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Extract from Interesting Times by Terry Pratchet

Many things went on at Unseen University and, regrettably, teaching had to be one

of them. The faculty had long ago confronted this fact and had perfected various devices for

avoiding it. But this was perfectly all right because, to be fair, so had the students.

The system worked quite well and, as happens in such cases, had taken on the status

of a tradition. Lectures clearly took place, because they were written down there on the

timetable in black and white. The fact that no-one attended was an irrelevant detail. It was

occasionally maintained that this meant that the lectures did not in fact happen at all, but

no-one ever attended them to find out if this was true. Anyway, it was argued (by the

Reader in Woolly Thinking*) that lectures had taken place in essence, so that was all right,

too.

And therefore education at the University worked by the age-old method ofputting a

lot of young people in the vicinity of a lot of books and hoping the something would pass

from one to the other, while the actual people put themselves in the vicinty of inns and

taverns for exactly the same reason.

*Which is like Fuzzy Logic, only less so.
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Abstract v

Abstract

Neuroendocrine systems offer an opportunity to understand how neuronal networks

behave since the output of these systems can be directly measured (i.e. plasma oxytocin or

vasopressin concentrations) or can be inferred from the plasma levels of anterior pituitary

hormones (e.g. plasma luteinising hormone levels reflect the luteinising hormone-releasing

hormone output of the hypothalamus). Neuroendocrine systems display a wide repertoire of

behaviours, many of which are non-linear in nature e.g. the bursting behaviour of oxytocin

neurones in lactation and the hypothalamic luteinising hormone-releasing hormone pulse

generator. It has been shown that the secretory pattern of luteinising hormone and its

releasing hormone can be simulated throughout the reproductive cycle using a dynamic

model of the pulse generator. However, this model cannot reproduce the mid-cycle

luteinising hormone surge which triggers ovulation. In order to better model luteinising

hormone-releasing hormone-induced luteinising hormone release I developed a

mathematical model based on the Law of Mass Action that included components related to

the changes in pituitary sensitivity seen at the time of the luteinising hormone surge. The

parameters of the model were fixed to one set of in vivo data and, using the same

parameters, the results of simulating other in vivo and in vitro experiments in the model

were compared with the biological data. The model was also used to predict which changes

in the pattern of luteinising hormone-releasing hormone input are necessary to generate a

luteinising hormone surge comparable with that observed in vivo.

Another example of non-linearity in neuroendocrine systems is the generation of

action potentials in oxytocin cells which result from fluctuations in membrane potential

induced by synaptic activity which summate to cross the threshold for action potential

generation. These properties were described by an adaptation of the leaky integrate and fire
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model. I used this model to predict which aspects of action potential generation are

important for producing the linear changes in oxytocin cell firing rate seen in response to

intravenous infusions of hypertonic saline. In addition to the changes in membrane potential

seen in oxytocin cells under these conditions, only with parallel increases in the excitatory

and inhibitory synaptic input could the model accurately reproduce the linear increase in

firing rate seen in vivo.

Magnocellular neuroendocrine systems also show non-linearities during parturition.

Due to changes in the steroid milieu at this time both oxytocin receptor expression in the

uterus and oxytocin release from the neural lobe are increased. In order to stimulate uterine

contractions in late pregnant rats oxytocin pulses were administered to 22 day pregnant rats

and this advanced the onset of parturition. Fos protein immunocytochemistry was

performed on brain sections from these animals and showed that oxytocin pulses increased

the Fos expression in the supraoptic nucleus and nucleus tractus solitarii. Fos expression

indicates whether individual cells are activated but gives no information on the dynamics of

the activation. In order to elucidate the dynamics of the oxytocin pulse induced changes in

magnocellular neuronal activity and its relationship to concomitant uterine and/or cervical

pressure changes in late pregnant rats, both the extracellular electrical activity of

magnocellular cells and the uterine and/or cervical pressure were recorded in vivo on the

expected day of delivery during oxytocin pulse administration; the data produced were then

systematically analysed for cross correlations throughout the course of the oxytocin

administration. The model of action potential generation in oxytocin cells was tested

against this data by examining the effect of an oscillating synaptic input with a shifting

baseline on the model output.
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This thesis describes the use of both theoretical and experimental approaches to

investigate a number of non-linear behaviours in neuroendocrine systems. It shows that the

combination of mathematical and experimental techniques can be valuable in understanding

the properties of these systems and can also help explain how inherently non-linear systems

can generate linear changes in their output.
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GENERAL INTRODUCTION



Chapter 1: General introduction 1

1.1 Neuroendocrine systems

The hormones of the pituitary gland stimulate many other endocrine glands to

synthesise and secrete their hormones. The pituitary gland is connected to the

hypothalamus, and it is through this hypothalamo-hypophysial connection that neural

systems exert their influence on many endocrine systems. Neuroendocrinology is the study

of the interaction between neural and endocrine systems, and so is particularly concerned

with the hypothalamus and the pituitary. Neuroendocrine systems are often used as models

for exploring the behaviour of neuronal systems, since the electrical activity of many of the

neurones involved can readily be measured directly, both in vivo and in vitro, and since the

output of neurosecretory neurones can easily be measured or inferred from plasma hormone

concentrations and related to relevant physiological states.

In this thesis, I will be looking at some of the problems associated with, on the one

hand, inferring the secretory activity of the hypothalamus from the secretory activity of the

pituitary, and on the other hand, inferring the activity of afferent pathways to the

hypothalamic neurosecretory cells from the behaviour of those neurosecretory cells

themselves. These problems arise substantially from the highly non-linear behaviour of

these elements; and these non-linear behaviours are of considerable physiological

significance.

1.2 The hypothalamo-hypophysial system

In order that the regulation of the hypothalamo-hypophysial system can be better

understood a summary of its anatomy and functions is given below.
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1.2.1 The hypophysial stalk

The hypophysial stalk connects the pituitary gland to the hypothalamus and carries

both blood-borne and nervous signals from the hypothalamus to the pituitary gland. Blood-

borne signals are carried in the hypophysial portal veins, and nervous signals are carried by

the axons of neurosecretory neurones that project from the hypothalamus, through the

hypophysial stalk, to the intermediate and posterior lobes of the pituitary gland (Figure 1.1

A).

1.2.2 The pituitary gland

The pituitary gland consists of an anterior lobe (pars distalis) and an intermediate

lobe (pars intermedia), which together make up the adenohypophysis, and a posterior lobe

(pars nervosa or neurohypophysis). The different anatomical structure and regulation of the

various parts of the pituitary reflect different embryological origins (Figure 1.1 A). The

adenohypophysis is made up of several different cell types, including several distinct

hormone synthesising-and-releasing cell types (Figure 1.1 B). For example, gonadotrophs,

with which this thesis is particularly concerned, release both luteinising-hormone and

follicle stimulating- hormone (LH and FSH respectively).

The posterior pituitary gland (neurohypophysis) is not connected to the

hypothalamo-hypophysial portal system, but it is also densely vascularised. It consists

mainly of pituicytes (specialised glial cells) and stroma in addition to axonal swellings and

neurosecretory endings. The hormones oxytocin and vasopressin are released from these

swellings and neurosecretory endings which abut the many capillaries (Figure 1.1 B). The

regulation of these hormones is the subject of later chapters in this thesis.
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1.2.3 The hypothalamus

The hypothalamus is located at the base of the forebrain, is divided in two by the

third ventricle which contains cerebrospinal fluid (CSF), and is intimately interconnected

with many other brain areas, including the cerebral cortex, thalamus and especially with

other parts of the limbic system and the brainstem (Martin, 1985; Martin & Reichlin, 1987).

The hypothalamus contains many bilateral nuclei (Figure 1.2), several of which are involved

in the regulation of the pituitary gland.

The neurosecretory cells of the hypothalamus can be divided into parvocellular and

magnocellular cells. Parvocellular neurosecretory neurones are found in many hypothalamic

areas; they project to the median eminence and release their hormones into the hypothalamo-

hypophysial portal system, which transports them to the adenohypophysis where they

regulate the synthesis and release of pituitary hormones. In particular, the release of LH and

FSH is stimulated by luteinising hormone-releasing hormone (LF1RH) which is released

from neurones whose cell bodies are found in anterior regions of the hypothalamus (Figure

1.1 B).

Magnocellular cells are concentrated in the medial and lateral portions of the

paraventricular nucleus (PVN), and in the supraoptic nucleus (SON) (Sherlock et al., 1975;

Armstrong & Hatton, 1980). Electrical signals (action potentials) are conducted along the

axons of these neurones to the nerve endings in the posterior pituitary gland, where they

stimulate the release of oxytocin and vasopressin (Figure 1.1 B).

1.3 The LHRH-LH system

LH, in conjunction with FSH, regulates gonadal function and development, and a

mid-cycle surge in LH is the primary trigger for ovulation. The release of LH is primarily
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Fibres containing LHRH are widely dispersed throughout the CNS. They provide a

dense innervation of the median eminence where they terminate on, or in the immediate

vicinity of, the capillaries of the primary plexus of the hypothalamo-hypophysial portal

system (Setalo et al., 1975).

1.3.3 Regulation ofLH and FSH release by LHRH

As a consequence of electrical activation of neurones, LHRH is released into the

hypothalamo-hypophysial portal system. It was initially postulated that there were two

different hypothalamic factors regulating LH and FSH. However, in the 25 years since the

isolation of LHRH (Schally et al., 1971) an exclusive FSH-releasing hormone has yet to be

found, and so LHRH is also known as gonadotrophin releasing hormone. It is now believed

that the differential secretion of LH and FSH can be accounted for by the effects of the

steroid milieu on LHRH secretion, and on the effects of the interactions between inhibin,

which selectively affects FSH secretion (Rivier et al., 1986; Carroll et al., 1989; Rivier et

al., 1989), and activin and the activin-binding protein follistatin, which counteract the

effects of inhibin (Weiss et al., 1992; Kaiser et al., 1992; Kogawa et al., 1991; Roberts et

al., 1989).

The binding of LHRH to its receptor on the gonadotroph cell membrane (Marian &

Conn, 1983), saturation data for which suggest a single component of binding (Mitchell et al.,

1988), initiates a cascade of intracellular events that culminate in the release of LH and FSH.

The intracellular mechanisms are Ca2+ dependent (Samli & Geschwind, 1968; Marian &

Conn, 1979), the effects possibly being exerted through calmodulin since calmodulin

inhibition decreases stimulated LH release from gonadotrophs (Izumi et al., 1991; Kile &

Amoss, 1988; Drouva et al., 1984). Calmodulin is redistributed from the cytosol to the

plasma membrane in gonadotrophs following LHRH administration (Conn et al., 1981), and
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is found in association with the LHRH receptor after LHRH treatment (Jennes et al., 1985a).

There is evidence that G-proteins (Andrews et al., 1986; Perrin et al., 1989; Hawes et al.,

1992), inositol phosphotides (Snyder & Bleasdale, 1982; Andrews & Conn, 1986) and

diacylglycerol production (Huckle & Conn, 1987; Conn et al., 1985) are also involved in

LHRH-mediated effects on gonadotrophs, probably via the enzymes phospholipase C

(Andrews et al., 1986; Snyder & Bleasdale, 1982) and protein kinase C (Conn et al., 1985;

Naor & Eli, 1985).

1.3.4 Functions ofLH and FSH

In adult males, FSH acts at the Sertoli cells and initiates gametogenesis, while LH

acts at Leydig cells and stimulates testosterone production. In females, LH acts at theca

cells, and stimulates the synthesis of androgen precursors which diffuse into neighbouring

granulosa cells, while FSH acts at granulosa cells and stimulates the aromatisation of

androgens to produce oestrogen. FSH is also responsible for ovarian follicle development

and maturation. Ovulation occurs in response to the mid-cycle gonadotrophin surge.

Thereafter LH is involved in the formation and maintenance of the corpus luteum (see

Hillier et al., 1994; Cooke et al., 1992 for reviews).

1.3.5 Secretory patterns of the LHRH-LH system

The secretory pattern of the gonadotrophins is critically important for the normal

functioning of the reproductive system, and is subject to lifetime, seasonal,

ovarian/menstrual cyclic, circadian and ultradian influences. Before puberty, LH and FSH

secretion is very low compared with adults, and in human females secretion increases

further after the menopause as a result of decreased negative feedback from the ovary (see

Wise et al., 1996 for a review of menopause). The secretion of LH and FSH is also affected

by day-length, which produces the seasonal changes in fertility seen in many species,
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including sheep, which have been the subject of extensive investigation (Kennaway et al.,

1987; Lee & McClintock, 1986). There are also cyclic changes in gonadotrophin secretion

which underlie the female reproductive cycle. The cyclic changes are superimposed on

circadian and ultradian patterns. Thus, LH secretion is higher in the afternoon on all days of

the reproductive cycle (circadian pattern, Elias & Blake, 1981; Fox & Smith, 1985) and is

generally released in pulses (ultradian pattern).

Importance ofpulsatility

The pulsatile pattern of LH secretion is critical for ovarian follicular function and

development (Soendoro et al., 1993; Devorshak-Harvey et al., 1985; Hedin et al., 1983; Baird

& McNeilly, 1981), and the changing pattern of release underlies the changing profiles of the

sex steroid hormones, oestrogen and progesterone, that are seen during the reproductive

cycle. The interaction of LH with its receptors can influence the responsiveness of the

target cells to these hormones; continuous exposure results in a decrease in the steroidogenic

activity of the ovary (Hillier et al., 1994; Hedin, 1985), hence pulsatile secretion is

important for the biological efficacy of LH.

The pattern of LHRH secretion is also of considerable significance, and not only

because pulsatile LHRH release is the trigger for pulsatile LH release. The interaction of

LHRH with its receptors can affect the availability of receptors and hence gonadotroph

sensitivity to LHRH (Belchetz et al., 1978; Nett et al., 1981; Cassina & Neill, 1996). Indeed,

continuous administration of long-lasting LHRH analogues can paradoxically inhibit

pituitary gonadotrophs (Cumming et al., 1972; Sandow et al., 1978; Rivier et al., 1978) so

profoundly that LHRH analogues can be used to suppress gonadotrophin secretion, for

example in the treatment of precocious puberty (Cutler et al., 1986). In addition, a pulsatile

pattern of LHRH secretion is also believed to be important for the maintenance of cellular LH
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demonstrated in sheep and rats (Clarke & Cummins, 1982; Levine & Ramirez, 1980). LHRH

secretion is also subject to lifetime, seasonal, cyclic, circadian and ultradian influences, as is

LH secretion, and its secretory pattern also changes throughout the reproductive cycle.

The pattern of LHRH secretion throughout the reproductive cycle has proved more

difficult to determine than that of LH because of the technical difficulties involved; peripheral

LHRH concentrations are too low to assay accurately. While the LHRH concentration is much

higher in hypophysial portal blood, the total blood volume in these vessels is very low and so

samples have to be very small and cannot be taken as frequently as peripheral blood samples,

and are inaccessible in the rat except via major surgery, under anaesthesia (Sarkar & Minami,

1995). Measurements of LHRH levels in the medial basal hypothalamus (Levine & Ramirez,

1982) and at the pituitary gland have been made in conscious rats (Sarkar & Minami, 1995) via

push-pull perfusions, but the same problems with sample frequency and size occur under these

conditions. Portal LHRH has been measured in the sheep during the spontaneous LH surge

and it was found that during the LH surge, LHRH levels increased to 40 fold greater than

baseline values. The LHRH surge consisted of an increase in LHRH pulse frequency but a

decrease in pulse amplitude (Moenter et ai, 1991).

To date in the rat, hypophysial portal blood has been sampled at 10-15 min intervals

during the reproductive cycle (Sarkar et al„ 1976; Park & Ramirez, 1989; Sarkar & Minami,

1995). Sampling at this frequency does not allow changes in the LHRH secretory pattern to be

conclusively demonstrated since changes in frequency may well be missed and may rather

appear as a change in pulse amplitude. Until these technical difficulties are overcome it

remains unclear whether an increase in the frequency or amplitude (or both) of LHRH pulses

underlies the LH surge in the rat, or whether the mode of LHRH secretion at this time is

qualitatively different.
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Nonetheless, while sampling from peripheral or portal blood vessels has shown that

LHRH secretion is increased at the time of the LH surge, it appears clear that the magnitude of

this increase is insufficient to be solely responsible for the large increases in LH secretion.

Therefore other changes in the LHRH-LH system are also involved in the generation of the LH

surge. The discrepancy between the measured LH and LHRH concentrations during the LH

surge appears to be a consequence of a markedly increased pituitary sensitivity to LHRH, that

can be seen both in vivo and in vitro in proestrous rats (Aiyer et al., 1974; Apfelbaum, 1981).

1.3.7 Modelling the LHRH pulse generator

The pulsatile pattern of LHRH secretion is believed to the result of a LHRH 'pulse

generator' that resides in the hypothalamus. While, in the rat, LHRH neurones are scattered

throughout the preoptic area, immunoreactive processes of widely separated LHRH

neurones have been observed to come into close contact with one another (Pelletier, 1987;

Leranth et al., 1985b). It is therefore possible that the scattered LHRH neurones are

mutually interconnected. Immortalised LHRH-secreting cells in culture have been

demonstrated to be coupled by gap junctions (Matesic et al., 1996) and to display pulsatile

secretion (Wetsel et al., 1992), suggesting the possibility that mutual interactions between

LHRH neurones may in part underlie the generation of LH pulses in vivo. It has been

suggested that LHRH neurones form a syncytium through which excitation spreads, resulting

in a bolus of LHRH being released into the portal system. Multiunit recordings from the

mediobasal hypothalamus have shown evidence of synchronous neuronal activity coincident

with LH pulses, from which the synchronous activity of many neurones was inferred

(Kawakami et al., 1982; Wilson et al., 1984; Mori et al., 1991)

A mathematical model of the hypothalamic LHRH pulse generator has been

described (Brown et al., 1994) which provides a simple dynamical network model of the LH
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pulse generator (Figure 1.4). This model was based on the FitzHugh-Nagumo model for a

single neurone (FitzHugh, 1961; Nagumo et al., 1962). In this model, LHRH neurones were

assumed to act as an intrinsically bistable functional unit; in other words, it was assumed

that either the LHRH neurones have an intrinsic capacity to fire bursts of electrical activity,

such as is possessed by some other neurosecretory neurones - in particular, vasopressin

neurones, or that networks of interconnected LHRH neurones have such a capacity, as

suggested by the evidence from monocultures of immortalised LHRH neurones. The model

then introduced other neuronal types to interact with the LHRH neurones, and added a

simple model of the pituitary responsiveness to LHRH. It was found that the minimum

requirements for producing a pulsatile LH release which approximately matched the patterns

observed experimentally in vivo arose from combining this bistable unit with reciprocally

connected inhibitory interneurones and an external stimulatory input (Brown et al., 1994)

which were also assumed to behave as single units.

In the preoptic area, GABA-containing intemeurones provide a major, direct input

to LHRH neurones (Leranth et al., 1985a; Petersen et al., 1993) and GABA is inhibitory to

both LHRH and LH release (Jarry et al., 1988; Herbison et al., 1991; Herbison & Dyer,

1991; Scott & Clarke, 1993; Feleder et al., 1996). Catecholaminergic neurones in the

brainstem, which project directly to both the LHRH and GABA (Leranth et al., 1988) cells

in the preoptic area, apparently from the Al and A2 cell groups, provided the biological

basis for the stimulatory input to the model. Fluctuations in noradrenaline release are

associated with LH pulses in the monkey (Terasawa et al., 1988), and in rabbits the coitus-

induced LH surge is preceded by a hypothalamic rise in noradrenaline release (Yang et al.,

1996).
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Other transmitters including galanin and neuropeptide-Y (NPY) are also involved in

regulating the LHRH pulse generator (Woller et al., 1992; Xu et al., 1996). It is unclear

whether these represent different inputs since a subset of LHRH neurones express galanin

(Finn et al., 1996) and subsets of noradrenergic neurones synthesise galanin and NPY

(Leonhardt et al., 1991). It appears that the physiological role of the noradrenergic inputs

can be assumed by other inputs since pulsatile LH release appears to recover fully following

neurotoxic destruction of the noradrenergic input to the hypothalamus (Mason et al., 1983).

The model was not however developed to include all known pathways which influence LH

release, but rather to establish the types of interaction which are likely to be necessary and

sufficient components of the LH pulse generator. Although noradrenergic inputs are not the

only external inputs to the hypothalamic LH pulse generator, they are nonetheless believed

to play a major role in modulating LH secretion throughout the ovarian cycle of normal,

intact rats. These inputs are also believed to mediate the effects of endogenous opioids on

the LHRH-LH system (Rasmussen et al., 1988), and there is evidence that (3-endorphin

inhibits presynaptic noradrenaline release in the preoptic area (Kalra & Simpkins, 1981;

Diez-Guerra et al., 1987).

The interactions between the various components of this network were modelled as

coupled non-linear differential equations which cannot be solved analytically but can be

solved computationally. The advantages of using such models is that they simplify often

very complex biological systems by reducing the numbers of variables present and can help

identify the key factors in a particular process or system. The key advantages of

mathematical models are that we are obliged to make our assumptions explicit and that the

conclusions we draw from these assumptions can be exposed and tested. In fact, modelling

the LHRH pulse generator has already proved useful, since the search for direct GABA

interactions with LHRH arose directly from the model building process.
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1.3.8 Effects ofsex-steroids on the LHRH-LH system

The secretory pattern of LHRH and LH throughout the reproductive cycle is a

consequence of the feedback effects of the gonadal steroids, oestrogen and progesterone, on

the LHRH-LH system. The steroids act at both the hypothalamus and at the pituitary to

affect the synthesis and release of LHRH and LH.

Effects ofoestrogen

It is believed that LHRH neurones do not respond directly to changes in the levels of

oestradiol, since LHRH neurones do not accumulate oestrogen, and they lack intracellular

steroid receptors (Shivers et al., 1983; Herbison et al., 1995; Watson et al., 1992; Fox et al.,

1990). However, oestradiol may rapidly hyperpolarise guinea pig LHRH neurones in vitro

(Lagrange et al., 1995) by a non-genomic action. Oestradiol has both acute and chronic

effects on the LHRH-LH system and in the short term is inhibitory to LHRH and LH release

(Figure 1.5 B).

The latency between initial oestradiol exposure and the stimulatory effects of

oestrogen on pituitary sensitivity to LHRH is much shorter than the hypothalamic effects

(Krey & Parsons, 1982). LHRH-induced LH release is increased (de Koning et al., 1976)

and mechanisms are activated that allow LHRH itself to rapidly increase gonadotroph

sensitivity. This occurs by the process of LHRH self-priming, in which LHRH exposure

profoundly increases the gonadotroph sensitivity to subsequent LHRH exposure (Fink et al.,

1976).

The stimulatory effects of oestrogen (Figure 1.5 C), which result in an increase in

the LHRH and LH output, are not simply the result of the reversal of the inhibitory effects

of oestrogen. Rather, they are likely to be a consequence of a delayed action on the opioid

and GABA neurones. However, the stimulatory effects of oestrogen on the LHRH-LH
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system do not result in a positive-feedback loop since the oestrogen output does not increase

in response to the LH surge; the predominant sex steroid produced after this time is

progesterone.

Effects ofprogesterone

Progesterone has some role in the generation of the normal shape and duration of the

LH surge in the rat (Kalra, 1993), although this influence is dependent on oestrogen pre¬

exposure (Levine, 1997).

1.3.9 Modelling the cyclic LH secretory pattern

The LHRH pulse generator network discussed above (1.3.7) displays a wide

repertoire of behaviours and can mimic the LHRH and LH secretory patterns seen in

ovariectomised animals and the reproductive cycle in biologically feasible ways (Brown et

al., 1994). The model can also recreate the increase in LHRH secretion at the time of the

LH surge in ways consistent with biological data, but although LHRH output increases at

the time of the surge, this increase could not produce the rapid increase in LH

concentrations seen during the surge without an increase in pituitary responsiveness either in

vivo or in the model.

The precise LHRH secretory pattern during the LH surge in the rat remains to be

completely elucidated. At the time of the LH surge, it is not possible to infer the LHRH

secretory rate from the plasma concentrations of LH, since the exact contribution of the

changing pituitary dynamics remains to be determined. The technical difficulties involved

in the direct measurement of LHRH in the portal system means that, for the rat, it remains

unclear whether the increase in LHRH secretion, seen in the rat, is the result of increased

amplitude or frequency of LHRH release or whether it is the result of increased basal
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secretion. It is possible that a model of the changes in pituitary dynamics at the time of the

LH surge could suggest answers to these questions.

In principle, it seemed feasible that a sufficiently good model of the relationship

between LHRH release and LH release, which incorporated the influence of oestrogen upon

this relationship, might make it possible to infer the physiological profile of LHRH release

from an observed profile of LH release. Such a model would need to be quantitative, if it

were to be capable of yielding testable predictions. The first aim of the experimental work

described in subsequent chapters of this thesis was to develop such a model, and to use it to

gain some insight into the mechanisms underlying physiological regulation of LH release.

1.4 The magnocellular system

Whereas relatively little is known directly about the properties of LHRH neurones, a

great deal is known about the properties and behaviours of magnocellular oxytocin and

vasopressin neurones. These cells thus provide the opportunity for developing models of

neurosecretory systems which can be tested against a much wider variety of experimental

evidence, since the electrical activity of these neurones is readily recorded and their

secretory output can be directly measured, both in vivo and in vitro.

1.4.1 Distribution ofmagnocellular neurones

Magnocellular neurones can be identified as projecting to the neurohypophysis by

standard retrograde tracing techniques - such as, for instance, by the detection in the cell

bodies of horseradish peroxidase (HRP) following injection into the neurohypophysis.

Unlike the LHRH neurones, magnocellular neurones are densely concentrated in particular

areas of the rat hypothalamus. The cell bodies are found mainly in the medial and lateral

parts of the PVN and in the SON (Sherlock et al., 1975; Armstrong & Hatton, 1980;
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Armstrong et al., 1980), although smaller groups are scattered throughout the medial

hypothalamus (Rho & Swanson, 1989; Fisher et al., 1979). Virtually all SON neurones that

transport HRP from the neurohypophysis also immunostain for either oxytocin or

vasopressin (Armstrong & Hatton, 1980) and virtually all those that stain for the hormones

also project to the neurohypophysis (Sofroniew & Schrell, 1980). The SON has been the

subject of most experimental investigations because of its homogeneity and its ready visual

accessibility at the ventral surface of the rat brain.

1.4.2 Morphology ofmagnocellular neurones in the supraoptic nucleus

Rat supraoptic neurones cannot be classified as oxytocin or vasopressin cells in vivo

on the basis of neuronal morphology following Golgi impregnation (Armstrong et al., 1982),

intracellular lucifer yellow injection (Randle et al., 1986) or biocytin injection (Armstrong,

1995) since both types of neurones have, on average, two dendrites and an oval soma (10-40

pm in diameter) whose orientation varies with its position in the nucleus (Armstrong et al.,

1982). The dendrites have small spiny processes (up to 15 pm in length) (Armstrong, 1995).

They are sparsely branched, and most (-95%) project to the ventroglial lamina (Armstrong

et al., 1982). Here, the dendrites form a dense plexus with many synaptic connections with

presynaptic elements (Randle et al., 1986). Other dendrites may emit from the dorsal pole

and curve dorsally with a more restricted projection (Armstrong et al., 1982). The dendrites

are capable of releasing peptides, and can release sufficient oxytocin and vasopressin to

account for the peptide known to be released into the hypothalamus (Morris & Pow, 1991).

The axons arise directly from the soma or from a primary dendrite (Armstrong et al.,

1982; Randle et al., 1986), are smaller in diameter than the dendrites, with a smoother, more

varicose appearance and are at most sparsely branched (Tweedle et al., 1989). They project

dorsomedially over the optic tract, then arch ventrally projecting towards the medial basal
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hypothalamus, through the internal zone of the median eminence and enter the

neurohypophysis (Dyball & Kemplay, 1982; Randle et al., 1986). In the neurohypophysis

the axons have axonal swellings and here they branch into thousands of neurosecretory

endings, of which there are about 2000 per neurosecretory process in the neurohypophysis

(Nordmann, 1977). Only about 50% of the total oxytocin and vasopressin is released from

their nerve endings, which abut the capillaries, the reminder is released from the axonal

swellings of the magnocellular neurosecretory cells (Morris & Pow, 1991).

In the rat, the SON appears to have few if any efferent connections other than its

projection to the neural lobe, and several studies failed to find evidence of SON axon

collaterals (Armstrong et al., 1982; Randle et al, 1986). However, there is

electrophysiological evidence suggesting that SON neurones have additional projections to

cells in the perinuclear zone and in the lateral hypothalamus adjacent to the SON (Leng,

1982), and there is some supporting evidence from experiments involving injection of HRP

directly into the SON (Mason et al., 1984).

1.4.3 Synthesis and release ofoxytocin and vasopressin

Individual magnocellular cells produce either oxytocin or vasopressin, and only very

exceptionally both. Oxytocin and vasopressin are nonapeptides with very similar structures,

differing by only 2 amino acids. In mammals they are encoded by separate genes that are

believed to be descendants of a common ancestral gene that codes for vasotocin in lower

vertebrates (Acher et al., 1997; Sawyer, 1977). They are synthesised as part of a precursor

protein that is packaged into secretory granules in the cell body, which are transported along

the axons to the terminals in the posterior pituitary gland. The precursor protein is

enzymatically cleaved during this transport to produce oxytocin and vasopressin

(Brownstein et al., 1980), as well as their related neurophysins.
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1.4.4 Neural inputs to oxytocin and vasopressin neurones

Both vasopressin and oxytocin neurones receive direct afferent projections from the

forebrain. They are activated via direct connections from the olfactory bulb, amygdala,

septum, hypothalamus, and the region anteroventral to the third ventricle, which contains the

organum vasculosum of the lamina terminalis (OVLT) and the subfornical organ (SFO) and

the medial preoptic area (MnPO), (Figure 1.6). The SFO and the OVLT contain at least

some osmosensitive neurones (Nissen et al., 1993) and have a direct effect on both oxytocin

and vasopressin containing cells in the rat which is probably predominantly excitatory

(Hatton, 1990; Renaud & Bourque, 1991; Sawchenko & Swanson, 1983). Magnocellular

oxytocin and vasopressin cells are also capable of responding directly to changes in plasma

osmolality via mechanosensitive membrane channels (Oliet & Bourque, 1993).

Magnocellular neurones also receive afferent inputs from the brainstem.

Vasopressin neurones receive a very dense innervation from the Al region of the caudal

ventrolateral medulla. The input from the Al region is predominantly noradrenergic, but

other peptides have also been implicated, such as galanin (Levin et al., 1987), substance P

(Bittencourt et al., 1991) and neuropeptide Y (NPY, Sawchenko et al., 1985).

Magnocellular cells also receive a much smaller input from the A2 region of the caudal part

of the nucleus tractus solitarii (NTS) which is also predominantly noradrenergic

(Cunningham & Sawchenko, 1988). A dense input from the caudal NTS has also been

described which is believed to be largely inhibin (3 mediated (Sawchenko et al., 1988) and

ends preferentially on oxytocin neurones. Subsets of this inhibinergic input have also been

found to contain somatostatin and enkephalin-derived peptides (Sawchenko et al., 1990).

The NTS provides an important 'relay station' in the reflex activation of both

oxytocin and vasopressin neurones. Central parts of the NTS receive information about

gastrointestinal distension and vascular volume (Norgren, 1984). Inputs from the vagina and
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uterus, and nociceptors also project, via the dorsal horn of the spinal cord, to the A1 group

and the caudal NTS (Menetrey et ai, 1983; Menetrey & Basbaum, 1987), and stimulation of

the caudal NTS excites both vasopressin and oxytocin neurones (Raby & Renaud, 1989). It

is therefore possible that the NTS mediates activation of the magnocellular oxytocin cells

directly, and vasopressin cells indirectly via the Al group.

1.4.5 Functions ofoxytocin and vasopressin

Oxytocin

The classical roles of oxytocin are in lactation and in parturition. During lactation,

oxytocin is released in response to suckling (Higuchi et al., 1983; Higuchi et al., 1986).

This stimulus results in the release of a bolus of oxytocin into the systemic circulation which

acts at the oxytocin receptors on the myoepithelium of the milk duct in the breast leading to

milk ejection (the milk ejection reflex) (Cunningham & Sawchenko, 1991; Poulain &

Wakerley, 1982). Oxytocin is essential for this role, and milk ejection does not occur

spontaneously in transgenic mice that lack the oxytocin gene (Young et al., 1996).

Oxytocin is also released in response to gastric distension (Renaud et al., 1987).

This response is associated with the systemic release of cholesystokinin (CCK, Verbalis et

al., 1986) which activates the oxytocin neurones via a projection from the NTS (Onaka et

al., 1995). In contrast to the effect of i.v. CCK on oxytocin cells, vasopressin cells are either

unaffected or inhibited by i.v CCK administration. The physiological implications of this

response are not known, although oxytocin has been implicated in the regulation of

carbohydrate metabolism (see Cunningham & Sawchenko, 1991).

Vasopressin

Vasopressin is an antidiuretic hormone and is primarily concerned with body fluid

homeostasis. Vasopressin release is increased in response to increases in plasma osmotic
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pressure (Dunn et al., 1973), and also in response to hypovolaemia (Dunn et al., 1973;

Poulain et al., 1977; Strieker & Verbalis, 1986) and decreases in blood pressure (Harris et

al., 1975). Vasopressin exerts its antidiuretic effect via V2 receptors in the kidney tubule

(Jard, 1983) and increases water re-uptake by the insertion of aquaporin protein in the

luminal membrane of the renal epithelial cells of the collecting duct (Ecelbarger et al.,

1997). Cardiovascular effects of vasopressin are exerted through activation of V] receptors

on vascular smooth muscle cells (Crooke et al., 1988) which has a potent vasoconstrictor

effect in vitro (Aiyar et al., 1986).

The stimuli for vasopressin and oxytocin release are not mutually exclusive and both

are released when plasma osmolality increases and during the normal course of parturition.

In rats oxytocin exerts a natiuretic effect on the kidneys (Balment et al., 1986b; Verbalis et

al., 1991) and vasopressin acts at the oxytocin receptor in parturient animals to stimulate

uterine contractions (Chan et al., 1996), although it is not as effective as oxytocin. There is

also evidence for a synergistic relationship between peripheral effects of oxytocin and

vasopressin; oxytocin enhances the effect of vasopressin on the kidney (Balment et al.,

1986a).

Importance of hormone secretory patterns

The patterns of electrical activity of both oxytocin and vasopressin neurones have

important consequences for hormone release from the neurohypophysis and for the

functions of both vasopressin and oxytocin. The bursts of oxytocin cell activity seen in

lactating and parturient animals result in the release of a bolus of oxytocin, which is the

optimum signal for milk ejection and for advancing the progress of parturition (Dawood,

1989; Randolph & Fuchs, 1989). During hyperosmotic stimulation or dehydration the
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asynchronous increases in vasopressin release result in prolonged elevation of vasopressin

which promotes antidiuresis over prolonged periods.

1.4.6 Patterns ofactivity in magnocellular neurones

Oxytocin cells

The presence of the axons of the hypothalamic magnocellular neurones in the

hypophysial stalk allows for the unequivocal identification of these neurones as

neurosecretory cells by using the technique of antidromic identification (Poulain &

Wakerley, 1982). During in vivo electrophysiological experiments, oxytocin and

vasopressin neurones can be distinguished by their firing pattern and their responses to

intravenous (i.v.) CCK administration.

In lactating rats, cells that respond to suckling with bursts of activity at up to 80 Hz

for 2-3 seconds every 5-10 min have been identified as oxytocin cells (Lincoln & Wakerley,

1974). These bursts of activity are synchronous between the oxytocin cells of the SON and

the PVN (Belin & Moos, 1986) and they continue as long as suckling is maintained (Figure

1.7 A). In conscious parturient rats, the activity of oxytocin cells increases before the first

signs of abdominal contractions and is maintained until after the delivery of the last

placenta. Superimposed on this increased firing rate are periods of higher frequency activity

(10-32 Hz) associated with forceful abdominal contractions and the delivery of either

fetuses or placentas (Figure 1.7 B, Summerlee, 1981). Therefore, during parturition and

lactation, oxytocin cells fire in bursts of increased activity superimposed on background

activity. These bursts are associated with the release of a bolus of oxytocin from the

posterior pituitary, which is the optimal signal for milk let-down from the mammary gland

and for advancing the progress of parturition (Dawood, 1989; Randolph & Fuchs, 1989).
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However, oxytocin also promotes natriuresis and is released in response to increases

in plasma sodium. A bolus of oxytocin is not required for its effects on the kidney and

therefore in non-lactating, non-parturient rats, oxytocin cells are continuously active and

plasma oxytocin levels remain relatively constant. Under these conditions, oxytocin cells

have a firing rate of approximately 3 Hz and i.v. CCK administration produces an increase

in their firing rate (Figure 1.7 C, Renaud et al., 1987).

Vasopressin cells

In vivo typical vasopressin cells show a phasic pattern of activity, where periods of

activity are interspersed with periods of silence (Figure 1.7 D). The bursts are less intense

(approximately 15 Hz) and of longer duration than the bursts of activity seen in oxytocin

cells (Wakerly et al., 1975; Harris et al., 1975). The duration of silent and active periods is

variable between vasopressin neurones, and the firing rate within bursts is increased by

stimuli that increase vasopressin secretion (Dreifuss et al., 1976; Wakerly et al., 1975;

Wakerley et al., 1978; Walters & Hatton, 1974). In contrast to the synchronised bursts seen

in oxytocin cells during lactation, the phasic firing of vasopressin cells is asynchronous and

results in a continuous output of vasopressin from the neurohypophysis which stimulates

antidiuresis over prolonged periods.

1.4.7 Electrical activity and hormone release

These patterns of cell activity have important consequences for hormone release; the

synchronised bursts in lactating and parturient animals results in pulsatile oxytocin release

in pulses and the asynchronous activity in vasopressin cells results in prolonged release of

vasopressin.

The in vivo patterns of activity have been tested by antidromically stimulating

magnocellular cells to reproduce these and other patterns in vitro and in vivo. The results
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revealed that stimulation at high frequency increases the amount of vasopressin and

oxytocin released per action potential (Dreifuss et al., 1971; Dutton & Dyball, 1979;

Bicknell, 1988) a phenomenon known as frequency-dependent facilitation. The most likely

explanation for this is the prolonged spike duration caused by an increase in the Ca2+

component of each spike (Bourque & Renaud, 1985b; Bourque, 1990) and results in

increased Ca2+influx (Jackson et al., 1991).

Sustained high frequency stimulation results in the decline in the secretion of both

hormones though the fatigue of oxytocin secretion occurs at higher frequencies and more

slowly than the fatigue of vasopressin secretion (Bicknell et al., 1984; Ingram et al., 1982).

Recovery from secretory fatigue occurs with silent periods of 10-20 s and is increased with

prolonged silence (Bicknell et al., 1984; Cazalis et al., 1985).

Therefore, not only is the release of oxytocin and vasopressin regulated to produce

the optimum pattern for their targets, but so too is the stimulus-secretion coupling within the

magnocellular cells; the burst activity of oxytocin neurones during lactation is the optimum

signal for the release of a bolus of oxytocin, which in turn is the optimum signal for milk

letdown, and the asynchronous phasic activity of vasopressin neurones produces continuous

secretion of vasopressin from the neurohypophysis but will delay secretory fatigue.

1.4.8 Modelling phasic activity in vasopressin cells

The phasic activity of vasopressin cells, like the pulsatile activity of LHRH

neurones, has also been modelled as an adaptation of the FitzHugh-Nagumo model of the

action potential (Leng et al., 1995, Figure 1.8). Vasopressin cells also act as a bistable

element similar to the LHRH neurones in the LHRH pulse generator model (Brown et al.,

1994), except that the output is assumed to be the output of a single neurone rather than the

average of many neurones.
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The bistability represents the two possible stable membrane potentials of the

vasopressin cells; the normal resting membrane potential and the plateau potential. The

plateau potential is caused by the summation of depolarising after potentials (DAP), which

follow spikes in vasopressin neurones. DAPs are generally 1-5 mV in amplitude and last

for 1-2 s (Bourque & Brown, 1987; Andrew & Dudek, 1983; Andrew & Dudek, 1984a),

although the DAP amplitude depends on spike-induced Ca2+ influx (Li et ai, 1995; Bourque

et al., 1985) and on membrane potential; it increases with depolarisation and is not

expressed at potentials more negative than -80 mV (Bourque, 1986). The DAP is

progressively inhibited following evoked spike trains at increasing frequencies suggesting

that the inactivation of the DAP is activity-dependent (Andrew & Dudek, 1984b).

In vasopressin neurones, spikes are triggered by the summation of excitatory post

synaptic potentials (EPSPs) which, in the model, are represented by randomly varying

perturbations of the electrical activity of the vasopressin neurone. In the model the

electrical activity corresponds to firing rate when it is above a certain threshold and

represents a propensity to fire when the electrical activity is below threshold.

Activity-dependent deactivation of the plateau potential is also included and it

increases as a consequence of electrical activity and in turn decreases the electrical activity

of the modelled vasopressin neurone. Again these interactions are modelled as non-linear

differential equations which are coupled and can only be solved computationally for a given

input. For given parameter values this model has two stable equilibria corresponding to

inactivity and intraburst firing such that small perturbations in the electrical activity decay to

zero, but large perturbations above the threshold result in a further rise to a higher

equilibrium, the plateau potential. This simple model displays many of the features of

phasic firing in vasopressin cells:
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(i) bursting is a threshold phenomenon such that very small perturbations can trigger a

burst

(ii) depolarising perturbations can also terminate a burst

(iii) bursts and silences are of variable length that match the variability seen within

individual cells

(iv)the spectrum of burst profiles seen in vivo can be matched with slight parameter

changes.

It seems that, both in the model and in vivo, phasic bursts are triggered when

consecutive action potentials occur close together such that their DAPs summate and create

a depolarised plateau potential. This increases the probability that EPSPs will trigger

further spikes and so a burst of action potentials is seen. Since the DAP is inactivated

during a burst of action potentials, the probability of EPSPs triggering spikes will decrease

as the burst progresses which produces the lower firing rate seen at the end of a phasic burst.

The hyperpolarising potentials seen in vasopressin neurones are not included in this

model. Single spontaneous or evoked spikes are followed by a Ca2+-dependent post spike

hyperpolarising after potential (HAP), which has a mean amplitude of 7.4 mV and a mean

time constant of 17.5 ms (Bourque et ai, 1985; Bourque & Renaud, 1985b; Bourque &

Renaud, 1985a). This prevents spikes completely for 10-15 ms and decreases the

probability of further spikes for 50 - 125 ms. Spike activity is further inhibited by a slowly

developing post-train after hyperpolarisation (AHP) which is pharmacologically distinct

from the HAP (the AHP is blocked by apamin, Bourque & Brown, 1987). The AHP is also

Ca2+-dependent and its expression is activity dependent (Bourque et al., 1985; Andrew &

Dudek, 1984b). Blocking the AHP in vasopressin cells increases in the intraburst firing rate

and decreases burst duration suggesting that the AHP is responsible for regulating the
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intraburst firing rate in vasopressin cells (Kirkpatrick & Bourque, 1996) and for inhibiting

the activity-dependent deactivation of the DAP.

Both the HAP and the AHP are seen in oxytocin neurones and these hyperpolarising

potentials are identical in both oxytocin and vasopressin cells. Oxytocin neurones, however,

do not display the DAP, and therefore do not fire phasically, although phasic firing can be

induced in oxytocin neurones by neutralising intracellular calmodulin which binds calcium.

Under these circumstances oxytocin neurones can display DAPs and phasic firing.

Currently there is not a mathematical model of an oxytocin neurone, though it is

possible that one could be developed as a modification of an existing model of neuronal

activity, for example the integrate and fire model of a single neurone. Such a model could

feasibly be used to question how oxytocin neurones respond to excitatory input, such as

hyperosmotic stimulation or uterine contractions in parturient animals. In order to do this

the response of oxytocin neurones to these sorts of stimuli must first be characterised.

1.5 Non-linearities in neuroendocrine systems

Neuroendocrine systems display an array of non-linearities many of which underlie

the behaviour of the systems discussed above. For example, the pulsatile release of the LH

is the consequence of interactions between LHRH neurones and several other neuronal types

(e.g. GABA and catecholamines) which result in the pulsatile secretion of LHRH into the

median eminence.

The bursting behaviour of oxytocin cells during lactation is the result of non-linear

interactions between oxytocin cells and their inputs; milk ejection bursts are 'gated' in that

they require an appropriate stimulus, and the bursts occur only intermittently in the face of a

continuously fluctuating input. In vasopressin cells bursting is a threshold phenomenon and
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very small changes in the input can trigger a burst. The phasic activity of vasopressin cells

is the consequence of non-linear interactions between the effects of synaptic input on

membrane potential and on membrane currents such that, paradoxically, the stimuli for the

initiation and termination of phasic bursts are identical.

In biology there are many different types of model, from animal models of disease to

the flow diagrams of biological systems seen in any text book. The advantages of using

such models is that they simplify often very complex biological systems by reducing the

numbers of variables present and can help identify the key factors in a particular process or

system. The key advantages of mathematical models are that we are obliged to make our

assumptions explicit and that the conclusions we draw from these assumptions can be tested.

Mathematical models have been used to simulate a wide variety of biological processes,

from the regulation of single channels (Shaw & Rudy, 1997) to the global behaviour of

neuronal networks (Rinzel et al., 1998). There are many detailed models available of

individual stages in the regulation of neuroendocrine systems; for example detailed models

have been published that describe hormone interactions with receptors (Li & Goldbeter,

1992), intracellular Ca2+ fluctuations in response to agonist application (Tang et al., 1996;

Dupont & Goldbeter, 1993), the regulation of neurohypophysial mRNA expression

(Fitzsimmons et al., 1992) and models of Ca2+ dependent exocytosis (Hille et al., 1994). It

would be feasible to assemble such models into an overall model describing the output of

neuroendocrine systems, such as those described above for the LHRH pulse generator and

the regulation of phasic activity in vasopressin neurones.

However, assuming that detailed models for all stages of the system in question

could be included, the complete model would then be very complex and perhaps no better

understood than the complex biological system itself. The mathematical models of LHRH
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and vasopressin regulation described above are structurally simple, and are based on a

minimum number of assumptions drawn from the available data. However, they are

computationally complex and are capable of displaying a wide range of behaviours that are

qualitatively the same as those observed in vivo. The models demonstrate how the complex

repertoire of behaviour of the LHRH neuronal network and phasic vasopressin cells might

arise from simple dynamical systems possessing just a few of the attributes believed to be

present in the respective systems.

1.6 Summary

The study of neuroendocrine systems is concerned with the neural regulation of

hormone release. Hormones released from the hypothalamus exert stimulatory or inhibitory

effects on the release of hormones from the adenohypophysis, while the release of hormones

from the neurohypophysis is regulated by electrical activity in the cell bodies of the

magnocellular neurones. These systems display an array of non-linearities and complex

behaviours, many of which are amenable to comparison with mathematical models of the

systems involved. The aims of this study are to look at different ways of investigating and

analysing neuroendocrine systems. The techniques vary from a purely theoretical approach

to the generation of the LH surge to a combination of theoretical and experimental

approaches to the response of magnocellular neurones to hyperosmotic stimuli and to

oxytocin pulses in parturient animals.
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Figure 1.1 Schematic representations of the hypothalamus and pituitary

Figure 1.1 A
A schematic of a section through the hypothalamus and the pituitary showing several of the
main anatomical components. The pituitary gland is connected to the hypothalamus
through the hypophysial stalk. The posterior pituitary is connected to the hypothalamus
via the infundibulum of the stalk, and it receives its blood supply from the inferior
hypophysial artery.
The anterior pituitary is connected to the hypothalamus by the pars tuberalis which contains,
amongst other things, the veins of the hypophysial portal system. The portal system is
formed by the superior hypophysial artery in the hypothalamus, and the portal system
provides the blood supply to the anterior pituitary gland.
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Somatotrophs GH
Lactotrophs PRL
Adrenocorticotrophs ACTH
Thyrotrophs TSH
Gonadotrophs LH and FSH

Figure 1.1 B
Parvocellular neurosecretory neurones project to the median eminence and release
their hormones into the primary plexus of the hypophysial portal system. From here
these hormones are carried, in relatively high concentrations, in the hypophysial
veins, to the anterior pituitary gland, where the secondary plexus is formed. These
hypothalamic hormones stimulate and\or inhibit the synthesis and release of anterior
pituitary hormones.

Magnocellular neurosecretory neurones project to the posterior pituitary through
the infundibulum. The release of the posterior pituitary hormones is stimulated by
electrical activity in the cell bodies of the magnocellular cells
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Figure 1.2 Schematic representation of a parasagittal section through the rat brain
showing the relative locations of the hypothalamic nuclei

The relative positions of the hypothalamic nuclei are shown in a sagittal section.

AH = anterior hypothalamus, AN = arcuate nucleus, DMN = dorsomedial nucleus, OT =

optic tract, PH = posterior hypothalamus, Pit = pituitary, POA = preoptic area, PVN =

paraventricaular nucleus, SCN = suprachiasmatic nucleus, SON = supraoptic nucleus and
VMN = ventromedial nucleus.
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Figure 1.3 Plasma LH levels throughout the reproductive cycle

The pattern of LH secretion during the four-day estrous cycle in the rat is shown for
one animal (A-D). Blood samples were taken every 10 min for 4 h. Undetectable LH values
were assigned the value of the assay sensitivity (5 ng ml"1) and are represented by open
symbols. During the first and second days of diestrus (B and C respectively) in the four-day
rat cycle the pulses of LH increase in magnitude compared to those on the preceding day of
estrus, and the interpulse interval is more regular on diestrus-I compared to diestrus-II. On
the morning of proestrus (D) the LH pulses become more regular and more frequent, and
have a larger magnitude than those seen in the diestrous phase. There is then a rapid rise in
LH release, on the afternoon of proestrus, to the highest level seen in the cycle. Levels of
LH remain high for about 90 min and then rapidly decline. This rapid and dramatic rise in
the plasma LH levels is known as the LH surge. Figure 1.3 E shows the rising limb of the
LH surge. (A-D redrawn from Fox & Smith, 1985 and E from Veldhuis et ai, 1993. These
studies used different antibodies for the radioimmunoassay and therefore the LH titres are
very different)
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Figure 1.4 The LHRH pulse generator model (adapted from Leng & Brown, 1997)

The structure of the model is shown in A. Both LHRH (v) and GABA (g) electrical activity
are affected by the tonic stimulatory input (a), and LHRH is also increased by discrete
excitatory stimuli which are represented as random fluctuations in the electrical activity of
the LHRH neurones (Av). LHRH and GABA are reciprocally connected and form a

negative feedback loop; increases in LHRH activity stimulates GABA activity, which in turn
inhibits LHRH. The relative strengths of these interactions are given by the k parameters (k,
to k.,). LHRH is modelled as a bistable element (see Figure 1.8). In this model the rate of
release of LH release from the pituitary (z) is a non-linear function of the LHRH activity,
p(v). This function is zero for low values of LHRH and rises to a maximum over a short
range of v, reflecting saturation of the pituitary response (B). The parameter p3 is the
threshold for LH release and the maximum LH response is determined by p,. p2 determines
the range of LHRH activity over which the LH release is increased (not shown). The
threshold for LH release, and the saturation of the LH response affect the LH output of the
model to pulses of LHRH (C) such that small pulses have no effect on the LH release rate,
and the response can be saturated by sufficiently large LHRH pulses (p, = 100, p2 = 100 and
p3=0.5).
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Figure 1.5 The effects of oestrogen on the LHRH-LH system

The connectivity of the LHRH system is shown in Figure 1.5 A. Oestradiol has both acute
(B) and chronic effects (C) on the LHRH-LH system and in the short term is inhibitory to
LHRH and LH release.

There is evidence that oestrogen inhibits the release of LHRH (B) through the
noradrenergic input while the opiate inhibition of the noradrenergic effects on LHRH
neurones is maintained, and so the overall effect of the increased noradrenergic input is
increased GABAergic inhibition of LHRH release. Oestrogen also has direct effects on the
GABA input to the LHRH neurones and further increases the GABAergic inhibition of
LHRH secretion.

The chronic effects of oestradiol on the LHRH-LH system, in contrast to the acute
effects, are stimulatory (C). The latency between initial oestradiol exposure and the
stimulation of LHRH release is at least 30 h whether the exposure is continuous or
interrupted. The increased noradrenergic input to the LHRH and GABA neurones is
continued in response to chronic oestrogen, and other excitatory inputs, such as glutamate
and NPY, are also increased. There is also an oestrogen-induced diurnal decrease in the
opioid tone at this time, which further increases LHRH release.
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Figure 1.6 Afferent projections to magnocellular neurones in the hypothalamus
(modified from Cunningham and Sawchenko, 1991)

Direct afferent projections to the magnocellular neurones in the SON and PVN are derived
from the brainstem, including the NTS and noradrenergic cells groups in the ventrolateral
medulla (A1 group). The magnocellular cells also receive forebrain afferents from the SFO,
OVLT and the MnPO in the anterior hypothalamus. The SFO and the OVLT lack an
effective blood-brain barrier and are susceptible to changes in sodium levels. They are part
of the osmoreceptive complex that regulates body fluid homeostasis via oxytocin and
vasopressin.
Neurones in the brainstem relay sensory input from the periphery to the higher autonomic
centres, including magnocellular oxytocin and vasopressin neurones. Neurotransmiters
including noradrenaline (NE), inhibin-[3 (1(3), somatostatin (SS), enkephalin (ENK), and
neuropeptide Y (NPY) have been implicated in the regulation of the hypothalamic
magnocellular neurones.
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Figure 1.7 The firing patterns of supraoptic neurones

The firing patterns of supraoptic oxytocin cells during (A) the milk ejection reflex (Lincoln
and Wakerly, 1974), (B) parturition (Summerlee, 1981) and (C) in response to intravenous
CCK administration (Renaud et a\, 1987). The phasic firing pattern of a vasopressin cell is
also shown (D, Dreifuss, 1976).
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Figure 1.8 A model of bistable neuronal activity (adapted from Leng & Brown, 1997)

In the absence of other influences, the vasopressin and LHRH pulse generator models v is a
bistable neuronal element, i.e. it has two stable equilibria (or firing rates): at zero, and at a
higher rate, P, corresponding to the firing rate during a burst (LHRH neurones) or plateau
phase (vasopressin neurones). This bistability can be explained in terms of a simple
physical analogy (A). If one considers the movement of a ball between two valleys, at 0 and
P, it is obvious that if the ball moved by a small amount it will roll back down the hill, to
either 0 or P. If however, the ball is moved sufficiently far towards the other valley (i.e.
further than C), it will roll rapidly towards it. This is also true for the electrical activity of
bistable neurones (B); small perturbations in the input have very little effect on the activity
of the neurones (v) unless the threshold (C) for activation (of a burst or a plateau potential)
is crossed. When the threshold is crossed, activity increases rapidly to the second
equilibrium (P) (the second valley in A). The plateau potential is simulated as a balance
between electrical activity, v, and a feedback inhibitor (iv) (C). Synaptic input (lower trace)
is random fluctuations in v of magnitude A v. This model exhibits phasic alterations
between two equilibria (upper trace). Inclusion of the activity-dependent inactivation of the
plateau potential (C) produces a model that has many of the features characteristic of phasic
firing in vasopressin cells.
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MODELLING LHRH "SELF-PRIMING"

THE PITUITARY
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2.1 Introduction

The gonadotrophins, LH and FSH, are secreted from specialised cells

(gonadotrophs) in the anterior pituitary gland, in response to LHRH, which is released from

neurones in the hypothalamus (Figure 2.1), and both LH and FSH regulate ovarian follicular

function, development and ovulation. FSH stimulates follicular growth and development

while follicular function, such as steroid production, and ovulation are regulated by LH

(1.3.4 and Hillier et al., 1994 for review).

Throughout the reproductive cycle LH is released into the systemic circulation in small

intermittent pulses which regulate ovarian follicular function. On the afternoon of proestrous

the levels of LH increase rapidly and remain high for about 90 min and then rapidly decline

(Figure 1.3), in an event known as the LH surge, which is the primary trigger for ovulation to

occur. The secretory pattern of LHRH responsible for the proestrous surge in LH levels

remains to be determined, in the rat, because of the technical difficulties involved (1.3.6) and

until these technical difficulties are overcome it remains unclear whether an increase in the

frequency or amplitude (or both) of LHRH pulses is responsible for the increased LH pulse

amplitude and frequency seen at the time of the LH surge in the rat.

Nonetheless, whether sampling from peripheral or portal blood vessels, it has been

shown that, while LHRH secretion is increased at the time of the LH surge, the magnitude of

this increase is insufficient to be solely responsible for the large increases in LH secretion.

Therefore, other changes in the LHRH-LH system are also involved in the generation of the

LH surge. It is generally accepted that the discrepancy between the measured LH and LHRH

levels during the LH surge is a consequence of the increased pituitary sensitivity to LHRH

seen both in vivo and in vitro in proestrous rats (Aiyer et al., 1974; Apfelbaum, 1981). This is
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initiated by the preovulatory rise in oestrogen secretion, which also influences gene expression

in pituitary gonadotrophs (Mobbs et al., 1989).

2.1.1 LHRH self-priming

The rapid rise in pituitary responsiveness to LHRH on the day of the surge is due to a

"self-priming effect" of LHRH. In pituitaries which have been exposed to oestrogen, initial

exposure to LHRH causes a characteristic and dramatic potentiation of subsequent secretory

responses to LHRH (Aiyer et al., 1974; Wang et al., 1976). Self-priming is clearly

demonstrable both in vivo (Aiyer et al., 1974) and in vitro (Waring & Turgeon, 1980), on

proestrus and diestrus-II of the four day rat reproductive cycle and is below detectable levels

on the other days of the cycle (estrus and diestrus-1).

The magnitude of LHRH self-priming is highly dependent upon exposure to oestrogen,

and varies throughout the reproductive cycle (Aiyer et al., 1973; Byrne et al., 1996). The

cellular mechanism of self-priming depends on oestrogen-induced protein synthesis (Curtis et

al., 1985), and on the functional integrity of microfilaments within the gonadotrophs

(Pickering & Fink, 1979). The microfilaments appear to be part of the cellular machinery that

is important for making secretory granules available for release. The priming effect of LHRH

on LH secretion involves a significant "margination" of secretory granules, whereby granules

are moved closer to the plasma membrane and made available for release. Granule

margination in gonadotrophs involves an increase in microfilament length and a change in their

orientation such that the angle between the filaments and the plasma membrane is more acute

(Lewis etal., 1985).

Increased sensitivity of the intracellular mechanisms involved in LHRH-induced LH

release are also involved in LHRH self-priming. Inositol phosphate production and

mobilisation of intracellular calcium stores, which are involved in LHRH-induced exocytosis
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(Stojilkovic et al., 1994), are enhanced by prior exposure to LHRH, although LHRH binding to

its receptors is unchanged as is the influx of extracellular calcium (Mitchell et al., 1988). Self-

priming involves synthesis of a novel protein that is not LH or LHRH receptors (Pickering &

Fink, 1979; Curtis etal., 1985; Mitchell et al., 1988) and may well be the same protein induced

by oestrogen exposure (Mobbs et al., 1989). Therefore, LHRH self-priming involves changes

in intracellular signalling and is not simply the result of increases in LH stores or LHRH

receptor expression.

Self-priming is time-dependent, and occurs within 30-40 min of LHRH exposure in

vitro (Waring & Turgeon, 1983) and within 30 min of exogenous LHRH administration in vivo

in the absence of endogenous LHRH release (Fink et al., 1976; Aiyer et al., 1974). This may

represent the time necessary for new protein synthesis and modification of existing proteins, as

well as for changes in microfilament orientation and margination of secretory granules. Self-

priming is also significantly less pronounced 240 min after initial exposure in vivo (Aiyer et

al., 1974) and so the effect decays.

2.1.2 A model ofLHRH- induced LH release

In a model of the LHRH pulse generator (Brown et al., 1994) LH release (z) was

modelled as a simple non-linear function of LHRH output (v).

^■=p{v)~dlz (2.1)d t v '

Here ply) is a logistic function of v and d\ is the decay rate of LH in plasma or in the

medium in the in vitro case. The non-linearity represents a typical dose-response curve and

reflects both the fact that sufficiently small fluctuations in v have no effect on z and that the

pituitary response can be saturated. The original model can recreate the LHRH surge in

ways consistent with biological data, but although LHRH output increases at the time of the
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surge, this increase could not produce the rapid increase in LH concentrations seen during

the surge without an increase in pituitary responsiveness either in vivo or in the model.

2.1.3 Summary

While the pattern of LH pulses increases in frequency and amplitude during the day of

the LH surge it remains unclear whether the pattern of LHRH secretion changes in the same

way. The aim of this study is to investigate the relationship between LHRH and LH at the time

of the LH surge by adapting the simple model of LHRH actions at the pituitary (Equation

2.1) to incorporate the changes that occur in pituitary responsiveness to LHRH at the time of

the LH surge, including LHRH self-priming, and to use this model to simulate an LH surge.

2.2 A Model of LHRH-induced LH Release

In this study LH release is based on the Law of Mass Action, the central process

being the reversible binding of LHRH (r), in the vicinity of the gonadotrophs, to its free

receptor (/), to produce a bound complex (w), r+f<=>u (Figure 2.2, Equations 2.3 and

2.4). The rate constants of the forward and backward reactions are k\ and k2 respectively:

^ = Ir-k,r (2.2)dt

— =-k,rf + k2u (2.3)
dt

^-= kxrf -k2u (2.4)

Plasma LHRH concentration = gr (2.5)

The level of LHRH available for binding to receptors (r, Equation 2.2) is dependent on

lr (the rate of LHRH input either from the hypothalamus, or intravenous administration in the
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in vivo case, or added to the medium surrounding cells in vitro) and (the LHRH decay rate

whether in vivo or in vitro). The levels of free if) and bound (u) LHRH receptor (Equations 2.3

and 2.4) depend on the rate of binding of LHRH to its receptors (kxrf) and on the rate of LHRH

dissociation from the bound receptor (k2u). Since LHRH receptor breakdown occurs very

much slower than the rate of the other receptor interactions it is excluded for simplicity.

LHRH concentration in plasma or medium is a factor (g) of r (Equation 2.5).

LH release occurs at a rate that depends on LHRH receptor binding both linearly (via

k\rf) and non-linearly (Equation 2.6). The non-linearity involves a function of the proportion

of bound LHRH receptors (u) and is given by <f) n(u) (Equation 2.7) which switches between

high and low values depending on the level of u relative to its critical value (u0n); 8 „ is

related to the gradient of </> n(u) at u0n such that when 8 „ is decreased (j) n(u) increases more

rapidly. As in the original model, this non-linearity reflects both the fact that sufficiently

small fluctuations in u have no effect on LH release and that the pituitary response can be

saturated. The equation also contains a scaling factor (k6). The LH concentration (h) also

depends on its half-life in plasma or in medium (fc8).

To incorporate priming in a simple way, the constant of proportionality in the LH

release equation involves the quantity e, which is a measure of the extent of priming. The

constant b is included so that LH release can occur in the absence of priming. This model is an

extension of one developed previously for growth hormone-releasing hormone induced growth

hormone release (Stephens et al., 1996).

LH concentration (h) = k6(j)n(u)(e + b)k\rf — k%h (2.6)

1 + exp[-(w-u0n)/8n ]
(2.7)
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To incorporate the delay in the expression of priming, e (Equation 2.8) is dependent,

not on the current (time t) levels of bound receptor (u), but rather on ud, the levels of bound

receptor at time td, where td = t -d and d is a specified time delay between LHRH receptor

binding and the onset of priming. Priming depends on ud , via fc7 ud, and also via the non¬

linear function (j)d (ud ) (Equation 2.9) which is similar to <j> n{u) described above. The

function (pd (ud) also switches between high and low values, but this is dependent upon the

level of ud relative to its independent critical value (u0), and upon the value of S which is

related to the gradient of <pd (ud ) at u0 such that when 8 is decreased <pd [ud) increases more

The constants k4 and k-j are independent scaling factors so that the relative impacts of

(pd [ud ) and ud on priming can be varied independently. The decay rate of priming is given

by k5. The rate of decay determines the duration of the priming effect and if the rate of decay

of priming is low then the system will 'remember' previous LHRH exposures for longer than if

k5 is high.

The rate of change of priming is also a factor of p (Equation 2.10) which includes an

upper limit to priming (q). The factor p is dependent on the level of e relative to its maximum

(.q), such that as e approaches q (its maximum), p decreases so reducing the rate of change of

priming (e will therefore change more slowly). The effect of this is to provide an upper limit

to the level of priming that can be achieved, reflecting the expected finite levels of granule

margination and increases in intracellular signalling that are possible in the gonadotrophs.

rapidly.

dt
(2.8)
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(2.9)

P = (2.10)
v i

Model simulations were carried out with a FORTRAN 77 program using NAG mark

15 numerical routines and Digital Alpha Workstation ® and the differential equations are

solved using Gear's method.

2.3 Fitting The Model To In Vivo Data

To investigate the possibility of producing behaviour similar to that seen in vivo during

LHRH self-priming, several simulations of the adapted model of LHRH actions at the pituitary

(Figure 2.2, Equations 2.2-2.10, hereafter referred to as 'the model') were run. An in vivo

experiment (Fink et al, 1976) was simulated in the model and the results were compared. By

fitting the model output to the in vivo results, the model parameters were determined. In the

experiment that was modelled, a continuous infusion of synthetic LHRH was administered i.v.

to proestrous rats, just before the expected LH surge, under pentobarbitone anaesthesia which

blocks endogenous LHRH secretion. During the infusions a total of 750 ng kg"' LHRH was

administered over 90 min and the plasma LHRH and LH concentrations were measured

throughout. Infusion of LHRH for 90 min resulted in a gradual increase in plasma LHRH and

LH concentrations for the first 45 min, after which there was a rapid increase in the plasma LH

levels which was not seen in the LHRH levels (Figure 2.3).

The decay rates of LHRH and LH could be determined directly from the biological

data, but others had to be optimised and so provide predictions of their relevant biological

components e.g. rate of binding of LHRH to its receptor. Initially these parameters were
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changed individually and systematically across a wide range of values (>100%) until the

pattern of the model LHRH and LH values was close to the pattern observed in the biological

data. As the pattern of the model LH output approached that seen in vivo smaller changes

(-10%) were made to the parameters. For certain parameters small changes (<5%) had very

little effect on the pattern of the model LH and LHRH, but others had a much larger effect e.g.

d, the time delay between receptor binding and the appearance of priming, u0, the threshold

for priming, and q, the upper limit of priming. As the fit to the biological data improved much

smaller changes were made (<5%) to the parameters that had the biggest effect on the pattern

of the modelled LHRH and LH output (Figure 2.4). When the pattern of LHRH and LH in the

model closely matched the biological data the scaling factors (g and /c6) were adjusted so

quantitatively match the hormone levels measured in vivo.

The best fit discovered for the biological data is shown in Figure 2.5. Here, the 90

min LHRH infusion resulted in a gradual increase in the LHRH concentration and in the

proportion of bound receptors. The extent of priming in the model also increased which had

an effect on LH release since the level of bound receptors remained high after the first

appearance of priming. Plasma LH concentrations in the model increased sharply after 30-

45 min of LHRH infusion. Simulation of the experiment described above in the model

produced a very close fit to the experimental data (Figure 2.6).

To simulate different biological experiments in the model all parameters were kept

from the fit described above (Figures 2.7 and 2.8) but the LHRH input, whether as an infusion

or in pulses, and the decay rates of LHRH and LH, which differ between in vivo and in vitro

experiments, were adjusted accordingly. The model LH and LHRH values were considered a

good fit to the biological data when they fell within two standard errors of the mean (s.e.m.) of

the biological data, and a very good fit when they fell within one s.e.m.
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2.4 Testing The Model Against In Vivo Data

2.4.1 Testing the model against LHRH infusion experiments in vivo

In the in vivo experiments of Fink et al. (1976), described above, a continuous infusion

of LHRH at 750 ng kg"' was administered over 90 min to proestrous rats just before the LH

surge under pentobarbitone anaesthesia (therefore blocking the endogenous LHRH secretion)

and the plasma concentrations of LHRH and LH were measured throughout (Figure 2.3). The

effects of infusing the same total dose, and one fifth of the total dose, over 45 min were also

reported in the same paper.

Infusing the high dose (750 ng kg"1) over 45 min resulted in a sharper increase in

plasma LHRH levels than was seen with the 90 min infusion. However, there was a much less

rapid rise in plasma LH.

To test how well the model would fit these data, all parameter values were kept from

the fit described above (Figures 2.7 and 2.8), but the infusion was continued for half as long

and the rate was doubled. The model produced a very similar pattern to the in vivo data for

both the LHRH and LH values (Figure 2.7 A), but indicated higher values of LHRH than were

observed, and similarly higher LH values, although both LHRH and LH predicted values

remained well within an order of magnitude of the in vivo results.

Infusion of the lower dose (150 ng kg"1 LHRH) over 45 min in vivo resulted in an

increase in plasma LHRH and LH to much lower levels than were seen with either of the

higher dose administrations and there was no rapid increase in plasma LH levels. The plasma

LH levels continued to rise for 45 min after the end of the infusion, despite falling LHRH

levels (Figure 2.7 B). To test how well the model would fit these data, all parameter values

were kept from the fit described above (Figures 2.7 and 2.8), but the infusion was continued

for half as long and the rate was 2.5 times lower (one fifth the total dose of LHRH was
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administered). The model predicted a pattern of LHRH values that was similar to that

observed in vivo although this time the levels were somewhat lower in the model. The pattern

and magnitude of the plasma LH levels in the model were very similar to that observed in vivo

for the first 45 min of the infusion. However, the continued secretion of LH, after the end of

the infusion, was not predicted by the model (Figure 2.7 B).

The plasma LHRH and LH data, from the in vivo experiments discussed above, were

plotted against each other at 30, 45, 60, 90 and 120 min after the start of LHRH infusions

(Figure 2.8) and regression lines drawn to give LHRH-LH dose-response curves as LHRH

infusions progressed. The dose-response curves become steeper as the LHRH infusions

progressed, showing that pituitary responsiveness to LHRH increased during LHRH

infusions, in proestrous rats. This increase in sensitivity continued after the end of the

LHRH infusions. Plotting the same dose-response curves with the model data produced a

similar pattern to that seen in vivo, with the same pattern of changes in the regression lines

(Figure 2.8).

2.4.2 Testing the model against pulsatile LHRH administration in vivo

Discrete pulses of synthetic LHRH were administered in vivo in the experiments of

Aiyer et al. (1974). Two successive i.v. injections of LHRH, each of 500 ng kg"1, were

administered to proestrous rats just before the expected LH surge, again under pentobarbitone

anaesthesia. Pulses were separated by intervals of 30, 60, 120 or 240 min and the plasma LH

concentration was measured immediately before, as well as 15, 20, 30 and 60 min after, each

LHRH injection.

The response to the second pulse of LHRH in vivo was significantly higher than the

response to the first pulse, for all intervals tested (Figure 2.9). The response to the second

pulse of LHRH was greatest when the pulses were separated by 60 min, being significantly
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greater than the levels reached when the pulses were separated by 30 or 240 min. In order to

simulate this experiment in the model all parameter values were kept from the fit described

above (Figures 2.7 and 2.8) but the LHRH input arrived in pulses the magnitude of which was

two thirds of the total dose of LHRH administered in the simulation of the 90 min infusion

experiment (Figure 2.5). The model data (Figure 2.9) following administration of LHRH

pulses show a strikingly similar pattern and magnitude of responsiveness to LHRH to the in

vivo data. The response to the second injection in the model was greater than the response

to the first for all intervals tested, and the response was greatest when the pulses were

separated by 60 min. While, in the model, the magnitude of the first responses were smaller

than those seen in vivo, they remained within the same range. Since plasma LHRH was not

measured in this study, the model prediction of the plasma LHRH values could not be

compared to the in vivo values.

2.5 Testing The Model Against In vitro Data

2.5. I Testing the model against LHRH infusion experiments in vitro

In the experiments of Waring and Turgeon (1983), the effect of LHRH

administration on LH release from the anterior pituitary was investigated. The pituitaries

were removed from proestrous rats and were quartered and placed in a superfusion chamber

(Waring & Turgeon, 1980). 0.8 nM LHRH was administered for 120 min, starting at 120

min after the start of the superfusion, and the LH concentration in the superfusate was

measured. Superfusate collections were of 10 min duration, except for a 60 min period at

the start of the LHRH administration in which collections were made every 2 min (Figure

2.10). The LH release rate increased gradually for the first 40 min of the LHRH infusion.

Thereafter it increased more rapidly before reaching a plateau towards the end of the
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infusion. After the end of the LHRH administration the measured LH secretion decreased,

but had not reached basal levels by 360 min (120 min after the end of the LHRH

administration).

To simulate in vitro LHRH infusions, parameters other than the infusion rate had to be

changed to reflect the differences between in vivo and in vitro systems, such as different wash

out and breakdown rates, and the different numbers of gonadotrophs in the preparations

(change in scaling factor k6 =46.6824 ). The wash-out rate of LH from the tissue was obtained

by fitting a negative exponential to the LH secretion rate after the end of the LHRH infusion

(ks = 1.25) and that of LHRH was taken to be the washout rate of the experimental set-up used

(k3 = 13.86, Waring & Turgeon, 1980) and the infusion rate was determined by matching the

LH values to the initial secretory response of the quartered anterior pituitaries to the LHRH.

All other parameters were kept the same as in Figure 2.5. Simulation of this experiment in

the model produced an LH output similar in pattern to the observed in vitro secretion

described above (Figure 2.10). However, the magnitude of the LHRH self-priming was

much greater in the model than was observed in vitro. However, by decreasing q, the limit

of priming (Equation 2.10), the model could fit both the primed and unprimed LH secretory

responses observed in vitro (Figure 2.10). Decreasing q from 8 to 3 produced an LH output

in the model that was very similar in pattern and magnitude to that seen in vitro.

2.5.2 Testing the model against a pulsatile LHRH administration in vitro

In these experiments the protocol was the same as the in vitro experiments described

above (2.5.1), except that two 0.8 nM LHRH pulses were infused, for 10 min, at various

intervals (Figure 2.11). The first LHRH pulse was started at 120 min and the second at 150,

180, 240 or 300 min after the start of the experiment. Superfusate collections were of 10

min duration except for 30 min intervals beginning with a pulse of LHRH in which
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collections were made every 2 min. The LH secretory response was greater to the second 10

min LHRH pulse for all intervals tested in vitro, and there was no significant difference in the

magnitude of the secretory response to the second pulse.

The model accurately predicted that the LH secretory response to the second LHRH

pulse would be greater than the response to the second pulse of LHRH. However, the response

to the first LHRH pulse in the model was lower than was observed in vitro (Figure 2.11) and in

the model the magnitude of the second secretory response was dependent on the interval

between pulses. The magnitude of the increase in responsiveness between the first and second

LHRH pulses was higher in the model for some intervals than was seen in vitro.

2.5.3 Testing the model for LHRH self-priming dose-dependence in vitro

LHRH self-priming has been found to be dose-dependent in vitro (personal

communication, D.W. Waring and J. Turgeon). The protocol used was the same as the in vitro

experiments described above (2.5.2), except that the first of the two 10 min LHRH pulses were

started at 120 min and the second at 240 min after the start of the experiment. Superfusate

collections were of 10 min duration except for 30 min intervals beginning with a pulse of

LHRH in which collections were made every 2 min. In this experiment the total LH

secreted in the 30 min following the start of the second LHRH pulse was dependent on the

LHRH concentration of the first pulse in vitro. The response to the second 10 min LHRH

pulse increased with the concentration of the first pulse, for all LHRH concentrations tested

(Figure 2.12).

The magnitude of the second LH response was also affected by the LHRH

concentration of the second pulse as were the dose-dependent increases in responsiveness as

evidenced by the changing slope of the best fit line for each concentration of the second

pulse. Simulation of these experiments, by keeping all parameters the same as in Figure
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2.10, and changing the LHRH inusion rate accordingly, in the model produced a close fit to

the in vitro data although the magnitude of the dose-dependent increases were not quite so

high in the model as was seen in vitro (Figure 2.12).

2.6 Modelling the proestrous LH output

While, as discussed above (2.1.2), the pattern of LHRH secretion into the portal blood

in the rat has not as yet been measured with sufficient resolution, the changes in the pattern of

LH release on proestrus have been well characterised. On the morning of proestrus LH pulses

have an interpulse interval of 60 ± 8 min and an amplitude of 35 ± 4 ng ml"1 (Fox & Smith,

1985), though the amplitude of pulses can increase as the day progresses. This pattern of LH

output was produced in the model by keeping the parameter values produced when the model

was fitted to in vivo data (Figure 2.5) with the exception of the LH scaling factor (k6, Equation

2.6) and k4 (which controls the rate of change of priming, Equation 2.8). The value of k4 was

decreased such that priming was reduced, and the LHRH pulse amplitude was 2 arbitrary units,

the interpulse interval was 60 min and the basal LHRH release was 0.5 arbitrary units. This

simulation produced the LH output shown in Figure 2.13, which is very similar to the LH

pattern seen in the morning in proestrous rats (Fox & Smith, 1985).

Between the morning of proestrus and the onset of the LH surge on the afternoon of

proestrus, there is a change in the pattern of LH release, and plasma LH concentrations

increase to levels not seen at any other time throughout the reproductive cycle. The increase in

LH concentration is due to changes in the secretion of LHRH as well as LHRH self-priming.

The effects of varying the LHRH pulse amplitude and interpulse interval when priming is high

[k4 = 1.5 and k-j = 7 as they were when the model was fitted to the in vivo experiments

discussed above (2.6)] on the LH output are shown in Figure 2.14 and Figure 2.15. Increasing
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the frequency of LHRH pulses from 1 every 60 min to 1 every 20 min increased the maximum

plasma LH in the model, after 240 min of LHRH administration, from approximately 100 to

250 ng ml"'. Increasing the amplitude of LHRH pulses from 2 to 40 arbitrary units increased

the maximum plasma LH reached, during 240 min of LHRH administration in the model, from

approximately 100 to 750 ng ml"1, although increasing the amplitude further had little effect on

the maximum plasma LH reached (not shown). Although the LH values produced (750 ng ml"

') when the amplitude of LHRH pulses was increased were high, combining an increase in

LHRH pulse amplitude, frequency and basal release produced higher LH values in the model

(1800 ng ml"1) (Figure 2.16) and these were similar to those seen during the LH surge in

conscious rats in vivo (Veldhuis et al., 1993).

During the LH surge in vivo LH levels plateau at this high level for 90-120 min and

then decline (not shown) although LHRH levels remain high for several hours thereafter

(Blake, 1976; Kalra & Kalra, 1977). This pattern was not exhibited by the model, and LH

levels remained high until LHRH was no longer present.

2.7 Discussion

In the proposed model, the complex changes in pituitary cells that lead to self-priming

are modelled as a single component (e), which is increased by prior exposure to LHRH. The

complex processes which underlie self-priming include granule margination (and therefore

increases in LH available for release), and the simplest explanation for e as included in this

model is that exposure to LHRH leads to a delayed increase in the availability of LH for

release and the extent of this increase is proportional to e. Undoubtedly the changes leading to

increased pituitary responsiveness in LHRH self-priming are more complex than this implies,

and involve changes in intracellular signalling. Nevertheless, it has been shown that
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incorporation of this single parameter (e) is capable of producing results generally consistent,

qualitatively and quantitatively, with in vivo and in vitro results from short term experiments

and can simulate an LH surge similar in magnitude to that seen in vivo.

Substitution of this model of the pituitary release mechanism in the model of the

LHRH pulse generator proposed by Brown et al. (1994, Equation 2.1 above), provides a model

of the LHRH-LH system that is capable of modelling in vivo patterns of LHRH and LH release

throughout the course of the reproductive cycle and is not limited to particular steroid states.

Comparison of model predictions with experimental data obtained following acute

experimental observations will accordingly provide appropriate tests of the LHRH pulse

generator model.

While the model produced some close fits for the in vivo and in vitro data against

which it was tested, the fine details of the biological and model LH and LHRH secretory

patterns did not always match. To recapitulate: for fitting to the in vivo data, the model

parameters were determined by optimising the fit to one set of data (Figure 2.6) and then,

without changing the parameters, the model 'predictions' were compared with further

experimental data obtained in vivo. One of these sets of predicted data (Figure 2.9) were

indistinguishable from the reported experimental data. However there were quantitative

discrepancies between the model predictions and other sets of data from LHRH infusion

experiments (Figure 2.7). Interestingly, it is apparent from Figure 2.7 that the major source of

the quantitative discrepancy is in the predicted LHRH concentration i.e. not from the pituitary

model at all, but rather because the described protocol for infusing LHRH in the 45 min

infusion experiments of Fink et al., 1976 produced plasma LHRH concentrations that seemed

anomalous in comparison with those measured in the 90 min infusion experiment. Thus,

assuming that the concentrations of LHRH infused were correctly reported in Fink et al., 1976
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and that the results were accurate, the half life of infused LHRH varies with the infusion rate,

possibly reflecting saturation of clearance mechanisms.

I then used the model to generate predictions to match a set of in vitro data, using as

far as possible the parameters determined above. However, to obtain a close fit it was

necessary to significantly alter one parameter q which sets an upper limit to priming (Equation

2.10, Figure 2.10). With this one change the model produced a very close fit to the infusion

data, a good fit to the dose-dependence data, but an imperfect fit to the two-pulse data (Figure

2.11). Briefly, the model predicted stronger evidence of priming from the two-LHRH pulse

data than was observed. Given the goodness of model fits to similar experiments in vivo, it

seems that priming may be less marked in vitro.

The model is capable of producing an LH surge similar in magnitude to that seen in

vivo (Figure 2.16). However, the duration of the LH surge in the model is dependent on the

duration of LHRH exposure. This is not true in vivo when the LH surge declines before the

end of the LHRH surge (Kalra & Kalra, 1977). The reason for this is that the model at present

contains no component related to receptor desensitisation, such as proposed by Goldbeter

(1996), which occurs when exposure to LHRH continues over prolonged periods. This would

result in a decrease in pituitary sensitivity and LHRH-induced LH release would decrease as

exposure continued. There is also no component related to the depletion of LH stores which

would also occur should LHRH exposure continue at high levels, such as during the 120 min

LHRH infusion in vitro (Figure 2.10) or at the end of the LH surge (Figure 2.16), or any

component reflecting regulated synthesis of LH, all of which may be expected to influence the

experimentally observed profile of LH secretion over the longer term. Thus to model the

evolving changes in pituitary sensitivity throughout the reproductive cycle the inclusion of

components related to these other factors affecting LHRH-induced LH release must be
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considered. There are several ways to extend the model to incorporate some of these

components, but it is not clear that there is sufficient experimental data to resolve them in a

usefully predictive way.

The use of this approach to investigate the relationship between LHRH and LH in

proestrous rats also generates implicit predictions of the mechanisms of LHRH-induced LH

release and LHRH self-priming. The fit of the model data to the biological data in Figure 2.6

predicts that LHRH receptor binding and dissociation occur at the rates (k\ and k2) used in this

model simulation. Another implicit prediction of the model is the level of receptor LHRH

receptor binding necessary to induce LH release (u0n) and self-priming (u0) and the time course

of the intracellular processes that lead to the priming effect (d). The model also predicts that

LHRH self-priming is less marked in vitro than in vivo and that the simplest explanation for

this is that the maximum amount of priming possible is lower in vitro. This may be because

the gonadotrophs are primed in vitro before the start of the experiment, or because the removal

of some element, e.g. estradiol, in the in vitro experiments means that priming levels are lower.

Simplification of the complex changes in pituitary cells that lead to self-priming

produces a model that reproduces many of the characteristics of LHRH self-priming in vivo

and in vitro. It displays time-dependence, varying LHRH-LH dose-response relationship with

time during LHRH infusions and dose-dependence. It is also capable of producing an LH

surge similar in magnitude to that seen in vivo and it predicts that an increase in LHRH pulse

amplitude and frequency is the most likely pattern for generating a surge of LH in vivo,

although this is not the only possibility. In the future it is possible that many of the questions

raised here will be addressed and the model predictions can be tested (e.g. the rates of LHRH

receptor binding and dissociation and the hypothesis that an increase in LHRH pulse frequency

and amplitude are involved in LH surge generation in the rat) but it is unlikely that the
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incorporation of such information when available will result in major changes to this model of

LHRH actions at the pituitary.
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Figure 2.1 A schematic representation of a para-sagittal section through the rat
hypothalamus and pituitary

The figure shows a schematic representation of the pre-optic area of the hypothalamus
containing LHRH neurones and the stimulatory (+ve) noradrenergic projection from the
brain stem to the LHRH neurones. The GABA and opioid inhibitory inputs (-ve) are also
shown. It is uncertain whether the opioids affect LHRH release by inhibiting the brainstem
inputs or by inhibiting LHRH release from the terminals in the median eminence. The
hypothalamo-hypophysial portal system and the anterior pituitary with gonadotrophs
releasing LH into the blood are also shown.
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+

Ir - LHRH input

r = LHRH in vicinity
of gonadotrophs

f = free receptors

u = bound complex

ud = bound complex at td
where td = t-d
(id = delay)

e - 'priming'
z - LH release

Figure 2.2 A schematic form of the model of LHRH "self-priming" at the pituitary
The central process is the binding of LHRH (r) to its free receptor (J) at the pituitary to form
a bound complex (u). In this model LH release (z) is non-linearly related to the current
levels of bound complex (u) and to the levels of bound complex present some time before
the current time (uj).
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Figure 2.3 The effects of infusing LHRH for 90 min on plasma LHRH and LH levels
in proestrous rats

Synthetic LHRH was infused in proestrous rats for 90 min starting at 0 min. Blood samples
were taken at 0, 30, 45, 60, 90 and 120 min and plasma LHRH (top) and LH (bottom) levels
were measured. The filled bar indicates the time of LHRH administration. Data from (Fink
et al., 1976).
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Figure 2.4 The effects of simulating an infusion of LHRH for 90 min on plasma LHRH
and LH levels in the model with different parameter settings.
An infusion of LHRH for 90 min was simulated in the model of LHRH actions at the

pituitary. The effect of various parameter changes on the LH output are shown. The fitted
data is shown (dotted line).

Except as specified, parameter values were as follows: k\= 5.0, 7.5 , £3=1.7329, £4=1.5,
*5=0.5, £6=46.6824, £7=7.0, £g=1.7329, b=0.3, <7=1.005, 232, 8=0.0001 , 5n=0.1, m0=0.2,
won~0.15, q=6, n-3and Ir=2.5.
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Time (min) from start of LHRH infusion

Figure 2.5 The effects of a 90 min infusion of LHRH on plasma LHRH and LH levels
in the model

A 90 min LHRH administration was simulated in the model starting at 0 min. The panels,
from top to bottom, show plasma LHRH concentration, the proportion of bound LHRH
receptors, e (a measure of the extent of priming), and plasma LH concentration. The filled
bar represents the time of LHRH administration.
Parameter values: k\— 5.0, £2=7.5 , £3=1.7329, £4=1.5, £5=0.5, £6=46.6824, £7=7.0,
£8=1.7329, £=0.3, <7=1.005, g=232, 5=0.0001 , 8n=0.1, uq=02, M0n=0-15, q=6, n=3 and
Ir=2.5.
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Figure 2.6 The effects of a 90 minute infusion of 750ng/kg LHRH on plasma LHRH
and LH levels in the model and in proestrous rats
The effects of a 90 min infusion of LHRH on plasma LHRH (top) and LH (bottom) levels in
proestrous rats (black) and in the model (blue) of LHRH actions at the pituitary. Plasma
LHRH and LH values at 0 min, and at 30, 45, 60, 90 and 120 min after the start of the
infusion are shown. The filled bar indicates the time of LHRH administration. In data
from Fink et al., 1976. Parameter values as for Figure 2.5.
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Figure 2.7 A comparison of the effects of a 45 min infusion of 750 ng/kg and 150 ng/kg
LHRH on plasma LHRH and LH levels in the model and in proestrous rats
The effects of a 45 min infusion of 750 ng/kg (left) and 150 ng/kg (right) LHRH on plasma
LHRH (top) and LH (bottom) levels in proestrous rats (black) and in the model (blue) of
LHRH actions at the pituitary. Plasma LHRH and LH values at 0 min, and at 30, 45, 60, 90
and 120 min after the start of the infusion are shown. The filled bar indicates the time of
LHRH administration. In vivodata from (Fink et al., 1976). Parameter values as for Figure
2.5
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Figure 2.8 LHRH-LH dose-response curves at various times after the start of LHRH
infusions invivo and in the model

LHRH-LH dose-response curves at 30, 45, 60, 90 and 120 min after the start of LHRH
infusions in proestrous rats invivo (black) and in the model (blue). The 95% confidence
intervals for the invivo data are also shown (red) and the equations of the regression lines
are on the right. In vivo data from (Fink et al, 1976).
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Figure 2.9 The effects of two successive LHRH pulses (500 ng/kg) on plasma LH
concentrations in proestrous rats and in the model
The effects of two successive LHRH pulses on the plasma LH concentrations in proestrous
rats (black) and in the model (blue) of LHRH actions at the pituitary. Plasma LH was
measured immediately before and 20 min after the first LHRH pulse as awell as before and
at 15, 20, 30 and 60 min after the second LHRH pulse. The first LHRH pulses were
administered at 0 min and the second were at 30, 60, 120 or 240 min after the first. In
data from (Aiyer et al, 1974). Parameter values as for Figure 2.5
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Figure 2.10 The effects of a 120 min LHRH infusion on LH release by pituitaries from
proestrous rats invitro and in the model
In the in vitro experiments (black line) 0.8 nM LHRH was administered to superfused
quartered pituitaries from proestrous rats for 120 min starting at 120 min and the LH
concentration in the superfusate was measured. Superfusate collections were of 10 min
duration except for a 60 min interval at the start of the LHRH administration in which
collections were made every 2 min. The effect of a 2 h infusion of LHRH in the model is
shown when q(the upper limit of priming, Equation 2.10) was 6 (dotted blue line), as it was
when the in vivo data were modelled, and when is 3 (solid blue line). The filled bar
indicates the time of LHRH administration. In vitro data from (Waring and Turgeon, 1980).
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Figure 2.11 The effects of two successive 10 min LHRH pulses on LH release in vitro
and in the model

LHRH was administered to superfused quartered pituitaries from proestrous rats in two 10
min pulses of 0.8 nM (black lines). The first pulse was administered 120 min after the start
of the experiment and the second at 150, 180, 240 and 300 min. The filled bars indicate the
time of LHRH administration. Superfusate collections were of 10 min duration except for
30 min intervals beginning with a pulse of LHRH in which collections were made every 2
min. Simulation of this experiment in the model produced the LH output shown in the blue
lines. In vitro data from (Waring and Turgeon, 1980).
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Figure 2.12 The effects of the response to the first 10 min LHRH pulse on the response
to the second 10 min pulse in vitro and in the model
LHRH was administered, to superfused quartered pituitaries from proestrous rats, in two 10
min pulses of various concentrations. The first pulse was administered 120 min after the
start of the experiment and the second at 240 min. The total LH secreted in the 30 min after
the start each LHRH pulse was derived by calculating the area under the curve in the 30 min
following the start of the pulse. The LHRH concentration of the second pulse is shown on
the far left. Simulation of this experiment in the model produced the LH output shown (blue
lines). The equations of the best fit lines are also shown, and the 95% confidence intervals
are shown in red. In vitro data from D.W. Waring and J. Turgeon, personal communication.
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Figure 2.13 Modelled LH output on the morning of proestrous
The pattern of LH release on the morning of proestrous (top) was simulated in the model
(bottom). The above LH values were produced by reducing 4 and k-j (Equation 2.7) to
almost zero (0.1 and 0.75 respectively) so that priming could have only a very small effect of
LH release. The LHRH input into the model necessary to produce this LH output comprised
pulses 60 min apart with an amplitude of 2 arbitrary units, superimposed on a basal level of
1 units. The in vivo LH values are redrawn from Fox and Smith, 1985.
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Figure 2.14 The effects of including priming and decreasing the interval between
LHRH pulses on the model LH output
In these simulations all parameters values, with the exception of scaling factors, were those
produced from fitting the model to the in vivo 90 min LHRH infusion data (Figure 2.7). The
effects of decreasing the interval between the LHRH pulses on the modelled plasma LH are
shown.
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Figure 2.15 The effects of including priming and increasing the amplitude of LHRH
pulses on the model LH output
In these simulations all parameters values, with the exception of scaling factors, were those
produced from fitting the model to the invivo 90 min LHRH infusion data (Figure 2.7). The
effects of increasing the LHRH pulse amplitude on the modelled plasma LH are shown.
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Figure 2.16 Modelled LH output on the afternoon of proestrous
The plasma LH on the afternoon of proestrous (black line) and the modelled plasma LH on
the afternoon of proestrous (blue line) are shown. The modelled LH output resembles the
ascending limb of the LH surge. All parameter values were the those used when modelling
the 90 min LHRH infusion invivo (Figure 2.7) and the LHRH pulse frequency, amplitude
and basal levels were increased compared to the morning of proestrous (Figure 2.13).
LHRH interpulse interval = 20 min, amplitude = 50 units, basal = 4 units. In vivo LH values
are redrawn from Veldhuis et al., 1993.
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3.1 Introduction

The classical roles of oxytocin are in lactation and parturition. However, in the rat,

plasma oxytocin, along with vasopressin, also varies as a function of plasma osmolality, and

both are detectable by radioimmunoassay at plasma osmolarities above 275 mosmol kg"1, in

the rat (Dunn et al., 1973; Strieker & Verbalis, 1986; Verbalis et al., 1991). In the rat,

oxytocin and vasopressin promote water reuptake and sodium excretion by the kidney

(McDonald et al., 1976; Conrad et al., 1993), and it has been proposed that both hormones

are involved in body fluid homeostasis.

3.1.1 Response ofmagnocellular neurones to osmotic stimulation

Plasma osmolarity is tightly regulated and fluctuates, within very narrow limits,

about an average of about 295 mosmol kg"' in the rat (Dunn et al., 1973). Most experiments

investigating the changes in electrical activity of magnocellular neurones in response to

systemic hyperosmotic stimuli have involved the administration of intraperitoneal (i.p)

injections of hypertonic saline. Administration of hypertonic saline i.p. activates

magnocellular neurones and increases the firing rate and peptide release of both oxytocin

and vasopressin neurones (Brimble & Dyball, 1977; Leng et al., 1989). The increase in

electrical activity of the magnocellular neurones is independent of initial firing rate and both

plasma osmotic pressure and firing rate increase in parallel, reaching a maximum at the

same time (15 min post stimulus, Brimble & Dyball, 1977) and remaining at this level for at

least one hour. During periods of hypotonicity the release of oxytocin and vasopressin is

decreased (Verbalis, 1993) and plasma levels become undetectable at osmolarities below

275 mosmol kg"1 (Verbalis et al., 1991). The response to osmotic stimuli is not found in all

neurones, but is specific to those involved in the regulation of body fluid homeostasis. The
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osmotic regulation of magnocellular neurones is due to both extrinsic and intrinsic

mechanisms.

3.1.2 Extrinsic mechanisms in osmotic regulation ofmagnocellular neurones

Intracellular recordings of magnocellular cells in vitro have revealed an increase in

the frequency of spontaneous excitatory post synaptic potentials (EPSPs) during

hyperosmotic stimulation (Mason, 1980; Bourque, 1989). These results suggest that

synaptic mechanisms are involved in the regulation of magnocellular neurones during

osmotic stimulation. However, the location and nature of the osmosensitive inputs remains

to be fully determined.

Osmosensitive inputs to the magnocellular system

Many studies have focused on the region anterior and ventral to the third ventricle

(AV3V region), which includes the median preoptic nucleus (MnPO) and the organum

vasculosum of the lamina terminalis (OYLT), as an important source of afferents involved

in the osmotic regulation of magnocellular neurones. The OVLT lacks a functional blood-

brain barrier, and is known as a circumventricular organ. In particular, lesions of the AV3V

region, that encompass the OVLT, have been found to decrease both oxytocin and

vasopressin neural activity and secretion (Russell et al., 1984; Leng et al., 1989). These

findings have been supported by both electrophysiological and anatomical studies which

indicate that the OVLT may provide both direct and indirect projections to the supraoptic

nucleus (Honda et al., 1990; Chaudhry et al., 1989). In addition, intracellular recordings

indicate that the OVLT neurones that project to the SON are stimulated by hyperosmotic

stimuli (Nissen et al., 1993), and local osmotic stimulation of the AV3V region stimulates

electrical activity in magnocellular neurones in vivo (Honda et al., 1989), suggesting that

these neurones may transmit osmotic information to magnocellular neurones. AV3V lesions
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neither prevent the release of oxytocin in response to suckling, nor do they disrupt

parturition (Blackburn et al., 1987; Russell et al., 1988), suggesting that the input from this

area is specific to osmoreception.

The subfornical organ (SFO) is also a circumventricular organ, and it has also been

implicated in various aspects of body fluid homeostasis; it is believed to relay information

concerning fluid intake and has been implicated as a site of integration of humoral and

neural responses to changes in plasma osmotic pressure (Thrasher, 1985; Gross, 1985). The

SFO projects to the magnocellular neurones of the SON and PVN, as well as to the AV3V

region (Miselis, 1981; Saper & Levisohn, 1983) and contains osmosensitive neurones

(Buranarugsa & Hubbard, 1988; Sibbald et al., 1988). Neurones in the SFO, most

commonly those that project to the SON and PVN, are stimulated by systemic increases in

osmotic pressure (Gutman et al., 1988). However, following AV3V lesions, ablation of the

SFO does not further decrease the magnocellular response to hyperosmotic stimulation

(Leng et al., 1989) which suggests that the AV3V region may be a final common pathway

for the osmoreceptors in the SFO.

Neurotransmitters involved in osmotic responses ofmagnocellular neurones

Various transmitters have been implicated in regulation of osmotic responses of

magnocellular cells. Saralasin inhibits the spontaneous activity of magnocellular neurones

(Okuya et al., 1987), which suggests that angiotensin II is involved in pathways regulating

magnocellular activity. Indeed, angiotensin II immunoreactivity is present in neurones in

both the SFO and the OVLT (Lind et al., 1985) and in the projection from the SFO to the

SON (Jhamandas et al., 1989). However, the effects of electrical stimulation of the AV3V

region on SON neurones activity in vivo are not completely blocked by saralasin (Leng et

al., 1989).
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Angiotensin II is believed to be a transmitter in the pathway from the SFO to the

AV3V region (Tanaka et al., 1987), and circulating angiotensin II levels influence neuronal

activity in the SFO (Ferguson & Renaud, 1986; Tanaka et al., 1985) and the AV3Y region

(Johnson & Cunningham, 1987). Therefore, both circulating and neuronal angiotensin II

may act at the SFO and AV3V region to affect their magnocellular projections. There are

also a high density of glutamate containing synapses on magnocellular cells (ElMajdoubi et

al., 1996) and the effects of ablation of the AV3V region on the osmoresponsiveness of

magnocellular neurones are partially reversed by local application of glutamate (Leng et al.,

1989).

The OVLT is not believed to transmit inhibitory inputs to the SON in response to

osmotic stimulation, since direct stimulation of the OVLT has no effect on the frequency of

observable inhibitory post synaptic potentials (DPSPs) in magnocellular neurones. However,

there is a direct inhibitory input to the magnocellular neurones from the MnPO, which is

believed to be GABA mediated, (Nissen & Renaud, 1994) perhaps through GABAa

receptors (Renaud et al., 1993). GABA and glutamate terminals together account for over

two-thirds of the innervation of magnocellular neurones (Meeker et al., 1993a; Meeker et

al., 1993b). GABA has been implicated in the regulation of magnocellular activity in a

stimulus specific manner since its release is affected by haemodynamic changes, but not by

suckling in lactating animals (Voisin et al., 1994).

The release of oxytocin and vasopressin within the SON is also increased by

systemic hyperosmotic stimulation (Ludwig et al., 1994a), and these hormones may have

effects on the magnocellular neurones that release them, or on other magnocellular

neurones. The intra-SON application of oxytocin has been shown to stimulate the release of

oxytocin, (Moos et al., 1984). The effects of vasopressin within the SON are less well
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defined; intra-SON application of vasopressin stimulates the release of vasopressin within

the SON (Wotjak et al., 1994), but seems to inhibit the vasopressin cell electrical activity

and systemic release (Ludwig & Leng, 1997; Ludwig et al., 1994b), although these effects

may depend on the initial activity of the vasopressin cells (Gouzenes et al., 1998).

3.1.3 Intrinsic mechanisms in osmotic regulation ofmagnocellular neurones

Magnocellular neurones also respond directly to changes in osmotic pressure.

Application of hypertonic saline by microtap to the immediate vicinity of supraoptic

neurones (Leng, 1980) and intracellular recordings revealed that increasing the extracellular

osmotic pressure by 8-40 mosmol in vitro causes membrane depolarisation in the absence of

synaptic input (Mason, 1980). Oliet and Bourque demonstrated that changes in osmotic

pressure are accompanied by changes in magnocellular cell volume which modulate the

activity of mechanosensitive stretch-inactivated cationic channels (Oliet & Bourque, 1993).

This depolarising current is not Ca2+- or Na+-dependent and is not expressed by neurones

close to the SON (Bourque, 1989). The magnitude of the depolarisation is not sufficient to

cross the threshold for spike activation, but does increase the probability that spontaneous

EPSPs will generate a spike. Thus, a combination of both increased synaptic input and

intrinsic osmosensitivity is believed to be responsible for the generation of the increased

electrical activity and hormone release from the magnocellular system in response to

hyperosmotic stimulation.

3.1.4 Aims

The aim of this experiment is to investigate the dynamics of the magnocellular cell

response to a continuously increasing hyperosmotic stimulus in vivo in both normonatraemic

and hyponatraemic rats. In order to do this the electrical activity of SON neurones was

recorded in normal rats, and in those previously made hyponatraemic, in vivo, during a slow
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intravenous (i.v.) infusion of hypertonic saline. It is further hoped that simulating the

observed changes in electrical activity in a mathematical model of magnocellular neurones

will help our understanding of the mechanisms underlying the observed response.

3.2 Materials and methods

3.2.1 Animals

All animals used were adult female Sprague-Dawley rats (Bantam and King) that

weighed between 250 and 400 g. For all experiments rats were anaesthetised with urethane

(25 % urethane in water, 5 ml kg resulting in a total of 1.25 g kg"1) administered i.p.

3.2.2 Experimental design

1. Effects ofhypertonic saline infusions on plasma sodium

A 2 M (12%) saline solution was made by dissolving 120 g NaCl in double distilled

water. To investigate the effects of infusing this hypertonic saline i.v. on the plasma sodium

levels in normal rats in vivo, both the jugular and femoral veins were cannulated under

urethane anaesthesia. After 30 min a hypertonic saline infusion was started using an

infusion pump (Harvard Apparatus, model 975) with a flow rate of 3.12 or 1.56 ml h i.

Blood samples (-0.1 ml) were taken immediately before, and at regular (5-10 min) intervals

during the infusion of hypertonic saline. The blood samples were centrifuged and the

plasma removed and frozen, until the plasma sodium was measured, while the blood cells

were suspended in 0.1 ml normal saline (0.15 M = 0.9%) and reintroduced to the rat through

the second venous cannula. The plasma sodium was measured by flame spectrophotometry.
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2. Response ofmagnocellular neurones to hypertonic saline in normonatraemic rats

The response of magnocellular neurones to hypertonic saline infusion was observed

in 18 normonatraemic rats. On the morning of the experiment, the jugular vein and trachea

of the rats were cannulated under urethane anaesthesia. The SON and neural stalk were then

exposed by a ventral surgical approach (Leng, 1981). A bi-polar stimulating electrode was

placed on the neural stalk and a glass micropipette, filled with 0.9% saline (20-40 MO) was

introduced into the SON under visual control. Single neurones, recorded extracellularly,

were identified as projecting to the neurohypophysis by antidromic activation, and were

classified as putative oxytocin or vasopressin cells on the basis of firing pattern and

response to CCK (CCK26-33, sulphated, Sigma, UK). The CCK was dissolved in 0.9%

saline (1 mg ml"1) and was administered in doses of 20 pg kg"1 (1 ml kg"').

The electrical activity of the SON neurones was recorded for a control period (-20

min) before a hypertonic saline (2 M NaCl, as above) infusion was started using the same

pump as in experiment 1 and with a flow rate of 3.12 or 1.56 ml h"1. The extracellular

electrical activity of individual oxytocin and vasopressin cells were recorded for as long as

possible during the infusion.

3. Response ofmagnocellular neurones to hypertonic saline in hyponatraemic rats

This experiment followed the same protocol as experiment 2, with the exception that

the rats were implanted with sub-cutaneous mini-pumps containing desmopressin (DDAVP,

Ferring, diluted to 10 fig ml"1) under brief halothane anaesthesia, and kept on a liquid rat diet

(Bioserve) for 7-14 days before the experiment in order to decrease the plasma sodium

levels in these rats.
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3.2.3 Statistical analysis

All comparisons were carried by one way analysis of variance (one way ANOVA)

and the Student-Newman-Keuls method was used for multiple post-hoc comparisons where

appropriate (p<0.05 was taken as significant).

3.3 Results

3.3.1 Plasma sodium levels

Plasma sodium levels increased throughout the course of the hypertonic saline

infusion. There was no difference in the basal plasma sodiums (140-145 mmol ml"1)

between the animals that received the hypertonic saline infusions at different flow rates.

When the results were normalised to the volume of 2 M NaCl administered, it was found

that the infusion rate had no effect on the plasma Na+ at a given volume, and so the results

were grouped together (Figure 3.1 A). The plasma Na+ increased by 11.6±0.6 mmol ml"1

when 0.33 ml 2 M NaCl was administered, which was significantly higher than control

values (p<0.05). After the initial 0.33 ml of 2 M NaCl was administered, the plasma sodium

increased more slowly, such that from 0.33-1.67 there was an average increase in the

plasma sodium of 2.5±0.36 per 0.33 ml administered (Figure 3.1 B). Thereafter the increase

in plasma sodium per 0.33 ml decreased, such that between 1.67 and 2 ml, there was a slight

decrease in the plasma sodium, and between 2 and 5 ml there was an average increase of

0.97 mmol ml"1 per 0.33 ml administered (Figure 3.1 B). All changes in plasma Na+ were

statistically significant (p<0.05), except for the changes between 0.33 and 1 ml , 1.67 and 2

ml, and 4 and 5 ml of the infusion.
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When the increase in plasma sodium between the beginning and the end of the

infusion was compared with the total sodium load it was found that, on average, only 3% of

the total sodium administered remained in the vascular space.

3.3.2 Response ofmagnocellular neurones in normonatraemic rats

In agreement with other studies, the electrical activity of the magnocellular neurones

was increased in response to the systemic hyperosmotic stimulation.

Electrical activity

The electrical activity of 9 oxytocin and 9 vasopressin cells were recorded during

the i.v. infusion of 2 M saline in normonatraemic rats. There were no differences in the

basal firing rates of the oxytocin cells (3.7±0.9 spikes s"1) or the plasma Na+ (range 142-

146.5 mmol ml"1). The changes in oxytocin cell firing rate were normalised to the volume of

2 M NaCl administered (Figure 3.2 A). After 0.52 ml of 2 M NaCl was infused, the

oxytocin cell firing rate had increased by an average of 2.91 ±0.81 spikes s"1, and increased

further to 5.6+0.97, 8.4±1.16 and 11.7+0.7 spikes s"' above control values when 1.04, 1.56

and 2.08 ml, respectively, of 2 M NaCl was infused . All these changes were significantly

different from each other.

There were no differences in the basal firing rates of the vasopressin cells (4.8±0.9

spikes s"1) and, as for the oxytocin cells, normalising the firing rates revealed that it is the

sodium load rather than the infusion rate per se that affects the vasopressin cell activity

(Figure 3.3 A). After 0.52 ml of 2 M NaCl was infused, the firing rate of the vasopressin

cells was increased by 2.77±0.98 spikes s"1 and after 1.04 and 1.56 ml it had increased by

5.57+1.51 and 6.3±3.24 spikes s"1, respectively. These change in the firing rate were all

statistically significant vs. the control values.
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A key feature of the response of magnocellular neurones to i.v. infusions of 2 M

NaCl, in contrast to the response following i.p. injections of hypertonic saline, is the linear

increase in the firing rate of both oxytocin and vasopressin cells; as the volume of 2 M NaCl

increases by 0.52 ml, the oxytocin cells increase their firing by an average of 2.94 spikes s"1

and the vasopressin cell firing rate increases by an average of 2.66 spikes s"1, for the

duration of the hypertonic saline infusions (Figure 3.2 B and Figure 3.3 B).

Interspike interval distribution

A common method of investigating spike distribution in individual neurones is to

plot the intervals between successive spikes in a frequency histogram, with ranges of

interspike intervals on the abscissa, and the occurrence of that interval range on the ordinate

axis. Such a histogram is called an interspike interval histogram. The firing patterns and

interspike interval histograms for several different cell types are shown in Figure 3.4 (A-D).

The interspike interval histogram offers extra information about the patterning of spikes in

an individual cell and often has a characteristic shape that can be used to differentiate

between cell types.

Oxytocin and vasopressin cells also have characteristic interspike interval

distributions (Figure 3.5 A-B). The mode of the interspike interval distribution is generally

between 30 and 50 ms for both oxytocin and vasopressin cells, and shorter intervals are

relatively rare. In oxytocin cells, the interspike intervals greater than the mode become

progressively less frequent as the interval increases (Figure 3.5 A). The typically phasic

firing pattern of vasopressin cells is the result of the activity-dependent expression and

deactivation of the DAP. The DAP affects the interspike interval distribution such that the

proportion of spikes at the intervals close to the mode is increased and the proportion of

longer intervals is decreased, compared to oxytocin cells.



Chapter 3: Modelling oxytocin cell responses to hyperosmotic stimulation 58

During the hypertonic saline infusion described above, the increase in oxytocin cell

firing rate was accompanied by a decrease in the mean but no change in the mode of the

interspike interval histogram for both oxytocin and vasopressin cells. Examples of

individual oxytocin and vasopressin cell records throughout the course of the hypertonic

saline infusions are shown in Figures 3.6 and 3.7 respectively, as well as the interspike

interval histograms, for the first and last 10 min of the infusion, for each cell.

S.J.3 Response ofmagnocellular neurones in hyponatraemic rats

Electrical activity

The electrical activity of 10 oxytocin and 6 vasopressin cells were recorded during

the i.v. infusion of 2 M saline in hyponatraemic rats. As in normonatraemic rats, there were

no differences in the basal firing rates of the oxytocin or vasopressin cells (1.36±0.44 and

1.13d=0.57 spikes s"1, respectively). When the firing rates were normalised to the sodium

load it was found that the infusion rate had no effect on oxytocin or vasopressin cell activity

at a given sodium load, and so the results were grouped together (Figure 3.8 A and Figure

3.9 A).

Oxytocin cells, in hyponatraemic rats, responded more slowly to the infusion of 2 M

NaCl than in normonatraemic rats. Infusion of 2.6 ml of 2 M NaCl increased the firing rate

of the oxytocin cells by 2.7610.82 which is a significant increase over the control firing rate

and the firing rate after 0.52 ml was infused.

Vasopressin cells, in hyponatraemic rats, also responded more slowly to the

hypertonic saline infusion than in normonatraemic rats, and infusion of 0.52 ml increased

the firing rate by only 0.1810.29 spikes s'1. Infusion of 1.04 and 1.56 ml increased the firing

rate of the vasopressin cells by 1.4810.65 and 2.0711.16 spikes s"1 over the firing rates in the

control period (p<0.05). (Figure 3.8 B and Figure 3.9 B).



Chapter 3: Modelling oxytocin cell responses to hyperosmotic stimulation 59

Interspike interval distribution

Comparisons of the interspike interval histogram of magnocellular cells at the

beginning and end of the hypertonic saline infusions is made difficult by the very low firing

rate of the cells before the start of the infusion. However, the interspike interval

distributions for magnocellular cells at the end of the infusions can be compared with

oxytocin and vasopressin cells recorded from normonatraemic rats. Examples of individual

oxytocin and vasopressin cell records throughout the course of the hypertonic saline

infusions in hyponatraemic rats are shown in Figures 3.10 and 3.11 respectively, as well as

the interspike interval histograms for the last 10 min of the infusion in each case.

3.4 Discussion

These results show that magnocellular neurones, in normal rats, respond to an i.v.

hypertonic saline infusion with a linear increase in their firing rate. An increase in

magnocellular neurone firing rate was also observed in hyponatraemic rats in response to the

hypertonic saline infusion, but the response was slower than that observed in

normonatraemic rats.

The slower response of the hyponatraemic animals is not unexpected; by definition,

the basal plasma Na+ in hyponatraemic rats is below the threshold for oxytocin and

vasopressin release and it is not expected that the neurones would show any increase in their

firing rate until the threshold plasma osmolarity is reached (275 mosmol kg"1). The

mechanisms regulating the increase in magnocellular activity, and by analogy with other

experiments, hormone release, in response to systemic hyperosmotic stimulation, has not

been fully determined, but it is known that it involves both intrinsic and extrinsic

mechanisms. The intrinsic mechanisms involve the direct osmoresponsiveness of the
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magnocellular neurones; they are depolarised by 1 to 5 mV in response to direct

hyperosmotic stimulation via mechanosensitive channels. The extrinsic mechanisms involve

increases in synaptic input from osmosensitive inputs to the magnocellular system, most

notably from the AV3V region and the SFO.

It has always been presumed that the stimulus for the observed changes in

magnocellular neurone activity in response to systemic hyperosmotic stimulation is the

consequence of the increased plasma sodium. However, in this experiment, the changes in

plasma Na+, observed in response to an i.v. infusion of 2 M hypertonic saline, show that the

plasma Na+ does not increase linearly, but increases rapidly as the first 0.333 ml is infused,

and thereafter increases linearly until the plasma sodium reaches its maximum (-175 mmol

ml"1). These results, combined with the linear increase observed in the firing rate of

magnocellular neurones in response to the i.v. infusion, suggest that the primary stimulus for

the observed changes in the electrical activity of magnocellular neurones is the Na+ level in

some extravascular compartment, for example the extracellular fluid. When the Na+ levels

in the extravascular compartments were calculated, it was found that the Na+ levels

increased linearly in response to the i.v. infusion, and they seemed to lag behind the plasma

values (Figure 3.1 C).

It is therefore hypothesised that magnocellular neurones respond to increases in the

Na+ levels in an extravascular compartment, probably the extracellular fluid, and that in

response to linear increases in the Na+ levels in this compartment, the magnocellular

neurones respond with a linear increase in their firing rate. However, most biological

systems, including spike generation in magnocellular neurones, are intrinsically non-linear

(Figure 3.12 A). The intrinsic non-linearity of biological systems is of major significance;

in linear systems information is conserved, such that any change in the input is reflected in
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the output, but in non-linear systems information is not conserved, and range over which the

input changes affects the degree to which the input affects the output (Figure 3.12 A).

Therefore, it would not be expected that, in response to a linear stimulus, magnocellular

neurones would produce a linear increase in firing rate, and so the question raised is, how do

magnocellular neurones achieve this?

3.4.1 Spike generation in magnocellular neurones

Spikes in magnocellular neurones are generated when synaptic input in the form of

excitatory and inhibitory post synaptic potentials (EPSPs and IPSPs respectively) summate

and the threshold for spike generation is crossed (Figure 3.12 B). Following spike

generation, the HAP inhibits spikes completely for 10-15 ms and then makes spike

generation less probable for approximately another 50 ms (Bourque et al., 1985; Bourque &

Renaud, 1985b; Bourque & Renaud, 1985a). Spike generation is further complicated by the

DAP in vasopressin neurones, which underlies phasic firing. However, the mechanisms

underlying spike generation in oxytocin cells would be described by an adaptation of the

leaky integrate and fire model which may help understand the behaviour of oxytocin

neurones in response to i.v. hyperosmotic stimulation.
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Figure 3.1 The effect of infusing hypertonic saline i.v. on the plasma and extracellular
fluid sodium concentration

2 M NaCl was infused i.v. in anaesthetized rats and blood samples were taken every 5-10
min and the plasma sodium measured.
The change in plasma sodium, from control levels, as the volume of 2 M NaCl infused
increased (A) was more rapid for the first 0.33 ml, compared to the change seen with each
progressive 0.33 ml (B). After 2 ml was infused, plasma sodiums were measured again at 2
and 5 ml, and the increase in plasma sodium per 0.33 ml over this time is shown by the open
bars (B).
Figure 3.1 C (next page) shows the effect of the 2 M NaCl infusion on the sodium
concentration in the extracellular fluid (ECF). The sodium concentration was calculated for
various possible ECF volumes and plotted against the volume infused (i). It was found that
the sodium concentration increased linearly in response to the 2 M NaCl infusion (ii) when
the ECF volume was assumed to be 100 ml (open bars), 150 ml (hatched bars) and 200 ml
(cross hatched bars).
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Figure 3.2 Change in oxytocin cell activity in normonatraemic rats in response t an i.v.
infusion of hypertonic saline

2 M NaCl was infused i.v. in normonatraemic rats and the electrical activity of supraoptic
oxytocin neurones was recorded simultaneously. The change in firing rate of the oxytocin
cells (mean±s.e.m.), with each 0.052 ml of the infusion, is shown in A. The firing rate of
the oxytocin cells increased significantly as the infusion progressed by an average of 2.94
spikes s"1 with each 0.52 ml of 2 M NaCl (B).
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Figure 3.3 Change in vasopressin cell activity in normonatraemic rats in response to
an i.v. infusion of hypertonic saline

The electrical activity of supraoptic oxytocin neurones was also recorded during i.v
infusions of 2 M NaCl in normonatraemic rats. The change in firing rate of the vasopressin
cells (meanls.e.m.), with each 0.052 ml of the infusion, is shown in A. The firing rate of
the oxytocin cells increased significantly as the infusion progressed by an average of 2.0
spikes s"1 with each 0.52 ml of 2 M NaCl (B).
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Figure 3.4 Different patterns of activity (A) and the accompanying interspike interval
distributions (B) for neurones located in various brain areas.

Each of these cells has a different interspike interval distribution, as well as a different firing
pattern, and these are distinguishable from the distribution of interspike intervals seen in
supraoptic magnocellular cells (Figure 3.5).
The top record was recorded from a cell in the arcuate nucleus, the middle two were close to
the SON, and the bottom record came from a mitral cell in the olfactory bulb.



Chapter 3: Modelling oxytocin cell responses to hyperosmotic stimulation

B

14

12

| 10-
Q.
w 8 -

L,.
0 100 200 300 400 500 600 700

Interspike interval (ms)

50 100 150 200 250 300

Time (min) Interspike interval (ms)

0 50 100 150 200 250 300

Time (min) Interspike interval (ms)

0 20 40 60 80 100 120 140

Time (min) Interspike interval (ms)



Chapter 3: Modelling oxytocin cell responses to hyperosmotic stimulation

Figure 3.5 Typical firing patterns and interspike interval histograms for (A) oxytocin
cells and (B) vasopressin cells

Oxytocin cells are generally continuously active at around 3 Hz(left) and have interspike
interval distributions similar to that shown above (right). Vasopressin cells typically show a
phasic pattern of activity (B, left), and their interspike interval distribution differs from that
seen in oxytocin cells, in that a greater proportion of intervals occur close to the mode.
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Figure 3.6 The response of individual oxytocin cells in normonatraemic rats, to an i.v.
infusion of hypertonic saline with a flow rate of (A) 3.12 and (B) 1.56 ml h"1

Individual recordings of oxytocin cells are shown, including the response to CCK and the
activity for the duration of the i.v. infusions of 2 M NaCl. The interspike interval
histograms for the first (i) and the last (ii) 10 min of the infusions are also shown, for each
cell.
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Figure 3.7 The response of individual vasopressin cells (A and B) to an i.v. infusion of
hypertonic saline, in normonatraemic rats

Individual recordings of supraoptic vasopressin cells are shown. The cell in A was
continuously active before the start of the infusion, while that in B had a phasic firing
pattern, which became continuous after the start of the infusion. The interspike interval
histograms for the first (i) and the last (ii) 10 min of the infusions are also shown, for each
cell.
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Figure 3.8 Change in oxytocin cell activity in hyponatraemic rats in response to an i.v.
infusion of hypertonic saline

2 M NaCl was infused in hyponatraemic rats and the electrical activity of supraoptic
oxytocin neurones were recorded simultaneously. The change in firing rate of the oxytocin
cells (mean±s.e.m.), with each 0.052 ml of the infusion, is shown in A. The firing rate of
the oxytocin cells increased significantly after 2.6 ml had been infused, and by an average of
0.94 spikes s"1 with each 0.52 ml of 2 M NaCI (B).
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Figure 3.9 Change in vasopressin cell activity cell activity in hyponatraemic rats in
response to an i.v. infusion of hypertonic saline

The electrical activity of vasopressin cells was also recorded during i.v. infusions of 2 M
NaCl in hyponatraemic rats. The change in firing rate of the vasopressin cells
(mean±s.e.m.), with each 0.052 ml of the infusion, is shown in A. The firing rate of the
oxytocin cells increased significantly after 1.046 ml had been infused, and by an average of
0.69 spikes s"1 with each 0.52 ml of 2 M NaCl (B).
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Figure 3.10 The response of individual oxytocin cells in hyponatraemic rats, to an i.v.
infusion of hypertonic saline with a flow rate of (A) 3.12 and (B) 1.56 ml h"1

Individual recordings of supraoptic oxytocin cells are shown, including the response to CCK
and the activity for the duration of the i.v. infusions of 2 M NaCl. The interspike interval
histograms for the first (i) and the last (ii) 10 min of the infusions are also shown, for each
cell. The cell shown in B had a very low firing rate at the start of the infusion, and there
were no interspike intervals less than 300 ms.
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Figure 3.11 The response of individual vasopressin cells in hyponatraemic rats, to an
i.v. infusion of hypertonic saline with a flow rate of (A) 1.56 and (B) 3.12 ml h"1

Individual recordings of supraoptic vasopressin cells are shown, including, for one cell, a
response to CCK administration. The interspike interval histograms for the first (i) and the
last (ii) 10 min of the infusions are also shown, for each cell. The cell shown in B was silent
at the start of the infusion, and therefore there were no interspike intervals less than 300 ms.
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3.5 A model of spike generation in oxytocin ceils

In the model each EPSP or IPSP is represented by a pulse that decays exponentially

(Figure 3.12 C) such that;

H = H0e~k' (3.1)

where H0 is the amplitude and k is the decay constant which is related to the half-life of the

pulse;

In 2
M = — (3-2)

k

IPSPs are also represented as rectangular or exponentially decaying pulses, except

that the initial perturbation is in the opposite direction. EPSPs and IPSPs are then randomly

inserted into a one second period and linearly summed. When the simulated membrane

potential crosses a threshold a spike is generated. EPSPs arrive with a mean rate of ^,E

events per second. Thus in one second the probability of nE events is given by Equation 3.3.

P(nE) = e~^-4 (3.2)nE!

IPSPs arrive independently of EPSPs at a mean rate of events per second and the

probability of ri\ events is given by Equation 3.4.

P(n/) = e"A'^- (3.4)
n, !

In the model the X\ is expressed as a percentage of XE; at an input frequency of 100

Hz, the mean EPSP input frequency is 100 Hz, and if the percentage of IPSPs is 100 %, then

the mean IPSP frequency will also be 100 Hz.
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As a result of the linear summation of EPSPs and IPSPs, changing the resting

membrane potential in the model is the same as changing the threshold for spike generation,

which is a parameter that can be changed in the model; an increase in the threshold for spike

generation of 5 mV has the same effect in the model as decreasing the membrane potential

by 5 mV.

The post-spike inhibition of spike generation by the HAP is also included in this

model as a departure from the leaky integrate and fire model; an immediate post-spike

increase in the threshold for spike generation is included, which decays exponentially to its

original value within a specified period. However, spikes are completely inhibited for the

first half-life of the exponential decay of the threshold perturbation (Figure 3.12 D).

This model program is written in C+ and all simulations were run on a personal

computer (Gateway2000, P5-75, 16 Mb RAM and 1 Gb hard-disk space).

3.6 Results of model simulations

Initially, the importance of the post-spike inhibition in the model was investigated

and then the behaviour of the model was investigated by conducting systematic parameter

changes, individually and in combination with one another.

As well as the input frequency to the model (0-500 Hz), the parameters that regulate

EPSP and IPSP shape (amplitude = 1, 2, 3, 4, 5 and 6 mV, half-life = 5, 10, 20, 30, 40 and

50 ms), as well as the percentage IPSPs (0-150 %, in steps of 25%) and the threshold for

spike generation (8-16 mV, in steps of 0.5 mV) were varied, individually and in combination

with one another, resulting in a total of over 1600 different parameter combinations. Each

result presented is the average of 10 simulations, unless otherwise stated. The result of each

simulation is not shown here, rather the results that display the key behaviours and
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responses observed to the parameter changes are presented. Comparisons were then made

between the model data and the results of the electrophysiological experiments described

above.

3.6.1 Exclusion of the post-spike inhibition

The results of three simulations are shown (Figure 3.13 A), one of which excludes

any post-spike inhibition of further spike generation. Post-spike inhibition is included the

other two simulations, but in one it is a complete inhibition (similar to an absolute refractory

period) for the duration of the inhibition, and the other follows the pattern described above

(i.e. there is complete inhibition followed by exponential decay). As can be seen, in the

absence of any post-spike inhibition, the model output frequency rapidly increase and

reaches 700 spikes s"1 when the input frequency is 150 Hz. Inclusion of the post-spike

inhibition decreases the output of the model at any given input frequency, and the different

types of inhibition are indistinguishable. However, when the interspike interval histograms

for an oxytocin cell and for the model simulations are compared (Figure 3.13 B), it can be

seen that inclusion of the HAP in the model is essential for the correct patterning of the

model output. When the HAP is not included in the model the simulated activity includes

interspike intervals that are much shorter than those observed in oxytocin neurones (Figure

3.13 B(i)), reflecting the un-physiological firing rate produced in the model under these

conditions.

The interspike interval histograms for the other two simulations are more similar to

the interspike interval distribution seen in oxytocin cells. However, when the inhibition is

complete there are no intervals shorter than the mode, and the proportion of spikes at the

mode is much greater than is observed in oxytocin cells (Figure 3.13 B (ii)). The proportion

of spikes at the mode interspike interval is also greater than is observed in oxytocin cells
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when the post-spike inhibition exponentially decays, although it is less than when spikes are

completely inhibited, but a few intervals are shorter than the mode, as in oxytocin cells.

Therefore, exponentially decaying post-spike inhibition was included in the following

simulations, since it provided the closest match to the spike generation pattern observed in

oxytocin cells. The duration of the post-spike inhibition could be varied, when necessary, to

match the spike distribution of individual oxytocin neurones.

3.6.2 Amplitude and half-life ofEPSPs

As the initial height, H0, and the half-life, |X, of the EPSPs are increased, the output

frequency at a given input frequency is increased (Table 3.1, Figure 3.14 A). For example,

increasing the EPSP amplitude from 3 to 4 mV increases the output frequency from 0 to 1.7

spikes s"1 at an input frequency of 300 Hz and an EPSP half-life of 5 ms. Increasing the

half-life from 5 to 10 ms, when the EPSP amplitude is 3 mV and the input frequency is 300

Hz, increases the output frequency of the model from 0 to 4.2 spikes s"1. When both the

amplitude and the half-life of the EPSPs are varied from 3 to 4 mV and from 5 to 10 ms,

respectively, the output frequency of the model increases from 0 to 16.1 spikes s"1. This is

true for all values tested until the model reaches its maximum output frequency (determined

by the post-spike inhibition, and in this case -63 spikes s"1).

3.6.3 Amplitude and half-life oflPSPs

As the initial height, H0, and the half-life, (X, of the IPSPs are increased, the output

frequency at a given input frequency is decreased (Table 3.2, Figure 3.14 B). For example,

increasing the IPSP amplitude from 3 to 4 mV decreases the output frequency from 15.8 to

12.4 spikes s"1 at an input frequency of 300 Hz and an IPSP half-life of 5 ms. Increasing the

half-life from 5 to 10 ms, when the IPSP amplitude is 3 mV and the input frequency is 300

Hz, decreases the output frequency of the model from 15.8 to 4.9 spikes s~'. When both the
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amplitude and the half-life of the IPSPs are varied from 3 to 4 mV and from 5 to 10 ms the

output frequency of the model decreases from 15.8 to 3 spikes s"'.

3.6.4 Changing the half-life and the amplitude of the EPSPs and IPSPs simultaneously

The amplitude and half-life of the EPSPs and IPSPs were changed together. As the

initial height, H0, and the half-life, p., of the EPSPs and IPSPs are increased, the output

frequency at a given input frequency is increased (Table 3.3, Figure 3.14 C). For example,

increasing the amplitude of both EPSPs and IPSPs from 3 to 4 mV increases the output

frequency from 1.1 to 6.4 spikes s"1 at an input frequency of 300 Hz and a half-life of 5 ms.

Increasing the half-life from 5 to 10 ms, when the EPSP and IPSP amplitude is 3 mV and the

input frequency is 300 Hz, increases the output frequency of the model from 1.1 to 4.2

spikes s"1. When both the amplitude and the half-life of the EPSPs and IPSPs are varied

from 3 to 4 mV and from 5 to 10 ms the output frequency of the model increases from 1.1 to

9.8 spikes s"1.

Changing the parameters that regulate the EPSP and IPSP shape strongly affects the

input frequency necessary to generate spikes in the model. For example if the EPSPs are

very small (amplitude = 1 mV, half-life = 5 ms) or the IPSPs are very large (amplitude = 6

mV, half-life = 50 ms) spikes are not generated in the model even when the input frequency

is 500 Hz (Tables 3.1 and 3.2). This is also true when the amplitude and the half-life of both

EPSPs and IPSPs are changed together (Table 3.3). For example when the amplitude and

half-life of both is 1 mV and 5 ms respectively, an input frequency of 500 Hz produces no

spikes in the model, but when the amplitude of both is increased to 2 or 3 mV, spikes are

produced at an input frequency of 400 and 100 Hz respectively (Table 3.3).

Tables 3.1, 3.2 and 3.3 show the output of the model, at a range of input frequencies

(IPSP=EPSP), and how this varies with changes to the EPSP and IPSP amplitudes and half-
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lives in more detail than is discussed in the text (3.6.2, 3.6.3 and 3.6.4). Both the input

frequency (in Hz) and the half-lives (in ms) are shown on the left side of each table and the

amplitude (in mV) is specified at the top of each column. In summary; the output frequency

increases with the input frequency and with EPSP half-life and amplitude (from the top left

to the bottom right of Table 3.1). When the IPSP amplitude and half-life are increased the

output frequency is decreased (from the top left to the bottom right of Table 3.2 at any

individual input frequency). As the input frequency, and the amplitude and half-life of both

EPSPs and IPSPs, are increased, the output frequency still increases (from the top left to the

bottom right of Table 3.3) although the increase is more gradual than when the IPSPs remain

constant (Table 3.1).
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Table 3.1 The effect of varying the EPSP amplitude and half-life in the model

Input
frequency

(Hz)

EPSP
half-life

(ms)
1 2

EPSP amplitude (mV)
3 4 5 6

100 5 0 0 0 0.5 1.5 4.8

10 0 0 0.3 3.2 7.5 12.9

20 0 0.2 5.5 14.8 24.7 33.2

30 0 2.7 16.3 32 42 48.2

40 0 9.3 30 44.7 52.5 57.6

50 0.2 18.5 41.5 52.9 58 60

200 5 0 0 0 0.3 4.2 9.8

10 0 0 2 10.2 16.6 25.1

20 0 3.7 19 34.7 44.7 51.6

30 0 16.8 38.8 52.2 58 60.2

40 1.3 32.7 52 58.8 61 61.7

50 5.8 43.7 57.3 60.3 61.5 61.9

300 5 0 0 0 1.7 6.6 12.4

10 0 0.2 4.2 16.1 26.4 36.5

20 0 8.5 31.9 49 58.1 61.1

30 0.5 31.1 54.8 60.7 62.2 62.2

40 5.7 48.9 60.5 61.9 62.2 62.2

50 17 56.9 61.2 61.9 62.2 62.2

400 5 0 0 0.2 2.7 8 16

10 0 0.2 7.6 21.5 34.9 44.6

20 0 15.8 43.2 56.5 61.2 62

30 2 43.1 59.5 61.8 62 62.3

40 12.8 56.6 61.3 62 62.2 62.3

50 28.3 59.9 61.4 62 62.2 62.3

500 5 0 0 0.2 3.6 9.6 19.1

10 0 0.7 9.8 26.5 41.2 50.6

20 0 22 50.2 60 61.8 62.3

30 4.3 49.6 60.9 61.9 62.2 62.4

40 19.2 59.1 61.5 62 62.3 62.5

50 35.4 60.4 61.7 62.1 62.4 62.5

The effect of varying the initial height and half-life of the EPSPs on the output frequency of
the model, at various input frequencies was investigated. As the EPSP amplitude and/or
half-life increased the output of the model, at a given input frequency is also increased.
None of the other parameters was varied (the threshold for spike generation = 12 mV, IPSP
amplitude = 3 mV, IPSP half-life = 10 ms, percentage IPSPs = 100, and the post-spike
inhibition took 30 ms to decay).
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Table 3.2 The effect of varying the IPSP amplitude and half-life in the model

Input
frequency

(Hz)

IPSP
half-life

(ms)
1 2

IPSP amplitude (mV)
3 4 5 6

100 5 0.9 0.8 0.5 0.3 0.3 0.3

10 0.7 0.2 0.2 0.2 0.1 0.1

20 0.2 0.1 0 0 0 0

30 0.2 0 0 0 0 0

40 0 0 0 0 0 0

50 0 0 0 0 0 0

200 5 12.6 9.5 7.3 5.8 4.8 4

10 8.9 3.9 2 1.2 0.5 0.4

20 3 0.7 0.2 0.2 0.1 0.1

30 1.5 0.2 0.2 0 0 0

40 0.3 0.2 0.1 0 0 0

50 0.3 0.1 0.1 0 0 0

300 5 25.8 19.7 15.8 12.4 9.9 7.9

10 18.7 9.8 4.9 3 1.7 1.1

20 9.2 1.2 0.3 0.1 0 0

30 3.4 0.2 0.1 0 0 0

40 1.1 0.2 0 0 0 0

50 0.5 0.1 0 0 0 0

400 5 37.9 31.5 24.9 20.1 16.3 12.6

10 30.8 16.1 7.1 2.5 1.3 0.3

20 15.2 1.2 0.1 0 0 0

30 5.1 0.1 0 0 0 0

40 1.7 0 0 0 0 0

50 0.8 0 0 0 0 0

500 5 44.6 37.5 31.4 25.2 20.5 15.9

10 37.1 22 10.9 4.1 1.5 0.4

20 21.6 1.9 0.2 0 0 0

30 6.7 0.1 0 0 0 0

40 2.1 0 0 0 0 0

50 1 0 0 0 0 0

The effect of varying the initial height and half-life of the IPSPs on the output frequency of
the model, at various input frequencies was investigated. As the IPSP amplitude and/or
half-life increased, the output of the model, at a given input frequency decreased. None of
the other parameters was varied (the threshold for spike generation = 12 mV, EPSP
amplitude = 3 mV, EPSP half-life = 10 ms, percentage IPSPs = 100, and the post-spike
inhibition took 30 ms to decay).
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Table 3.3 The effect of varying the EPSP amplitude and half-life simultaneously with
the IPSP amplitude and half-life

Input
frequency

(Hz)
Half-life

(ms)
1 2

Amplitude (mV)
3 4 5 6

100 5 0 0 0.1 0.6 2.6 5.4

10 0 0 0.3 2.2 4.9 8.3

20 0 0.2 1.8 4.5 7.9 11.3

30 0 0.6 2.9 6.9 9.5 12.5

40 0 1 4 8.3 10.4 14.2

50 0 1 5 8.9 12.5 14.9

200 5 0 0 0.1 2.9 6.9 11.6

10 0 0 2 6.6 11.3 14.2

20 0 0.8 5 9.5 13.5 16.9

30 0 2 7.1 11.3 15 17.9

40 0 2.8 8.2 12.8 16.5 18.8

50 0 3.5 9.4 13.7 16.9 20.5

300 5 0 0 1.1 6.4 11.5 15.6

10 0 0.5 4.2 9.8 14.9 17.6

20 0 2.1 7.6 12.6 16.9 19.4

30 0 3.9 9.1 14.3 18.4 21.2

40 0.1 4.4 11 15.7 19 22.1

50 0.4 5.4 12.1 16.3 19.6 22.6

400 5 0 0.4 4.2 9.2 14.3 19.3

10 0 1.6 7.6 13.3 18.1 21.2

20 0.1 4.5 11.6 16.6 21.4 23.6

30 0.2 7.4 14.3 19.7 23.1 25.5

40 0.5 8.5 15.7 20.8 24 26.5

50 0.9 9 16.8 22.1 25.5 27.2

500 5 0 0.6 5.6 11.9 17.7 22

10 0 3.5 9.8 15.8 21.4 24.4

20 0.1 6.1 14.6 20.3 24 27.3

30 0.9 9 16.7 21.6 26.2 29

40 1.7 11.5 18.6 23.6 27.4 29.9

50 2.6 12.4 19.2 24.9 28 30

The amplitude and half-life of both the EPSPs and the IPSPs were changed simultaneously.
The output of the model increased as the amplitude and the half-life of the EPSPs and IPSPs
were increased. None of the other parameters was varied (the threshold for spike generation
= 12 mV, percentage IPSPs = 100, and the post-spike inhibition took 30 ms to decay).
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3.6.5 Proportion oflPSPs

As the percentage of IPSPs increases, the output frequency of the model decreases at

a given input frequency, and the model responds to increasing input frequency more slowly

than in the absence of IPSPs (Table 3.4 A, Figure 3.15 A). As LPSPs are added in increasing

percentages, the effect of adding further IPSPs decreases; increasing the percentage IPSPs

from 25 to 50 % decreases the output frequency of the model by 4.45 spikes s"1 at an input

frequency of 200 Hz, but adding a further 25 % IPSPs, such that the percentage DPSPs is

now 75 %, decreases the output frequency by another 2.35 spikes s"1.

Table 3.4 A shows the output of the model, at a range of input frequencies, and how

this varies with the percentage IPSPs in more detail. In summary; the output frequency

increases with the input frequency and decreases as the percentage of IPSPs increases. The

increase in the output frequency per 50 Hz increase in the input, at different IPSP

percentages, is shown in Table 3.4 B. This shows more clearly the steadier increment in the

output frequency at higher IPSP percentages; the response to the increasing input frequency

becomes more linear as the percentage of IPSPs is increased, until the EPSP and IPSP input

frequency are equal (Figure 3.15 C). The model output frequency continues to increase, in

the face of increasing input, even when the inhibitory input exceeds the excitatory input

(Table 3.4 A and B). Interestingly, the addition of IPSPs has very little effect on the EPSP

input frequency necessary to generate spikes in the model (Table 3.4, Figure 3.15 B).
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Table 3.4 The effect of varying the percentage IPSPs (A) on the output of the model
and (B) on the change in the output frequency as the input frequency is increased

A

Input
frequency

(Hz) '
0 25 50

% IPSPS
75 100 125 150

0 0 0 0 0 0 0 0

50 0.07 0.06 0.01 0.03 0.01 0.04 0.03

100 2.06 1.19 0.79 0.57 0.42 0.31 0.14

150 7.62 5.39 3.42 2.03 1.03 0.6 0.3

200 16.21 11.21 6.76 4.41 2.35 1.25 0.59

250 24.23 18 11.14 6.73 3.59 1.9 0.92

300 32.03 23.68 15.61 9.24 5.05 2.41 1

350 37.85 29.51 19.82 12.49 6.24 2.68 1.05

400 43.71 33.56 23.73 14.18 7.52 3.51 1.43

450 47.62 37.59 26.39 16.1 8.63 3.63 1.67

500 51.8 41.49 29.99 18.46 9.62 4.19 1.65

B

Input
frequency

(Hz)
0 25 50

% IPSPs
75 100 125 150

0-50 0.07 0.06 0.01 0.03 0.01 0.04 0.03

50-100 1.99 1.13 0.78 0.54 0.41 0.27 0.11

100-150 5.56 4.2 2.63 1.46 0.61 0.29 0.16

150-200 8.59 5.82 3.34 2.38 1.32 0.65 0.29

200-250 8.02 6.79 4.38 2.32 1.24 0.65 0.33

250-300 7.8 5.68 4.47 2.51 1.46 0.51 0.08

300-350 5.82 5.83 4.21 3.25 1.19 0.27 0.05

350-400 5.86 4.05 3.91 1.69 1.28 0.83 0.38

400-450 3.91 4.03 2.66 1.92 1.11 0.12 0.24

450-500 4.18 3.9 3.6 2.36 0.99 0.56 -0.02

The percentage IPSPs was increased and the effect on the output frequency of the model
was examined. The threshold for spike generation = 12 mV, EPSP amplitude = 3 mV, EPSP
half-life = 10 ms, percentage EPSPs = 100, IPSP amplitude = 3 mV, IPSP half-life = 10 ms
and the post-spike inhibition took 30 ms to decay. The addition of IPSPs decreased the
output frequency, and also linearised the response to increasing input.

3.6.6 Resting membrane potential

The input frequency and the resting membrane potential were changed

simultaneously in the model at different percentages of IPSPs (Table 3.5 A-D). As
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discussed above, changing the resting membrane potential of the modelled oxytocin neurone

is the same as changing the threshold for spike generation. The results are presented as

changes in resting membrane potential to simplify interpretation of the results.

Increasing the resting membrane potential alone increases the output frequency seen

at a given input frequency in the model, which is affected by the presence or absence of

inhibitory input (Figure 3.16 A and B). For example, in the absence of inhibitory input,

increasing the resting membrane potential from -63 to -62.5 mV increases the output

frequency of the model from 29 to 30.2 spikes s"1, at an input frequency of 100 Hz, while the

same change in resting membrane potential at 100 % IPSPs increases the output from 3.8 to

4.3 spikes s"1. Increasing the input to the model further increases the output frequency of the

model in response to changes in the membrane potential; increasing the input from 100 Hz

to 200 Hz, in conjunction with the change in membrane potential from -63 to -62.5 mV,

increases the output from 29 to 41.6 spikes s"1 in the absence of IPSPs (Table 3.5 A) and

from 3.8 to 5.9 spikes s ', when the BPSP input is equal to the EPSP input (Table 3.5 C). In

the absence of IPSPs, increasing the resting membrane potential further non-linearises the

response of the modelled oxytocin neurones to increases in the input frequency (Figure 3.17

A), and this effect decreases when IPSPs are included (Figure 3.17 B).

Table 3.5 Varying the resting membrane potential and the percentage IPSPs

The effect of varying the membrane potential on the output frequency of the model at
different input frequencies and with (A) 0 %, (B) 50 %, (C) 100 % and (D) 150 % IPSPs.
(EPSP amplitude = 3 mV, EPSP half-life = 10 ms, IPSP amplitude = 3 mV, IPSP half-life =
10 ms and the post-spike inhibition took 30 ms to decay). The output frequency of the
model increases with the resting membrane potential, but the degree to which it is affected
varys with the percentage IPSPs.
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Resting membrane Input frequency (Hz)
potential (mV) 100 200 300 400 500

-58 10.6 31.3 47.1 55.8 60.2

-58.5 9.3 29.7 45.6 54.7 59.3

-59 8.3 27.5 43.5 53.3 58.4

-59.5 6 25.8 41.4 51.2 57.6

-60 4.8 23.3 39.1 49.7 56.2

-60.5 3.7 22 36.8 47.9 55.4

-61 2.9 20.9 35.2 46.2 53.5

-61.5 2.5 18.6 33.2 44.2 52.3

-62 1.9 17.6 31.7 43 51.2

-62.5 1.6 15.6 30.2 41.6 49.9

-63 1.2 13.1 29 39.7 48.7

-63.5 0.7 11.2 27.4 38.7 47

-64 0.6 10.1 26 37.1 45.8

-64.5 0.5 8.7 24.7 35.9 44.4

-65 0.5 7.3 22.4 34.3 43.5

-65.5 0.5 6.3 21.2 33.2 41.8

-66 0.2 5.3 19.6 31.6 40.7

B

Resting membrane Input frequency (Hz)
potential (mV) 100 200 300 400 500

-58 7.6 18.1 29.1 37.1 43.8

-58.5 5.7 16.1 27.2 35.4 41.9

-59 4.7 14.4 25 32.4 40.5

-59.5 3.7 13.2 22.7 31 38.4

-60 3.1 11.1 21.2 29.4 36.7

-60.5 2 9.6 20.3 27.8 35.5

-61 1.6 8.7 18.9 26.9 34.2

-61.5 1.3 8 17.1 24.8 32.7

-62 1.2 7.2 15.6 23.4 30.4

-62.5 1 6 14.5 22.3 29.4

-63 0.6 4.8 13.3 20.6 28.4

-63.5 0.3 3.7 11.8 19.7 27.3

-64 0.2 2.8 10.7 18.2 25.8

-64.5 0.2 2.2 9.5 17.1 24.9

-65 0.2 1.8 8.5 15.8 22.1

-65.5 0.2 1.4 7.6 14.5 20.7

-66 0 1 6.8 13.6 19.8
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Resting membrane Input frequency (Hz)
potential (mV) 100 200 300 400 500

-58 2.9 8 12.5 15 19.4

-58.5 2.1 7.1 11.1 13.6 17.7

-59 1.5 6 10 13.1 16.4

-59.5 1.3 5.1 9 12.2 15.2

-60 1 4.4 7.9 10.9 14.1

-60.5 0.6 3.6 7 9.8 13.3

-61 0.5 3.2 5.9 9.4 12.8

-61.5 0.3 2.6 5.5 8.4 11.9

-62 0.2 2 4.9 7.1 10.9

-62.5 0.2 1.6 4.3 5.9 9.6

-63 0.2 1.3 3.8 5.2 8.3

-63.5 0 1.2 3.5 4.8 7.3

-64 0 0.9 3.3 4.3 6.8

-64.5 0 0.8 2.7 3.9 5.8

-65 0 0.5 2.2 3.4 5.4

-65.5 0 0.5 2 2.7 4.5

-66 0 0.5 1.9 2.5 4.4

Resting membrane Input frequency (Hz)
potential (mV) 100 200 300 400 500

-58 2 3.2 4.1 4.9 3.9

-58.5 1.3 2.5 3.6 4.5 3.4

-59 1.1 2 3.2 3.8 3.1

-59.5 0.9 1.7 2.9 3.5 2.8

-60 0.6 1.6 2.8 3 2.4

-60.5 0.5 1.3 2.3 2.9 2.2

-61 0.4 1.1 1.7 2.8 2

-61.5 0.4 1 1.4 2.1 1.7

-62 0.3 0.8 1.2 1.8 1.4

-62.5 0.1 0.7 1.1 1.6 1.2

-63 0.1 0.6 0.9 1.4 1.1

-63.5 0.1 0.2 0.7 1.2 1

-64 0 0.1 0.5 1.1 0.9

-64.5 0 0.1 0.4 0.9 0.8

-65 0 0.1 0.4 0.5 0.7

-65.5 0 0.1 0.3 0.3 0.5

-66 0 0.1 0.3 0.3 0.2
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3.6.7 Simulating oxytocin cell activity

Determining parameters for modelling oxytocin cells

Magnocellular neurones are subject to tonic synaptic excitation and inhibition

(Bourque & Renaud, 1991; Richard & Bourque, 1995). It was decided that parameter values

for EPSP and IPSP shape would be chosen that lay in the middle of the ranges observed in

magnocellular neurones in order to model the average oxytocin cell. The EPSP and IPSP

amplitudes, recorded in magnocellular neurones, appear to be in the range 2 to 4 mV with

half-lives between 10 and 15 ms. Therefore, the initial height for EPSPs and IPSPs would

be 3 mV, and the half-life of both would be 12.5 ms in order to model oxytocin cell activity.

When the membrane properties of magnocellular neurones in vivo were investigated

(Bourque & Renaud, 1991), it was found that the resting membrane potential lay between -

58 and -66 mV and the threshold for spike activation was near -50 mV. This means that, in

the model, the threshold for spike activation should lie between 8 and 16 mV, and so a value

of 12 mV was used. Thus, in the model, four coincident EPSPs are required for the

generation of a spike, which is supported by biological data (Mason, 1980).

However, the exact relationship between the EPSP and IPSP input frequency is

unknown, as is the change in the input frequency and resting membrane potential in

response to hyperosmotic stimulation. Therefore the percentage IPSPs, input frequency and

the resting membrane potential were varied in order to simulate the observed changes in

electrical activity observed in magnocellular cells in response to systemic hyperosmotic

stimulation.

Modelling oxytocin cell responses to hyperosmotic stimulation

The parameters that regulate EPSP and IPSP shape and the resting membrane

potential that simulate the activity of the average oxytocin cell, as discussed above, were
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used to simulate the observed changes in oxytocin cell electrical activity recorded in

response to i.v. hyperosmotic stimulation. Comparisons between oxytocin cell electrical

activity and simulated activity are presented for a total of six oxytocin cells, four of which

came from normonatraemic rats, and two of which came from hyponatraemic rats

For each individual oxytocin cell the parameters that best describe the post-spike

inhibition were used to model the HAP in the simulated oxytocin cell. A number of

individual oxytocin cell records during i.v. hypertonic saline infusion are shown with fitted

model data superimposed (Figure 3.18 and 3.19). The oxytocin cell data is presented in 10 s

bins and the model output is the average of 10 simulations. When considering changes in

the input frequency and the resting membrane potential in the model, and comparing the

model and biological data, it was found that the model could mimic the change in firing rate

of the oxytocin cells only when the excitatory input was increased in conjunction with the

inhibitory input.

As can be seen, the variability between oxytocin cells is greater than the discrepancy

between the biological and simulated data. The pattern of spike activity in both the oxytocin

neurones and the model simulations, which were normalised to the biological data so that

the same total number of spikes was represented in each interspike interval histogram, were

also compared, as were the changes in the interspike interval distribution observed as the

infusion progressed. The interspike interval histograms for the biological and model data

are also very similar throughout the course of the hypertonic saline infusion (Figure 3.18

and Figure 3.19).

Changing the bin width

In the model, the arrival of EPSPs and IPSPs follow a Poisson distribution and

therefore the generation of spikes is an adapted Poisson process. For a pure Poisson
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process, the ratio between the mean (x) and the variance (<r2) is 1, i.e. x-a2, and does

not vary with time scale or bin size over which the relationship is examined. While it is not

expected that the ratio between the mean and variance of the firing rate in the model will be

exactly 1, it is also not expected that the relationship will change with the bin width used in

the simulation. In order to compare the distribution pattern of spikes in oxytocin cells and in

the model, the effect of varying the bin width on the relationship between the mean and the

variance of the firing rate and the output frequency, for the oxytocin cells and the model

respectively (Table 3.6). In contrast with the model, the ratio between the mean and

variance of the firing rate of an oxytocin neurone increases, as a consequence of decreased

variance, as the bin width increases (Figure 3.20).

Table 3.6 The changing relationship between the mean and the variance of the firing
rate of oxytocin cells as the bin width changes

Bin width (s) Mean (spikes bin-1) Variance Variance:Mean

Cell 1 0.25 0.58 0.71 1.24

0.5 1.15 1.43 1.24

1 2.30 2.62 1.14

1.5 3.45 3.41 0.99

2 4.60 4.30 0.94

4 9.19 6.52 0.71

6 13.79 8.89 0.64

Cell 2 0.25 0.62 0.50 0.81

0.5 1.23 0.95 0.77

1 2.46 1.69 0.69

1.5 3.70 2.46 0.67

2 4.93 3.30 0.67

4 9.86 5.29 0.54

6 14.77 6.74 0.46

As the bin width increases, the mean number of spikes per bin increases as expected.
However, the variance of the firing rate is lower than expected, such that as the bin width
increases the ratio between the mean and the variance decreases.
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3.7 Discussion

The in vivo experiments described here show that magnocellular neurones respond

to linear increases in the osmotic pressure by producing linear increases in their firing rate.

Parallel increases in osmotic pressure and magnocellular electrical activity and hormone

release have been shown previously, but never in response to linear increases in osmotic

pressure. These changes in electrical activity, which are presumably, as in other

experiments, accompanied by increases in hormone release, are believed to be the

consequence of increased synaptic input to the neurones and the direct effects of increased

osmolarity on the membrane potential of magnocellular neurones.

The increased synaptic input is believed to originate from the OVLT and the SFO,

which have direct and indirect projections to the magnocellular neurones (Honda et al.,

1990; Chaudhry et al., 1989; Miselis, 1981). These areas contain osmosensitive neurones

(Nissen et al., 1993; Buranarugsa & Hubbard, 1988), and have excitatory effects on both

oxytocin and vasopressin neurones, in the rat (Hatton, 1990; Renaud & Bourque, 1991;

Sawchenko & Swanson, 1983). In fact, linear increases in the direct osmotic stimulation of

the OVLT, above 295 mosmol kg"1 in vitro, produces linear increases in observable EPSP

frequency recorded in magnocellular neurones (Richard & Bourque, 1992; Richard &

Bourque, 1995) (see Figure 3.21 A). In one report (Richard & Bourque, 1995) the

percentage change in firing rate of the magnocellular cells was plotted against the

percentage change in EPSP frequency in response to osmotic stimulation of the OVLT

(Figure 3.21 B). The authors fitted a straight line through this data, but I overlaid the

response of the model to increases in the excitatory input only. The results of the model

simulation seem to fit the data reasonably well, at least qualitatively. Further

experimentation with the type of protocol used in this experiment might be useful in
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establishing more firmly the predictive power of this model of spike generation in an

oxytocin neurone.

Hyperosmotic stimulation also depolarises magnocellular cells directly via

mechanosensitive channels (Oliet & Bourque, 1993). These mechanisms are believed to act

together to produce the linear increase in magnocellular cell firing rate seen in response to

i.v. infusions of hypertonic saline.

Modelling spike generation in oxytocin cells suggests that increases in excitatory

synaptic input and resting membrane potential in response to hyperosmotic stimuli are

accompanied by parallel increases in the inhibitory input. At first glance this result is

unexpected and counter-intuitive. However, the purpose of the increased inhibitory input

may be to extend the dynamic range of oxytocin neurones so that they can respond to a

wider range of sodium levels.

While the excitatory input is believed to come from the SFO and OVLT, the

possible source of the increased inhibitory input is unknown and changes in IPSP frequency

in response to systemic hyperosmotic stimulation have not been reported in the literature. It

is known that the IPSP frequency is not increased in response to hyperosmotic stimulation of

the OVLT (Richard & Bourque, 1992; Richard & Bourque, 1995). The most probable

source of the increased inhibitory input is the MnPO, which has a mainly depressant effect

on magnocellular neurones, probably through GABAa receptors, and about two-thirds of

MnPO neurones, that project directly to the SON, are stimulated by an i.p. injection of 1.5

M NaCl (Aradachi et al., 1996).

Any model of a biological system is only as strong as the assumptions that it makes.

The assumption that the EPSPs and IPSPs are exponentially decaying pulses seems

reasonable since it produces membrane potentials that are qualitatively similar to those
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recorded in magnocellular neurones. Where possible, the parameters used in the model

simulations were taken from biological data; the mid-range resting membrane potential,

threshold for spike generation and EPSP and IPSP amplitudes and half-lives observed in

magnocellular neurones were used to simulate the response of oxytocin cells to

hyperosmotic stimulation.

However, the major limitation of the model lies in the assumption of linear

summation of EPSPs and IPSPs in magnocellular neurones. The effect of current changes

on membrane potential is often dependent on the initial voltage, such that at very low

potentials, the arrival of inhibitory synaptic input, which produces a negative current, may

result in membrane depolarisation, and at membrane potentials close to threshold for spike

generation, excitatory synaptic input may produce lower amplitude depolarisation's than are

seen at more negative potentials. This non-linearity has been extensively studied in other

systems (e.g. the neuromuscular junction, McLachlan & Martin, 1981) but has received little

direct attention in magnocellular neurones. Current-voltage (I-V) relationships have been

studied in magnocellular neurones, and are linear between -100 and -60 mV, in vivo and in

vitro (Bourque & Renaud, 1991; Bourque, 1989). However, the I-V relationship shows

inward rectification at potentials less than -100 mV, and outward rectification at potentials

greater than -60 mV. This suggests that the amplitude of EPSPs would decrease as the

membrane potential approaches the threshold for spike generation (~ -50 mV).

Hyperosmotic stimulation in vitro, as well as producing an inward shift in the I-V

relationship, also linearises the I-V relationship at potentials greater than -60 mV (Bourque,

1989). These results suggest that non-linear summation of EPSPs and IPSPs would be less

significant during hyperosmotic stimulation, which strengthens the viability of the proposed

model as a useful tool for examining the behaviour of oxytocin neurones.
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The model does not include the slower activity-dependent hyperpolarising potential,

the AHP, which decreases the firing rate of oxytocin neurones (Bourque et al., 1985;

Andrew & Dudek, 1984b). In oxytocin neurones the AHP is believed to underlie the

phenomenon of spike clustering; when several spikes occur in succession the expression of

the AHP decreases the probability of further spikes in the following 1-2 s. This is the most

likely source of the decrease in variance of the firing rate seen as the bin width changes

(Figure 3.20). The model also does not include the activity-dependent depolarising

potential, the DAP, which is expressed in vasopressin cells, and underlies phasic firing

(Bourque & Brown, 1987; Andrew & Dudek, 1983; Andrew & Dudek, 1984a). Therefore,

vasopressin cells are not modelled by this adapted integrate and fire model. It is feasible

that both the AHP and the DAP could be included in a model of magnocellular cell firing,

but, owing to their activity dependence, they could not easily be incorporated into an

integrate and fire model.

Temporal, but not spatial, distribution of EPSPs and IPSPs is included in this

adapted integrate and fire model. The location of synaptic input to a neurone also affects

the influence of any particular input on spike generation. Inputs close to the cell body

influence the membrane potential close to the site of action potential generation (the axon

hillock) more than an input spatially removed from the axon hillock, for example at the

dendrites. Many neurones receive the majority of their excitatory synaptic inputs at the

dendrites and a larger proportion of inhibitory inputs at the cell body. This means that an

IPSP at the cell body would have a disproportionately large effect on the membrane

potential compared to an EPSP arriving at the dendrites.

The number of glutamate terminals at the dendrites and the soma of magnocellular

cells are very similar, but they represent a higher proportion of the inputs to the dendrites
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than to the soma (Meeker et al., 1993b). This implies that the inputs to the magnocellular

neurones are spatially distributed, although the exact nature of that distribution remains

unclear. The results above are interpreted on the basis of EPSPs and EPSPs arriving the cell

body; these may be the result of synaptic inputs at the soma, or the effect of several synaptic

inputs acting at the dendrites to produce voltage changes at the soma. Nonetheless, the

model results suggest that the input seen by the cell body is an increase in the effective

EPSP and IPSP frequency, even though the original inputs are spatially distributed.

3.8 Conclusions

This experiment has shown that in response to continuous increases in plasma

sodium, magnocellular cells respond with a linear increase in firing rate. A mathematical

model of spike generation in oxytocin neurones is described and simulations suggest that

this linear increase in firing rate is brought about by an increase in both the excitatory and

inhibitory inputs to the cells. The indication of likely explanations and mechanisms

underlying biological phenomena, especially those that are open to experimentation, is the

best justification of any modelling exercise. The use of this model has proposed a

hypothesis for the mechanism underlying the linear increase in the firing rate of oxytocin

cells in response to hyperosmotic stimulation that is open to experimentation; the IPSP

frequency in response to systemic hyperosmotic stimulation could be measured, and the

location of the increased inhibitory input (if present) should be located, starting with the

MnPO as a likely candidate. The results of these experiments may or may not support the

hypothesis proposed here, but nonetheless the modelling exercise has served its purpose.
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Figure 3.12

A The consequence of non-linearities for information conservation
Most biological systems are inherently non-linear which means that the range over which
the input changes is important in determining the response to that input.

B A schematic representation of spike generation in an oxytocin neurone
Spikes are generated when the synaptic input sums to cross a threshold.

C The shape of EPSPs in the adapted leaky integrate and fire model

D A schematic representation of the model
(next page)
EPSPs and IPSPs sum to produce a fluctuating membrane potential. This potential may
cross a threshold, which generates a spike. In this simulation there are 200 each of EPSPs
and IPSPs in a 1000 ms period. The post spike increase in the threshold for spike
generation is also included.
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Figure 3.13 The importance of the post-spike inhibition in the model of spike
generation in an oxytocin cell

The effect of omitting the post-spike inhibition on the output frequency of the model, as well
as the input frequency, is shown by (i) in A. All parameters were kept the same, but a
complete post spike inhibition for 30 ms (ii) or an exponentially decaying inhibition (iii)
was included. The effect of each on the pattern of spike generation is shown by the
interspike interval histograms (B, i, ii and iii as in A)
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Figure 3.14 The effect of varying the parameters that regulate EPSP and IPSP shape,
on the output frequency of the model

The effect of varying the amplitude (H0) and the half-life (p.) of the EPSPs alone (top, IPSP
parameters: H0=3, p=10), IPSPs alone (middle, EPSP parameters: H0=3, p=10) and both of
them together (bottom) on the output frequency of the model at various input frequencies.
All values are in mV for the amplitudes and ms for the half-lives. Other parameters:
threshold for spike geteration= 12 mV, IPSP input = 100%, duration of post-spike inhibition
= 30 ms.
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Figure 3.15 Varying the inhibitory input to the model

The effect of varying the percentage IPSPs on the output frequency of the model was
investigated (A). As IPSPs are added as increasing percentages of the EPSP input, the
output frequency of the model, at a given EPSP input frequency, is decreased. Plot B shows
the EPSP input frequency necessary to produce spikes in the model as the inhibitory input
increases. Plot C shows the change in the output frequency of the model as the EPSP input
frequency is increased in steps of 50 Hz, from 0-500 Hz, at different levels of inhibitory
input (EPSP and IPSP parameters: H0=3 and |Ll=10 for both, threshold for spike
geteration=12 mV, IPSP input = 100%, duration of post-spike inhibition = 30 ms).
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Figure 3.16 Varying the resting membrane potential

The effect of varying the resting membrane potential, from -66 to -58 mV, on the output
frequency of the model at various input frequencies (A) in the absence and (B) in the
presence of inhibitory input. (EPSP and IPSP parameters: //o=3 and (X=10 for both, duration
of post-spike inhibition = 30 ms and in B IPSP input = 100%.)
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Figure 3.17 The effect of varying the resting membrane potential and the input
frequency simultaneously

The resting membrane potential was varied, from -65 to -55 mV, in steps of 0.5 mV, and the
EPSP input frequency was increased from (A) 0-250 Hz in the absence of inhibitory input
and (B) 0-1000 Hz in the presence of IPSPS (100%). The plots show the 1, 2, 4, 6, 8 and 10
Hz contour line (i.e. at all places on the lines labelled 1, the output frequency of the model
was 1 spike s 'at those parameter values). The smooth lines were obtained since each
parameter combination was run 1000 times. (EPSP and IPSP parameters: H0=3 and p= 10
for both, duration of post-spike inhibition = 30 ms.)
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Figure 3.18 Simulating the response of supraoptic oxytocin cells, in normonatraemic
rats, to t.v hyperosmotic stimulation in the model of spike generation in oxytocin cells

The response of 4 individual oxytocin cells, shown on the previous two pages, recorded in
normonatraemic rats, to an i.v. infusion of 2 M NaCl are shown (A-D). The interspike
interval histograms for the first (i) and last (ii) 10 min of the infusion are also shown, for
each cell.
The duration of the post-spike inhibition in the model was taken to be the mode of the
interspike interval distribution, and was matched to each individual cell. The input
frequency, proportion of IPSPs and the resting membrane potential were varied to find the
best match for each cell (superimposed on each cell record, red lines). It was found that, in
conjunction with increases in the resting membrane potential, both the excitatory and the
inhibitory input had to be increased, in order to simulate the response of oxytocin cells to
i.v. hypertonic saline infusions.
The interspike interval histograms for the model output that matched the oxytocin cells
during the first and last 10 min of the infusion were also compared (red lines in i and ii for
each cell).

Figure 3.19 Simulating the response of supraoptic oxytocin cells, in hyponatraemic
rats, to i.v hyperosmotic stimulation in the model of spike generation in oxytocin cells

The response of 2 individual oxytocin cells, shown on the following page, recorded in
hyponatraemic rats, to an i.v. infusion of 2 M NaCl are shown (A & B) as well as the
interspike interval histograms for the first (i) and last (ii) 10 min of the infusion.
Whether or not the model could mimic the oxytocin cell response of hyponatraemic rats to
systemic hyperosmotic stimulation by the same mechanism used to model the response in
normonatraemic animals, i.e. parallel increases in the excitatory and inhibitory inputs as
well as increases in the resting membrane potential. As in 3.18, the duration of the post-
spike inhibition in the model was taken to be the mode of the interspike interval distribution,
and was matched to each cell. The interspike interval histograms were also compared, and
as for 3.18, the model data is represented by the red lines.

In both, the biological data is shown in black and the model data is shown in red.
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Figure 3.18
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Figure 3.19
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Figure 3.20 The effect of varying the bin width on the relationship between the mean
and variance of the firing rate of oxytocin cells

The effect of varying the bin width on the mean (A) and variance (B) of the firing rate of
two oxytocin cells is shown. As expected, the mean number of spikes per bin is directly
proportional to the bin width (A). At first glance it appears that the variance also increases
in direct proportion to the bin width, but when the ratio between the two is plotted, it can be
seen that the ratio decreases as the bin width increases (C).
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Figure 3.21 The effect of increasing osmolality on the observed spontaneous EPSP in
supraoptic neurones in vitro and the corresponding change in observed firing rate
(Redrawn from Richard and Bourque, 1995)

The observable spontaneous EPSP (sEPSP) frequency, in supraoptic magnocellular
neurones, in response to direct osmotic stimulation of the OVLT in vitro is shown in A. A
regression line was fitted to the redrawn data, to the response to hyperosmotic stimulation
(above 295 mosmol kg"1). Hyperosmotic stimulation of the OVLT resulted in a linear
increase in the EPSP frequency in magnocellular cells in the SON. The changes in the firing
rate of the magnocellular cells were plotted against the observed EPSP frequency (B). The
authors fitted a straight line to this data (r2=0.56), but here I have overlaid a model
simulation where only the EPSP input frequency was increased.
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4.1 Introduction

The role of oxytocin in body fluid homeostasis has been discussed, but the classical

roles of oxytocin are in the regulation of the milk-ejection reflex and parturition. In the rat,

the delivery of pups occurs after 22-23 days of pregnancy, and is preceded by about two

hours of increased uterine activity, intensive grooming and nest building activity (Fuchs,

1969). The maintenance of pregnancy is dependent on high plasma progesterone levels,

which in the rat is synthesised predominantly in the corpus luteum (Csapo & Wiest, 1969).

Progesterone is believed to maintain quiescence of the uterus and to keep myometrial

oxytocin sensitivity low (Burgess etal., 1992).

4.1.1 The initiation ofparturition

The primary trigger for the initiation of parturition, in many species, is believed to

be the increase in the plasma oestrogen:progesterone ratio seen at the end of pregnancy,

although this is not necessarily the case in humans. The change in the ratio of oestrogen to

progesterone in plasma is brought about by either a decrease in progesterone levels (as in the

rat, Fuchs et al., 1976) or an increase in oestrogen levels (as in humans, Mazor et al.} 1994).

In the sheep, the placenta can metabolise progesterone to oestrogen, which results in a

concomitant increase in oestrogen and a decrease in progesterone, but in the rat the

oestrogen:progesterone ratio is increased by the oestrogen-induced increase in the activity of

the enzyme hydroxysteroid-dehydrogenase, in the corpus luteum, which breaks down

progesterone, but has no effect on oestrogen levels (Fuchs et al., 1976).

This switch from progesterone dominance throughout pregnancy, to oestrogen

dominance at the end of pregnancy is necessary for uterine changes, including the formation

of gap junctions and the expression of oxytocin receptors in the myometrium, which are

important for successful delivery (Alexandrova & Soloff, 1980; Chan et al., 1991; Puri &
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Garfield, 1982). When the progesterone dominance in pregnancy is prolonged, uterine

changes are prevented and gestation is delayed (Bosc et al., 1987; Garfield et al., 1982).

The increase in plasma oestrogen also leads to increased prostaglandin synthesis,

particularly PGF2a in the rat (Fuchs, 1987). Increased prostaglandin levels leads to an

increase in oxytocin receptor density in the myometrium which in turn further increases the

production of prostaglandins in response to oxytocin (Fuchs, 1987). Prostaglandins are

important for the initiation of uterine activity (Chan, 1977) as well as mediating softening of

the cervix (cervical effacement).

There is a major fetal contribution to the initiation of labour, which has been best

characterised in the sheep; the maturation of the fetal hypothalamic-pituitary-adrenal axis

increases the fetal Cortisol concentrations, which induce placental enzymes that metabolise

progesterone into oestrogen (Myers & Nathanielsz, 1993; Thorburn & Challis, 1979).

Therefore, in the sheep, fetal maturation also contributes to the increase in the

oestrogen:progesterone ratio which is necessary for the initiation of labour. However,

maturation of the fetal hypothalamic-pituitary-adrenal axis is not necessary for the initiation

of labour in all species. For example, fetal Cortisol appears to have no effect on human

labour (Bonica & McDonald, 1990), but human fetal oxytocin, which can cross the placenta

(Chard, 1989), is increased, which may contribute to the observed increases in maternal

plasma oxytocin. Contributions of fetal oxytocin or Cortisol remain unclear in the rat, but

the fetal release of oxytocin in response to hyperosmotic stimulation or ovarian steroids

remains undeveloped at term in rats (Almazan et al., 1989; Miller et al., 1989), suggesting

that fetal contributions to the maternal plasma oxytocin is unlikely.
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4.1.2 Oxytocin and parturition

The oxytocin concentration in maternal plasma increases throughout parturition and

its importance in the regulation of parturition is highlighted by several observations.

Accumulation ofoxytocin

The electrical activity of oxytocin neurones in pregnant rats is stimulated by ovarian

relaxin throughout pregnancy, and so is higher than in virgin rats (Way & Leng, 1992; Way

et al., 1993). This stimulates hormone synthesis, and under normal circumstances would

increase the release of oxytocin from the neurohypophysis. However, during pregnancy, the

opioid inhibition of oxytocin release is increased, such that stimulus-secretion coupling is

dissociated, resulting in the accumulation of oxytocin in the neurohypophysis. The oxytocin

peptide content of the posterior pituitary at the end of pregnancy is more than twice that

seen in virgin rats (Kumaresan et al., 1979) and is released into the systemic circulation

throughout the course of parturition (Fuchs & Saito, 1971; Kumaresan et al., 1979).

Oxytocin receptor density

Oxytocin acts at oxytocin receptors to stimulate uterine contractions. There is an

increase in oxytocin receptor density in the endometrium and myometrium at term compared

to mid pregnancy or non-pregnancy (Alexandrova & Soloff, 1980; Fuchs et al., 1982; Fuchs,

1987). This accounts for the increase in uterine sensitivity to systemic oxytocin

administration seen at term in the last 10 hours before labour starts (Fuchs, 1969; Fuchs &

Poblete, 1970). There is no concomitant increase in vasopressin receptor density in the

uterus, but vasopressin can bind to the myometrial oxytocin receptor, although with lower

affinity than oxytocin (Chan et al., 1990).
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Release ofoxytocin

In a variety of species it has been shown that although there is no dramatic increase

in maternal oxytocin plasma concentration throughout parturition, an elevated background

secretion is seen, against which there are pulses of increased oxytocin secretion (Higuchi et

al., 1986a). Plasma oxytocin levels, in humans, reach their maximum during the expulsive

phase (Dawood, 1989) and in conscious rats the pulsatile hormone release is associated with

a burst-like increase in the firing rate of identified magnocellular oxytocin neurones just

before the delivery of each pup (Summerlee, 1981).

Administration of oxytocin infusions is effective at inducing and augmenting labour

in humans, and administration of oxytocin antagonists slows parturition in rats, and has been

tested in humans. However, the pattern of the oxytocin administration is significant, since a

pulsatile administration of oxytocin is more effective at inducing parturition than a constant

infusion in humans and in rats (Dawood, 1989; Randolph & Fuchs, 1989) and the bursts of

electrical activity during parturition are associated with the release of a bolus of oxytocin

from the posterior pituitary, which is the optimal signal for advancing the progress of

parturition (Dawood, 1989; Randolph & Fuchs, 1989).

4.1.3 Mechanisms of increased oxytocin release

The stimulus for the activation of magnocellular neurones during parturition is

believed to come from afferents originating in the NTS which have a stimulatory input to the

oxytocin neurones. The input from the Al group is predominantly noradrenergic, but a

dense input from the caudal NTS has also been described which is believed to be largely

inhibinp mediated (Sawchenko et al., 1988) and ends preferentially on oxytocin neurones.

As discussed before, the NTS receives inputs from the vagina and uterus (Menetrey et al.,

1983; Menetrey & Basbaum, 1987), and it is believed that the NTS mediates activation of

the magnocellular oxytocin cells directly during parturition. Indeed, if the pelvic nerves that
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project to the NTS are destroyed or if the NTS itself is ablated, then parturition is delayed in

rats. Vagino-cervical stimulation leads to a reflex activation of both vasopressin and

oxytocin cells, via the NTS, at the end of pregnancy, but not in early or mid-pregnancy

(Negoro et al., 1973) further supporting the hypothesis that increased activity in the female

reproductive tract may lead to a reflex increase in oxytocin and vasopressin secretion from

magnocellular cells.

The opioid inhibition of the magnocellular neurones is also reduced in term pregnant

rats (Douglas et al., 1995; Douglas et al., 1993), which is an important aspect in the

mechanism of increased oxytocin release during parturition. Central and systemic

administration of opioid agonists, such as morphine, delays the onset of parturition and can

intempt the progress of delivery (Bicknell et al., 1988). This effect is reversed by the

administration of naloxone, an opioid antagonist, or by the systemic administration of

oxytocin.

Despite these observations, it has been shown that parturition can proceed in the

absence of endogenous oxytocin, in transgenic mice (Young et al., 1996). It therefore

appears that the lack of oxytocin can be compensated for by other factors, at least in mice.

However, comparisons between the onset of delivery and the progress of delivery, between

normal and transgenic mice that lack the oxytocin gene have not been reported. The role of

oxytocin in the initiation and maintenance of parturition remains elusive, but nonetheless

oxytocin appears to be important in the regulation of normal parturition in the rat.

4.1.4 Fos protein as a marker ofneuronal activation

Fos is the protein product of the immediate early gene c-fos and it is a regulator of

gene transcription. Both Fos and c-fos expression are used as markers of activation in many

neuronal systems (Fenelon et al., 1993; Hoffman et al., 1993). The Fos protein dimerises
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with other oncogene products, most commonly with those of the Jun family. The dimers

bind at specific sites on DNA, the AP-1 binding domain, and alter gene expression in

response to signals at the cell surface. Most neurones express little or no Fos under basal

conditions (Morgan et al., 1987; Morgan & Curran, 1989) but following extracellular

stimulation, the expression of fos genes is rapidly increased (within minutes) but disappears

within 60 min, demonstrating the transient nature of its expression. Fos protein expression

increases more slowly than the mRNA expression, and it does not reach its maximum until

60-90 min post stimulation (Verbalis et al., 1991b).

The target genes of the Fos protein have not been firmly established, but many genes

encoding neuropeptides, such as LHRH, and transmitter synthetic enzymes, such as tyrosine

hydroxylase, possess the AP-1 binding site. The consensus AP-1 binding site has not been

demonstrated in the oxytocin or vasopressin gene (Icard-Liepkalns et al., 1992), but

sequences that vary by only 1 base pair have been demonstrated (Leng et al., 1993).

However, increased Fos protein expression is associated with increased hormone release

from magnocellular neurones (Hoffman et al., 1993), and it appears that synaptic activation

is required (Luckman et al., 1994). Fos expression has also been identified in putative

afferent neurones to the magnocellular system, including those of the brainstem, and

detection of c-fos mRNA has been used to identify neural circuits mediating the release of

magnocellular hormones (Hamamura et al., 1992).

4.1.5 Aims

The aim of the present study is to investigate the effect of oxytocin pulses on

parturition and the involvement of opioid mechanisms in any changes in SON and NTS

neuronal activation in term pregnant rats that receive systemic oxytocin. In order to achieve

this, oxytocin, and oxytocin and naloxone pulses were administered to rats on the expected
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day of parturition, and the effects on the expression of Fos protein in the SON and NTS

were examined.

4.2 Materials and methods

4.2.1 Animals

Virgin female Sprague-Dawley rats (200-250g) were left overnight with experienced

males and all rats in which sperm plugs were detected the following morning (day 0 of

pregnancy) were kept in single cages with food and water ad libitum. Rats were kept on a

12hL: 12hD schedule (lights on at 0800). Under these conditions parturition normally

occurs on the afternoon of day 22 of pregnancy. Onset of delivery was defined as the time

when the first pup was fully expelled and the time of delivery for each subsequent pup was

recorded.

4.2.2 Experimental Design

Rats were implanted with a jugular venous cannula (inner diameter 0.5 mm, outer

diameter 1.0 mm) under brief halothane anaesthesia between 10.00 and 14.00 h on day 21 of

pregnancy. On the morning of the expected day of delivery (day 22 of pregnancy) the

cannulae were flushed with 0.1 ml heparinised saline (50 IU heparin ml"1). The cannulae

were then connected to polyethylene tubing (same dimensions as before, volume 0.1 ml)

before any injection, to allow drug application with as little disturbance of the animals as

possible.

After 30 min rats received either i.v. naloxone (1.0 ml kg"1 in 0.5 ml kg"1) or 0.5 ml

kg"1 saline. Blood was drawn back in the tubing, which was then filled with sterile 0.9%

saline, oxytocin (Syntocinon, Sandoz), or oxytocin and naloxone, and a four hour pulsatile

administration of each of these started 10 min later. Intra-venous injections of 0.02 ml every
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10 min of saline, oxytocin (10 mU and 20 mU oxytocin, each for two hours, dissolved in

0.02 ml sterile 0.9% saline) and oxytocin and naloxone (0.067 mg naloxone in each of the

0.02 ml injections, in addition to the oxytocin administration described above) were

administered. The small volume was used to keep the plasma expansion as low as possible.

Pulses were started between 09.30 and 11.00 h on day 22 of pregnancy.

Rats were killed, by i.v. administration of sodium pentobarbitone (50 mg kg"1,

Sagatal, Rhone-Merieux), either 90 min after the delivery of the second pup, or 30 min after

the end of the drug administration in the absence of delivery. Rats were then perfused

transcardially with 30 ml of heparinised saline (2% Multiparin in 0.9% saline) and fixed

with 400 ml of cold 4 % paraformaldehyde in 0.1 M phosphate buffer solution (pH 7.3 -

7.4). Brains were removed and stored in a 30 % sucrose, 4 % paraformaldehyde in

phosphate buffer solution (pH 7.3 - 7.4) until prepared for Fos immunocytochemistry 24

hours later.

4.2.3 Fos immunocytochemistry

For immunocytochemistry, brains were embedded in Tissue-tek and frozen at -25 °C

on a freezing microtome. Coronal brain sections (40 pm) were cut through the rostro-caudal

extent of the SON, from the anterior commissure to the median eminence. Brainstem

sections were also collected, from the pyramidal decussation to the widening of the fourth

ventricle, rostral to the area postrema. Sections were collected in 0.1 M phosphate buffer

solution and processed for standard Fos immunocytochemistry.

Sections were rinsed in phosphate buffer solution (0.1 M) and 0.2 % Triton-X, and

then endogenous peroxidase was blocked. Non-specific binding was blocked with 1%

normal sheep serum, and sections were incubated with a polyclonal antibody raised in

rabbits against the rat Fos protein (Ab-2 Fos antibody, Oncogene Science). The antibody
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was used at a dilution of 1:1000 in phosphate buffer solution and 1% normal sheep serum (1

p.m in 1 ml buffer) for 24 h at 4 °C. The antibody was localised using anti-rabbit

immunoglobulins (Vector Stain Elite Kit, Vector Labs) for 1 hour at room temperature, and

then coupled to peroxidase (1:500), which requires 1 hour at room temperature. The

antigen-antibody complex was visualised using the glucose-oxidase nickel intensified 3',3'

diaminobenzidine method (Shu et al., 1988), which results in a dark purple nuclear staining.

Sections were mounted on gelatin-coated slides, processed through graded alcohols, cleared

in xylene, and cover-slipped.

Immunoreactive cells were counted in the SON and NTS with the identity of the

sections coded, using a microscope with a xlO objective lens and a brightfield condenser.

4.2.4 Statistical analysis

Analysis between groups is by the non-parametric Kruskal-Wallis test, with pairwise

multiple comparisons (Dunn's post-hoc test) where appropriate. All data are expressed as

mean ± s.e.m. for ease of interpretation, and p<0.05 is taken as significant.

4.3 Results

A total of 19 rats were administered saline, oxytocin or oxytocin and naloxone

pulses on the expected day of delivery (day 22 of pregnancy). Of these, 6 received saline, 7

received oxytocin and 6 received both oxytocin and naloxone pulses, and were successfully

perfused and processed for Fos immunocytochemistry.

4.3.1 Rat weights and litter sizes

There was no significant differences in rat weights or in litter sizes between the

saline, oxytocin or oxytocin and naloxone treated groups on the day of the experiment
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(434±8 g and 13.1 ±0.4 pups per litter) or between those that delivered pups and those that

did not.

4.3.2 Signs of labour and parturition

Of the 6 rats that received saline pulses only 1 delivered, whereas 4 of the 7 rats that

received oxytocin pulses delivered and 5 of the 6 that received both oxytocin and naloxone

delivered. Of the rats that did not deliver, none showed strong signs of labour (Figure 4.1

A).

The progress of delivery, as measured by the time taken for the delivery of pups

subsequent to pup 2, was faster in both groups that received oxytocin pulses compared to the

parturient rat that received saline pulses (Figure 4.1 B).

4.3.3 Fos expression in the SON and the NTS

There were no differences between the oxytocin and the oxytocin and naloxone

treated groups and therefore these were grouped together. The number of Fos

immunoreactive nuclei counted per section of the SON and NTS are shown in Table 4.1 and

in Figures 4.2 and 4.3.

The animals that received saline pulses, and did not deliver, showed a low incidence

of Fos immunoreactivity in the SON and the NTS. Fos immunoreactivity in both the SON

and the NTS was significantly increased by the oxytocin pulse administration, in the

absence of delivery, to levels not different from those observed in parturient animals. There

were no observable differences in the distribution of Fos immunoreactivity throughout the

SON or the NTS.
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Table 4.1 Fos expression per section of the SON and NTS in pregnant rats

Groups SON NTS

saline pre-partum 3.5±0.7 2.1 ±0.2

(n=5)

saline parturient 14.8 15.3

(n=l)

oxytocin (+/- naloxone) 19.6±3.4* 16.6±2.7*

pre-partum
(n=4)

oxytocin (+/- naloxone) parturient 21.1 ±2.9* 18.7± 1.2*

(n=9)

Oxytocin treated pre-partum and parturient rats showed a significantly higher incidence of
Fos immunoreactivity in both the SON and the NTS than saline-treated pre-partum rats
(*p<0.05, vs. the saline treated pre-partum group, Kruskal-Wallis test).

4.4 Discussion

This study, in agreement with previous findings, showed that an oxytocin pulse

administration induces delivery in term pregnant rats. Out of 6 rats that received saline

pulses, only 1 delivered, while 9 out of 13 oxytocin treated rats delivered before the end of

the experiment. Delivery progressed faster in the oxytocin-treated rats, than in the parturient

saline-treated rat, but since only one saline treated rat delivered, conclusions about the effect

of oxytocin on the progress of delivery cannot be drawn.

The observation that Fos expression is increased in both the NTS and the SON, prior

to delivery, in rats that received pulses of oxytocin, suggests that the passage of the fetus

through the lower birth canal is not essential for the reflex stimulation of the magnocellular

neurones at the end of pregnancy. Uterine activity, increased by a pulsatile administration

of oxytocin, appears to be an effective stimulus for the activation of magnocellular

neurones, in pregnant rats.
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The importance of the uterine afferent nerves, namely the hypogastric and the pelvic

nerves, in the regulation of normal parturition is highlighted by several observations;

lesioning the pelvic nerve abolishes the reflex contraction of the abdominal muscles and the

diaphragm in response to vaginal distension (fetus-expulsion reflex) (Higuchi et al., 1987;

Higuchi et al., 1986b) and decreases plasma oxytocin levels, and strong uterine contractions,

such as those observed during pup delivery, increase the firing rate of the hypogastric and

pelvic nerves (Peters et al., 1987; Sato et al., 1989). However, the prolonged delivery in

pelvic neurectomised rats can only be partly reversed by systemic oxytocin administration

suggesting that other factors besides the reduced oxytocin release, such as the loss of the

fetus-expulsion reflex, are responsible for the prolonged parturition in these animals

(Higuchi et al., 1987). An alternative explanation for these findings is that pelvic

neurectomy interferes with the pulsatile secretion of oxytocin, and that a pulsatile

administration of exogenous oxytocin might have provided a more appropriate stimulus for

restoring delivery, following pelvic neurectomy.

Vagino-cervical stimulation leads to a reflex activation of both vasopressin and

oxytocin cells at the end of term pregnant and in lactating rats (Negoro et al., 1973), further

suggesting a role for uterine afferents in the reflex activation of magnocellular neurones.

The afferent pathway from the uterus to the hypothalamus has not been completely

characterised, but it is known that vagal uterine afferents project to the dorsal vagal complex

in the brainstem (Ortega-Villalobos et al., 1990). From here catecholaminergic neurones,

among others, project to the magnocellular neurones of the SON and PVN (Cunningham &

Sawchenko, 1991; Sawchenko & Swanson, 1981).

As well as stimulating uterine contractions, oxytocin may also have a role to play in

the softening of the cervix, which is a prerequisite for normal parturition to occur. The
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cervix contains a high density of oxytocin receptors (Gorodeski et al., 1990) and oxytocin,

as well as relaxin, can also reduce the rigidity of the cervix (Downing & Sherwood, 1985;

Khalifa et al., 1992). Prostaglandins also stimulate the softening of the cervix, and their

production is increased by uterine contractions (Fuchs, 1987).

In contrast to the effects of osmotic stimulation or changes in blood pressure

(Hamamura et al., 1991; Hamamura et al., 1992; Badoer et al., 1993), the expression of Fos

protein in the subfornical organ or the area postrema is not increased following oxytocin

treatment, and systemic oxytocin administration has no effect on mean arterial blood

pressure (Erickson & Millhorn, 1991). These results suggest that the circumventricular

organs do not mediate the effects of systemic oxytocin administration on magnocellular

neurones. Therefore, the possibility that a change in blood volume or plasma osmolality,

induced by the four hour pulsatile oxytocin administration, is responsible for the induction

of Fos in the NTS and the SON can be discarded. A direct effect of i.v. oxytocin on the

neurones of the SON is also unlikely since its half-life is only about 1-2 min (Higuchi et al.,

1986a) and the blood-brain barrier is highly impermeable to oxytocin (Ermisch, 1992;

vanBree et al., 1989). Therefore, the most likely explanation of the increased Fos

expression in the NTS and the SON neurones following oxytocin administration in pregnant

rats is that the oxytocin administration increased uterine activity which activated the SON

neurones via the NTS.

The addition of naloxone to the oxytocin administration had no effect on the

progress of delivery, or on the Fos expression in the NTS or the SON. In virgin rats, the

magnocellular neurones of the SON are under tonic opioid inhibition (Ludwig et al., 1997)

and this inhibition is much reduced, though not completely absent, in parturient rats

(Douglas et al., 1993). It was expected that the addition of naloxone to the oxytocin
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administration would further increase the expression of Fos protein, at least in the SON, and

that the progress of delivery would be advanced. However, this was not the case. There are

two possible explanations for this result. Firstly, the opioid inhibition in term pregnant rats

may be so reduced that its removal does not have an observable effect on the Fos expression

in the SON when superimposed on the oxytocin-induced stimulation of Fos

immunoreactivity. The second possible explanation is that the choice of naloxone

administration was not effective at removing the opioid inhibition; 1.0 mg kg"1 was

administered 10 min before the onset of the four hour oxytocin pulse administration, and

0.067 mg naloxone was administered in each of the 0.02 ml oxytocin pulses. This regime

results in a total of at least 4.2 mg kg"1 being administered to each rat over the course of the

experiment, but it may be that the naloxone does not reach an effective dose until late in the

experiment, such that naloxone induced changes may not be reflected in the magnocellular

Fos protein expression, which takes 60-90 min to reach its peak.

In summary: oxytocin administration on the expected day of delivery, is believed to

stimulate SON neurones by inducing uterine contractions, which are relayed through uterine

afferents to the NTS and so to the magnocellular neurones. This hypothesis is supported by

these results, and the four hour pulsatile oxytocin treatment is validated as a method of

advancing labour and activating SON magnocellular neurones before delivery in parturient

rats. However, the time course of neuronal activation remains unclear, and the component

of the uterine response (increased amplitude, frequency or baseline pressure) to the oxytocin

administration associated with magnocellular SON cell activation remains to be determined.



Chapter 4: The effects of oxytocin pulses on Fos expression in pre-parturient rats

Figure 4.1 The effects of the oxytocin administration on parturition

A The number of animals that delivered (filled bars) and did not deliver (open bars) is
shown for each experimental group. These were no statistically significant differences in
the proportions that delivered (p=0.057, X2-test).

B The progress of delivery in the oxytocin and saline treated groups. The cumulative time
for the delivery of each pup, from pup 2 onwards, is shown for the oxytocin (circles) and
saline treated (triangles) parturient rats. Since only 1 saline treated animal delivered,
comparisons could not be made
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Figure 4.2 Fos protein expression in the SON and NTS of term pregnant rats that have
been given either oxytocin or saline pulses.

The effects of the four hour oxytocin pulse administration on the Fos protein expression in
the SON and NTS of pre-parturient (open bars) and parturient rats (filled bars). Fos
expression was significantly higher in all oxytocin treated animals whether or not delivery
had occurred, in both the SON and the NTS (*p<0.05 vs. saline treated pre-partum group,
Kruskal-Wallis test).

The oxytocin group includes the animals that also received naloxone since the Fos
expression in the SON and the NTS did not differ between these groups.
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Figure 4.3 Photomicrographs of SON and NTS sections from animals that have been
given either oxytocin or saline pulses.

Fos expression was not induced in the SON of term pregnant rats by the injection of saline
pulses (A). In contrast, a four hour oxytocin pulse administration significantly increased the
FOS expression in the SON, in the absence of delivery (B), to levels not different from those
seen in parturient animals (not shown). This was also true for the NTS: saline pulses had
no effect on the Fos expression in the NTS (C), while a four hour oxytocin administration
induced Fos, in the absence of delivery (D), to levels similar to those seen in parturient
animals (not shown).

AP = area postrema, C = central canal, OT = optic tract

Scale bar = 100pm
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5.1 Introduction

At the end of pregnancy, but not in early or mid pregnancy, vagino-cervial

stimulation leads to a reflex activation of both vasopressin and oxytocin cells (Negoro et al.,

1973) suggesting that increased activity in the uterus may lead to a reflex increase in

oxytocin and vasopressin secretion from magnocellular cells. The response of the uterus to

systemic oxytocin administration in rats increases on the expected day of delivery, in the last

10 hours before labour starts (Fuchs, 1969) and a 4 hour oxytocin pulse treatment can

induce delivery in anaesthetised rats (Douglas et al., 1994). Although c-fos and Fos protein

expression in the SON are increased by the above oxytocin administration prior to delivery

((Antonijevic et al., 1995) Chapter 4) it remains unclear what component of the uterine

response to the oxytocin is associated with magnocellular SON cell activation, and the time

course of that activation.

In order to investigate the relationship between uterine/cervical pressure changes

and changes in oxytocin and/or vasopressin cell activity, individual extracellular recordings

were made of SON neuronal activity during the course of the four hour pulsatile oxytocin

administration while simultaneously recording intrauterine and cervical pressure.

5.2 Materials and methods

5.2.1 Animals

Virgin female Sprague-Dawley rats (200-250g) were left overnight with experienced

males and all rats in which sperm plugs were detected the following morning (day 0 of

pregnancy) were kept in single cages with food and water ad libitum. Rats were kept on a

12hL: 12hD schedule (lights on at 0800). Under these conditions parturition normally

occurs on the afternoon of day 22 of pregnancy.
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5.2.2 Surgery

The animals were anaesthetised with urethane (25%, 5 ml kg"1) or sodium

pentobarbitone administered i'.p.and then laparotomised by a lateral longtitudinal incision.

One horn of the pregnant uterus was removed from the abdominal cavity and kept moist

with 0.9% saline. A small purse string suture, -0.75 cm in diameter, was made, between the

first and second pups from the ovarian end, with a curved needle and fine silk thread (1.0).

A small incision was made in the middle of the purse string sutures and a deflated latex

balloon (condom tip), connected to saline filled polyethylene tubing, was inserted between

the two pups. The balloon was carefully inflated with 1 ml saline to ensure correct

positioning, and then deflated. The uterine incision was closed by drawing the purse string

suture together and the abdominal incision was closed. In some cases, a second balloon was

introduced into the other horn following exactly the same procedure, while in others the

second deflated balloon was inserted just above the cervix, through the vagina. The

balloons were filled with 1-1.5 ml saline and were connected to a voltmeter via a pressure

transducer, and pressure was sampled at a frequency of 1 Hz. In one case the last pup (at the

cervical end) in the right horn of the uterus was removed and replaced with a balloon that

was filled with 4 ml saline. In all cases the position of the balloons was determined before

deflation at the end of the experiment.

The jugular vein and the trachea were then cannulated. The supraoptic nucleus and

the neural stalk of the pituitary were exposed using a ventral surgical approach, as in

Chapter 3. A stimulating electrode was placed on the neural stalk and used to identify

recorded neurones as projecting to the stalk (antidromic identification). Cells identified as

SON neurones were classified as oxytocin or vasopressin cells according to firing pattern

and response to i.v. cholecystokinin (CCK). To recapitulate: oxytocin cells typically fire

continuously, at lower frequencies than vasopressin cells and are excited by i.v.
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administration of CCK. Vasopressin cells fire phasically or continuously and are either

inhibited or show no response to i.v. CCK.

5.2.3 Experimental design

After a control period of at least 30 minutes, i.v. pulses of oxytocin were

administered following the same protocol as in Chapter 4, i.e. lOmU and 20 mU oxytocin

(Syntocinon, Hanover) in 20p.l 0.9% NaCl were administered every 10 min, each for two

hours. Since the half-life of oxytocin is 1-2 min and oxytocin does not readily cross the

blood-brain barrier, changes in SON cell activity may be attributed to changes in uterine or

cervical activity and or pressure.

5.2.4 Data analysis

To analyze the long term effects of the four hour oxytocin administration on SON

cell activity and uterine/cervical pressure, each experiment was divided into a control

period, before any drug administration, and into four 60 min periods of the oxytocin

administration.

The firing rate of cells (mean±s.e.m. spikes s" , in 60 sec bins) was used as the

measure of cell activity, except when the activity pattern was phasic when the activity

quotient and intraburst firing rate were also calculated. The activity quotient is the

proportion of time that a cell is active (given as a percentage), and the intraburst firing rate

is the rate of discharge while the cell is active. Cell firing rates in the control period and in

the last 10 min of each hour of the oxytocin administration were compared. The activity

quotient and intraburst firing rate were measured on a burst by burst basis and the mean and

s.e.m. in the control period and each hour of the oxytocin administration were calculated for

each cell. Acute effects of individual oxytocin pulses on the elctrical activity were analysed
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by comparing cell activity, in 60 sec bins, in the 3 min prior to and immediately after each

oxytocin pulse.

Uterine and or cervical pressure was measured and the frequency and amplitude of

contractions calculated, as well as the baseline pressure, in the last 10 min of each

experimental period; the average pressure was obtained by calulating the average of the

recorded values, the frequency of contractions were calulated by counting the number of

peaks that occurred in each 10 min periods (a peak was defined as a fall in pressure of 3

mmHg), and the amplitude of contractions were calulated by taking the pressure value at

each peak and subtracting the lowest pressure value that occurred before the next peak.

In all cases values are mean ±s.e.m.. All multiple comparisons were by One Way

Analysis Of Variance and single comparisons were by Student's t-test. Where applicable,

comparisons to control values were by the Bonferroni's t-test. In all cases p<0.05 was taken

as significant.

A GENSTAT program was also used to analyse correlations between the uterine

activity in two horns, uterine and cervical activity, and uterine/cervical activity and

electrical activity of supraoptic neurones. Again, each recording was divided into five

periods; the control period and then each hour of the oxytocin administration. For the

statistical analysis, using the Genstat program, each period was divided into 200 s bins and

for each the following parameters were calculated (where applicable):

• uterine and cervical pressure

• firing rate

• activity quotient (in percent)

• the correlation between the pressure in each horn of the uterus
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• the correlation between uterine and cervical pressure

• the correlation between uterine and or cervical activty and electrical activity.

5.3 Results

5.3.1 Oxytocin cell activity throughout the four hour oxytocin administration

Exmaples of oxytocin and vasopressin cell activity, before the start of the oxytocin

administration is shown (Figure 5.1 & 5.2).

Four oxytocin cells were recorded during the four hour oxytocin administration.

The firing rate of all oxytocin neurones was significantly higher at the end of the first hour

of the oxytocin administration in all cells than in the control period. There was a further

increase in firing rate in only two cells, but the activity of all cells remained higher than in

the control period throughout the oxytocin administration (Figure 5.3 & Figure 5.5). The

changes in activity of each individual oxytocin cell are given below.

7: The firing rate of this cell significantly increased between the control period

(4.5±0.37) and the end of the first hour of the oxytocin administration (6.8±0.35). The

firing rate increased further during the second hour of the oxytocin administration to

7.5±0.35 spikes s"1 in the last 10 min of the second hour.

2: In the control period the firing rate of this cell was 3.5±0.07 which increased to

5.8±0.14 at the end of the first hour of oxytocin administration. Thereafter the firing rate

fell and was 5.2±0.22, 5.0±0.19 and 4.2±0.09 spikes s"1 at the end of the second, third and

fourth hours respectively although it remained significantly higher than in the control

period.
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3: The activity of this cell also increased between the control period (6.8±0.08) and

the end of the first hour of oxytocin administration (8.2±0.11). The firing rate fell, and was

lower at the end of the second, third and fourth periods (8.0±0.08, 7.9+0.20 and 8.1+0.22

respectively) than in the first. However, the firing rate remained higher than in the control

period.

4: In the control period the firing rate of this cell was 3.9±0.1 which increased to

4.6±0.1 at the end of the first hour of oxytocin administration. The firing rate continued to

rise and reached 6.4±0.1 at the end of the third hour of the oxytocin administration.

Thereafter the firing rate fell and was 5.8±0.2 at the end of the fourth hour.

5.3.2 Vasopressin cell activity throughout the 4 hour oxytocin administration

Six vasopressin cells were recorded during the 4 hour oxytocin administration.

While the firing rate of four of the six vasopressin cells was higher at the end of the

oxytocin administration than at the start of the rercording, in only two cells were there any

significant changes in cell firing rate. The activity quotient increased in five of the six

vasopressin cells. The intraburst firing rate increased in all the vasopressin cells (though in

one cell this was not sustained until the end of the oxytocin administration) and these

differences were significant in five of the six vasopressin cells recorded (Figure 5.4 & 5.5).

5: The firing rate of this cell increased between the control period (1.4±0.62) and

the end of the first hour of oxytocin administration (2.1 ±0.59). The firing rate then fell in

the second hour of the oxytocin administration (1.2±0.60) before increasing again in the

third and fouth hours (2.2±0.57 and 2.9±0.61 respectively). There were no significant

changes in the activity quotient of this cell. However the intraburst firing rate increased

throughout the course of the oxytocin administration and was significantly higher in the

third and fourth hours compared to the control period.
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5b: This cell was recorded from the same animal as cell 5, during the third and

fourth hours of the oxytocin administration only. Both the mean firing rate and the activity

quotient of this cell decreased between the third and fourth hours (firing rate=0.8±0.38 and

0.4±0.25 and activity quotient=0.38±0.129 and 0.24+0.037 respectively) though these were

not significant. However the intraburst firing rate of this cell increased from 3.6+0.17 in the

third hour to 5.0±0.37 in the fourth hour and this change was significant.

6: The activity of this cell remained constant between the control period (3.3±0.27)

and the first hour of the oxytocin administration (3.3±0.63) and then increased during the

second and third hours before decreasing in the fourth hour again (5.1±0.53, 5.3±0.56 and

4.1±0.52 respectively). There were significant differences between these groups but the

differences between groups could not be determined. In the control period the activity

quotient of this cell was 0.57±0.029. This decreased in the first hour of the oxytocin

administration to 0.47±0.029 before increasing in the second hour to 0.57±0.027. Thereafter

it continued to increase and was 0.66±0.026 and 0.71 ±0.034 in the third and fourth hours

respectively,which was significantly higher than in the control period. The intraburst firing

rate increased between the control period (6.4±0.11) and the first hour of the oxytocin

administration (7.7±0.17) and thereafter it fell (7.6±0.14 and 7.2±0.14 in the second and

third hours respectively), though it remained higher than the control value until the fourth

hour.

7: The activity of this cell increased between the control period (7.0+0.33) and the

first, second and third hours of the oxytocin administration (7.9±0.63, 11.3±0.69 and

11.4±0.96 respectively). The firing rate then decreased and was lower at in the last 10 min

of the fourth hour than in the third hour (8.9±0.69). The activity quotient of this cell showed

the same pattern as the firing rate, i.e. it increased between the control period (0.55±0.032)
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and the first, second and third hours of the oxytocin administration (0.56±0.014, 0.64±0.016

and 0.65±0.019 respectively) and then decreased again (0.62±0.023) in the fourth hour. The

intraburst firing rate increased throughout the course of the oxytocin administration from

11.2±0.27 in the control period to 17.6+0.28 in the fourth hour.

Cell 7b: This cell was recorded from the same animal as cell 7 during the second,

third and fourth hours of the oxytocin administration only. The firing rate of this cell

increased between the second (9.5+0.58) and third hour of the oxytocin administration

(9.8±0.42) and then fell again during the fourth hour (8.9±0.31). Both the activity quotient

and intraburst firing rate increased throughout the course of the oxytocin administration

(from 0.82±0.044 to 0.90±0.0015 and from 10.5±0.23 to 10.9±0.22 respectively). These

changes were not significant.

8: This vasopressin cell was also phasic and showed increases in its firing rate from

8.03±0.39 in the control period to 9.19±1.46 at the end of the secnd period of the oxytocin

administration. Thereafter the acitivty fell and was 5.36 spikes s"1 in the last hour of the

oxytocin administration. These changes were different from one another (One way

ANOVA), but not from the control period. There was no change in the activity quotient,

however the intraburst firing rate increased from 10.241.10 in the control period to

11.83±0.89, 12.47±0.76 and 11.3±11.25 in the first second and thrid hours of the oxytocin

administration, respectively. Thereafter the intraburst firing rate fell to 8.21 ±0.76 spikes s"1.

5.3.3 Uterine pressure throughout the 4 hour oxytocin administration

Uterine pressure was recorded in both horns of the uterus in three rats and from only

one horn in another three animals while extracellular electrical activity of supraoptic

neurones was recorded.
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In only three cases did the baseline pressure increase with the oxytocin

administration, and this increase was maintained throughout the course of the oxytocin

administration (Table 5.1, Figure 5.6). The average intrauterine pressure decreased in the

absence of stimulation and this decrease continued throughout the course of the oxytocin

administration, although the rate of decrease was slower at the end compared to the start of

the oxytocin administration (Table 5.2).

Table 5.1 The change in uterine and cervical pressure in each hour of the oxytocin
administration, from control levels

Animal Change in uterine pressure (mmHg)
FIRST SECOND THIRD FOURTH

1 0.12947 -0.5111

I 0.29504 0.66212

2 2.83273 3.73514 4.64992 2.81624

2 -0.0788 -0.154 -0.8775 -2.9187

3 -3.3954 -1.7363 -0.2434 -0.7794

5 -1.8826 -3.4229 -4.258 -4.9177

5 -2.0446 -3.4803 -4.2329 -5.2264

6 -1.3402 -3.7339 -5.5203 -7.1931

7 -6.756 -11.253 -13.823 -16.171

Animal Change in cervical pressure (mmHg)
3 -1.014 -2.6558 -3.9683 -4.5448

4 0.04664 0 0.1959 0.13993

6 -2.8409 -5.3977 -6.8182 -8.2386

7 -1.5199 -2.2585 -2.8835 -4.0483

8 0.23321 -4.916 -3.5168 -3.5821

The change in uterine and cervical pressure (mmHg), from the control values is shown for
each animal, and for each hour of the oxytocin administration (i.e. first, second, third and
fourth). Where the animal number given here is the same as the supraoptic cell number
given above this means that the electrical activity and the pressure recordings were made in
the same animal.
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Table 5.2 The change in uterine and cervical pressure between each hour of the
oxytocin administration

Change in uterine pressure (mmHg)
Animal CONTROL - FIRST- SECOND - THIRD-

FIRST SECOND THIRD FOURTH

1 0.13 -0.64

1 0.30 0.37

2 2.83 0.90 0.91 -1.83

2 -0.08 -0.08 -0.72 -2.04

3 -3.40 1.66 1.49 -0.54

5 -1.88 -1.54 -0.84 -0.66

5 -2.04 -1.44 -0.75 -0.99

6 -1.34 -2.39 -1.79 -1.67

7 -6.76 -4.50 -2.57 -2.35

Animal Change in cervical pressure (mmHg)
3 -1.01 -1.64 -1.31 -0.58

4 0.05 -0.05 0.20 -0.06

6 -2.84 -2.56 -1.42 -1.42

7 -1.52 -0.74 -0.63 -1.16

8 0.23 -5.15 1.40 -0.07

The change in the uterine and cervical pressure (mmHg) between each experimental period
is shown. As for Table 5.1, when the animal number is the same as a cell number, then both
recordings were made in the same animal.

There was no over all change in the frequency of uterine contractions throughout the

course of the four hour oxytocin administration (Figure 5.6). In contrast to the effects on

baseline pressure, the amplitude of uterine contractions often increased with the oxytocin

administration. The amplitude of uterine contractions (mmHg) remained higher than the

control value throughout the course of the oxytocin administration in five out of nine

recordings and in all but two cases it was higher at the end of the oxytocin administration

than in the control period (Table 5.3). The response to each oxytocin injection could be

seen in most animals as a slight increase in basline pressure and an increase in contraction

amplitude mid-way between two injections (Figure 5.7).
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Table 5.3 Amplitude of uterine and cervical contractions in each experimental period

Amplitude of uterine contractions (mmHg)
Animal CONTROL FIRST SECOND THIRD FOURTH

1 2.96 3.80 4.06

1 2.98 6.46 8.53

2 3.33 3.19 3.95 3.91 3.91

2 2.43 3.50 2.69 3.17 2.39

3 3.56 2.62 3.50 4.55 4.71

5 2.85 2.52 2.20 2.88 2.85

5 2.22 2.55 2.90 3.26 3.09

6 2.66 3.87 3.53 5.68 5.03

7 3.02 3.53 3.36 3.92 3.46

Animal Amplitude of cervical contractions (mmHg)
3 1.80 1.77 2.23 1.86 2.14

4 1.28 1.28 1.19 1.39 1.59

6 2.02 2.40 1.86 1.83 2.27

7 3.21 2.27 2.16 2.16 2.30

8 1.39 2.57 2.32 1.48 1.29

The amplitudes of uterine and cervical contractions (mmHg) are shown. Again when the
same animal number and cell number is used it idicates that both sets of data were recorded
in the same animal.

The correlation between the uterine pressure in the two horns was generally high

and positive at the end of the oxytocin administration (Figure 5.8) and in one case it

switched from a negative to a positive correlation (r2=-0.78 in the control period and r2=0.74

in the fourth hour of the oxytocin administration, Table 5.4). The correlation between the

amplitude of the uterine contractions in the two horns also increased as a consequence of the

oxytocin administration, from 0.006, -0.63 and 0.47 to 0.619, 0.17 and 0.73 respectively

(Table 5.4).
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Table 5.4 The correlation between uterine pressures and amplitudes of uterine
contractions in the two uterine horns in the same animal

CONTROL FIRST SECOND THIRD FOURTH

Pressures 0.94 0.97 0.73

-0.78 0.28 0.36 0.71 0.74

0.97 0.98 0.92 0.38 0.85

Amplitudes 0.01 0.38 0.62

-0.63 0.27 -0.33 0.13 0.17

0.47 0.69 -0.15 0.34 0.73

The correlation for each experimental period between the uterine pressure in each horn and
the contraction amplitude in each uterine horn, in the same animal. Values shown are the
correlation coefficients for each period and - before a number indicates a negative
correlation.

5.3.4 Cervical pressure throughout the 4 hour oxytocin administration

In three animals, cervical pressure was recorded concomitantly with uterine

pressure, and in another three cervical pressure alone was recorded. The amplitude of

cervical contractions was generally lower than the contractions observed in the uterus

(Figure 5.6 & 5.7). The cervix also responded to the oxytocin adminsitration (Figure 5.7);

the baseline pressure also fell, in all but one animal, but by less than the uterine pressure

(Table 5.1, Figure 5.6). As for the uterine pressure however, it was found that, in most

cases, the baseline cervical pressure decreased most rapidly in the first hour of the oxytocin

adminisrtation and thereafter it decreased more slowly (Table 5.2).

The amplitude of cervical contractions generally increased with the oxytocin

administration and in only one case did it not increase at any time during the oxytocin

administration. In all but two cases the amplitude of cervical contractions was higher at the

end of the oxytocin administration compared to the amplitude in the control period (Table

5.3). The correlation between uterine and cervical pressure increased in two of the three

animals in which both uterine and cervical pressure were recorded (Table 5.5, Figure 5.8).
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In only one animal was there a substantial increase in the correlation between the amplitudes

of the uterine and cervical contractions (Table 5.5).

Table 5.5 The correlation between uterine and cervical pressure and amplitude of
uterine and cervical contractions in the same animal

CONTROL FIRST SECOND THIRD FOURTH

Pressure -0.135 0.849 0.76 0.93 0.84

0.717 0.508 -0.77 -0.74 0.33

-0.73 0.93 0.58 0.35 0.5

Amplitude 0.06 -0.1 0.34 0.1 0.11

0.09 0.84 0.28 0 -0.14

-0.24 -0.02 -0.27 0.13 0.53

The correlation for each experimental period between the uterine and cervical pressure and
the contraction amplitude in both the utems and the cervix, recorded in the same animal.
Values are the correlation coefficients and - before a number indicates a negative
correlation.

5.3.5 Response ofmagnocellular cells to individual oxytocin pulses

Since the oxytocin pulses increased the activity of both oxytocin and vasopressin

neurones throughout the course of the oxytocin pulse administration, the effect of each

oxytocin pulse on neuronal activity was investigated (Figure 5.9). Thus, the mean firing rate

was calculated for 3 x 60 s bins immediately before and after oxytocin injections. Post-

stimulus time histograms (oxytocin injections being the stimulus) throughout the course of

the oxytocin administration, were also constructed for oxytocin and vasopressin cells.

In one cell the firing rate was lower after the oxytocin injection for 20 out of the 24

oxytocin injections administrered (Figure 5.9), and in another the oxytocin cell electrical

activity was inhibited by 8 of 12 oxytocin injections administered (not shown). There were

no consistent changes in the activity the two other cells in response to the oxytocin

injections. However, in one of these cells, the activity was more often inhibited by the

oxytocin injection in the first hour compared to the last two hours of the oxytocin injection
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(Figure 5.9). This is clearly shown by the post-stimulus time histograms for each of these

periods; in the first hour of the oxytocin administration the overall activity of the cell is

lower immediately after the oxytocin injections, whereas in the last two hours the activity of

the same cell is increased following each oxytocin pulse (Figure 5.10).

There was no consistent change in the firing rate of the vasopressin cells in response

to the oxytocin pulses, except for one in which the last 16 oxytocin pulses were

administered; this cell was inhibited by 12 of the 16 oxytocin pulses (Figure 5.9).

Interestingly, two of the vasopressin neurones were more often inhibited by oxytocin pulses

in the last two hours of the oxytocin administration, one of which was recorded in the same

animal as the cell which was recorded during the administration of the last 16 pulses (Figure

5.9 & 5.10).

5.3.6 Correlation between uterine and cervical pressure with neuronal activity

So far, it appears that the electrical activity of both oxytocin and vasopressin

neurones in the SON is influenced by a pulsatile oxytocin administration that is also capable

of increasing the correlation between uterine pressure and contraction amplitude in both

horns of the uterus and between uterine and cervical pressure. Therefore, the correlation

between uterine and cervical pressure and neuronal activity was investigated.

The correlation between electrical activity and uterine activity in each horn or

cervical activty was calculated for both oxytocin and vasopressin cells. The correlation

between oxytocin cell activity and uterine pressure increased at some time during the

oxytocin administration, for each cell. However, the increase in correlation between the

uterine and oxytocin cell activity is not maintained in all cells for the duration of the

oxytocin administration. The correlations between uterine activity and vasopressin cell

activity also increases at some time during the oxytocin administration for all but one cell,
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and for all but one cell the correlation was higher at the end of the experiment than in the

control period (Table 5.6). It appears that the correlations between electrical activity, in

oxytocin and vasopressin cells, and pressure in the two uterine horns do not necessarily

change in parallel.

Table 5.6 The correlation between intrauterine pressure and the electrical activity of
oxytocin and vasopressin neurones in each experimental period

CONTROL FIRST SECOND THIRD FOURTH

Oxytocin 0.07 0.67 -0.14

cells 0.335 0.61 -0.44

-0.98 0.02 -0.04 0.4 0.43

0.62 0.78 -0.78 0.35 0.53

-0.64 -0.91 -0.09 -0.24 -0.61

Vasopressin -0.38 0.017 0.1 0.685

cells -0.4 -0.04 -0.64 0.013

0.33 -0.46 -0.62 -0.02 0.22

-0.1 -0.03 -0.46 0.1 -0.02

The correlation for each experimental period between the uterine pressure and the electrical
activity of oxytocin and vasopressin neurones, recorded in the same animal. When the
pressure in two horns was recorded, correlation coeffiecients are given separately. Values
shown are the correlation coefficients and - before a number indicates a negative correlation.

Correlations between cervical pressure and electrical activity in supraoptic neurones

were also calculated for each experimental period (Table 5.7). The correlations between

cervical pressure and oxytocin cell activity increased in only one cell and this increase was

not maintained. The correlation between cervical pressure and vasopressin cell activity

increased in both cells analysed (Table 5.7).
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Table 5.7 The correlation between cervical pressure and the electrical activity of
oxytocin and vasopressin neurones for each experimental period

CONTROL FIRST SECOND THIRD FOURTH

Oxytocin 0.59 0.14 -0.56 0.24 0.25

cells

-0.4 -0.38 0.33 0.23 -0.32

0.7 -0.6 0.19 0.016 -0.058

Vasopressin -0.58 -0.32 -0.41 0.35 0.28

cells

-0.6 -0.09 0.08 -0.27 0.34

The correlation for each experimental period between the uterine pressure and the electrical
activity of oxytocin and vasopressin neurones, recorded in the same animal. When the
pressure in two horns was recorded, correlation coeffiecients are given separately. Values
shown are the correlation coefficients and - before a number indicates a negative correlation.

5.4 Modelling the oxytocin cell responses to oxytocin administration

A mathematical model of an oxytocin cell has been described (see Chapter 3).

Briefly, the model is an adaptation of the leaky integrate and fire model, with synaptic input

represented as exponentailly decaying pulses. The model contains parameters related to the

membrane properties of oxytocin neurones, including the resting membrane potential, and

the post-spike hyperpolarising current, the HAP. This model was used to postulate possible

changes in synaptic input that would lead to the changes in oxytocin cell activity seen in

response to the four hour oxytocin pulse administration in term pregnant rats.

The parameters that were used to describe the average oxytocin neurone in non¬

pregnant rats (see 3.6.7) were used to simulate oxytocin cells in term pregnant rats since

changes in membrane properties of oxytocin neurones in parturient rats have not been

reported (i.e. threshold for spike generation = 12 mV, initial height and half-lives of EPSPs

and IPSPs = 3 and 4 mV respectively, and 12 ms).
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Administration of oxytocin to pregnant rats is not believed to have direct effects on

the SON, because of its low half-life (Higuchi et al., 1986a) and the relative impermeability

of the blood-brain barrier to neurohypophysial peptides (Ermisch, 1992; vanBree et al.,

1989). Therefore any changes in neuronal activity are beleived to the consequence of

changes in the synaptic input alone. Whether or not the proposed input from the uterus and

cervix to the SON, via the NTS, are purely excitatory or a mixture of excitatory and

inhibitory is unknown and therefore both possibilities were examined.

To simulate the changes in oxytocin cell activity, seen over the course of the

oxytocin administration, in the model, it is necessary to presume that the synaptic input to

the oxytocin cells is increased. Whether or not the IPSP input is also increased affects the

change in the input frequency necessary to generate the observed changes in the output

frequency (Figure 5.11). However, the oxytocin cell activity does not rise throughout the

course of the oxytocin administration and, in fact, decreases before the end of the oxytocin

administration, although it remains higher than in the period before treatment. This suggests

that either the synaptic input decreases at the end of the oxytocin administration, or that

other mechanisms interact with the oxytocin neurones and decrease their firing rate.

When the response to individual oxytocin pulses was examined, it was found that

some oxytocin cells show an immediate increase or decrease in their firing rate after an

oxytocin injection. The only way to simulate these immediate effects of the oxytocin pulses

in the model is by assuming that, in response to each oxytocin injection, the synaptic input is

transiently increased or decreased, but that the overall effect of each injection is an increase

in the synaptic input. This oscillatory input produces an overall increase in the output of the

model, which is close to that observed in oxytocin cells in vivo (Figure 5.12).
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5.5 Discussion

This study has shown that the electrical activity of supraoptic neurones increases in

the course of a four hour oxytocin pulse treatment. Since the SON is within the blood-brain

barrier, circulating oxytocin, to which this barrier is impermeable (Ermisch, 1992; vanBree

et al., 1989), is unlikely to have a direct effect on supraoptic neurones. The increase in

electrical activity of oxytocin and vasopressin neurones was accompanied by increases in

uterine and cervical activity, to which they were positively correlated at the end of the

oxytocin treatment. These data are consistent with the hypothesis that uterine activity can

modulate supraoptic neuronal activity, before delivery. Although the effects of saline

injections were not investigated in this study, a previous chapter (see chapter 4) has shown

that saline injections are not effective at inducing Fos expression in the SON in pregnant

animals. Furthermore, it has been shown that, in term pregnant anaesthetised animals,

oxytocin augments uterine activity to a greater extent than saline injections (Douglas et al.,

1994). Thus, a likely explanation for the observed increase in firing rate is the increases in

uterine contractions in response to oxytocin.

The relationship between oxytocin and vasopressin neuronal activity and uterine

contractions during the oxytocin administration suggests a physiological role for both

neurohypophysial hormones, that in the case of vasopressin, remains undetermined. Before

delivery, the background activity of both oxytocin and vasopressin neurones is increased

(Richard et al., 1988), and during labour and delivery the release of both is increased

substantially (Fuchs & Saito, 1971; Kumaresan et al., 1979). The role of vasopressin in

parturition has remained controversial, but the discovery of Vi receptors in the uterus that

can mediate contractions (Chan et al., 1990; Maggi et al., 1991; Maggi et al., 1992) suggests

that vasopressin could augment oxytocin-induced uterine contractions.
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Interestingly, vasopressin neurosecretory neurones also express dynorphin, with

which it is believed to be co-released. Dynorphin is a kappa opioid receptor ligand, and

endogenous opioids inhibit the activity of oxytocin neurones and decrease peptide release

from the posterior pituitary. It may be that the increased activity of vasopressin neurones,

during spontaneous and oxytocin-induced parturition, may also increase the release of

dynorphin from vasopressin cells which may be responsible for the decrease in oxytocin cell

activity seen at the later stages of the four hour oxytocin administration, and may serve to

restrain premature oxytocin release, which might endanger the pups.

Since the induction of Fos in the NTS and the SON is induced only by oxytocin

administration, in the absence of delivery, it remains uncertain whether spontaneous uterine

and/or cervical activity represent the key stimulus for oxytocin and vasopressin neuronal

activation. Indeed, whether or not increases in magnocellular activity are preceded by

increases in uterine and/or cervical activity remains to be seen. Nonetheless, the data

presented here suggest that a gradual, but sustained, increase in uterine and cervical activity

is capable of increasing the activity of magnocellular neurones in term pregnant rats.

Previous work has shown that in labour induced by oxytocin infusion, the uterine

activity bears a close resemblance to that observed in spontaneous labour (Fuchs & Poblete,

1970), namely an increase in contraction frequency and amplitude (Higuchi et al., 1986a).

Although we observed no significant change in contraction frequency, it did in general

increase throughout the oxytocin administration, as did the contraction amplitude. The

uterine pressure, on average, decreased throughout the oxytocin treatment. However, the

rate of decrease was slower than was observed in periods without treatment. This is in

agreement with studies that showed greater than normal uterine pressure, when labour is

induced with oxytocin pulses (Randolph & Fuchs, 1989).
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The ability of the cervix to contract independently from the uterus has been

previously reported (Olah et al., 1993) and was also shown here since contractions of the

cervix were not always accompanied by uterine contractions. The cervix is believed to

contain a higher density of oxytocin receptors than the ovarian end of the uterus (Gorodeski

et al., 1990), which may account for the effects of the oxytocin pulses on cervical pressure.

Oxytocin has also been implicated in cervical effacement (Khalifa et al., 1992) suggesting

that the pulsatile oxytocin administration may have a dual role in advancing the onset of

labour. Cervical and uterine activity become more co-ordinated in the course of

spontaneous labour (Crane & Martin, 1991; Fuchs & Poblete, 1970), and the increased

correlation between uterine and cervical activity, at the end of the oxytocin administration,

suggests that this may also be true of oxytocin-induced labour.

In addition to the in vivo studies, the response of an oxytocin neurone to the

oxytocin administration was simulated in a model of an oxytocin neurone, described in

chapter 3. It was found that the changes in the electrical activity of oxytocin neurones in

resposne to the oxytocin administration could be simulated if an oscillatory input was

assumed, providing that there is an overall increase in the synaptic input. Such an input to

the model also provides an output that compares favourably with the biological data when

compared over the first few hours of the oxytocin administration. However, as mentioned

previously, the oxytocin cell activity decreases before the end of the oxytocin

administration. There are two mechanisms that could underlie this observation; firstly, the

excitatory synaptic input to the oxytocin neurones may decrease at the end of the oxytocin

administration, or secondly, the inhibitory synaptic input could increase. Since the uterine

and cervical activity continues to increase as the oxytocin administration continues, and the

uterine afferents are believed to stimulate excitatory brainstem inputs to the supraoptic

nucleus, which is believed to be the stimulus for the observed increases in firing rate at the
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start of the oxytocin administration, it is postulated that the inhibitory input from elsewhere

is increased. One possible source of an increased inhibition of oxytocin cell firing may well

be an increase in dynorphin release, which is co-secreted with vasopressin, as mentioned

earlier.

In summary, these results show that a pulsatile oxytocin administration to term

pregnant rats modulates uterine and cervical activity and the electrical activity of both

oxytocin and vasopressin neurones in the SON. The uterine and cervical activity become

increasingly synchronised as the oxytocin administration proceeds, which may provide a

potent stimulus to the supraoptic neurones, via afferent inputs from the brainstem which

receive uterine inputs via the hypogastric and pelvic nerves. It is postulated that the

response of the uterus and the cervix to oxytocin injections in term pregnant rats provides an

oscillatory activation of the magnocellular neurones which is transiently decreased but then

increased by oxytocin injections.
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Figure 5.1 Intrauterine pressure and electrical activity of an oxytocin neurone
pregnant rat before oxytocin administration.

in a

The electrical activity of an oxytocin neurone is shown, before the adminisration of
oxytocin pulses. The middle panel shows the activity of a cell that is excited by CCK
(arrow) and so is an oxytocin cell. The concomitant intrauterine pressure (IUP) was
recorded from both horns (top and bottom panels).
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Figure 5.2 Cervical pressure, intrauterine pressure and electrical activity of a
vasopressin neurone in a pregnant rat before oxytocin administration.

The electrical activity of a vasopressin neurone is shown, before the adminisration of
oxytocin pulses. The middle panel shows the phasic activity of the vasopressin cell.
Intrauterine pressure (IUP, bottom panel) and cervical pressure (CP, top panel) were
recorded concomitantly.
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Figure 5.3 Intrauterine pressure and electrical activity of an oxytocin neurone in a
pregnant rat throughout oxytocin administration

The electrical activity of an oxytocin neurone is shown (middle panel). Oxytocin pulses
were administered (arrows) every 10 min, for four hours, containing 0.02 ml saline and 10
mU and 20 mil oxytocin, each for 2 hours. The uterine response in each horn is also shown
(top and bottom panels).
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Figure 5.4 Cervical pressure, intrauterine pressure and electrical activity of a
vasopressin neurone in a pregnant rat during oxytocin administration

The electrical activity of a vasopressin neurone is shown (middle panel), during the
adminsitration of oxytocin pulses (arrows). 10 mU of oxytocin in 0.02 ml saline were
administered every 10 min for 2 hours, follwed by 20 mU every 10 min for a further 2
hours. The uterine and cervical responses are also shown (bottom and top panel,
respectively).
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Figure 5.5 Change in activity of supraoptic cells during the oxytocin adminsitration

The electrical activity of oxytocin (top panel) and vasopressin (middle panel) in the last 10
min of each experimental period (control and first, second, third and fourth hours of the
oxytocin administration) are shown.
The bottom panel shows the activity quotient (left) and the intraburst firing rate (right) of
the vasopressin cells, calculated for the whole of each experimental period.

* p<0.05 vs control
** p<0.05 vs first hour of oxytocin administration
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Figure 5.6 Change in intrauterine and cervical pressure during. the oxytocin
adminsitration

The changes in intrauterine (left) and cervical pressure (right) in the last 10 min of each
experimental period (control and first, second, third and fourth hours of the oxytocin
administration) are shown.
The change in baseline pressure in the uterus and cervix, from control levels, is shown in the
top panel. The second panel shows the change in the basline pressure between each
experimental period, showing that uterine and cervical pressure fall more slowly at the end
of the oxytocin administration.
The amplitude and frequency of contractions are shown in the bottom two panels.

* p<0.05 vs control
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Figure 5.7 Change in intrauterine and cervical pressure with individual oxytocin
pulses

The changes in intrauterine (top) and cervical pressure (bottom) as individual oxytocin
pulses (arrows) are administered.
In response to each injection the baseline pressure in the uterus increases slightly, which is
usually accompanied by a decrease in the contraction amplitude. This is followed by a
decrease in pressure and an increase in contraction amplitude, usually before the next
oxytocin injection.
Cervical contraction amplitudes also seem to increase with each oxytocin pulse, but baseline
pressure is decreased. However, these changes were less consistent than the changes in
uterine pressure.
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Figure 5.8 Examples of the change in the correlation between intrauterine and cervical
pressure (A and B) and between both uterine horns (C)

The correlation between intrauterine pressure (IUP) and cervical pressure (CP) increased
between (A) the control period (r^=-0.13) and (B) the third hour of the oxytocin
administration (r2=0.93) in this animal, in which the activity of a vasopressin neurone was
also recorded.

(C) The correlation between the intrauterine pressure (IUP) in both horns of the uterus
increased between the control period (r2=-0.78) and the first (r2=0.02) and fourth hours of
the oxytocin administration (r2=0.71). The dotted lines represent are drawn at times when
the IUP was at a peak in both horns simultaneously.

In A and B the arrows represent oxytocin pulses.
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Figure 5.9 Response of oxytocin and vasopressin cells to individual oxytocin pulses

The top panel shows the response of two oxytocin neurones to each oxytocin pulse. The
firing rate of the cell on the left was almost always lower in the 180 s following each pulse,
while the cell on the right was less consistent.

The bottom panel shows the response of two vasopressin cells to each oxytocin pulse
administered. In both cases the cells were more often inhibited by the oxytocin pulse at the
end of the oxytocin administration.
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Figure 5.10 Post-stimulus time histograms for oxytocin and vasopressin cells

The post-stimulus time histogram (PSTH) for an oxytocin cell (top) and vasopressin cell
(bottom) in the first (left) and third and fourth hours (right) of the oxytocin administration.
The PSTH was drawn in 5 s bins (black bars), and the average activity over 180 s is also
shown (red line).
The oxytocin cell was mostly inhibited by the oxytocin pulses in the first hour of the
oxytocin administration. However, in the last two hours the same cell was mostly excited by
each pulse.
The vasopressin cell was more often excited by each oxytocin pulse in the first hour of the
oxytocin administration. However, in the last two hours the same cell was mostly inhibited
by each pulse.
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Figure 5.11 A comparison between the model of spike activity in an oxytocin cell and
oxytocin cell activity throughout the oxytocin pulse administration

The output of the model when there are 100 % (red line) or 0 % (blue line) IPSPs when
presented with an oscillatory input that increases from 270 to 370 Hz in the presence of
IPSPs and from 120 to 145 Hz in the absence of IPSPs. This is comparable to the response
of an oxytocin neurones (black line) to the oxytocin pulses (arrows).
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The aim of the presented studies was to examine the particular problems

encountered when studying neuroendocrine systems; namely, the problems associated with

measuring the secretory activity of hypothalamic neurones, and elucidation of the changes in

afferent input to the hypothalamus.

The activity of the parvocellular neurosecretory neurones cannot be directly

measured, due to their small size and relatively scattered distribution. A common approach

to this problem is to infer the secretory activity of the parvocellular neurosecretory neurones

from the plasma concentrations of pituitary hormones, which can be directly measured.

However, under certain circumstances this deconvolution approach becomes unreliable. For

example, the particular case examined here was the relationship between observed plasma

LH levels and secretion of LHRH from the hypothalamus.

Plasma LH levels vary throughout the course of the reproductive cycle, and over

much of the cycle the secretion rate of LHRH can be inferred from LH levels (Veldhuis et

al., 1984; Fox & Smith, 1985). However, at the time of the mid-cycle LH surge, which is

responsible for ovulation (Brannstrom & Hellberg, 1989; Curry et al., 1986), the

relationship between LH and LHRH changes such that LH levels are no longer a reliable

indicator of LHRH release . Before the LH surge, there is also a surge in plasma oestrogen

which not only stimulates the release of LHRH, but also increases the pituitary sensitivity to

LHRH (de Koning et al., 1976). The increase in pituitary sensitivity is the result of two

effects; the first is a direct oestrogen-induced increase in responsiveness, and the second is

due to the increased expression of LHRH self-priming, which dominates the pituitary

dynamics at the time of the LH surge. In pituitaries that have been exposed to oestrogen,

LHRH exposure increases the pituitary sensitivity to subsequent LHRH exposure (Fink et

al., 1976).



Chapter 6: General discussion 120

There already exists a mathematical model of the LHRH pulse generator (Brown et

al., 1994), which has proved to be useful in the past for explaining what appeared to be

contradictory results from biological experiments. Since this approach has been useful in

the past it was decided to develop a model of the actions of LHRH at the pituitary, that

incorporates the observed changes in the pituitary dynamics at the time of the LH surge.

Such a model was developed that was based on the Law of Mass Action. The model

parameters were quantitatively and qualitatively fitted to biological data from in vivo

experiments and tested against other in vivo and in vitro experiments. The results showed

that self-priming was best incorporated as an LHRH-induced time delayed increase in the

LH available for release. This increase in the readily releasable pool of LH has a biological

basis in the significant LH granule margination observed in gonadotrophs during self-

priming (Lewis et al., 1985).

The quantitative model was then used to infer the physiological profile of LHRH

release from an observed profile of LH release during the LH surge in the rat. It was found

that, when using the same parameters that mimic the LH profile before the surge, an increase

in both LHRH pulse amplitude and frequency were necessary to generate the plasma profile

of LH during the surge, in the model.

These results are in contrast with the observed LHRH release in the sheep during the

LH surge, in which increases in LH pulse frequency, but not amplitude, were observed

(Moenter et al., 1991). Several attempts have also been made to measure the LHRH

secretory rate in the rat during the LH surge. However, such attempts are fraught with

technical problems arising from the very small volume of the hypothalmo-hypophysial

portal system in the rat, which limits the sampling frequency. To date, portal blood has been

sampled at 10-12 min intervals, and measuring the plasma LHRH revealed that the
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amplitude, but not the frequency, of LHRH pulses was increased, in the rat, at the time of

the LH surge (Sarkar et al, 1976; Park & Ramirez, 1989; Sarkar & Minami, 1995). However,

the model of LHRH-induced LH release suggests that the LHRH pulse frequency increases

to 1 every 20 min. These results suggest that taking one sample every 10-12 min may not be

sufficiently frequent to detect the changes in LHRH pulse frequency in the rat.

In comparison to the relatively little known about LHRH neurones, a great deal is

known about the magnocellular oxytocin and vasopressin neurones. The electrical activity

and secretory output of the magnocellular neurones can be directly measured both in vivo

and in vitro which has made them a widely investigated model of neurosecretion. Their cell

properties have been well characterised, as has their response to a variety of stimuli, both in

vivo and in vitro. Although these cells have been well characterised, the changes in the

afferent input to oxytocin cells that bring about the changes in electrical and secretory

activity seen in response to a variety of stimuli, such as hyperosmotic stimulation and

oxytocin administration in term pregnant animals, have been much more difficult to

determine.

The response of magnocellular neurones to i.v. infusions of hytpertonic saline in

both normonatraemic and hyponatraemic rats was characterised. It was found that both

oxytocin and vasopressin neurones respond with a linear increase in their firing rate for the

duration of the infusion. Magnocellular neurones in hyponatraemic rats also increase their

firing rate in response to the hypertonic saline infusion, although more slowly than the

response seen in normonatraemic rats.

The plasma sodium, in response to the hypertonic saline infusion was also

characterised. It was found that the plasma sodium increased rapidly during the infusion of

the first 0.33 ml of 2 M NaCl, but thereafter the increase was linear. If the primary stimulus
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for the increase in firing rate in magnocellular neurones was plasma Na+ levels, as was

previously supposed, since it would be expected that the firing rate of magnocellular

neurones would increase more rapidly as the first 0.33 ml is infused. Since this is not the

case, I would like to propose that the stimulus for the magnocellular cell increase in firing

rate, in response to systemic hyperosmotic stimulation, is not the plasma sodium per se, but

rather is the sodium levels in some extravascular compartment, such as the extracellular

fluid.

When the Na+ levels of the extravascular compartment were inferred from the

plasma Na+ levels, it was found that, as the first 0.33 ml is infused, the extracellular fluid

Na+ levels increases more slowly than the plasma Na+. In fact, the change in extracellular

fluid sodium levels in response to the hyperosmotic infusion is linear for the duration of the

infusion. Thus it is proposed that the magnocellular neurones respond to a linear stimulus,

i.e. extracellular sodium levels, with a linear increase in their firing rate.

It is known that magnocellular cells respond directly to increases in osmolarity by a

stretch-inactivated channel which results in membrane depolarisation, such that the resting

membrane potential is closer to the threshold spike generation (Oliet & Bourque, 1993).

The synaptic input to the magnocellular neurones is also increased in response to systemic

hyperosmotic stimulation (Nissen et al., 1993, Honda et al., 1989), but the precise nature of

those changes remain unknown. To this end, a model of spike generation in oxytocin

neurones is described. This model is an adaptation of the leaky integrate and fire model,

which contains components related to the cell membrane properties and the synaptic input. 1

used this model to predict which aspects of action potential generation are important for

producing the linear changes in oxytocin cell firing rate seen in response to i.v. infusions of

hypertonic saline. In addition to the changes in membrane potential seen in oxytocin cells
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under these conditions, only with parallel increases in the excitatory and inhibitory synaptic

input could the model accurately reproduce the linear increase in firing rate seen in vivo.

Increased excitatory synaptic input to the magnocellular neurones in response to

hyperosmotic stimulation has been previously described, and is believed to originate in the

circumventricular organs, the OVLT and the SFO (Richard & Bourque, 1992; Richard &

Bourque, 1995). However, increased inhibitory input during hyperosmotic stimulation has

not been reported. It is possible that the inhibitory input may come from the MnPO, which

receives excitatory input from the subfornical organ, and provides a predominantly

inhibitory input to the SON. MnPO cells that project to the SON are stimulated by systemic

hyperosmotic stimuli in vivo (Aradachi et al., 1996), but it the nature of those inputs remains

to be investigated.

The activity of magnocellular neurones are also increased during parturition, as is

hormone release from the neural lobe (Summerlee, 1981,Fuchs & Saito, 1971; Kumaresan et

al., 1979). In order to stimulate uterine contractions oxytocin pulses were administered for

four hours to 22 day pregnant rats and this advanced the onset of parturition. Fos protein

immunocytochemistry was performed on brain sections from these animals and showed that

oxytocin pulses increased the Fos expression in the supraoptic nucleus and the NTS,

suggesting that the activation of magnocellular neurones during parturition occurs by

different afferent pathways from those mediating hyperosmotic stimulation. The Fos protein

expression in the NTS and the SON was also increased in response to the four hour oxytocin

administration in the 22 day pregnant rats, which suggests that increased uterine activity

increases the activation of SON neurones, via the NTS, even in the absence of delivery.

These findings are in agreement with other studies, and confirm the four hour oxytocin pulse



Chapter 6: General discussion 124

administration as a valid method of stimulating the activity of magnocellular neurones in

pregnant rats.

Fos expression indicates whether or not individual cells are activated but gives no

information on the dynamics of the activation. In order to elucidate the dynamics of the

oxytocin pulse induced changes in magnocellular neuronal activity and its relationship to

concomitant uterine and/or cervical pressure changes in late pregnant rats, both the

extracellular electrical activity of magnocellular cells and the uterine and/or cervical

pressure were recorded in vivo on the expected day of delivery during oxytocin pulse

administration; the data produced were then systematically analysed for cross correlations

throughout the course of the oxytocin administration. It was found that the activity of both

oxytocin and vasopressin neurones in the SON is stimulated by the four hour oxytocin

administration, as are uterine and cervical activity. The activity of the uterine horns and of

the uterus and cervix becomes increasingly synchronised as the oxytocin administration

progresses, and it is suggested that this provides the stimulus for supraoptic neuronal

activation. Indeed, the correlation between uterine and cervical activity and electrical

activity in oxytocin and vasopressin neurones increases with the oxytocin treatment, and is

significantly higher at the end of the treatment compared to the start.

The activation of the magnocellular neurones is believed to be mediated by an

increase in activity in the uterine afferents to the brainstem which then stimulate the

supraoptic neurones. However, as for the response of magnocellular cells to hyperosmotic

stimulation, the nature of the changes in synaptic input, that mediate the activation of

oxytocin and vasopressin cells in response to oxytocin pulses, remains unknown. The model

of action potential generation in oxytocin cells was used to simulate the changes in activity

in oxytocin neurones seen in term pregnant rats in response to the oxytocin administration.
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It was found that the model could only simulate the response of oxytocin neurones to the

oxytocin pulse treatment if it is assumed that the synaptic input oscillates with a net increase

in input such that the activity of the modelled neurones is increased. However, the oxytocin

cell electrical activity does not increase throughout the course of the oxytocin

administration, although it remains higher than in the period without treatment. It is

postulated here that alongside the increase in vasopressin release in response to oxytocin

pulses, that the release of dynorphin, which is co-expressed with vasopressin, is also

increased and this may restrain oxytocin cell activity, as well as its autoinhibitory actions on

vasopressin neurones.

This thesis describes the use of both theoretical and experimental approaches to

investigate a number of non-linear behaviours in neuroendocrine systems. As stated before,

there are several advantages of using such mathematical models; namely that they simplify

often very complex biological systems by reducing the numbers of variables present and can

help identify the key factors in a particular process or system. Mathematical modelling

forces us to make our assumptions explicit and the conclusions we draw from these

assumptions can be tested. The studies presented here show that a combination of

mathematical and experimental techniques can be valuable in understanding the properties

of these systems and can also help explain how inherently non-linear systems can generate

linear changes in their output.
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Investigating the relationship between uterine
pressure changes and electrical activity of
supraoptic neurones in term pregnant rats

Sinead Scullion, Irina Antonijevio and (1. lamg

Department of Physiology, University Meilical School,
Edinburgh EHH 9AG

At the end of pregnancy, but not in early or mid-
pregnancy, vagino-cervical stimulation leads to a reflex
activation of lx>th oxytocin and vasopressin neurones
(Negoro et al. 1973). Whether uterine activity early in labour
can influence the electrical activity of identified magno-
eellular neurones remains unclear. We will demonstrate

electrophysiological recording from identified neurones in the
rat supraoptic nucleus in conjunction with recordings of
intra-uterine pressure in late pregnant rats.

Day 21 pregnant rats are anaesthetized with urethane
(1*2 g kg"', i.p.) and the trachea is cannulated. Cannulae are
also placed in the jugular and femoral veins. Latex balloons
are placed between pups one and two in each horn of the
uterus. They are then inflated with 1 1 '5 ml sterile saline
and attached to a pressure transducer. Following ventral
exposure of the supraoptic nucleus (SON), a recording
electrode (glass micropipctte filled with ()!)% NaCl,
20 411 M£i resistance) is used to record extracellular activity
of SON cells identified by antidromic activation following
neural stalk stimulation. Cells are classified as oxytocinergic
or vasopressinergie according to firing pattern and response
to intravenous CCK (20 /tg kg ').

20 mU oxytocin

I i i I II I 1

saline) and then 20 mU OT (in 0'02 ml saline) for 2 h each
were administered at 10 rnin intervals. Since OT does not

readily cross the blood-brain barrier, changes in SON cell
activity may be attributed to changes in intra-uterine
pressure.
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1. Neuronal activity (middle trace) o| .t |>»11.*tiv*• oxytocin
neurone and uterine pressure recorded from l>olh hotus (upju'r and
l«Iraco) during hour of I ho 4 li < )T t real incnl

The protocol for oxytocin (OT) administration adapted
from Douglas ct nl. (1904), has been shown to augment,
uterine activity irrtntc pregnant, anaesthetized rats After a
control period of 90 min, i.v. pulses of 10 ml' ()T(in 0*02 ml



A MATHEMATICAL MODEL OF CHANGES IN GONADOTROPH RESPONSIVENESS TO LHRH AT THE TIME
OF THE LH SURGE (P43)
Siriead Scullion, David Brown§ and Gareth Leng
Department of Physiology, University Medical School, Edinburgh, EH8 9AG §Department of Neurobiology, Babraham
Institute, Cambridge, CB2 4AT
The pre-ovulatory luteinising hormone (LH) surge depends on rapidly increasing pituitary responsiveness to LH-releasing
hormone (LHRH) due to LHRH "self-priming effect" whereby initial exposure to LHRH potentiates subsequent LHRH-
mduced LH release from pituitaries exposed to oestrogen. To investigate the possibility of reproducing behaviour similar
to that seen in vivo during LHRH self-priming, a non-linear differential equation model of LHRH-induced LH release was
developed, including components related to priming.
In the model LH release is based on the Law of Mass Action, the central process being the reversible binding of LHRH
in the vicinity of the gonadotrophs (r), to its free receptor (/), to produce a bound complex («), and occurs at a rate that is
non-linearly linked to u and to the extent of priming, modelled as a single component (e).

release rate - LR- ki<p(u)(e + b)kirf
where

— = ki<pj(iu) + kuu - kse
dt

ki, k2, ki, A'4, ki, and b are constants and <p(u) and <pj(lld) and switch between high and low values depending on
the level of u and lu relative to critical values. Priming (e) is dependent not on the current level of u, but on Ud , the
levels of bound receptor at a specified time delay between LHRH receptor binding and the onset of priming. LH
concentrations also depend upon its half-life.

Several simulations of the model were run to determine the free parameter values that gave the best fit for the data of
Fink el al, 1976 (J Endocrin; 69:359) and then tested against the data in Aiyer el al, 1974 (J Endocrin\ 62: 573). The
model produced a good fit for this data. Inclusion of a single component related to LHRH self-priming results in a model
which is capable of producing data very similar, quantitatively and qualitatively, to that seen in in vivo experiments.



116.22 modelling spike discharge activity in oxytocin
CELLS Sinead Scullion* and Gareth Leng Dept of Physiology,
University Medical School, Edinburgh, EH8 9AG

In oxytocin (OT) neurones of the supraoptic nucleus (SON), action
potentials arise solely as a result of EPSP summation. A computer
model, based on the leaky integrate and fire model of a single
neurone (IFN), was developed to see how well the behaviour of OT
neurones could be mimicked by a simple computational model. In
the model, fluctuations in membrane potential occur upon the arrival
of EPSPs or IPSPs. Each EPSP or IPSP is represented by a pulse
which decays exponentially; H = Hoe'kl where Ho is the initial height
of the EPSP or IPSP and k is the decay constant, which is related to
the half-life of the pulse, ^z; k = -ln0.5/ /z . EPSPs and IPSPs are
inserted randomly into one second periods and summed. A spike is
generated when the membrane potential crosses a threshold.
However, the generation of a spike raises the threshold until it decays
exponentially to its previous level, a departure from the simple IFN,
in order to model the hyperpolarising after potential observed in these
neurones. Several simulations were run and model data were

compared with experimental data involving iv infusions of hypertonic
saline (HS). The model produced behaviour that closely matched that
of SON OT neurones, but only with the assumption that z'.v. infusions
result in a linear increase in both EPSP and IPSP frequency.



A MODEL OF LHRH "SELF-PRIMING" AT THE PITUITARY

Sinead Scullion, David Brown* and Gareth Leng

Department of Physiology
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*Laboratory of Biomathematics
Department of Neurobiology,
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Cambridge, CB2 4AT
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INTRODUCTION

Luteinising hormone (LH) is secreted from specialised cells (gonadotrophs) in the
anterior pituitary gland, and regulates ovarian follicular development and ovulation. The
secretory pattern of LH changes throughout the reproductive cycle (the menstrual cycle in
women, the oestrous cycle in other female mammals). In all female mammals, a large pre¬

ovulatory surge in the release of LH is the main trigger for ovulation to occur; at other times
LH is released into the systemic circulation in small intermittent pulses, the frequency and
amplitude of which are critical for follicular development. LH is packaged into large
secretory granules within the gonadotrophs, and these granules are released from the pituitary
gland in response to the secretion of LH-releasing hormone (LHRH) from neurones in the
hypothalamus. As a consequence of electrical activation of LHRH neurones, LHRH is re¬
leased into blood vessels which link the hypothalamus and pituitary.

However, the pre-ovulatory LHRH surge alone is too small to trigger the pre-ovulatory
LH surge (Fink et al., 1982). The LH surge also depends on a marked increase in pituitary
responsiveness to LHRH. This is initiated by the pre-ovulatory rise in oestrogen, which
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influences gene expression in pituitary gonadotrophs. However, the very rapid rise in pituitary
responsiveness on the day of the surge is due to the "self-priming effect" of LHRH. In
pituitaries which have been exposed to oestrogen, initial exposure to LHRH causes a

characteristic and dramatic potentiation of subsequent secretory responses to LHRH (Aiyer et
al„ 1974; Wang et ah, 1976).

The magnitude of LHRH self-priming is highly dependent upon exposure to oestrogen,
and it varies throughout the reproductive cycie (Aiyer et ah, 1973; Byrne et ah, 1996). The
cellular mechanism of self-priming depends on oestrogen-induced protein synthesis (Curtis et
ah, 1985), and on the functional integrity of microfilaments (Pickering and Fink, 1979a). The
microfilaments appear to be part of the cellular machinery that is important for making
secretory granules available for release. The priming effect of LHRH on LH secretion is
accompanied by a significant "margination" of secretory granules (Lewis et ah, 1984) and an
increase in microfilament length and a change in their orientation relative to the plasma
membrane in gonadotrophs.

Figure 1. A schematic representation of a para-saggital section through the rat hypothalamus and pituitary. The
figure shows the adrenergic projection from the brain-stem, the pre-optic area of the hypothalamus containing
LHRH and CJABA neurones, the portal system and the anterior pituitary with gonadotrophs releasing LH into the
blood.

Inositol phosphate production and mobilisation of intracellular calcium stores, which are
involved in LHRH-induced exocytosis (Stojilkovic et al., 1994), are enhanced by prior
exposure to LHRH without an alteration of LHRH binding to LHRH receptors (Mitchell et al.,
1988). Influx of extracellular calcium is also unchanged. Therefore self-priming involves
changes in intracellular signalling and is not simply the result of increased LHRH receptor
expression. It is also time-dependent, and occurs within 30-40 minutes of LHRH exposure in
vitro (Waring and Turgeon, 1983) and within 45-60 minutes of exogenous LHRH
administration in vivo in the absence of endogenous LHRH release (Fink et al., 1976; Aiyer et
al., 1974). This may represent the time necessary for new protein synthesis and modification
of existing proteins, as well as for changes in microfilament orientation and margination of
secretory granules.

In the original model (Brown et al., 1994) LH release (z) is modelled as a non-linear
function of LHRH output (v).

PRE-OPTIC AREA

(from gonadotrophs) ANTERIOR
PITUITARY

7- = p(v)-d{Zat
(1)
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where p(v) is a logistic function of v and dt is the decay rate of LH. The non-linearity
reflects both the fact that sufficiently small fluctuations in v have no effect on z and the

pituitary response can be saturated. The model of LHRH actions at the pituitary [equation
(1)] was adapted to incorporate the changes that occur in pituitary responsiveness to LHRH
throughout the course of the reproductive cycle.

THE MODEL

LH release is based on the Law of Mass Action, the central process being the
reversible binding of LHRH, in the vicinity of the gonadotrophs (r), to its free receptor (/),
to produce a bound complex (w), / +/<=>«.

( lr ) 1, = LHRH input

CDj
+

LHRH in vicinity
of gonadotrophs
free receptors

{ f j u — bound complex

it
( U jy I LH release (z)j ((, = dclay)

J

bound complex at r,
where = t-d

f " = pr,m,ng
z = LH release

Figure 2. A schematic form of the model of LHRH "self-priming" at the pituitary. The central process is the
binding of LHRH (r) to its free receptor (/) at the pituitary to form a bound complex (it). LH release (z) is
non-lincarly related to the current levels of bound complex (u) and the levels of bound complex present some
time before the current time (»,/).

The rate constants of the forward and backward reactions are k\ and k2 respectively:

d r
— = lr-kxrf + k1k2u-k-ir (2)
at

dIf , .. ,
— --k]rj+k2u (3)
dr

du
, r ,

— = klrf-k2u (4)
at

/,. is the rate of LHRH input either from the hypothalamus, or exogenously given in the
in vivo case, or added to the medium surrounding isolated cells in vitro. LHRH is removed at
the rate k2r, in the bloodstream or in the medium. LH release occurs at a rate that is non-

Iincarly linked to the amount of binding of LHRH to its receptor, saturation data for which
suggests a single component of binding (Mitchell et al., 1988). This model is an extension of
one developed previously for growth hormone-releasing hormone induced growth hormone
release (Stephens et al., 1996). The constant of proportionality involves the quantity e, which
is a measure of the extent of priming.

release rate = LR = k()(pn(u)(e + b)k\rf (5)
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where b is a constant and

<M") =
l + exp[-(M-u0„)/<5„]

(6)

de , ,

— = k4(j)d{uli)+ k&uj - k5e
d t

(7)

<t>d{ud) =
1

1 + exp[-(u</ -M0)/5]
(8)

(j> n(u) and <Pd{ud) switch between high and low values depending on the level of u and
u(j relative to their critical values (mq„ and u0 respectively). The switch can be made more
severe by decreasing 5n or 8.

The extent of priming (e) is dependent, not on the current (time t) levels of bound
receptor (m), but rather on ud, the levels of bound receptor at time td, where td = t-d and d
is a specified time delay between LHRH receptor binding and the onset of priming. Therefore
the effect of priming on LHRH-induced LH release is dependent on previous exposure to
LHRH as well as the duration of the exposure and the time between exposures. LH
concentrations also depend upon its half-life.

MODELLING IN VIVO DATA

To investigate the possibility of producing behaviour similar to that seen in vivo during
LHRH self-priming, several simulations* of the adapted model of LHRH actions at the
pituitary (Figure 2, equations 2-8) were run to obtain fits for biological data.

In the in vivo experiments of Fink et al. (1976), a continuous infusion, or small frequent
injections (pulses) of synthetic LHRH were administered intravenously to rats just before the
expected LH surge. During the infusions a total of 75ng LHRH per lOOg body weight was
administered over 45 or 90 min and the plasma LHRH and LH were measured throughout
(Figure 4). Infusion of LHRH for 45 min resulted in a sharp increase in LHRH levels but only
a gradual increase in plasma LH. Administration of the same total dose over 90 min resulted
in a more gradual increase in plasma LHRH which reached a lower level than seen with the 45
min infusion. The plasma LH also increased gradually for the first 45 min after which there
was a rapid increase to a higher level than seen with the 45 min infusion, despite the lower
LHRH concentration (LHRH self-priming).

Administration of LHRH infusions, to match those described above, in the model results
in a very close fit to the experimental data for the 90 min infusion (Figures 3(a) & 4). Both
the plasma LHRH and LII concentrations match throughout the course of the 120 min
experiment. For the 45 min infusion data, the model indicates higher expected values of
LHRH than were observed, and similarly higher LH values, but a very similar pattern for both.

* Simulations carried out with a FORTRAN 77 program using NAG mark 15 numerical routines and Digital
Alpha Workstation ®.
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Discrete pulses of synthetic LHRH were administered, in vivo, in the experiments of
Aiyer et al. (1974), [Figure 5(a)], Two successive injections, each of 5()ng LHRH per lOOg
body weight, were administered intravenously to rats just before the expected LH surge.
Pulses were separated by intervals of 30, 60, 120 and 240 min and the plasma LH was
measured before and after each injection. The LH response, as measured by the maximal
increment in plasma LH, to the second pulse of LHRH was significantly higher than the
response to the first for all intervals tested. The response was greatest when the pulses were

separated by a 60 min interval, being significantly greater than when separated by 30 or 240
min. The model data [Figures 3(b) & 5(b)] following administration of LHRH pulses show
a very similar pattern to the in vivo data for the response to the second pulse for all intervals
tested. However, the magnitude of the first response is smaller than anticipated.

Figure 3. The effect of varying the LHRH input on priming and LH release in the model described. The
panels, from top to bottom, show plasma LHRH concentration, the proportion of bound LHRH receptors, e (a
measure of the extent of priming), and plasma LH concentration. Parameter values for these simulations:
k,=5.0, k2=5.0, kj=2.0, k4=2.5, k,=0.25, k„=7.5, k7=0.01, k„=2.5, «o„ =0.15, uo=0.2, 8n =0.0001, 5=0.0001
and d=30min.
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Figure 3(a). The effect of continuous infusions of LHRH in the model. The effects of two infusions are

overlaid, the first lasts for 45 min, and the second for 90 min. Infusing LHRH over 45 min results in a sharp
increase in LHRH levels and in the levels of bound receptor. While e, the extent of priming, also increases it
has no effect on LH release since the proportion of bound receptors has decreased to almost zero at this time.
The plasma LH concentration remains low throughout. Administration of the same dose over 90 min results in
a more gradual increase in the LHRH concentration and in the proportion of bound receptors, to a lower level
than seen with the 45 min infusion. The extent of priming (e) also increases, though to a lower level than in
the 45 min infusion. However, with a 90 min LHRH infusion, the increase in e has an effect on LH release
since the level of bound receptors remains high after its first appearance. Plasma LH concentrations increase
sharply to much higher levels than are seen with the 45 min LHRH infusion.
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Figure 3(b). The effects of two successive pulses of LHRH, separated by 30, 60, 120 and 240 min are shown.
Each pulse of LHRH results in an increase in the proportion of bound receptors and in e, the extent of priming.
The LH response to the second pulse is always greater than that to the first, and is maximal when the pulses
are separated by 60 min.
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Figure 4. The effect of infusions of LHRH on plasma LHRH and LH levels. The effect of continuous
infusions of LHRH on plasma LHRH (top) and LH levels (bottom) in vivo (open circles) and in the model ol
LHRH actions at the pituitary described above (closed circles). In the in vivo experiments (data from Fink et
al. 1976), 75ng LHRH per l(X)g body weight was administered to rats just before the expected LH surge over
45 (a) or 90 (b) min. Infusing LHRH for 45 min (a) resulted in a sharp increase in LHRH levels but only a
gradual increase in plasma LH. Administration of the same dose over 90 min (b) resulted in a more gradual
increase in plasma LHRH to a lower level. The plasma LFI concentration also increased gradually, until 45-
60 min after the start of the infusion. At this time the LH concentration increased rapidly to a higher level
than seen with the 45 min infusion despite the lower LHRH concentration (LHRH self-priming, see text). The
model data show a very close fit to the experimental data for the 90 min infusion (b). For the 45 min infusion
data, the model indicates higher expected values of LHRH than were observed, and similarly higher LH
values, but a very similar pattern for both.
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Figure 5. The effect of two successive LHRH pulses on plasma LH. The effect of two LHRH pulses on

plasma LH in vivo (a) and in the model (b) of LHRH actions at the pituitary described above. In the in vivo
experiments (data from Aiyer et al., 1974), rats received two intravenous injections of 50 ng LHRH per 100 g
body weight, just before the expected LH surge. Injections were separated by 30, 60, 120 or 240 min and the
maximal increments in plasma LH were measured (a). The LH response to the second injection (shaded bars)
was significantly higher than the first (open bars) for all intervals tested. The response was greatest when the
pulses were separated by a 60 min interval. The model data (b) show a very similar pattern to the in vivo data
for all the intervals tested. However, the magnitude of the first response is smaller than anticipated.

CONCLUSIONS AND FURTHER DEVELOPMENT

In the proposed model [Figure 2, equations (2-8)], the complex changes in pituitary cells
that lead to self-priming are modelled as a single component (e) which is increased by prior
exposure to LHRH. It is a measure of the extent of granule margination, and therefore
increases in LH available for release as well as the changes in intracellular signalling that
occur during the process of priming. Since LH release is dependent on both the presence of
bound receptors at time t, as well as e, which rises as a consequence of bound receptors at
time tj, LHRH self-priming has no effect on LH release during short infusions. While we do
not claim that the changes leading to increased pituitary responsiveness in LHRH self-priming
are as simple as the model would suggest, nevertheless we have shown that incorporation of
this single parameter is capable of producing results consistent, qualitatively and quantit¬
atively, with in vivo results from short term experiments.

The model at present contains no component related to receptor desensitisation, such as

proposed by Goldbeter (1996), which occurs when exposure to LH continues over prolonged
periods. This would result in a decrease in pituitary sensitivity and LHRH-induced LH release
would decrease as exposure continued. There is also no component related to the depletion of
LH stores which would also occur should LHRH exposure continue at high levels, or any

component reflecting regulated synthesis of LH, all of which may be expected to influence the
experimentally observed profile of LH secretion over the longer term. Thus to model the
evolving changes in pituitary sensitivity throughout the reproductive cycle the inclusion of
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components related to these other factors affecting LHRH-induced LH release must be
considered. There are several ways to extend the model to incorporate some of these
components, but it is not clear that there is sufficient experimental data to resolve them in a
useful predictive way. However, by contrast, there are a wide range of data available from a

variety of experimental studies (for instance the in vitro data of Waring and Turgeon, 1983)
for comparing model predictions with acute, short term experimental data.

Thus we note here that substitution of this model of the pituitary release mechanism for
equation 1 in the model of the LHRH pulse generator proposed by Brown et al. (1994), may

provide a model of the LHRH-LH system that is capable of modelling in vivo patterns of LH
release throughout the course of the reproductive cycle and is not limited to particular steroid
states. Comparison of model predictions with experimental data obtained following acute
experimental observations will accordingly provide appropriate tests of the Brown model,
though experimental observations reflecting chronic responses will require further elaboration
of the model.
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