

mixture was vortexed and placed on ice for 15 minutes before 

centrifugation at 12,000rpm for 10 minutes at 4°C. The aqueous fraction 

was decanted into a fresh tube and precipitated with isopropanol.

2.11.1 In vitro transcription.

A plasmid containing a T7 polymerase promoter 5' to the inserted 
sequence was linearized with a restriction enzyme which cut at the 3' end 

of the insert. Transcripts were then obtained of the subcloned fragment 
using T7 transcription kit (Boehringer) according to the manufacturers 

instructions (performed by Dr P.Bennett).

2.12 Reverse transcriptase polymerase chain reaction (RT- 
PCR).

Reverse transcription on Ipg of total cellular RNA or 0.1 pg of in 
vitro transcribed RNA was performed using the GeneAmp RNA PCR kit 

(Perkin Elmer) in accordance with manufacturers instructions. For PCR, the 

following primers were used in reactions which included PCR buffer 

supplied by Perkin Elmer and 1.5mM MgCl2:

5’ human GH TAGCTGCAATGGCTACAGGCT

3' human GH TTAGGAGGTCATAGACGTTGTC
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5’ rat/bovine hybrid OT CGTTGACCTCCGCCTGCTACA
3Yat/bovinehybrid OT CGCCCTAAAGGTATCATCACAAA

5' rat actin TTGTAACCAACTGGGAGGATATGG

3' rat actin GATCTTGATCTTCATGGTGCTAGG

Reactions were incubated at 94°C for 5 minutes prior to the addition of 1 

unit of Taq polymerase (Perkin Elmer) and 35 cycles of 1 minute 

incubations of 94°C (denaturing), 60°C (annealing) and 72°C (extension). 

These conditions were also used to perform PCR on 0.1 pg of cosmid DNA, 

used as a control reaction. 5-1 OpI of the PCR products were analysized on 

agarose gels.

2.13 DNA sequencing.
Sequencing of DNA plasmid subclones was performed with the 

Sequenase version 2.0 sequencing kit (United States Biochemicals) which 

employs the chain-termination method (Sanger ef a /1977).

2.14 In Situ hybridization.
Sense and anti-sense hGH transcripts incorporating ^^s-UTP 

(MEN Research Products) were generated using a SP6/T7 transcription kit 

(Boehringer) according to the manufactures instructions. The vector 

contained 715bp fragment of the human GH cDNA representing 

nucleotides 55-806. In situ hybridizations were performed in order to detect 

the hGH transcript by Dr P. Bennet by a previously published method 

(Bennet et a! 1995). Autoradiographs were analyzed densitometrically, 
from a light box using a CCD video camera (Hamamatsu) linked to a 

Power Macintosh 7600/132 running the programme NIH image version 

1.61. For each animal 2-4 sections were hybridized and the mean 

integrated optical density for each animal calculated.

2.15 Antidiuretic Bioassay.
This procedure was taught to me by Prof G.W. Bisset and
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extensively follows the method he developed (Bisset et al 1984). Male 

transgenic wistar rats and non-transgenic littermates between 250g and 

300g were anaesthetized with 5% of their bodyweight of 14% ethanol in 

warm tap water by oral gavage. After 30 minutes the rats were water 

loaded further by an additional 3% of their bodyweight in tap water also 

administered by a stomach tube. Full surgical anaesthesia was achieved 

by the inhalation of ether.

The rat was then laid on its back and its urethra tied. This allowed 

the bladder to subsequently become fully distended. The jugular vein and 

femoral artery were cannulated using Polythene tubing 0.4mm in diameter 

(i.d.). The trachea was cannulated using 1.67mm i.d. tubing to ensure 

adequate respiration. The fully distended bladder was then cannulated 

through a suprapubic incision using rigid 1.77mm i.d. tubing.

In some experiments, the rat was then laid in the prone position 

with its head supported by cotton wool. The skin was cut from between the 

midline of the eyes to a position level with its ears to reveal the top of the 

skull. The underlying tissue was then scraped away with forceps to reveal 
the bregma. To prevent excessive bleeding a noradrenalin solution 

(1 mg/ml) was administered to the skull using cotton. A brass anchoring 
screw was then inserted into the skull in a position that did not occlude the 

bregma. A C313 gauge guide cannula (Plastic products Co. Roanoke, VA) 

was then inserted into a lateral ventricle 1.5mm lateral to the saggital 

suture and Imm posterior to the bregma. A 03131 internal cannula which 

protrudes 4.5mm below the skull into a lateral ventricle was then inserted 

into the guide cannula. This lateral ventricle cannula was secured with 
dental cement in a perpendicular position to the top of the skull.

The animal was then lifted onto one pan of a pair of laboratory 

scales in the semi-prone position and covered with cotton wool. The scales 

were counterbalanced with a weight equivalent to the rat on the other pan. 

The jugular vein cannula was then connected via pre-washed tubing to a 

servo-controlled pump which acted as an automatically controlled negative 
feedback system infusing fluid and further anaesthetic into the rat and
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ensuring a constant water load equivalent to 8% of the rats bodyweight. 
100ml of infusion fluid contained 0.18% (w/v) NaCI brought to isotonicity by 

the addition of 2 .2%(w/v) of glucose in distilled water with 2% ethanol 

added to maintain anaesthesia. The femoral artery cannulae was 

connected via heparinized Polythene tubing (7.5 Units/ml in isotonic 

saline) to a strain gauge and a potentiometric recorder in order to record 

blood pressure. The bladder cannula was connected to a 26 gauge 

needle via Polythene tubing. This needle directed drops of urine through a 

phototransistor which was connected to a staircase integrator with a 1 

minute time base and displayed on a potentiometric recorder, therefore 

recording the number of drops of urine passed by the rat each minute. The 
lateral ventricle cannula was connected to a Hamilton syringe via tubing 

filled with the substance to be injected intracerebroventricularly (i.c.v.). This 

allowed the injection of small volumes (1-6pl) in the lateral ventricle.

This apparatus enabled the rat to be kept fully anaesthetized, 

water loaded and unrestrained whilst the antidiuretic activity of VP was 

monitored via urine flow and blood pressure recordings after intravenous 
and i.c.v. injections of solutions which affected VP secretion. Blood 

samples were taken from the arterial cannulae during the experiment.
A rat prepared by the method above was treated^he vasodilatory 

stimuli sodium nitrosopentacyano (500 mg/ml in 5% glucose), the 

vasopressin antagonist d(CH2)s DTyr Fe AVP (40|igml-i) both of which 

were injected i.v. and muscarine chloride (lOng/pl) which was applied via 

the i.c.v. cannulae (Bisset ef a /1984).

2.16 Statistical analysis.

All numerical results are expressed as mean ± the standard error 

of the mean (sem). The number of samples per group (n) and p value is 

also stated. Statistical significance was analyzed using unpaired two-tailed 

Student t-tests if the standard deviations (SDs) of the two populations being 

compared were not statistically different and the non-parametric Mann
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Whitney U-tests if the SDs differed. Student t-tests are used on the majority 

of the data presented in this thesis unless otherwise stated.
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Chapter 3

Generating transgenic rats with 
a single construct targetting AVP 
and OT neurones with individual 

reporter genes.
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3.1 Introduction.
As discussed earlier, previous work introducing regions of the 

OT/AVP locus in transgenic animals has delineated some of the regulatory 

sequences required for cell-specific expression and physiological 

regulation of both genes (Young efal  1990, Grant et al 1993, Ang of al 

1993, Zeng at al 1994, Ho at al 1995, Waller at al 1996). It has been 

discussed in these studies whether interactions occur between the flanking 

sequences of both genes, one affecting the expression of the other (Gainer 

at al 1994). These studies have also been interpreted to suggest the 

presence of repressor elements inhibiting the expression of both genes 

and toxic sequences flanking the OT gene which are incompatible with 

embryonic development. In this case, expression of the endogenous genes 

would therefore rely on these elements being repressed or overridden.
Studies in gene expression have shown that if sufficient flanking 

sequence is included in a construct, the expression of the transgene 

reproduces the endogenous expression pattern (Bucchini at al 1986, 

Mullins at al 1990, Strouboulis at al 1992). In isolating large fragments of 
rat genomic DNA containing the entire rat OT/AVP locus in its original 

configuration, our aim was to target both genes independently, through 
transgenesis, with a single DNA construct. It was hoped that the flanking 

regions contained sufficient sequence to direct cell-specific expression of 

the reporter genes, overcoming any repression or toxicity and to regulate 

them appropriately under physiological stimuli.

The reporter genes chosen for this construct were human growth 

hormone (hGH) and bovine neurophysin I (bNP) as markers for AVP and 
OT expression respectively. Human GH has been widely used as a 

reporter gene in transgenic animals (Palmiter atal 1983, Ornitz ef a /1985, 

Flavell a ta l 1996) and its expression in the hypothalamic nuclei which 

contain vasopressinergic neurones has been described (Swanson et al 

1985). It seemed unlikely, therefore, that the expression of this 

heterologous protein would disrupt the development or physiology of the 
targetted neurones or have any toxic effects. The protein product of this 

transgene is also bioactive and therefore could have some appealing 

alternative functions which will be discussed in chapter 7.
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Bovine NP has also previously been used to target the OT system in 
transgenic mice (Ho et al 1995). This neurophysin protein is endogenously 

synthesized in oxytocinergic neurones in cattle and therefore is likely to be 

faithfully processed in transgenic animals. This transgene, as with the hGH 

reporter gene would also provide some interesting posibilities for future 

studies.

The construct we engineered was used in the generation of 

transgenic rats. The choice of rats in preference to the more widely used 

mice was governed by the wealth of knowledge of the physiology of the rat 

OT and AVP system. The use of these larger animals also allows the 

application of long established physiological techniques (Clark eta l 1986, 

Bisset eta l 1992) as will be discussed later.

3.2 Generation of an OT/AVP transgene construct.

3.2.1 Genomic Southern Blot for rOT and rAVP.

In order to obtain large fragments of DNA spanning the entire rat 
OT/AVP locus it was necessary to screen a cosmid library. The probes 

used for this were radiolabelled DNA fragments encoding the rOT and 

rAVP cDNAs (generously provided by Dr D. Murphy).

The DNA sequences of the rat AVP and OT genes are known (Mohr 

et ai 1988), therefore the size of restriction fragments which should be 

detected with these probes can be predicted. To confirm the specificity of 

these probes a southern blot of rat genomic DNA digested with the 

restriction enzymes Eco Rl, Hind III and Bgl II was performed. The resulting 

autoradiograph (figure 3.1) showed these probes had indeed detected 

the correct size of DNA fragments and therefore were suitable for use in 

library screening. As the sequences of rOT and rAVP are highly 

homologous these probes recognized fragments from both genes, but with 

different specificities.
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Figure 3.1 Southern blots of rat genomic DNA hybridized 
to cDNA probes for the rat AVP and OT genes. Each of the 
probes detects predictable sizes of DNA fragments from the 
digestion with the restriction enzymes Eco Rl (E), Hind III (H) 
and Bgl II (B) and are therefore suitable for use in library 
screening. Due to the homology between the gene sequences, 
both probes cross-react with restriction fragments from the 
other gene, although at a lower specificity.
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3.2.2 Isolation of Genomic DNA Encoding the Rat OT and AVP Genes.

A Wistar rat cosmid library (generously provided by Dr N. Buckley) 

was screened using the probes described above. During the primary 

screen, four filters in duplicate (eight in total) derived from bacterial library 

filters were hybridized with a mix containing both probes. The filters were 

washed, dried and exposed to X-ray film. The resulting autoradiographs 

were examined for regions which hybridized to the probes on both 

duplicate filters. These positive signals indicated the presence of a colony 

within that area which contained a cosmid carrying either one or both of the 

rAVP or rOT coding regions. The corresponding area in the bacterial filters 

was excised and used for secondary screening.

The piece of bacterial filter removed during the primary screening 

was placed in media and left to diffuse. The resulting cultures were then 

grown on agar (supplemented with ampillicin), replica plated onto filters 

which were then probed with the same hybridization mix as used in the 

primary screening. The autoradiographs from this were again examined for 

colonies which showed signals in the same areas in duplicate filters. 
When aligned with the original bacterial plates these signals usually 

corresponded to areas containing either one or several colonies. These 
colonies were picked and DNA was prepared from 10ml cultures of them.

The DNA from these positive colonies was digested with the 

restriction enzyme Hind III, run on agarose gels. Southern blotted and 

hybridized to the probe mix once again. Three colonies which hybridized to 

the probes were chosen for further analysis due to their differing restriction 

fragment patterns indicating that they spanned different regions of the 

rAVP/OT locus.

These cosmids were extensively restriction mapped by the Southern 

blotting of restriction digests using probes against the first exon of each 

gene and the vector and by the conventional method of restriction 

mapping.They were found to span a total of 44kb, including both genes, 

the 11 kb intergenic region, 8kb of VPS' flanking sequence and 24kb of OT 

S' flanking sequence. These three overlapping cosmids (figure 3.2) were
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Figure 3.2 The regions of the rAVP/OT iocus present in 
the cosmids cVO 1,2  and 3. These clones were isolated 
during library screening and span a total of 44 kb, including 
8kb 5' of rAVP and 24kb 5' of rOT.

66



designated cV01,2 and 3.

To facilitate further restriction mapping of the 5’ flanking sequence of 

the rOT gene, 8kb and 14kb Sma I fragments and a 8.5kb Kpn I fragment 

were subcloned into cloning vectors. Subclones with inserts in both 

orientations were subjected to extensive restriction mapping.

Smaller fragments of the OT and AVP genes were subcloned into 

pUC 19 derived plasmid vectors. These smaller subclones were used to 
remove inconvenient restriction enzyme sites and to insert the reporter 

genes into the rOT and rAVP loci. Oligonucleotide linkers containing 

sequences for unique restriction sites were inserted in the 5’ untranslated 

region of the two genes to allow easy modification of this construct in the 

future. Finally the reporter genes within rOT and rAVP flanking sequences 

were inserted into the construct as fragments of unique restriction sites.

3.2.3 The vasopressin transgene construct.
We wanted to engineer a single construct which would contain 

individual reporter genes in the coding regions of rAVP and rOT as well as 
all the flanking sequencespresent \r»the isolated cosmids. Due to the size 

of the final construct and the difficulty in manipulating large DNA fragments 
we used smaller subclones of each gene to introduce the reporter genes.

The subcloning strategy for generating the AVP transgene is 

outlined in figure 3.3. Essentially, a linker for a unique restriction site (in 

this case Mlu I) was initially inserted into a smaller subclone of the gene. 

This linkered site, which replaced the Dra III site in the 5’ untranslated 

region of the rat AVP gene, was used in subsequent steps to insert the 

reporter gene and to join the 5’ and 3’ regions of the gene. The hGH 

structural gene was inserted as a Mlu I fragment spanning from the 5' 
untranslated region of the hGH gene to a region 3’ of the last exon and 

containing all 5 exons and 4 introns.

The AVP-hGH transgene construct was inserted as a 12.2 kb Cla I- 

Xho I fragment containing 450bp 5’ and 8kb 3’ of the transgene. This was 

feasible as other Xho I restriction sites within the cosmids had been
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Figure 3.3 The subcloning steps producing 
the AVP-hGH transgene. The hGH reporter 
gene is inserted into the 5' untranslated region
of the rat vasopressin gene (hi denotes 
méthylation).
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deleted. This was done using smaller subcloned fragments which were 
replaced into the construct after the removal of the relevant site (not 

shown).

3.2.4 Oxytocin transgene construct.

A subclone containing the bovine OT in rat OT flanking sequence 

(designated rbrOT) was constructed (figure 3.4). Due to the constraints of 

suitable, compatible restriction sites it was necessary to assemble a 5’ 

construct of the hybrid gene (containing exon A and most of exon B) and a 

3' construct (containing a small fragment of exon B and exon 0) separately. 

These constructs were joined to produce the hybrid gene with the 5’ and 3’ 
flanking sequences being added in subsequent steps. A Sal I linker was 

also inserted immediately 5’ to the translational start site of the bovine OT. 

This is a unique site within the entire OTA/P locus which will allow easier 

modification of the construct. The restriction sites in the hybrid gene which 

had been used during its construction were sequenced to confirm that they 

had been kept intact throughout the subcloning process.
The hybrid gene was inserted into the final construct as a 10.5 kb 

Mun I - Xho I fragment containing 7.8 kb of 5' and 1.7 kb of 3' flanking 
sequence. As with the AVP hybrid gene, restriction sites were deleted 

within the cosmids to make this possible.

3.2.5 Assembly of the final construct.

The library provided was cloned into the pWEIS cosmid vector, 

which has Not I sites flanking the insert. Restriction mapping of cVO 1 

revealed a Not I restriction site 13kb upstream from the rOT gene, this was 

subsequently removed via the subcloning of a 4.6kb Aat ll-Sca I fragment 

containing this site. This fragment was replaced into the construct when the 

site had been removed. This allows the final construct to be excised from 

the vector as a single Not I fragment.

The original pWE15 vector has been modified to remove the 
unrequired SV2 neomycin gene. This reduces the vector size from 8.5kb to
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4.2 kb and therefore increased the size of the insert that we could subclone 

into the cosmids, which can efficiently package up to 52 kb (Wahl et al 

1987). Cla I, Mun I, Sal I and Mlu I restriction sites were also removed from 

the vector to facilitate subsequent cloning steps. The tagged rOT and rAVP 

genes were inserted into cV03 by way of the fragments discussed above. 

Finally the 5' region of rOT present in cVOI but not in cVO 3 was inserted 

into the construct. This was achieved via the subcloning of a 13.5 kb Aat II 
fragment from this region into the construct digested with Aat II at the site 

closest 5' to rOT and in the vector polylinker sequence. As an Aat II site 

was present 1.1 kb from the 5’ end of the construct, this cloning step 

resulted in the loss of these nucleotides from the construct but more 

importantly the loss of the Not I restriction site from the polylinker of the 

cosmid. These were replaced through the substitution of an intact 10.2 kb 

Sea I fragment spanning this region with the corresponding Sea I fragment 

of the construct therefore replacing the lost bases.
The final construct termed cV014 spans 44kb including Bkb 5’ of 

rAVP, 24kb 5' of rOT, 11 kb of intergenic sequence with the reporter gene 
hGH inserted into the 5’ untranslated region of the rAVP gene and the rOT- 

NP gene substituted for bOT-NP (figure 3.5).

3.3 Generating transgenic rats bearing the cVO 14 construct.
The 44 kb Not I fragment of cV014 was purified on a salt gradient 

and microinjected into fertilized rat oocytes. These embryos were 

transferred into foster mothers and the offspring were analysed for the 

presence of the trangenes. Genomic DNA prepared from tail biopsies of 

these pups was digested with Bgl II, Southern blotted and probed firstly for 

the presence of the hGH transgene .
Of the 102 pups derived from embryo transfers, the hGH transgene 

was present in the DNA of 3 pups, termed JP 17, JP 19 and JP 59 (figure 

3.6). Unfortunately JP 19 died at 11 days of age of an unknown cause.

The Southern blot of JP 17 showed an addition band of approx 700 

bp indicating that a truncated copy of the hGH transgene was present. The
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Figure 3.5 The Not I fragment from the cVO 14 construct.
This was microinjected into fertilized rat oocytes in order to 
generate transgenic animals. The hGH reporter gene has been 
inserted into the 5' untranslated region of the rAVP gene and 
the bovine OT gene has replaced the rOT homologue.
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Figure 3.6 Southern blotted genomic rat DNA probed 
with a radiolabelled fragment of the hGH gene. Two
Bgl II fragments, which hybridize to this probe can be seen 
in DNA from three founder rats (17, 19 and 59). This probe 
does not detect any DNA fragments in DNA from non- 
transgenic rats (NT).
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DNA from the two remaining rats was also digested with Pst I, Southern 
blotted and probed for the presence of the rbrOT transgene (figure 3.7). 

Both rats were found to contain this hybrid gene and therefore bred to 

produce two colonies of rats carrying this construct.

The DNA from JP 17 and JP 59 rats was also Southern blotted and 

probed with radiolabelled DNA fragments corresponding to the ends of the 

cVO 14 construct. This confirmed that whole copies of the microinjected 
fragment were present in both rats.

3.3.1 Copy number of the transgenes in JP 17 and JP59.

Southern blotting was also used to calculate how many copies of 

the construct were present in the genome of each line of rats. The copy 

number of the transgenes could be calculated by cleaving the rat DNA with 

Hind III which cuts either side of the AVP gene but not in the hGH 

sequence. Southern blotting and hybridization with a probe for the first 
intron of the rAVP gene revealed two bands on the autoradiograph. The 

smaller band (3.4 kb) corresponded to the endogenous rAVP gene (shown 

by its presence in the DNA of non-transgenic rats) whereas the larger band 

(5.2 kb) represented the transgene with its hGH reporter gene insertion.
The affinity of the probe for the endogenous fragment should be the 

same as for the construct. Obviously there are two copies of the 

endogenous rAVP gene. Therefore, by using phosphoimaging techniques 

we can compare the intensity of the band corresponding to the transgene 

with that of the endogenous band (figure 3.8). These measurements 

indicated that the JP17 line of rats contained 5 full length copies whereas 

JP59 rats had a single copy.

No additional, different size band was detected with this probe in 

JP17 rats. This suggests that the incomplete copy of the hGH gene 

mentioned earlier is truncated at the 3’ end and does not contain the 

sequence spanned by the probe used on this blot.
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Figure 3.7 Southern blotted rat genomic DNA probed 
with a radioiabeiied fragment of the bovine OT gene.
The presence of the bNP transgene is shown by a 1.6 kb 
Pst I fragment in DNA from two lines of transgenic rats 
(17 and 59). The probe also hybridizes to a 2.5 kb Pst I 
fragment of the endogenous rOT gene detected in all 
samples including DNA from a non-transgenic rat (NT).
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Figure 3.8 Southern blotted rat genomic DNA probed with 
a fragment of the rat AVP gene. Two Hind III fragments are 
detected in the two lines of transgenic rats (17 and 59). These 
correspond to the rAVP-hGH t ransgene (5.2 kb) and the 
endogenous rAVP gene (3.4 kb) which is also present in the 
non-transgenic DNA (NT). The intensity of the two signals in 
the transgenic samples has been compared in order to estimate 
the number of copies of transgene they bear.
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3.4 Breeding of the colonies of transgenic rats.

The founder rat of the JP17 line was a subfertile male. He sired a 

single litter of rats at 6 months of age although constantly caged with fertile 

females. The female rat which bore his litter was the only rat in which we 

observed a vaginal copulatory plug. This litter contained both male and 

female rats bearing the transgenes and therefore indicating that the 

integration had occurred onto an autosomal chromosome. No further litters 

were ever sired by the males of this line. Subsequent pups from the 

females showed an approximate 1:1 ratio of transgenic to non-transgenic 

rats (46 transgenic verses 54 non-transgenic in the first 100 pups) 

showing that the transgene does not have a detrimental effect on viability. 

The copy number of the transgene has been consistent throughout 

breeding indicating a single site of chromosomal integration.

The founder of the JP 59 line of rats was female and bred normally. 

As with the JP17 line, the ratio of transgenic to non-transgenic pups was 
approximately 1:1 (47 transgenic verses 53 non-transgenic in the first 100 

pups). This single copy integrant is also present on an autosomal 
chromosome as the male rats of this line sire both sexes which are 

transgenic.

3.5 Summary
Cosmids clones containing genomic DNA spanning the entire rat 

AVP/OT locus have been isolated. These have been used to engineer a 

construct in which hGH and bNP are used as reporter genes for rAVP and 

rOT respectively. It was hoped that, through using such a large fragment of 

genomic DNA, all the regulatory elements to specify appropriate cell- 

specific expression and physiological control of these reporters were 
contained within this construct.

Three transgenic rats were produced when this DNA was 

microinjected into fertilized rat oocytes. Of these, two produced breeding 

lines of rats designated JP17 and JP59, containing 5 copies and one copy 
of the transgene respectively. The rats derived from JP 17 and JP 59 have
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been used in a series of experiments (described in the rest of this thesis) 
analysing the expression and regulation of the transgenes they carry.
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Chapter 4

Expression of Transgenes in 
JP 17 and JP 59 Rats
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4.1 Expression of the human GH reporter gene.

4.1.1 Immunocytochemistry

As described in chapter 3, the hGH reporter gene has been inserted 

into the 5’ untranslated region of the rAVP gene forming part of a larger 

construct (cVO 14) used to generate JP 17 and JP 59 transgenic rats. It 

was intended that the expression of this reporter gene be targetted to 
vasopressinergic neurones in the hypothalamus of these rats. The brain 

and pituitary gland of transgenic rats were examined for the presence of 

the hGH protein using immunocytochemistry with a specific hGH antibody 

(figures 4.1 .a,b,c,d and e). In preliminary studies a section of a human 

pituitary gland was used as a positive control for hGH immunoreactivity 

whereas brain sections from transgenic rats, for which the primary antibody 

was omitted from the treatment, acted as negative controls (not shown). In 

both lines of transgenic rats, hGH immunoreactivity was found in the soma 

and axons of the neurones in the hypothalamus which were anatomically 

defined (Pellegrino ef a/ 1979) as areas of the PVN and SON (figure 
4.1a,b,c). Human GH immunoreactivity was also found in the internal 

zone of the median eminence indicating the presence of hGH protein in the 
axons which are projecting to the posterior pituitary (figure 4.1 d). 

Immunocytochemistry was also used to examine the pituitary gland for 

hGH. Intense staining was apparent throughout the neural lobe in the 

termini of magnocellular neurones. No positive immunoreactivity was seen 

in the intermediate or anterior regions (figure 4.1c). Although the same 

pattern of staining was seen in both lines of rats, the intensity of the 

staining was much greater in brains of animals from the JP 17 lines. 

Human GH protein was not detected in the parvocellular cells of the PVN 

or the SON of either line transgenic rats or in tissue from non-transgenic 

littermate rats.
As immunoreactivity can be detected not only in the cell-bodies of 

neurones of the PVN and SON, but also within areas containing the axons 
and termini of these neurones, it is likely that hGH expression has been
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Figure 4.1a Immunocytochemistry of the PVN of JP 17 
rats. The brown staining indicates the presence of the hGH 
protein in the magnocellular neurones and their axonal 
projections (also shown by the arrow).
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Figure 4.1b Immunocytochemistry of the SON of JP 17 
rats. The neurones of this nucleus show intense staining 
for the hGH protein.
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Figure 4.1c Immunocytochemistry of the pituitary of 
JP 17 rats. Human GH immunoreactivity can be seen the 
neural lobe. (PP=posterior pituitary, lL=intermediate lobe, 
AP=anterior pituitary).
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Figure 4.1 d Immunocytochemistry of the median eminence 
JP 17 rats. Human GH immunoreactivity can be seen in the 
internal zone which contains axons projecting to the posterior 
pituitary.
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successfully targetted to magnocellular neurones. It is probable, therefore, 
that this protein is being axonally transported from the site of synthesis to 

the posterior pituitary. In order to further localize the synthesis of this 

protein, immunoreactivity for hGH and rat OT where visualized on the same 

tissue section of JP 17 rats (figure 4.1 e). An abundance of magnocellular 

cells which contain OT but not hGH immunoreactivity are apparent, 

although the presence of cells containing immunoreactivity for both 

proteins could not be definitively be excluded. This data is suggestive of 

the localization of the hGH protein in magnocellular vasopressinergic and 

not oxytocinergic neurones. It would seem, however, that the expression of 

the hGH transgene is restricted to this region of the hypothalamus and no 

parvocellular expression is apparent,

4 .1 .2 Detection of hGH transgene expression.

As discussed in chapter 1, AVP has also been detected in other 
neurones within the hypothalamus (in particular the neurones of the SCN) 

and in extrahypothalmic regions of the rat brain. As immunocytochemistry 

only detected the hGH protein in magnocellular neurones of the PVN and 

SON, the more sensitive technique of in situ hybridization was used to 
examine whether the hGH transgene was expressed elsewhere in the 

brain of transgenic rats. As expected, a positive signal was observed in the 
PVN and SON of both lines of transgenic rats (figure 4.2) but was 

restricted within these magnocellular nuclei of the hypothalamus. The 

presence of the hGH transcript was also detected in the medial amygdaloid 

nucleus in the hypothalamus and the habenula.

4.1.3 Expression of the hGH transgene in extrahypothalamic tissue.
Low level expression of a hGH transgene has previously been 

detected in a different line of transgenic rats (Tgr rats) using RT-PCR 

(Flavell efa/1996). I therefore employed this technique to detect any low 

level expression of the hGH transgene in extrahypothalamic tissues. PCR 
was performed on cDNA from the reverse transcription of total RNA from
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Figure 4.1e Double immunocytochemistry for hGH (blue) and 
rat OT (brown). This method revealed neurones containing OT 
but not hGH within the PVN of JP 17 transgenic rats.
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Figure 4.2 Detection of hGH transcripts in JP 17 
transgenic rats by In situ hybridization. A positive 
signal can be seen in the PVN and the SON, the 
medial amygdala (A) and the habenula (Hb).
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tissues of both JP 17 and JP 59 rats.
The primers for hGH which were used (which do not detect rOH 

under the conditions we used) yield a 428 bp fragment. Primers for the 

constitutive rat gene, |3-actin (yielding a 769 bp fragment) were used as

controls in all the reactions. Hypothalamic RNA from the previously 

mentioned Tgr rat, which has been shown by this technique to contain a 

low level of hGH transcripts, was used as a positive control, whereas RNA 

from the hypothalamus of a non-transgenic rat acted as a negative control. 

DNA fragments of correct size for the hGH cDNA were detected in the 

hypothalamic samples of JP 17, JP 59, Tgr but not wild-type rats (figu re  

4.3). Transgene transcripts were also detected in RNA from the pituitary 

glands of both JP 17 and JP 59 rats (the later of which is not shown) and

the pancreas and the adrenal glands^of only the JP 17 rats.
Homogenates of peripheral tissue were also analysed to detect the 

presence of the hGH protein using the specific RIA previously described. 
With this technique, small but detectable amounts of hGH protein were 

reproducibly found in the pancreas (16.70 ± 7.5 pg/mg of tissue, n=3) and 

anterior pituitary (113 ± 39 pg/mg, n=5) of 20 week old JP 17 male rats, 

whereas the NIL of these rats contained substantially more (168 ± 16 
ng/mg, n=5) hGH immunoreactivity (ng not pg amounts). Thymus, heart, 

kidney, fat, liver, ovary, uterus, testis, lung, cortex, cerebellum, spleen and 

adrenals all had undetectable levels of this protein (<0.35pg of hGH/mg of 

tissue). The immunoreactivity found in the anterior lobe of the pituitary of 

the JP 17 transgenic rats only constituted a very small percentage of that of 

in the NIL (at 20 weeks, 0.53 ± 0.22%, n=5). This may represent a 

contamination of the anterior pituitary sample with some tissue of the NIL 

and not transgene expression within that tissue. No hGH immunoreactivity 

was found in any tissue from the JP 59 rats except the NIL.

4.1 .4 Summary of expression of the hGH transgene.

Immunocytochemistry and in situ hybridization conclusively shows 

that the cVO 14 construct has successfully targetted the expression of the
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Figure 4.3 RT-PR analysis of RNA from rat tissue. Transgene 
transcripts are detectable in the hypothalamus of Tgr (positive 
control), JP 17 rats and JP 59 rats. Human GH transcripts were 
also detected in the pancreas and adrenals of JP 17 rats and the 
pituitaries of JP 17 and JP 59 rats (not shown). Abbreviations : 
M - marker (Ikb ladder), Lu - lung. He - Heart, Ov - ovary. Pa - 
pancreas, Pit - pituitary, wt, 59, 17, Tgr - hypothalamic samples 
from wild-type, JP 59, JP 17 and Tgr rats, +- commercially 
supplied positive control for RT-PCR, Co - cortex, Li - liver. 
Ad - adrenals, Ki - kidney, Sp - spleen, Te - testis, Ut - uterus. 
Ce - cerebellum, Th - thymus. Mu - muscle. All peripheral tissue 
samples shown are from JP 17 rats.
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hGH transgene into the magnocellular neurones of the PVN and SON in 

which the hGH protein is axonally transported to the NIL. There is no 

detectable expression of this reporter gene in either the parvocellular 

neurones of the PVN or the SCN. In situ hybridization also detects hGH 

transcripts in the medial amygdaloid nucleus and the habenula of JP 17 

transgenic rats. In peripheral tissue, low level immunoreactivity has been 

found only in the pancreas and anterior pituitary of the JP 17 rats, the later 

of which may constitute a contaminant from the NIL. The sensitive 

technique of RT-PCR detected hGH transgene transcripts in the pancreas 

and adrenals of JP 17 rats and in RNA from the hypothalami and pituitaries 

from both lines. The expression pattern of the the hGH transgene is thus 

restricted, but not entirely exclusive to magnocellular PVN and SON 

neurones in both lines of transgenic rats.

4.2 Expression of the bovine Neurophysin transgene.
During the construction of the cVO 14 construct which was used in 

the generation of the JP 17 and JP 59 trangenic rats, the rat OT-NP gene 
was replaced with the bovine OT-NP gene. It was intended that this 

construct would direct expression of this reporter gene to oxytocinergic 
cells.The presence of the bovine neurophysin I (bNP) protein in the 

pituitaries of JP 17 rats was examined using a specific RIA. The results 

from this assy indicated that if there was any bNP present in the NIL of 

these rats that it was outside the limits of detection of this assay (<10pg).

4.2.1 RT-PCR to detect bovine OT-NP transcripts.

RT-PCR was used in an attempt to detect any transcripts of this 

hybrid gene. Specific primers were used which would result in the 

amplification of a 377bp fragment of the predicted cDNA from the hybrid 

gene. Total RNA was prepared from the hypothalami of adult males (not 

shown) and lactating rats (culled within 24 hours of littering) of both lines. It 

was hoped with the later samples, in a stimulated rat with a higher level of 

endogenous OT expression (Van Toi et al 1988), expression of the
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transgene may also be stimulated to a detectable level.

Total hypothalamic RNA from JP 17 and JP 59 were subjected to 

RT-PCR. To test the fidelity of the primers, the cVO 14 construct was used 

in a PCR reaction. A DNA fragment, estimated to be the size of that of the 

bOT-NP gene with introns (767bp) was observed from the PCR reaction of 

cVO 14. An additional control was included in this experiment, the RNA 

from the in vitro transcription of a subclone containing the hybrid rbrOT 

gene. This yielded RNA which (although containing introns) acts as a 

positive control for mRNA from the hybrid gene.

PCR was performed on cDNA generated by reverse transcribing JP 

17 and JP 59 hypothalamic RNA and RNA from various tissues of both 

lines (Pituitary, pancreas, ovary, heart, lung, muscle, thymus, cerebellum, 

uterus, testis, spleen, kidney, adrenals, liver, cortex, not shown). Primers for 

the hybrid gene (rbrOT) and the constitutive genep-actin were used in the

PCR reactions of all samples. Additional reactions with hGH primers were 
also included for the hypothalamic samples to ensure the transgenic status 

of the animals. The reactions of the rbrOT primers with the cVO 14 
construct and in vitro transcribed rbrOT RNA both yielded the correct size 

fragment (767bp). Those reactions of the samples and both the rbrOT and 

P-actin primers yielded a single DNA fragment corresponding to the p-actin

transcript (769bp) (figure 4.4).

If any transcripts from the rbrOT hybrid gene were present they 

would have generated a 377bp fragment due to the transcript been spliced 

(and not 767bp from the control reactions with the hybrid gene primers). 

The hypothalamic samples of both lines yielded a correctly sized (428bp) 

fragment when the hGH primers were included in the RT-PCR reaction, 

ensuring that the samples were from transgenic animals. It would therefore 

seem that the rbrOT portion of the cVO 14 construct is not being detectably 

expressed in JP 17 or JP 59 transgenic animals.
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M 14 RNA
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— f3-actin or rbrOT
— hGH
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R-actin

Primers used

Figure 4,4 RT-PCR analysis of RNA from rat tissue 
with primer specific for the rbrOT transgene. The rbrOT 
primers produce a PCR product with the cVO 14 construct 
(cVO 14) and cDNA generated from the in vitro transcription 
of the reporter gene (rbrOT RNA). RT-PCR of hypothalamic 
RNA from JP 17 and JP 59 transgenic rats with rbrOT primers 
does not yield a 377bp fragment of DNA corresponding to 
the spliced rbrOT transcript. These reactions, however, do 
contain hGH and 3-actin transcripts.
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4.2.2 Sequence analysis of the rbrOT transgene.

In order to discover a possible the cause of the lack of expression of 

the rbrOT transgene, the sequence 5’ of this reporter gene was analysed . 

This sequence contains several regions conserved between rats, mice, 

humans and cattle which have been proposed to contain regulatory 

elements for gene expression (Ivell et al 1984a). Several subclones 

derived from the same cosmid clone as the microinjected cVO 14 construct 
were sequenced.

Sequence analysis of the 5’ proximal region shows that the 

conserved sequences of the hybrid transgene are intact (Figure 4.5) with 

the exception of a single base substitution in the region immediately 3' of 

the TATA-box in a region which binds a general transcription factor which 

is an essential part of the basal transcriptional machinery.

4.2.3  Summary of expression of the rbrOT transgene.
Neither mRNA or protein from the bNP transgene could be detected 

in either line of transgenic rats. Sequence analysis of the promoter region 

of this transgene from the construct used to generate the transgenic rats 

revealed a single base substitution in a region conserved between cattle 
and rats.
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Figure 4,5 A point mutation in the cVO 14 construct in a 
conserved region 5' of the oxytocin gene. A conserved 
guanine residue is substituted for an adenine residue in the 
cVO 14 construct. The conserved region is enclosed within 
the box shown in this figure.

94



Chapter 5

Physiological regulation of the 
hGH transgene in JP17 and JP 

59 transgenic rats.
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5.1 Osmotic Stimulation of JP 17 and JP 59 transgenic rats.

5.1.1 Introduction.
As with other transgenic animals bearing AVP transgenes (Ang et al 

1993, Grant eta! 1993, Zeng eta! 1994b, Waller eta! 1996) we have used 

an osmotic stimulus in order to monitor the physiological regulation of the 

hGH transgene and its protein product. Chronic osmotic stimulation has 

been shown to regulate the expression of the AVP gene (Lightman et a! 

1987, Murphy et a! 1990) and cause a release of AVP from the posterior 

pituitary (Jones ef a/1969).

Six males of each of the JP 17 and JP 59 lines of transgenic rats 

were treated with 2% NaCI w/v in their drinking water for 72 hours (saline 

loading). After which, the trunk blood, neurointermediate lobes (NIL) of the 

pituitary and brains of both groups of animals were removed for further 

analysis. The same specimens of a further six untreated, age and sex- 
matched rats of each line were also obtained to provide control groups of 

samples. Levels of the hGH protein in the NIL and plasma were used as an 
indication of the release of this hormone whereas mRNA levels in the 

hypothalami were examined for physiological regulation of the 
transcription of the transgene.

5.1.2 Pituitary hGH content.

Specific RIA were performed to determine the hGH content of the 

neurointermediate lobes (NIL) of JP 17 and JP 59 transgenic rats (F igure 

5.1.1). Both lines of rats contained hGH at all ages examined (23, 77, 140 

days). JP 17 rats contain a far greater amount of this protein than JP 59 rats 

(approximately 25-fold more at 140 days). The females of both lines 

contain significantly less than age-matched males of the same line at 77 

days although they have similar amounts at 23 and 140 days.

The concentration of the hGH in JP 17 rats was such that a specific 

RIA could also detect this protein in plasma and urine (Dr P. Clayton) in this 

line of transgenic rats (mean of plasma measurements at 77 days: 0.68 ±
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Figure 5,1,1 Analysis of the hGH content of the NIL of 
transgenic animals using R.l.A. The NIL of both sexes of 
JP 17 and JP 59 transgenic rats contain hGH at all ages 
studied. The NIL content of JP 17 rats is considerably 
higher than that of JP 59 rats. Males and females of both 
lines have comparable amounts of hGH at 23 and 140 days 
although at 77 days females have significantly less than 
males (*=p<0.05, **=p<0.001).
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0.04ng/ml, n=5). The levels of hGH in the plasma of JP 59 rats were below 

the detection limit of the assay (0.12ng/ml) reflecting the much lower 

pituitary content of these animals.

5.1.3 The hormone content of saline loaded rats.

The NIL content of AVP in untreated rats of both lines was not 

significantly different to that of sex-matched, non-transgenic littermates 

(p<0.8). This would imply that the endogenous stores of AVP in the 

posterior pituitaries of these transgenic rats are unaffected by the presence 
of the hGH protein. To detect any changes in either AVP or hGH content of 

the NIL in saline-loaded transgenic rats, specific RIA for both hormones 

were performed on extracts of this tissue. The mean AVP content of the 

NILS of both lines of rats decreased significantly after the salt stimulus 

when compared to the control groups (figure 5.1.2). Human GH content 

was also significantly reduced in these rats. The JP 17 rats responded 
more than the JP 59 rats as their mean NIL content of hGH after the 

stimulus was 34.9 ± 3.4% of that of the NIL of the untreated JP 17 rats, 
whereas the mean hGH content of the JP 59 rats was 63.3 ± 0.16 % of that 

of their control group.
The plasma concentration of the transgene product of the two lines 

of transgenic rats was also measured. The JP 17 line of transgenic rats 

showed a significant increase in hGH content in comparison to the control 

group (1.3 ± 0.09 ng/ml in JP 17 rats versus 0.68 ± 0.04 ng/ml in control 

rats, p<0.001). Plasma concentrations of hGH of saline-loaded JP 59 rats 

remained outside the limits of detection of the plasma hGH assay 

(0.12ng/ml).

These data are indicative of a possible concomitant release of the 

protein product of the hGH transgene and AVP from the NIL of both JP 17 

and JP 59 transgenic rats subjected to an osmotic stimulus of saline- 

loading for 72 hours. The increase in the plasma levels of hGH in the JP 17 

line is consistent with these observations.
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Figure 5.1.2 The hGH and AVP content in the NIL of salt 
loaded transgenic rats. Both hormones are significantly 
reduced in both lines of transgenic rats after 72 hours of 
salt loading (* = p<0.05, ** = p<0.01, *** = p<0.001),
(n=6 in all groups).
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5.1.4 Measurements of the level of transgene transcript in saline-loaded 
and control rats.

Quantitative in situ hybridization histochemistry was performed by Dr 

P.Bennett on the brains of the saline-loaded and control transgenic rats to 

detect the affects the osmotic stimulation on the levels of transgene mRNA 

(figure 5.1.3). A comparison of the increase in transcription of the hGH 

transgene to that reported for AVP (Murphy ef a/ 1990) under these 

conditions would indicate whether the cVO 14 construct contained the 

appropriate DNA sequences requirec^physiological regulation.

Both the PVN and SON of the JP 17 line of transgenic rats showed a 

significant increase in hGH transcript levels in comparison to that of the 

control group (the mean value of hybridization signal of the saline loaded 

JP 17 rats was 133 ± 7% in the PVN and 140 ± 8 % in the SON of that of 
the control rats, p<0.01). In the JP 59 rats, however, the mean intensity of 

the signal in both nuclei of saline-loaded rats, although higher than that of 

the untreated rats, was not significantly different (figure 5.1.4). The brains 

from the two lines of transgenic animals were not analyzed concurrently 
and therefore a direct comparison between these two sets of animals 

cannot be made using this data.

5.1.5 Summary

Saline-loading JP 17 and JP 59 transgenic rats for 72 hours causes 

a decrease in their NIL stores of the hGH protein coinciding with a 
decrease in AVP content of this tissue. Leoe\s of the hGH transgene

in JP 17 transgenic rats increases significantly in response to this stimulus, 

although the data on the effect in JP 59 rats is suggestive of a possible rise 

but does not reach statistical significance.
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Figure 5.1.3 In s/ïuhybridization of brain siices from 
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indicates a possible increase in transgene transcript 
ieveis after 72 hours of saiine ioading in the PVN and 
SON of JP 17 and JP 59 transgenic rats.
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Figure 5,1.4 Measurement of the hybridization signal from the 
in situ hybridization of brain slices from sait-ioaded transgenic 
rats. The signal from the PVN and SON nuclei of salt-loaded 
JP 17 transgenic rats is significantly increased when compared to 
control JP 17 (** = p<0.01).The mean value of the intensity of the 
signal from these nuclei in salt-loaded JP 59 rats, although increased 
from that of the mean of the of untreated JP 59, is not significantly 
(n.s.) different (n=6 in all groups).
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5.2 Antidiuretic bioassay studies.

5.2.1 Introduction.

A whole animal bioassay has been used for many years to monitor

the antidiuretic effect of AVP in a rat under conditions of constant diuresis
of(Dicker 1953). Originally, one of the uses for this typ^ preparation was to 

bioassay extracts of blood samples in order to measure their antidiuretic 

activity and therefore estimate their AVP content (Bisset 1962, Clarke et al 

1967, Stürmer 1968). With the onset of specific in vitro radioimmunoassay 

methods for doing this (Mohring et ai 1982) the majority of experiments 

performed using this type of bioassay have focussed on investigations into 

the regulation of the release of endogenous AVP (Kappagoda ef a /1980, 

Bisset ef a /1984, 1990, 1992).
An antidiuretic bioassay relies on the measurement of urine flow 

from rats which are in sustained diuresis and therefore have a very low 
basal level of AVP. The great advantage of this exquisitely sensitive 

bioassay, which can detect the application of less than one pmol of AVP, is 

that the physiological consequences of release of AVP can be monitored 

from minute to minute. An antidiuresis or a rise in blood pressure caused 
by a stimulated release of AVP can therefore be recorded from the onset of 

release through the period of recovery to the restoration of diuresis.

5.2.2 Experimental parameters.

In order to be able to compare results gain în these experiments with 

previous published work using this technique (Bisset et al 1984, 1990, 

1992 and personal communications) it was important to maintain the same 

parameters of sex and weight. These experiments were therefore 

performed on 250g-300g male Wistar rats.

Ethanol anaesthetic was used throughout these experiments. It has 
been shown that ethanol inhibits the release of AVP from the posterior 

pituitary causing diuresis (van Dyke ef a /1951). This inhibition however 

can be overcome by stronger stimuli for release such as pain,
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haemorrhage, (Tata ef a /1966) hypotension (Bisset ef a /1984) and by the 

appropriate application of neurotransmitters (Bisset ef a/ 1990).

A constant diuresis has been shown to be maintained if the animal 
is subjected to a constant water load of 8% of its bodyweight (Dicker ef al 

1953). This diuresis is due to a combination of an increase in blood volume 

and a decrease in plasma osmolality The water load is kept constant by 

the method described in Chapter 2 of this thesis with the usual formulation 

of infusion fluid. The trachea of these rats was also cannulated to prevent 

respiratory impairment allowing easy aspiration of mucus which might 
othenA/ise cause a release of AVP (Anderson ef a /1978).

5.2.3 Investigation into the endogenous AVP system of JP17 transgenic 

rats.

Using the antidiuretic bioassay, exogenous AVP was applied 

intravenously to a JP 17 transgenic rat. The resultant profound antidiuretic 
response (figure 5.2.1) illustrates the physiological consequences of 

AVP release. The amount of AVP given (0.5ng) only resulted in a slight 
increase in blood pressure, much higher concentration of the hormone 

being required for a pressor effect. This experiment confirmed that 
trangenic rats respond appropriately to AVP and that this preparation 

can be used to monitor antidiuresis caused by release of the hormone in 

these rats. Figure 5.2.1 also illustrates an important property of the 

release of AVP. A single i.v. injection of AVP was administered to this rats. 

The resultant response lasted in excess of 30 minutes although the half-life 

of AVP in the plasma is considerably less. This effect is a result of the l« i^  
- ' of AVP.

We have used this preparation on the JP17 transgenic rats to 

examine the stimulated release of AVP in these rats and compare this to 

the release in non-transgenic littermates (Bisset efa/1996). In doing so 

we have been able to investigate whether the introduction of the hGH 

protein in vasopressinergic magnocellular neurones has compromised the 
endogenous AVP system. RIA had already indicated that the AVP content
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Figure 5.2.1 The affects of AVP on the urine flow and blood 
pressure of a rat under the conditions of an antidiuretic bioassay.
The intravenous application of exogenous AVP to a JP 17 transgenic 
rat resulted in a profound and long-lasting antiduretic response with 
little effect to the blood pressure. This illustrates the physiological 
consequences of this hormone at this dose.
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of the posterior pituitaries of transgenic rats was comparable to that of 

wildtype wild type rats and that under conditions of saline loading, AVP 

was being released. These data however, did not indicate whether AVP is 

being released on the same time scale in the transgenic and wild type rats. 

It is possible, however, that the presence of hGH in the posterior pituitary 

has some effect on storage granules containing AVP and therefore an 

effect on hormone release. The JP 17 line of rats was chosen as it 

contained the highest amount of hGH in its posterior pituitary and therefore 

if the presence of this protein was causing disruptions to the endogenous 

system it is likely that it would be most obvious these rats.

Transgenic rats in constant and sustainable diuresis were 

stimulated by an i.c.v. injection into the third ventricle of 20ng of muscarine 

chloride. It has been previously confirmed that the application of this 
neurotransmitter causes a profound but reversible antidiuretic response in 

wild type rats which is accompanied by a urinary excretion of AVP. This 
response is due to a muscarinic innervation of a glutaminergic 

interneurone which stimulates the magnocellular neurones of the PVN and 

SON to release AVP (Bisset et al 1996). This stimulated release was also 

found in transgenic rats. Figure 5.2.2 illustrates a typical urine flow profile 

and blood pressure trace obtained from JP17 rats stimulated with 

muscarine.

Immediately after injection of muscarine, a brief rise of blood 

pressure causes an increase in glomerular filtrate and therefore a transient 

rise in urine flow. This increase in blood pressure is caused through the 

stimulation of the sympathetic nervous system causing vasoconstriction 

(Bard 1968). This effect still occurs in presence of antagonists to glutamate 

receptors present on the magnocellular neurones through which this 

stimulus acts to release AVP (Bisset ef a /1996) indicating that it is not due 

to pressor activity of the hormone. Following this transient rise in urine flow 

a long antidiuretic response lasting upward of 30 minutes occurs. In three 

rats, the time was measured until a volume of 5 ml of urine was collected 
from the bladder cannula. The urine flow had recovered during this time in
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all three rats tested although the final recording was slightly below the level 

of the original diuresis in two of the rats.

The control rate of urine flow was calculated from the average flow 

of the 5 minutes immediately prior to stimulation. This was compared to the 

average rate of flow during the collection time of stimulated antidiuresis. In 

all three rats a reduction in the urine flow for the time it took to collect 5mls 

was apparent (mean:53.17 ± 2.62% reduction, n=3). 5mls of urine was 

collected in a control period of sustained diuresis before stimulation and 

during the antidiuretic response. This urine was extracted and assayed for 
AVP. The rate of urine excretion of AVP was calculated from these values. 

As expected the control rate of excretion of the hormone was extremely low 

(mean:0.71 ± 0.58 pg/ml, n=3) whereas the average rate of hormone 

excretion after the application of muscarine was greatly increased 

(mean;8.18± 1.77 pg/ml, n=3).

JP 17 rats therefore, are able to sustain a diuresis and present an 

antidiuretic response when stimulated by a neurotransmitter involved in the 

reflex release of vasopressin. The reduction in urine flow and increase in 

AVP excretion after stimulation of the AVP system are all comparable with 

values previously published (Bisset et al 1996) for wild type rats (of the 
same strain and weights) under the same conditions. These results and 

those of the saline loaded transgenics confirm that the AVP system of these 
rats is intact and can respond to a stimulus in an appropriate timescale.

5.2.4 Investigation into the stimulated release of hGH.

As discussed previously saline loading for two days causes an 

increase in the concentration of hGH in the plasma of JP 17 rats. This is 

presumably due to stimulated release from posterior pituitary stores. We 
have been able to investigate the timescale of this release using the 

antidiuretic bioassay previously described. By taking blood samples during 

a stimulus for AVP release we have been able to study the concomitant 

release of hGH by measuring the plasma levels of this protein by specific 

RIA.
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5.2.5 Procedure for sampling blood from transgenic rats.

During this preparation the femoral artery is cannulated in order to 

record the blood pressure of the rat by the method described in Chapter 2. 

It is also possible to withdraw blood through this cannula simply by 

disconnecting it from the pressure gauge and allowing the arterial pressure 

to expel the required amount of blood before reconnection. In doing so we 

have been able to sample blood during the time of a stimulus known to 

release AVP (Bisset et al '1992).

A blood sampling procedure to be used on these animals was 

investigated to ensure that the samples we were removing did not 

constitute a haemorrhage stimulus which, as discussed previously, causes 

a release of AVP (Rocha e Silva of al 1969). 200pl of blood was removed 

at regular intervals from a wild type Wistar rat under ethanol anaesthetic 

during constant diuresis. A transgenic rat was not used due to limitations 
on available stock and in light of the results above indicating that the AVP 

system is unchanged.

As shown in figure 5.2.3, no appreciable decrease in the urine 

flow occurred until the seventh sample was taken when the start of an 
antidiuretic response was noted. The blood pressure also remained 

constant throughout the first seven samples indicating that the removal of 
this amount of blood does not have a profound affect on the cardiovascular 

system of rats. The ability to sustain a diuresis and a constant blood 

pressure during the first seven samples indicates that AVP release is not 

being stimulated. This is comparable with previous published experiments 

showing that a significant increase in plasma AVP levels only occurs with a 

blood loss of above 1% bodyweight (Laycock et al 1979). It was therefore 
decided that we would remove upto six samples of 200|xl during 

subsequent experiments with transgenic rats. The total blood loss 
constitutes less than 0.5% bodyweight and therefore well below the 

threshold for stimulated AVP release.

The small increase in the urine flow during the collection of the third
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Figure 5.2.3 Urine flow and blood pressure of a water loaded 
Wistar rat under ethanol anaesthetic during the removal of 
blood samples (1-11). There is no antidiuresis or change in 
blood pressure remains until after the seventh sample. Also 
shown is an increase in urine flow due to slight recovery from 
the anaesthetic. Full anaesthesia is regained by infusion of 0.4ml 
of 25% ethanol at the point marked.
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to sixth samples is not due to a diuretic response to sampling but due to a 

slightly decrease in the depth of anaesthesia which was corrected by the 

invenous infusion of ethanol.

5.2.6 Plasma hGH levels in JP 17 rats subjected to a hypotensive 

stimulus.

The blood sampling procedure described above was used to obtain 

plasma samples from JP 17 rats before (control) and after the application of 

400p,g of sodium nitroprusside i.v. These samples were assayed for hGH in 

order to investigate the timescale of stimulated release of this protein 

during an antidiuretic response to hypotension.

Sodium nitroprusside was used as a potent hypotensive agent as it 

acts as a relaxant on vascular smooth muscle causing vasodilation (Kreye 

et al 1977). During hypovolemia the tonic inhibition from the atrial stretch 

receptors and arterial baroreceptors is reduced resulting in AVP release 
(Share 1988). This release has been confirmed using the antidiuretic 

bioassay described above (Bisset ef a /1984,1990,1992). Using amyl nitrite 

as a hypotensive agent, an antidiuretic response far outlasting the 

decrease in blood pressure accompanied with an increase in the urinary 
excretion of AVP has been recorded. These effects are absent in the 

Brattleboro rat and in the presence of a specific AVP antagonist.
In the following experiments we used sodium nitroprusside as a 

hypotensive stimulus as it produces a reliable and reproducible decrease 

in blood pressure and a profound antidiuretic effect at the dose of 400pg

i.v. (Bisset efa/1992 and personal communication). This antidiuretic 

response is blocked by an antagonist to nicotinic receptors which form part 

of this reflex release. It has been well reported (Bisset of al 1992, 1996) 

that accompanying the antidiuretic response there is an increase in urinary 

excretion of AVP indicating release of the hormone. At the time of these 

experiments the assay for AVP in urine samples became unavailable and 

therefore a prolonged antidiuresis outlasting the decrease in blood 

pressure was taken as an indication of AVP release. This prolonged
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antidiuresis is abolished with the application of a specific AVP antagonist 

resulting in only a transient fall in urine flow after sodium nitroprusside 

attributable to the decrease in blood pressure (Bisset ef a /1984).

Six JP 17 transgenic rats [JP 17 (a)-(f)] were prepared by the 

antidiuretic bioassay method described (figures 5.2.4 a,b,c). When 

these rats had reached a sustained diuresis the first blood sample of 200|xl 

was removed. The animals were then stimulated by 400pg sodium

nitroprusside i.v. Further blood samples wer^removed at 10 and 15 

minutes after the stimulus and then at differing times depending on their 

diuretic state. Final samples were taken at times of recovering urine flow. 

The blood pressure was recorded from the arterial cannula at times when 

blood sampling was not in progress (figure 5.24a shows an example of 

this). In all six rats there was an antidiuretic response which far outlasted 

the decrease in blood pressure. We therefore concluded that the decrease 

in urine flow was caused through AVP release and not through the 
transient decrease in renal blood flow.

The plasma was extracted from the blood samples and assayed by 
specific RIA for hGH. The results from these assays indicated a lower basal 

level of plasma hGH in the water loaded rats (mean: 0.27 ± 0.01 ng/ml, 
n=4) when compared to transgenic rats of a similar age under normal 

conditions (mean: 0.68 ± 0.04 ng/ml, n=5). The plasma hGH concentrations 
in the control sample of two of the rats was below the detectable limits of 

the assay (<0.12ng/ml). The constant diuresis is indicative of extremely low 

basal levels of AVP during this time therefore suggesting that hGH release 

during this time is also being inhibited.

Following the nitroprusside stimulus and the resulting antidiuresis, 

the concentration of the transgene product rises in the plasma of all the 

transgenic rats. This rise is seen in the 10 minute sample in five rats but not 

until 15 minute in a single rat [JP 17 (b)]. This suggests the release of hGH 

after a hypotensive stimulus is in approximately the same timescale as the 

release of AVP which is indicated by an antidiuretic response.

The concentration of hGH in later samples show a decrease from
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the stimulated levels in five rats. A single rat [JP 17 (d)] maintained a higher

level of hGH the in the last sample. This may be explained by the fact that

this rat had a smaller increase between the control and stimulated levels of

hGH than the other rats and did not recover to a constant diuresis. The

other five rats all showed a return to lower concentrations of plasma hGH

during samples taken when the urine flow was recovering. The urine flow

in these five rats showed recovery , the level of
A

which was below the levels of the control sample.

The mean maximal increase of the concentration of plasma hGH in 

these experiments was calculated using the values of the control samples 

and the those of the maximal increase after hypotensive stimulation. The 

two rats for which the control concentration of hGH was below the 

detectable range of the assay (<0.12ng/ml) were assigned the value of 

0.12ng/ml for the purpose of this analysis. The difference between the 

mean control plasma concentration of hGH for these rats (0.22 ± 0.032 

ng/ml, n=6) and the mean of the maximal values after stimulation (0.57 ± 

0.097 ng/ml, n=6) is very significantly different (p=0.007) indicating a 

stimulated release of the product of the transgene.

5.27 Summary

Using an antidiuretic bioassay the endogenous AVP system and the 

stimulated release of hGH in JP17 rats have been investigated. These rats 

can maintain a diuresis and release AVP to an appropriate stimulus 

resulting in an antidiuretic response. During a hypotensive stimulus the 

plasma hGH concentration of these rats increases with the onset of an 

antidiuretic response. It is probable, therefore, that their endogenous AVP 

system remains intact and the protein product of the hGH transgene is 

being released concomitantly with AVP.
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Chapter 6

Some consequences of hGH 
expression on the phenotypes of 

transgenic rats
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6.1 Introduction.
Since the cloning of GH genes from a variety of species (Seeburg 

efa/1977, Roskam efa/1979, Woychik efa/1983) and the advent of 

reliable detection systems for the measurement of these hormones 

(Tanaka et al 1983), GH genes have been widely used as reporter genes 

for both in vitro and in vivo expression studies. This is exemplified by the 

JP 17 and JP 59 transgenic rats previously described. The bioactive GH 
reporter genes used in transgenic animals have not only functioned as 

heterologous markers of the cells which are expressing the transgene but 

have, in some cases, resulted in alterations in the phenotype of the 

transgenic animals (Palmiter et ai 1982 , Brem et al 1989, Bartke et al 

199®.

The release of growth hormone (GH), the major regulator of post

natal growth, from somatotroph cells of the anterior pituitary is controlled by 

two hypothalamic peptides; growth hormone-releasing hormone (GHRH) 
and somatostatin (SRIF). GHRH and SRIF are synthesized in neurones of 

arcuate and periventricular nuclei respectively from which they are 

released into the hypophyseal-portal venous system (Harvey 1995). GHRH 

stimulates the expression and release of GH (Bannagaef al 1987, 
Guillemin et al 1982, Rivier et al 1982), whereas SRIF has an inhibitory 

effect (Brazeau e fa / 1973). GH autoregulates its own secretion by 
mediating the levels of these neuropeptides via a negative feedback 

system. GH excess causes an decreases hypothalamic GHRH content (de 

Gennaro et al 1988, Miki et al 1989) and increases somatostatin levels 

(Berelowitz et al 1981). Conversely GH deficiency increase GHRH and 

reduces SRIF mRNA levels (Levy ef a /1992).

As with many biological systems, a greater understanding of the 
control and regulation of GH has resulted from the study of animals with 

deficiencies within the GH axis. Dwarf animals such as the little mouse, 

Snell and Jackson dwarf mice and dw rat, which have resulted from 

spontaneous mutations within genes involved in GH regulation, have been 

widely used as animal models of GH deficiency (Godfrey ef a /1993, Li eta l
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1990, Charlton et al 1988). In recent years these studies have been 

extended to transgenic animals including those in which the expression of 

heterologous GH genes has caused alterations in linear growth and organ 

weights. The resultant phenotypes of these animals is dependent on the 

tissue-type expressing the transgene. In transgenic mice, the expression of 

heterologous GH genes has been targetted to peripheral tissue by 

promoters such as the mouse and sheep metallothionein (Palmiter at al 

1982,1983, Shanahan etal 1989), H2-K cell-surface antigen (Morello eta l 

1986), osteocalcin (Baker et al 1992), phosphoenolpyruvate 

carboxykinase (McGrane ef a /1988, Short ef a /1992) and keratin (Wang ef 

al 1997). Most of the animals bearing these transgenes express the 

heterologous GH at levels sufficiently high to promote excessive growth 

leading to giantism.
A ve r^  different effect is seen when the GH reporter gene is 

expressed within the central nervous system. Transgenic mice bearing 

mouse mammary tumor long terminal repeat (Stewart et al 1988) or 

tyrosine hydroxylase (Banerjee ef a/1994) promoters have been shown to 
express the heterologous reporter GH genes in the brain (as well as other 

peripheral sites). The resultant animals exhibit a dominant dwarf 
phenotype. It is suggested that the heterologous GH interacts with the GH 

feedback system described above and causes a decrease in GHRH levels, 

an increase in SRIF expression and a subsequent reduction in 

endogenous GH levels (Szabo efa/  1995, Hollingshead ef a/ 1989) 
resulting in dwarfism.

We have also generated transgenic animals with the aim of 

specifically targetting this feedback system (Flavell ef al 1996). The two 

lines of mice descibed above, expressing GH in the CNS, although 

exhibiting hypothalamic expression and dwarfism, also widely expressed 

their transgenes in extrahypothalamic areas. With the rats we generated 

we aimed to specifically confine expression of the hGH reporter gene to an 

area with a known involvement in the GH feedback system; that of the 

GHRH neurones of the hypothalamus. This approach has the advantage
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that the effects of any peripheral expression would be avoided. Rats being 

considerably larger than mice, have classically been used to investigate 

the physiology of this system and were chosen in preference to mice so 

that experimental procedures developed for this species could then be 

used to analyse the transgenic animals (Wells ef a /1997).

It has been shown that the expression of GH genes in transgenic 

animals not only effects linear growth, but can also cause perturbations in 

fertility, skull size and relative organ weights (Cecim efa/1995. Shea ef al 

1987, 1990). We have therefore investigated the phenotypes of three lines 

of transgenic rats; those mentioned above with hGH targetted to the GHRH 

neurones and those animals which express hGH in the magnocellular PVN
to

and SON (JP 17 and JP 59). In doing so we have aimed^assess the 

consequences of the introduction of the bioactive hGH protein in these rats.

6.2 rGHRH/hGH transgenics.
In order to target the hGH transgene to the subset of hypothalamic 

neurones which express the rat GHRH (rGHRH) gene we used a similar 
rationale to that employed for the AVP/OT locus transgene described in 

chapter 3. As a second aim of this thesis I assisted in the generation of 

transgenic rats bearing a large fragment of the rGHRH gene locus with the 

hGH structural gene inserted into the 5’ untranslated region of the first 

hypothalamic exon. It was hoped that this construct, which included 16kb of 

5' and 14 kb of 3' flanking sequences (figure 6.1a), by virtue of its size, 

contained sufficient sequence to direct cell-specific expression of the 

transgene to GHRH neurones (Flavell et al 1996, Wells eta l 1997). A line 
of rats bearing a single copy of this transgene was successfully bred. The 

transgene transcript was indeed detectable in the hypothalamus by RT- 

PCR and the hGH protein within the external zone of the median eminence 

by immunohistochemistry. Transgenic rats, hemizygous for this transgene 

show growth retardation resulting in dwarfism and therefore have been 

termed transgenic growth retarded rats (Tgr) (figure 6.1b).
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Figure 6.1a The rGHRH/hGH transgene construct. The hGH
reporter gene has been inserted into the 5' untranslated region 
of the rat GHRH gene.

Figure 6.1b A Male rat bearing the rGHRH/hGH transgene 
and a non-transgenic litter mate. The transgenic animal is 
significantly smaller than the normal rat and has therefore been 
called the Transgenic growth retarded rat (Tgr).
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6.2.1 Growth measurements of Tgr rats.

I weighed transgenic and non-transgenic littermates of both sexes at 

regular intervals (figure 6.2). Both male and female Tgr rats weighed 

significantly less than the wild-type controls from three weeks of age 

(P<0.001). The body weights of wild-type rats exhibit sexual dimorphism 

with male rats weighing significantly more (p<0.05) than normal females 

from around the age of 28 days. The weights of the two sexes of Tgr rats do 

not diverge until around 49 days. This can be attributed to the sexually 

dimorphic effect of the transgene on growth. The growth retardation in male 

rats is more pronounced than the females. At 98 days of age the mean 

weight of Tgr male rats is 72.3% of that of the wild-type, whereas the mean 

weight of female tgr rats is approximately 82.5% of that of control female). 

This difference is due to the Tgr males maintaining a slower rate of weight 
gain during juvenile growth than wild-type male rats (A weight between 42 

and 84 days was 115 ± 4g in Tgr rats versus 150 ± 4g in wild-type rats, 

p<0.05). The female Tgr rats, however, resume a rate of weight gain which 

is not significantly different to that of the wild-type female (A weight 

between 42 and 84 weeks was 69 ±3g in Tgr rats versus 79 ± 5g in wild- 

type rats).

The difference in body weights between the Tgr and wild-type rats 

can be attributed to a retardation of linear growth and as the body lengths 

(nose-anus) of both the males (180 ± 1mm in tgr rats versus 200 ± 2mm in 

wild-type rats at 63 days, p<0.001) and females (163 ± 2mm in tgr rats 

versus 178 ± 1mm in wild-type rats at 63 days, p<0.001) were significantly 

reduced.

6.2.2 Organ weights of Tgr rats.

I also examined the internal body organs of Tgr rats as it has been 

reported that other transgenic animals expressing heterologous GH genes 
have showed alterations in their body allometry (Shea et al 1987). 

Measurements were performed on male rats due to the severity of their 

phenotype. Organ weights were adjusted for the smaller overall
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Figure 6,2 The body weight gain of Tgr and wild type rats.
Both Tgr maies and females show significant (p = <0.001) growth 
retardation when compared to non-transgenic control rats. There 
is a greater difference between the weights of the male transgenic 
and wild-type rats than between the two groups of female rats 
indicating that the consequences of expressing the rGHRH/hGH 
transgene are sexually dimorphic (n=6-7 in all groups).
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bodyweights of the Tgr rats and are presented as grammes of tissue/1 OOg 

body weight. The livers and hearts of Tgr male did not differ significantly 

(p<0.68 and p<0.9 respectively) from those of control males at 150 days of 

age but the kidneys (0.31 ± 0.02g/100g b.wt. in Tgr rats versus 0.39 ± 

0.02g/100g b.wt. in wild-type rats, p < 0.002) and the spleen (0.17 ± 

0.03g/100g b.wt. in Tgr rats versus 0.22 ± 0.02g/100g b.wt. in wild-type 

rats, p<0.01) of Tgr rats are significantly smaller. It would therefore seem 

that, in addition to causing a decrease in the overall body-weight of rats, 

the expression of this transgene and consequent GH deficiency also 
affects the development of certain body organs.

6.2.3 Effect of rGHRH/hGH transgene expression on rat GH (rGH) and

prolactin levels.

To establish the cause of dwarfism, the anterior pituitaries of both 

sexes of Tgr rats and littermate controls were examined using a specific 

RIA for pituitary rat GH content (figure 6.3). At all time points examined 

(23, 63 and 150 days) the rGH levels of both sexes were significantly 
reduced in comparison with the control rats. The effect was much more 

pronounced in males Tgr rats than females. At 150 days the mean pituitary 

content of rGH in tgr males is 28.8% (107.7 ± 4.1p.g in JP 17 rats versus

372.8 ± 39.8|Lig in wild-type rats, p<0.002) of that of normal controls 
whereas the transgenic females have relatively more as the mean pituitary 

content of female Tgr rats is approximately 59.6 % (164.3 ± 7.96|ig in JP 17 

rats versus 275.83 ± 19.9pg in wild-type rats, p<0.01) of that of the control 

group.

The anterior pituitary hormone prolactin is closely related to GH as it 

belongs to the same hormone family as GH, its gene shows marked 
homologies to the GH gene (Seo 1985) and lactotrophs cells which 

secrete prolactin are thought to originate from the same progenitor cell as 

somatotrophs (Borelli eta l 1989, Harvey 1995). Human GH has also been 

shown to bind to the rat prolactin receptors (Roupas ef al 1989) and 

prolactin has been shown to be effected by heterologous GH expression in
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Figure 6.3 Pituitary content of rGH and prolactin of Tgr and 
wild type rats. Both sexes of transgenic rats have significantly 
less ratGH and prolactin at most of the ages investigated 
(*** = p<0.001 ,** = p<0.01 ,* = p<0.05, n.s = not significant). Male 
Tgr rats are more deficient with respect to both hormones relative 
to wild type males than transgenic females compared to female 
controls (n =7-9 for 23 day rats, 7 for 63 day rats and 6 for 150 
day rats).
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transgenic animals (Stager efa/1991, Bartke ef a /1994). The prolactin 

content of the anterior pituitaries of Tgr rats was therefore measured by 

RIA. (figure 6.3). Both Tgr and wild-type male rats had lower prolactin 

levels than both groups of female rats at each age group measured. The 

levels of prolactin in male Tgr rats were found to be significantly reduced in 

comparison to wild type age-matched rats (4.43 ± 0.32pg/pituitary in Tgr 

rats versus 10.4 ± 0.71 |ig/pituitary in wild-type rats at 150 days, p < 0.002). 

The pituitaries of female Tgr rats also contained a lower level of prolactin at 

23 and 63 days of age (p < 0.01 for both ages) than the control group 

although this difference was not statisically significant at 150 days of age 

by which time the prolactin levels have recovered (37.18 ± 5.36pg/pituitary 

in tgr rats versus 52.55 ± 9.91pg/pituitary in wild-type rats at 150 days, 

p>0.3). The rGHRH/hGH transgene therefore not only has a sexually 

dimorphic effect on the pituitary content of rat GH but also on pituitary 

prolactin content.

6.2.4 Summary of Tgr rats.
A line of transgenic rats has been generated which target the 

expression of the hGH reporter gene to GHRH neurones in the 
hypothalamus. This rat in transgenically growth retarded and has therefore 

been termed the Tgr rat. The severity of the phenotype in this rat is sexually 

dimorphic, showing a greater effect in male rats than female rats. Both 

sexes, however, show significant reductions in body weight, body length 

and pituitary rat GH and prolactin content when compared to wild-type rats 

of the same age. The relative weights of body organs also differ in Tgr rats, 

in particular the size of the kidneys and spleen appear to be reduced.

6.3 JP 17 and JP 59 transgenic rats.

The previously described transgenic rats, JP 17 and JP 59, which 

express hGH in the magnocellular PVN and SON of the hypothalamus 

have also been studied for any effects caused by the introduction of the 

foreign DNA. In all parameters measured and reported below there was no
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significant different found between non-transgenic littermates and rats 

from the JP 59 line of rats in either sex which express hGH at a much 

lower level than JP 17 rats. The data presented here will therefore 

concentrate solely on rats from the JP 17 line. A direct comparison of 

values obtained from the measurements of the Tgr and JP 17 rats cannot 

be made as they are generated from different strains of rats. The Tgr rat is 

derived from the AS strain whereas the JP 17 and JP 59 rats are on a 

Wistar strain background. Strain differences will exist therefore in the 

absolute value of different parameters although general trends will be 

compared.

6.3.1 Juvenile growth measurements of JP 17 rats.

JP 17 transgenic rats of both sexes and non-transgenic littermates 

were weighed at regular intervals (figure 6.4). Male JP 17 rats showed a 

slight but significant reduction in their body weight up to 120 days of age 
(p<0.01). This juvenile growth retardation does not extend to the females of 

this line or the rats of the JP 59 line whose body weights are not 
significantly different to those of the control groups (p>0.7). The mean body 

weights of JP 17 rats do not show such a severe reduction in comparison 

to their age-matched controls (83% of the mean weight of wild-type 

controls at 86 days) as those of the Tgr rat in comparison with its control 

group (74 % of the mean weight of controls at 84 days). This effect lessens 

with time as at around 140 days, the weight difference between JP 17 and 

wild-type rats is not significant.

6.3 .2 Organ weights of JP 17 rats.

The effect of the transgene on organ weights was investigated in the 

JP 17 transgenic rats. The organs of 140 day old rats were dissected and 

weighed. It was not necessary to adjust these weights to relative levels 
dependent on body weights because, as discussed above, JP 17 rats are 

of a similar weight to non-transgenic animals at this age. The weights of the 

hearts of JP 17 male rats do not differ significantly from those of age-
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matched littermate control rats (p<0.14). There is a difference, however, in 

the weights of the kidneys (0.99 ± 0.03g in JP 17 rats versus 1.24 ± 0.05g 

in wild-type rats, p<0.001), liver (11.11 ± 0.29g in JP 17 rats versus 14.40 ± 
0.32g in wild-type rats, p<0.001) and spleen (0.66 ± 0.02g in JP 17 rats 

versus 0.84 ± 0.03g in wild-type rats, p<0.001) at 140 days of age (n=6 in 

all groups). At a year old, the weights of the kidneys and liver of JP 17 

male rats (p<0.08 for kidneys and livers), but not the the spleen (1.03 ± 

0.04g versus 1.225 ± 0.05g in wild-type rats, p<0.01), have reached a 

value that is not significantly different than that of the wild-type rats (n=6 in 

both groups). It would therefore seem that the body composition of these 

transgenic rats is altered at 140 days, with the development of the kidney, 

liver and spleen but not the heart being effected at this age. This 

retardation in the growth of the kidneys and liver shows some recovery at 

the age of 1 year old, whereas the spleen remains statisjcally smaller. The 

body organs of JP 59 rats on the other hand, show no variation from the 

littermate controls (p>0.43).

6 .3 .3 Rat GH (rGH) and prolactin levels in the pituitaries of JP 17

transgenic rats.
Rat GH and prolactin content of the pituitaries of JP 17 and wild-type 

littermates were measured by RIA. Rat GH was significantly reduced in 

both the male and female JP 17 transgenics in comparison to the wild-type 

controls at 23, 77 and 140 days of age (figure 6.5). At 140 days, the mean 

pituitary rGH content of male JP 17 rats is 34.2% of that of the age-matched 

controls (209.4 ± 23.1 jig in JP 17 rats versus 612.4 ± 34.8|ig in wild-type 

rats, p<0.0001). The mean pituitary content of the female JP 17 rats, 

however, are less affected and is 57.4% of the mean rGH content of the 

control rats (114.56 ± 19.0pg in JP 17 rats versus 199.54 ± 19.1|ig in wild- 

type rats, p<0.02).
The male hormone deficiency extends to prolactin in JP 17 

transgenic rats. The pituitary prolactin content of JP 17 male rats is 

approximately 50% that of wild-type rats at both 77 days and 140 days
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Figure 6.5 Pituitary content of rGH and prolactin of JP 17 and 
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(p<0.001). Surprisingly female JP 17 rats do not differ significantly in their 

prolactin content from that of wild-type controls (p<0.6).

The size of the anterior pituitaries also indicates that there is a 

reduction in their hormone content and/or cell number as JP 17 male rats 

at 140 days have significantly smaller anterior pituitaries than wild-type 

controls (4.6 ± 0.1 mg for JP 17 males versus 8.2 ± 0.5mg for wild-type rats, 

p<0.002, n=6). The pituitaries of JP 59 males and females do not show a 

reduction in either rGH or prolactin content or size (p>0.55).

6.34 Summary of juvenile JP 17 rats.

Until an age of around 120 days male, but not female, JP 17 rats are 

significantly growth retarded in comparison to their non-transgenic 

littermates. The pituitaries of both sexes exhibit decreased rGH content, 

with this effect being more severe in the males than the females. The male 

JP 17 rats also have reduced prolactin levels and smaller kidneys, livers 
and spleens than the controls, whereas these parameters do not show a 

significant variation between JP 17 females and wild-type controls.

6.35 Growth measurements of aging JP 17 rats.

As discussed above, male JP 17 rats are significantly growth 

retarded until around 120 days of age at which point their weights become 

comparable to those of their non-transgenic littermates. After about 200 

days, however, the JP 17 male rats begin to weigh more than the controls. 

Indeed the male rats in this line continue to gain weight at a surprisingly 

fast rate (A weight between 200 and 420 days 356.5 ± 57.419g for JP 17 

males versus 182.50 ± 7.554 for wild-type males, p<0.03, n=5). This is 

shown in figure 6.6 where the weight of the wild-type rats can be clear 

seen to be as expected during adulthood, whereas

there is still a linear gain in body weight for the JP 17 males.

Female JP 17 rats (figure 6.7) also show an increase in weight 

gain when compared to control rats (A weight between 280 and 480 days

111.8 ± 8.2g for JP 17 females versus 88 ± 5.1 g for wild-type females,
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Figure 6.6 Body weight gain of JP 17 male and wiid type 
rats. JP 17 male rats show significant growth retardation 
(p = <0.01) upto 120 days of age. At 200 days, however,
JP 17 male rats weigh significantly more than the control group 
(p<0.05). This increase in weight of this line of transgenic rats 
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p<0.04, n=6). As the increased weight of the females was modest when 

compared to that of the males, the males were used to investigate this 

phenotype further. This weight gain did not occur in either sex of the JP 59 

line of rats. Mann Whitney U-tests were used to analyze these data.

6.36 Body length, width and composition measurements.

In preliminary experiments to investigate the cause of the increase 

in weight gain of these rats measurements of the body lengths (nose- 

anus) and the width across the pelvic area of anaesthetized rats were 
taken. At 20 weeks of age male JP 17 rats are shorter (figure 6.8) than 

their littermate controls with an increased width across the pelvic area. At 

52 weeks old, the different in nose-anus length is no longer significant but 

the the width of these rats has greatly increased whereas the wild-type rats 

only exhibit a moderate increase in girth. Figure 6.9 depicts a wild-type 

rat and its transgenic littermate showing the obvious increase in width of 
these rats at that age. Rats were dissected to ascertain that an increase in 

abdominal fat was responsible at least for a major proportion of the 
increase in body mass (figure 6.9).

The supra-renal fat pads and testicular fat pads were dissected and 

weighed from male JP 17 and wild-type rats of 77, 140 and 365 days of 

age (6.10). The supra-renal fat pads of the transgenic rats showed an 

incredible increase in weight at both 140 days and 365 days where their 

mean weight was almost five times the sizeof that of the non-transgenic 

animals (figure 6.11a). The testicular fat, however, did not show a 

comparable gain and were only significantly larger than those of the wild- 

type control at 140 days (p<0.05), an effect which was not maintained at 

365 days. This was also true for the weights of the organs of the lyear old 

JP 17 rats (heart, liver, spleen and kidneys) which did not differ from those 

of the control rats.
The pituitary content of rat GH and prolactin was also severely 

affected at 1 yr of age in these transgenic rats (figure 6.11b). The mean 
rGH content of the transgenic pituitaries was 8.4 % that of the control rats,
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Figure 6.8 Body lengths and widths of JP 17 male rats.
The body lengths of the transgenic rats are significantly 
reduced at 20 weeks of age (*** = p<0.001)but not at 52 
weeks of age when compared to that of the wild-type rats. 
The distance across the pelvis of the JP 17 male transgenic 
rats, however, are significantly different from the wild-type at 
both time points (n=6-7 in all groups).
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Figure 6.9 A mature male JP17 transgenic rat and a 
normal littermate. The body weight of the transgenic 
rat is much greater than the wild-type animal due to a 
substantial accumulation of abdominal fat.
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Figure 6.11a The supra-renal fat pads of a year old JP 17 
transgenic rat and Its non-transgenic littermate (NT).
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Figure 6.11b The pituitary rGH and PRL content of year 
old male JP 17 trangenic rats and littermate controls.
Both hormones are significantly reduced in the transgenic 
rats (*** = p<0.001, n=6 in all groups).
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whereas the mean prolactin levels were 41 % of that of the non-transgenic 

controls.

6.37 Fertility of the JP 17 male rats.

The male rats of the JP 17 line are unlike JP 17 females and both 

sexes of the JP 59 line in so much as they are subfertile. With the exception 

of a single litter sired by the founder of this line when he was 6 months old I 

have never managed to breed from these males. Twelve JP 17 and twelve 

wild-type young, adult males were housed, each with two 12 week old 
wild-type females, for consecutive days. The female rats were examined 

every morning for evidence of copulation, either in the form of a vaginal 

plug or sperm in vaginal smears. These females were also kept for a 

sufficient amount of time to allow any litters conceived during this time to be 

born. Of the 24 females housed with transgenic males the only signs of 

copulation was the presence of a vaginal plug in a single female. No litters 

were sired in this time by JP 17 males, whereas 11 of the 12 females 

housed with wild-type males produced litters. Subsequent histological 
analysis of testis from these rats (Dr R.Sharpe-personal communication) 

revealed no obvious abnormalities.

6.38 Other observations of JP 17 male rats.
A difference was observed in the heads of JP 17 males. Specific 

parameters were therefore measured (figure 6.12) and a consistent 

change in the shape of the skulls of the JP 17 males (again not JP 17 

females or either sex of the JP 59 line) was observed. The measurements 

performed at 20 weeks demonstrated that JP 17 male rats have a 

shortening but not a narrowing of the skull. The brain weights at this time 

are also significantly less than the littermate controls (1.715 ± 0.2g for JP 

17 males versus 1.84 ± 0.4g, p<0.03, n=6-7).

The longevity of JP 17 also differs to that of a normal rat. Six male JP 

17 rats and six wild-type rats were housed under constant conditions. At 
the time of writing all six JP 17 rats had died, five at between 10 and 14
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Figure 6.12 Skull measurements of JP 17 and wild type 
rats. The measurements of the width of the skulls of JP 17 
male rats at 20 weeks are not significantly different in than 
non-transgenic males at that age of animals.The distance 
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lambda is significantly less in the transgenic rats(** = p<0.01,
*** = p<Q.QQi). Male JP17 transgenic rats therefore, have shorter 
but not narrower skulls than age-matched wild-type rats 
(n=6-7 in both groups).
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months of age and the sixth at 21 months of age, whereas only a single 

wild-type rat had died (at 13 months). The longevity of neither the JP 17 

females or the JP 59 line of animals has been investigated.

6.39 Summary of aging JP 17 rats.

Both male and female JP 17 rats increase significantly more in body 

mass than normal rats during adulthood with male rats being showing a 

much larger effect. This can be attributed, in male rats at least, to an 

increase in abdominal fat. Male JP 17 rats are also subfertile, have 

reduced rGH and prolactin levels, die younger, have shorter skulls.

Possible connections between the phenotype of these and the 

Tgr rats and the presence of the transgene will be discussed in chapter 7.
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Chapter 7

General Discussion

142



7.1 Generation of JP 17 and JP 59 transgenic rats.

The original aim of this thesis was to engineer a large DNA construct 

in order to target individual reporter genes to the OT and AVP neurones in 

transgenic rats, to be used for subsequent physiological analysis.

7.1.1 Design of the cVO 14 construct.

Due to their close linkage in the rat genome (Ivell et al 1984a), the 

OT and AVP genes, with flanking regions and the intergenic sequence, can 

be isolated within a single cosmid clone. I attempted to use such clones to 

engineer a construct spanning both genes, each containing a different 

reporter gene. It was our intention to generate transgenic rats with the 

expression of one foreign gene targeted to OT cells and the other to AVP 
cells.

There is evidence that the flanking sequences of the rat AVP gene 

may be necessary to direct cell-specific expression of the rat OT gene 

(Gainer eta l 1994). This being the case, the inclusion of the both gene loci 
on the same fragment of DNA may be essential for correct regulation of OT 

gene transcription and offers the possibility for investigating interactions 
between them. Additionally, as the production of transgenic animals is both 

laborious and expensive, the ability to target and analyse two systems 

within one transgenic animal is very appealing.

Appropriate expression of a transgene is dependent on the 

inclusion in the microinjected DNA fragment of regulatory sequences 

required for cell-specific, position independent and regulatable expression. 

Transgenic studies on genes such as those for elastase or crystallin have 

shown that cell-specificity can be directed by relatively small regions, less 

than Ikb of 5' flanking sequence (Swift et al 1984, Goring ef a/1987). 

Other genes, for example the albumin and T cell receptor genes, require 
larger regions of both 5' and 3' flanking sequences for cell-specific 

expression (Pinkert e ta l 1987, Krimpenfort e ta l 1988). In order to obtain 

copy number-dependent expression of a reporter gene in transgenic
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animals, independent of the site of chromosomal integration, the locus 

control region must be included in the microinjected DNA fragment. This 

region has been successfully mapped for a number of genes, the most well 

known of which being the p-globin gene family (Grosveld efa/1987).

These sequences have been shown to be positioned far upstream of the 
coding sequences of this cluster, although such elements may also lie 

downstream.

Studies on the rat AVP locus have indicated that the inclusion of 5kb 

of 5' and 3kb of 3' rAVP sequence is sufficient to confer expression of 

reporter genes to the magnocellular neurones in the PVN and SON in the 

rat (Zeng et al 1994b). The rat OT gene, however, has only been 

successfully expressed in magnocellular OT cells in transgenic mice when 

linked to the third exon and 0.2 kb of 3' flanking sequence of the rAVP 

gene (Belenky et al 1992, Gainer et al 1995). The levels of expression of 

both of these constructs were lower than that of the endogenous gene but 

did increase with appropriate stimulation. In the case of the rAVP 

transgenes, the increased transcription of the reporter gene was far greater 
than that of the endogenous gene and additionally, some sites of ectopic 

expression were detected. This data indicates that these constructs, whilst 

successfully directing transgene expression to magnocellular neurones, do 

not contain the full complement of regulatory sequences constituting the 

locus control regions of these genes. There is, as yet, no data on where 

these elements might lie, therefore we used the largest fragment of DNA 

which we could isolate in order to produce a transgene construct.

We therefore engineered a cosmid construct (cVO 14) containing 
the large flanking regions of the rAVP and rOT genes which we isolated by 

screening a cosmid library. This included 8kb 5' to the rAVP gene, the 

intergenic sequence and 24 kb 5' to the rOT gene. The human GH reporter 

gene was inserted into the 5’ untranslated region of the rAVP gene and the 

structural gene for the bovine OT-NP gene was substituted for the rat OT- 

NP gene sequence (described in chapter 3). These sequences contained
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all the regulatory elements which have been previously described for both 

genes (Young 1992, Gainer et al 1994 and Burbach et ai 1996), with 

additional flanking sequences in order to maximize the chance of cell- 

specific, regulated expression of the transgenes.

During the restriction mapping of the cosmids, we identified a CpG- 
rich island 13kb upstream of the rOT gene. 3kb of this region was 

sequenced by Dr D.FIavell and subsequent database searches revealed 

that parts of this nucleotide sequence were highly homologous to 

expressed sequence tags (Adams e ta l 1991) derived from a number of 

different cDNA libraries including those derived from rat PC-12 adrenal 

chromaffin cells (Lee e ta l 1995), mouse embryo and heart and human 

pancreas. A gene of unknown structure and function is closely linked to the 

rat OT gene. As the cVO 14 construct spanned 24kb upstream of the rOT 

gene, this region of DNA was included in the microinjected construct.

The hGH and bNP reporter genes , as discussed earlier, have been 
used to target hypothalamic neurones in other transgenic animals. We 

considered using lac Z  or CAT reporter genes, however by using functional 
reporter genes we could also use these animals in other experiments. 

Assuming cell-specific expression of the hGH gene was achieved, it was 
our aim to interbreed the resultant transgenic rats with the Brattleboro rat, 

and this is now underway (in collaboration with Dr J Laycock at Charing 

Cross). These rats, which carry a mutation in the AVP gene causing them 

to suffer with diabetes insipidus (Schmale et al 1984), have constantly 

stimulated vasopressinergic neurones (Sokol ef a/1965). It is possible that 

the introduction of this hGH transgene into these animals could generate a 

rat constantly releasing hGH from the posterior pituitary. Depending on the 

subsequent levels of hGH released, the protein product of this transgene 

could perturb the endogenous GH system (Willoughby e ta l 1980) and 

may be useful to compare with Tgr rats in which hGH has been more 

specifically targeted to the GHRH neurones. A sufficiently high level may 

interfere with the negative feedback system acting in the hypothalamus 

regulating endogenous GH levels culminating in a rat which is deficient in
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anterior pituitary GH but is releasing hGH from the posterior pituitary. The 

advantage of a constantly stimulated hGH in the Brattleboro rats is that it 

should be regulatable by the application of the synthetic AVP analogue 
dDAVR (Krukoff et al 1984).

If cell-specific expression of the bovine NR reporter gene was 

obtained, the construct could be used as a substrate for the introduction of 

mutations into the neurophysin moiety. In man, dominant mutations in AVR- 

associated NR which cause diabetes insipidus have been described 

(Repaske et ai 1992): It is suggested that these cause a disruption to the 

precursor processing and transport mechanisms. The use of this transgene 

construct for targeting such a mutation to the AVR system would provide an 

animal model for studies into the structure and processing of these mutated 

precursors, the effects of which on the structure of the neurosecretory 
granules could be investigated. Similarly, the introduction of such 

mutations into neurophysin associated with OT system may produce a rat 

deficient of OT. This would allow further investigations into the 

physiological^of OT in such functions as reproduction and parturition, for 
which an OT-deficient rat model is not available.

7.1.2 Generation of transgenic rats bearing the cVO 14 construct.

As discussed earlier the 44kb fragment of cVO 14 was microinjected 

into fertilized rat oocytes. The outbred Wistar strain of rats, known for their 

vigour and high reproductive performance (Baker efa/1979) was used. 
This strain has been previously used in transgenesis (Hochi ef a /1992). It 

has since been reported that the number of live births resulting from 

microinjected eggs is higher for outbred than inbred strains (Charreau et al 

1996). I also chose this strain of laboratory rat as it had previously been 

used in physiological experiments similar to those I intended to perform on 

the transgenic rats (Bisset et al 1984). This would therefore allow 
comparisons to be made between resultant and previously published data 

(Bisset efa/1990, 1992).
As I have previously stated, rats were used in preference to mice due to
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their larger size being more convenient for physiological manipulations 

which have already yielded a wealth of knowledge about the OT and AVP 

systems in this species. This choice did however, have some 

disadvantages. The penetration into the cytoplasmic and pronuclear 

membranes is more difficult in rat oocytes as opposed to those of mice, 
leading to an increased frequency of lysis of microinjected eggs (Charreau 

et al 1996). It has also been reported from some laboratories (Charreau of 

al 1996) that the frequency of generation of transgenic rats (that is the 

percentage of live- births which are transgenic) is less than that of mice 

(Brinster et al 1985) although a comparable frequency is achieved by other 

researchers (Hochi ef a /1992).

Of 102 live-births I obtained from eggs microinjected with the cVO 14 

construct, only 3 had copies of the transgene integrated into their 

chromosomes. There are a multitude of explanations for this relatively low 

frequency including flaws in techniques I used. Improvements such as 

using an automatic microinjector delivering a constant volume of DNA to 

every egg and foster mothers which had previously littered could possibly 
increase this efficiency.

One of the three transgenic rats generated died at 10 days of age. I 
did not ascertain the cause of this fatality although the microinjected 

construct alone could not be responsible as two transgenic pups survived 

and gave rise to the lines JP 17 and JP 59 which were used in subsequent 

studies.

7.2 Expression of the hGH reporter gene.

7.2.1 Hypothalamic expression.

Immunocytochemistry and in situ hybridization detected hGH protein 

and mRNA in the PVN and SON of both JP 17 and JP 59 male rats, 

although both the staining and hybridization signal was less intense in the 

JP 59 line. This immunoreactivity could also be observed in the axons of
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the neurones, extending into the internal zone of the median eminence 

and terminating in the posterior pituitary. The cVO 14 construct, therefore, 

must contain DNA sequences responsible for targetting hGH into 

magnocellular PVN and SON neurones. Within these neurones, the hGH 

protein is axonally transported to the neural lobe. Immunocytochemistry 

localizing both rat OT and hGH in the same hypothalamic slice revealed an 

abundance of cells containing OT immunoreactivity but not the hGH 

protein. It is likely, therefore, that the hGH protein is being synthesized 

within the vasopressinergic neurones.

To localise the coexpression of AVP and hGH a technique such as 

in situ hybridization histochemistry could be used. As with previous 
studies in which OT and AVP have been localized on a single brain 

section, this would employ a combination of radiolabelled and non

radiolabelled probes (Mohr eta l 1988). Either the antisense for the hGH 

cDNA or the glycopeptide moiety of rat AVP (Lightman at al 1988, Kiyama 

et al 1990) would be radiolabelled with the other probe being conjugated 

to a substrate such as biotin or alkaline phosphatase (Ichimiya eta l 1989). 
In situ hybridization of both probes simultaneously to the same tissue 

section would allow the localization of both hGH and AVP transcripts, one 

being visualized by autoradiography, the other by immunocytochemical 

staining. Although individual staining and In situ hybridization procedures 

were developed, I did not have the time to establish such double-labelling 

procedures. I have therefore not formally established the co-localization of 

the transgene with AVP.

7.2.2 Extrahypothalamic expression of the hGH transgene.

In both JP 17 and JP 59 transgenic rats the sensitive technique of 

RT-PCR detected hGH transcripts in total RNA from whole pituitaries. AVP 

transcripts have previously been detected in the NIL of rat pituitaries 

(Lehman et al 1990). It is unclear as to whether this represents an 

endogenous site of AVP transcription or whether the transcripts are of 

hypothalamic origin (Murphy et al 1993). The hGH mRNA detected could,
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therefore, reflect either of these possibilities. Small amount of the hGH 

protein were detectable by RIA in the anterior pituitaries from the JP 17 line 

of rats. As hGH is not detectable in this tissue by immunocytochemistry it is 

likely that these results are due to contamination of the anterior pituitary 

samples with NIL tissue since this would only require <0.6% of the NIL 

tissue to be included in the anterior pituitary sample. It is possible, 

however, that the anterior pituitary could be expressing hGH at a very low- 

level as has been reported for the endogenous rAVP gene (Terrier et al 

1991).
Human GH transcripts have also been detected in JP 17 male rats in 

the medial amygdaloid nucleus (AME) and the habenula by in situ 

hybridization and in the pancreas and adrenal glands by RT-PCR. With the 

exception of the pancreas, however, I could not detect any hGH protein in 

any of these regions using either immunocytochemistry or RIA. It is 

possible, however, that protein resulting from transgene expression in the 

AME is not detectable because it is being axonally transported to areas of 

the brain innervated by this nucleus (Caffé et al 1987) at concentrations 
below the limits of our detection method. These data probably reflect a very 

low level of expression of this transgene within these tissues, including the 
pancreas, in which hGH protein is detectable^only contain a fraction of 

the content of the NIL.

There are several explanations for the extrahypothalamic 

expression pattern of the hGH transgene in JP 17 transgenic rats. It is 

possible that the cVO 14 construct contains enhancer elements which 

direct the expression of this reporter gene to the tissues described above. 

AVP immunoreactivity has been detected in the AME (Caffé et al 1987), 

adrenal gland (Nussey et al 1984) and pancreas in normal rats 

(Johansson et al 1991). AVP mRNA has also been localised to the AME 

and adrenal gland (Urban et al 1990, Foo et al 1991). It is possible 

therefore that the expression of the hGH reporter gene in these tissues is 

reflecting the endogenous rAVP expression. AVP immunoreactivity has 
also been found in the habenula of normal rats, although it is thought that
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this protein originates in the AME (Caffé et a I 1987) and there is no 

evidence for rAVP expression within this region. This being the case, 

regulatory elements within the microinjected fragment which are directing 

expression to the habenula in JP 17 rats must be repressed in their normal 

context. The lack of detectable hGH mRNA and protein in these tissues in 

the JP 59 line of rats may therefore be due to the transgene expression 

being at lower levels or being suppressed by regulatory elements at the 

site of chromosomal integration in this line.

The extrahypothalamic expression pattern of the hGH transgene in 

JP 17 rats may also be due to position effect. The microinjected DNA may 

have integrated in such way that it is juxtaposed to DNA regulatory regions 

which enhance expression in these extrahypothalamic regions. Of course 

a combination of both the above explanations could be true. The cVO 14 

construct may contain elements for targeting hGH expression to some of 

the tissues discussed, expression which is below the limits of detection or 

suppressed in the JP 59 line of rats, whereas transgene expression in 

other tissues may be due to position effects.
The generation of additional lines of trangenic rats, expressing hGH 

at relatively high levels, would determine which of the above explanations 
is true. If these rats showed expression in any of the areas discussed 

above, it is likely that the cVO 14 construct does indeed contain specific 

enhancer elements for these tissues. Conversely, if a different expression 

pattern was achieved, it is probably that the extrahypothalamic expression 

detected in the JP 17 rats is a result of position effect.

7.2.3 Human GH content of the NIL.

There is a remarkable difference in the hGH content of the NIL of JP 
17 and JP 59 transgenic rats. In JP 17 rats, the hGH content of their NIL far 

exceeds that of JP 59 (approximately 25-fold at 140 days). The in situ 
hybridization experiments also suggest that the expression of the hGH 

transgene in JP 17 rats is considerably higher than in JP 59 rats, although 

a quantitative comparison has yet to be done. Although JP 17 rats bear 5
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copies of the hGH whereas JP 59 rats carry a single copy, these data 

suggest that the expression of the hGH transgene is not just copy-number 

dependent. It is possible therefore, that expression of the hGH reporter 
gene is being affected by factors at the site of chromosomal integration. 

The microinjected DNA must have integrated in such a way that it is either 

juxtaposeàto an enhancer element in JP 17 transgenic rats or a repressor 

element in the JP 59 line. Again, the generation of additional lines of rats, 

bearing the same construct, would determine which is the true explanation.

The NIL from the females in both lines show a lower hGH content at 

77 days than the males, although by 140 days they have similar levels. It 

has been shown that accumulation of AVP in the NIL of male rats is 
independent of body-weight, but age-related (Fitzsimmons e ta l 1994). 

Between 7 and 10 weeks male rats show a rapid increase in the AVP 

content of their neural lobes which then accumulates at a much slower rate 

from this time. It is possible that this rapid accumulation of AVP occurs later 

in female rats or that there is a gradual increase in stores over a longer 

period time than in male rats. The hGH content of the transgenic rats in this 
study could therefore be mimicking that of the endogenous AVP.

The hGH protein made in vasopressinergic cells in these rats will 

also be used in investigations into the control of the splicing of the hGH 

precursor mRNA. Two major variants of hGH are found in human pituitaries 

(Lewis of al 1978). The most abundant form has a molecular weight of 

22kD and constitutes 90-95% of GH in human pituitaries, 5-10% however 
can be attributed to a smaller 20kD protein (Lewis et al 1980). Much of the 

data concerning the function and physical properties of 20kD-hGH, as the 

smaller isoform is termed, is conflicting. It is known that in rats 20kD-hGH 

has growth promoting activity (Lewis et al 1978, Stewart et al 1992), a 

slower metabolic clearance rate than 22kDa hGH (Baumann ef a /1985) 

and stimulates IGF-I production (Spenser et al 1981), however there are 
discrepancies in reports of its diabetogenic and insulin-like activities 

(Kostyo et a /1985, Smal et a /1987).

This 20 kD variant arises through the use of an alternative splice
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acceptor at the 5' end of exon 3 resulting in a protein which lacks residues 

32-46 of the 22kDa hGH (Cooke eta l 1988). The mechanism by which this 

splice variant arises has been clarified in recent years with the delineation 

of nucleotide sequences within hGH pre-mRNA. As well as splice 

consensus sites (Norton et a /1994), other sequences within the pre-mRNA 

have been found to be essential for the use of the alternative splice site 

(Estes eta l 1990,1992). In analysizing the size of the protein product of the 

hGH reporter gene in the transgenic rats generated we can confirm 

whether the sequences required for utilization of the alternative splicing 

site are present or whether other cis- and trans-acting factors are required 

(Mattox et al 1992). Transgenic rats which also produce the 20kD isoform 
of hGH could be analyzed for factors affecting the relative amounts of the 

two proteins as there is evidence that physiological changes may alter the 

ratios of the isoforms (I.C.A.F. Robinson, personal communication).

Homogenates from the pituitary gland of JP 17 transgenic rats were 

examined for the present of the 20 kD isoform by western blotting (Dr A. 

Sesay). All the machinery for alternative splicing of the hGH pre-mRNA 
must therefore be present in these magnocellular cells. The smaller 

isoform was detectable at a much lower abundance than the 22kDa-hGH. 

The recent development in the laboratory of a specific 20kd-hGH ELISA 

assay will allow the relative amounts of 20 and 22 kd-hGH in these rats to 

be accurately determined. This assay will also be used to investigate 

whether physiological perturbations can alter the ratios of hGH isoforms.

7.2.4 Future studies in targeting AVP neurones in transgenic rats.

The cVO 14 construct successfully targeted the magnocellular 

neurones in the PVN and SON of two lines of transgenic rats. Parvocellular 

expression of this construct in the PVN or SCN cannot be detected. It is 

possible that the levels of expression within the parvocellular PVN are too 
low to be detected by our methods. Surgical or pharmacological 

adrenalectomy significantly increases the levels of AVP immunoreactivity 

within this region (Sawchenko 1987, Plotsky et al 1987). The transgenic

152



rats we have generated could be treated similarly in order to upregulate 

the expression of the transgene to a detectable level.

The apparent lack of expression in parvocellular neurones and the 

expression of hGH in JP 17 rats in the habenula is suggestive that the cVO 

14 construct does not include sufficient flanking regions to include all the 
regulatory elements needed for cell-specific expression of the rAVP gene. 

The locus control region of this gene is, at least in part, outside the region 

of flanking DNA including in the microinjected fragment. In order to obtain 

expression in the parvocellular neurones, suppress ectopic expression 

and obtain copy-number dependent expression, independent of the site of 

integration, a larger fragment of DNA is obviously needed. As transgenic 

animals have now been generated with larger fragments (in excess of 100 

kb) of DNA cloned in PI bacteriophage and YAC vectors (Wagner et al 

1996, Fujiwara et ai 1997) or constructed by joining the DNA inserts of two 

cosmid vectors (Strouboulis et ai 1992), it should now be possible to 
produce transgenic rats bearing much more of the flanking regions of 

the rAVP locus. It would be hoped that a larger fragment spanning much 
more sequence, particularly of the AVP gene, would contain all the 

regulatory elements needed to recapitulate the expression pattern and 

levels of the endogenous gene. Mapping the DNase I hypersensitive sites, 

which characterize the locus control regions of a gene, (Grosveld et ai 

1987) of the rAVP gene from primary cultures of the hypothalamus would 

allow further delineation of the regulatory sequences needed for 

appropriate expression.

If adrenalectomy does not reveal any transgene expression within 

the parvocellular neurones, the magnocellular-specific expression of hGH 

in these rats may be useful in several other physiological studies. These 

rats can be used to assess the magnocellular contribution to AVP content 

of the portal blood system and the CSF (Zimmerman et al 1976, Recht etal 

1981, Robinson ef a /1993).
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7.3 Expression of the bNP reporter gene.
As described earlier, the rat OT structural gene was substituted for 

the bovine neurophysin reporter gene in the microinjected cVO 14 

construct. It was hoped this construct would direct cell-specific expression 

of the bNP reporter gene to OT neurones. Unfortunately no protein or 

mRNA from this reporter gene was detectable in either pituitaries, brain or 

peripheral tissue from either line of transgenics rats. It is possible that the 

expression levels of this transgene are below the detection limits of even 

RT-PCR.This being so, it is obvious that this construct does not contain the 

sequences required for appropriate expression of the OT gene. A 

regulatory region in the cVO 14 construct, which would be repressed in its 

normal context, may be suppressing the expression of this transgene. It is 

unlikely that the lack of detectable expression is due to position effect as 
neither line of rats had detectable levels of expression and both lines 

expressed the AVP-hGH marker gene.

It is also possible that, with such a large amount of 5' flanking 

sequence, there has been a perturbation in some aspect of the basal 

transcription of this transgene. During the multiple subclon^events which 

were necessary in the engineering of the cVO 14 construct, it is possible 

that base changes have been introduced in this locus which could have 

affected the transcription of this gene. The proximal promoter of the rat OT 
gene contains a number of regions which are conserved between this

a i
species and cattle (Ivell et al 1984a) and it has been suggest^that these 
sequences are important in the regulation of the transcription of this gene. I 

have sequenced this region and have discovered a single base 

substitution (G to A) in a conserved region between the TATA-box and 

transcriptional start site of the gene. Transcription proceeds with the initial 

binding of a TATA-box binding protein in the proximal promoter region 

(Nikolov ef a /1996). The TFIIB general transcription factor is then proposed 
to bind to both a subunit of the TBP and a region of DNA between the 

TATA-box and transcription initiation site (Malik et al 1993, Nikolov et al 

1996). This complex is recognizable by RNA polymerase II and other

154



general transcription factors which interact^the above to form the 

preinitiation complex required for basal transcription (Boeder 1996). 

The single base substitution in this region which has occurred during the 

construction of cVO 14 may confer a detrimental structural or 

thermodynamic effect on TFIIB binding or the formation of the preinitiation 

complex and therefore affecting the transcription of this gene.

If either explanation is correct, to gain cell-specific expression of a 

reporter gene at this locus, I would generate transgenic animals bearing 

larger amounts of flanking sequences including the AVP locus, without the 

base substitution in the proximal promoter. As discussed with the AVP 

locus, the use of YAC and PI vectors and the joining of 2 cosmid clones 

would facilitate this.

7.4 Physiological regulation of the hGH transgene and 

protein.

7.4.1 Salt-loading JP 17 and JP 59 transgenic rats.
As with other reporter genes targetted to the vasopressinergic 

magnocellular neurones of the PVN and SON, we have used the stimulus 
of salt-loading to detect whether the DNA regulatory regions responsible 

for physiological regulation of the rAVP gene are present within our 

microinjected construct (Zeng et a\ 1994b, Waller e ta l 1996). The 

transgenic rats previously described (Zeng e ta l 1994), bearing transgenes 

which span 5kb upstream and 3 kb downstream of the rAVP, show a 

dramatic increase in transgene transcription after 5 days of salt-loading 

(17-fold and 29-fold in two lines of rats) as opposed to a more modest 

increase in the level of mRNA of the endogenous gene (approximately 2- 

fold). It has been proposed that this transgene construct contains the DNA 

regulatory elements required for the increase in AVP transcription, 
although does not contain the region necessary to regulate this increase 

appropriately.
After 3 days of salt-loading, the levels of expression of the hGH
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transgene in JP 17 and JP 59, measured by quantitative//? situ 

hybridization, had only significantly increased in the JP 17 line of rats. The 

mean value for the JP 59 transgenic rats had increased from the that of the 

control rats, although the difference had not yet reached significance. 

Although we did not measure the increase in AVP mRNA in the same 

tissue sections, it is obvious that the increases seen in the transgene 

mRNA in the transgenic rats we have generated are more modest than in 
the rats discussed above. After 5 days of salt-loading, the levels of AVP 

mRNA in normal rat has been reported to be between approximately 150- 

200% of that of non-treated rats (Lightman et a /1987, Murphy et a /1990). It 

is therefore likely that the physiological regulation of the cVO 14 transgene 

is similar to that of the endogeneous gene, although it is necessary to also 

measure AVP mRNA in the same rats to confirm this. If this were the case, 

the additional sequences, between 5-8kb 5' and 3’ of 3kb downstream of 

the rAVP gene, which are present in the cVO 14 construct, must contain 
control elements regulating the increase in transcription of the rAVP gene 

under osmotic stimulation.
As discussed earlier, hGH content of the NIL of both lines of 

transgenic rats increases with age. This is indicative of a store of this 

protein within the NIL. I have also investigated the effects of 3 days of salt- 

loading on the NIL content of hGH. After this chronic stimulation, both hGH 

and AVP content of the NIL decreases in both lines of salt-loaded 

transgenic rats when compared to non-treated littermate controls, 

signifying release of these proteins from the neural lobe. The percentage 

decrease in both hGH and AVP in the NIL of both rats is comparable, 
indicating that these proteins may be released concomitantly. This is 

confirmed by the antidiuretic bioassay study discussed below.

During this 3-day stimulus the rats which we studied only released 

approximately half of the NIL store of AVP, whereas in other studies when 

the animals have been salt-loaded for 5 and 10 days, the majority of the 

AVP in the posterior pituitary is released (Waller et a!  ̂996). The 

application of this stimulus to the JP 17 and JP 59 transgenic rats for 5
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days instead of 3 could, therefore produce a greater effect on transcription 
and pituitary content.

In conclusion, salt-loading the JP 17 and JP 59 transgenic rats only 

significantly increases hGH mRNA levels in the JP 17 line of rats, by an 

amount expected to be comparable to the increase in expression of the 

endogenous rAVP gene. This is accompanied by a release of both hGH 

and rAVP from the NIL in both lines of transgenic rats.

7.4.2 Antidiuretic bioassay.

Antidiuretic bioassays were performed on JP 17 transgenic rats in 

order to investigate the AVP system of these animals and the release of 

hGH at specific times when a stimulus for AVP release was applied. Water 

loaded JP 17 rats showed an appropriate antidiuretic response when 

either exogenous AVP or a stimulus for release of endogenous AVP was 

applied. This suggests that the AVP system in these animals is intact and 

that the introduction of up to 500ng of the hGH protein into the NIL does not 

caused any perturbations in the stimulated release of this hormone.
The release of hGH during a stimulus which causes AVP release 

(monitored by the antidiuretic response) was also investigated. It would 

have been ideal to measure plasma concentrations of AVP and hGH in the 

same sample. Unfortunately this was not viable as the amount of plasma 
required to measure AVP by specific R.I.A. would constitute a haemorrhage 

stimulus causing further release of this hormone. AVP release was 

therefore monitored by the antidiuretic response observed in these rats 

which has been shown to be due to AVP release under the conditions 

used (Bisset et al 1984, 1990, 1992). In all six rats treated with a 

vasodilatory stimulus, an antidiuretic response was accompanied by a rise 

in plasma hGH concentrations. In five of these animals the plasma 

concentrations decreased during the restoration of urine flow. The protein 

product of the hGH transgene is therefore being released on approximately 

the same timescale as AVP.
This technique could be used to provide further evidence for the
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expression of the hGH transgene in AVP and not OT neurones. If rats were 

prepared by this method and a specific OT stimulus such as 

cholecystokinin was applied (Blackburn et al 1990), no antidiuretic effect 

would be observed. The lack of AVP release with this stimulus should be 

accompanied by a constant concentration of plasma hGH if the expression 
of this transgene is specific to vasopressinergic cells.

If, in the future, cell-specific expression of a reporter gene into the 

OT cells is achieved, this technique would be applicable to the OT system. 

The milk ejection pressure of a lactating rat can be measured by the 

cannulation of teat ducts, as an indication of OT release. After a stimulus for 

OT, therefore, the milk ejection pressure could be monitored, as could the 
plasma concentrations of protein product of the transgene. These 

experiments could only feasibly be performed on transgenic rats, not mice 

and therefore illustrate another advantage in using this species to study 

these systems.

7.4.3 Conclusions on the physiological release of hGH.
The data showing the accumulation of hGH in the NIL with age and 

the release of this protein during the chronic stimulus of 3-days of salt- 
loading suggests that the protein product of the transgene is present within 

neurosecretory granules in the neurohypophysis. This protein must be 
stored within granules in the neural lobe and released by exocytosis when 

the neurones are stimulated to release AVP. The hGH gene introduced into 

JP 17 and JP 59 transgenic rats contains the sequence for a signal peptide 

which usually directs this protein into the endoplasmic reticulum of 

somatotrophs in order to be packaged into secretory granules (Harvey 

1994). It is likely that this sequence is functioning in the same way in the 

vasopressinergic neurones in which it is expressed.

It is unclear, however, as to whether the hGH protein is present in 

the same neurosecretory granule with the protein products of the AVP 

gene or whether a sorting process has occurred within the Golgi of these 

neurones. The localization of the protein products of the AVP gene and
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hGH within the neurosecretory granules in the neurohypophysis of these 

transgenic rats by immunocytochemical electron microscopy is currently in 

progress (Dr D. Theodosis).

7.5 Some consequences of hGH expression in transgenic 

rats.

We have also examined the phenotypic consequences of 
introducing the hGH reporter gene into JP 17, JP 59 and another line of 

transgenic rats where this heterologous gene is targetted to the rat GHRH 

neurones (Tgr rats).

7.5.1 Growth rates of transgenic rats bearing the hGH reporter gene.

We have shown that by targetting the expression of the hGH gene to 

rGHRH neurones that the growth rates of both male and female rats are 

significantly retarded (Flavell et al 1996). This has not only been shown for 

the Tgr line of rats described in this thesis, but also for two other founder 

transgenic rats bearing the same construct which failed to breed and 
therefore were not studied in depth. This is presumably a consequence of 

the hGH protein acting locally on the endogenous GH negative feedback 

system in the hypothalamus, resulting in a reduction in the levels of the 

endogenous rGHRH mRNA (Flavell eta ! 1996) and pituitary rGHRH 

receptor mRNA (Carmignac at al 1996) and an increase in SRIF mRNA 

levels (Pellegrini eta! 1997).

Subtle changes in the amounts of GHRH and SRIF released results 

in episodic patterns of growth hormone secretion. In male rats plasma GH 
is at a maximal level every 3-4 hours followed by periods of very low basal 

plasma concentrations (Tannebaum e ta ! 1976). Female rats have an 

irregular pattern of GH release with an elevated base level of plasma 

concentrations compared to males and with pulses of a lower amplitude at 

variable periodicities somewhat dependent on the day:night cycle (Clark at 

al 1987). The pattern of release of GH is important for its biological activity 
(Clark at al 1986’, Isgaard at al 1988).
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The effects of the hGH transgene are sexually dimorphic in Tgr rats, 

affecting the males more than females. The amplitude of GH pulses is 

reduced in the male Tgr rat as is the total amount of GH secreted whereas 

Tgr females maintain a secretion pattern and level similar to wild-type rats 

(Wells et a /1997). This can be attributed to the sexually dimorphic effect of 

GH feedback, which has a greater effect on decreasing rGRF and 

increasing somatostatin levels in male rats than females (Carlsson of al 

1990, Maiter et a /1990). The effects of the transgene on the levels of these 

neuropeptides is therefore greater in males than females causing a greater 

effect on the pattern of release and resultant growth .

Female JP 17 rats and both sexes of the JP 59 line show no growth 

retardation. Male JP 17 rats, however show a slight juvenile growth 

retardation in respect to both their body weight and length, although to a 
much lesser extent than Tgr males. As the hGH protein synthesized in the 

magnocellular neurones of the PVN and SON of these rats is released 

peripherally, it is possible that this causes the reduced growth observed in 

these rats by way of the negative feedback pathway effecting the GHRH 
and SRIF levels. This explanation is unlikely as the hGH released from the 

posterior pituitary is a fraction of that released from the anterior pituitary. It 

is^more likely that local hypothalamic release of the hGH protein in these 

rats is interacting with the endogenous GH feedback system. Preliminary 

studies have shown that the amplitude of the pulses of rGH secretion in the 

JP 17 male may well be affected (K.Fairhall, personal communication). 

This being the case, these rats must either express the transgene in the 

same nucleus as the Tgr rats but at a lower level (undetectable by our 

means) or express hGH in a region (such as the PVN and SON) that only 

effects the GH feedback mechanism at relatively high concentrations. If 

either were true it is likely that the JP 59 line of transgenic rats does not 

express hGH at a high enough level to effect the GH axis. As with the Tgr 
rats, the effects of this transgene on the growth of the JP 17 line of 

transgenic rats is sexually dimorphic. JP 17 female rats exhibit normal 

growth either due to the sex differences in GH feedback discussed above,
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a sexually dimorphic pattern of either hGH release or expression within the 

hypothalamus.

The pituitary content of rat GH of the Tgr and JP 17 transgenic rats is 

reduced in both sexes. Surprisingly, both lines show comparable 

reductions in rGH levels although the growth of the Tgr rat is more severely 
affected and the JP 17 females exhibit normal growth. This may be due to 

the specific targeting of the hGH transgene to the rGHRH neurones in the 

Tgr rats. The hGH reporter gene in these rats is inserted into the rGHRH 

gene, therefore a stimulus to increase transcription of the rGHRH gene will 

also result in a concomitant increase in the transgene expression. The 

resultant rise in hGH would therefore cause a subsequent reduction in 

rGHRH levels. Although the rGH content of the Tgr rat is reduced, it has 

been shown that these animals can mount an appropriate response to GH 

secretagogues (Wells efa/1997) and grow appropriately. The stimulation 

of rGH release, not the pituitary rGH content, is the cause of dwarfism in 

these rats. The immediate release of hGH during a rGHRH stimulus in Tgr 

rats may disrupt GH secretory patterns more efficiently than the hGH 
protein in JP 17 rats, which is unlikely to be increased under the same 

stimuli and may not be released in such an effective region of the 
hypothalamus.

7.5.2 Organ weights of transgenic rats.

Tgr and JP 17 males show alterations in the weights of specific body 

organs. The spleen and kidneys are smaller in both Tgr and JP 17 rats and 

in the JP 17 line the livers also show a significant decrease in size. It has 

been shown that administration of recombinant GH produces an increase 

in kidney and liver weight whereas administration of recombinant IGF-1 

also increase splenic weight (Clark et al 1995). It seems likely therefore 

that reduction in the size of these organs is due to decreases in both GH 
and IGF-1 levels in these transgenic animals, although the levels of IGF-1 

which are reduced in the tgr rat (Wells ef a /1997) have yet to be measured 

in the JP 17 rats. This being the case, it is puzzling as to why the liver
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weights of the Tgr rats appear normal. The organ weights for the tgr rats 

were expressed as g/1 OOg body weight. The growth of the liver, however, 

is not in direct proportion to body weight (Perkkio et al 1985). It is possible, 

therefore, that the livers of the Tgr rats are smaller than normal animals of a 

comparable weight but have the same relative size to body weight as age- 
matched non-transgenic animals.

7.5.3 Prolactin content of transgenic pituitaries.

The prolactin levels of both sexes of Tgr and JP 17 male, but not 

female, rats was also found to be reduced. As hGH has lactogenic 

properties and can bind , to the rat PRL receptor (Roupas at al 1989) 

these resulfemay reflect a local feedback inhibition on the PRL system. A 

similar reduction in prolactin has been previously reported for transgenic 

mice expressing hGH reporter genes (Steger at a /1991, Chandrashekar at 

al 1991). It has also been shown that this is accompanied by a rise in 

detectable numbers of tuberoinfundibular dopamine (TIDA) neurones 

(Phelps at al 1995) which has shown to'^lso be true forTgr rats (Phelps at 
al 1997). In order to confirm that the reduction in prolactin levels in the JP 

17 male rats is due to an interaction with the feedback system for this 
hormone it is also necessary to investigate the effects of this transgene on 

the TIDA neurones. The apparent normal level of prolactin in the JP 17 

female rats may be due to a sexually dimorphic hGH expression within the 

hypothalamus of the JP 17 line of transgenic rats.

7.5.4 Late-onset obesity of JP 17 rats.

As described in chapter 6, JP 17 transgenic rats exhibit late-onset 

obesity caused by a dramatic increase in abdominal fat during adulthood. 

This phenotype is sexually dimorphic as JP 17 females gain weight to a 

much lesser extent than JP 17 male rats.
It is not possible from the present analysis of these rats to determine 

the cause of this obesity. It is obvious, however, that this phenotype is 

genetical as it is inherited with the transgene and exhibited by every
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member of the JP 17 line of transgenic rats. There are two likely causes of 

this phenotype; either an endogenous gene locus has been disrupted at 

the chromosomal site of integration of the cVO 14 transgene in the JP 17 

rats or the obesity is a result of the expression of this transgene construct.

The integration of a microinjected fragment of DNA has been shown 

to be the cause of some unexpected phenotypes in transgenic animals 

through the disruption of endogenous gene loci (Karls et al 1992). As the 

obese phenotype of JP 17 rats is a dominant effect, for this to be the cause, 

the integration of the transgene must have resulted either in the synthesis 

of an aberrant protein, the inappropriate expression of a gene or the 

deletion of a dosage-dependent gene locus or loci resulting in this 

pathology. There are some obvious candidate single gene loci which may 

have been disrupted during the integration of the microinjected fragment in 

the JP 17 founder rat. These loci have been identified by the analysis of 

obese rodent models which bear mutations within single genes resulting in 
this pathology. The ob/ob and db/db mice and the Zucker rat have been 

shown to carry mutations within the gene for the leptin protein (ob/ob) or 
the leptin receptor (db/db and Zucker) resulting in a disruption in the 

control of the leptin hormone on food intake and metabolism (Zhang et ai 

1994, Tartaglia ef a/1995, lida et al  ̂996, Takaya ef a /1996). It is unlikely 

that part of the leptin system has been disrupted in JP 17 rats as these 

recessive rodent models all exhibit early obesity, rapidly gaining weight 

after they are born, whereas JP 17 rats do not gain excessive amounts of 
weight until well into adulthood.

Other candidate genes which may have been disrupted during 

transgene integration in the JP 17 founder rat include those for which 

mutations or targetted deletions have given rise to the mice obesity models 

fat (fat), tubby (tub), agouti lethal yellow and Nhih2-/-I (Coleman ef a /1990, 

Miller et al 1993, Good ef al 1997). These models all exhibit late onset 

obesity and some degree of sexual dimorphism. In JP 17 rats, however, the 

weight again comes at a much later age (even allowing for the difference in 

species) and the sexual dimorphism is much more discernable.The pattern
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of weight gain in these obese mice models is also not restricted to the 

abdomen as in JP 17 rats. It is therefore likely that if the integration of the 

foreign DNA in JP 17 rats has disrupted a gene, it is a novel locus, not 

described in these rodent models. It is planned, as a future study, that the 

site of transgene integration in these rats is to be cloned and investigated 
for disruptions in endogenous genes.

An alternative explanation for the obesity of JP 17 transgenic rats is 

that this phenotype is a consequence of expression of the transgene. As 

discussed previously, hGH has previously been expressed widely in a 

number of tissue-types in transgenic rodents. There are no reports of a 

similar obese phenotype in these animals. There is the possibilty however, 
that JP 17 rats could be expressing this transgene in a cell-type previously 

not targetted resulting in this phenotype. If this expression is directed by the 

cVO 14 construct it must be at an insufficient level or silenced in JP 59 rats 

which do not show this trait. It is also possible that a position effect causes 

hGH to be expressed in JP 17 in a cell-specific way directed by regulatory 

elements at the site of chromosomal integration and resulting in this 
phenotype.

As described earlier, a CpG island exists within the microinjected 

fragment of DNA used to make JP 17 rats. It is conceivable that additional 

copies of a gene of unknown function have been introduced into these rats. 

An additional 5 copies of this gene (which are present in JP 17) may have 

an adverse effect, being responsible for this phenotype, whereas an 
additional single copy (as in JP 59) is not sufficient to cause this effect.

Whatever the cause of this phenotype in the JP 17 line of trangenic 

rats, these animals present an interesting new physiological and 

pharmacological model for studying late-onset, sexually dimorphic, truncal 

obesity. Further investigations into this pathology are currently in progress. 

In particular, it will be interesting to determine the insulin, triglyceride and 
cholesterol levels in these rats and measure their glucose tolerance. These 

parameters are all affected in the human disease termed syndrome-X 

(Heaven et al 1988) for which late-onset, of abdominally distributed fat,
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affecting males much more severely than females are mimicked in the JP 

17 rat (Gray et al 1997).

7.5.5 Fertility and skull size of the JP 17 male transgenic rats.

The males of the JP 17 line of transgenic rats are subfertile, 
although their testis anatomy is normal, suggesting unaffected levels of 

gonadotrophins. Infertility is a common problem in transgenic animals (Yun 

efa/1987, Bartke et al 1988, Flavell ef al 1996). Indeed, other male 

transgenic animals expressing hGH have been reported to, as found in JP 

17 rats, have a reduced frequency in the impregnation of females (Bartke 

et al 1992). Alterations in skull growth also seen in JP 17 male rats have, 
again, been reported for transgenic animals expressing heterologous GH 

reporter genes (Shea et al 1990). The females have not been 

investigated.

As JP 59 rats show neither infertility or a change in skull size these 

phenotyes are either caused by inappropriate or a relatively high level of 

expression of the hGH reporter gene not exhibited by JP 59 rats or an 
affect of disrupting a gene locus at the site of chromosomal integration for 

the transgene in JP 17 rats. These phenotypes could indeed be part of the 
same syndrome as the obesity phenotype of these animals discussed 

above.

7.6 Final Conclusion
The data presented in this thesis strongly suggests that the cVO 14 

construct is capable of successfully targetting the expression of reporter 

genes to the magnocellular AVP neurones. Unfortunately this construct 

failed to target detectable expression of reporter genes to either the OT 

system or the parvocellular AVP system.

The regulated release of the hGH and the production of a line of 

transgenic rats displaying late-onset obesity presents oportunities for using 

the animals described in further physiological studies.

165



References

Adams MD Kelley, J.M., Gocayne, J.D., Dubrick, M., Polymeropoulos, M.H., Xiao, H., Merril, 

C.R., Wu, A., Olde, B., Moreno, R.F. 1991 Complementary DNA sequencing expressed 

sequence tags and human genome project. Science 252: 1651-1656.

Adan RAH Cox, J.J., van Kats, J.P., Burbach, J.P.H. 1992 Thyroid hormone regulates the 

oxytocin gene. Journal of Biological Chemistry 267: 3771-3777.

Al-Shawi R Kinnaird, J., Burke, J., Bishop, J.O. 1990 Expression of a foreign gene in a line 

of trangenic mice is modulated by a chromosomal position effect. Molecular and Cellular 

Biology 10: 1192-1198.

Amico JA Crowley, R.J., Insel, T.R., Thomas, A., O'Keefe, J.A. 1995 Effects of gonadal 

steroids upon hypothalamic oxytocin expression. Advances in Experimental Medicine and 

Biology 395: 23-35.

Ang H-L Ungefroren,H., De Bree,F., Foo,N.C., Carter,D., Burbach,J.P., lvell,R., Murphy,D., 

1991 Testicular oxytocin gene expression in seminiferous tubules of cattle and transgenic 

mice. Endocrinology 128: 2110-2117.

Ang H-L Carter,D., Murphy,D. 1993 Neuron-specific expression and physiological 

regulation of bovine vasopressin transgenes in transgenic mice. The European Molecular 

Biology Organisation Journal 12: 2397-2409.

Ang H-L Ivell, R., Walther, N., Nicholson, H., Ungefroren, H., Millar, M., Carter, D., Murphy, D. 

1994 Over-expression of oxytocin in the testes of a transgenic mouse model. Journal of 

Endocrinology 140: 53-62.

Argiolas A Collu, M., Gessa, G.L., Melis, M.R., Serra, G. 1988 The oxytocin antagonist 

d(CH2)5Tyr(Me)-Orn8-vasotocin inhibits male copulatory behaviour in rats. European 

Journal of Pharmacology 149: 389-392.

Armstrong W E Scholar, J., McNeill,T.H. 1982 Immunocytochemical, Golgi and Electron 

Microscopic Characterization of Putative Dendrites in the Ventral Glial Lamina of the Rat 

Supraoptic Nucleus. Neuroscience 7: 679-694.

166



Aronow BJ Ebert, C.A., Valerius, M.T., Potter, S.S., WIginton, D.A., Witte, D.P., Hutton, J.J. 

1995 Dissecting a locus control region: Facilitation of enhancer function by extended 

enhancer-flanking sequeces. Molecular and Cellular Biology 15: 1123-1135.

Asa SL Kovacs, K., Stefaneanu, L , Hon/ath, E., Billestrup, N., Gonzalez-Manchon, 0 ., Vale, 

W. 1992 Pituitary adenomas in mice transgenic for growth hormone-releasing hormone. 

Endocrinology 131: 2083-2089.

Baertschi AJ Friedli, M. 1985 A novel type of vasopressin receptor on anterior pituitary 

corticotrophs. Endocrinology 116: 499-502.

Bahnsen U Costing, P., Swaab, D. F., Nahke, P., Richter, D., Schmale, H. 1992 A 

missense mutation in the vasopressin-neurophysin precursor gene cosegregates with 

human autosomal dominant neurohypophyseal diabetes-insipidus. The European  

Molecular Biology Organisation Journal 11: 19-23.

Baker HJ Lindsey, J.R., Weisbroth, M. 1979 The laboratory rat. In: The laboratory rat. New  

York Academic press. 1: 164.

Baker AR Hollingshead, P.G., Pitts-Meek, S., Hansen, S., Taylor, R., Stewart, T.A. 1992 

Osteoblast-specific expression of growth hormone stimulates bone growth in transgenic 

mice. Molecular and Cellular Biology 12: 5541-5547.

Banerjee SA Roffler-Tarlov, S., Szabo, M., Frohman, L., Chikaraishi, D.M, 1994 DNA  

regulatory sequences of the rat tyrosine hydroxylase gene direct correct catecholaminergic 

cell-type specificity of a human growth hormone reporter in the CNS of transgenic mice 

causing a dwarf phenotype. Molecular Brain Research 24: 89-106.

Banerji J Olson, L., Schaffner, W. 1983 A lymphocyte-specific cellular enhancer is located 

downstream of the joining region in immunoglobulin heavy chain genes. Cell 33: 729-740.

Bard P 1968 The hypothalamus. In: Medical Physiology, Twelfth edition, Vernon B. 

Mountcastle (eds): 1839-1858.

Barinaga M Yamonoto, G., Rivier, G., Vale, W ., Evans, R., Rosenfeld, M .G. 1987  

Transcriptional regulation of growth hormone gene expression by growth hormone-

167



releasing factor. Nature 306: 84-5.

Bartke A Steger, R.W., Hodges, S .L , Parkening, T.A., Collins, T.J., Yun, J.S., Wagner, T.E. 

1988 Infertility in transgenic female mice and human growth hormone expression: 

evidence for luteal failure. Journal of Experimental Zoology 248: 121-124.

Bartke A Naar, E.M., Johnson, L , May, M.R., Cecim, ~M., Yun, J.S., Wagner, T.E . 1992 

Effects of expression of human or bovine growth hormone genes on sperm production and 

male reproductive performance in four lines of transgenic mice. Journals of Reproduction 

and Fertility 95: 109-118.

Bartke A Cecim, M., Tang, K., Steger, R.W., Chandrashekar, V., Turyn, D. 1995  

Neuroendocrine and reproductive consequences of overexpression of growth hormone in 

transgenic mice. Proceedings of the Society for Experimental Biology and Medicine 206: 

3 45-359 .

Bateman Jr RC Youngblood, W .W ., Busby Jr, W .H., Kizer, J.S. 1985 Nonenzymatic 

Peptide OC-Amidation. The Journal of Biological Chemistry 260: 9088-9091.

Bauerfeind R Huttner, W.B. 1993 Biogenesis of constitutive secretory vesicles, secretory 

granules and synaptic vesicles. Current Opinions in Cell Biology 5: 628-635.

Baumann G Stolar, M.W., Buchanan, T.A. 1985 Slow metabolic clearance rate of the 

20,000-Dalton variant of human growth hormone: Implications for biological activity. 

Endocrinology 117: 1309-1313.

Bealer SL Johnson, Alan Kim. 1980 Preoptic-hypothalamic periventricular lesions alter 

food-associated drinking and circadian rhythms. Journal of Comparative and Physiological 

Psychology 94: 547-555.

Behringer RR Lewin, T.L., Quaife, C.J., Palmiter, R.D., Brinster, R.L., D'ercole, A.J. 1990  

Expression of insulin-like growth factor-1 stimulates normal somatic growth in growth 

hormone-deficient transgenic mice. Endocrinology 127: 1033-1040.

Belenky M Castel, M., Young III, W .S., Gainer, H., Cohen, S. 1992 Ultrastructural 

immunolocalization of rat oxytocin-neurophysin in transgenic mice expressing the rat 

oxytocin gene. Brain Research 583: 279-286.

168



Bennet PA Levy, A., Sophokleous, S., Robinson, I.C .A .F., Lightman, S.L. 1995  

Hypothalamic GH receptor gene expression in the rat: effects of altered GH status. Journal 

Endocrinology 147: 225-234.

Berelowitz M Firestone, S.L., Frohman, L.A. 1981 Effects of growth hormone excess and 

deficiency on hypothalamic somatostatin content and release and on tissue somatostatin 

distribution. Endocrinology 109: 714-719.

Berger AJ 1979 Distribution of carotid nerve sinus afferent fibres to solitary tract nuclei of 

the cat using transganglionic transport of horse radish peroxidase. Neuroscience Letters 

14: 153-158.

Bijvoet AGA Krood, M. A., Pieper, F. R., de Boer, H. A., Reuser, A. J. J., van der Ploeg, A. 

T., Verbeet, M. P. 1996 Expression of cDNA-encoded human acid a-glucosidase in milk of 

transgenic mice. Biochimica et Biophysica Acta 130: 93-96.

Bilezikjian LM Perrin, M.H., Lolait, S.J., Brownstein, M.J., Vale, W .W . 1995 The functional 

interactions of the pituitary AVP and CRF receptors transiently expressed in C 0S -M 6  cells. 

77th annual meeting of the endocrine society P I -576.

Birnbaumer M Seibold, A., Gilbert, S., Ishido, M., Barberis, C., Antaramian, A., Brabet, P., 

Rosenthal, W. 1992 Molecular cloning of the receptor for human antidiuretic hormone. 

Nature 357: 333-335.

Birnboim HO Doly, J. 1979 A rapid alkaline extraction procedure for screening recombinant 

plasmid DNA. Nucleic Acid Research 7: 1513-1523.

Bisset GW. 1962 Effect of tyrosinase preparation on oxytocin, vasopressin and bradykinin. 

British Journal of Pharmacology 18: 405-420.

Bisset G W  Chowdrey, H.S. 1984 A cholinergic link in the reflex release of vasopressin by 

hypotension in the rat. Journal of Physiology 354: 523-545.

Bisset GW  Chowdrey,H.S, 1988 Control of release of vasopressin by neuroendocrine 

reflexes. Quarterly Journal of Experimental physiology 73: 811-872.

1 6 9



Bisset GW  Chowdrey, H.S., Fairhall, K.M., Gunn, LK . 1990 Central inhibition by gamma- 

aminobutyric acid and muscimol of the release of vasopressin and oxytocin by an osmotic 

stimulus in the rat. British Journal of Pharmacology 99: 529-535.

Bisset GW Fairhall, K.M., Tsuij, K. 1992 The effect of neosurugatoxin on the release of 

neurohypophysial hormones by nicotine, hypotension and an osmotic stimulus in the rat. 

British Journal of Pharmacology 106: 685-692.

Bisset GW  Fairhall, K.M. 1996 Release of vasopressin and oxytocin by excitatory amino 

acid agonists and the effect of antagonists on release by muscarine and hypertonic saline, 

in the rat in vivo. British Journal of Pharmacology 117: 309-314.

Bjorklund S Kim, Y-J. 1996 Mediator of transcriptional regulation. Trends in Biochemical 

Science 21: 335-337.

Blackburn RE Leng, G. 1990 Ablation of the region anterior and ventral to the third 

ventricle (AV3V region) in the rat does not abolish the release of OT in response to systemic 

cholecystokinin. Brain Research 508: 156-160.

Bond M Vadasz, G., Somlyo, A. V., Somlyo, A. P. 1987 Subcellular calcium and 

magnesium mobolization in rat liver stimulated in vivo with vasopressin and glucagon. The 

Journal of Biological Chemistry 262: 15630-15636.

Bonifer 0  Vidal, M., Grosveld, F., Sippel, A.E. 1990 Tissue-specific and position 

independent expression of the complete gene domain for chicken lysozyme in transgenic 

mice. The European Molecular Biology Organisation Journal 9: 2843-2848.

Bonifer 0  Hecht, A., Saueressig, H., Winter, H., Winter, D.M., Sippel, A.E. 1991 Dynamic 

Chromatin: The regulatory domain organization of eukaryotic gene loci. Journal of Cellular 

Biochemistry 47: 99-108.

Borrelli E Heyman, R.A., Arias, C., Sawchenko, P.E., Evans, R.M. 1989 Transgenic mice 

with inducible dwarfism. Nature 339: 538-541.

Borrelli E 1994 Pitfalls during development: controlling differentiation of the pituitary 

gland. Trends in Genetics 10: 222-224.

170



Borsook D Konradi, C., Falkowski, O., Comb, M., Hyman, S.E. 1994 Molecular 

mechanisms of stress-induced proenkephalin gene regulation: CREB interacts with the 

proenkephalin gene in the mouse hypothalamus and is phosphorylated in response to 

hyperosmolar stress. Molecular Endocrinology 8: 240-248.

Bourne JA 1984 Handbook of Immunoperoxidase Staining Methods, DAKO corporation, 

Santa Barbara, USA.

Bourque GW Renaud, L.P. 1984 Activity patterns and osmosensitivity of rat supraoptic 

neurones in perfused hypothalamic explants. Journal of Physiology 349: 631-642.

Bradbury AF Finnie, M.D.A., Smyth, D.G. 1982 Mechanism of C-terminal Amide Formation 

by Pituitary Enzymes. Nature 298: 686-688.

Bradbury AF Smyth, D.G. 1991 Peptide Amidation. Trends in Biochemistry 16: 112-115.

Brakch N Boussetta.H., Rholam, M., Cohen, P. 1989 Processing Endoproteases 

Recognizes a Structural Feature at the Cleavage Site of Peptide Prohormones. The 

Journal of Biological Chemistry. 264: 15912-15916.

Bray GA York, D.A. 1979 Hypothalamic and genetic obesity in experimental animals: an 

autonomic and endocrine hypothesis. Physiological Reviews 59: 719-809.

Brazeau P Vale, W., Burgus, R., Ling, L., Butcher, M., Rivier, J., Guillemin, R. 1973 

Hypothalamic polypeptide that inhibits the secretion of immunoreactive pituitary growth 

hormone. Science 179: 77-79.

Brem G Wanke, R., Wolf, E., Buchmuller, T., Muller, M., Brenig, B., Hermanns, W. 1989 

Multiple Consequences of Human Growth Hormone Expression in Transgenic Mice. 

Molecular and Biological Medicine 6: 531-547.

Brennan Jr LA Malvin, R.L., Jochim, K.E., Roberts, D.E. 1971 Influence of Right and Left 

Atrial Receptors on Plasma Concentrations of ADH and Renin. American Journal of 

Physiology 221: 273-278.

Breslow E 1993 Structure and Folding Properties of Neurophysin and its Peptide 

Complexes: Biological Implications. Regulatory Peptides 45: 15-19.

171



Brinster RL Chen, H.Y., Trumbauer, M. 1981 Somatic expression of herpes thymidine 

kinase in mice foliowing injection of a fusion gene into eggs. Cell 27: 223-231.

Brinster RL Chen, H.Y., Warren, R., Sarthy, A., Palmiter, R.D. 1982 Regulation of 

metallothionein-thymidine kinase fusion plasmids injected into mouse eggs. Nature 296: 

39-42 .

Brinster RL Chen, H.Y., Trumbauer, M.E., Yagle, M., Palmiter, R.D. 1985 Factors affecting 

the efficiency of introducing foreign DNA into mice by microinjecting eggs. Proceedings of 

the Nationai Academy for Science. U.S.A 82: 4438-4442.

Brown D 1989 Membrane recycling and epithelial cell function. American Journai of 

Physiology 256: F1-F12.

Brown P McNeily, J.R., Wallace, R.M., McNeilly, A.S., Clark, A.J. 1993 Characterization of 

the ovine LH beta-subunit gene: the promoter directs gonadotrope-specific expression in 

transgenic mice. Moiecular and Celluiar Endocrinology 93: 157-165.

Brownstein MJ Russell, J.T., Gainer, H. 1980 Synthesis, transport, and release of posterior 

pituitary hormones. Science 207: 373-378.

Bucchini D Ripoche, M.-A., Stinnakre, M.-G., P.Desbois., Lores, P., Monthioux, E., Absil, J., 

Lepesant, J.-A., Pictet, R., Jami, J. 1986 Pancreatic expression of the human insulin gene 

in transgenic mice. Proceedings of the National Academy of Science USA 83: 2511-2515.

Buijs RM 1987 Vasopressin localization and putative functions in the brain. In : 

Vasopressin priniciples and properties ; D.M. Gash and G.J. Boer (eds). 91-115.

Burbach PH Liu, B., Voorhuis, I .  A. M., Van Toi, H. H. M. 1988 Diurnal variation on 

vasopressin and oxytocin messenger RNAs in hypothalamic nuciei of the rat. Moiecular 

Brain Research. 4: 157-160..

Burbach P Adan.R, van Tol,H, Verbeeck,M, Axeison,J, van Leeuwen.F, Beekman,J, Ab,G 

1990 Regulation of the rat oxytocin gene by estradioi. Journai of Neuroendocrinology 2: 

633-639 .

172



Burbach JPH Adan, R.A.H., De bree, F. M. 1992 Regulation of oxytocin gene-expression 

and forms of oxytocin in the brain. Annals Of The New York Academy Of Sciences 652: 1 - 

13.

Burbach JPH Adan, R.M. 1993 The rat oxytocin gene: physiological changes in 

expression in the hypothalamus- neurohypophysial system and responsiveness of 

promoter activity. Annals of the New York Acadeny of Science 689: 34-49.

Burbach JPH de Silva, S.L., Cox, J.J., Adan, R.A.H., Cooneys, A.J., Tsai, M.J., Tsai, S.Y., 

1994 Repression of estrogen-dependent stimulation of the oxytocin gene by chicken 

ovalbumin upstream promoter transcription factor I. Journal of biological chemistry 269: 

15046 -15053 .

Burbach JPH van Schaick, H.S.A., de Bree, P.M., Lopes da Silva, S., Adan, R.A.H. 1996 

Functional Domains in the Oxytocin Gene for Regulation of Expression and Biosynthesis of 

Gene Products. Advances in Experimental Medicine and Biology 395: 9-22.

Burnard DM Pittman, Q.J., Veale, W.L. 1984 Brattleboro rats display increased sensitivity 

to arginine vasopressin-induced motor disturbances. Brain Research 342: 316-322.

Burnatowska-Hledin MA Spielman, W .S. 1987 Vasopressin increases cytosolic free 

calcium in LLC-PK1 cells through a VI-receptor. American Journal of Physiology 253: 

F328-F332.

Burton FH Hasel, K.W., Bloom, F.E., Sutcliffe, J.G. 1991 Pituitary hyperplasia and 

gigantism in mice caused by a cholera toxin transgene. Nature 350: 74-76.

Butlen D Guillon, G., Rajerison, R.M., Jard, 8 . 1978 Structural requirements for activation 

of vasopressin-sensitive adenylate cyclase, hormone binding, and antidiuretic actions: 

Effects of highly potent analogues and competitive inhibitors. Molecular Pharmacology 14: 

1006-1017 .

Caffe AR van Leeuwen, F.W., Luiten, P.G.M. 1987 Vasopressin cells in the medial 

amygdala of the rat project to the lateral septum and ventral hippocampus. The Journal of 

Comparative Neurology. 261: 237-252.

Carlsson LMS Clark, R.G., Robinson, I.C.A.F. 1990 Sex difference in growth hormone

173



feedback in the rat. Journal of Endocrinology 126: 27-35.

Carmignac DF Flavell, P.A., Robinson, I.C.A.F. 1996 Pituitary growth hormone-releasing 

factor receptor expression in normal and dwarf rats. Neuroendocrinology 64: 177-185.

Carter DA Murphy,D. 1989 Cyclic nucleotide dynamics in the rat hypothalamus during 

osmotic: in vivo and in vitro studies. Brain Research 487: 350-356.

Carter DA Murphy, D. 1989 Diurnal rhythm of vasopressin mRNA species in the rat 

suprachiasmatic nucleus: independence of neuroendocrine modulation and maintenance 

in explant culture. Molecular Brain Research 6: 233-239.

Carter D Murphy,D, 1989a Independent regulation of neuropeptide mRNA level and 

poly(A) tail length. Journal of Biological Chemistry 264: 6601-6603.

Carter DA Murphy, D. 1990b Regulation of c-fos and c-jun expression in the rat supraoptic 

nucleus. Cellular and Molecular Neurobiology 10: 435-445.

Carter D Murphy,D, 1991 Rapid change in poly(A) tail length of VP and OT mRNAs form a 

common early component of neurohypophyseal peptide gene activation following 

physiological stimulation. Neuroendocrinology 53: 1-6.

Carter DA Murphy, D. 1992 Nuclear mechanisms mediate rhythmic changes in vasopressin 

messenger-RNA expression in the rat suprachiasmatic nucleus. Molecular Brain Research 

12: 315-321.

Carter DA Murphy,D., 1993 Regulation of vasopressin (VP) gene expression in the bed 

nucleus of the stria terminalis: Gonadal steroid-dependent changes in VP mRNA  

accumulation are associated with alterations in mRNA poly (A) tail length but are 

independent of the rate of VP gene transcription. Journal of Neuroendocrinology 5: 509- 

515 .

Cecim M Fadden, C., Kerr, J., Steger, R.W., Bartke, A. 1995 Infertility in transgenic mice 

overexpressing the bovine growth hormone gene: disruption of the neuroendocrine 

control of prolactin secretion during pregnancy. Biology of Reproduction 52: 1187-1192.

Chandrashekar V Bartke, A., Wagner, T.E. 1991 Interactions of human growth hormone

174



and prolactin on pituitary and Leydig cell function in adult transgenic mice expressing the 

human growth hormone gene. Biology of Reproduction 44: 135-140.

Charlton HM Clark, R.G., Robinson, I.C.A.F., Porter Goff, A.E., Cox, B.S., Bugnon, C., 

Bloch, B.A. 1988 Growth hormone-deficient dwarfism in the rat: a new mutation. Journal of 

Endocrinology 119: 51-58.

Charreau B Tesson, L., Souilillou, J-P., Pourcel, C., Anegon, I. 1996 Transgenesis in rats: 

technical aspects and models. Transgenic Research 5: 223-234.

Chase LR Aubach, G.D. 1968 Renal adenyl cyclase : Anatomically separate sites for 

parathyroid hormone and vasopressin . Science 159: 545-547.

Chaudhry MA Dyball, R.E.J., Honda, K., Wright, N.C. 1989 The role of interconnection 

between supraoptic nucleus and anterior third ventricular region in osmoregulation in the 

rat. Journal of Physiology 410: 123-135.

Chen W Y Wight, D.C., Wagner, T.E., Kopchick, J.J. 1990 Expression of a mutated bovine 

growth hormone gene suppresses growth of transgenic mice. Proceedings of the National 

Academy of Science. USA 87: 5061-5065.

Chen L Rose, J.P., Breslow, E., Yang, D., Chang, W-R., Furley, W .F., Sax, M., Wang, B-C. 

1991 Crystal Structure of a Bovine Neurophysin II dipeptide Complex at 2.8Â Determined 

from the Single-Wavelength Anomalous Scattering Signal of an Incorporated Iodine Atom. 

Proceedings of the National Academy of Science USA. 88: 4240-4244.

Chomczynski P Sacchi, N. 1987 Single-step method of RNA isolation by acid guanidinium 

thiocyanate-phenol-chloroform extraction. Analytical Biochemistry 162: 156-9.

Chooi K-F Carter, D.A., Murphy, D. 1995 Ectopic vasopressin expression in MMTV-v-Ha- 

ras transgenic mice delays the onset of mammary tumorigenesis. European Journal of 

Cancer 32: 122-127.

Chung JH Whiteley, M., Felsenfeld, G. 1993 A 5' element of the chicken B-globin domain 

serves as an insulator in human erythroid cells and protects against position effect in 

drosophila. Cell 74: 505-514.

175



Clamagirand C Creminon, C., Fahy, C., Boussetta, H., Cohen, P. 1987 Partial Purification 

and Functional Properties of an Endoprotease from Bovine Neurosecretory Granules 

Cleaving Proocytocin/Neurophysin Peptides at the Basic Amino Acid Doublet. 

Biochemistry 26: 6018-6023.

Clark RG Chambers, G., Lewin, J., Robinson, I.C .A.F 1986 Automated repetitive 

microsampling of blood: growth hormone profiles in conscious male rats. Journal of 

Endocrinology 111: 27-35.

Clark RG Carlsson, L.M.S., Robinson, I.C.A.F. 1987 Growth hormone secretory profiles in 

conscious female rats. Journal of Endocrinology 114: 399-407.

Clark RG Mortensen, D.L., Carlsson, L.M.S. 1995 Insulin-like growth factor-1 and growth 

hormone (GH) have distinct and overlapping anabolic effects in GH-deficient rats. 

Endocrine 3: 297-304.

Clarke BJ M. Rocha e Silva Jr, M. 1967 An afferent pathway for the selective release of 

vasopressin in response to carotid acclusion and haemorrhage in the cat. Journal of 

Physiology 191: 529-542.

Clarke IJ 1992 What can we learn from sampling hypophysial portal blood? In: Functional 

anatomy of the neuroendocrine hypothalamus, Ciba foundation symposium). 168: 87- 

103.

Coleman DL Eicher, E.M. 1990 Fat (fat) and tubby (tub): Two autosomal recessive 

mutations causing obesity syndromes in the mouse. Journal of Hereditary 81: 424-427.

Coletta PL Cartwright, E.J., Markham, A.F. 1995 Transgenic models and cancer treatment. 

Cancer Treatment Reviews. 21: 565-576.

Cooke NE Ray, J., Watson, M.A., Estes, P.A., Kuo, B.A., Liebhaber, S.A. 1988 Human 

growth hormone gene and the highly homologous growth hormone variant gene display 

different splicing patterns. Journal of Clinical Investigation 82: 270-275.

Costantini F Lacy, E. 1981 Introduction of a rabbit 3-globin gene into the mouse germ line. 

Nature 294: 92-94.

176



Cottle MK 1964 Degeneration studies of primary afferents of IXth and Xth cranial nerves in 

the cat. Journal of Comparative 122: 329-345.

Crowley RS Insel, T .R ., O'Keefe, J.A., Kim, N.B., Amico, J.A. 1995 Increased 

accumulation of oxytocin messenger ribonucleic acid in the hypothalamus of the female rat: 

Induction by long term esradiol and progesterone withdrawal. Endocrinology 136: 224- 

231 .

de Gennaro Colonna V Cattaneo, E., Cocchi, D., Müller, E.E., Maggi, A. 1988 Growth 

hormone regulation of growth hormone-releasing hormone gene expression. Peptides 9: 

985-988 .

de Wied D 1993 Central nervous system effects of neurohypophyseal hormones and 

related peptides. Frontiers in Neuroscience 14: 251-302.

Decker CJ Parker, R. 1994 Mechanisms of mRNA degradation in eukaryotes. Trends in 

Biological Sciences 19: 336-340.

Deen PMT Verdijk, M.A., Knoers, N.V.A.M., Wieringa, B., Monnens, L.A.H., van Os, C.H., 

van Cost, B.A. 1994 Requirement of human renal water channel Aquaporin-2 for 

vasopressin-dependent concentration of urine. Science 264: 92-95.

Desbuquois B Aurbach, G.D. 1971 Use of polyethylene glycol to separate free and 

antibody-bound peptide hormones in radioimmunoassays. Journal of Clinical 

Endocrinology 33; 732-738.

Dicker SE 1953 A method for assay of very smali amounts of antidiuretic activity with a note 

on the antidiuretic titre of rats' blood. Journal of Physiology 122: 149-157.

Dillon N Grosveld, F. 1993 Gene transcription - a practical approach. IRL Press at Oxford 

University Press. B.D. Names and S.J. Higgins (eds): 153-187.

Dunn FL Brennan, T.J., Nelson, A.E., Robertson, G .L  1973 The role of blood osmolality 

and volume in regulating vasopressin secretion in the rat. Journal of Clinical Investigation 

52: 3212-3219.

Dyball REJ Leng, G. 1986 Regulation of the milk ejection reflex in the rat. Journal of

177



Physiology 380: 239-256.

Eades-Perner A-M van der Putten, H., Hirth, A., Thompson, J., Neumaier, M., von Kleist, S., 

Zimmerman, W. 1994 Mice transgenic for the human carcinoembryonic antigen maintain its 

spatiotemporal expression pattern. Cancer Research. 54: 4169-4176.

Estes PA Cooke, N.E., Liebhaber, S.A. 1990 A difference in the splicing patterns of the 

closely related normal and variant human growth hormone gene transcripts is determined by 

a minimal sequence divergence between two potential splice-acceptor sites. Journal of 

Biological Chemistry 265: 19863-19870.

Estes PA Cooke, N.E., Liebhaber, S.A. 1992 A native RNA secondary structure controls 

alternative splice-site selection and generates two human growth hormone isoforms. 

Journal of Biological Chemistry 267: 14902-14908.

Everitt BJ Hokfelt, I .  1986 Neuroendocrine anatomy of the hypothalamus. In: 

Neuroendocrinology. Editors S.L.Lightman and B.J.Everitt. 5-31.

Fairhall KM Carmignac, D.F., Robinson, I.C.A.F. 1992 Growth hormone (GH) binding 

protein and GH interactions in vivo in the guinea pig. Endocrinology 131: 1963-1969.

Findlay ALR 1966 Sensory discharges from lactating mammary glands. Nature 211: 

1183-1184 .

Fitzsimmons MD Roberts, M.M., Robinson, A.G. 1994 Control of the posterior pituitary 

vasopressin content: Implications for the regulation of the vasopressin gene. 

Endocrinology 134: 1874-1878.

Flavell DM Wells, T., Wells, S.E., Carmignac, D.F., Thomas, G.B., Robinson, I.C.A.F. 1996 

Dominant dwarfism in transgenic rats by targeting human growth hormone (GH) expression 

to hypothalamic GH-releasing factor neurons. The European Molecular Biology 

Organisation Journal 15: 3871-3879.

Foo NC Carter,D, Murphy,D, Ivell,R, 1991 Vasopressin and oxytocin gene expression in 

the rat testis. Endocrinology 128: 2118-2128.

Foo NC Funkhouse,J.M., Carter,D., Murphy,D., 1994 A testis specific promoter in the rat

178



vasopressin gene. Journal of Biological Chemistry 269; 659-667.

Forrester WO Epner, E., Driscoll, M .C., Enver, T., Brice, M., Papayannopoulou, T., 

Groudine, M. 1990 A deletion of the human B-globin locus activation region causes a major 

alteration in chromatin structure and replication across the entire B-globin locus. Genes and 

Development 4: 1637-1649.

Forsling ML Judah, J.M., Windle, R.J. 1994 The effect of vasopressin and oxytocin on 

glomerular filtration rate in the conscious rat: contribution to the natriuretic response. 

Journal Endocrinology 141: 59-67.

Fraser P Hurst, J., Collis, P., Grosveld, F. 1990 DNase I hypersensitive sites 1,2 and 3 of 

the human B-globin dominant control region direct position-independent expression. 

Nucleic Acid Research 18: 3503-3508.

Fricker LD Das, B., Angeletti, R.H. 1990 Identification of the pH-Dependent Membrane 

Anchor of Carboxypeptidase E. The Journal of Biological Chemistry. 265: 2476-2482.

Fuijwara Y Miwa, M., Takahashi, R., Hirabayashi, M., Suzuki, T., Ueda, M. 1997 Position- 

independent and high-level expression of huam alph-lactalbumin in the milk of transgenic 

rats carrying a 210-kb VAC DNA construct. Molecular Reproduction and development. 47: 

157-163 .

Fuller PJ Clements, J. A., Tregear, G. W., Nikolaidis, I., Whitfield, P. L. Funder, J. W . 1985 

Vasopressin-neurophysin II gene expression in the ovary: studies in Sprague-Dawley, 

Long-Evans and Brattleboro rats. Journal of Endocrinology 105: 317-321.

Gainer H Same, Y. 1977 Neurophysin Biosynthesis: Conversion of a Putative Precursor 

During Axonal Transport. Science 195: 1354-1356.

Gainer H Wray, S. 1994 Cellular and molecular biology of oxytocin and vasopressin. In: 

The Physiology of Reproduction,E. Knobil and J.D. Neill (eds): 1099-1129.

Gainer H Jeong, S-W., Witt, D.M., Chin, H. 1995 Strategies for cell biological studies in 

oxytocinergic neurones. Advances in Experimental Medicine and Biology 395: 1-8.

Gale CC McCann, S.M. 1961 Hypothalamic control of pituitary gonadotrophins: impairment

179



in gestation, parturition and milk-ejection following hypothalamic lesions. Journal of 

Endocrinology 22: 107-117.

Geenen V Legros, J-J., Franchimont, P., Baudrihaye, M., Defresne, M-P., Boniver, J. 1986 

The neuroendocrine thymus; Coexistence of oxytocin and neurophysin in the human 

thymus. Science 232: 508-511.

Giguere V Ong, E.S., Segui, P., Evans, R.M. 1987 Identification of a receptor for the 

morphogen retinoic acid. Nature 330: 624-629.

Gillette MU Reppert, S. M. 1987 The hypothalamic suprachiasmatic nuclei: circadian 

patterns of vasopressin secretion and neuronal activity in vitro. Brain Research Bulletin 19: 

135-139 .

Gillies GE Lowry, P. 1979 Corticotrophin releasing factor may be modulated vasopressin. 

Nature 278: 463-464.

Gillies GE m Linton, E.A., Lowry, P.J. 1982 Corticotrophin releasing activity of the new 

CRF is potientiated several times by vasopressin. Nature 299: 355-357.

Gillies SD Morrison, S.L., Oi, V.T., Tonegawa, S. 1983 A tissue-specific transcription 

enhancer element is located in the major intron of a rearranged immunoglobulin heavy chain 

gene. Cell 33: 717-728.

Ginsburg M Heller, H. 1953 Antidiuretic activity in blood obtained from various parts of the 

cardiovascular system. Journal of Endocrinology 9: 274-282.

Giraldi FP Mizobuchi, M., Horowitz, Z.D., Downs, T.R., Aleppo, G., Kier, A., Wagner, T., Yun, 

J.S., Kopchick, J.J., Frohman, L.A. 1994 Development of neuroepithelial tumors of the 

adrenal medulla in transgenic mice expressing a mouse hypothalamic growth hormone- 

releasing hormone promoter-simian virus-40 T-antigen fusion gene. Endocrinology 134: 

1219-1224 .

Godfrey P Rahal, J.O., Beamer, W .G., Copeland, N.G., Jenkins, N.A., Mayo, K.E. 1993 

GHRH receptor of little mice contains a missense mutation in the extracellular domain that 

disrupts receptor function. Nature Genetics 4: 227-231.

180



Gonzlea-Luque A L'age, M., Dharimal, P.S., Yates, F.E. 1970 Stimulation of corticotrophin 

release by corticotrophin-releasing factor (CRF) or by vasopressin following intrapituitary 

infusions in unanaesthetized dogs: Inhibition of the responses by dexam ethasone. 

Endocrinology 86: 1134-1142.

Good DJ Porter, F.D., Mahon, K.A., Parlow, A.F., Weatphal, H., Kirsch, I.R. 1997 

Hypogonadism and obesity in mice with a targeted deletion of the Nhlh2 gene. Nature 

Genetics 15: 397-401.

Gopalakrishnan V Xu, Y., Sulakhe, P.V., Triggle, C.R., McNeill, J.R. 1991 Vasopressin (V I)  

receptor characteristics in rat aortic smooth muscle cells. American Journal of Physiology 

261: H1927-H1936.

Gordon-Weeks R 1987 University of London, Doctor of Philosophy thesis.

Goring DR Rossant, J., Clapoff, S., Breitman, M.L., Tsui, L.-C. 1987 In situ detection of B- 

galactosidase in lenses of transgenic mice with a gamma-crystallin/lac Z gene. Science 

276: 456-458.

Grant SG Jessee, J., Bloom, F.R., Hanahan, D. 1990 Differential plasmid rescue from 

transgenic mouse DNAs into Escherichia coli methylation-restriction mutants. Proceedings 

of the National Academy of Science 87: 4645-4649.

Grant FD Reventes, J., Gordon, J.W., Kawabata, S., Miller, M., Majzoub, J.A. 1993a

Expression of the rat arginine vasopressin gene in transgenic mice. Molecular

Endocrinology 7: 659-667.

Grant FD Reventes, J., Gordon, J.W., Kawabata, S., Miller, M., Majzoub, J.A. 1993b

Tissue-specific expression and osmotic regulation of a rat vasopressin gene in transgenic

mice. Annals of the New York Academy of Sciences 689: 530-533.

Gray RP Yudkin, J.S. 1997 Cardiovascular disease in diabetes mellitus. In : Textbook of 

diabetes, J. Pickup and G. Williams (eds): 2: 57.1-57.22.

Grosveld F van Assendelft,G.B., Greaves, D.R., Kollias, G. 1987 Position-independent, 

high-level expression of human B-globin gene in transgenic mice. Cell 51: 975-985.

181



Guillemin R Brazeau, P., Bohlen, P., Esch, P., Ling, N., Wehrenberg, W.B. 1982 Growth 

hormone-releasing factor from a human pancreatic tumor that caused agromegaly. Science 

218: 585-587.

Habener JF CwikeI.B.J, Hermann,H, Ham m er,R.E, Palmiter,R.D, Brinster.R.L, 1989  

Metallothionein-vasopressin fusion gene expression in transgenic mice. The Journal of 

Biological chemistry 264: 18844-18852.

Hammer RE Pursel, V.G., Rexroad, C.E., Wall, R.J., Bolt, D.J., Ebert, K.M., Palmiter, R.D., 

Brinster, R.L. 1985 Production of transgenic rabbits, sheep and pigs by microinjection. 

Nature 315: 680-683.

Hanahan D 1983 Studies on transformation of Escherichia coli with plasmids. Journal of 

Molecular Biology 166: 557-569.

Hanahan D 1985 Heritable formation of pancreatic beta-cell tumors in transgenic mice 

expressing recombinant insulin/simian virus 40 oncogenes. Nature 315: 115-122.

Hara Y Battey J., Gainer H. 1990 Structure of the mouse vasopressin and oxytocin genes. 

Mol. Brain Res. 8: 319-324.

Harbers K Jahner, D., Jaenisch, R. 1981 Microinjection of cloned retroviral genomes into 

mouse zygotes: integration and expression in the animal. Nature 293: 540-542.

Harris HW  Strange, K., Zeidel, M.L. 1991 Current understanding of the cellular biology and 

molecular structure of the antidiuretic hormone-stimulated water transport pathway. Journal 

of Clinical Investigations 88: 1-8.

Harvey S 1995 Growth Hormone-Secreting Cells. In Growth Hormone: S. Harvey, C.G. 

Soanes, W .H. Daughaday, (eds) : Chapter 3: 39-54.

Harvey S 1995 Growth hormone release. In Growth Hormone: S. Harvey, C.G. Soanes, 

W .H. Daughaday, (eds): Chapters 7 and 8: 97-130.

Herman JP Wiegand, S.J., Watson, S.J. 1990 Regulation of basal corticotrophin-releasing 

hormone and argininge vasopressin messenger ribonucleic acid expression in the 

paraventricular nucleus: Effects of selective hypothalamic deafferentations. Endocrinology

182



127: 2408-2417.

Hermes MLHJ Kalsbeek, A., Kirsch.R., Buijs, R.M., Pevet.P., 1993 Induction of arousal in 

hibernating european hamsters (Cricetus cricetus L.) by vasopressin infusion in the lateral 

septum. Brain research 631: 313-316

Higgs DR Wood, W .G., Jarman, A.P., Sharpe, J., Lida, J., Pretorius, l.-M., Ayyub, H. 1990 

A major positive regulatory region located far upstream of the human a-globin gene locus. 

Genes and Development 4: 1588-1601.

Ho M -Y Carter, D.A., Ang, H-L., Murphy, D. 1995 Bovine oxytocin transgenes in mice. 

Journal of Biological Chemistry. 270: 27199-27205.

Hochi SI Ninomiya, T., WagaHomma, M., Sagara, J., Yuki, A. 1992 Secretion of bovine 

alpha-lactalbumin into the milk of transgenic rats. Molecular Reproduction and Development 

33: 160-164.

Hogan B Constantini, P., Lacy, E. 1986 Manipulating the mouse embryo. Cold Spring 

Harbor Laboratory Press, Cold Spring Harbor, N.Y.

Hollingshead PG Martin, L., Pitts, S.L., Stewart, T.A. 1989 A dominant phenocopy of 

hypopituitarism in transgenic mice resulting from central nervous system synthesis of 

human growth hormone. Endocrinology 125: 1556-1564.

Honda K Negoro, H., Dyball, R.E.J., Higuchi, T., Takano, S. 1990 The osmoreceptor 

complex in the rat: evidence for interactions between the supraoptic and other diencephalic 

nuclei. Journal of physiology 431: 225-241.

Hook VYH Loh, Y.P. 1984 Carboxypeptidase B-like converting enzyme activity in 

secretory granules of rat pituitary. Proceedings of the National Academy of Science USA 

81: 2776-2780.

Hoorneman EMD Buijs, R.M. 1982 Vasopressin fiber pathways in the rat brain following 

suprechiasmatic nucleus lesioning. Brain Research 243: 235-241.

Horn AM Robinson, I.C.A.F., Fink, G. 1985 Oxytocin and vasopressin in rat hypophysial 

portal blood: experimental studies in normal and Brattleboro rats. Journal of Endocrinology

183



104: 211-224.

Howl J Ismail, T., Strain, A. J., Kirk, C. J., Anderson, D., Wheatley, M. 1991 Characterization 

of the human liver vasopressin receptor. Biochemical Journal 276: 189-195.

Howl J W heatley, M. 1993 Hepatic vasopressin receptors (VPRs) exhibit species 

heterogeneity-absence of VPRs in sheep liver. Comparative Biochemical Physiology 

1050: 247-250.

Huang H-B B res low, E. 1992 Identification of the Unstable Neurophysin Disulphide and 

Localization to the Hormone-binding Site. The Journal of Biological Chemistry 267: 6750- 

6755 .

Huber MC Bosch, F.X., Sippel, A.E., Bonifer, C. 1994 Chromosomal position effect in 

chicken lysozyme gene transgenic mice are correlated with supression of DNase I 

hypersensitive site formation. Nucleic Acid Research 22: 4195-4201.

Hue L van Schaftingen, E., Blackmore, P. F. 1981 Stimulation of glycolysis and

accumulation of a stimulator of phosphofructokinase in hepatocytes incubated with 

vasopressin. Biochemical Journal 194: 1023-1026.

Ichimiya Y Emson, P.C., Christodoulou, C., Gait, M.J., Ruth, J.L. 1989 Simultaneous 

visualization of vasopressin and oxytocin mRNA-containing neurons in the hypothalalmus 

using non-radioactive in situ hybridization histochemistry. Journal of Neuroendocrinology 

1: 73-75.

I Ida M Murakami, T., Ishida, K., Mizuno, A., Kuwajima, M., Shima, K. 1996 Substitution at 

codon 269 (glutamine-proline) of the leptin receptor (OF-R) cDNA is the only mutation 

found in the Zucker Fatty (fa/fa) rat. Biochemical and Biophysical Research Communications 

224: 597-604.

Ikeda H Suzuki, J., Sasano, N., Niizuma, H. 1988 The development and morphogenesis of 

the human pituitary gland. Anatomy and Embryology 178: 327-336.

Imagawa m Chiu, R., Karin, M. 1987 Transcription factor AP-2 mediates induction by two 

different signal-transduction pathways: protein kinase C and cAMP. Cell 51: 251-260..

184



Ingram CD Adams, T.S.T., Jiang, Q.B., Terenzi, M.G., Lambert, R.C., Wakerley, J.B., Moos, 

F. 1995 Limbic regions mediating central actions of oxytocin on milk-ejection reflex in the 

rat. Journal of Neuroendocrinology 7: 1-13.

Isgaard J Carlsson, L., Isaksson, O.G., Jansson, J.O. 1988 Pulsatile intravenous growth 

hormone (GH) infusion to hypophysectomized rats increas insulin-like growth factor I 

messenger ribonucleic acid in skeletal tissue more effectively than continuous infusion. 

Endocrinology 123: 2605-2610.

Ito M Mori, Y., Oiso, Y., Saito, H. 1991 A single base substitution in the coding region for 

neurophysin-ii associated with familial central diabetes-insipidus. Journal of Clinical 

Investigation 87: 725-728.

Ivell R Richter, D. 1984a Structure and Comparison of the Oxytocin and Vasopressin 

Genes from Rat. Proceedings of the National Academy of Science, USA. 81: 2006-2010.

Ivell R Richter,D, 1984b The gene for the hypothalamic peptide hormone oxytocin is 

highly expressed in the bovinecorpus luteum: biosynthesis, structure and sequence  

analysis. The European Molecular Biology Organsisation journal 3: 2351-2354.

Ivell R Furuya, K., Brackmann, B., Dawood, Y., Khan-Dawood F. 1990 Expression of the 

oxytocin and vasopressin genes in human and baboon gonadal tissues. Endocrinology 

127: 2990-6.

Jard S Gaillard,R.C., Guillon, G., et al 1986 Vasopressin antagonists allow demonstration of 

a novel type of vasopressin receptor in the rat adenohypophysis. Molecular pharmacology 

30: 171-177.

Jat PS Noble, M.D., Ataliotis, P., Tanaka, Y., Yannoutsos, N., Larsen, L., Kiousis, D. 1991 

Direct derivation of conditionally immortal cell lines from an H-2Kb-tsA58 transgenic mouse. 

Proceedings of the National Academy of Science. USA 88: 5096-5100.

Jessop DS Murphy, D., Larsen, P.J. 1995 Thymic vasopressin (AVP) transgene  

expression in rats: a model for the study of thymic hyper-expression in T  cell differentiation. 

Journal of Neuroimmunology 62: 85-90.

Johansson D Hilliges, M., Olsson, A., Ostenson, C-G ., Morris, M., Efendic, S. 1991

185



Oxytocin in pancreatic islets-lmmunohistochemical localization in normal and non-insulin- 

dependent diabetic rats. Acta Physiologica Scandinavica 141: 143-144.

Jones BK Monks, B.R., Liebhaber, S.A., Cooke, N.E. 1995 The human growth hormone 

gene is regulated by multicomponent locus control region. Molecular and Cellular Biology 

15: 7010-7021.

Jordan D Spyer, K.M. 1977 Studies on the terminations of sinus nerve afferents. Pflügers 

Archives 269: 65-73.

Jordan D Spyers, K.M. 1978 The distribution and excitability of myelinated aortic nerve 

afferent terminals. Neuroscience Letters 8: 89-93.

Kappagoda CT Linden, R.J., Pash ley, M. 1980 Increased sensitivity of ADH bio-assay in 

rats by changes in diet. Journal of Physiology 299: 425-435.

Karls U Muller, U., Gilbert, D.J., Copeland, N.G., Jenkins, N.A., Harbers, K. 1992 Structure, 

expression and chromosomal location of the gene for the beta subunit of brain-specific 

Ca2+/calmodulin-dependent protein kinase II identified by transgene integration in an 

embryonic lethal mouse mutant. Molecular and Cellular Biology 12: 3644-3652.

Kasson BG Meidan, R., Hsueh, A.J.W. 1985 Identification and characteriztion of the 

arginine vasopressin-like substance in the rat testis. Journal of Biological Chemistry 260: 

530 2-53 07 .

Kasting NW  1989 Criteria for establishing a physiological role for brain peptides. A case in 

point: the role of vasopressin in thermoregulation during fever ans antipyresis. Brain 

Research Reviews 14: 143-153.

Kim C-M Koike, K., Saito, I., Miyamura, T., Jay, G. 1991 HBx hene of hepatitis B virus 

induces liver cancer in transgenic mice. Nature 351: 317-320.

Kimura T  Tanizawa, O., Mori, K., Brownstein, M.J., Okayama, H. 1992 Structure and 

expression of a human oxytocin receptor. Nature 356: 526-529.

Kiyama H Emson, P.C. 1990 Evidence for the co-expression of Oxytocin and Vasopressin 

Messenger Ribonucleic Acids in Magnocellular Neurosecretory Cells: Simultaneous

186



Demonstration of Two Neurohypophysin Messenger Ribonucleic Acids by Hybridization 

Histochemistry. Journal of Neuroendocrinology 2: 257-259.

Knepel W  Nutto, D., Hertting, G. 1980 Evidence for the involvement of a GABA-mediated 

inhibition in the hypovolemia-induced vasopressin release. Pflüger Archiv 388: 177-183.

Kornberg RD 1996 RNA polymerase II: transcription control. Trends in Biochemical 

Science 21: 325-326.

Kostyo JL Cameron, C.M., Olson, K.C., Jones, A.J.S., Pai, R-C. 1985 Biosynthetic 20- 

kilodalton methionyl-human growth hormone has diabetogenic and insulin-like activities. 

Proceedings of the National Academy of Science. USA 82: 4250-4253.

Kozak M 1985 Point mutations define a sequence flanking the AUG initiator codon that 

modulates translation by eukaryotic ribosomes. Cell 44: 283-292.

Kreye VAW  Gross, F. 1977 Drugs acting on arteriolar smooth muscle. Handbook of 

Experimental Pharmacology. F.Gross (ed) 39: 397-457.

Krimpenfort P de Jong, R., Uematsu, Y., Dembic, Z., Ryser, S., von Boehmer, H., 

Steinmetz, M., Berns, A. 1988 Transcription of T cell receptor B-chain genes is controlled 

by a downstream regulatory element. The European Molecular Biology Organisation 

Journal 7: 745-750.

Krishnamani MRS Phillips III, J.A., Copeland, K.C. 1993 Detection of a novel arginine 

vasopressin defect by dideoxy fingerprinting. Journal of Clinical Endocrinology and 

Metabolism 77: 596-598.

Krukoff TL Calaresu, F.R. 1984 Exogenous vasopressin reverses hyperactivity in the 

hypothalamus of brattleboro rats. The America Journal of Physiology 16: R932-935.

Kumada M Sagawa, K. 1970 Aortic Nerve Activity During Blood Volume Changes. 

American Journal of Physiology 218: 961-965.

Lacy E Roberts, S., Evans, E.P., Burtenshaw, M.D., Costantini, F.D. 1983 A foreign (3- 

globin gene in transgenic mice: Integration at abnormal chromosomal positions and 

expression in inappropriate tissues. Cell 34: 343-358.

187



Land H Schütz,G, Schmale,H, Richter,D, 1982 Nucleotide sequence of cloned cDNA  

encoding bovine arginine vasopressin-neurophysin II precursor. Nature 295: 299-303.

Land H Grz,M, Ruppert,S, Schmale,H, Rehbein,M, Richter,D< Schutz,G, 1983 Deduced 

amino acid sequence from the bovine oxytocin-neurophysin precursor cDNA. Nature 302: 

342-344 .

Laycock JF Penn, W., Shirley, D.G., Walter, S.J. 1979 The role of vasopressin in blood 

pressure regulation immediately following acute haemorrhage in the rat. Journal of 

Physiology 296: 267-275.

Lee s Hahn, S. 1995 Model for binding of transcription factor TFIIB  to the TBP-DNA  

complex. Nature 376: 609-612.

Lefebvre DL Giaid,A, Zingg,H.H, 1992a Expression of the oxytocin gene in the rat 

placenta. Endocrinology 130: 1185-1192.

Lefebvre DL Giaid,A, Bennett,H, Lariviere.R, Zingg.H.H, 1992b Oxytocin gene  

expression in the rat uterus. Science 256: 1553-1555.

Lehmann E Hanze,J, Pauschinger,M, Ganten,D, Lang,R.E 1990 Vasopressin mRNA in 

the neurolobe of the rat pituitary. Neuroscience Letters 111: 170-175.

Leng G 1980 Rat supraoptic neurones: The effects of locally applied hypertonic saline. 

Journal of Physiology 304: 405-414.

Leng G Blackburn, R.E., Dyball, R.E.J., Russell, J.A. 1989 Role of Anterior peri-third 

ventricular structures in the regulation of supraoptic neuronal activity and neurohypopysial 

hormone secretion in the rat. Journal of Neuroendocrinology 1: 35-46.

Lerner AB 1981 Intermediate lobe of the pituitary gland:introduction and background. 

Ciba Foundation Symposium 81: Peptides of the pars intermedia. 81: 3-12.

Levy A Matovelle, M.C., Lightman, S.L., Young III, W.S. 1992 The effects of pituitary stalk 

transection, hypophysectomy and thyroid hormone status on insulin-like growth factor 2-, 

growth hormone releasing hormone-, and somatostatin mRNA prevalence in rat brain. Brain

188



Research 579: 1-7.

Lewis UJ Dunn, J.T., Boneward, L.F., Seavey, B.K., Vanderiaan, W .P. 1978 A naturally 

occurring structural variant of human growth hormone. Journal of Biological Chemistry 253: 

2679-2687 .

Lewis UJ Singh, R.N.P., TIitwiler, G.F., Siegel, M.B., Vanderiaan, E.F., Vanderiaan, W.P. 

1980 Human growth hormone: A complex of proteins. Recent progress in hormonal 

research 36: 477-508.

Li S Crenshaw III, E.B., Rawson, E.J., Simmons, D.M., Swanson, L.W., Rosenfeld, M.G. 

1990 Dwarf locus mutants lacking three pituitary cell types result from mutations in the 

POU-domain gene pit-1. Nature 347: 528-533.

Lightman SL Everitt, B.J. 1986 Water excretion. In: Neuroendocrinology. S.L.Lightman 

and B.J.Everitt. (eds): 197-206.

Lightman SL Young III, W .S. 1987 Vasopressin, oxytocin, dynorphin, enkephalin and 

corticotrophin-releasing factor mRNA stimulation in the rat. Journal of Physiology 394: 23- 

39.

Lightman SL Young III, W.S. 1988 Corticotrophin-releasing factor, vasopressin and pro

opiomelanocortin mRNA responses to stress and opiates in the rat. Journal of Physiology 

403: 511-523.

Lincoln DW Hill, A., Wakerley, J.B. 1973a The milk-ejection reflex of the rat: an intermittent 

function not abolished by surgical levels of anaesthesia. Journal of Endocrinology 57: 

557-558 .

Lincoln DW 1973b Milk ejection during alcohol anaesthesia in the rat. Nature 243: 45-47.

Lincoln DW Wakerley, J.B. 1974 Electrophysiological evidence for activation of supraoptic 

neurones during the release of oxytocin. Journal of Physiology 242: 533-554.

Lincoln DW Paisley, A. C. 1982 Neuroendocrine control of milk ejection. Journals of 

Reproduction and Fertility 65: 571-586.

189



Lipkin SM Nelson,C.A, Glass,C.K, Rosenfeld,M.G 1992 A negative retinoic acid response 

element in the rat oxytocin promoter restricts transcriptional stimulation by heterologous 

transactivation domains. Proceedings of the National Academy of Science. USA 89; 1209- 

1213.

Lira SA Crenshaw III, E.B/. Glass, O.K., Swanson, L.W ., Rosenfeld, M .G. 1988  

Identification of rat growth hormone genomic sequences targetting pituitary expression in 

trangenic mice. Proceedings of the National Academy of Science. USA 85; 4755-4759.

Loewy DA Wallach, J.H., McKellar, S. 1981 Efferent connections of the ventral medulla 

oblongata in the rat. Brain Research Reviews 3; 63-80.

Lolait SJ O'Carroll, A-M., McBride, O.W ., konig, M., Morel, A., Brownstein, M.J. 1992 

Cloning and characterization of vasopressin V2 receptor and possible link to nephrogenic 

diabetes insipidus. Nature 357; 336-340.

Luckman SM Antonijevic, I., Leng, G., Dye, S., Douglas, A.J., Russell, J.A., Bicknell, R.J, 

1993 The maintenance of normal parturition in the rat requires neurophysial oxytocin. 

Journal of Neuroendocrinology 5; 7-12.

M aiter DM Gabriel, S .M ., Koenig, J.I., Russell, W .E ., Martin, J.B. 1990 Sexual 

differentiation of growth hormone feedback effects on hypothalamic growth hormone- 

releasing hormone and somatostatin. Neuroendocrinology 51 ; 174-180.

M akara GB Stark, E., Karteszi, M., Palkovits, M., Rappay, G.Y. 1981 Effects of 

paraventricular lesions on stimulated ACTH release and CRF in stalk-median eminence of 

the rat. American Journal of Physiology 240; E441-E446.

Malik S Lee, D.K., Roeder, R.G. 1993 Potential RNA polymerase ll-induced interactions of 

transcription factor TFIIB. Molecular and Cellular Biology 13; 6253-6529.

Mangiapane ML Thrasher, T.N., Keil, L.C., Simpson, J.B., Gariong, W .F. 1983 Deficits in 

drinking and vasopressin secretion after lesions of the nucleus m edianus. 

Neuroendocrinology 37; 73-77.

Mangiapane ML Thrasher, T.N., Keil, L.C., Simpson, J.B., Ganong, W .F. 1984 Role of the 

subfornical organ in vasopressin release. Brain Research Bulletin 13; 43-47.

190



Markwick AJ Lolait, S.J., Funder, J.W. 1986 immunoreactlve arginine vasopressin in the rat 

thymus. Endocrinology 199: 1690-1696.

Mason W T 1980 Supraoptic neurones of the rat hypothalamus are osmosensitive. Nature 

287: 154-157.

Massicotte G Coderre, L., Chiasson, J. L., Thibault, G., Schiffrin, E. L., St-Louis, J. 1990 

Regulation of ANG II and AVP receptors in isolated hepatocytes of pregnant rats. The 

American Journal of Physiology 258: E597-E605.

Mayo KE Hammer, R.E., Swanson, L.W., Brinster, R.L., Rosenfeld, R.M. 1988 Dramatic 

pituitary hyperplasia in transgenic mice expressing a human growth hormone-releasing 

factror gene. Molecular Endocrinology 2: 606-612.

McGrane MM de Vente, J., Yun, J., Bloom, J., Park, E., Wynshaw-Boris, A., Wagner, T., 

Rottman, P.M., Hanson, R.W. 1988 Tissue-specific expression and dietary regulation of a 

chimeric phosphoenolpyruvate carboxykinase/ bovine growth hormone gene in transgenic 

mice. Journal of Biological Chemistry 263: 11443-11451.

McKellar S Loewy, A.D. 1981 Organisation of some brain stem afferents to the 

paraventricular nuclei of the hypothalamus in the rat. Brain Research 217: 351-357.

McLeod JF Ko vacs, L., Gaskill, M.B., Rittig, S., Bradley, G.S., Robertson, G.L. 1993 

Familial neurohypophyseal diabetes insipidus assaociated with a signal peptide mutation. 

Journal of Clinical Endocrinology and Metabolism 77: 599A-599G.

Meijer JH Rietveld, W. J. 1989 Neurophysiology of the suprachiasmatic circadian 

pacemaker in rodents. Physiological Reviews 69: 671-707.

Mellon PL Windle, J. J., Goldsmith, P. C., Padula, C. A., Roberts, J. L., Weiner, R. I. 1990 

Immortalization of hypothalamic GnRH neurons by genetically targeted tumorigenesis. 

Neuron 5: 1-10.

Miki N Ono, M., Miyoshi, H., Tsushima, T., Shizume, K. 1989 Hypothalamic growth 

hormone-releasing factor (GRF) participates in the negative feeback regulation of growth 

hormone secretion. Life Sciences 44: 469-476.

191



Miller M Kawabata, S., Wiltshire-Clement, M., Reventes, J., Gordon, J. W. 1993 Increased 

vasopressin secretion and release in mice transgenic for the rat arginine vasopressin gene. 

Neuroendocrinology 57: 621-625.

Miller MW Duhl, D.M., Vrieling, H., Cordes, S.P., Ollmann, M.M., Winkes, B.M., Barsh, G.S. 

1993 Cloning of the mouse agouti gene predicts a secreted protein ubiquitously 

expressed in mice carrying the lethal yellow mutations. Genes and Development 7: 454- 

467 .

Mohr E Schmitz, E., Richter, D. 1988 A single rat genomic DMA fragment encodes both 

the oxytocin and vasopressin genes separated by 11 kilobases and orientated in opposite 

transcriptional directions. Biochimie 70: 649-654.

Mohr E Zhou,A, Thorn,N.A, Richter,D, 1990a Rats with physically disconnected 

hypothalamo-pituitary tracts no longer contain vasopressin-oxytocin gene transcripts in the 

posterior pituitary lobe. FEBS 263: 332-336.

Mohr E Richter,D, 1990b Sequence analysis of the promoter region of the rat vasopressin 

gene. Federation of European Biochemical Society 260: 305-308

Mohring J Boehlen, P., Schoun, J. 1982 Comparison of radioimmunoassay, chemical 

analysis (HPLC) and bioassay for arginine vasopressin in synthetic standards and posterior 

pituitary tissue. Acta Endocrinologica 99: 371-378.

Moore RY 1983 Organization and function of a central nervous system oscillator: the 

suprachiasmatic hypothalamic nucleus. Federation of American Societies for Experimental 

Biology. 42: 2783-2789.

Morel A O'Carroll, A-M., Brownstein, M.J., Lolait, S.J. 1992 Molecular cloning and 

expression of a rat V ia  arginine vasopressin receptor. Nature 356: 523-526.

Morello D Moore, G., Salmon, A. M., Yaniv, M., Babinet, C. 1986 Studies on the 

expression of an H-2K/human growth hormone fusion gene in giant transgenic mice. The 

European Molecular Biology Organisation Journal 5: 1877-1883.

Mullins JJ Peters,J, Ganten,D, 1990 Fulminant hypertension in transgenic rats harbouring

192



the mouse Ren-2 gene. Nature 344: 541-544.

Murphy D Bishop ,A, Hindi, G, Murphy, M.N, Stamp, G.W .H, Hanson, J, Polak, J.M, Hogan, 

B. 1987 Mice transgenic for a Vasopressin-SV40 hybrid oncogene deveiop tumors of the 

endocrine pancreas and the anterior pituitary. American Journal of Pathology 129: 552- 

562 .

Murphy D Levy,A, Lightman,S, Carter,D, 1989 Vasopressin RNA in the neural lobe of the 

pituitary: dramatic accumulation in response to salt loading. Proceeding of the national 

academy of science. USA 86: 9002-9005.

Murphy D Carter,D, 1990 Vasopressin gene expression in the Rodent hypothalamus: 

Transcriptional and posttranscriptional responses to physiological stimulation. Molecular 

Endocrinology 1054: 1051-1059.

Murphy D Carter, D. 1992 Transgenic approaches to modifying cell and tissue function. 

Current Biology 4: 274-279.

Murphy D Funkhouse, J., Ang, H -L , Foo, N-C., Carter, D. 1993 Extrahypothalamic 

expression of the vasopressin and oxytocin genes. Annals of the New York Academy of 

Sciences 689: 91-106.

Murphy D Ho, M-Y. 1995 Oxytocin transgenic mice. Advances in Experimental Medicine 

and Biology 395: 67-78.

Neumann I Koehler,E., Landgraf,R., Summy-long,J., 1994 An oxytocin receptor 

antagonist infused into the supraoptic nucleus attenuates intranuclear and peripheral 

release of oxytocin during suckling in conscious rats. Endocrinology 134: 141-148.

Nicolas P Batelier, G., Rholam, M., Cohen, P. 1980 Bovine Neurophysin Dimerization and 

Neurohypophyseal Hormone Binding. Biochemistry 19: 3565-3573.

Nikoiov DB Chen, H., Halay, E.D., Hoffmann, A., Roeder, R.G., Burley, S.K. 1996 Crystal 

structure of a human TATA box-binding proteinTTATA element complex. Proceedings of 

the National Academy of Science. USA 93: 4862-4867.

Nishimori K Young, L.J., Guo, Q., Wang, Z., Insel, T.R., Matzuk, M.M. 1996 Oxytocin is

193



required for nursing but is not essential for parturition or reproductive behavior. Proceeding 

of the National Academy for Science. USA. 93: 11699-11704.

Norton PA 1994 Alternative pre-mRNA splicing: factors involved in splice-site selection. 

Journal of Cell Science 107: 1-7.

Nussey SS Ang.V.T.Y, Jenkins,J.S, Chowdrey,H.S, Bisset.G.W, 1984 Brattleboro rat 

adrenal contains vasopressin. Nature 310: 64-66.

Ceding P Schilling,K, Schmale,H, 1990 Vasopressin expression in cultured neurons is 

stimulated by cyclic AMP. Journal of Neuroendocrinology 2: 859-865.

Olins GM Bremel, R.D. 1982 Phosphorylation of myosin in mammary myoepithelial cells in 

response to oxytocin. Endocrinology 110: 1933-1937.

Olins GM Bremel, R.D. 1984 Oxytocin-stimulated myosin phosphorylation in mammary 

myoepithelial cells: Roles of calcium ions and cyclic nucleotides. Endocrinology 114: 

1617-1626 .

Ornitz DM Palmiter, R.D., Hammer, R.E., Brinster, R.L., Swift, G.H., MacDonald, R.J 1985 

Specific expression of an elastase-human growth hormone fusion gene in pancreatic acinar 

cells of transgenic mice. Nature 313: 600-602.

Palmiter RD Brinster, R .L , Hammer, R.E., Trumbauer, M .E., Rosenfeld, M .G., Birnberg, 

N.C., Evans, R.M. 1982 Dramatic growth of mice that develop from eggs microinjected with 

metallothionein-growth hormone fusion genes. Nature 300: 611-615.

Palm iter RD Norstedt, G., Gelinas, R .E., Ham m er, R .E ., Brinster, R.L. 1983  

Metallothionein-human GH fusion genes stimulate growth of mice. Science 222: 809-814.

Pardy K Adan,R.A.H, Carter, D.A, Seah,V, Burbach,J.P.H, Murphy,D, 1992 The  

identification of a cis-acting element involved in cAMP regulation of bovine vasopressin 

gene expression. Journal of Biological Chemistry 267: 21746-21752.

Patil N Lacy, E., Chao, M.V. 1990 Specific neuronal expression of human NGF receptors in 

the basal forebrain and cerebellum of transgenic mice. Neuron 2: 437-447.

194



Pedersen CA Ascher, J.A., Monroe, Y.L., Frange Jr, A J . 1982 Oxytocin induces maternal 

behaviour in virgin female rats. Science 216: 648-650.

Pellegrini E Carmignac, D.F., Bluet-Pajot, M.T., Mounier, P., Bennett, P., Epelbaum, J., 

Robinson, I.C.A.F. 1997 Intrahypothalamic growth hormone (GH) feedback: from dwarfism 

to acromegaly in the rat. Endocrinology In press:

Pellegrino LJ Pellegrino, A,S., Cushman, A.J. 1979 In A sterotaxic Atlas of the Rat Brain.

Pepin M-C Pothier, F., Barden, N. 1992 Impaired type II glucocorticoid-receptor function in 

mice bearing antisense RNA transgen. Nature 355: 725-728.

Perkkio J Keskinen, R. 1985 The relationship between growth and allometry. Journal of 

Theoretical Biology 113: 81-87.

Pfeffer SR Rothman, L.E. 1987 Biosynthetic Protein Transport and Sorting by the 

Endoplasmic Reticulum and Golgi. Annual Review of Biochemistry 56: 829-852.

Phelps CJ Bartke, A. 1995 Hypothalamic dopamine and tyrosine hydroxylase in mice 

transgenic for bovine or human GH. 77th Annual Meeting of the Endocrine Society. P I -  

18.

Phelps CJ Thom as, G .B., Robinson, I.C .A .F . 1997 Differential changes in 

tuberinfundibular dopamine neurons in spontaneous dwarf (dw) and transgenical growth 

reatrded (tgr) rats. 79th Annual Meeting of the Endocrine Societies P I -77.

Pinkert CA Ornitz, D.M., Brinster, R .L , Palmiter, R.D. 1987 An albumin enhancer located 

10 kb upstream functions aiong with its promoter to direct efficient, liver-specific expression 

in transgenic mice. Genes and Development 1: 268-276.

Plotsky PM Sawchenko, P.E. 1987 Hypophysial-portal plasma levels, median eminence 

content, and immunohistochemical staining of corticotrophin-releasing factor, arginine 

vasopressin, and oxytocin after pharmacological adrenalectomy. Endocrinology 120: 
1361-1369 .

Pursel VG Pinkert, C. A., Milier, K. F., Boit, D. J., Campbell, R. G., Palmiter, R. D., Brinster, R. 

L., Hammer, R. E. 1989 Genetic engineering of livestock. Science 244: 1281-1287.

195



Quaife CJ Mathews, L.S., Pinkert, C.A., Hammer, R.E., Brinster, R .L , Palmiter, R.D. 1989 

Histopathoiogy associated with elevated levels of growth hormone and insulin-like growth 

factor I in transgenic mice. Endocrinology 124: 40-48.

Queen 0  Baltimore, D. 1983 Immunoglobulin gene transcription is activated by 

downstream sequence elements. Cell 33: 741-748.

Ramsey DJ Thrasher, T.N., Keil, L.C. 1983 The organum vasculosum of the lamina 

terminalis: a critical area of osmoreception. Progress in Brain Research 60: 91-98.

Ratty AK Jeong, S-W., Nagle, J.W., Chin, H., Gainer, H., Murphy, D., Venkatesh, B. 1996 

A systematic survey of the intergenic region between the murine oxytocin- and 

vasopressin-encoding genes. Gene 174: 71-78.

Reaven GR 1988 Role of insulin resistance in human disease. Diabetes 37: 1595-1607.

Recht LD Hoffman, D.L., Haidar, J., Silverman, A.J., Zimmerman, E.A. 1981 Vasopressin 

concentration in hypophysial portal plasma: insignificant reduction following removal of the 

posterior pituitary gland. Neuroendocrinology 33: 88-90.

Renaud LP Cunningham, J.T., Nissen, R., Yang, C.R. 1993 Electrophysiology of central 

pathways controlling release of neurohypophyseal hormones. Focus on the lamina 

terminalis and diagonal band inputs to the supraoptic nucleus. Annals of the New York 

Academy of Sciences 689: 122-132.

Repaske D Phillips, J.A. 1992 The molecular biology of human hereditary central diabetes. 

Progress Brain Research 93: 295-308.

Repaske DR Summar, M .L , Krishnamani, M.R.S., Gültekin, E.K., Arriazu, M.C., Roubicek, 

M.E., Blanco, M., Isaac, G.B., Phillips III, J.A. 1996 Recurrent mutations in vasopressin- 

neurophysin II gene cause autosomal dominant neurphypophyseal diabetes insipidus. 

Journal of Clinical Endocrinology and Metabolism 81: 2328-2334.

Ricardo JA Koh, E.T. 1978 Anatomical evidence of direct projections from the nucleus of 

the solitary tract to the hypothalamus, amygdala and other forebrain structures in the rat. 

Brain Research 153: 1-26.

196



Richard P Moos, F., Freund-Mercier, M-J. 1991a Central effects of oxytocin. Physiological 

Reviews 71: 331-369.

Richard S Zingg.H.H 1991 b Identification of a retinoic acid response element in the human 

oxytocin promoter. The Journal of Biological Chemistry 266: 21428-21433.

Rindi G Bishop, A. E., Murphy, D., Solda, E., Hogan, B., Polak, J. M. 1988 A morphological 

analysis endocrine tumour genesis in pancreas and anterior pituitary of A VP /SV40  

transgenic mice. Virchows Archiv A Pathological Anatomy and Histopathoiogy 412: 255- 

266 .

Rivier J Speiss, J., Thorner, M., Vale, W. 1982 Characterization of growth hormone- 

releasing factor from a pancreatic islet tumour. Nature 300: 276-278.

Rivier C Vale, W . 1983 Interaction of corticotrophin-releasing factor and argininge 

vasopressin on adrenocorticotropin secretion in vivo. Endocrinology 113: 939-942.

Robinson ICAF 1980 The development and evaluation of a sensitive and specific 

radioimmunoassay for oxytocin in unextracted plasma. Journal of Immunoassay 1: 323- 

347 .

Robinson ICAF 1986 The Magnocellular and Parvocellular OT and AVP systems. In: 

Neuroendocrinology, S.L.Lightman and B.J.Everitt (eds): 154-176.

Robinson BG Frim, D, M., Schwartz, W. J., Majzoub, J. A. 1988 Vasopressin mRNA in the 

suprachiasmatic nuclei: daily regulation of polyadenylate tail length. Science 241: 342- 

344 ..

Robinson ICAF Coombes, J.E. 1993 Neurohypophysial peptides in cerebrospinal fluid: an 

update. Annals of the New York Academy of Sciences. 689: 269-284.

Rocha e Silva M Rosenberg, M. 1969 The release of vasopressin in response to 

haemorrhage and its role in the mechanism of blood pressure regulation. Journal of 

Physiology 202: 535-557.

Rocha e Silva Jr M Rosenberg, M. 1969 The release of vasopressin in response to

197



haemorhage and its role in the mechanism of blood pressure regulation. Journal of 

Physiology 202: 535-557.

Roeder RG 1996 The role of general Initiation factors in transcription by RNA polymerase II. 

Trends in Biochemical Science 21; 327-334.

Rogers RC Talbot, K., Novin, D., Butcher, L.L. 1979 Afferent projections to the supraoptic 

nuclei of the ra t . Society for Neuroscience Abstracts 5: 233.

Roskam WG Rougeon, F. 1979 Molecular cloning and nucleotide sequence of the human 

growth hormone structural gene. Nucleic Acid Research 10: 305-320.

Ross SR Solter, D. 1985 Glucocorticoid regulation of mouse mammary tumor virus 

sequecnes in transgenic mice. Proceedings of the National Academy of Science. USA 83: 

5880-5884 .

Rossant J ZirngibI, R., Cado, D., Shago, M., Giguére, V. 1991 Expression of a retinoic acid 

response element-hsplacZ transgene defines specific domains of transcriptional activity 

during mouse embryogenesis. Genes and Development 5: 1333-1344.

Rouille Y Spang, A., Chauvet,J., Acher, R. 1992 Evidence for Distinct Processing 

Endopeptidases with Lys-Arg and Arg-Arg Specificities in Neurohypophysial Secretory 

Granules. Biochemical and Biophysical Research Communications. 183: 128-137.

Roupas P Herington, A.C. 1989 Cellular mechanisms in the processing of growth 

hormone and its receptor. Molecular and Cellular Endocrinology 61: 1-12.

Ruberti A Olins, G.M., Eakle, K.A., Bremel, R.D. 1983 Oxytocin binding by myoepthelial 

cell membranes from involuted mammary tissue. Biochemical and Biophysical Research 

Communication 112: 717-722.

Ruppert S Scherer, G., Schütz, G. 1984 Recent Gene Conversion Involving Bovine 

Vasopressin and Oxytocin Precursor Genes Suggested by Nucleotide Sequence. Nature 

308: 554-557.

Russo AF Crenshaw,E.B, Lira,S.A, Simmons,D.M, Sw anson,LW , Rosenfeld,M.G 1988 

Neuronal expression of chimeric genes in transgenic mice. Neuron 1: 311-320.

198



Sachs A Wahie, E. 1993 Poly(A) tail metabolism and function in eukaryotes. Journal of 

Biological Chemistry 268: 22955-22958.

Salacinski P Hope, J., McLean, 0  et al 1979 A new sinmple method which allows 

theoretical incorporation of radioiodine into proteins and peptides without damage. Journal 

of Endocrinology 81: 131-136.

Sambrook J Fritschm E.F., Maniatis, T. 1989 Molecular Cloning. A Laboratory Manual: 

second edition.

Sanger F Nicklen, S., Coulson, A.R. 1977 DMA sequencing with chain-terminating 

inhibitors. Proceedings of the National Society of Science. USA 74: 5463-5467.

Sausville E Carney,D, Battey,J, 1985 The human vasopressin gene is linked to the 

oxytocin gene and is selectively expressed in a cultured lung cancer cell line. The Journal 

of Biological Chemistry 260: 10236-10241.

Sawchenko PE Swanson, L.W. 1982 The organisation of noradrenergic pathways from 

the brainstem to the paraventricular and supraoptic nuclei in the rat. Brain Research 

Reviews 4: 275-325.

Sawchenko PE 1987 Adrenalectomy-induced enhancement of CRF and vasopressin in 

parvocellular neurosecretory neurons: anatomic, peptide and steroid specificity. Journal of 

Neuroscience 7: 1093-1106.

Sawchenko PE Aria, C.A., Mortrud, M.T. 1993 Local tetrodotoxin blocks chronic stress 

effect on corticotropin-releasing factor and vasopressin messenger ribonucleic acids in 

hypophysiotropic neurons. Journal of Neuroendocrinology 5: 341-348.

Schilling K Schmale,H, Ceding,P, Pilgrim,C, 1991 Regulation of vasopressin expression 

in cultured diencephalic neurons by glucocorticoids. Neuroendocrinology 53: 528-535.

Schmale H Heinsohn,S, Richter,D, 1983 Structural organisation of the rat gene for 

arginine vasopressin-neurohysin precursor. The European Molecular Biology Organisation 

Journal 2: 763-767.

1 9 9



Schmale H Richter, D. 1984 Single base deletion in the vasopressin gene is the cause of 

diabetes insipidus in Brattleboro rats. Nature 308: 705-708.

Schmitz E Mohr.E, Richter,D, 1991 Rat vasopressin and oxytocin genes are linked by a 

long interspersed repeated DMA element (LINE): Sequence and Transcriptional analysis of 

LINE. DNA and Cell Biology 10: 81-91.

Seeburg PH Shine, J., Martial, J.A., Baxter, J.D., Goodman, H.M. 1977 Nucleotide 

sequence and amplification in bacteria of structural gene for rat growth hormone. Nature 

270: 486-494.

Selden RF Skoskiewicz, M. J., Howie, K. B., Russell, P. S., Goodman, H. M. 1986  

Regulation of human insulin gene expression in transgenic mice. Nature 321: 525-528.

Selden RF Yun, J.S., Moore, D.D., Rowe, M.E., Malia, M.A., Wagner, I .E .,  Goodman, H.M. 

1989 Glucocorticoid regulation of human growth hormone expression in transgenic mice 

amnd transiently transfected cells. Journal of Endocrinology 122: 49-60.

Shade RE Share, L. 1975 Volume control of plasma antiduretic hormone concentration 

following acute blood volume expansion in the anesthesized dog. Endocrinology 97; 

1048-1057 .

Shanahan CM Rigby, N.W., Murray, J.D., Marshall, J.T., Town row, C.A., Nancarrow, C.D., 

Ward, K.A. 1989 Regulation of expression of a sheep metallothionein 1a-Sheep growth 

hormone fusion gene in transgenic mice. Molecular and Cellular Biology 9: 5473-5479.

Share L 1961 Acute reduction in the extracellular fluid volume and the concentration of 

antidiuretic hormone in blood. Endocrinology 69: 925-933.

Share L Levy, M.N. 1962 Cardiovascular Receptors and Blood Titer of Antidiuretic 

Hormone. American Journal of Physiology 203: 425-428.

Share L Levy, M.N. 1966a Carotid Sinus Pressure, a Detrminant of Plasma Antidiuretuc 

Hormone Concentration. American Journal of Physiology 211: 721-724.

Share L Levy, M.N. 1966b Effect of Carotid Chemoreceptor Stimulation on Plasma 

Antidiuretic Hormone Titer. American Journal of Physiology 210: 157-166.

200



Share L 1988 Role of vasopressin in cardiovascular regulation. Physiological Reviews 68: 

1248-1284 .

Shea BT Hammer, R.E., Brinster, R.L. 1987 Growth allometry of the organs in giant 

transgenic mice. Endocrinology 121: 1924-1930.

Shea BT Hammer, R.E., Brinster, R.L., Ravosa, M.R. 1990 Relative growth of the skull and 

postcranium in giant transgenic mice. Genetic Research 56: 21-34.

Sherman TG McKeIvy, J.F., Watson, S.J. 1986 Vasopressin mRNA regualtion in individual 

hypothalamic nuclei: a northern and in situ hybridization analysis. Journal of Neuroscience 

6: 132-148.

Short MK Clouthier, D.E., Schaefer, I.M., Hammer, R.E., Magnuson, M.A., Beale, E.G. 

1992 Tissue-specific, developm ental, hormonal and dietary regulation of rat 

phosphoenolpyruvate carboxykinase-human growth hormone fusion genes in transgenic 

mice. Molecular and Cellular Biology 12: 1007-1020.

Smal J Closset, J., Hennen, G., De Meyts, P. 1987 Receptor binding properties and 

insulin-like effects of humam growth hormone and its 20kDa-variant in rat adipocytes. 

Journal of Biological Chemistry 262: 11071-11079.

Smeyne RJ Schilling, K., Robertson, L., Luk, D., Oberdick, J., Curran, T., Morgan, J.l. 1992 

Fos-lacZ transgenic mice: Mapping sites of gene induction in the central nervous system. 

Neuron 8: 13-23.

Sofroniew MV Weindl, A. 1980 Identification of parvocellular vasopressin and neurophysin 

neurons in the suprachiasmatic nucleus of a variety of mammals including primates. The 

Journal of Comparative Neurology 193: 659-675.

Sofroniew MV Schrell,U. 1981 Evidence for a direct projection from oxytocin and 

vasopressin neurons in the hypothalamus paraventricular nucleus to the medulla oblongata: 

immunohistochemical visualization of both the horseradish peroxidase transported and the 

peptide produced by the same neurons. Neuroscience Letters 22: 211-217.

Sokol HW  Valtin, H. 1965 Morphology of the neurosecretory system in rats homozygous

201



and heterozygous for hypothalamic diabetes insipidus (brattleboro strain). Endocrinology 

77; 692-700.

Soloff MS Alexandrova, M., Fernstrom, M.J. 1979 Oxytocin receptors: Triggers for 

parturition and lactation. Science 204: 1313-1315.

Southern EM 1975 Detection of specific sequences among DNA fragments separated by 

gel electrophoresis. Journal of Molecular Biology 98: 503-509.

Spenser EM Lewis, L.J., Lewis, U.J. 1981 Somatomedin generating activity of the 20,000- 

Dalton variant of human growth hormone. Endocrinology 109: 1301-1302.

Stefaneanu L Rindi, G., Horvath, E., Murphy, D., Polak, J. M., Kovacs, K. 1992  

Morphology of adenohypophyseal tumors in mice transgenic for vasopressin-SV40 hybrid 

oncogene. Endocrinology 130: 1789-1795.

Steger RW  Bartke, A., Barkening, T.A., Collins, T., Yun, J.S., W agner, I .E .  1990  

Neuroendocrine function in transgenic male mice with human growth hormone expression. 

Neuroendocrinology 52: 106-111.

Steger RW Bartke, A., Barkening, T.A., Collins, T., Buonomo, B.C., Tang, K.C., Wagner, 

T.E ., Yun, J.S. 1991 Effects of heterologous growth hormones on hypothalamic and 

pituitary function in transgenic mice. Neuroendocrinology 53: 365-371.

Stewart TA Clift, S., Bitts-Meek, S., Martin, L., Terrell, T.G., Liggitt, D., Oakley, H. 1992 An 

evaluation of the functions of the 22-kiiodalton (kDa), the 20 kDa, and the N-terminal 

polypeptide forms of human growth hormone using transgenic mice. Endocrinology 130: 

405 -414 .

Stief A Winter, D.M., Stratling, W.H., Sippel, A.E. 1989 A nuclear DNA attachment element 

mediates elevated and position-independent gene activity. Nature 341: 343-345.

Stroubolis J Dillon, N., Grosveld, F. 1992 Developmental regulation of a complete 70-kb 

human beta-globin locus in transgenic mice. Genes and development 6: 1857-1864.

Struthers RS Vale, W .W ., Arias, C., Sawchenko, B.E., Montminy, M.R. 1991 Somatotroph 

hypoplasia and dwarfism in transgenic mice expressing a non-phosphorylatable CREB

202



mutant. Nature 350: 622-624.

Sturmer E 1968 Bioassay procedures for neurohypophysial hormones and similar 

polypeptides. Handbook of Experimental Pharmacology 23: 130-189.

Summerlee AJS 1981 Extracellular recordings from oxytocin neurones during the 

expulsive phase of birth in unanaesthetized rats. Journal of Physiology 321: 1 -9.

Swanson LW Kuypers, H. G. J. M. 1980 The paraventricular nucleus of the hypothalamus: 

cytoarchitectonie subdivisions and organization of projections to the pituitary, dorsal vagal 

complex, and spinal cord as demonstrated by retrograde fluorescence double-labelling 

methods. The Journal of Comparative Neurology 194: 555-570.

Swanson LW Sawchenko, P.E. 1983 Hypothalamic intergration: Organisation of the 

Paraventricular and Supraoptic Nuclei. Annual Review of Neuroscience 6: 269-324.

Swanson LW Simmons, D.M., Arriza, J., Hammer, R., Brinster, R., Rosenfeld, M.G., Evans, 

R.M. 1985 Vovel developmemtaliy specificity in the nervous system of transgenic animals 

expressing growth hormone fusion genes. Nature 317: 363-366.

Swift GH Hammer, R.E., MacDonald, R.J., Brinster, R.L. 1984 Tissue-specific expression 

of the rat pancreatic elastase I gene in transgenic mice. Ceil 38: 639-646.

Szabo M Butz, M .R ., Banerjee, S.A ./, Chikaraishi, D .M ., Frohman, L.A. 1995  

Autofeedback suppression of growth hormone (GH) secretion in transgenic mice 

expressing a human GH reporter targeted by tyrosine hydroxylase 5'-flanking sequences to 

the hypothalamus. Endocrinology 136: 4044-4048.

Takaya K Ogawa, Y., Isse, N., Okazaki, T., Satoh, Masuzaki, H., Mori, K., Tam ura, N., 

Hosoda, K., Nakao, K. 1996 Molecular cloning of rat leptin isoform complementary DNAs- 

Identification of a missense mutation in Zucker fatty (fa/fa) rats. Biochemical and Biophysical 

Research Communications 225: 75-83.

Tanaka T  Shishiba, Y., Gout, P.W. 1983 Radioimmunoassay and bioassay of human 

growth hormone and human prolactin. Journal of Clinical Endocrinology and Metabolism  

56: 18-20.

203



Tannebaum  GS Martin, J.B. 1976 Evidence for an endogenous uitradian rhythm 

governing growth hormone secretion in the rat. Endocrinology 98: 562-570.

Tartaglia LA Dembski, M., Weng, X., Deng, N., Culpepper, J., Devos, R., Richards, G.J., 

Campfield, L.A., Clark, F.T., Deeds, J., Muir, C., Banker, S., Moriarty, A., Moore, E.A., 

Monroe, C.A., Tepper, R.l. 1995 Identification and expression cloning of a leptin receptor, 

OB-R. Cell 83: 1263-1271.

Tata PS Buzalkow, R. 1966 Vasopressin studies in the rat III. Inability of ethanol anaethesia 

to prevent ADH secretion due to pain and haemorrhage. Pflügers Archives of general 

physiology 290: 294-297.

Terrier C Chabot, J-G., Pautrat, G., Jeandel, L., Gray, D., Lutz-Bucher, B., Zingg, H.H., 

Morel, G. 1991 Arginine-vasopressin in anterior pituitary cells: In situ hybridization of mRNA 

and ultrastructural localization of immunoreactivity. Neuroendocrinology 54: 303-311.

Theodosis DT 1985 Oxytocin-immunoreactive terminals synapse on oxytocin neurones in 

the supraoptic nucleus. Nature 313: 682-684.

Theodosis DT Chapman, D.B., Montagnese, C., Poulain, D.A., Morris, J.F. 1986 Structural 

plasticity in the hypothalamic supraoptic nucleus at lactation affects oxytocin-, but not 

vasopressin neurones. Neuroscience 17: 661-678.

Thrasher TN Keil, L.C., Ramsay, D.J. 1982 Lesions in the organum vasculosum of the 

lamina terminalis attenuate osmotically-induced drinking and vasopressin secretion in the 

dog. Endocrinology 110: 1837-1839.

Thrasher TN Keil, L.C. 1987 Regulation of drinking and vasopressin secretion : role of the 

organum vasculosum of the lamina terminalis. American Journal of Physiology 22 : R108- 

120 .

Tominaga K Shinohara, K., Otori, Y., Fukuhara, C., Inouye, S-I.T. 1992 Circadian rhythms 

of vasopressin content in the suprachiasmatic nucleus of the rat. Neuroreport 3: 809-812.

Tribollet ED J.J. 1981 Localisation of neurones projecting to the hypothalamic 

paraventricular area of the rat: A horse radish peroxidase study. Neuroscience 6: 1315- 

1328.

204



Urban JH Miller, M.A., Drake, C.T., Dorsa, D.M. 1990 Detection of vasopressin mRNA in 

cells of the medial amygdala but not the locus coeruleus by in situ hybridization. Journal of 

Chemical Neuroanatomy 3: 277-283.

Vale W  Speiss, J., Rivier, C., Rivier, J. 1981 Characterization of a 41 -residue ovine 

hypothalamic peptide that stimulates secretion of corticotroph and 3-endorphin. Science 

213: 1394-1397.

Valtin H 1982 The discovery of the Brattleboro rat recommended nomenclature, and the 

question of proper control. Annals of the New York Academy of Sciences 39: 1-10.

Valtin H 1987 Physiological effects of vasopressin on the kidney. In : Vasopressin ; 

principle and properties. D.M.Gash, G.J.Boer (eds): 369-387.

Van Den Pol AN 1982 The Magnocellular and Parvocellular Paraventricular Nucleus of the 

Rat: Intrinsic Organisation. The Journal of Comparative Neurology 260: 317-345.

van Dyke MB Ames, R.G. 1951 Alcohol diuresis. Acta Endocrinologica 7: 110-121.

Van Leeuwen FW Caffe, A. R., de Vries, G. J. 1985 Vasopressin cells in the bed nucleus 

of the stria terminalis of the rat: sex differences and the influence of androgens. Brain 

Research 325: 391-394.

Van Toi HHM Bolwerk, E.L.M., Lui, B., Burbach, J.P. 1988 Oxytocin and vasopressin gene 

expression in the hypothalamo-neurophyseal system of the rat during the estrous cycle, 

preganacy and lactation. Endocrinology 122: 945-951.

Van Toi HHM Snijdewint, F.G.M., Boer, G. J., Burbach, J.P.H. 1990 Hypothalamic oxytocin 

messenger-RNA during development of the brattleboro rat - comparison to vasopressin 

messenger-RNA. Neuroscience Research Communications 7: 25-33.

Vandesande P Dierickx, D. 1975 Identification of the Vasopressin Producing and of the 

Oxytocin Producing Neurons in the Hypothalamic Magnocellular Neurosecretory System of 

the Rat. Cell and Tissue Research 164: 153-162.

Vandesande F Dierickx, K., De Mey, J. 1977 The origin of the vasopressinergic and

205



oxytocinergic fibres of the external region of the median eminence of the rat hypophysis. 

Cell Tissue Research 180: 443-452.

Verbalis JG Mangione, M.P., Strieker, E.M. 1991 Oxytocin produces natriuresis in rats at 

physiological plasma concentrations. Endocrinology 128: 1317-1322.

Verbeeck MAP Adan,R.A.H, Burbach.J.P.H 1990 Vasopressin gene expression is 

stimulated by cyclic AMP in homologous and heterologous expression systems. 

Federation of European Biological Society 272: 89-93.

Verbeeck MAE Sutanto,W, Burbach.J.P.H 1991 Regulation of Vasopressin mRNA in the 

Small Cell Lung Carcinoma Cell GLC-8: Interactions between Glucocorticoids and second 

messengers. Molecular Endocrinology 5: 795-801.

Verrijzer CP Tijan, R. 1996 TAPs mediate transcriptional activation and promoter selectivity. 

Trends in Biochemical Sciences 21: 338-342.

W agner DS Gross, G., Cook, G.P., Davies, S.L., Neuberger, M .S. 1996 Antibody 

expression from the core region of the human IgH locus reconstructed in transgenic mice 

using bacteriophage P I clones. Genomics 35: 405-414.

Wahl GM Lewis, K.A., Ruiz, J.C., Rothenberg, B., Zhao, J., Evans, G.A. 1987 Cosmid 

vectors for rapid genomic walking, restriction mapping, and gene transfer. Proceeding of 

the National Academy of Science. USA 84: 2160-2164.

W ahle E Keller, W . 1996 The biochemistry of polyadenylation. Trends in Biological 

Sciences 21: 247-250.

W akerley JB Lincoln, D.W. 1973 The milk-ejection reflex of the rat: A 20- to 40- fold 

acceleration in the firing of paraventricular neurones during oxytocin release. Journal of 

Endocrinology 57: 477-493.

W alker Md Ediund, T., Boulet, A.M., Rutter, W.J. 1983 Cell-specific expression controlled 

by the 5'-flanking region of insulin and chymotrypsin. Nature 306: 557-561.

Waller S Pairhall, K. M., Xu, J., Robinson, I. 0 . A. P., Murphy, D. 1996 Neurohypophyseal 

and fluid homeostasis in transgenic rats expressing a tagged rat vasopressin prepropeptide

206



in hypothalamic neurons. Endocrinology 137: 5068-5077.

Wang Z Ferris,C., De vries.G.J., 1994 Role of septal vasopressin innervation in paternal 

behaviuor in prairie voles (Microtus ochrogaster). Proceedings of the National Academy of 

Science. USA 91: 400-404.

Wang X Zinkel, S., Polonsky, K., Fuchs, E. 1997 Transgenic studies with a keratin 

promoter-driven growth hormone transgene:

Prospects for gene therapy. Proceedings of the National Academy of Sciences U.S.A. 94: 

2 19 -226 .

Ward KA Nancarrow, C.D. 1993 The comercial and agricultural applications of animal 

transgenesis. In : Methods in Molecular Biology, D. Murphy and D.A. Carter (ed) Chapter 5.

W aschek JA 1995 Transgenic targeting of neuroendocrine peptide genes in the 

hypothalamic-pituitary axis. Molecular Neurobiology 10: 205-216.

Wells T  Flavell, D.M., Wells, S.E., Carmignac, D.F., Robinson, I.C.A.F. 1997 Effects of 

growth hormone secretagogues in the transgenic growth-retarded (Tgr) rat. Endocrinology 

138: 580-587.

Wilkins LD Mitchell, L.D., Ganten, D., Johnson, A.K. 1989 The supraoptic nucleus: 

Afferents from areas involved in control of body fluid homeostasis. Neuroscience 28: 573- 

584 .

Willougby JO Menadue, M., Zeegers, P. 1980 Effects of human growth hormone on the 

secretion of rat growth hormone. Journal of Endocrinology 86: 165-169.

Willoughby JO Jervois, P.M., Menadue, M.F., Blessing, W .W . 1987 Noradrenaline, by 

activation of alpha-1-adrenoceptors in the region of the supraoptic nucleus, cause secretion 

of vasopressin in the unanaesthetized rat. Neuroendocrinology 45: 219-226.

Winslow JT Hastings, N., Carter,C.S., Harbaugh,C.R., Insel, T.R., 1993 A role for central 

vasopressin in pair bonding in monogamous prairie voles. Nature 365: 545-548.

Witt DM Insel, T .R . 1991 A selective oxytocin antagonist attenuates progesterone 

facilitation of female sexual behaviour. Endocrinology 128: 3269-3276.

207



Woychik RP Camper, S.A., Lyons, R.H., Horowitz, S., Goodwin, E.G., Rottman, P.M. 1983 

Cloning and nucleotide sequencing of the bovine growth hormone gene. Nucleic Acids 

Research 10: 7197-7210.

Yamashita H 1977 Effect of baro-and chemareceptor activation on supraoptic nuclei 

neurones in the hypothalamus. Brain Research 126: 551-556.

Yates FE Russell, S. M., Dallman, M. P., Hedge, G. A., McCann, S. M., Dhariwal, A. P. S. 

1971 Potentiation by vasopressin of corticotropin release induced by corticotropin- 

releasing factor. Endocrinology 88: 3-15.

Young III W S Mezey, E., Siegel, R.E. 1986 Vasopressin and oxytocin mRNAs in 

adrenalectomized and Brattleboro rats: analysis by quantitative in situ hybridization 

histochemistry. Brain Research 387: 231-241.

Young III W S Reynolds,K, Shepard,E.A, Gainer,H, Castel,M, 1990 Cell-specific expression 

of the rat oxytocin gene in transgenic mice. Journal of Neuroendocrinology 2: 917-925.

Young III W S 1992 Expression of Oxytocin and Vasopressin Genes. Journal of 

Neuroendocrinology 4: 527-540.

Young III W S Shepard, E., Amico, J., Hennighausen, L., Wagner, K-U., LaMarca, M.E., 

McKinney, C., Ginns, E.l. 1996 Deficiency in mouse oxytocin prevents milk ejection, but 

not fertility or parturition. Journal of Neuroendocrinology 8: 847-853.

Yuasa H Ito, M., Nagasaki, H., Gios, Y., Miyamoto, S., Sasaki, N., Saito, H. 1993 Glu-47, 

which forms a salt bridge between neurophysin-ll and arginine vasopressin, is deleted in 

patients with familial central diabetes insipidus. Journal of Clinical Endocrinology and 

Metabolism 77: 600-604.

Yun JS Li, Y .S., Wight, D.C., Portanova, R., Selden, R.P. 1989 The human growth 

hormone transgene : expression in hemizygous and homozygous mice. Proceedings of 

the Society for Experimental Biology and Medicine 194: 308-313.

Zeng Q Poo, N-C., Punkhouser, J. M., Carter, D. A., Murphy, D. 1994a Expression of a rat 

vasopressin transgene in rat testes. Journal of Reproduction and Fertility 102: 471-481.

208



Zeng Q Carter, D.D., Murphy, D. 1994b Cell specific expression of a vasopressin 

transgene in rats. Journal of Neuroendocrinology 6: 469-477.

Zhang Y Proenca, R., Maffei, M., Barone, M., Leopold, L., Friedman, J.M. 1994 Postional 

cloning of the mouse obese gene and its human homologue. Nature 372: 425-427.

Zimmerman EA Antunes, J.L. 1976 Organisation of the hypothalmic-pituitary system: 

curretnconcepts from immunohistochemical studies. Journal of histochemistry and 

cytohisochemistry 24: 807-815.

Zingg HH Lefebvre, D., Almazan, G. 1986 Regulation of vasopressin gene expression in 

the rat hypothalamic neurons. Journal of Biological Chemistry. 261: 12956-12959.

Jones D.B., Marante, D., Williams, B.C., Edwards, C.R.W. 1987 Adrenal synthesis of 
corticosterone in response to ACTH in rats is influenced by leukotriene-A4 and by 
lipoxygenase intermediates. Journal of Endocrinology 112: 253-258.

Watts A.G., Swanson, L.W. 1987 Efferent projections of the suprachiasmatic nucleus : 
II. Studies using the retrograde transport of fluorescent dyes and simultaneous peptide 
immunohistochemistry in the rat. Journal of Comparative Neurology 258: 230-252.

209



The EMBO Journal v o l .15 n o .15 p p .3871-3879, 1996

Dominant dwarfism In transgenic rats by targeting 
human growth hormone (GH) expression to 
hypothalamic GH-releasIng factor neurons

D.M.FIavelP, T.Wells^, S.E.Wells, 
D.F.Carmignac, G.B.Thomas and 
I.C.A.F.Robinson^

Division of Neurophysiology, National Institute for Medical Research, 
The Ridgeway, M ill H ill, London NW7 lA A , UK

'Present address: The Rayne Institute, University College,
London W CIE 6JJ, UK
■̂ Present address: Physiology Unit, MOMED, Cardiff CEI 3US, UK 

^Corresponding author

Expression of human growth hormone (hGH) was 
targeted to growth hormone-releasing factor (GRF) 
neurons in the hypothalamus of transgenic rats. This 
induced dominant dwarfism by local feedback inhibi
tion of GRF. One line, bearing a single copy of a GRF- 
hGH transgene, has been characterized in detail, and 
has been termed Tgr (for IVansgenic growth-retarded). 
hGH was detected by immunocytochemistry in the 
brain, restricted to the median eminence of the hypo
thalamus. Low levels were also detected in the anterior 
pituitary gland by radioimmunoassay. Transgene 
expression in these sites was confirmed by RT-PCR. 
Tgr rats had reduced hypothalamic GRF mRNA, 
in contrast to the increased GRF expression which 
accompanies GH deficiency in other dwarf rats. Endo
genous GH mRNA, GH content, pituitary size and 
somatotroph cell number were also reduced signific
antly in Tgr rats. Pituitary adrenocorticotrophic 
hormone (ACTH) and thyroid-stimulating hormone 
(TSH) levels were normal, but prolactin content, mRNA 
levels and lactotroph cell numbers were also slightly 
reduced, probably due to feedback inhibition of prolac
tin by the lactogenic properties of the hGH transgene. 
This is the first dominant dwarf rat strain to be reported 
and will provide a valuable model for evaluating the 
effects of transgene expression on endogenous GH 
secretion, as well as the use of GH secretagogues for 
the treatment of dwarfism.
Keywords: dominant dwarfism/GRF gene/growth 
hormone/hypothalamus/transgenic rat

Introduction
Growth hormone (GH) is the major endocrine regulator 
of post-natal growth in mammals. GH gene expression 
(Barinaga et a l,  1985a,b), synthesis (Bilezikjian and Vale, 
1984; Fukata et a l, 1985) and secretion (Guillemin et a i, 
1982; Riwier é ta l, 1982; Spiess et a l, 1983) are stimulated 
by the hypothalamic peptide GH-releasing factor (GRF) 
which also has a powerful trophic effect on somatotrophs 
(Billestrup et a l, 1986), the pituitary cells which produce 
GH. This system is subject to direct feedback control by

GH; hypothalamic GRF gene expression is increased in 
GH deficiency (Chomczynski et a l, 1988) and reduced 
by GH excess (De Gennaro et a l, 1988), probably 
mediated by GH receptors in the arcuate nucleus (Burton 
et a l, 1992; Lobie et a l, 1993), the major site of GRF 
synthesis in the brain.

Advances in our understanding of these basic physio
logical mechanisms have emerged from studies of rodents 
bearing spontaneous mutations which result in an altered 
pituitary GH production and growth phenotype. Since the 
ultimate cause of dwarfism is GH deficiency, they can 
invariably be stimulated to grow by direct replacement 
therapy, either with exogenous GH (Charlton et a l, 1988), 
or by a transgene expressing GH (Hammer et a l, 1984). 
The most obvious example is the dwarf dr/dr rat, which 
carries a mutation in the rat GH gene resulting in a 
truncated, inactive product (Takeuchi et a l, 1990). We 
have also characterized a spontaneous GH-deficient dwarf 
(dw/dw) rat (Charlton et a l, 1988), whose recessive 
mutation has not yet been identified. This animal shows 
a specific partial GH deficiency, and grows in response to 
GH or insulin-like growth factor (IGF)-l treatment 
(Skottner e ta l, 1989). The GRF receptor appears normal, 
and GRF treatment elicits small GH secretory responses 
(Carmignac and Robinson, 1990). However, the GH output 
is too small to elicit a significant increase in growth, even 
with prolonged administration of GRF. GH deficiencies 
also arise from other mutations. For example, the Snell 
and Jackson dwarf mice bear recessive mutations in the 
Pit-1 gene (Li et a l, 1990), resulting in a defect in 
the development of somatotrophs, lactotrophs [prolactin 
(PRL)-producing cells] and thyrotrophs [thyroid-stimulat
ing hormone (TSH)-producing cells], and show multiple 
pituitary hormone deficiencies (Roux et a l, 1982). In 
contrast, the Little (lit/lit) mouse (Eicher and Beamer, 
1976) shows a specific GH deficiency, resulting from a 
recessive mutation in the GRF receptor gene (Godfrey 
et al., 1993; Lin et al., 1993).

Whilst all of these dwarf animals will grow in response 
to GH, all bear mutations which render them unsuitable 
for testing the growth-promoting capacity of GH secreta
gogues which may be of therapeutic value in the treatment 
of children with short stature (Thomer et a l, 1990). 
However, it is now possible to create new models of 
altered growth rate by transgenesis. Numerous lines of 
transgenic mice have been generated which express GH 
under the control of heterologous promoters, usually 
resulting in increased growth given a significant level of 
peripheral GH expression (Palmiter et a l, 1982; Morello 
et a l, 1986; Bchini et a l, 1991). There have been two 
interesting exceptions to this phenotype, in which dominant 
dwarfism results from human GH (hGH) expression in 
the CNS (Hollingshead e ta l, 1989; Banerjee e ta l, 1994). 
This arises from unregulated hGH transgene expression
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Fig. 1. Structure o f the rat GRF gene locus. Thin lines represent introns, 5'- and 3'-flanking sequences; filled boxes represent exons. Transcripts 
arising from the GRF gene are represented below, as are cosmids cos rGRF-Sl, -S3 and cos GRF-GH, with the hGH gene represented by the open 
box. The M lu l site (M) used for insertion of the hGH gene and the vector Notl sites (N) used for excision of the insert are indicated.

exerting an inappropriate negative feedback via hypo
thalamic GH receptors to suppress GRF activity, which 
in turn reduces endogenous mouse GH production. Unfor
tunately, the size of these dwarf mice renders studies 
of physiological GH secretion and GRF responsiveness 
difficult to perform in vivo.

We decided to exploit this GH negative feedback 
mechanism more specifically, by targeting expression of 
hGH to the GRF neurons of the hypothalamus. Our 
approach differed from previous studies in two key 
features. The transgenic mice lines expressed hGH in 
relatively broad areas of the CNS (Hollingshead et a l, 
1989) and peripheral sites (Banerjee et a i, 1994). Since 
attempts to target transgene expression to GRF neurons 
using short GRF gene 5'-flanking sequences have not 
been successful (Botteri et al., 1987; Giraldi et a i, 1994), 
we used a cosmid transgene with larger pieces of DNA 
flanking the rat GRF gene to maximize the chances of 
appropriate tissue-specific expression of the hGH trans
gene. Secondly, we chose to use rats rather than mice, 
to create a model that would be amenable to detailed 
physiological analysis using methodology developed for 
the rat (Clark et a l, 1986). This report describes the 
production and initial physiological characterization of 
such a line of transgenic growth-retarded (Tgr) rats. Some 
of these results have been presented recently in abstract 
form (Flavell et a l, 1995; Wells et a l, 1995).

Results
Isolation of genomic clones for the rGRF gene
Screening of a rat genomic DNA cosmid library with a 
rat GRF (rGRF) cDNA (Mayo et a l, 1985) resulted in 
the isolation of two independent cosmid clones (cos rGRF- 
Sl and -S3) which hybridized strongly on Southern 
blots. Restriction mapping and comparison with previously 
cloned genomic fragments (generously provided by Dr 
Kelly Mayo) revealed that both cosmids contained the 
entire rGRF gene with cos rGRF-Sl containing 20 kb of 
5'- and 12 kb of 3'-flanking sequence, and cos rGRF-S3 
containing 16 kb of 5'- and 14 kb of 3'- flanking sequence 
(Figure 1). In total, these cosmids span 42 kb of genomic 
DNA of the rGRF gene.

Table I. Growth rates of rGRF-hGH founders

Rat # Sex Tg status Body weights (g) at week

6 8 10 12 14

FP62 F - 131 176 212 228 238
FP64 F - 120 176 214 226 240
FP65 F - 121 182 214 237 244
FP66 F +6 95 141 165 - 222
FPlOl M + l 83 124 157 184 190
FP128 M + 16 43 76 102 128 158
FP129 M + /- 156 237 277 331 -

Individual body weights for the four rRGF-hGH founders are shown, 
together with their genotype and copy number. Three wild-type female 
littermates o f FP 66 are shown for comparison. Founder #129 had a 
partial copy of the transgene and grew at a normal rate for male rats.

Generation of GRF-GH transgenic rats
A genomic fragment containing the 5'-untranslated region 
(UTR), exons 1-5, introns, the 3' UTR and polyadenyl
ation sequence of the hGH gene (DeNoto et a l, 1981) 
was inserted into the 5' UTR of the rGRF gene hypo
thalamic exon 1 in cos rGRF-S3 to make cos GRF-GH 
(Figure 1). The resulting 38 kb rGRF-hGH insert fragment 
was microinjected into fertilized AS rat eggs. Surviving 
eggs were transfered into the oviducts of pseudopregnant 
recipients, and the resulting pups were assayed for the 
presence of the transgene by Southern blot analysis with 
an hGH probe of genomic DNA prepared from tail biopsy. 
Four pups (66, 101, 128, 129) were found to have 
incorporated transgene DNA (data not shown) and were 
mated with wild-type AS rats. Two of the founders, 101 
and 129, produced litters from which lines subsequently 
were established. Founder 66 (female) produced only one 
litter which died shortly after birth, and founder 128 
(male) produced no offspring. Southern blot analysis of 
founder 129 indicated that this animal bore a partial copy 
of the transgene which lacked the entire rGRF 5'-flanking 
sequences and the 5' end of the hGH gene, which would 
not make hGH mRNA. Founder 66 contained six copies 
of the transgene, 101 a single copy and 128 -16 copies. 
The growth rate of all founders was monitored; the three 
founders with intact transgenes all exhibited dwarfism, 
whilst founder 129 did not (Table I).

3872



m
£O)
I
>.
E
CQ

350
Maies

300

250

200
150

100
50

00 2 4 6 8 10 12 14 16

Transgenic dw arf rats 

M Ce Go Hyp Pit Li H Lu K Mu I T + M

250
Females

200
2
I,0)
> 100 
E
m

0 2 4 6 8 10 12 14 16

Age (weeks)

Fi}>. 2. Growth curves for wild-type (open syinbois) and Tgr (closed 
symbols) male and female littermates. Groups of (>-8 animals were 
weighed weekly for up to 14 weeks. Data shown are mean ± SEM. 
Tgr rats were signilicantly smaller than their wild-type littermates by 
3 weeks of aiie.

Growth rate of Tgr rats
Tgr animals from line 101 and their wild-type littermates 
were weighed at weekly intervals. Adult hemizygous Tgr 
rats were -60-70% of the weight of their sex-matched 
littermates (Figure 2). This dwarlism became significant 
(/^<0.()01 ) in both sexes by 3 weeks of age. Body length 
was also reduced in adult male Tgr rats (nose-tail length 
329 ± 5 mm) compared with wild-type animals (362 ± 
3 mm. n = 7.7: f<0.01 ). In the rat. growth is sexually 
dimorphic. In the normal rats, this sex difference became 
significant (f<0.05) by 4 weeks of age. whereas this 
difference was not significant until 7 weeks in Tgr rats. 
The rate of weight gain continued more slowly in Tgr 
males than in wild-type males (A wt between 6 and 12 
weeks was 115 ± 4 versus 150 ± 4 g. P<().()5). whereas 
the rate of weight gain in female Tgr animals was more 
similar to that of wild-type females (A wt 69 ± 3 in Tgr 
versus 79 ± 5 g in wild-type females, n.s.)

Homozygote animals did not show any greater growth 
retardation than the hemizygotes (data not shown). Sub
sequent studies were therefore performed on paired groups 
of hemizygote dwarfs and their non-transgenic littermates.

Expression of the GRF-GH transgene
Initial attempts to detect hGH mRNA in Tgr hypothalamus 
by RNase protection, or hGH protein by radioimmunoassay 
(RIA) of hypothalamic extracts were unsuccessful. We 
therefore examined expression of the hGH transgene

B-actin

— hGH

Fig. 3. RT-PCR analy.sis of hGH transgene expression in brain and 
peripheral tissues of Tgr rats. cDNA was prepared from I pg of total 
RNA from Tgr rat tissues and subjected to RT-PCR with hCiH- and 
rat (3-actin specific primers. Products were analysed on a 29c agarose 
gel. Markers (M l were 1 kb DNA ladder (Gibco-BRlA. tissues are:
Ce, cerebellum; Co. cortex; Hyp. hypothalamus; Pit. pituitary; Li, 
liver; H. heart; Lu. lung; K, kidney; Mu. muscle; 1. intestine. T. testis; 
4-. positive control (GH3 rat pituitary cells transiently transfected with 
an hGH gene driven by the cytomegalovirus promoter).

by fever.se transcription-polymerase chain reaction (RT- 
PCR) using hGH gene-specific primers. Rat |3-actin was 
also amplified as a control. The expected 428 bp PGR 
product was observed in the hypothalamus and pituitary of 
Tgr animals (Figure 3). With extended RT-PCR analysis, 
small amounts of hGH product were also detectable in 
extracts of cortex, cerebellum, lung and testis, but no 
product was visible in liver, heart, kidney, muscle or 
intestine (not shown). Immunocytochemistry was used to 
examine the site of hGH expression in Tgr brain sections. 
Immunoreactive hGH was only detectable in the median 
eminence of the hypothalamus (Figure 4A and B). A 
similar distribution of hGH immunoreactivity was also 
found in the median eminence of founder 66. Serial 
sections examined for hGH and rat GRF precursor (Monts 
et al., 1996) by immunocytochemistry showed that both 
peptides exhibited an identical distribution in the median 
eminence of Tgr animals (not shown). hGH immuno
reactivity was not detected in other parts of the brain, nor 
in brains from wild-type animals. A few liGH-positive 
cells were also detected in the anterior pituitary of Tgr 
animals and of founder 66.

Expression of the endogenous rGRF, rGH and rPRL 
genes
Hypothalamic GRF mRNA levels were examined in wild- 
type and Tgr littermates at post-natal day 42 (P42) by 
RNase protection analysis (Figure 5A). The level of GRF 
mRNA was decreased in Tgr hypothalamus compared 
with wild-type littermates. This contrasts with an up- 
regulation of GRF mRNA levels in the clw dwarf rat 
compared in the same assay. Measurements of hypo
thalamic GRF peptide content by RIA also showed a 
slight reduction in Tgr rats (1.15 ± 0.09 versus 1.37 ± 
0.09 ng). but this did not reach statistical significance 
(P = (k08).

Expression of the GH and PRL genes in the anterior 
pituitary of wild-type and Tgr littermates was examined 
through post-natal development by S1 nuclease protection 
analysis, with rat (3-actin mRNA levels determined as a 
control (Figure 5B). GH gene transcription rises gradually 
from birth in wild-type and Tgr animals.When normalized 
to (3-actin levels. iGH mRNA levels were reduced in Tgr 
pituitaries. from post-natal day 2 (P2) and at subsequent
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hypothalamic median eminence (A and H) of a Tgr rat, Immunopositive GH cells in wild-type rat anterior pituitary (C) are much more abundant 
than in the Tgr pituitary gland (I)). 3V = third ventricle. ME = median eminence, scale bar = 100 pm.

time points, compared with non-transgenic littermates, 
except for P42 female pituitary. The reduction in mRNA 
levels between normal and Tgr animals became less 
pronounced with age, such that GH mRNA levels are 
comparable at P42 when measured per pg of pituitary 
RNA. rPRL mRNA levels were also reduced in Tgr 
pituitary compared with wild-type pituitaries.

Pituitary hormone content
Pituitary rGH protein levels were examined by RIA 
through post-natal development in wild-type animals and 
their Tgr littermates (Figure 6). When compared with 
normal animals, Tgr pituitary rGH levels were significantly 
reduced from 9 days of age and all subsequent time points 
in both males (Figure 6) and females (not shown). Pituitary

weights were also markedly reduced in Tgr animals (150 
days, 6.0 ± 0.5 versus 10.1 ± 0.6 mg in wild-type 
littermates, P<0.0()1). Levels of other pituitary hormones 
were examined by RIAs of the same pituitary homogenates 
taken from 23 day wild-type and Tgr littermates (Table 
II). GH showed the most dramatic reduction, to 20% of 
wild-type levels. PRL and luteinizing hormone (LH) levels 
were also reduced, though LH levels were not reduced 
when pituitaries from older animals were examined (data 
not shown). Levels of adrenocorticotrophic hormone 
(ACTH) and TSH were unaffected. Pituitary hGH levels 
were also determined by an assay specific for hGH and 
found to be low, but consistently detectable in extracts of 
Tgr pituitary but not from their wild-type littermates 
(Table II).
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Fig. 6. Pituitary rGH content through post-natal development in wt 
and Tgr rats. Rat GH levels were measured by RIA in wt and Tgr 
pituitary extracts at post-natal days 2, 9, 16, 23, 42 and 150. The first 
three groups are from both sexes, whereas the last three groups are 
from males only. Results are expressed as mean ± SEM, n =  6-22; 
*, P<0.05; ***, P<0.001.
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■ Act in

Fig. 5. (A) Expression of GRF in hypothalami of AS dwarf, wild-type 
and transgenic rats. RNase protection analysis of 20 |ig of total 
cellular RNA from hypothalami of AS dwarf (dw), wild-type (wt) and 
transgenic (Tgr) rats at post-natal day 42 (P42). M is “̂P end-labelled 
A/ipI-digested pUC19. P is undigested probe. (B) Expression of GH, 
PRL and p-actin in the anterior pituitary of wild-type and Tgr rats 
through post-natal development. SI nuclease protection analysis of 
3 pg of total cellular RNA from pooled {n = 5-13) normal (wt) and 
transgenic (Tgr) pituitaries at post-natal day 2 (P2), day 9 (P9), day 16 
(P16), day 23 (P23) and day 42 (P42) males and females, with probes 
specific for rGH. rPRL and P-actin. M is ‘̂ P end-labelled Mspl- 
digested pUC19.

Immunocytochemistry for rGH and rPRL
Immunocytochemistry using rGH-specific antibodies was 
performed on sections from 150 day Tgr and wild-type 
littermate pituitaries (Figure 4) and the percentage of GH- 
immunoreactive cells was determined. The proportion of 
pituitary cells identified as somatotrophs was reduced 
markedly in Tgr rats (31 ± 1% versus 45 ± 1% in wild- 
type rats, P<0.001), whereas the lactotroph numbers 
identified by immunocytochemistry in the same sections 
were unaffected (26 ± 1 versus 28 ± 2%, n = 6 per group).

Release of endogenous GH in Tgr dwarf rats
The secretory pattern of rat GH was measured by auto
mated serial blood microsampling in conscious, chronic
ally catheterized adult wild-type and Tgr male rats. Two 
examples are shown in Figure 7, and analysis of secretory 
profiles from a larger group of animals is shown in Table 
ill. Whilst GH pulse frequency was not significantly 
altered, GH peak amplitude, peak area and total GH 
secretion were all markedly reduced in the Tgr animals, 
compared with their non-transgenic littermates.

Discussion

Our primary aim was to generate a novel dwarf rat 
with pituitary GH deficiency but still responsive to GH

Table II. Pituitary hormone content in wild-type and Tgr rats at post
natal day 23

Hormone content Wild-type (wt) Transgenic (Tgr)
(pg/pituitary)

Rat GH 36.3 ± 3.3 6.9 ±  0.4***
Rat PRL 0.85 ± 0.08 0.49 ±  0.04***
Rat LH 3.3 ± 0.5 2.1 ±  0.3*
Rat TSH 1.7 ± 0.1 1.6 ±  O.I
Rat ACTH 13.4 ± 1.0 13.4 ±  0.9
Human GH n.d. 0.0003 ±  0.00003

The rat pituitary hormones GH, PRL, LH, TSH, ACTH and the human 
GH transgene product were measured by specific RIAs in the same 
homogenates obtained from wild-type (wt) and transgenic (Tgr) 23-day 
old littermates. Results are expressed as mean ±  SEM. n = 11 (wt), 
n = 22 (Tgr). n.d. not detectable * P<0.05; *** P<0.001.

secretagogues. Although existing dwarf strains are useful 
in studies of GH or lGF-1 action (Skottner et ciL, 1989; 
Gargosky et ai, 1995), neither show significant growth 
responses to GH secretagogues. The primary stimulus for 
GH release is hypothalamic GRF, but no GRF-deficient 
mice made by homologous recombination or transgenic 
ablation have been reported. Destruction of GRF neurons 
by neonatal monosodium glutamate (MSG) treatment 
produces dwarf rats which grow in response to GRF 
(Clark and Robinson, 1985), but this treatment is non
specific and toxic. Two transgenic mouse experiments 
suggested a different strategy to us. A dominant dwarf 
phenotype was reported in mice expressing hGH in the 
cerebral cortex driven by the mouse mammary tumour 
virus long terminal repeat (Hollingshead et al., 1989). A 
similar phenotype was also reported in a mouse line 
expressing hGH in the CNS under the control of the 
tyrosine hydroxylase promoter (Banerjee et al., 1994). 
Both these lines showed reduced GRF and pituitary GH 
(Hollingshead etal, 1989; Szabo etal, 1994), suggesting 
that the dwarfism resulted from central hGH activating 
the feedback pathway by which pituitary GH inhibits its 
own secretion (Katakami et al, 1987).

GH controls its own production via feedback on GH 
receptors located in the arcuate and periventricular nuclei, 
repressing GRF and increasing somatostatin expression, 
respectively (Burton et a l, 1992; Lobie et al, 1993).
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Fig. 7. Blood rGH secretory profiles in individual wild-type (□ ) and Tgr (■) freely-moving conscious male rats.

However, GH receptors are expressed in several other 
sites in the CNS, where their function is poorly understood. 
To maximize physiological control of transgene expres
sion, we chose to express hGH under the control of a 
specific hypothalamic promoter. The GRF gene was chosen 
since its expression is largely restricted to neurons in the 
arcuate nucleus of the hypothalamus (Bloch et a i, 1983) 
and these represent a major target for GH feedback in the 
rat. We chose to make rats rather than mice since a 
dwarf phenotype in rats is still compatible with extensive 
cannulation, sampling and infusion procedures which are 
not feasible in dwarf mice. Although most knowledge of 
the physiological control of GH release by the hypo
thalamus derives largely from studies in the rat, few 
transgenic rats with modifications in the GH axis have 
been reported (Ikeda et a i, 1995).

Previous attempts to target GRF neurons in transgenic 
mice used relatively short flanking sequences of the human 
(Botteri et a i, 1987) or mouse (Giraldi et a i, 1994) GRF 
genes expressing SV40 large T antigen. No hypothalamic 
expression was obtained, though ectopic expression pro
duced thymic hyperplasia or adrenal medullary tumours. 
Appropriate transgene expression is achieved more reliably 
with larger constructs that contain the regulatory elements 
necessary for position-independent, copy number- 
dependent expression (Grosveld et a i, 1987; Jones et ai, 
1995). Accordingly, we isolated cosmids spanning 42 kb 
of the rGRF gene locus. In the rat, GRF is also expressed 
in extrahypothalamic tissues such as placenta (Gonzalez- 
Crespo and Boronat, 1990; Margioris et ai, 1990) and 
testis (Berry and Pescovitz, 1988). These transcripts arise 
from promoters 10 kb upstream of the hypothalamic 
promoter and splice into the second exon of the hypo
thalamic GRF mRNA (Gonzalez-Crespo and Boronat, 
1991). To avoid extrahypothalamic expression, the hGH 
gene was inserted into the 5' UTR in the hypothalamic 
first exon of the GRF gene. Any transcripts arising from 
upstream GRF promoters, which could theoretically splice 
into the second exon of the hGH gene, would not produce 
bioactive hGH.

Table III .  PULSAR analysis of GH secretion in wild-type and Tgr 
male rats

GH secretory parameters Wild-type male Tgr male

Total secretion (ng/mlX 12 h) 168.6 ±  24.2 69.2 ± 10.6**
Peak frequency (peaks/12 h) 10.2 ±  0.9 7.8 ± 0.8
Peak interval (h) 1.24 ±  0.11 1.51 ± 0.17
Peak amplitude (ng/ml) 39.1 ±  5.8 20.4 ± 3.6*
Peak area (ng/mlxh) 12.8 ± 1.5 6.7 ± 1.1**

GH secretory profiles were obtained from conscious, chronically 
catheterized male wild-type (n -  5) and Tgr rats (n = 6) and 
subjected to PULSAR analysis as described in Materials and methods. 
Data shown are mean ±  SEM *P<0.05; **P<0.01 versus wild-type.

Four rGRF-hGH founders were generated, three of 
which grew more slowly than their non-transgenic litter
mates. The fourth founder, which had the GRF 5'-flanking 
sequences and part of the hGH gene deleted, showed a 
normal growth rate. The two higher copy number animals 
did not breed successfully, suggesting that there may be 
a gene dosage effect of hGH on fertility (Hammer et ciL, 
1984). However, a line was established from the single 
copy number founder #101, which we have termed Tgr (for 
Transgenic growth-retarded). In this line, hGH transgene 
expression was low, and highly restricted within the CNS. 
It was detectable by RT-PCR in the hypothalamus and 
anterior pituitary gland of Tgr rats, whilst extremely low 
level expression was also observed in cerebellum, cortex, 
lung and testis, matching endogenous GRF expression 
(Matsubara eta l, 1995). hGH was detectable by immuno
cytochemistry in the median eminence of founder 66 and 
in Tgr rats from line 101; no other CNS site showed hGH 
immunoreactivity. The low level of hypothalamic hGH 
expression was not unexpected, since hypothalamic GRF 
levels are low in normal animals (Katakami et ai, 1987). 
Furthermore, since the hGH transgene is driven from the 
rGRF promoter, transgene hGH production from GRF 
cells would inhibit its own expression.

The slight amounts of hGH mRNA and protein in the 
pituitary of Tgr rats could have reflected inappropriate
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expression of the transgene, caused by regulatory 
sequences within the hGH gene (Slater et a l, 1985) 
directing expression to the anterior pituitary gland. This 
is unlikely, as relatively few anterior pituitary cells stained 
for hGH whereas somatotrophs make up ~40% of the 
cells in the anterior pituitary. Pituitary expression of the 
transgene is more likely to parallel the low level expression 
of the endogenous GRF gene in the anterior pituitary 
(Matsubara et a l, 1995). Hypothalamic GRF content 
was slightly but not significantly reduced in the Tgr 
hypothalamus. However, GRF content measurements 
reflect a balance between synthesis and release. For 
example, hypophysectomy (Katakami et a l, 1987; 
Chomczynsld et a l, 1988) increases GRF mRNA but 
reduces hypothalamic GRF content. In contrast to the 
increased GRF mRNA levels normally observed in GH- 
deficient rats (Chomczynski et a l, 1988; De Gennaro 
Cqlonna et a l, 1988; Downs et a l, 1990; Mizobuchi 
et a l, 1991), Tgr rats showed a significant reduction in 
GRF mRNA levels despite their marked pituitary GH 
deficiency.

GH mRNA levels and GH content and cell numbers 
were reduced thoughout post-natal development of Tgr 
rats. ACTH and TSH levels were normal, suggesting 
that the corticotroph and thyrotroph populations were 
unaffected by transgene expression. However, Tgr rats 
also showed a reduced PRL mRNA level and PRL 
content. Reduction in PRL is not simply a consequence 
of somatotroph hypoplasia, as PRL levels are normal in 
the spontaneous dwarf rat (Kineman et a l, 1989). Since 
hGH also binds to PRL receptors in the rat (Roupas and 
Herington, 1989), a decrease in PRL is consistent with a 
hypothalamic feedback inhibition of the PRL system by 
hGH (Steger et a l, 1991; Phelps and Bartke, 1995).

GH release is highly episodic in the rat (Tannenbaum 
and Martin, 1976), and effective analysis requires multiple 
serial sampling. We showed that, in chronically catheter
ized conscious male Tgr rats, the normal episodic pattern 
of GH secretion was maintained, but with a markedly 
reduced pulse amplitude. Other physiological studies in 
these animals have shown that they release GH in response 
to GRF, and that their dwarfism can be corrected by 
chronic treatment with GH secretagogues (Wells et al. 
1995). This first specific model of GRF-responsive GH- 
deficient dwarfism in the rat will therefore prove invaluable 
in studies of the physiological control of the somatotroph 
by GRF and of the effectiveness of GH secretagogues in 
the treatment of GH deficiency.

Materials and methods
Screening of cosmid libraries
A rGRF cDNA clone (Mayo et a l, 1985) was used to screen a rat 
genomic DNA library (kindly provided by Dr Noel Buckley) in the 
cosmid vector pWEÎS. Positive clones were Southern blotted, and 
strongly hybridizing clones were restriction mapped and compared with 
previously isolated clones (Mayo et a l, 1985).

Construction of tfte rGSF-hGH transgene
An 11 kb Kpnl fragment containing 4 kb of 5'-hanking sequence, exons 
1-4 of the rGRF gene and 2 kb of intron 4 was subcloned, and an Mlul 
site was introduced at the PvmI  site in the 5' UTR of the rGRF gene. A 
1.5 kb (BumHI-SjpI) M/nl-Unkered fragment containing the entire hGH 
gene (DeNoto et a l, 1981) with its own ATG initiator codon, introns, 
stop codon and polyadenylation signal [RumHl-XjpI (DeNoto et a l,

1981)] was inserted into the M lul site in the appropriate orientation. The 
11 kb Kpnl fragment of cos rGRF-S3 was replaced by the 12.5 kb 
rGRF-GH Kpnl fragment to generate cos GRF-GH, and packaged using 
Gigapack II Plus packaging extract (Stratagene).

Generation of transgenic rats
All experiments in the generation and analysis of transgenic rats were 
carried out in accordance with local and National ethical guidelines. Cos 
GRF-GH was digested with Notl and the 38 kb insert fragment was 
separated from the vector by centrifugation on a 5-25% salt gradient 
(Dillon and Grosveld, 1993). DNA (2 ng/pl) was injected into the male 
pronucleus of fertilized one-cell rat oocytes using standard techniques 
(Hogan et a l, 1986). Viable eggs were transferred into the oviducts of 
pseudopregnant surrogates under halothane anaesthesia, and tail biopsies 
were taken from the resulting pups using local anaesthesia. Transgenic 
pups were identified by Southern blot analysis using a 1 kb P vmI I  hGH 
3' probe (DeNoto et a l, 1981) or a 700 bp Bgfll-FfmdlH rGRF intron 
1 probe (Mayo et a l, 1985) for copy number determination.

Reverse transcriptase-polymerase chain reaction
Reverse transcription on 1 |ig of total cellular RNA was carried out 
using a cDNA Cycle K it (Invitrogen) according to the manufacturer’s 
instructions. Primers used were: 5' hGH, TAGCTGCAATGGCTACA- 
GGCT; 3' hGH, TTAGGAGGTCATAGACGTTGCTGTC; 5' rat |3-actin, 
TTGTAACCAACTGGGACGATATGG; 3' rat p-actin, GATCTTGAT- 
CTTCATGGTGCTAGG. PCR conditions used were as follows. Reac
tions were incubated at 94°C for 5 min then 1 unit o f Tag DNA 
polymerase (Cetus) was added. PCR amplification was performed for 
35 cycles of: dénaturation at 94°C for 1 min; annealing at 59°C for 
1 min; extension at 72°C for 50 s, followed by a final extension at 72°C 
for 5 min. Products were analysed by electrophoresis on a 2% agarose gel.

S i nuclease and RNase protection analysis of tissue RNA
Tissue was taken from Southern blot-positive line 101 hemizygotes and 
their non-transgenic littermates and RNA was prepared by the L iC I- 
urea method (Auffray and Rougeon, 1980). SI nuclease protection 
analysis (Berk and Sharp, 1977) was performed on 3 |Ug o f total pituitary 
RNA using ^^P end-labelled probes. For rGH mRNA measurement, a 
292 bp Sacl-BspHl probe from intron 4 and exon 5 of the rGH gene 
(Page et a l, 1981) was used, giving a 161 nt protected fragment. For 
rPRL, a 339 bp Accl-BglU. rPRL cDNA fragment (Maurer et a l, 1981) 
was cloned into the H in iU l site of pUC19 and a 317 bp PvuU-BspÉl 
fragment was used, giving a 133 nt protected fragment. A 320 bp 
BamlXL-Aval human P-actin cDNA fragment from pHppA-I (Gunning 
et a l, 1983) was used for p-actin mRNA measurement, giving a 112 nt 
protected fragment.

RNase protection analysis (Melton et a l, 1984) was performed as 
previously described (Gabiiellson et a l, 1995) using 20 pg of total 
hypothalamic RNA. Probes used were a 212 nt RNA probe complement
ary to the rGRF cDNA (FcoRI-Hirtdnl) (Mayo et a l, 1985), giving a 
protected fragment of 205 nt. Following electrophoresis, signals were 
detected by autoradiography.

Radioimmunoassay
Anterior pituitary glands were homogenized in phosphate-buffered saline 
(PBS) and assayed for GH, PRL, ACTH, TSH and LH by specific RIAs 
using reagents donated by the NIDDK reagents program. Human GH 
was assayed by a specific hGH RIA that did not cross-react with rat 
GH, as previously described (Pairhall et a l, 1992). Rat GRF was assayed 
as described by Tsagarakis et a l (1989).

Immunocytochemistry
Pituitary glands and hypothalami from Tgr and wild-type rats were fixed 
in 4% paraformaldehyde in 0.1 M  sodium phosphate buffer for 24 h 
prior to embedding in paraffin wax. hGH was localized in 4 pm sections 
of hypothalamic and pituitary tissue using an avidin-biotin (AB)- 
immunoperoxidase method as previously described (Brown et a l, 1993) 
but with a primary sheep anti-hGH serum (incubated at 1:30 000 
overnight; Scottish Antibody Production Unit, Lanarkshire, UK). Double 
sequential immunostaining for rGH and rPRL in anterior pituitary 
sections was performed with a combined AB-immunoperoxidase- 
alkaline phosphatase proeedure (Brown et a l, 1993) following overnight 
incubation with a monkey anti-rGH serum at 1:2000 and a rabbit anti- 
rPRL serum: 1:8000; NHPP, Rockville, MD, USA. AB-horseradish 
peroxidase complexes were visualized using a solution of 3,3-diamino- 
benzidine tetrahydrochloride (4 mg/10 ml) containing 3% H^O^. A B - 
alkaline phosphatase complexes were visualized with a 5-bromo-4-
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chloro-3-indoxyl phosphate/nitro blue tétrazolium chloride mixture 
containing 1 niM levimisole to block endogenous phosphatase activity. 
Sections were counterstained with haematoxylin or neutral red. Control 
sections were incubated either with normal control serum in place of 
primary antibody, or in primary antibody pre-absorbed overnight with 
excess hormone (10 ng/ml). The proportion of rGH- and rPRL-immuno- 
positive cells was determined by cell counting using an eyepiece graticule 
and expressed as a percentage of the total cell number of each field.

Blood sampling
Serial blood samples (20 |il) were obtained from chronically catheterized 
conscious Tgr and wild-type adult male rats using an automated 
microsampling system and assayed for rat GH by RIA as previously 
described (Clark et a l, 1986). Blood GH profiles were analysed using 
the PULSAR algorithm (Merriam and Wachter, 1982) with the following 
parameters G (l) 3.98; G(2) 2.40; G(3) 1.68; G(4) 1.24; G(5) 0.93.
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ABSTRACT
Exogenous GH inhibits endogenous GH release by hypothalamic 

feedback. We have recently exploited this to generate transgenic 
growth-retarded (Tgr) rats, in which human GH is expressed in the 
hypothalamus, under the control of the rat GRF gene promoter. These 
rats show reduced pituitary size, GH deficiency, and dominant dwarf
ism, but are large enough for serial blood sampling studies to examine 
their spontaneous GH secretion and responses to GRF, somatostatin, 
and GH-releasing peptide-6 (GHRP-6). Like their normal wild-type 
littermates, Tgr rats show a sexually dimorphic pattern of GH se
cretion; males secrete GH in 3-h episodes, whereas females exhibit a 
more continuous irregular output, with higher baseline GH levels. In 
anesthetized male Tgr rats, the GH responses to GRF or GHRP-6 were 
markedly reduced compared with those of their nontransgenic litter

mates, but the differences were smaller in females. Despite the re
duction in pituitary GH, peak plasma GH responses to serial GRF 
injections in conscious Tgr males or intermittent somatostatin infu
sions in conscious Tgr females were indistinguishable from the re
sponses in their wild-type littermates. Furthermore, 7-day iv infu
sions of GRF (12.5-100 jug/day), given either continuously or as a 
pulsatile infusion stimulated growth in Tgr rats, as did pulsatile 
infusions of GHRP-6. Thus, despite their pituitary GH deficiency and 
dwarfism, Tgr rats maintain a sexually dimorphic pattern of GH 
release and can produce large GH secretory responses to exogenous 
secretagogues. They represent the first genetic model of GH deficiency 
in the rat in which dwarfism can be corrected by treatment with 
exogenous GH secretagogues. {Endocrinology 138: 580-587,1997)

Ma m m a lia n  p o s tn a ta l  growth is largely regu
lated by GH, an excess resulting in gigantism, and a 

deficiency in dwarfism, and some of these conditions have 
been modelled using various targeting strategies in trans
genic mice (1-4). Al&ough overexpression of GH at periph
eral sites causes enhanced growth, a dwarf phenotype results 
when human (h) GH is expressed in the central nervous 
system (5,6). This is thought to be due to central feedback of 
hGH increasing hypothalamic somatostatin (SRIF) and/or 
reducing GRF production, which, in turn, reduces GH se
cretion (5, 7-11).

We recently generated a model of dominant GH-depen- 
dent dwarfism in the rat by expressing hGH under the con
trol of the rat GRF promoter to direct expression specifically 
to hypothalamic arcuate neurons (12) and have begun to 
characterize the phenotype of these transgenic growth-re
tarded (Tgr) rats (13, 14). We chose to use rats rather than 
mice because dwarf rats are still large enough for their en
dogenous GH secretory pattern to be characterized by the 
chronic catheterization/microsampling technique devel
oped for the rat (15).

Dwarf male Tgr rats continue to secrete GH in 3-h epi
sodes, but with a reduced pulse amplitude compared to that
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of their wild-type littermates (12). However, despite their 
significant pituitary GH deficiency, growth retardation is 
less marked in female Tgr rats (12). The first aim of the 
present study was, therefore, to perform serial sampling in 
conscious female Tgr rats to determine whether the sexual 
dimorphism in the GH secretory pattern typical of normal 
rats (16) is maintained in this transgenic strain.

In this model of dwarfism, the pituitary should remain 
responsive to the normal peptidergic mechanisms control
ling GH release (17). The second aim of this study was to 
examine the GH response to GRF, GH-releasing peptide-6 
(GHRP-6) (18), or SIUF in Tgr rats, using the patterns of iv 
administration previously tested in normal rats (19). Due to 
the nature of the dwarfism, the degree of GH deficiency in 
the Tgr rat is less severe than that in other genetic dwarf rat 
strains (20,21). The final aim of this study was, therefore, to 
test whether chronic infusions of GRF or GHRP-6 could 
stimulate sufficient endogenous GH release to correct the 
dwarfism in the Tgr rat. A preliminary account of some of 
these results has been presented (13, 14).

Materials and Methods
Bhod microsampling

All animal procedures satisfied our institutional and national ethical 
requirements for experiments with genetically modified rats. Hemizy
gous Tgr rats and their normally growing wild-type littermates from our 
own colony at the National Institute for Medical Research (London, UK) 
were generated and genotyped as previously described (12). At 7-8 
weeks of age, they were placed in metabolic cages with food and water 
available ad libitum. After 4-10 days of acclimatization, catheters were 
implanted into the right jugular vein under halothane anesthesia. After 
at least 48 h of recovery, serial blood samples were withdrawn using a 
microcomputer-controlled sampling system as previously described
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(15). Blood samples were assayed for rat GH (rGH) by RIA either directly 
(15) or after separation of the plasma, and the results are expressed as 
nanograms per ml blood in terms of the reference preparation RP-2. 
Insulin-hke growth factor I (IGF-I) was measured on one set of serum 
samples after acid-ethanol extraction (courtesy of Dr. Jenny Jones, Mid
dlesex Hospital, London, UK).

Injection of GH secretagogues in anesthetized animals

Wild-type and Tgr male rats (6-7 weeks old; n = 6 and n = 7, 
respectively) were anesthetized with urethane (1.25 g /kg), and jugular 
vein catheters were inserted. Serial blood samples (100 jul) were taken 
manually before and after a bolus iv injection of 1 /rg Nle^  ̂hGRF-(l- 
29)NH2. After an additional 90 min, the same animals were given an iv 
injection of 10 jug GHRP-6 with continued manual blood sampling, and 
the rGH concentration was determined by RIA.

Serial GRF injections in conscious animals

Male Tgr rats and their wild-type littermates (n = 6 and n = 3, 
respectively) were implanted with jugular catheters under halothane 
anesthesia. After 48 h of recovery, animals received four consecutive 
injections of 1 jug [His\Nle^^]hGRF-(l-29)NH2 at 90-min intervals, dur
ing which blood samples were withdrawn automatically and assayed for 
rGH.

Intermittent SRIF infusions in conscious female rats

Wild-type and Tgr female rats (10-11 weeks old; n = 5 for both) were 
implanted with indwelling, double bore, jugular vein catheters under 
halothane anesthesia. After 48 h of recovery, automated blood micro
sampling was performed via one bore of the catheter, while a simulta
neous intermittent (150 min on, 30 min off) infusion of SRIF [SRIF-(1-14); 
30 jug/h] was delivered via the other bore. This procedure was previ
ously shown to induce cycles of GH suppression and rebound secretion 
in conscious female rats (22). Blood samples were assayed directly for 
rGH.

Continuous iv infusion of GRF

Groups of 5-week old male Tgr rats (n = 3-10) were prepared with 
iv catheters directly connected to osmotic minipumps (Alzet model 2001, 
Alza Corp., Palo Alto, CA; 1 jul/h) implanted sc under halothane an
esthesia. These pumps delivered PBS-BSA vehicle alone or vehicle con
taining [His^,Nle^^]hGRF-(l-29)NH2 at a dose of 30,60, or 100 jug/day. 
After 7 days the animals were weighed and killed, and the anterior 
pituitary was dissected, weighed, homogenized, and assayed for rGH.

Pulsatile iv infusion of GRF

Two groups of six male Tgr rats (11-12 weeks old) were equipped 
with indwelling jugular catheters for automatic blood sampling. After

êry, the animals were infused with 2-min (200 jul) pulses of vehide 
lis ,Nle^^]hGRF-(l-29)NH2 (12.5 jug/pulse) every 3 h for 7 days

recover 
or [His^
(total dose, 100 jug/day) as previously described (23). After 7 days, the 
animals were weighed and killed just before a pulse was due. The 
anterior pituitary was weighed and homogenized, and the rGH content 
was assayed.

Pulsatile iv infusion of GHRP-6

Groups of male Tgr or wild-type rats (7-8 weeks old; n = 5 and n = 
6, respectively) were equipped with indwelling jugular catheters. After 
recovery, a pulsatile iv infusion of GHRP-6 (10 jug in 2 min every 3 h) 
was continued for 7 days. Body weight and food intake were measured 
daily. After 7 days the animals were weighed and killed just before a 
pulse was due. The anterior pituitary was weighed and assayed for rGH.

Peptides used

The two GRF analogs used for these studies [Nle^ ]̂hGRF-(l-29)NH2 
or [His^,Nle^^]hGRF(l-29)NH2, were generous gifts from Ferring 
(Malmo, Sweden) and are equipotent with rGRF-(l-29)NH2 to release 
GH m normal rats (our unpublished data). GHRP-6 was also provided 
by Ferring, whereas SRIF-(1-14) was purchased from Bachem (Saffron 
Walden, UK). For patterned iv infusions, the peptides were dissolved in 
a vehicle consisting of PBS containing 0.19 mg/ml BSA and heparin (5 
U / ml). For experiments with osmotic minipumps, the peptides were 
first dissolved at higher concentrations in 0.1 m  acetic acid before di
lution with the PBS/BSA vehicle, without added heparin.

Statistical analysis

Blood rGH profiles were analyzed using Pulsar (24), with the cut-off 
parameters set to give a false positive error rate of 5% [G(l) = 3.98; G(2) 
= 2.40; G(3) = 1.68; G(4) = 1.24; G(5) = 0.93]. Unless otherwise stated, 
pooled data are shown as the mean ± s e m , and statistical comparisons 
were made using Student's t test or ANOVA followed by Bonferroni/ 
Dunn test or Duncan's multiple range test. A difference with P <  0.05 
was considered significant.

Results
The salient characteristics of male and female Tgr rats are 

shown in Table 1. Body weight, nose-anus length, and tibia! 
length were all significantly reduced in Tgr animals com
pared to those in wild-type littermates, consistent with their 
reduced pituitary weight, GH content, and plasma IGF-1 
levels. Liver, heart, and kidney weights were all significantly 
less in Tgr rats of both sexes (Table 1), but these differences 
largely disappeared when adjusted for their smaller total 
body weights. A ll of these effects were more pronounced in

TABLE 1. Growth parameters, pituitary rGH, and plasma IGF-I in matched groups of 9-week-old Tgr and wild-type rats

Wild-type male Tgr male Wild-type female Tgr female

BW (g) 212.0 ± 3.6 162.6 ± 4.5“ 168.7 ± 2.5 130.7 ± 2.2*'"
Nose-anus length (cm) 20.0 ±  0.2 18.0 ± 0.1“ 17.8 ± 0.1 16.3 ± 0.2*'"
Tibial length (mm) 34.8 ± 0.1 31.8 ± 0.3“ 32.8 ± 0.3 30.3 ± 0.2*-̂
Pituitary wt (mg) 7.2 ± 0.3 4.1 ± 0.2“ 7.2 ± 0.5 4.5 ± 0.3*
Pituitary rGH (jug) 405 ± 56 108 ± 21“ 180 ± 11 104 ± 14"
Plasma IGF-I 974 ± 35 359 ± 33“ 847 ± 55 575 ± 54"̂ '"
Liver wt (g) \ 8.7 ± 0.2 6.2 ± O.V 6.9 ± 0.2 4.8 ± 0.2̂ '"
Heart wt (mg) 739 ± 14 586 ± 25^ 624 ± 22 495 ± 8*"
Kidney wt (mg) 820 ± 19 558 ± 19̂ 643 ± 22 512 ± 40"

Values given are the mean ± s e m  [n = 6 (Tgr females) or 7 (all other groups)] 
“ P < 0.001 vs. wild-type males.* -------   V». ...J-type males.
* P <  0.001 vs. wild-type females. 
® P < 0.001 vs. Tgr males.

P <  0.01 vs. Tpr males.
® P <  0.01 us. wild-type females. 
^P < 0.01 vs. wild-type males.
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males than in females. For example, the reduction in pituitary 
rGH content was 75% in males compared with 43% in fe
males, and serum IGF-I was 63% and 32% reduced in males 
and females, respectively, consistent with the less marked 
growth retardation in Tgr females.

Spontaneous GH secretion

Blood rGH profiles were obtained by automated micro
sampling from groups of five or six conscious, chronically 
catheterized, young adult Tgr rats and their wild-type lit
termates, and individual examples are shown in Fig. 1. The 
sexually dimorphic GH secretory pattern in the rat was main
tained in the Tgr animals. As previously reported (12), both 
normal and Tgr male rats secreted GH in a regular episodic 
fashion, although the amounts of GH were less in the Tgr 
animals. In contrast, both wild-type and Tgr female rats 
secreted GH in a more continuous irregular GH pattern. 
Pulsar analysis was performed on all profiles, and the results 
are shown in Table 2. Although GH output was higher in 
both groups of female rats, none of the parameters of GH 
secretion in the Tgr females differed significantly from those 
in wild-type females (Table 2). This contrasts with the data

Male

previously obtained in male animals, which showed that GH 
peak height, peak areas, and total GH secretion were halved 
in Tgr males (analyzed in Ref. 12 and included in Table 2 for 
comparison).

Injection of GH secretagogues in anesthetized animals

Figure 2a shows the effects of injecting 1 /xg GRF, iv, 
followed by 10 ju-g GHRP-6, iv, in urethane-anesthetized male 
rats. The basal plasma rGH concentrations were significantly 
less in Tgr males than in their wild-type littermates. Both 
groups responded to GRF and GHRP-6, but the peak rGH 
concentrations were markedly lower in the Tgr males. Both 
groups also produced lower rGH responses to GHRP-6 than 
to GRF (note the difference in scale for GHRP-6 injections).

This procedure was repeated in groups of urethane-anes
thetized female rats (Fig. 2b). In contrast to males, the peak 
rGH responses to GRF were similar for both Tgr and wild- 
type females, although the rGH response was significantly 
briefer in the Tgr animals. As in males, the responses to 
GHRP-6 were much lower than those to GRF, but the Tgr 
females responded at least as well as wild-type females to 
this peptide.
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F ig . 1. Individual blood rGH profiles were obtained by automated serial sampling from conscious male and female Tgr {solid symbols) or 
wild-type (open symbols) rats. Analysis of these and other profiles was performed using the Pulsar program, and the results are shown in Table
2. Pulses identified by Pulsar are indicated in the bar above each profile.
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TABLE 2. Pulsar analysis of blood rGH profiles in female Tgr and wild-type rats

Profile parameters Wild-type female Tgr female Wild-type male" Tgr male"

Total secretion (ng/ml-12 h) 238.3 ± 43.1 191.5 ± 55.6 168.6 ± 24.2 69.2 ± 10.6*
Peak frequency (no. of peaks/12 h) 17.0 ± 1.4* 14.6 ± 0.7" 10.2 ± 0.9 7.8 ± 0.8
Peak ht (ng/ml) 45.1 ± 5.2 37.9 ± 10.5 39.1 ± 5.8 20.4 ± 3.6^
Peak area (ng/ml-h) 8.8 ± 0.9^ 8.9 ± 2.6 12.8 ± 1.5 6.7 ± 1.1*
Interpeak interval (h) 0.78 ± 0.08* 0.86 ± 0.05" 1.24 ± 0.11 1.51 ± 0.17

Data were analyzed using the Pulsar program and compared by ANOVA. Values given are the mean ± sem  (n = 6). 
“ Included for comparison are data from male Tgr rats obtained in a previous study (12).
* P < 0.01 vs. wild-type males.

P < 0.001 vs. Tgr males.
P <  0.05 vs. wild-type males.
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Fig. 2. The effect of GH secretagogues on plasma rGH in male (a ) and 
female (6) urethane anesthetized wild-type {open symbols) and Tgr 
{closed symbols) rats. Both GRF (1 p.g [Nle ’̂̂ ]hGRF-(l-29)NH2) and 
GHRP-6 (10 pg) were given as bolus iv injections in 100 p\. Note the 
difference in scale for the GHRP-6 responses. Values shown are the 
mean ± sem  [n = 6 (Tgr) and n = 7 (wild-type)]. *, P < 0.05; **, 
P < 0.01; ***, P < 0.001.

Serial GRF injections in conscious male rats

Serial iv injections of GRF were given every 90 min to 
groups of conscious male Tgr rats and their nontransgenic 
littermates (Fig. 3). The figure illustrates the variable rGH 
responses typical of male rats given GRF injections at this 
frequency. The first three injections showed an alternating 
pattern of response (the second response being significantly 
lower than those to the first and third injections in both 
groups), whereas the fourth injection elicited a GH response 
not significantly different from the preceding one. Notably,
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Fig. 3 The effect of four serial iv injections of GRF (1 /xg 
[His  ̂,Nle '̂ ]̂hGRF-( 1-29)NHg) given at 90-min intervals to conscious 
male Tgr {solid symbols) and wild-type rats {open symbols). Values 
shown are mean ± sem  [n = 6 (Tgr) or n = 3 (wild-type)]. **, P < 0.01 
vs. responses 1 and 3.

however, both the pattern and the amplitude of the rGH 
responses in these conscious male Tgr rats were indistin
guishable from those in their normal littermates (Fig. 3).

SRIF withdrawal in conscious female rats

Alternating periods of GH suppression followed by re
bound rGH secretion were seen in normal female rats given 
an intermittent iv infusion of SRIF (Fig. 4). Repeating this 
intermittent SRIF infusion pattern in Tgr females elicited a 
virtually identical pattern of rGH response. Peak rGH levels ' 
in the rebound secretory episodes were 104 ± 20 ng/ml in 
Tgr animal vs. 142 ± 17 ng/ml in wild-type females (P = 
0.19).

Chronic iv infusions of GRF

In the first experiment, four groups of male Tgr rats were 
given a continuous iv infusion of vehicle or GRF at three 
different doses for 7 days by means of implanted osmotic 
minipumps. The results are shown in Fig. 5a. Although these 
8- to 9-week-old animals were still growing relatively rapidly 
(>20 g/week), their growth rate could be further increased 
by GRF in a dose-dependent fashion. Anterior pituitary 
weight also increased with continuous GRF treatment, but 
there were no consistent or significant changes in pituitary 
rGH content.



584 GH SECRETAGOGUES IN Tgr RATS Endo • 1997
Vol 138 .  No 2

Somatostatin Infusions (30|ig/hr)

Fig. 4. Inhibition and rebound secre
tion of rGH in female Tgr {solid sym
bols) and wild-type {open symbols) rats 
induced by intermittent iv infusion of 
SKIP (30 /Lig/h; 150 min on, 30 min off; 
bars). Values are the mean ± SEM (n = 
5 for both groups).
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In a second experiment (Fig. 5b), older Tgr rats were given 
controlled iv infusions of saline or GRF (100 jug/day) in a 
pulsatile pattern (2-min pulses every 3 h for 7 days). Pulsatile 
GRF treatment stimulated growth markedly and increased 
anterior pituitary weight, again without significantly alter
ing pituitary rGH content (Fig. 5b). Growth stimulation was 
confirmed in a further experiment with 12-week-old female 
Tgr rats given pulsatile GRF at a lower dose (16 jitg/ day; data 
not shown).

Pulsatile iv infusion of GHRP

As Tgr animals also responded acutely to GHRP-6 injec
tions, the effects of chronic treatment with this secretagogue 
were also investigated. Figure 6 shows an experiment in 
which two groups of Tgr rats were given either saline or 
GHRP-6 by pulsatile iv infusion (10 /ig every 3 h) for 7 days 
and compared to an age-matched group of wild-type rats 
given pulsatile saline infusions. Pulsatile GHRP-6 in Tgr rats 
doubled their body weight gain compared with saline-in
fused Tgr animals, but had no significant effect on anterior 
pituitary weight, rGH content (Fig. 6), or food intake (15.5 ± 
0.8 vs. 13.7 ± 0.6g/day; P = NS).

Discussion
Following earlier observations that transgenic mice with 

widespread hGH expression in the central nervous system 
show dwarfism (5,6), we produced a dominant dwarf trans
genic rat by targeting hGH to arcuate GRF cells, which, in 
turn, induces somatotroph hypoplasia and reduced GH syn
thesis and secretion (12). The GH deficiency and dwarfism 
induced in this line of rats expressing a single copy dominant 
Tgr transgene are less severe than those in other recessive

dwarf rat strains. For example, the homozygous dw/dw rat 
(20) has only 5-10% of the normal pituitary r(3H content and 
grows significantly slower than the Tgr animals, whereas the 
homozygous SDR rat (21) cannot synthesize intact GH and 
is severely growth retarded.

Whole body and skeletal growth were reduced in Tgr rats 
of both sexes compared to those in their wild-type litter
mates, but the effects were more pronounced in males than 
in females. The 20-30% reduction in skeletal growth in hem
izygote Tgr rats is accompanied by a proportionate reduction 
in major organ weights. Where sexual dimorphism in organ 
weights occurred in the wild-type littermates, it was also 
seen in Tgr rats for all organs except the kidney. Expression 
of the Tgr transgene reduced pituitary weight in both sexes, 
but again, the reductions in pituitary rGH content and 
plasma IGF-I concentrations were more pronounced in males 
than in females.

We have recently shown that growth retardation in Tgr 
males was accompanied by a significant reduction in GH 
secretion, although the pattern of release (12) continued to 
show the 3-h episodes of secretion characteristic of normal 
male rats (25). However, after an initial period of growth 
retardation, female Tgr rats grow at a rate similar to that of 
wild-type females (12). As the GH secretory pattern is sex
ually dimorphic in both normal (16) and dw /dw  dwarf rats 
(26), we wished to test whether this was maintained in Tgr 
rats. The present study confirmed that female Tgr rats release 
GH in the continuous irregular pattern typical of normal 
female rats (27, 28) and showed that despite their pituitary 
GH deficit, the daily GH output, peak frequency, and peak 
height were not significantly reduced in Tgr females. This 
could explain their ability to achieve a normal growth rate in
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Fig. 5. The effect of prolonged treatment of male Tgr rats with GRF. 
([His\Nle^^]hGRF-(l-29)NH2) on hody weight gain, anterior pitu
itary weight, and pituitary rGH content. GRF was administered iv 
either continuously from osmotic minipumps to 8- to 9-week-old rats 
(a) or in a pulsatile pattern (2-min pulses every 3 h) to 11- to 12- 
week-old rats at the doses shown for 7 days (b). Values shown are the 
mean ± SEM (n = 3-10/group). *, P < 0.05; ***, P <  0.001 (os. 
continuously infused controls). + + . P <  0.01 {vs. pulsatile saline 
controls).

adulthood, unlike in males. It would be interesting to mea
sure GH secretory profiles from females at the time their 
growth rate is most retarded, if the technical difficulties of 
serial sampling animals at 4-5 weeks (<70 g) can be 
overcome.

One explanation for the sex difference in dwarfism in the 
Tgr line might be because the major effect of the transgene 
is to reduce GRF output, as GRF is a major determinant of GH 
pulse amplitude in the male rat (29). Previous studies have 
also demonstrated that hGH feedback is sexually dimorphic 
in normal rats (30,31). On the other hand, this sex difference 
was not found in a transgenic mouse line with central hGH 
expression (7). The difference between these two transgenic 
models may be due to the different pattern and extent of 
expression of hGH or its regulation, by the different pro
moters used in these models [tyrosine hydroxylase (7) vs. 
GRF (12)].
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Fig. 6. The effect of pulsatile iv infusion of saline (200-/U.1 pulses every 
3 h) or GHRP-6 (10-/xg pulses) for 7 days on body weight, anterior 
pituitary weight, and rGH content in male Tgr {hatched or solid bars) 
compared to those in a group of saline-infused wild-type rats {open 
bars). Values shown are the mean ± SEM [n = 5 (wild-type saline) or 
n = 6 (Tgr saline or GHRP-6)]. **, P <  0.01 {vs. saline-infused Tgr 
animals).

Although GH pulse amplitude was markedly reduced in 
the male Tgr rats, GH pulse frequency was not affected in 
either sex. This contrasts with transgenic rats with excess 
growth due to peripheral expression of a hGH transgene that 
abolished endogenous rGH pulsatility (32). Although con
tinuous infusions of hGH also block GH pulses in normal rats 
(30), intermittent pulses of hGH entrain the spontaneous GH 
episodic rhythm in males (33), possibly by affecting the cyclic 
variation in hypothalamic peptide expression (34).

The GH response to GRF in Tgr rats was sex dependent 
and sensitive to anesthesia. The marked reduction in the peak 
GH responses to GRF in anesthetized Tgr males was not 
observed in anesthetized Tgr females, although their GH 
responses were significantly briefer. However, there was no 
reduction in the peak GH response to GRF in conscious Tgr 
males. As central hGH administration stimulates SRIF se-
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cretion into portal blood in urethane-anesthetized rats (11), 
and central hGH administration also increases SRIF expres
sion in the hypothalamic periventricular nucleus (35), the 
reduced GH response to GRF seen in the anesthetized male 
Tgr rat could be explained if the effects of hGH to increase 
SRIF played a more significant feedback role in anesthetized 
males than in females (31). Although no differences in total 
hypothalamic SRIF expression were seen in their transgenic 
dwarf mice, Szabo et al (7) cited other evidence to support 
a combined effect of hGH on both GRF and SRIF, as dem
onstrated previously in another transgenic mouse line (5), 
and we have recently found an increased level of SRIF gene 
expression in the periventricular nucleus in both male and 
female Tgr rats compared to that in their wild-type litter
mates (Bennett, P., I. C. A. F. Robinson, and J. Epelbaum, 
unpublished results).

Given their reduced pituitary GH content and spontane
ous GH pulse amplitude (12), reduced GH cell number (36), 
and reduced GRF receptor expression (37), we expected to 
find a reduced GH peak response to GRF. We were, there
fore, surprised to observe normal GH responses to bolus 
injections of GRF in conscious Tgr animals. Although GRF 
messenger RNA levels are reduced in Tgr rats, this was not 
matched by a significant reduction in GRF peptide content 
(12). These results can, therefore, be explained if hGH feed
back reduces GRF synthesis and release, but leaves the pi
tuitary capable of mounting a normal GH response to ex
ogenous GRF. A discordance between spontaneous GH 
pulse amplitudes, and the peak GH responses to provocative 
testing with GRF is a well recognized problem when testing 
GH deficiency in human subjects (38).

Both Tgr males and their wild-type littermates showed 
tr ia b le  responses to serial GRF injections given at 90-min 
intervals; the first three injections produced alternating GH 
responses in both wild-type and Tgr males. This confirms 
earlier results in normal male rats (39, 40) and has been 
attributed to an alternating pattern of endogenous SRIF se
cretion (39). If this is so, it would suggest that the pattern of 
endogenous SRIF is maintained in Tgr rats. To test the re
sponsiveness to SRIF, we used a paradigm of regular inter
mittent infusions of SRIF, previously shown to induce cycles 
of GH suppression during infusion followed by large GH 
rebound secretory episodes after stopping the infusion (22), 
the amplitude of which reflects endogenous GRF release (41). 
Tgr rats showed normal cycles of suppression/rebound GH 
release when given intermittent iv infusions of SRIF, indis
tinguishable from the responses in their wild-type litter
mates. Females were chosen for this study, because the ef
fects of intermittent SRIF are more clearly seen in them, 
converting their continuous endogenous GH pattern to an 
episodic male-type pattern (22). Intermittent SRIF infusions 
also induce rebound GH release in males (41), but it is more 
difficult to distinguish the GH rebounds from the endoge
nous GH secretory episodes that occur at this frequency in 
males (25).

Prolonged GRF treatment stimulated growth in Tgr rats 
and increased pituitary size, as has previously been docu
mented in other animal models (42,43). Other dwarf rodent 
strains can grow readily in response to exogenous GH or 
IGFs (44-46), but they do not grow in response to exogenous

GH secretagogues (44,47). For example, the dw /dw  rat can 
release GH in response to GRF (48, 49), but in amounts 
insufficient to stimulate growth (47), whereas lit/lit mice are 
completely insensitive to acute or chronic treatment with 
GRF (50-52). Although both pulsatile and continuous GRF 
infusions were effective in Tgr rats, the magnitude of the 
growth responses were not directly comparable, as different 
doses were used in rats of different ages. Furthermore, mea
surements of other growth parameters (e.g. individual organ 
growth, skeletal growth, and IGF-I levels) will be necessary 
to determine the most effective dose and pattern of admin
istration of GRF for growth promotion in these rats.

There is increasing interest in the use of novel GHRP-like 
secretagogues to promote growth in GH-deficient children 
(53), but these agents are usually tested in GH-replete models 
(1, 54) as most GH-deficient animal models respond poorly 
(20) or not at all (51) to these agents. As Tgr rats responded 
to GHRP-6, we also attempted to correct their dwarfism with 
this secretagogue. We chose pulsatile, rather than continu
ous, infusions of GHRP-6, because it has been shown that the 
growth response to a GHRP-6 analog wanes rapidly with 
continuous exposure (54). Tgr rats infused with pulsatile 
GHRP-6 grew at twice the rate of saline-infused Tgr rats and 
significantly faster than saline-treated nontransgenic litter
mates. In contrast to GRF, there was no trophic effect of 
GHRP-6 on the pituitary gland. This is in line with earlier 
studies suggesting that GHRP-6 has no direct effect on the 
adenylate cyclase cascade that mediates the trophic effects of 
GRF on the somatotroph (55,56). Thus, the Tgr rats provides 
a model of GH deficiency in which the growth-promoting 
effects of these new classes of GH secretagogues can readily 
be studied.

In conclusion, sampling and infusion studies in the Tgr rat 
have shown that they exhibit the normal sexually dimorphic 
pattern of GH secretion, and that female Tgr rats release 
relatively normal amounts of GH despite a reduced pituitary 
GH reserve, which may explain their less severe dwarfism. 
Conscious Tgr rats respond appropriately to the hypotha
lamic peptides that stimulate or inhibit GH release and can 
produce enough GH in response to chronic treatment with 
GRF or GHRP-6 to correct their dwarfism.
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