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ABSTRACT

The developmental profile of somatostatin ( SS ), neuropeptide Y ( NPY ), 

cholecystokinin ( CCK ) and vasoactive intestinal polypeptide ( VIP ) receptor binding 

sites has been examined in the central visual pathway of the rat, from late embryonic life 

through to adulthood, using in vitro receptor autoradiographic techniques.

High levels of SS receptor binding sites which were detected in late embryonic life were 

considerably diminished at birth. SS receptor binding site levels increased from postnatal 

day 4 ( P4 ) to the end of the third postnatal week; concentrations decreased slightly but 

still remained high and persisted throughout the rest of development. A caudo-rostral 

gradient seemed to exist in the developing cortex.

Receptor binding sites for CCK were not present in the embryo or at birth but appeared 

in the first week of postnatal life. During the second postnatal week, the concentration 

of CCK receptor binding sites increased dramatically, continuing to rise until the end of 

the fourth postnatal week and was maintained in the adult.

VIP receptor binding sites were present in the embryo and these low levels persisted in 

the first postnatal week. The density of binding sites gradually increased in the second 

week, reaching a peak at the end of third postnatal week. These concentrations of VIP 

receptor binding sites remained at this level in adult life.

NPY receptor binding site densities were low in the perinatal period. These levels 

increased slightly in the first postnatal week and showed a peak at the the beginning of 

the second week. Thereafter, the density of NPY receptor binding sites remained 

constant and this trend continued into adulthood.

The results are discussed in relation to other processes occurring during the development 

of the visual system.
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1.0 INTRODUCTION

It is thought that virtually all information processing in the brain involves synaptic 

communication mediated via neurotransmitters acting at specific receptor sites. For 

optimal response of a cell or organism, the demands are that they be sensitive and 

responsive to a variety of signals of intracellular and extracellular origin. Specific 

cellular mechanisms must therefore exist to ensure such environmental sensitivity. This 

signal responding ability is a function of receptors designed to respond specifically to the 

coding sequences of a wide variety of chemical and physical stimuli.

In order to demonstrate that a substance found in nerve cells is the transmitter those cells 

secrete at their synapses, certain criteria have to be met ( Werman, 1966 ). As a rule, 

at least five different stages are considered in chemical neurotransmission, these being 

that, the substance is present within the nerve cell and specifically in its presynaptic 

terminals, that the nerve cell can synthesize or accumulate the substance, that it can 

release the substance when activated, and when the substance is released, it must be 

shown to mimic in every aspect the functional activity following stimulation of the 

nerves that released it, including the magnitude and quality of changes in postsynaptic 

membrane conductances. There should also be binding to postsynaptic receptors and 

finally inactivation through enzymatic or re-uptake processes. This sequence of events 

is firmly established for numerous neurotransmitters in both the peripheral ( PNS ) and 

central nervous systems ( CNS ).

Confusion surrounds the study of neuroactive peptides. Various classes or families of 

peptides based on their common molecular structure are known to exist, but this 

chemical index does not provide an insight into the way these substances are utilized in 

signal transduction between neurons. Some peptides which perform modulatory or 

regulatory roles, do not satisfy the strict criteria requirements for neurotransmitters and 

are classified as " neuromodulators ". The physiological and pharmacological effects of 

the regulatory peptides are mediated by their interaction with specific recognition sites
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termed H receptors". In parallel with the growing number of peptides being discovered, 

multiple receptors for these peptides have been characterized ( Snyder and Innis, 1979; 

Hokfelt et al., 1980; Krieger et al., 1983; Bjorklund et al., 1985 ). Pharmacological and 

biochemical techniques have provided evidence for the existence of multiple receptors 

for the different peptide families ( Boast et al., 1986; Kuhar et al., 1986; Leslie, 1987; 

McLean et al., 1987 ).

It is of interest to know to what extent the shape and connections of a neuron are 

determined by other neurons, glia, chemical gradients and other factors in the 

ontogenesis of the neuron. Investigation into these questions are answered in two ways: 

observation of interrelationships in normal development or observation of patterns of 

variation arising in abnormal circumstances due to particular mutations, chemical or 

surgical manipulations. As to the role function plays in defining patterns of connections, 

this has been addressed by research into the role of visual input in the maturation of the 

visual system and mainly visual deprivation studies which have provided more detail 

concerning the neural mechanisms involved ( Lund, 1978 ).

The purpose of this study is to examine the density, distribution and developmental 

profile of neuropeptide receptor binding sites for the neuropeptides somatostatin ( SS ), 

cholecystokinin ( CCK ), vasoactive intestinal polypeptide ( VIP ) and neuropeptide Y 

( NPY ) in the central visual pathway of the Sprague Dawley rat in normal animals and 

in rats monocularly deprived at birth.

1.1 Historical overview of receptors

The concept of the drug receptor was first clearly developed at the beginning of the 

twentieth century by John Newport Langley and Paul Ehrlich, working independently 

and with different approaches. It became firmly established in pharmacology largely 

through the work of Alfred Joseph Clark.

Already in the seventeenth century, Robert Boyle (1685) had tried to explain the specific 

effects of drugs in terms of the mechanical philosophy by suggesting that since different
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parts of the body have different textures, it is not unlikely that when the corpuscles of 

medicine are carried by the body fluids throughout the organism, they may, according 

to their size, shape and flux, be more liable to be retained by one organ than another. 

It was not until the nineteenth century that the chemical approach to selective action 

achieved a clearer and more specific expression ( Jonathan Pereira, 1854 ). His 

understanding of the action of a medicine on one organ rather than on another was 

accounted for on the chemical hypothesis by the assumption of the existence of unequal 

affinities of the medicinal agent for different tissues. He suggested that the action of 

alcohol on the brain could be ascribed to the affinity of this liquid for the cerebral 

substance.

Subsequent developments of critical importance were initiated in investigations of the 

action of pilocarpine on the heart, its effects on the secretion of saliva by the 

submaxillary gland and the observation that atropine and pilocarpine were mutually 

exclusive in their actions on the gland ( Langley, 1878 ). He concluded that there was 

a substance or substances in the nerve endings or gland cells with which both atropine 

and pilocarpine were capable of forming compounds, these being formed according to 

some law of which their relative mass and chemical affinity were factors.

At the same time Ehrlich ( 1878 ) presented his thesis which dealt with the theory and 

practice of histological staining, where his concern was with the selective affinity of 

particular dyes for certain tissues. He argued that the process was not simply the result 

of a physical adhesion of the dye to the tissue, but involved a chemical reaction between 

the two. This work was the first indication of his " side-chain " theory of cellular action, 

a view that he used to explain the neutralization of bacterial toxins by antibodies ( 

Ehrlich, 1897, 1898 ). Ehrlich had formed an opinion that a specific chemical group 

rather than the entire molecular structure was responsible for fixing drugs in particular 

cells, suggesting that some of the chemically defined substances were attached to the 

cell by atom groupings that were analagous to toxin receptors. He distinguished them 

from the toxin receptors by naming them " chemoreceptors " ( Ehrlich, 1907b ), 

believing that the chemoreceptors for drugs were simpler in structure and less
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independent than the toxin receptors. Two factors appeared to have played a major role 

in altering his thinking about receptors, firstly the investigations of J.N. Langley on the 

effects of alkaloids and secondly, studies in his own laboratory on drug resistance. 

Langley’s early experimental work entailed a detailed study of the autonomic nervous 

system where he found that nicotine was a useful tool in the investigation of the 

structures and functions of the autonomic system ( Langley and Dickinson, 1889, 1890, 

Langley, 1901a ). He studied the effects of supra-renal extract which contained 

adrenaline as the active ingredient, which was known to produce effects similar to those 

resulting from stimulation of the sympathetic nerves ( Langley, 1901b). The relationship 

of adrenaline to the sympathetic system could be explained by assuming that the 

presence of sympathetic nerves during the development of certain tissues created a 

certain chemical environment which led to the formation in these tissues of similar 

receptive substances which had the ability to combine with adrenaline ( Langley, 1905 

). It was in an attempt to provide further evidence for this conclusion that led to the 

development of the receptor theory ( Langley, 1905, 1906 ). To test his hypothesis on 

striated muscle tissue, he investigated the muscular contraction produced in fowl by 

injection of nicotine and curare. He reasoned that the muscle substance with which the 

drugs combined could not be the substance which contracted, suggesting that nicotine 

and curare combined with some other constituent of muscle cell which he termed " 

receptive substance M. He proposed that the transmission from nerve to muscle involved 

the secretion of a special chemical substance at the end of the nerve, the receptive 

substance in the muscle cell combining with the chemical transmitter and forming a 

compound which stimulated the contractile substance. Curare or nicotine combined with 

the receptive substance preventing it from uniting with the transmitter substance, thus 

blocking the passage of nervous impulses ( Langley, 1906 ). Further experimental 

research led him to postulate that the receptive substance of muscle or other substances 

responsible for carrying out the function of the cell need not be separate compounds, but 

” radicles " or side-chains of the contractile substance or protoplasmic matter 

respectively, a view similar to Ehrlich’s side chain theory of immunity.
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Between them they formulated the concept of a receptor, suggesting that a 

pharmacological action of the drugs resulted from their physico-chemical interaction with 

a defined site. This principle was revolutionary and presaged the development of modem 

pharmacology. Thus, by the very early years of this century, these major contributions 

had already led to the first tentative formulation of the receptor concept.

Quantitative evidence in favour of the receptor theory came from studies of the 

contraction of the rectus abdominus muscle of the frog caused by nicotine ( Hill, 1909 

). Hill showed that the time course of the reaction was readily explained by assuming 

that the nicotine reacted reversibly with some constituent of the muscle. It is of interest 

therefore to consider some of the events that occured during those intervening years. 

There were several and included the quantitative analysis of structure-activity and dose- 

response relationships, the development of the concept of receptors as information 

processing and transmitting systems, the determination of receptor localization, the 

elucidation of receptor-effector coupling mechanisms and the discovery of receptor and 

receptor-ligand traffic at both the plasme membrane and intracellular loci.

It was largely through the work of Arthur Joseph Clark, that the receptor theory became 

an accepted concept. His early work ( Clark, 1912, 1913a,b, 1914 ) focused on the 

action of inorganic ions and various glycosides on the isolated heart. He suggested that 

the drug acted by altering the physical state of the surface membrane of the cells, 

without entering into chemical combination with the cell constituents. The core of his 

later work was on the action of organic drugs such as ergot and adrenaline ( Clark, 

1921; Knaus and Clark, 1925 ), but it was the study of acetylcholine that led Clark to 

adopt the receptor theory ( Clark, 1926 ). These experiments demonstrated that 

acetylcholine produced a graded response over a wide range of concentrations, affecting 

a wide variety of tissues and producing differing types of actions in different tissues, for 

example, inhibiting the contraction of the ventricle of frog heart and producing 

contraction of the rectus abdominous. Its actions were quick, rapid and completely 

reversible. He observed that there was no direct relationship between the amount of drug 

entering the cell and the amount of action produced. He suggested that a chemical
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reaction might take place between the drug and a constituent of the cell such as a " 

receptor ", if the receptor was on the surface of the cell and not inside it. Using 

calculations of the space occupied by an acetylcholine molecule and dose-response 

curves, he suggested that the drug did not act by simply covering the surface of the cell, 

but that it reacted specifically with selected portions of the cell surface ( Clark, 1926, 

1927). He proposed a simple working hypothesis that in many biological systems, the 

reaction between an active substance and its specific receptor was a reversible process 

governed by the law of mass action, and that the responses to the active substance are 

directly proportional to the fraction of specific receptors occupied by the agent.

This receptor model was the basis for pharmacological theory and it motivated many 

workers to undertake the characterization of receptors for different endogenous agonists 

in a variety of organs. Although such studies provided a great deal of information about 

receptor specificity, attempts to define receptors by the study of physiological effects 

could provide only indirect data about receptor function. The experiments to characterize 

agonist-receptor interactions in intact animals and tissue relied upon quantifying agonist- 

induced biological responses in association with the effects of antagonists and other 

factors on such systems ( Ahlquist, 1948 ).

In vitro studies used membrane pertubing agents such as proteolytic enzymes to isolate 

cells. Hormone effects could then be simulated, stimulated or reduced on these isolated 

cells. These experiments provided the first direct evidence that cell-surface receptors 

might be macromolecules. Direct studies for polypeptide agonists have only been 

sucessful in recent times. Two major problems hindering studies were the lack of 

availability of high specific activity radiolabelled ligands retaining full biological activity 

and appropriate receptor preparations. Technical advances in radioimmunoassays (RIA 

) for insulin and somatotrophin led to the development and sucess of the cell surface 

receptor field ( Berson and Yalow, 1968 ). Procedures for purifying, labelling and 

preserving polypeptides radiolabelled with iodine, led to the preparation of the first 

radiolabelled hormones of high specific activity ( Greenwood et al., 1963; Bolton and 

Hunter, 1973 ).
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Receptor binding assays have been used to identify receptors directly ( Kuhar and 

Yamamura, 1974, 1975, 1976; Pert and Snyder, 1975; Snyder and Bennett, 1976 ) and, 

since the development of radioactive compounds to identify receptors in brain 

homogenate preparations, the study of receptors rapidly expanded. Although studies 

performed on membrane preparations have contributed a great deal of information about 

drug action, localizing receptors in specific anatomical locations Have required gross 

dissection of these areas.

1.1.1 Receptor characterization by autoradiography

Along with these biochemical techniques, there was a great need for, and some sucess 

in, developing microscopic methods for receptor localization. The significant advantages 

to light microscopic receptor mapping are similar to those of any histochemical technique 

such as an increase in anatomical resolution and an increase in sensitivity of 

measurement. With this technique, radioactive ligands or drugs contact the tissue under 

conditions conducive to binding with a high degree of specificity. Biochemical studies 

measure bound ligand or drug by scintillation counting, whereas autoradiographic studies 

offer a higher level of resolution by the use of photographic film or emulsion. While 

dissection and localization of receptors in discrete brain regions can be carried out using 

biochemical assays, this approach lacks the anatomical resolution provided by 

microscopic histochemical methods.

The success of binding studies in identifying receptors directly in vitro with radioactive 

ligands ( Snyder and Bennett, 1976; Yamamura et al., 1978) and the earlier development 

of autoradiographic techniques for localizing diffusible molecules, were important in the 

evolution of light microscopic autoradiographic studies ( Stumpf and Roth, 1966; Roth 

and Stumpf, 1969 ). It has also become possible to combine and develop methods for 

localizing receptors in intact tissue sections at the light microscopic level (Kuhar, 1978; 

Young and Kuhar, 1979a,b,c,d; Young and Kuhar, 1981; Zarbin et al., 1981, 1983 ). 

The choice of autoradiography as an approach to visualizing receptors is a logical step,
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the advantage over biochemical techniques being the anatomical resolution provided are 

in the micron range. Compounds such as peptides which do not cross the blood-brain 

barrier can be used in a radioactive form in vitro to characterize central receptor 

populations, serial sectioning enabling the researcher to localize different receptor 

populations in different parts of the brain. This technique is ideally suited to measure 

small receptor changes which would not be detected in homogenate studies.

Since most receptors identified by biochemical means were carried out in vitro, it is 

surprising that in vivo binding techniques were first applied to autoradiographic 

localization of receptors. This may have been stimulated by the sucess in localizing 

steroid hormone receptors following in vivo administration of the radiolabelled hormone 

( Stumpf and Roth, 1966 ). Some of the earliest studies of in vivo labelling of 

neurotransmitter receptors involved muscarinic cholinergic receptors ( Yamamura et 

al., 1974; Kuhar and Yamamura, 1974, 1975, 1976 ), the opiate receptor ( Pert et al., 

1975 ) and the dopamine receptor ( Hollt and Schubert, 1978; Kuhar et al., 1978 ). 

When in vivo labelling procedures are used the ligand is administered systemically, 

intravenously or subcutaneously, and after a given time chosen to favour a maximal level 

of specific binding, the animal is sacrificed and perfused with a fixative.

While in vivo labelling autoradiography is sucessful, it has serious limitations. The 

procedure is limited to the use of metabolically stable analogues or non-peptide ligands 

because of the restricted ability of the peptide ligand to penetrate through the blood- 

brain barrier, and the high costs resulting from the use of large amounts of ligand. In 

vivo labelling techniques were then superceded by improved in vitro techniques, but 

recently it has gained importance with the advent of positron emmision tomography 

scanning of receptors.

The pharmacological characteristics of most receptor types within the CNS have been 

established largely through the use of the in vitro radioligand binding techniques. In this 

procedure, the mandatory binding step that precedes the biological effect is used as the 

basis for biochemical detection of receptors. Since each receptor has a highly specialized 

binding site, it can be characterized by the affinity with which it binds certain ligands.
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By incubating alternate tissue samples with radiolabelled drug in the absence and 

presence of unlabelled, competing ligands, binding to pharmacologically characterized 

receptor sites may be quantified. Radioligand binding can thus provide a simple method 

for demonstrating the presence of receptor binding sites within a tissue, and of 

characterizing their pharmacological properties ( Cuatrecasas and Hollenburg, 1976 ). 

The labelling of receptors in vitro has many advantages over in vivo labelling. Receptor 

labelling conditions can be more strictly controlled and there is a choice of ligands 

available ( Young and Kuhar, 1979a; Kuhar, 1981 ). In addition, the pharmacological 

specificity can be rigorously controlled and tested. In vitro labelling has been used with 

irreversibly labelling ligands ( Rotter et al., 1979 ) and reversible binding ligands ( 

Young and Kuhar, 1979a). When using reversible binding ligands, it is essential to use 

autoradiographic techniques that do not cause ligand to be lost from the tissue during the 

preparation of the autoradiogram. It is possible to covalently link reversible binding 

ligands with fixatives by perfusing animals postmortem with buffers containing low 

concentrations of fixative ( Herkenham and Pert, 1982 ) followed by cryostat sectioning 

and " w e t" or " dry " autoradiography. These procedures have been found to preserve 

receptors quite adequately, no differences being found between the density or the 

characteristics of receptors in mounted sections and in standard membrane preparations 

from fresh tissue ( Young and Kuhar, 1979a ). The stability of peptide receptors is 

extraordinarily high in postmortem tissue, particularly brain ( Maurer et al., 1983; 

Reubi et al., 1985; Palacios et al., 1986; Dietl et al., 1987 ).

Certain problems such as identification of functional receptors and the specific cells in 

which they are contained are yet to be clarified. Questions of quantitation and 

microscopic resolution have yet to be resolved. The success of the in vitro labelling 

procedure is evident by the substantial amounts of data that have been obtained for a 

large number of receptors in different tissues and species using a diverse range of 

ligands ( Kuhar et al., 1986 ).
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1.2 Overview of the rat visual system

In recent years, major advances made in neurobiological techniques have substantially 

expanded the knowledge about developing and mature neural systems . The mammalian 

visual system has been a popular and important subject of enquiry and as a result, vast 

amounts of data have been accrued concerning its morphological, neurochemical and 

functional organization.

The visual image, received by photoreceptors in the retina and relayed through bipolar 

cells to ganglion cells, is modified at two sets of intemeurons, the horizontal and 

amacrine cells ( Dowling, 1970 ). The axons of ganglion cells leave the eye and enter 

the optic nerve. Within the optic nerve and optic tract, positions of axons are 

maintained, with some of the axons from each eye crossing the midline and 

intermingling with fibres from the other eye in the optic chiasm. These ganglion cells 

project to the superior colliculus ( SC ), with many axons branching to innervate the 

dLGN and ventral lateral geniculate nucleus ( vLG N). Projection neurones in the dLGN 

send axons predominantly to the primary visual cortex ( area 17 ), and some to the 

peristriate cortex ( areas 18 and 18a ).

The similarity of retinal and dLGN receptive fields implies that geniculate neurons act 

merely as relays for the transfer of information from retina to visual cortex. However, 

morphological and physiological data suggests subtle and more important functions ( 

Hubei and Wiesel, 1961; Singer and Creutzfeldt, 1970; Kaas et al., 1972; Shapley and 

Lennie, 1985 ). Recent data demonstrates that the dLGN of the rat possesses a binocular 

organization and functional segregation of its afferents ( Reese, 1988 ).

1.2.1 Morphology of the dorsal lateral geniculate nucleus

The dLGN occupying the dorsolateral part of the diencephalon and projecting to the 

visual cortex, is composed of two types of cells as demonstrated by Golgi and 

horseradish peroxidase ( HRP ) studies ( Pamavelas et al., 1977c; Webster and Rowe,
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1984 ). The predominant and larger type, the geniculo-cortical relay neuron, is a 

multipolar cell distributed throughout the nucleus and projects to the visual cortex. The 

second and smaller intrinsic neuron, is bipolar and has axonal terminals confined to the 

parent nucleus. The synaptic organization of the rat thalamus is complex ( Szentagothai, 

1973; Lieberman and Webster, 1974 ).

1.2.2 Connections of the dorsal lateral geniculate nucleus

In rat, the contralateral retinal input to the dLGN comprises all of the dLGN except the 

area receiving the ipsilateral retino-geniculate projection which terminates in the medial 

part of the dLGN ( Hayhow et al., 1962; Lund et al., 1974 ). The contralateral and 

ipsilateral territories which are segregated, contain retinotopic maps of their respective 

retinal origins. There exists a different pattern of termination of fibres between albino 

and other strains of rat ( Lund et al., 1974; Reese, 1988; Giolli and Creel, 1974 ). 

Corticofugal axons arising from pyramidal cells in layer VI of the primary visual cortex 

are another source of afferent connections to the dLGN. HRP injection in the dLGN 

traces the majority of labelled cells to area 17 with sparse labelling in areas 18 and 18a 

( Sefton et al., 1981 ).

Injections of HRP into the dLGN labels cells in the stratum griseum superficiale ( SGS 

) of the SC which demonstrates a pathway between the SC and the dLGN ( Pasquier and 

Villar, 1982 ). [3H]-proline injections into the SC produce labelling in the outer region 

of the dorsolateral and caudal portions of the dLGN. Topographically identical regions 

are connected between the SC and dLGN ( Reese, 1984 ).

The reticular nucleus of the thalamus ( R N T ) located rostral to the dLGN has a discrete 

region where the visual field is represented retinotopically, and it has been suggested 

that this connection may be regulating the flow of visual information from the dLGN to 

cortex ( Hale et al., 1982 ).

Efferent projections of the rat dLGN to area 17 and extending into area 18a have been 

confirmed by autoradiographic, degeneration and HRP studies ( Ribak and Peters, 1975;
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Peters and Feldman, 1976; Hughes, 1977; Coleman and Clerici, 1980 ).

1.2.3 Neurochemistry of the dorsal lateral geniculate nucleus

The noradrenaline ( NA )-containing neurons of the ascending system originating in the 

locus coeruleus ( LC ) innervate the lateral geniculate nucleus ( L G N ). These fibres are 

carried in the dorsal tegmental and medial forebrain bundles, with a group of these 

axons reaching the dLGN from the superior thalamic radiation and the RNT ( Lindvall 

et al., 1974; Kromer and Moore, 1980 ). A smaller group reaches the dLGN from the 

lateral posterior nucleus ( LP ). Following LC lesions, changes are seen in the levels of 

NA in the dLGN, suggesting that 60% of the noradrenergic innervation to this nucleus 

arises in the ipsilateral LC and 40% in the contralateral LC. Topographic organization 

does not exist in these projections.

Electrical stimulation of the LC or locally applied NA on geniculo-cortical relay neurons 

produces excitation by acting upon alpha-adrenoceptors. Stimulation of the LC also 

causes inhibition of the dLGN intemeurons and excitation of cells in the RNT ( 

Rogawski and Aghajanian, 1980c; Kayama et al., 1982 ).

In the thalamus of the rat, dense labelling of alpha adrenergic receptors occurs in the 

medial and lateral geniculate nuclei. Dense labelling is restricted to the the dLGN, 

whereas the vLGN is less heavily labelled ( Jones et al., 1985 ). A higher concentration 

of alpha-1 compared with alpha-2 receptors seem to be present in the LGN ( Young and 

Kuhar, 1980 ). High levels of beta-1 receptors than beta-2 receptors are more 

predominant in the LGN ( Rainbow et al., 1984 ). The role of NA within the dLGN 

remains to be defined.

Dopamine ( DA )-labelled axons are uniformly distributed throughout the dLGN and the 

innervation by DA-containing axons is well documented ( Papadopoulos and Pamavelas, 

1990b ). The dLGN contains modest levels of both D1 and D2 subtype receptor binding 

sites ( Dawson et al., 1986; Bouthenet et al., 1987 ).

Serotonin ( 5-HT ) neurons located in the brainstem reticular formation have a
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widespread projection. Autoradiographic ( Azmitia and Segal, 1978 ) and retrograde 

tract tracing ( Pasquier and Villar, 1982 ) studies have shown that both the dLGN and 

vLGN receive a bilateral projection from the dorsal raphe nucleus ( D R N ). A moderate 

5-HT input in the dLGN has been suggested ( Cropper et al., 1984; Papadopoulos and 

Pamavelas, 1990a ). The dLGN exhibits a low level of labelling of 5-HT, and 5-HT2 

receptor sites in the rat ( Pazos and Palacios, 1985; Pazos et al., 1985 ). A similar 

finding has been reported in the human brain ( Pazos et al., 1987a,b ).

Iontophoretic application of 5-HT on LGN neurons has an inhibitory effect. It has been 

suggested that 5-HT differentially affects the spontaneous activity and the visual evoked 

response ( Rogawski and Aghajanian, 1980b ).

Via the dorsal tegmental pathway, an acetylcholine ( ACh ) input originating mainly 

from the pedunculo-pontine and latero-dorsal tegmental nuclei innervates the dLGN ( 

Wilson, 1985; Woolf and Butcher, 1986 ).

The LGN in the rat has been shown to have high concentrations of nicotinic ACh 

receptors when [3H]-nicotine or [3H]-ACh are used as ligands ( Clarke et al., 1985 ), but 

low levels with [125I]-alpha-bungarotoxin ( Hunt and Schmidt, 1978; Clarke et al., 1985 

). Studies using purified nicotinic receptor antibodies labelled with iodine-125 show high 

levels of binding within this nucleus ( Swanson et al., 1987 ). On the other hand, low 

levels of binding mainly by the M2 muscarinic receptor sub-type have been observed ( 

Rotter et al., 1979; Mash and Potter, 1986 ). However, in the monkey and human 

dLGN, significant concentrations representing the M l sub-type are present ( Cortes et 

al.,1985; Shaw and Cynader, 1986; Cortes et al., 1987 ).

Iontophoretic application of ACh results in excitation of relay neurons in the dLGN, 

suggesting a role in visual information processing ( Phillis, 1971; Singer, 1977 ). 

Reports on the distribution of L-glutamate ( Glu ) and L-aspartate ( Asp ) are lacking. 

Glu and Asp have been suggested as the major excitatory neurotransmitters in the CNS 

( Fagg and Foster, 1983 ). Glu has been localized in the dLGN by immunohistochemical 

studies and an accumulation of Asp has also been demonstrated using D-[3H]-Asp ( 

Otterson and Storm-Mathisen, 1984a,b ). Low levels of kainate and quisqualate receptor
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sub-types have been reported in the rat dLGN, although modest levels of NMD A 

receptors are present ( Monaghan and Cotman, 1982, 1985; Cotman et al., 1987 ). 

Electrophysiological studies reveal an excitatory effect following iontophoretic 

application of Glu on thalamic neurons ( Curtis and Johnston, 1974 ). Cortical ablation 

results in a decrease of endogenous Glu but not Asp in the LGN, with a significant 

decrease in the high-affmity uptake of both Glu and Asp in the dLGN ( Lund Karlsen 

and Fonnum, 1978 ). Retrograde transport studies of D-[3H]-Asp or D-f’Hj-Glu 

involving injection into the dLGN show labelling of pyramidal neurons in layer VI of 

the visual cortex ( Baughman and Gilbert, 1981 ), providing indirect evidence for Glu 

and Asp as transmitters in the cortico-geniculate fibres.

Immunocytochemical studies have employed antibodies to glutamic acid decarboxylase 

( GAD ) ( Ohara et al., 1983; Mugnaini and Oertel, 1985 ) or to the conjugated 

transmitter ( Gabbott et al., 1985 ) have been utilized to localize gamma-aminobutyric 

acid ( GABA ). These studies have shown moderate staining in the dLGN. 

Approximately 22% of all the neurons in the dLGN are immunoreactive and, are small 

typically bipolar cells resembling the intrinsic neurons. High levels of GABAa and 

GABAb receptor binding in the dLGN of the rat ( Bowery et al., 1987 ) and monkey 

( Shaw and Cynader, 1986 ) have been reported. Benzodiazepine receptor sites are also 

densely labelled in rat ( Richards et al., 1986 ).

GABA has been shown to exert an inhibitory action in the thalamus ( Curtis and 

Tebecis, 1972 ), and evidence suggests that two GABAergic systems contribute to the 

inhibitory control on dLGN projection neurons. One is a feed-back loop from neurons 

in the RNT triggered by collaterals of geniculo-cortical cell axons. The second, 

involving intrinsic neurons, maintains feed-forward inhibition which is activated by 

retinal input and produces postsynaptic inhibition of the geniculo-cortical cells ( Ohara 

et al., 1983 ).

A number of neuropeptides have also been localized within the LGN. A sparse 

projection of axons of unknown origin, labelled immunocytochemically with antisera to 

enkephalin ( Mantyh and Kemp, 1983 ) and SS ( Oertel et al., 1983; Laemle and
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Feldman, 1985; ) have been reported. Only the medial borders of the LGN display 

significant levels of SS binding ( Uhl et al., 1985 ).

CCK-immunoreactivity has been reported in the thalamus ( Beinfeld et al.,1981). The 

vLGN contains the highest density of CCK binding sites with lower levels in the dLGN 

( Zarbin et al., 1983 ).

VIP-containing cell bodies have not been localized in the dLGN, but VIP-positive fibres 

have been described in the vLGN ( Loren et al., 1979b; Mantyh and Kemp, 1983 ). 

High concentrations of binding sites have been reported in the dLGN ( Besson et al., 

1986; Martin et al., 1987 ). In the hypothalamus, the suprachiasmatic nucleus ( SC N ) 

has been reported to have a high level of VIP receptors ( Besson et al., 1986; Martin 

et al., 1987 ).

Within the LGN, NPY-immunoreactive cell bodies and fibres have been localized within 

the intergeniculate leaflet. These cell bodies have been shown to innervate the SCN ( 

Moore et al., 1984 ), which has a low density of NPY binding sites ( Martel et al., 

1986 ).

1.2.4 Morphology of the superior colliculus

Nissl-staining differentiates the SC into a laminated structure made up of seven layers 

consecutively followed by cells and fibres. The superficial layers are the stratum zonale 

( SZ ), the stratum griseum superficiale ( SGS ) and stratum opticum ( SO ). The SGS 

and SO receive projections from the retina and occipital cortex ( Sefton et al., 1981; 

Olavarria and Van Sluyters, 1982; Linden and Perry, 1983a ) and project to the dorsal 

thalamic nuclei and deeper layers of the SC ( Stein, 1981; Harrell et al., 1982 ). The 

stratum griseum intermedium ( SGI ), stratum album intermedium ( SAI ), stratum 

griseum profundum ( SGP ) and stratum album profundum ( SAP ) which make up the 

deeper layers, are in communication with a large number of brainstem structures. They 

receive non-visual afferents. The main function of the SC is deemed to be visuomotor 

integration in the orienting reflex and in facilitating shifts in gaze ( Schneider, 1969 ).
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Classical Golgi studies have classified the superficial layers into three zones ( Ramon y 

Cajal, 1911). The zone of horizontal cells ( ZH ) encompasses the SZ and upper region 

of the SGS, the zone of vertical cells ( ZV ) constitutes the deeper half of the SZ and 

the zone of optic fibres ( ZOF ) corresponds to the SO. Cells in the superficial layers 

of the rat SC have been classified into five types based on dendritic field orientation ( 

Langer and Lund, 1974 ). Presynaptic specializations in the superficial layers of the rat 

SC have been classified into three groups. The majority are large boutons making up 

60% of the total number of terminals in the superficial layers. Eye enucleation 

experiments localizing degenerating terminals mainly in the upper SGS with a few 

occurring in the SZ and SO ( Lund and Lund, 1971a,b ), are presumed to be retinal in 

origin. Small terminals present throughout the superficial layers of the SC, are thought 

to belong to local axons or reticular and cortical afferents. The third type are profiles 

containing pleomorphic vesicles, identified as dendrites close to the surface of the SC 

which are postsynaptic to retinal terminals.

Lesioning of the visual cortex results in degeneration of terminals in the SZ and lower 

SGS ( Lund, 1969 ). This demonstrates that retinal and cortical synapses are clustered 

in different regions, but overlap in the SGS.

1.2.5 Connections of the superior colliculus

Degeneration and autoradiographic techniques have been utilized in the study of the 

retino-collicular projection in the rat ( Hayhow et al., 1962; Lund et al., 1976; Perry 

and Cowey, 1979 ). Labelling is restricted to the SGS, with sparse amounts in the SO. 

Nearly all retinal ganglion cells in the rat project topographically to the upper layers of 

the contralateral SC ( Linden and Perry, 1983a ). The rostral parts receive an input 

directly from the ipsilateral retina. Retrograde and orthograde tracing method studies in 

the pigmented rat show that the uncrossed pathway derives solely from the ipsilateral 

retina, whereas in the albino rat, cells throughout the retina contribute to the uncrossed 

pathway ( Lund et al., 1980 ).
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In the rat, the cortico-collicular pathway from the primary visual cortex ( area 17 ) 

arising from pyramidal cells in layer V project only to the ipsilateral SC, the majority 

of terminals being located in the SGS with some in the SZ and SO. Area 18 projects to 

the deep layers of the SC, while area 18a projects only to the SGS and SO. This smaller 

projection arises from the layer V in the extrastriate cortex ( area 18 and 18a ) ( Lund, 

1966; Sefton et al., 1981; Takahashi, 1985 ). Electrophysiological experiments suggest 

a separate representation of the visual field in several areas of the extrastriate cortex 

which project separately to the SC ( Espinoza and Thomas, 1981; Olavarria and Van 

Sluyters, 1982 ).

Efferents from the superficial layers of the SC project to the dLGN, vLGN, IGL, lateral 

posterior nucleus ( L P ), pretectum and parabigeminal nucleus. Because different regions 

of the LP receive either a bilateral or ipsilateral SC projection and, since the LP projects 

to area 18a, a tecto-LP-cortical pathway providing visual information from the retina to 

cortex has been proposed ( Perry, 1980; Takahashi, 1985 ).

1.2.6 Neurochemistry of the superior colliculus

The SC of rat has a noradrenergic innervation derived from the dorsal tegmental bundle 

whose axons terminate in the SGS, SO and SGI ( Swanson and Hartman, 1975 ). High 

levels of binding by beta-adrenoceptors and, low levels by alpha-adrenoceptors have 

been characterized in the SC ( Young and Kuhar, 1980; Rainbow et al., 1984; Jones et 

al., 1985 ). Beta-2 receptors which are the more prevalent of the beta-adrenoceptor 

population, are situated in the superficial layers ( Rainbow et al., 1984 ).

Little is known about the dopaminergic innervation of the SC. However, moderate levels 

of the D1 dopamine receptor subtype have been demonstrated in the SGS of the SC ( 

Dawson et al., 1986 ). High to middling levels of the D2 subtype are present in the 

SGS, with lower levels occuring in the SGI and deep layers ( Bouthenet et al., 1987 ). 

The D1 receptors are the more predominant of the two subtypes.

5-HT levels in the rat SC are high ( Palkovits et al., 1974a), with a substantial number
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of serotonergic fibres located in the superficial layers and lower number of fibres in the 

deeper layers of the SC, whose axons arrive here via the paraventricular system ( Parent 

et al., 1981 ). 5-HT-containing axons appear concentrated in the deeper SGS and upper 

SO ( Steinbusch, 1981; Ueda et al., 1985 ). A high density of 5-HTj receptor sites are 

located within the SGS of the SC, while the SO contains low levels of this subtype. 

Very low levels of 5-HT2 receptor binding are reported in the SC. Within the SGS, 5- 

HT1A receptors are present but 5-HT,B appear to be more predominant ( Pazos et al., 

1985; Pazos and Palacios, 1985; Pazos et al., 1987a,b ).

The SGS and SZ stain for AChE as a dense terminal field, whereas the SO is without 

stain and the SGI shows characteristic patches. Double-labelling experiments demonstrate 

that the pedunculo-pontine and the lateral dorsal tegmental nuclei are sources of the 

cholinergic projection to the SGI of the rat SC ( Beninato and Spencer, 1986 ). The 

AChE is presumed to be of an extrinsic origin because no labelled neurons have been 

located in the SC by immunocytochemistry ( Mesulam et al., 1983b ). ChAT activity 

measurements and AChE presence suggest a cholinergic input to the superficial layers 

( Ross and Godfrey, 1985 ). A projection from the parabigeminal nucleus to the 

superficial layers of the SC has been reported ( Perry, 1980; Takahashi, 1985; Taylor 

et al., 1986 ). Thus, the evidence indicates two different cholinergic projections to the 

SC. The highest concentrations of nicotinic ACh receptors in the SC have been localized 

to the superficial layers ( Hunt and Schmidt, 1978; Clark et al., 1985; London et al., 

1985; Swanson et al., 1987 ).Intermediate to high levels of M2 muscarinic receptor 

binding sites are seen in the SGS ( Rotter et al., 1979; Mash and Potter, 1986 ). 

Glutamate immunoreactivity occurs in the neuropil of the SGS and rostral levels of the 

SC. A few labelled perikarya have also been reported in the SGS ( Otterson and Storm- 

Mathisen, 1984a ). Retrograde labelling from the SC to VC using D-[3H]-Asp has been 

observed. Glutamatergic corticofugal afferents of extravisual origins may account for the 

remaining Glu uptake in the SC ( Matute et al., 1984 ). It has also been demonstrated 

that high-affinity uptake of labelled D-Asp and Glu and the levels of endogenous Glu in 

the SC are substantially reduced following cortical ablation ( Lund Karlsen and Fonnum,
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1978 ). However, enucleation in rats does not alter the uptake of L-Glu in the 

contralateral SC ( Fosse and Opstad, 1986 ). The superficial layers of the SC contain 

average levels of NMDA receptors, while the deeper layers show low to moderate levels 

of binding ( Monaghan and Cotman, 1985 ). The subtypes, kainate and quisqualate 

exhibit low to middling levels within the superficial layers ( Unnerstall and Wamsley, 

1983 ).

In the rat SC, the SGS stains more heavily for GAB A compared to adjacent layers ( 

Otterson and Storm-Mathisen, 1984b ). Disruption of afferent fibre systems does not 

alter GABA and GAD levels in the SC, which supports the notion that the stained 

profiles are intemeuronal in nature. This is substantiated by kainic acid lesioning in the 

SC which produces a decrease in GAD ( Fonnum et al., 1979 ). Although both receptor 

sub-types exist in the rat SC, GABAb receptor sites are more predominant than GABAa 

receptor sites, with higher densities of labelling in the superficial layers compared to the 

deeper layers ( Bowery et al., 1987). Benzodiazepine receptors are also prevalent in the 

SGS of the rat SC ( Richards et al., 1986 ).

The majority of SS-immunoreactive neurons and fibres are distributed in the superficial 

layers with the majority of stained cells in the SGS ( Laemle and Feldman, 1985; 

Vincent et al., 1985 ). Modest levels of SS receptors have been reported ( Uhl et al., 

1985; Leroux et al., 1985 ).

CCK is present in the SC ( Beinfeld et al., 1981 ) with high levels of CCK binding sites 

concentrated in the superficial layers ( SZ and S O ) ( Zarbin et al., 1983; Sekiguchi and 

Moroji, 1986 ).

VIP-immunoreactive perikarya have been localized in the rat SC ( Abrams et al., 1985 

). A laminar distribution of VIP binding sites have been observed in the SC where the 

SGS has dense labelling with the intermediate grey layer showing low levels of labelling 

( Besson et al., 1986; Shaffer and Moody, 1986; Martin et al., 1987 ).

NPY has not been localized in the rat SC. However, low densities of NPY receptor 

binding sites have been reported in the SC ( Martel et al., 1986 )

Labelled cells distributed in several layers have been observed using enkephalin-

26



immunoreactivity ( Khachaturian et al., 1983) and SP-immunoreactive fibres are present 

in the deeper layers with a few dispersed in the SGS (Cuello and Kanazawa, 1978 ).

1.2.7 Morphology of the visual cortex

The VC in the rat, located at the dorsal surface of the occipital cortex, consists of three 

cytologically distinct areas; the primary visual cortex ( area 17 ) which is bordered 

medially by area 18 and laterally and caudally by area 18a, together forming the 

secondary visual or peristriate cortex ( Krieg, 1946a ).

Nissl stained coronal sections reveal that the primary visual cortex, composed of six 

horizontal layers, has neurons with distinct perikaryal shape, size and packing density 

( Krieg, 1946b; Peters, 1985 ). Layer I ( L I ), directly beneath the pial surface, is small 

and contains few neurons. Layers II and III ( LII and LIII ), which lack a clear 

boundary, comprise round, elongated or pyramidal cell bodies. Layer IV ( LIV ), 

referred to as the granular layer displays smaller, closely packed neurons. Layer V ( LV 

), is distinguished from LIV by a lower cell density and large pyramidal neurons. 

Finally, layer VI ( L V I) displays small, round or spindle shaped neurons.

The secondary visual areas ( areas 18 and 18a) have minor differences when compared 

with area 17. LIV extends deeper in area 17, LI is thicker in area 18, LV in area 18a 

has fewer large pyramidal cells and there is an overall reduction in LII-LIV thickness

in areas 18 and 18a ( Krieg, 1946b; Peters, 1985 ).

Golgi studies have provided a detailed description of the morphology and organization 

of neurons in the mammalian visual cortex ( Ramon y Cajal, 1911, 1921; Lorente de 

No, 1949 ). Neurons in the visual cortex can be classified into two main groups: 

pyramidal and nonpyramidal.

Pyramidal neurons comprising from between 70%-85% of the neuronal population are 

the projection cells of the VC ( Pamavelas et al., 1977a; Peters et al., 1985 ). These 

cells exhibit a variety of perikaryal shapes: triangular ( pyramidal), spherical, ovoid or 

irregular. A typical pyramidal cell possesses a thick ascending apical dendrite which
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emanates from the apex of the cell body and is directed towards the pial surface of the 

cortex. Apical dendrites give off oblique and horizontal branches at the LI and LII 

borders which form subpial tufts. Two or more dendrites arising from the base of the 

perikaryon, together with their branches form the basal dendritic field. The axons of all 

pyramidal neurons arise either from the base of the cell body or from the basal dendrites 

and give rise to a number of collaterals as they descend towards the white matter. 

Pyramidal cells receive exclusively Gray’s type II synaptic contacts on their perikarya. 

However, the vast majority of synapses received by pyramidal cells are Gray’s type I 

( asymmetrical ) synapses ( Pamavelas et al., 1977b; Peters, 1985; Peters and Kara, 

1985a).

Nonpyramidal cells of the visual cortex, which comprise a heteromorphic cell population 

intrinsic to the VC are the local circuit neurons. It is estimated that these cells make up 

15-30% of the total neuronal population of the VC ( Pamavelas et al., 1977a; Feldman 

and Peters, 1978; Pamavelas and McDonald, 1983; Peters and Kara, 1985b ). Their 

classification into three groups based on dendritic morphology are multipolar, bitufted 

and bipolar ( Feldman and Peters, 1978 ).

Multipolar cells account for approximately 60% of nonpyramidal neurons in the rat VC. 

They are distributed throughout the cortical layers displaying, round, ovoid or polygonal 

perikaryal shapes. The majority have a stellate dendritic morphology, with dendrites 

radiating in all directions. The axons of multipolar cells which have a diverse 

distribution, may arise from any point on the soma or from the proximal region of one 

of the dendrites and form an elaborate plexus in the region of their somata.

Bitufted cells make up approximately 20% of the nonpyramidal neurons. They are 

mainly present in LIV and LV. Their dendrites, which arise from the upper and lower 

poles of the soma branch near the cell body to form superficial and deep dendritic tufts, 

may be directed towards either the pial surface or white matter. A subpopulation of 

multipolar and bitufted cells known as chandelier cells are located primarily in LII and 

Lin. They are prevelant at the borders between area 17 and areas 18 and 18a.

Bipolar cells make up the rest of the nonpyramidal cell population which are
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predominant in LII-LIV. Their cell bodies which are ovoid or spindle shaped have single 

dendrites emerging from opposite poles, giving rise to vertically oriented narrow 

dendritic fields extending sometimes through several layers. The ascending dendrites 

usually branch near the borders between LI and LII to form terminal tufts. The 

descending dendrites give rise to oblique or horizontal branches ( Fpldman and Peters, 

1978; Peters and Kara, 1985b ).

Other types of nonpyramidal neurons exclusive to LI have been reported ( Bradford et 

al., 1977 ). Cajal-Retzius cells are present in LI during early development. Some appear 

to degenerate later in life while others undergo morphological changes and transform 

into typical LI nonpyramidal neurons seen in the adult ( Pamavelas and Edmunds, 1983 

)•

1.2.8 Connections of the visual cortex

Early experiments in which lesions were placed in the VC demonstrated a projection 

from the dLGN to area 17 ( Lashley, 1934, 1941 ). Autoradiographic, HRP and 

degeneration studies confirm these observations and elaborate that afferents from the 

dLGN also extend into area 18. It was also demonstrated that the primary site of 

termination within area 17 is LTV and the lower part of LIII. Secondary sites of 

termination are in the superficial region of LI and LVI ( Ribak and Peters, 1975; Peters 

and Feldman, 1976; Hughes, 1977; Schober and Winklemann, 1977 ).The 

geniculocortical axons terminate on all somata and dendrites in LIV and deep Lm  

capable of receiving assy metrical synapses ( Peters et al., 1976 ).

Other thalamic nuclei project to the VC. The LP has a dense projection to LI and LIV 

of areas 18 and 18a, with a sparse projection to LI and LV of area 17 ( Hughes, 1977; 

Coleman and Clerici, 1980; Perry, 1980; Pamavelas et al., 1981 ). The posterior 

complex of the thalamus and the ventro-medial nucleus have terminals in LI of area 17 

( Herkenham, 1979, 1980; Pamavelas et al., 1981 ). The ventral anterolateral nucleus 

projects primarily to LVI of area 17, whilst the central medial nucleus projects to LVI
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of the same cortical area ( Herkenham, 1980 ).

Other subcortical areas project to the VC. Afferents providing the cholinergic 

innervation to the VC derive from the basal forebrain nuclei ( Henderson, 1981; Bigl et 

al., 1982; Saper, 1984 ). Recent experiments show that neurons within the rostral 

components of the basal forebrain ( the diagonal band of Broca and the magnocellular 

lateral preoptic area ) project mainly to area 18 and the medial portion of area 17. The 

caudal portion ( the substantia inominata and basal nucleus of Meynert ) sends fibres 

mainly to area 18a and the lateral portion of area 17. The LC of the pons provides the 

noradrenergic input ( Ungerstedt, 1971; Lindvall and Bjorklund, 1974; Swanson and 

Hartman, 1975; Waterhouse et al., 1983b ) whilst the DR and MR of the 

mesencephalon supply the serotonergic innervation ( Azmitia and Segal, 1978; 

Waterhouse et al., 1986; Kosofsky and Molliver, 1987 ). Both these sources project 

predominantly to the ipsilateral cortex. A projection from the lateral ventral tegmental 

area provides the dopaminergic input to the VC (Lindvall et al., 1974a; Swanson, 1982). 

Various studies have examined the callosal connections in the rat VC ( Cipolloni and 

Peters, 1979; Cusick and Lund, 1981; Olavarria and Van Sluyters, 1984 ). The majority 

of callosal afferents terminate near the borders of area 17 and 18a, whereas area 17 is 

devoid of input. Callosal afferents project mainly to two laminae: one stretches from 

LII-LIII, the other extending from LV-LVI. A reciprocal callosal projection seems to 

exist, such that cells in the superficial layers project to the upper layers of the 

contralateral hemisphere, and cells in the infragranular layers project to the deep 

contralateral layers ( Jacobson, 1971; Jacobson and Trojanowski, 1974; Ribak, 1977;). 

These homotopic connection afferents arise from neurons in LII-LV. Heterotopic 

afferents arise mainly from LV neurons ( Olavarria and Van Sluyters, 1983; Miller and 

Vogt, 1984a).

The primary visual cortex of the rat is reciprocally connected with the secondary visual 

areas 18 and 18a. There are also connections between areas 18 and 18a. Connections 

among the three areas originate from cells in LII-LIII and LV, and terminate in LI-LIII 

and LV ( Montero et al., 1973; Miller and Vogt, 1984b ). Other extensive networks of

30



intrahemispheric connections between sensory, motor, association cortices and the three 

visual areas exist ( Miller and Vogt, 1984b ).

Efferent projections arising in the VC have a widespread distribution. Their destinations 

include the dLGN, vLGN, LP, RNT, SC, the zona incerta, pretectal area, the nucleus 

of the optic tract, the pontine nuclei and the striatum ( Nauta and Bucher, 1954; Lund, 

1966; Gosavi and Dubey, 1972; Lieberman and Webster, 1974; Ribak, 1977; Sefton et 

al., 1981; Peters, 1985 ). Labelling of pyramidal cells in LVI occurs following injection 

of HRP into the dLGN of the rat, with neurons in this layer also projecting to the LP 

and RNT ( Jacobson and Trojanowski, 1975; Sefton et al., 1981 ). Pyramidal cells in 

LV project to the pons, vLGN and SC. Most descending projections, except that to the 

LP which arises in area 18a, have origins in area 17.

1.2.9 Neurochemistry of the visual cortex

The noradrenergic input to the cerebral cortex originates from a small group of neurons 

located in the ipsilateral LC ( Jones and Moore, 1977; Lindvall and Bjorklund, 1984; 

Moore and Card, 1984 ). The NA fibres enter the cortex rostrally and arborize 

extensively along their route towards the caudal regions ( Molliver et al., 1982 ). High 

pressure liquid chromatography measurements of NA levels through individual layers of 

rat VC have shown that LI contains the highest and LV contains the lowest concentration 

( Pamavelas et al, 1985 ). The density, orientation and organization of NA fibres within 

the layers of the VC have been described in various studies ( Levitt and Moore, 1978; 

Morrison et al., 1978; Papadopoulos et al., 1989a; Pamavelas and Papadopoulos, 1989 

). LII-LIII exhibit radially oriented axons, LIV-LV contain obliquely oriented fibres and 

in LVI fibres run parallel to the pia. Many of these axons extend into LI where they 

arborize extensively. Electron microscopic immunocytochemical studies in rat VC 

demonstrate that a significant proportion of the NA-containing axon terminals form 

mainly asymmetrical axodendritic and axosomatic synaptic contacts with pyramidal and 

nonpyramidal neurons ( Papadopoulos et al., 1987c, 1989a ).
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Receptors for NA can be classified as either alpha or beta adrenergic, these being 

subdivided into alpha-1, alpha-2, beta-1 and beta-2 receptors. In the rat VC, alpha-1 

receptors are densely labelled as a double band occuring in LV, whereas labelling in the 

other layers is homogeneous ( Jones et al., 1985 ). A high density of alpha-2 receptors 

is present in the superficial and deep layers, with lower levels distributed in the other 

layers ( Young and Kuhar, 1980 ). The differential distribution of beta-1 and beta-2 

receptors achieved by using specific beta-1 and beta-2 antagonists, show high levels of 

beta-1 receptors in LI-LII with a prevalence in LVI, while beta-2 receptors predominate 

in LIV ( Rainbow et al., 1984 ). High levels of beta-adrenoreceptors have been localized 

to LI-LIII and LVI in cat ( Shaw et al., 1986 ).

The role of NA in the cerebral cortex has been extensively researched ( Kmjevic, 1984; 

Pamavelas and Papadopoulos, 1989 ). It has been suggested that NA influences 

synaptogenesis in the developing rat VC ( Blue and Pamavelas, 1982; Pamavelas and 

Blue, 1982 ).

Dopaminergic cells located in the ventral tegmental area provide the DA input to various 

cortical areas ( Lindvall and Bjorklund, 1983 ). Immunocytochemical experiments 

employing an antibody against DA, examined the organization of the DA innervation of 

the visual cortical areas and found a differential distribution within them. Areas 17 and 

18a are sparsely innervated, exhibiting short axonal branches that are distributed 

throughout the laminae of the cortex with a preponderance in the infragranular layers. 

Area 18 in contrast, has a greater density of DA-containing fibres, the majority of which 

are radially oriented and span the entire cortical thickness ( Berger et al., 1985; 

Papadopoulos et al., 1989b ).

D1 and D2 sub-types of the DA receptor are localized in different layers of the rat VC, 

with modest levels of binding observed ( Dawson et al., 1985, 1986; Boyson et al., 

1986; Bouthenet et al., 1987 ). Levels of binding by D1 receptors are highest in LVI, 

whereas D2 receptor binding is high in LI and LV. Other layers show a low 

concentration of receptor sites. These infragranular layers also contain the sparse 

dopamine innervation ( Berger et al., 1985; Papadopoulos et al., 1989b ).
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Extracellular recordings following iontophoretic application of DA on neurons in the 

cerebral cortex exhibit an inhibitory action, although some cells produce an excitation 

( Bunney and Aghajanian, 1976; Stone, 1976 ). Intracellular recordings have shown that 

DA produces a slow depolarization of the cell membrane and decreases the firing rate 

without a change in input resistance ( Bemardi et a l., 1982 ). The role of DA in cortical 

function is as yet unclear.

The DR and MR of the midbrain provide the 5-HT innervation of the cerebral cortex ( 

Dahlstrom and Fuxe, 1964 ). Immunohistochemical studies in the rat cerebral cortex 

have shown regional differences in the laminar distribution and density of 5-HT axons 

(Lidov et al., 1980; Steinbusch, 1981 ). Measurements of 5-HT by high-pressure liquid 

chromatography in individual layers of the VC showed 5-HT in all laminae, the 

concentration decreasing gradually from pial surface to the white matter ( Pamavelas et 

al., 1985b ). A recent immunocytochemical analysis of the 5-HT innervation of the rat 

VC has shown a dense plexus of fibres in all cortical areas, one group consisting of fine 

axons and small varicosities and another composed of thicker fibres with large 

varicosities ( Papadopoulos et al., 1987b). This finding is consistent with the suggestion 

that the cerebral cortex receives two morphologically distinct types of serotonergic 

projections ( Lidov et al., 1980 ). The orientation and distribution of serotonergic axons 

in the rat cerebral cortex displays a laminar heterogeneity. LI shows a high density of 

horizontally oriented axons. LII-LIII contain radially oriented axons, and LIV-LV 

display short axonal segments. A high density of axons running parallel to the white 

matter occur in LVI.

Low levels of 5-HTi receptors are present in the rat visual cortex. The upper layers 

contain mainly 5-HT1B receptor sites, although 5-HT1A and 5-HT1B sites are localized in 

LIV-LV in similar concentrations. A very high level of binding by 5-HT2 receptors 

occurs in LI and LV, with moderate densities in LII and low levels in LVI ( Pazos and 

Palacios, 1985; Pazos et al., 1985 ). The presence of 5-HT3 receptors in the rat cortex 

has also been reported ( Kilpatrick et al., 1987 ). Studies in the human striate cortex 

report 5-HT1A receptor binding in LI-LII, low levels of the 5-HTlc sub-type in LIII-LV
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and both 5-HT1A and 5-HTlc receptors in LVI. A high concentration of the 5-HT2 

receptor sub-type is localized in LIII and LIVc. LlVa contains a lower density in 

comparison with LIVc, while the other layers exhibit moderate levels of labelling ( 

Pazos et al., 1987a,b ).

Physiological studies suggest that iontophoretic application of 5-HT decreases the 

spontaneous activity of cortical neurons ( Ferron et al., 1982). Iontophoretically applied 

5-HT in the rat VC modulates cortical neuronal responses to visual stimulation ( 

Waterhouse et al., 1983a ). The functional role of the cortical 5-HT innervation still 

remains to be elucidated.

The cholinergic innervation of the rat cerebral cortex derives primarily from ACh- 

containing neurons located in the basal forebrain ( Lehmann et al., 1980; Wenk et al., 

1980; Bigl et al., 1982; Saper, 1984 ), with distinct sub-populations of neurons 

projecting to restricted areas within the VC ( Carey and Rieck, 1987 ). This is in 

agreement with the finding that basal forebrain projections to the cerebral cortex are 

organized into medial and lateral pathways ( Saper, 1984 ). Cholinergic axons form a 

dense network throughout all cortical layers, with a high density of fibres in LV and 

lower densities in LIV and LVI ( Pamavelas et al., 1986; Eckenstein et al., 1988 ). In 

addition to cholinergic axons, immunocytochemical studies in the rat have shown the 

presence of ChAT-position cell bodies in LII-LVI ( Pamavelas et al., 1986; Eckenstein 

et al., 1988 ). Measurements of ChAT activity have shown that this enzyme is evenly 

distributed throughout the cortical thickness, except LV which has a higher concentration 

in the rat VC ( Pamavelas and McDonald, 1983; McDonald et al., 1987 ). 

Acetylcholine receptors can be classified as being either muscarinic or nicotinic. 

Autoradiographic studies have provided evidence for two sub-types of muscarinic 

receptor, namely M l and M2 ( Mash and Potter, 1986 ), although molecular biology 

methods suggest that more sub-types may be in existence ( Bonner et al., 1987 ). 

Nicotinic receptors in the rat VC are seen in LI and LIII-LIV when labelled with either 

[3H]-ACh or [3H]-nicotine ( Clarke et al., 1985 ), an observation which corresponds with 

an immunohistochemical study showing a similar distribution pattern ( Swanson et al.,
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1987 ). However, labelling with [125I]-alpha-bungarotoxin has localized nicotinic 

receptors to LI and LVI ( Hunt and Schmidt, 1978; Clarke et al., 1985 ). A high 

concentration of M l muscarinic receptors has been reported in all layers of the rat VC, 

with dense labelling occuring in LI-LII. M2 receptors have also been localized in all 

layers, but have a preponderance in LIII and LV ( Mash and Potter, 1986 ).

Studies in the cat VC show a laminar distribution pattern where LI-LIII and LVI are 

heavily labelled ( Shaw et al., 1986; Cymerman et al., 1987). In the primate VC, LIII, 

LIV and LIVc show high levels of binding, while other layers are not so intensely 

labelled ( Shaw and Cynader, 1986; Mash and Mesulam, 1987 ).

Iontophoretic application of ACh has been shown to produce both excitatory and 

inhibitory effects on cortical neurones ( Phillis and York, 1967; Lamour et al., 1982; 

Kelly and Rogawski, 1985 ). It has been suggested that the excitatory effect of ACh may 

be related to the afferents from the basal forebrain, while its inhibitory action may be 

ascribed to the intrinsic cortical neurones ( Pamavelas et al., 1986 ). It is speculated that 

the intrinsic neurons in the VC may play a role in the processing of visual information 

( Sillito and Kemp, 1983 ).

The major excitatory amino acids in the mammalian cerebral cortex are L-Glu and L- 

Asp ( Kmjevic and Phillis, 1963; Johnson, 1978; Fagg and Foster, 1983; Mayer and 

Westbrook, 1987). Until recently, histological identification of neurons containing these 

putative transmitters was difficult because Glu and Asp are metabolites present in all 

cells. The distribution and morphology of neurons in the VC of the rat which contain 

Glu-like immunoreactivity has recently been examined ( Don et al., 1989 ). LI is devoid 

of stain, LII and LIII contain numerous small cells, whereas both small and medium 

sized cells are labelled in LV and LVI, all cells having a pyramidal shape. This is in 

agrement with a study of stained cells in the somatosensory cortex of the rat and monkey 

( Conti et al., 1987 ). However, the distribution of glutaminase immunoreactivity was 

localized primarily in the infragranular layers ( Donoghue et al., 1985; Kaneko and 

Mizuno,1988 ). It has been suggested therefore that Glu is synthesized via several 

pathways. Corticofugal and callosal connections of Glu-containing neurons have been
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examined using a double-labelling technique ( Dinopoulos et al., 1989 ). Injections into 

the SC resulted in about half of the total population of HRP-positive neurons being 

double-labelled and located in LV. A higher proportion of HRP-labelled cells in LVI 

after injections into the dLGN were Glu-positive. Finally, injections in the VC labelled 

cells intensely at the borders of areas 17 and 18 and 18a contralaterally. About 40% of 

these double-labelled cells were small or medium-sized pyramidal cells. These 

experiments demonstrate that the cortical projection cells exhibit a neurochemical 

heterogeneity.

Excitatory amino acid receptors ( EAA ) representing the major neurotransmitter 

receptor type in the mammalian CNS, mediate the actions of L-Glu and L-Asp. Four 

systems have been identified ( Watkins and Olverman, 1987; Cotman et al., 1987 ). The 

kainate, quisqualate and N-methyl-D-aspartate ( NMDA ) receptors have been defined 

by their selective affinity for different agonists. The fourth class is defined by the 

antagonist action of L-2-aminophosphonobutyric acid. The kainate receptor sites are 

localized within LI, LII and LVI, with binding levels within LIV being very low ( 

Wamsley, 1984; Monaghan and Cotman, 1982 ). The quisqualate receptor sub-type 

preferentially labels LI, LII and LVI ( Monaghan et al., 1984a ). A similar pattern of 

binding has been observed for the NMDA receptor ( Monaghan et al., 1984b ). A 

similar distribution pattern has been found within the VC of the monkey ( Shaw and 

Cynader, 1986 ) and the cat ( Shaw et al., 1986 ). In the monkey however, the NMDA 

and kainate sub-types are additionally labelled in LIV. Studies in the kitten VC seem to 

suggest that NMDA receptors are involved in modulating the neuronal response 

properties that depend on visual experience ( Tsumoto et al., 1987 ).

The excitatory effects of Glu have been described in the cerebral cortex ( Kmjevic and 

Phillis, 1963 ) and cat VC ( Hicks et al., 1985 ).

Asp-immunoreactivity in rat cortical neurons has been demonstrated ( Campistron et al., 

1986; Aoki et al., 1987 ). In the rat VC, Asp-stained cells are distributed in LII-LVI, 

with a high concentration occuring in LII-LIII and fewer cells in LIV. Neurons in the 

superficial layers are smaller than those in the infragranular layers and LV is
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distinguished by large pyramidal cells. Approximately 10% of Asp-immunoreactive cells 

are nonpyramidal and the remainder have a pyramidal morphology ( Don et al., 1989 

). A recent double-labelling study utilizing wheatgerm agglutinin-horseradish peroxidase 

conjugate ( WGA-HRP ) and immunohistochemistry has examined the callosal and 

cortical projections after injections were made in the dLGN, SC and contralateral VC. 

Percentages of double-labelled cells in the relevant layers of the VC were 60%, 66% 

and 49% respectively ( Don et al., in preparation ). These experiments demonstrate that 

a high ratio of the projection neurons contain both excitatory amino acids.

Aspartate is known to exhibit excitation in the cerebral cortex ( Streit, 1984 ).

GABA is the major inhibitory neurotransmitter in the cerebral cortex ( Curtis and 

Johnston, 1974; Kmjevic, 1984 ). Investigations localizing GABA in rat cortical neurons 

have employed autoradiography to follow the high-affinity uptake of [3H]-GABA in the 

VC ( Chronwall and Wolff, 1978 ) and immunocytochemistry using antibodies directed 

against the GABA-synthesizing enzyme GAD ( Ribak, 1978; Lin et al., 1986 ) or, 

GABA itself ( Storm-Mathisen et al., 1983; Meinecke and Peters, 1987 ). GAD- 

immunoreactive neurons, which are multipolar or bitufted nonpyramidal cells are not 

uniformly distributed but rather concentrated in LIV, with immunoreactive puncta in LI 

and LVI. Immunocytochemical studies using a GABA antibody showed that about 15% 

of all neurons in the rat visual cortex are GABAergic ( Meinecke and Peters, 1987 ). 

Electron microscope observations describe GABAergic axons forming type II synaptic 

contacts with the somata and dendrites of pyramidal and nonpyramidal neurons as well 

as with axon initial segments ( Ribak, 1978; Meinecke and Peters, 1987 ).

The inhibitory actions of GABA occur via the GABAa and GABAb receptor subtypes. 

Studies in the rat cortex show that high levels of binding by both subtypes are 

concentrated in LI-LIV, with low levels in LV and LVI ( Palacios et al., 1981; Gehlert 

et al., 1985; Bowery et al., 1987 ). In the monkey ( Shaw and Cynader, 1986 ) and cat 

( Shaw et al., 1986 ) visual cortex, GABAa receptors are widespread in LII-LIV with 

low labelling in LV-LVI.

Benzodiazepine binding sites in the rat ( Richards et al., 1986, 1987 ), cat ( Needier et
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al., 1984 ), monkey ( Shaw and Cynader, 1986 ) and human ( Richards et al., 1986 ) 

are moderately labelled in LII-LIII, with LIV having a high concentration, whereas LV- 

LVI are labelled to a lesser extent.

Iontophoretic application of GABA produces inhibition of cortical cells (Kmjevic, 1984).

1.3 Neuropeptides in the visual cortex

A growing number of brain peptides have been reported to occur in the mammalian 

cerebral cortex ( Kreiger, 1983; Pamavelas and McDonald, 1983 ).

(i) Somatostatin

The existence of a substance that inhibited the synthesis and release of growth hormone 

was growth hormone inhibiting factor ( Krulich et al., 1968 ). This polypeptide which 

was isolated and purified from sheep hypothalamic extracts was renamed somatotropin 

release inhibiting factor or somatostatin ( SS ). Tetradecapeptide somatostatin (SS-14) 

was the original form of SS to be isolated ( Vale et al., 1972; Brazeau et al.,1973). By 

the use of gel chromatography and recombinant DNA technology, it has been 

demonstrated that SS-14 is synthesized from a larger precursor molecule by a sequential 

Arginine-Lysine ( Arg-Lys ) endopeptidase degradation of the precusor into SS-14 via 

SS-28 as an obligatory intermediate ( Lauber et al., 1979 ). The majority of antisera 

raised against this molecule are directed against the central and C-terminal segments, 

which detect, in addition to SS-14, higher molecular weight N-terminally extended 

forms. The two principle ones correspond to SS-28 and prosomatostatin ( pro-SS ) ( 

Patel et al., 1985 ).

Immunohistochemical studies have demonstrated complex systems of SS-positive neurons 

in the cerebral cortex ( Hokfelt et al., 1974; Brownstein et al., 1975; Bennett-Clarke et 

al., 1980; Finley et al., 1981; McDonald et al., 1982; Shiosaka et al., 1982; Johansson 

et al., 1984; Laemle and Feldman, 1985; Lin et a l., 1986; Meinecke and Peters, 1986 ).
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In the rat visual cortex, SS-containing neurons are found in LII-LVI, with the highest 

concentrations in LII-LIII, and LV-LVI ( McDonald et al., 1982a; Lin et al., 1986; 

Meinecke and Peters, 1986 ). These neurons are nonpyramidal, the majority of which 

are multipolar or bitufted. They make up 2-3% of the total cortical neuronal population 

in area 17, with a higher density in areas 18 and 18a. At present, nothing is known 

about the functional differences between the morphological types. SS-immunoreactive 

neurons are of the nonpyramidal type and their axons form symmetrical synapses mainly 

with dendritic shafts ( Pamavelas, 1986 ). In the visual cortices of different animals, the 

distribution of SS-immunoreactivity differs ( Hendry et al., 1984; Somogyi et al., 1984; 

Papadopoulos et al., 1985; Ramon y Cajal-Agueras et al., 1985 ) although the 

morphologies are comparable. The differences have been attributed to either the 

antiserum recognizing different molecular forms or differences in intracortical neuronal 

organization.

The presence of functional receptors for SS-14 was first demonstrated by direct binding 

studies in a rat pituitary cell line ( Schonbrunn and Tashjian, 1978 ). These studies were 

followed up by identification and characterization of these receptors in normal rat brain 

( Srikant and Patel, 1981). High affinity receptors for SS have been demonstrated in the 

cortex ( Reubi et al., 1981, 1987; Srikant and Patel, 1981; Epelbaum et al., 1982; Reubi 

and Maurer, 1985; Uhl et al., 1985; Leroux et al., 1985 ). In the VC, a high density 

of binding is seen in the infragranular layers ( LV-LVI). The supragranular layers show 

a moderate level. LIV is a variable and relatively receptor-free layer.

It has been demonstrated that immunoreactive-SS released from cortical synaptosomes 

is virtually identical in immunogenicity, chromatographic character and bioactivity with 

synthetic SS-14 ( Sheppard et al., 1982 ). The precise role and mechanism of action of 

SS in the cerebral cortex remains elusive. That SS may play a role in ongoing cortical 

activity is supported by studies which have demonstrated direct electrophysiological 

effects of the peptide on in situ or in vitro cerebral cortical cells. Some studies indicate 

an excitatory action on cortical neurones ( Ioffe et al., 1977; Phillis and Kirkpatrick, 

1980; Olpe et al., 1980; Delfs and Dichter, 1983 ), whilst others suggest that of
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inhibition ( Renaud et al., 1975 ). A physiological role for SS is further supported by 

the demonstration of specific SS receptors in cortical membrane preparations ( Srikant 

and Patel., 1981; Reubi et al., 1982 ). The most detailed analysis of the influence of SS- 

14 on cortical cells has been carried out in monolayer cultures of rat cerebral cortical 

cells. It was found that the effect of SS-14 may be due to enhanced delivery or action 

of Glu, which suggests that SS-14 effects are not entirely due to postsynaptic actions on 

these neurons ( Dichter and Delfs, 1981 ).

(ii) Cholecystokinin

The term cholecystokinin ( CCK ) was first used to describe a specific hormonal 

mechanism for gall bladder emptying in dogs ( Ivy and Oldberg, 1928 ). In another 

study, it was discovered that a substance from the duodenal mucosa caused secretion of 

enzymes from the pancreas and was named pancreozymin ( Harper and Raper, 1943 ). 

Purification of a cholecystokinetic peptide from hog intestines led to the demonstration 

that a tritriadecapeptide molecule ( CCK-33 ) also contained pancreozymin activity ( 

Mutt and Jorpes, 1968 ). Much later, it was discovered that CCK was present in 

vertebrate brain because of its reaction with gastrin antibodies ( Vanderhagen et al., 

1975 ). Purification and sequencing of ovine gastrin-like peptide resulted in the 

identification of CCK-8 ( Dockray, 1976 ). This CCK-like peptide cross-reacted with 

gastrin antibodies because of a common carboxyl terminal shared by gastrin and CCK 

( Rehfeld, 1981 ). Further investigations suggested that neuronal CCK was 

heterogeneous, with post-translational processing of a large precusor molecule occuring 

to give multiple biologically active forms ( Rehfeld, 1981 ). Chromatographic studies 

have shown that sulphated CCK-8 constitutes a major part of CCK in the cerebral 

cortex, with three different forms in existence ( Dockray et al., 1978; Marley et al., 

1984 ). Immunohistochemical and RIA studies have also reported on the distribution in 

the CNS of various species ( Straus and Yalow, 1978; Rehfeld, 1978; Larsson and 

Rehfeld, 1979; Dockray, 1980; Beinfeld et al., 1981). CCK-immunoreactivity has been
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detected in tne cereorai cortex or vanous species t nendry et ai., Peters et al., 

1983; Emson and Hunt, 1984 ).

In the rat VC, CCK-immunoreactive neurons which are all nonpyramidal, constitute up 

to 1 % of the cortical cells and are localized in LI-LVI, with a greater occurence in LII- 

LIII. Morphologically, the majority of cells are bitufted especially those in LII-LIII, but 

multipolar and bipolar cells have been reported ( McDonald e t^ l . ,  1982c ). The 

distribution and morphological features of CCK neurons for various species appear to 

be similar ( Pamavelas et al., 1989 ). CCK-immunoreactive neurons in the VC have 

been examined at the ultrastructural level ( Hendry et al., 1983; Peters et al., 1983; 

Pamavelas, 1986 ). Labelled somata receive a small number of both asymmetrical and 

symmetrical synapses from unlabelled axon terminals, whilst immunoreactive cell axons 

form type II synaptic contacts with perikarya and apical dendrites of cortical pyramidal 

neurons ( Pamavelas et al., 1989 ).

Considerable evidence has accumulated in recent years supporting a neurotransmitter or 

neuromodulator role for CCK. This is based on its localization in the CNS, cell bodies 

and nerve endings ( Larrson and Rehfeld, 1979; Innis et al., 1979; Loren et al., 1979; 

Vanderhaeghen, 1985 ), its presence in synaptic vesicles ( Pinget et al., 1978; Emson 

and Marley, 1983 ), demonstration of its synthesis ( Goltermann et al., 1980 ), a 

calcium-dependent release by depolarization ( Dodd et al., 1980; Emson et al., 1980 ), 

receptors ( Hays et al., 1980; Innis and Snyder, 1980; Saito et al., 1980; Gaudreau et 

al., 1983; Zarbin et al., 1983 ), excitatory effects following iontophoretic application 

( Oomura et al., 1978; Phillis and Kirkpatrick, 1980; Dodd and Kelly, 1981; Jeftinija 

et al., 1981; Skirboll et al., 1981 ), mechanisms for inactivation ( Deschodt-Lanckman 

et al., 1981; Stengaard-Pedersen et al., 1984 ) and, finally, a suitable antagonist ( 

Chiodo and Bunney, 1983 ).

Several studies have localized CCK binding sites in the VC by autoradiography in 

different species ( Gaudreau et al., 1983; Zarbin et al., 1983; Van Dijk et al., 1984; 

Sekiguchi and Moroji, 1986; Dietl et al., 1987; Pelaprat et al., 1988 ). In both the 

guinea-pig and rat, the highest density of CCK binding sites in area 17 have been
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located in LVI, with moderate levels in LII-LV and low levels in LI ( Zarbin et al., 

1983; Van Dijk et al., 1984 ). Area 18 in these two species show high levels of binding 

in LIV and LVI, modest levels in LII, LIII and LV and a low density in LI. In the 

primate primary visual cortex, highest concentrations of CCK binding sites are in LIV 

with high densities in LI, LV and LVI ( Kritzer et al., 1985 ). In area 18, binding sites 

are concentrated in in LIII-LIV, with lower levels in LVI. Brodmann’s area 17 in man, 

exhibits a stratified labelling pattern. LI and LIV are low in CCK binding sites, LIII and 

upper LVI moderate, with high densities in LII and lower LVI whilst LV has the highest 

level of binding ( Dietl et al., 1987).

(iii) Vasoactive intestinal polypeptide

Vasoactive intestinal polypeptide ( V IP) was originally discovered following purification 

of extracts of secretin from the hog intestinal mucosa ( Said and Mutt, 1970 ). Porcine 

VIP is a highly basic 28-amino acid peptide that is present not only in intestinal tissue 

but also neural tissue. Sequence analysis of cDNA encoding VIP has demonstrated that 

VIP is synthesized as part of a larger precusor and the central part of the precusor 

molecule in human contains another biologically active peptide, peptide histidine 

methionine-27 which differs by only two amino acids from peptide histidine isoleucine 

( Itoh et al., 1983; Okamoto et al., 1983 ). Radioimmunological ( Palkovits et al., 1981; 

Rostene et al., 1982; Beinfeld et al., 1983 ) and immunocytochemical ( Fahrenkrug and 

Schaffalitzky de Muckadell, 1978; Loren et al., 1979; Sims et al., 1980; Roberts et al., 

1980; Obata-Tsuto et al., 1983 ) data have revealed high concentrations of VIP in 

telencephalic areas. Immunocytochemical methods have localized VIP in nerve cell 

bodies, axons and terminals of brain ( Larsson et al., 1976; Fuxe et al., 1977; Giachetti 

et al., 1977 ).

In the cerebral cortex, VIP is contained in a homogeneous population of bipolar radially 

oriented ( that is, oriented in a plane perpendicular to the pial surface ) neurons with 

minimal branching in the horizontal plane except in LI and LIV-LV where there is an
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arborization span ( Morrison et al., 1984; Connors and Peters, 1984 ). In the rat VC, 

immunocytochemical studies have shown a distribution in LII-LVI with the majority of 

labelled cells concentrated in LII-LIII ( McDonald et al., 1982b; Pamavelas, 1986 ). 

VIP-immunoreactivity in this cortical area is confined to nonpyramidal neurons, the 

majority of which are bipolar in morphology, account for about 70% of this population. 

Bipolar cells are characterized by the subpial tufts formed by their ascending dendrites. 

A few multipolar cells exhibiting a variable perikaryal form and dendritic morphology 

are present in LII and LVI ( Pamavelas et al., 1989 ). Ultrastructurally, labelled 

perikarya receive asymmetrical synapses and a small number of symmetrical synapses. 

VIP axon terminals form type II synapses with the somata and dendrites of pyramidal 

and nonpyramidal neurons.

VIP fulfills several of the criteria for a neurotransmitter role in the CNS ( Magistretti,

1986 ). These include the demonstration of a calcium-dependent release of 

immunoreactive VIP ( Giachetti et al., 1977; Besson et al., 1982 ), the characterization 

of kinetic properties of specific VIP recognition sites ( Taylor and Pert, 1979; Staun- 

Olsen et al., 1982; Robberecht et al., 1978 ) and observations of various cellular actions 

of VIP. These actions include alterations of neuronal excitability ( Phillis et al., 1978; 

Ferron et al., 1985 ) and stimulation of various enzymatic activities, including activation 

of adenylate cyclase ( Quik et al., 1978; Deschodt-Lanckman et al., 1977; Magistretti 

and Schorderet, 1984 ), of ChAT ( Luine et al., 1984 ) and of a cascade of reactions 

leading to the hydrolysis of glycogen ( Magistretti et a l., 1981; Magistretti et al.,1984). 

Several autoradiographic studies have localized receptors for VIP in the occipital cortex 

( DeSouza et al., 1985; Besson et al., 1986; Shaffer and Moody, 1986; Martin et al.,

1987 ). A laminar distribution of VIP binding sites has been reported in the VC with 

high densities of labelling in LI, LII, LIV, and LVI. Lower levels were present in LIII 

and LV.

(iv) Neuropeptide Y
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Avian pancreatic polypeptide ( APP ), a 36 amino acid, was first isolated and 

characterized from chicken pancreas as a by-product of insulin purification ( Kimmel et 

al., 1975 ). Together with bovine pancreatic polypeptide, one of its mammalian 

homologues, it has been localized in both the central ( Loren et al., 1979a; Hokfelt et al., 

1981; Olschowka et al., 1981; Card et al., 1983 ) and peripheral ( Larsson et al., 1974; 

Jacobowitz and Olschowka, 1982 ) nervous systems. Despite the staining which 

suggested an abundant CNS peptide, radioimmunoassays ( RIA ) detected only trace 

amounts of immunoreactive material. Subsequently, another 36 amino acid peptide was 

isolated from porcine brain and named Neuropeptide-Y ( NPY ) ( Tatemoto, 1982; 

Tatemoto et al., 1982 ). This peptide which shares sequence homologies with other 

pancreatic polypeptides is thought to be the major polypeptide of this family in brain ( 

Allen et al., 1983; DiMaggio et al., 1985 ).

Immunocytochemical studies have demonstrated a widespread distribution in rat ( Allen 

et al., 1983; Chronwall et al., 1985; De Quidt and Emson, 1986 ) and human ( Adrian 

et al., 1983; Dawbum et al., 1984; Chan-Palay et al., 1985 ) brain. Several studies have 

localized NPY-immunoreactivity in the mammalian VC ( McDonald et al., 1982d; 

Hendry et al., 1984; Wahle et al., 1986; Antonopoulos et al., 1989 ). In the rat VC, 

NPY-immunoreactivity is present in 1-2% of this cortical population. They are 

distributed in LII-LIV and in the underlying white matter, with a higher concentration 

in LV and LVI. The majority of NPY-labelled cells are nonpyramidal, principally of the 

multipolar and bitufted types. ( McDonald et al., 1982d). A coexistence has been shown 

to exist between NPY and SS in cortical neurones ( Chronwall et al., 1984; Hendry et 

al., 1984; Beal et al., 1986; Papadopoulos et al., 1987 ).

Studies using membrane fractions have shown that receptors for NPY exist in the rat 

cerebral cortex ( Unden et al., 1984a, b; Saria et al., 1985 ). High affinity receptor 

binding using autoradiography has been reported in rat brain ( Martel et al., 1986; 

Nakajima et al., 1986; Calza et al., 1989 ). These reports indicate high levels of binding 

in LII-LIII, with moderate labelling in LV-LVI and weak labelling in LI and LIV.

A precise role in the cerebral cortex remains to be unravelled. The diffuse distribution
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of this peptide in the CNS results in a variety of effects ( Gray and Morley, 1986 ). A 

recent study suggests a physiological role for NPY in the timing of the circadian rhythm 

of the SCN ( Calza et al., 1990 ).

1.3.1 Development of the rat superior colliculus, dLGN and visual cortex

The development of retinofugal projections in the albino rat have been studied by the use 

of HRP injected intraocularly ( Bunt et al., 1983 ). It has been found that the crossed 

optic fibres reach the geniculate nucleus at E16 and the SC soon thereafter. The 

uncrossed projection to the superior colliculus was not detected until E l 8 in the albino 

rat. It has also been noted that the early projections to the SC and lateral geniculate 

bodies show none of the segregation into contralateral and ipsilateral projection areas 

seen in the adult. Birth does not appear to be a critical period in the development of the 

optic projection and, the segregation of the ipsilateral and contralateral projections seem 

to be a gradual event occurring in the first few days postnatally ( Lund, 1978; Land and 

Lund, 1979; Maxwell and Land, 1981 ). Cells destined for each layer of the SC are 

generated between E13-E18 with cells generated at E13 contributing to the deeper layers 

and those generated later coming to lie more superficially. However, it has also been 

found that, unlike in the cortex, cells generated at any one time can end at a variety of 

depths and then settle down at a particular level ( Mustari, 1976; Mustari & Lund, 

1976; Bruckner et al., 1976 ).

The postnatal development of the occipito-tectal pathway has been studied in the rat and 

it has been found that the cells of origin of the pathway in LV of the VC become 

postmitotic on E17 and the first cortico-tectal axons reach the SC just before birth on 

day 22 of gestation. At this stage the pathway is unilateral ( Lund, 1978 ). These 

cortico-fugal fibres from LV of the VC to the SC have not completed their innervation 

until postnatal day 4 ( Lund, 1978; Lopez-Medina et al., 1989 ). Furthermore, between 

the first and second postnatal week, there seemed to be a marked alteration in the 

distribution of synaptic input from the VC to the superficial layers of the SC ( Lund,
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1978 ). Therefore, two stages were noted, the first being an orderly growth of occipital 

axons towards their roughly appropriate tectal locations, confined to the collicular white 

matter from P4 to P9 and, in the second stage, further refinement of the topographic 

map was achieved both by selective growing of terminal arbors into specific regions of 

the SC and by retraction of exuberant projections. By P17, the patterns of termination
9

of the occipito-tectal pathway appeared virtually mature ( Lopez-Medina et al., 1989 ). 

Most of the cells of the LGN of the rat are generated during E12-E14 ( Lund and 

Mustari, 1977; Altman and Bayer, 1979a,b ). The earliest cells to be generated come 

to occupy the most superficial aspect of the dLGN, while the latest occupy the deepest, 

most medial part. A similar " outside-to-inside " gradient of cytogenesis has been 

observed in the dLGN of the rhesus monkey ( Rakic, 1977 ). Neuronal cytogenesis 

appears to be completed by E l6, when the first retinofugal afferents enter the nucleus 

( Lund and Mustari, 1977; Bunt et al., 1983 ). In the following days, the dLGN 

increases in size, while the ipsilateral and contralateral retinal axons invade the entire 

dorso-ventral extent of the nucleus. The ipsilateral projection which derives from the 

ganglion cells in the temporal retina, is weaker than the contralateral projection. This 

projection does not penetrate deep into the dLGN but remains rather restricted 

superficially until birth. At E l8, the first geniculocortical axons enter the cortical plate. 

At birth, the ipsilateral and contralateral retinal inputs show no signs of segregation into 

the adult zones. The dLGN is crossed by retinal axons on their way to the pretectal and 

tectal regions ( Bunt et al., 1983 ) and at this stage it still has a relatively high cell 

density ( Satore et al., 1983 ). By P5, the ipsilateral projection has converged more 

medially and the adult pattern of termination which starts emerging is complete by P9. 

Eye opening occurs at P15.

Golgi studies in the rat show clearly distinguishable class A and class B neurones in the 

newborn ( Pamavelas et al., 1977a,b ). The perikarya of class A cells grow to adult 

size by P16, while the somata of class B cells continue to increase in size up to P20. 

The class A cells undergo two distinct growth spurts, one around P4-P6 and the other 

from P14-P15. This event may be related to increased synaptogenesis and gliogenesis
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occunng arouna tnis time t rsiesoia et ai., iy /o ; Aggeiopouios et ai., ;.

During the first four postnatal days, the ipsilateral and contralateral retinal inputs appear 

randomly distributed throughout the dLGN ( Maxwell and Land, 1981 ). The first sign 

of the development of specific connections is the presence of degenerating axonal 

profiles from P6-P8. The mechanism whereby elimination of inappropriate contacts 

occurs is unclear, but it is hypothesized that they lose in competition with the 

appropriate input ( Cunningham, 1982; Cowan et al., 1984; Ralric, 1986 ). A study of 

the neonatal monkey dLGN ( Holstein et al., 1985 ), has suggested that retraction of 

axonal branches rather than degeneration may be the major process. From P6-P9, partial 

segregation of the ipsilateral from the contralateral retinal projection occurs ( Maxwell 

and Land, 1981 ). This period is initiated by a substantial increase in dendritic length 

Pamavelas et al., 1977a ). From P10 onwards, development continues and this is 

associated with the processes of synaptogenesis and gliogenesis.

The development of the rat visual cortex can be divided into several main stages: 

neurogenesis, migration, morphogenesis and differentiation.

(i) Neurogenesis and migration

On the twelfth embryonic day ( E12 ) in the rat, the immature neocortex consists of a 

pseudostratified columnar epithelium that surrounds the lateral ventricle. The first 

autoradiographic study of the developing rat cortex was made by Berry and Rogers ( 

1965 ). Autoradiographic studies in the mouse established that the deeper layers of the 

cortex were formed first, whilst the superficial layers having migrated through the 

deeper layers, were formed last, hence the " inside-out " process ( Angevine and 

Sidman, 1961 ). It was acknowledged that not only cell division but also migration of 

these neurons occured at the ventricular surface. This process appears to be a common 

feature of mammalian cortical development ( Shimada and Lang man, 1970; Rakic, 1974; 

Jackson et al., 1984; Luskin and Shatz, 1985 ). Terminology setting out different stages 

in the development of the cortex were then defined ( Boulder Committee, 1970 ).
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The pseudostratified neuroepithelium surrounding the lateral ventricle has been termed 

the " ventricular or proliferative zone " ( VZ ). The cells of this VZ are the progenitors 

of the glial and neuronal populations of the adult cortex. [3H]-thymidine labelling studies 

have provided evidence for the early existence of four types of stem cells in the VZ ( 

Bayer and Altman, 1990 ). These studies show that the earlier generated cells are 

segregated in vertical columns, whereas the later populations are* organized in two 

horizontal bands, the bands and columns corresponding to alternate fast and slow cycling 

stem cell populations. As to whether they represent neuronal and glial progenitors or 

different types of neuronal progenitors is as yet unresolved.

Cells in the VZ undergo continuous cell division, which results in the formation of a 

second proliferative zone lying superficially and containing randomly oriented and 

loosely packed cells. This is termed the subventricular zone ( SZ ). These neurons are 

generated between E14-E21 ( Berry and Rogers, 1965; Valverde et al., 1989; Bayer and 

Altman, 1990 ). The next embryonic layer to be formed is the " marginal zone M ( MZ 

) which lies superficial to the VZ and is destined to become LI in the adult. This layer 

in the rat has been shown to contain a number of neurons ( Rickmann et al., 1977; 

Raedler and Raedler, 1978 ). Postmitotic neurons in the VZ migrate and stop below the 

MZ to form the CP which contains the presumptive LII-LVI. En route to the CP, the 

" intermediate zone " ( IZ ) is formed by postmitotic neurons. Cortical afferent and 

efferent fibres arising from immature cortical neurons invade this zone which eventually 

forms the white matter ( WM ) in the adult. Contributing a cell population to the WM 

is the lower CP, which lies between the CP and the IZ. This gives rise to LVIb in the 

adult rat cortex ( Valverde et al., 1989 ). Experiments in which [3H]-thymidine was 

administered at the beginning of neurogenesis, demonstrated that heavily labelled cells 

in the adult occured in LVIb ( white matter) and also in LI which suggests that cells of 

LI are co-generated with cells in the lower CP ( Raedler and Raedler, 1978; Kostovic 

and Rakic, 1980; Caviness, 1982; Luskin and Shatz, 1985 ). Thus, the earliest bom 

cells are split into the lower CP and MZ by neurons bom later during development. The 

neurons bom on later days follow the characteristic " inside-out " pattern ( Marin-
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Padilla, 1978 ). A recent autoradiographic study in the rat has shown that Cajal-Retzius 

cells are generated between E12 and E14, whereas the neurons for the presumptive 

LVIb are bom on E14 and E15 ( Bayer and Altman, 1990 ). The Cajal-Retzius cells do 

not follow the " inside-out " pattern of differentiation as they are the first neurons to 

differentiate ( Pamavelas and Edmunds, 1983 ).

It was originally proposed that only the pyramidal neurons were generated according to 

this rigid " inside-out" layering pattern, with nonpyramidal cells being bom towards the 

end of pyramidal cell generation ( Jacobson, 1975 ). Combined immunohistochemical 

and autoradiographic studies have provided evidence for two populations of neurons 

which are co-generated and follow an " inside-out " sequence ( Miller, 1985, 1986b; 

Cavanagh and Pamavelas, 1988 ).

After a neuroblast has undergone its final division, it migrates away from the VZ into 

the CP. The earliest bom neurons residing at the bottom of the CP form the lower 

regions of LVI in the adult. Neurons generated later in development come to occupy 

positions superficial to their predecessors, migrating through the CP to reach their final 

destination. In the rat, the migration begins on E14 and is completed by P6 ( Berry and 

Rogers, 1965; Hicks and D ’Amato, 1968 ).

(ii) Morphogenesis and differentiation

The telencephalon first appears early in embryonic life as a thin wall surrounding the 

fluid-filled cerebral vesicle. As neurogenesis and migration proceed, this thin sheet of 

neuroepithelium is transformed into the layered structure seen in the adult. In late 

embryonic life, the presumptive VC can be divided into a number of layers ( Boulder 

Committee, 1970 ). From the cerebral vesicle outwards, lies the region of cell 

proliferation the VZ, adjacent to which is the SZ, the IZ which then forms the WM in 

the adult, above which is the CP (LII-LIV in the adult) and the MZ ( LI in the adult). 

At birth, neurons present in the presumptive LV and LVI are beginning to differentiate, 

while later-bom cells are still migrating past them towards more superficial positions in
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the CP. By the end of the first postnatal week, neurons in the supragranular layers have 

also begun their maturation process, both morphologically and chemically ( Pamavelas 

et al., 1978 ). During the first postnatal week, neurons show signs of rapid growth with 

somata and their processes displaying irregular enlargements and growth cones ( Miller, 

1988 ). In Golgi studies of the developing rat cerebral cortex it was proposed that 

neurons extended their axons after they had stopped migrating ( Berry and Rogers, 1965 

). This has been confirmed in a study regarding the axogenesis and synaptogenesis of 

local circuit neurons ( Miller, 1986b ). Pyramidal neurons are identified early in 

development by their prominent apical dendrites and on P4 spines first appear on 

dendrites which increase significantly by the end of the first postnatal week ( Miller, 

1981; Miller and Peters, 1981 ). Nonpyramidal neurons are identified at birth in the 

lower cortical layers, but are sparse and immature ( Pamavelas et al., 1978; Miller, 

1986a).

Early in the second postnatal week, nonpyramidal cells can be identified in the upper 

cortical layers, with those in the superficial layers being more immature than those in 

the deeper cortical layers. During the second postnatal week, these neurons show a 

marked increase in maturity especially in the superficial layers ( Pamavelas et al., 1978 

). All neurons show a marked increase in perikaryal size, while dendrites continue to 

broaden their dendritic fields. Growth cones disappear and axons begin to display 

complex collaterals ( Miller, 1981 ).

During the third postnatal week, maturation of both pyramidal and nonpyramidal neurons 

continues. Whilst pyramidal and nonpyramidal neurons reach maturity together, 

synaptogenesis of nonpyramidal axons is delayed and completed at P30 ( Miller, 1986a 

). By the end of this time, all cortical neurons have attained maturity and are 

indistinguishable from those in the adult.

Cajal-Retzius cells do not follow the same pattern of development as other cortical cells. 

These cells which reside in the MZ in embryonic life persist in early postnatal life in LI 

and appear more mature than other cortical cells. By the end of the third postnatal week, 

they are not identifiable in LI. Autoradiographic studies indicate that they undergo
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morphological transformation into the typical LI neurons of the adult ( Pamavelas and 

Edmunds, 1983 ).

Ultrastructural maturation and development of neurons in the rat cerebral cortex has

been examined ( Pamavelas and Lieberman, 1979; Miller and Peters, 1981; Miller,

1986a ). During the initial part of the first postnatal week, cells of the VC are
*

immature, tightly packed and undifferentiated. In the latter part of this week, pyramidal 

neurons in the deeper cortical layers show a greater degree of differentiation than cells 

in the supragranular layers and are identified by their presumptive apical dendrites. They 

also receive asymmetrical axosomatic synapses. In the second postnatal week neuronal 

maturity is acheived with no difference being seen between deep and superficial layers. 

During the third postnatal week, pyramidal and nonpyramidal cells attain mature 

ultrastructural features. At the end of this week, all cortical cells have acquired their 

adult characteristics and full complement of synapses.

Synaptogenesis in the rat VC begins at E16 ( Konig et al., 1975; Wolff, 1978 ). At 

birth, the majority of synapses are found in the subplate and a few in LI, with the 

majority being type I. By the end of the first postnatal week, there is a marked increase 

in the frequency of symmetrical and asymmetrical synapses which are distributed 

throughout the cortex with a preponderance in LI, LIV and LV. During the first two 

postnatal weeks, synapses gradually appear throughout the cortex, reaching their adult 

distribution by the end of this period ( Blue and Pamavelas, 1983a ).

The more predominant type of synapse in the cortex is the asymmetrical type which 

appears mature by the end of the third postnatal week. Symmetrical synapses which do 

not begin to increase in frequency until the end of the first postnatal week, peak in 

numbers during the third postnatal week and then decline to reach adult levels at P90 ( 

Blue and Pamavelas, 1983b ).

1.3.2 Afferent and efferent connections

Axons arising in the dLGN reach the VC of the rat on E l8, and persist in the IZ for
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several days before invading the cortex on PI. On P4, these axons begin to form 

terminals in LIV and complete their ramification process between P6 and P8 ( Lund and 

Mustari, 1977 ). During development, exuberant callosal connections are present in the 

VC, with their axons restricted to the WM. The neurons giving rise to these exuberant 

afferents are found throughout area 17. By the end of the first postnatal week, the adult 

callosal pattern is visible, attaining maturity in the second postnatal week ( Olavarria and 

Van Sluyters, 1985 ).

1.4 Neuropeptides in development

(i) Somatostatin

The development of SS in rat brain has been demonstrated by RIA, 

immunohistochemical techniques and in situ hybridization ( Ghirlanda et al., 1978; 

Shiosaka et al., 1981, 1982; Laemle et al., 1982; McDonald et al., 1982a; Nobou et 

a l., 1985; Eadie et al., 1987; Naus et al., 1988 ). SS-containing neurons are generated 

between E14 and E20 ( Cavanagh and Pamavelas, 1988 ) with a peak production 

between days 15 and 17 of gestation. In the rat VC, SS-immunoreactive neurons are first 

observed in the lower CP and the MZ ( Eadie et al., 1987 ). The population of SS- 

positive cells in the MZ are transient and disappear by birth. At birth and during the 

early part of the first postnatal week, SS-immunoreactive neurons are immature and still 

confined to the lower CP. By the end of this week, the numbers and soma size have 

increased but cells are still restricted to LV and LVI. In the second postnatal week, SS- 

labelled cells are more differentiated with extensive dendritic branching, somata increase 

in size and appear in the superficial layers of the VC ( McDonald et al., 1982a; Eadie 

et al., 1987 ). Since neuronal migration is complete by the end of the first postnatal 

week, these cells in LII and LIII begin to express the peptide after having completed 

their migration and acquired their nonpyramidal morphology. SS-containing neurons 

become indistinguishable morphologically from their adult counterparts by the end of the
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third postnatal week.

Ultrastructurally, SS-immunoreactive neurons demonstrate a range of morphologies at

birth. In the early part of the first postnatal week, axons of SS-labelled neurons form

symmetrical synapses with unlabelled dendrites ( Eadie et al., 1987 ). By the end of this

week, SS-positive somata receive both asymmetrical and symmetrical synapses while SS-
*

immunoreactive axon terminals form symmetrical synapses with dendritic profiles. 

During the second postnatal week, SS-labelled cells are present throughout LII to LVI 

with the frequency of synapses on SS-immunoreactive somata and dendrites and synapses 

formed by SS-positive axon terminals being greater than at an earlier stage in 

development. The majority of terminals are symmetrical. By the end of the third 

postnatal week, perikarya of SS-immunoreactive neurones are present in LII and LIII. 

The immunoreactive perikarya receive both symmetrical and asymmetrical synapses and 

immunoreactive axon terminals form symmetrical synapses primarily with unlabelled 

dendrites.

A recent study combining autoradiography with immunocytochemistry has examined the 

" birth-dates " of SS-containing neurons in the rat visual cortex ( Cavanagh and 

Pamavelas, 1988 ).This study has revealed that in postnatal development, SS- 

immunoreactive neurons appear in LII-LVI in an " inside-out " fashion, and that after 

the second postnatal week following an initial burst, there is a reduction in numbers of 

SS neurons which is accounted for by cell death. This finding is in agreement with the 

results of other studies ( Ramon y Cajal-Agueras et al., 1985; Naus et al., 1988 ).

(ii) Cholecystokinin

The development of CCK has been examined by immunohistochemistry ( McDonald et 

al., 1982c; Cho et al., 1983; Eadie, 1988; Meyer and Wahle, 1988 ), bioassay and RIA 

( Noyer et al., 1980; Brand, 1982; Varro et al., 1983 ) and a recent study comparing 

in situ hybridization with RIA ( de Belleroche et al., 1990 ).

CCK has been detected in foetal brain, but the development is mainly a postnatal event
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in the rat VC has been examined ( McDonald et al., 1982c; Eadie, 1988 ). At birth, 

CCK-immunoreactive neurons first detected in the lower CP are small and few in 

number, which increase in size and frequency by the middle of the first postnatal week. 

At the end of the first postnatal week, CCK-labelled neurons appear in LIV displaying 

morphological characteristics of bitufted and multipolar neurons ('McDonald et al., 

1982c; Eadie, 1988 ). During the second postnatal week, the frequency of CCK neurons 

increases and are localized in the supragranular layers including LI but predominantly 

in LII and LIII. CCK-positive cells continue to differentiate, acquiring adult features 

during the third postnatal week.

Ultrastructurally at birth, CCK-immunoreactive processes are characterized by growth 

cones, and somata receive immature asymmetrical synaptic contacts. At the end of the 

first postnatal week, CCK-immunoreactive dendrites receive a greater number of 

synapses and labelled axon terminals form immature symmetrical synapses with 

unlabelled dendrites and perikarya ( Eadie, 1988 ). Differentiation continues, and by the 

end of the second postnatal week CCK-labelled neurons appear in LI. Somata receive 

symmetrical and asymmetrical contacts with axon terminals forming symmetrical 

synapses with dendrites and perikarya of both pyramidal and nonpyramidal neurons 

including CCK-immunoreactive dendrites. CCK-labelled neurones are indistinguishable 

from the adult in the third postnatal week, with axon and axon terminals more prevelant 

in the supragranular layers forming symmetrical synaptic contacts with perikarya and 

dendrites of pyramidal and nonpyramidal cells ( Eadie, 1988 ).

(iii) Vasoactive intestinal polypeptide

The development of VIP-containing neurons in the rat CNS has been studied using 

various techniques ( Emson et al., 1979; Maletti et al., 1980; McGregor et al., 1982; 

McDonald et al., 1982b; Ramon y Cajal-Agueras et al., 1986; Wahle and Meyer, 1989; 

Cavanagh and Pamavelas, 1989 ). Development of VIP content in rat brain is consistent

54



with a localization or the majority or Drain VIP m the telencephalic neurons which 

develop late in embryonic life and mature postnatally. In the rat VC, VIP neurons are 

generated late in gestation with a high level of production at E19 ( Cavanagh and 

Pamavelas, 1989 ). VIP-positive neurons first appear in the rat VC at P4, displaying 

bipolar cell features ( McDonald et al., 1982b ). At the beginning of the second 

postnatal week, relatively high numbers of VTP-immunoreactive neurbns are seen in LII- 

LIII, with the cell somata showing an increase in size. In the latter part of this week, 

there is a dramatic increase in the complexity of VIP-labelled dendrites with the 

ascending dendrites reaching LI and beginning to form subpial tufts. The number of 

immunoreactive cells increases in the third postnatal week before decreasing thereafter 

( Cavanagh and Pamavelas, 1989 ). VIP-immunoreactive neurons continue their 

morphological maturation until the end of the fourth postnatal week when they are 

indistinguishable from the adult ( Emson et al., 1979; McDonald et al., 1982b ). 

Ultrastrusturally, VIP-labelled cells are first detected at the end of the first postnatal 

week and immunoreactive dendrites arising from the poles of labelled somata are 

observed together with growth cones at the tips ( Eadie, 1988 ). VIP-immunoreactive 

dendrites receive both asymmetrical and symmetrical contacts which are immature. In 

the second postnatal week, VIP-positive dendrites receive both types of synapses and the 

frequency of axosomatic synapses received by immunoreactive perikarya is greater than 

before ( Feldman and Peters, 1978 ). In the third week postnatal, labelled dendrites and 

somata receive mature synapses, and numerous immunoreactive axon terminals form 

symmetrical synaptic contacts with unlabelled dendrites and also with perikarya of 

pyramidal and nonpyramidal neurons. Maturity is attained during the fourth postnatal 

week, with VIP-positive cells displaying all the morphological and ultrastructural 

features characteristic of bipolar nonpyramidal neurons in the rat VC (Pamavelas, 1986).

(iv) Neuropeptide Y

The distribution of NPY in the developing rat brain has been studied by
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immunocytochemistry ( Foster and Schultzberg, 1984; Woodhams et al., 1985 ). The 

morphogenesis of NPY-containing cells in the rat VC which has also been studied by 

immunocytochemistry ( McDonald et al., 1982d; Eadie et al., 1990 ) and a combined 

immunohistochemical-autoradiographic study ( Cavanagh and Pamavelas, 1990 ) show 

a maturity over the first three postnatal weeks. These studies have demonstrated that 

NPY-immunoreactive neurons seen in the VC are generated between E13-E20 with peak 

production at E17 ( Cavanagh and Pamavelas, 1990 ). NPY-labelled neurones which at 

birth are restricted to the lower CP are small and develop in an M inside-outM manner. 

During the first postnatal week, these neurons located in LIV-LVI increase in size and 

dendritic branching. They gradually appear in the superficial cortical layers in the second 

postnatal week and exhibit multipolar and bitufted neuronal morphologies ( McDonald 

et al., 1982d; Eadie et al., 1990 ). By the end of this week, NPY-labelled neurons are 

located in LII-LVI with a preponderance in LV and LVI. In the third postnatal week, 

maturation is completed and NPY-stained cells display characteristics of adult neurons. 

After the second postnatal week there is a decline in the number of NPY- 

immunoreactive neurons ( Cavanagh and Pamavelas, 1990 ).

Ultrastructurally, NPY-immunoreactive neurons which are immature at birth show a high 

degree of maturation and differentation in the first postnatal week, with NPY-containing 

axon terminals forming symmetrical synapses with unlabelled dendrites ( Eadie et al., 

1990 ). During the second postnatal week, the frequency of synapses of both types onto 

NPY-immunoreactive perikarya and dendrites increases and, labelled axon and axon 

terminals seen in the neuropil make symmetrical contacts with unlabelled dendrites. 

Axon terminals which are scattered throughout the VC make symmetrical contacts with 

unlabelled dendrites and NPY-labelled perikarya and dendrites acquire their full 

complement of synapses in the third postnatal week.

Studies of embryonic development of NPY-immunoreactivity in brain which describe the 

presence of transient populations of NPY cells suggest a possible role in brain 

development ( Foster and Schultzberg, 1984; Woodhams et al., 1985 ).
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X.U M A 1 L K 1 A L 5  M L i n U U S

2.1.0 Receptor binding methodology - General considerations

The pharmacological characteristics of most receptor types within the CNS have been 

established mainly through the use of in vitro radioligand binding techniques where the 

basis for the detection of a receptor is the compulsory step of binding of the transmitter 

to a site that precedes the biological action.

Before a study of binding sites for a particular ligand can be undertaken, a consideration 

must be made of the techniques to be used, and appropriate methods selected. In order 

to obtain a good autoradiographic image, it is necessary that the radiolabelled ligand 

exhibits a high ratio of specific to nonspecific binding. Binding must also be of high 

affinity, finite capacity, reversible and temperature dependent. It must be borne in mind 

that since many radiolabelled ligands bind with high affinity to more than one receptor 

binding site subtype, an autoradiographic image may represent the combined distribution 

of a number of pharmacological subtypes for that particular receptor. Specific binding 

must be restricted to tissues where a response to the ligand can be demonstrated and 

where binding is displacable by biologically active analogs of the ligand. Additionally, 

the equilibrium dissociation constant obtained from Scatchard analysis and kinetic studies 

should be comparable. Specific binding is defined as the difference in the amount of 

radiolabelled ligand bound in the absence and presence of an excess of unlabelled ligand. 

Thus, the competitive ligand used to define non-specific binding must have a high 

selectivity and affinity for that receptor binding site.

In choosing a radiolabelled ligand, another factor to be considered is its metabolic 

stability. Under standard assay conditions, many endogenous ligands are unstable and 

therefore the use of synthetic analogues which are less susceptible to metabolic 

breakdown are used. One way of overcoming this problem is to modify the assay 

conditions so as to decrease the rate of degradation of unstable ligands. The choice of 

a radioligand of high purity which is sufficiently specific, stable and active is the most
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important step in the localization and characterization of any receptor binding site. 

Tritiated or iodinated ligands are used, both types having advantages and disadvantages 

when used in receptor autoradiography.

Preservation of tissue morphology is another important factor to consider for an accurate 

anatomical localization of receptor binding sites. Although prior fixation by perfusion of 

a phosphate buffered aldehyde solution improves tissue morphology, this procedure 

partially denatures receptor proteins, significantly reducing specific binding. Tissue 

morphology adequate for light microscopy may be obtained without prior fixation 

provided certain procedures are adhered to in the preparation process.

The term " receptor " is generally applied to a binding site which is functionally coupled 

to a transduction or second messenger system. However, the terms " receptor M and " 

binding site " are used interchangeably and therefore in this study, the term " binding 

site " will be used to signify specific recognition sites which may or may not be 

functionally active.

2.1.1 Preparation of animals

Time-mated Sprague-Dawley albino rats were used to obtain rats of the following ages 

in these studies: Embryonic days (E) 14 and 18, postnatal days (P) 0, 4, 7, 10, 14, 21, 

28, 60 and one year old adults. All animals were individually housed, maintained on a 

12 hour light-dark cycle, given free access to food and water and each animal was 

weighed prior to its use in an experiment to ascertain that they were nourished and that 

normal growth was occuring. Litters were adjusted to 10 pups per dam on the day of 

birth and animals of either sex were used in the experiments. After weaning, all young 

rats in a litter were housed in pairs. Five animals per age group were used in each 

experiment.

Embryonic pups were removed from ether anaesthetized mothers, decapitated and the 

heads frozen by immersion in 2-methylbutane at -40°C. In control and enucleation 

experiments, animals of all postnatal ages were decapitated between 07:00 and 09:00
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hours by guillotine, their brains removed from the calvarium, washed in ice-cold 0.9% 

sodium chloride, blotted dry, placed on crushed ice at 4°C and blocked, providing for 

correct orientation. The unfixed brain was obtained as soon as possible in order to 

minimize the possibility of any postmortem receptor changes. The blocked brain was 

then quickly frozen in 2-methyl-butane, placed on an aluminium microtome chuck, 

embedded in a medium ( Tissue-Tek, Miles Scientific, Naperville, IL ) and placed on 

the cold plate in a cryostat set at -20°C ready for cutting or alternatively, stored in a 

deep freezer ( -20°C - -40°C ) until required. Brains stored for longer periods were 

immersed in liquid nitrogen. These experiments found no significant differences in 

receptor binding between brains that were freshly cut when compared with brains that 

were stored in liquid nitrogen.

For enucleation experiments, animals were unilaterally enucleated a few minutes after 

birth. Pups were anaesthetized by ether and under sterile conditions the left palpebrae 

were separated, extraocular muscles severed and the entire orbit removed. The pups 

were then returned to the litter to develop until required. As the retinal projection to the 

visual centres in the rat is predominantly crossed at the optic chiasm ( Giolli and Creel, 

1974 ), a unilateral lesion of this pathway allows the ipsilateral pathway to act as a 

reference by which changes in the visually deprived contralateral pathway can be 

compared.

The procedures then followed were similar for the two groups. All experiments were run 

in parallel, with sections from control and enucleated animals being tested under the 

same experimental conditions. This meant that the two results could be compared and 

any differences between them noted.

2.1.2 Slide and section preparation

A major problem which occurs especially with extremely young tissue is that sections 

fall off the slides during a pre-wash or incubation. A process that helped to avoid this 

situation was a thorough cleaning of slides individually, initially in a commercial
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detergent followed by a wash for 30 minutes in cold running water. The next step was 

an acid wash in a solution containing 10% pottasium dichromate ( Merck, Germany ) 

and 10% concentrated sulphuric acid ( Analar ) made up in distilled deionized water. 

Slides were left overnight and then sequentially washed four times in distilled deionized 

water, each wash lasting 15 minutes. All procedures were carried out at room 

temperature.

These slides were then coated with gelatine, in a solution made up of 0.1 % gelatine ( 

Merck, Germany ), 0.01% potassium chromium ( I I I ) sulphate ( Merck, Germany ) in 

distilled deionized water for 15 minutes at room temperature. The slides were dried in 

an oven at 70°C for 60 minutes, after which they were ready for use.

Serial sections of 10 micrometres from the occipital cortex, thalamus and superior 

colliculus were then cut on a cryostat (Bright Instruments ) maintained at - 20°C. It was 

noted that brains up to P I0 sectioned well at this temperature whereas older ones could 

be cut at - 15°C. The sections were thaw-mounted onto the gelatine-coated slides and 

dried at or below 0°C without re-freezing. After this the slides were placed in slide 

boxes with dessicant ( silica g e l) and stored in a freezer at -20°C. Sections prepared in 

this way could be safely stored for 3 months without any deleterious effects on Receptor 

binding. Additionally, it was important to minimize freeze-thawing which seemed to be 

detrimental to receptor binding.

2.1.3 Receptor autoradiography method

Acceptable autoradiographic visualization of receptor binding sites demands optimal 

conditions such that a high ratio of specific to nonspecific binding and, steady-state 

binding conditions are obtained. Therefore, appropriate preincubation, incubation and 

rinsing conditions must be used to ensure that receptor binding site-ligand interactions 

are monitored at equilibrium. Because these experiments involved the study of four 

different peptides in the same system, it was thought best to standardize the assay 

buffers such that, the conditions under which the binding sites were localized were
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similar, thereby enabling comparisons to be made under a certain set of conditions. 

Thus, the protocols for homogenate and autoradiographic studies reported in the 

literature were tested and appropriately modified.

Slide-mounted sections were thawed for 10 minutes at room temperature and then 

preincubated for 30 minutes in a 50mM Tris-HCl buffer pH 7.4, containing 130mM 

NaCl, 5mM KC1, 2mM CaCl2 and 32mM sucrose. Following the preincubation 

procedure, slides were washed for two 5 minute periods in salt-free 50mM Tris-HCl pH 

7.4, and dried with cold air. Initial preincubation of sections was used to dissociate 

endogenous ligand so that the binding sites became available. For incubations, at room 

temperature, slides were then positioned horizontally and irrigated in 50mM Tris-HCl 

buffer pH 7.4, containing 0.2% bovine serum albumin ( BSA ), 0.05% bacitracin, 100 

KlU/ml aprotinin, 2mM EGTA, 3mM dithiothreitol, 5mM MgCl2 and the appropriate 

iodinated ligand either alone, or in the presence of the unlabelled peptide to define 

specific binding. After the incubation period, tissue sections were rinsed four times to 

dissociate loosely bound radioligand. This was carried out at 4°C, since the rate of 

dissociation of specifically bound ligand is decreased at lower temperatures, in 50 mM 

Tris-HCl buffer containing 0.5% BSA pH 7.4, ranging from 2-4 minutes per rinse which 

was dependent on the incubation time for each peptide. The final wash was followed by 

a 10 second dip in ice-cold distilled deionized water, to rid the sections of excess salts, 

and dried for 30 minutes in a stream of cold air. Autoradiograms were generated by 

apposing the slides to tritium-sensitive film ( Ultrofilm, LKB; Hyperfilm, Amersham ) 

in X-ray cassettes, stored in the dark at

-20°C for the appropriate exposure time varying from between 4 to 14 days. Iodinated 

standards ( Microscales, Amersham ) were co-exposed with the slides, to allow 

quantitation of the radioactivity bound. The film was then developed in Kodak D-19 

developer at 20°C for 5 minutes, quickly rinsed in water containing 1 % acetic acid and 

fixed for 5 minutes in 30% sodium thiosulphate solution. Finally, the film was washed 

in cold running water for 30 minutes, 15 minutes in distilled deionized water and dried. 

Qualitative analysis and imaging of receptor autoradiographs was acheived by the use of
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the Magiscan 2A, a video-based image processor system.

2.1.4 Computer image analysis of autoradiograms

The principal stages of image analysis are image capture, segmentation and object 

detection.

Image capture involves the conversion of the image into an electronic signal suitable for 

digital processing and storage. The image is captured by a video camera fitted with a 50- 

millimetre lens which quantizes the image in both space and tone. Spatially, the image 

is divided into a square or rectangular grid of picture elements known as pixels. Tonally, 

256 intensity levels exist which range from 0 ( black ) to 255 ( white ). Digital image 

processing and analysis systems treat the image as a set of points, each having a value 

which corresponds to the intensity of the image at that point, and the points, when 

arranged in a matrix which is usually a square or rectangular arrangements of rows or 

columns, form a digital representation of the image. Two distinct kinds of digitization 

are involved; the columns and rows are spatial digitization, while the energy level at 

each column and row intersection is also digitized to a set of discrete grey levels. 

Segmentation describes the act of separating the regions of interest within an image from 

the background. This is carried out in a number of sequential steps of thresholding, edge 

finding and region growing. First, thresholding allows all tones below a selected level 

to be treated as black and all above as white, under controlled illumination conditions. 

Edge finding techniques then pick out regions of high rate of change of grey tone in an 

image. Region growing then makes use of information about neighbouring pixels to 

group them together. The result of a segmentation operation will be a binary image, in 

which each pixel can have only one of two states, considered as either of interest or 

background.

Object detection is a data-reduction step which produces a description of each object, in 

which the start point and length of each continuous run of pixels of interest is recorded 

and also information needed to trace out the boundary of each object is encoded. The
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pixels that comprise the image form an array of 512 multiplied by 512 pixels for the 

Magiscan image array processor.

The relationship between optical density or grey value and radioactivity can be 

determined with radioactivity standards that contain known amounts of radioisotope. In 

so doing, the process of image linearization is accomplished whereby the image grey 

values are displayed as a linear function for each of the radioligand containing standards. 

The linearization step resulting in a visible and quantitatively accurate adjustment of the 

saturation of grey values obtained with tritium-sensitive film, is useful in demonstrating 

receptor gradients within brain regions. These gradients may not be visible in the 

unprocessed autoradiograms or in the digitized image prior to linearization step because 

of saturation of the tritium-sensitive film in regions of high radioactivity concentrations. 

The average pixel grey value within the outlined area of the linearized image can be 

converted by the computer to ligand concentration ( fmole per mg. protein).

The visual contrast between regions of different binding densities can be enhanced with 

a colour spectrum that ascribes different colours to particular ranges of grey values in 

the original or linearized image. This technique of image enhancement makes the 

variations in optical density more apparent, especially in areas of highest binding, since 

the human eye can resolve differences in colour more easily than differences in shades 

of grey.

Additional operations such as the construction of histograms, that are used in line profile 

analysis, cover operations relating to the frequency of occurence of each grey level in 

the image, in which the digitized grey level of each pixel is allocated to a class in a 

histogram which plots the number of pixels of a given level against that level. In this 

way, a line drawn across the visual cortical layers from the pial surface to the white 

matter corresponds to the individual pixels or points of varying density in the line 

profile. Therefore, differences can be seen in individual layers in the cortical thickness, 

and comparisons between different areas can also be made.
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2.1.5 (i) Assay conditions

PEPTIDE Kd (nM) (fmol/mg) INCUBATION CONC. TIME (m

SPEC. NON SPEC.

(nM) (uM)

SS 0.02-2.96 2.96-5. lxlO2 0.04-2.0 0.5-1.0 20-60

CCK 0.45-1.47 1.1-38.7 0.05-0.2 0.1-1.0 45-180

VIP 0.08-3.00 O.IxKf-S.6x10s 0.06 1.0 60-180

NPY 0.12-2.00 0.02-5.43xltf 0.1-2.0 1.0 60-120

The data for the values above was obtained by refering to the following references which

are detailed below according to the peptide:-

SS:-

Reubi et al., 1981; Srikant and Patel, 1981; Epelbaum et al., 1982; Perry et al., 

1983; Czemik and Petrack, 1983; Tran et al., 1984; Leroux and Pelletier, 1984,

1985; Reubi and Maurer, 1985; Weightman et al., 1985; Uhl et al., 1985; Beal et 

al., 1986.

CCK:-

Hays et al., 1980, 1981; Innis and Snyder, 1980; Saito et al., 1980; Zarbin et a l.,1983; 

Van Dijk et al., 1984; Lin and Miller, 1985; Moran et al., 1986; Sekiguchi and Moroji, 

1986.

VIP:-

Taylor and Pert, 1979; Staun-Olsen et al., 1982, 1985a,b; Shaffer and Moody,

1986; Martin et al., 1987.

NPY:-

Unden et al., 1984; Chang et al., 1985; Saria et al., 1985; Martel et al., 1986; 

Nakajima et al., 1986; Kohler et al., 1987.

In all the experiments tabled below, preincubations, preincubation washes and
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incubations were carried out at room temperature whilst postincubation washes were at 

4°C.

PEPTIDE PREINC. WASH INCUB. CONC. INCUB.TIME POSHNC. WASH

(mins) (mins) SPEC.(nM) NONSPEC.(uM) (mins) (mins)

[,25I]-SS-14 30 5 x2 0.2 1 60 ' 2 x4

[“ q-CCK-8 30 5 x2 0.05 1 90 4 x4

[mq-vip 30 5 x2 0.06 1 150 4 x4

[mq-NPY 30 5 x2 0.1 1 90 2 x4

2.1.5 (Ii) Buffers and materials

Preincubation buffer

50mM Tris-Hydrochloride ( Sigma ) pH 7.40 made up as: 

Tris-Hydrochloride ( Sigma ) 6.61 gms.

Tris-Base ( Sigma ) 0.97 gms.

To this solution the following chemicals are added:

5mM KC1 ( BDH Chemicals )

2mM CaCl2 ( BDH Chemicals )

32mM Sucrose ( BDH Chemicals )

130mM NaCl ( BDH Chemicals)

Incubation buffer

50mM Tris-HCl pH 7.40 containing:

0.02% Bacitracin ( Sigma )

0.20% Bovine Serum Albumin [ Fraction V ] ( Sigma ) 

2mM EGTA ( Sigma )

5mM MgCl2 ( BDH Chemicals )

3mM Dithiothreitol ( Sigma )
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Aprotinin ( Sigma ) 100 KIU per ml.

Postincubation buffer 

50mM Tris-HCl pH 7.4 containing:

0.5% Bovine Serum Albumin [ Fraction V ] ( Sigma ) 

Tritium-sensitive film

[3H] LKB Ultrofilm ( LKB, Sweden )

[3H] Hyperfilm ( Amersham )

Film developer

Kodak D19 developer 

Stop bath solution

1 % Acetic acid ( BDH Chemicals )

Fixer

30% Sodium Thiosulphate ( BDH Chemicals ) 

Ligands

[125I]-SS-14 ( 2000 Ci/mmol Amersham ) 

Unlabelled SS ( Sigma )

[125I]-CCK-8 ( 2000 Ci/mmol Amersham ) 

Unlabelled CCK ( Sigma )

[125I]-VIP ( 2000 Ci/mmol Amersham )

Unlabelled VIP ( Sigma )

[125I]-NPY ( 2000 Ci/mmol Amersham )

Unlabelled NPY ( Sigma )
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3.0 RESULTS

3.1 The normal development of somatostatin receptor binding sites

The distribution and density of SS receptor binding sites undergo considerable changes 

during ontogeny in the visual pathway of the rat as shown in a series'of frontal sections. 

( Figs. 1 - 13A ). The colour scale of Fig. 1A shows the level of binding increasing 

from blue to green to yellow to the highest level in red. This corresponds with the 

radioactive scale seen in Fig. 13A.

At E14, which corresponds to the onset of cortical neurogenesis, SS receptor binding 

sites were present in moderate densities in the telencephalic wall of the developing rat 

brain ( Fig. 1 ). As neurogenesis and migration proceeded, this thin sheet of 

neuroepithelium was transformed into a layered structure. SS receptor binding sites in 

the E l8 embryo ( Fig. 2 ) were distributed in the MZ, the layer destined to form LI in 

the adult, in moderate concentration. The CP which eventually forms layers II-VI and 

the VZ exhibited the highest density compared to the other layers. In the IZ, which is 

the presumptive white matter, low levels of receptor binding were noted. At this stage, 

there were moderate to low densities of SS receptor binding sites in the SC.

At birth, when neurons in the presumptive LV, LVI are beginning to differentiate, later 

bom cells are still migrating past them to superficial positions in the upper CP. At this 

stage in development, SS receptor binding was significantly decreased relative to 

concentrations seen at the late embryonic stages. ( Fig. 3 ). There was a modest level 

of binding in the presumptive LI while the highest distribution of SS receptor binding 

sites was localized in the upper CP, a region destined to form layers II-IV in the adult. 

The lower CP which eventually forms LV and LVI exhibited a moderate level of 

binding. In the other visual areas, there were low to moderate levels of binding in the 

SC and the dLGN displayed a moderate to high level of SS receptor binding sites.

As development proceeded, the level of binding throughout the cortex gradually 

increased and at P4 ( Figs. 4, 5 and 13A ) low levels of SS receptor binding sites were
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present in LI. In contrast, the upper layers, corresponding to layers II-IV exhibited the 

highest density of binding sites whereas the lower layers which form LV and LVI, 

showed a middling concentration of SS receptor binding sites. At this stage in the 

ontogenesis of SS receptor binding sites, a caudo-rostral gradient was in existence where 

the concentration was higher at more caudal levels. The SC and dLGN showed low 

labelling densities at this age. Qualitative data from histograms through the primary 

visual cortex at P4 ( Fig. 14 ) showed that LI has negligible binding while the highest 

level was localized in the upper CP. A moderate density of receptor binding was seen 

in LV with a lower concentration in LVI.

The migration of neurons continues up to P6, and by P7 neurons in the supragranular 

layers begin maturing both morphologically and chemically. At this age ( Fig. 6 ) ,  the 

concentration had increased significantly in comparison with levels at P4. The primary 

visual cortex ( area 17 ) appeared to have an overall lower density relative to the 

adjacent secondary visual areas. Within the presumptive area 17, low levels of label 

were observed in LI while LII,III and LIV contained the highest density of SS receptor 

binding sites. In the lower layers, a low to moderate concentration was present. 

However, in the adjacent areas 18 and 18a, a low level of labelling was present in LI, 

while in the supragranular and infragranular layers, there appeared to be a high density 

and homogeneous distribution pattern of binding sites. The caudo-rostral gradient at 

this age persisted and analysis of the autoradiograms showed higher levels in the more 

caudal regions of the cortex. In the SC and dLGN, very low concentrations of SS 

receptor binding sites were present.

The increase in binding sites noted in early postnatal development continued at the 

beginning of the second postnatal week (F ig . 7 and 13 A) and the trend which was in 

existence at P7 continued in the middle of the second postnatal week. There appeared 

to be increased binding in the lower layers of areas 18 and 18a relative to the 

presumptive area 17. SS receptor binding site concentrations continued to increase at 

the end of the second postnatal week. The density of SS receptor binding sites in area 

17 was less compared to the secondary visual areas with the highest levels concentrated
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in LV and LVI. The caudo-rostral gradient was still in existence at this stage of 

development. Histogram analysis of the presumptive area 17 at the end of the second 

postnatal week ( Fig. 15 ) localized the lowest levels of receptor binding in the LII,in, 

while LIV had a high concentration. The highest densities of SS receptor binding sites 

were located in LV and LVI whereas LI was devoid of binding. There appeared to be 

low densities of SS receptor binding sites in the SC and dLGN.

A peak in the concentration of SS receptor binding sites was obtained by the end of the 

third postnatal week. ( Figs. 8 and 9 ). At this age, there was a distinct distribution 

pattern. The differences between the primary and secondary visual areas observed 

earlier in development had now disappeared and the levels of binding were identical. 

LI displayed a low to moderate density of binding sites, whilst LII,III and LIV exhibited 

a high concentration of labelling. The highest level of binding was localized as a band 

in the lower layers of the cortex. Levels of receptor binding overall were still higher 

in caudal sections compared with those through more rostral regions of the VC. 

Analysis of histograms at this stage in development ( Fig. 16 ) revealed that LI was 

deficient in SS receptor binding sites whereas LII,III had a low density. In contrast, the 

highest level of SS receptor binding seemed to occur in LV and LVI. LIV showed a 

modest density of labelling for these receptor binding sites. Both the SC and dLGN 

exhibited high levels of SS receptor binding sites.

The distribution pattern observed at P21 was similar to that at the end of the fourth 

postnatal week. ( Figs. 10, 11 and 13A ). However, the density of SS receptor binding 

sites in the primary and secondary visual areas was slightly reduced. LI had a moderate 

density of receptor binding sites while the supragranular layers displayed high levels of 

binding. The lower layers still maintained the highest level of binding. The caudo- 

rostral gradient was present but not as significant as in the earlier stages of development. 

Histograms at this age ( Fig. 17 ) showed that the highest level of binding occurred in 

LV and LVI. A modest density of labelling that was present in LIV persisted while the 

upper layers exhibited a low concentration of SS receptor binding sites. High densities 

of receptor binding sites were located in the SC and dLGN.
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In the young adult rat ( Figs. 12, 13 and 13A ), high levels of SS receptor binding sites 

were present in LI, but the highest density of labelling was distributed throughout the 

remaining cortical layers. Caudal visual areas continued to show a small difference in 

receptor binding density compared to rostral levels. Data from the histograms at this 

age ( Fig. 18 ) showed that the highest densities of SS receptor binding sites were 

localized in LII, LIII and LV. High levels of binding were maintained in the SC and 

dLGN.

In the one year old adult, overall levels of binding were reduced with the highest 

concentration of SS receptor binding sites occurring in LV and LVI and high densities 

in the supragranular layers.

3.1.1 Development of somatostatin receptors in monocularly enucleated animals

In these experiments, animals were unilaterally enucleated at birth. Autoradiographic 

analysis of SS receptor binding sites in sections obtained at the various stages of 

development following enucleation showed that visual deprivation did not alter their 

density and distribution in the primary visual pathway ( Fig. 13A ). Histograms were 

used to assess qualitatively whether or not differences existed between the left and right 

visual cortical areas following enucleation at birth. These acted as a guideline to show 

the density and distribution in various layers and to distinguish between left and right 

differences if any. The histograms ( Figs. 14 - 18 ) taken through the primary visual 

area illustrated that no difference existed between the left and right VC in area 17 

following enucleation at birth.
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Figures 1 - 13A depict SS receptor binding sites in the developing rat visual 

pathway.

The magnification for these and all subsequent coloured and black and white 

photomicrographs are X10 and X3.3 respectively.

Figure 1. Embryonic Day 14 

Figure la. Colour code scale 

Figure 2. Embryonic Day 18





Figure 3. Postnatal day 0

Figures 4 and 5. Postnatal day 4



—dLGN



Figure 6. Postnatal day 7

Figure 7. Postnatal day 14





Figures 8 and 9. Postnatal day 21
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Figures 10 and 11. Postnatal day 28





Figures 12 and 13. Young adult
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Figures 14-18. Histograms illustrating the distribution of SS receptor binding 

sites throughout the thickness of the contralateral and 

ipsilateral visual cortex to the removed eye.

The legends for these and all subsequent histograms are on the first graph for each 

peptide. For each histogram, n= 10 and the bars represent the +S.E.M.
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3.2 The normal development of cholecystokinin receptor binding sites

Comparisons of the relative density of CCK receptor binding sites in coronal sections 

through the visual pathway clearly showed marked changes during development ( Figs. 

19 - 33A ). The scale in Fig. 19A shows a level of binding increasing from blue to 

green to yellow to the highest level in red. This corresponds with the radioactive scale 

seen in Fig. 33A. Examination of the density and distribution in autoradiograms showed 

that the development of CCK receptor binding sites was an event occurring late in 

postnatal life. CCK receptor binding sites were negligible at E14, E l8 or at birth which 

is the time when neurogenesis and migration of neurons are occurring in the developing 

cortex. In the middle of the first postnatal week ( P 4 ) ( Figs. 19 and 33A ), there were 

negligible to low concentrations of CCK receptor binding sites distributed throughout the 

cortical thickness with lower densities in the presumptive visual areas. Histogram 

analysis through the presumptive area 17 at this age ( Fig. 34 ) showed a 

homogeneously low level of binding sites distributed through all the cortical layers with 

only a small preponderance in LV and LVI. The SC and dLGN also displayed a low 

level of CCK receptor binding sites at this stage in development.

At the end of the first postnatal week ( Figs. 20 and 21 ), there was a gradual increase 

in the density of binding in the cortex but levels were still low in all layers of the 

cortex. In area 18 which had the highest concentration of CCK receptor binding sites 

compared with other visual cortical areas, binding was present in LI, LV and LVI while 

Ln,m and LIV exhibited a higher level of binding. A caudo-rostral gradient was noted 

in the autoradiograms at this stage in development, with caudal sections being labelled 

more densely than those at a rostral level. The presumptive primary visual cortex 

appeared to have an overall lower density compared with the adjacent areas 18 and 18a. 

Analysis of the histogram showed that the density of CCK receptor binding sites was 

still low and were distributed homogeneously in area 17 of the VC with a slightly higher 

level at the borders of LIV and LV. In the SC and dLGN, low concentrations of CCK 

receptor binding sites were present.
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In the middle of the second postnatal week ( P10 ) ( Fig. 22 ), the levels of CCK 

receptor binding sites increased significantly throughout the rat brain. In the VC, areas 

17 and 18 displayed a homogeneously low level of binding, whereas in area 18a, a low 

density of CCK receptor binding sites was present in LI, with increasing levels in LII,III 

and LVI. LIV and LV were endowed with a moderate concentration of radiolabelled 

CCK. Caudal areas of the VC continued to show higher levels of binding compared 

with those located rostrally. The density of receptor binding sites in the SC and dLGN 

remained low at this stage of development. At P12 (F ig .  23 ) while concentrations 

continued to rise overall, a pattern in the laminar distribution of CCK receptor binding 

sites began to emerge in the cortex. In the VC, area 18 displayed the highest 

concentration of CCK receptor binding sites and area 17 the lowest. LI of the primary 

and secondary visual areas had low levels of binding. In area 18, LTI,III contained a 

moderate to high density of receptor binding sites. The highest concentration of 

radiolabelled CCK was present in LIV while LV displayed a high level of labelled 

receptor binding sites. A low density of binding was noted in LVI. The distribution 

and density of CCK receptor binding sites in Ln,m, LIV and LVI was low but LV 

exhibited a high level of binding. In contrast to the secondary visual areas, the primary 

visual cortex contained a low density and distribution of CCK receptor binding sites 

throughout all the cortical layers. The caudo-rostral gradient still persisted at this age. 

There appeared to be no change in the density of CCK receptor binding sites in the SC 

or dLGN when levels were compared to those at the end of the first postnatal week. 

Levels of binding continued to increase in the VC and most other neocortical areas at 

the end of the second postnatal week. ( Figs. 24, 25 and 33A ). The density of CCK 

receptor binding sites in area 17 were considerably lower than that in areas 18 and 18a. 

LI, Ln,m were endowed with a low concentration of receptor binding sites in the 

primary and secondary visual areas in the more rostral sections ( Fig. 24 ). LIV 

seemed to have a high density of radioligand label in areas 18 and 18a whereas area 17 

had low levels of CCK receptor binding sites present. A modest to high concentration 

of label was present in LV and the upper regions of LVI, with a lower density of CCK

84



receptor binding sites in the lower part of LVI in the secondary visual areas. There was 

a low distribution of binding sites in all layers of area 17 except for LV which exhibited 

moderate levels of binding. At the more caudal levels of the VC ( Fig 25 ), there was 

increased CCK receptor binding. Area 17, however, still maintained lower levels of 

binding when compared with the secondary visual areas. CCK receptor binding sites in 

areas 18 and 18a appeared to have a similar distribution pattern with low densities of 

binding in LI and middling densities in LII and m . The highest concentration of CCK 

receptor binding sites were localized in LIV as a narrow band while LV and LVI 

displayed high densities of labelled binding sites. LV and LVI of area 17 contained the 

highest and LI the lowest density of CCK receptor binding sites.

At P14, histogram data ( Fig. 36 ) showed that a distinct graded pattern had emerged 

in area 17 with the highest pixel density localized in LVI and the lowest in LI, LII,III. 

LV had a high density of binding sites present with LIV exhibiting a lower pixel density. 

Low densities of CCK binding sites were present in the SC and dLGN at the end of the 

second postnatal week.

The density of CCK receptor binding sites continued to increase in the third postnatal 

week and at P21 ( Figs. 26 and 27 ), a peak in the concentration of labelling in 

ontogeny was noted. In the VC, there was a clear pattern of labelling; overall the 

secondary visual areas continued to exhibit higher levels of binding sites relative to area 

17. LI in areas 18 and 18a contained a low density of CCK receptor binding sites while 

LII,III and LV had a high concentration of label present. The density of CCK 

radiolabelled CCK binding present in LVI was moderate to high. The highest 

concentration of CCK receptor binding sites were still present in LIV. In contrast, the 

primary visual cortex demonstrated low levels of receptor binding sites in LI, moderate 

to high densities in LII,III, LIV and LVI while the highest concentration of CCK 

receptor binding levels was present in LV. The caudo-rostral gradient persisted and 

analysis of the autoradiograms showed that the increase in CCK receptor binding levels 

in the more caudal regions of the visual cortical areas compared with the rostral cortex 

was present. Analysis of histograms through area 17 of the VC showed that the high
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pixel density and distnoution seen m LV and l v i  at tne end or the second postnatal 

week continued to prevail at P21 ( Fig. 37 ). Low grain densities persisted in LI, 

LII,III. Low to moderate levels of receptor binding were maintained in the SC and 

dLGN.

At the end of the fourth postnatal week, ( Figs. 28, 29 and 33A ), there were slight 

variations in the distribution pattern and density of labelling in receptor binding sites in 

the VC. In area 17, there were low CCK binding levels in LI with moderate to high 

levels of binding in LII,III and LVI. LIV and LV appeared to be endowed with a 

higher density of CCK receptor binding sites relative to other laminae. In the secondary 

visual areas, the highest levels of receptor binding were concentrated in LIV. High 

levels of binding were still present in LII,III and LV, whilst LVI had a moderate to high 

density of CCK receptor binding sites. The caudo-rostral gradient, continued to exist 

but was not as marked when compared to earlier in development; the layers in the 

caudal primary visual cortex were more densely labelled compared to the rostral sections 

whereas the density of binding sites in areas 18 and 18a appeared to be similar. 

Qualitative analysis of the histogram at this age showed that the highest concentration 

of CCK receptor binding sites were located at the LIV and LV borders while LVI had 

a high level of binding. A moderate pixel density was present in LII,III and the lowest 

level of binding was present in LI. The SC and dLGN maintained the low density and 

distribution of CCK receptor binding sites which had remained constant throughout 

development.

In the young adult ( P 9 0 ) ( Figs. 30, 31 and 33A ), the differences in the concentration 

of labelled CCK receptor binding sites in areas 17, 18 and 18a had disappeared and a 

distinct banding pattern had appeared. In area 17, low levels of receptor binding sites 

were present in LI. The highest densities of binding were present at the borders of 

LII,III and LIV as well as LIV and LV, while high concentrations of binding were 

present in the other layers. The lower part of LVI seemed to have a moderate to high 

concentration of labelled CCK receptor binding sites. There did not appear to be any 

difference in the laminae distribution pattern between the primary and secondary visual
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areas in tne adult. Although the caudo-rostral gradient had disappeared m other cortical 

areas by this age, the primary visual cortex exhibited minor concentration differences 

between rostral and caudal sections; those located more caudally were uniformly 

labelled. A histogram through the primary visual cortex demonstrated a uniform high 

density through all layers of the cortex with a slight predominance in the LIV, LV and 

LVI. The levels of CCK receptor binding sites in the SC increased somewhat from P28 

and appeared to be distributed in the superficial layers at a moderate concentration, 

while in the dLGN, low levels of labelling persisted.

Compared with the young adult, levels of CCK receptor binding sites in the old adult 

visual cortical areas were considerably lower ( Figs. 32 and 33 ). The concentrations 

in area 17 were lower relative to those in areas 18 and 18a. There was a low density 

of receptor labelling in LI in both the primary and secondary visual areas. In the caudal 

sections, area 17 had the highest level of binding in LII,III and LIV, and at the LIV, LV 

borders appeared as a band. However, the lower part of LV and LVI were endowed 

with a modest density of CCK receptor binding sites. Areas 18 and 18a showed a high 

density of labelling in LII,III and LV, while LIV showed the highest concentration of 

receptor binding sites; LVI was seen to contain a middling concentration. The caudo- 

rostral gradient was apparent at this age and the density of CCK receptor binding sites 

was lower in the primary visual cortex in rostral sections. Levels of binding sites were 

moderate in the SC similar to those observed in the young adult, while in the dLGN, no 

change in the low concentration of receptor binding was noted.

3.2.1 Development of cholocystokinin receptor binding sites in monocularly enucleated 

animals

Monocular enucleation of animals was carried out at birth and coronal sections through 

the primary visual pathway at all ages in the developmental study were subjected to the 

same protocol as the normal animals. Analysis of the autoradiograms directly ( Fig. 

33A ) and by image analysis, did not show any significant differences in the density and
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distribution of CCK receptor binding sites in the various visual centres. This pattern 

was seen when enucleated rats were compared with normal rats at all the ages examined. 

To assess whether changes had occurred in the left and right primary VC, histograms 

were made on numerous sections at each age and studied qualitatively. A representative 

histogram at each stage of development taken through area 17 ( Figs 34 - 39 ) showed 

that there was no significant difference in the pixel density between the left and right VC 

following enucleation at birth. These histograms were also used as a guide to locate 

within the visual cortical thickness, areas of varying pixel densities from which receptor 

binding site levels were inferred.

3.3 The normal development of vasoactive intestinal polypeptide receptor binding 

sites

Coronal sections at various stages in the development of the visual pathway of the rat 

showed significant changes in the density and distribution of VIP receptor binding sites 

( Figs. 40 - 52A ). The scale in Fig. 40a shows the level of binding increasing from 

blue to green to yellow to the highest level in red. This corresponds with the 

radioactive scale seen in Fig. 52A. In embryogenesis, the immature cortex which 

consists of a pseudostratified neuroepithelium surrounding the lateral ventricle is formed 

by cell division and migration of cells located at the ventricular surface. Cortical 

neurogenesis and migration of neurons begins at E14; at this stage no receptor binding 

sites for VIP were present in the telencephalic wall of the embryonic brain. Cells in the 

VZ underwent continuous cell division and as neurogenesis and migration proceeded, 

the telencephalon which first appeared as a thin wall was transformed into a layered 

structure. By embryonic day 18 ( Fig. 40 ), VIP receptor binding sites had appeared 

in the presumptive layers of the cortex. The MZ, CP and lower VZ exhibited low levels 

of binding whereas the IZ was endowed with a moderate to high concentration of VIP 

receptor binding sites.

At birth, the high concentration of VIP receptor binding sites which were present in the
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Figures 19 - 33A depict CCK receptor binding sites in the developing ra t visual 

pathway.

Figure 19. Postnatal day 4

Figures 20 and 21. Postnatal day 8





Figure 22. Postnatal day 10

Figure 23. Postnatal day 12





Figures 24 and 25. Postnatal day 14
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Figures 26 and 27. Postnatal day 21





Figures 28 and 29. Postnatal day 28
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Figures 30 and 31. Young adult





Figures 32 and 33. Old adult





Figure 33A depicts CCK receptor binding sites at various stages in development.
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Histograms illustrating the distribution of CCK receptor 

binding sites throughout the thickness of the contralateral and 

ipsilateral visual cortex to the removed eye.
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of VIP receptor binding sites which were homogeneously distributed throughout the 

cortical thickness. At this stage, a caudo-rostral gradient was in existence with levels 

lower in the rostral regions compared to those located more caudally. In the other 

visual areas examined, the SC and dLGN also exhibited low levels of receptor binding 

sites.

The concentration of VIP receptor binding steadily increased from birth and on the 

fourth postnatal day ( Figs. 42, 43 and 52A ), very high concentrations of binding were 

seen in LI and LVI as distinct bands in the primary and secondary visual areas. The 

upper and lower CP and LV also had moderate to high densities of binding sites when 

compared to the other layers. The caudo-rostral gradient which was present at birth 

was distinct at this age. Analysis of the autoradiograms showed an increase in the more 

caudal sections of the VC compared to those located rostrally. Qualitative analysis of 

histograms through the primary visual cortex showed that high pixel densities were 

located throughout the cortical thickness ( Fig. 53 ). The SC exhibited very high levels 

of VIP receptor binding sites in concentrations similar to that seen in LI. The dLGN 

at this age was also endowed with a high concentration of receptor binding sites.

At the end of the first postnatal week, there was a slight reduction in the density of VIP 

receptor binding sites throughout the cortical thickness. The highest concentration of 

VIP binding sites were present in LI and the lowest in LVI. In LII,ni and LIV, there 

was a moderate density of labelled receptor binding sites. Labelling in the SC and 

dLGN remained at high levels as seen at P4.

In the first half of the second postnatal week, the levels of binding began to rise slowly. 

( Fig. 44 ). The VIP receptor binding sites were located in high densities in LI, LII,III 

and upper regions of LIV, whereas the lower part of LV and the upper regions of LVI 

exhibited moderate to high concentrations of labelled binding sites. The caudo-rostral 

gradient persisted with higher levels being seen more caudally. In the SC and dLGN, 

the densities of VIP receptor binding sites were high and similar to those levels seen 

earlier in development. There was no apparent difference in the levels of binding
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between the primary and secondary visual areas.

By the end of the second postnatal week ( Figs. 47, 48 and 52A ), while concentrations 

of labelled VIP receptor binding sites continued to increase in the cortex, a distinct 

laminar pattern was emerging. In areas 17, 18 and 18a, the highest levels of receptor 

binding were present in LI, LII,III, upper regions of LIV and at the LV and LVI 

borders. All the other regions of LIV, LV and LVI were endowed with a moderate 

density of VIP receptor binding sites. The caudo-rostral gradient seen in the early 

developmental stages was maintained at P14 with clear differences between rostral and 

caudal sections through the VC. Analysis of the histograms at this stage in development 

( Fig. 54 ) showed, a high density present in LI, L n ,m  and LIV and at the LV and 

LVI borders. The pixel densities inferred that there were similar levels of VIP binding 

sites in the supragranular when compared with the infragranular layers. The SC still 

exhibited very high levels of VIP receptor binding sites which were localized in the 

superficial layers. Very high concentrations of labelling were also present in the dLGN. 

The levels of binding continued to increase at the end of the second postnatal week. 

The density of binding sites continued to increase in all the visual cortical areas in the 

third postnatal week. At postnatal day 21, ( Figs. 49 and 52A ), areas 17, 18 and 18a 

were endowed with the highest density of receptor binding sites concentrated in LI, 

Ln,III and LTV. There appeared to be a moderate concentration of VIP receptor 

binding sites in LV and LVI with a slightly higher density in LVI. At this point in 

development, the caudo-rostral gradient was present but not as evident as in the earlier 

stages. Data from histogram analysis showed that very high pixel densities were present 

in LV and LVI, whilst in LI, LII,III and LIV, high concentrations of VIP receptor 

binding sites were inferred. (F ig . 55 ). The pixel density located in the infragranular 

layers was slightly higher in comparison with the other layers. In the visual pathway, 

the SC had a very high level of VIP receptor binding sites in the superficial layers with 

reduced concentrations of binding in the lower layers. VIP receptor binding levels in 

the dLGN persisted at high concentrations.

Between P21 and the end of the fourth postnatal week, VIP receptor binding site
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densities continued to rise and a peak in labelling was attained at P28. ( Figs. 50 and 

51 ). There was no difference in the level of binding between the primary visual cortex 

and areas 18 and 18a. Dense labelling in the cortex was localized in LI, LII,III, LIV 

and LVI with high levels of binding in LV. Binding densities for VIP receptor sites in 

caudal and rostral sections through the visual cortex at the end of the fourth postnatal 

week were similar. Histograms revealed a similar pattern of pixel density to that seen 

at P21 ( Fig. 56 ). The highest concentrations of binding sites inferred from analysis 

of these histograms were located in the infragranular layers. The highest density of VIP 

receptor binding sites appeared to be distributed in LVI. Lower pixel densities were 

seen in the supragranular layers. Both the SC and dLGN exhibited very high densities 

of VIP receptor binding sites. The SC was more densely labelled in the superficial 

layers compared to the lower layers.

The distinct distribution pattern seen at the end of the fourth postnatal week was 

maintained in the young adult cortex ( Figs. 52 and 52A ). In areas 17, 18 and 18a, 

LI, Ln,m, LIV and LVI were still densely labelled whilst LV had a high concentration 

of VIP receptor binding sites present. Labelling in rostral and caudal sections were 

similar at this developmental stage. There was no change in the density of VIP receptor 

binding sites in the SC and dLGN when compared with levels at the end of the fourth 

postnatal week.

In the one year old adult, binding levels were still high but overall there was a reduction 

in the density of receptor binding sites. The same pattern was observed for the SC and 

dLGN where levels of receptor binding for radiolabelled VIP were reduced in 

comparison with the young adult.

3.3.1 Development of vasoactive intestinal polypeptide receptor binding sites in 

monocularly enucleated animals

In enucleation experiments, animals were unilaterally enucleated at birth. Direct 

visualization of the labelled sections in autoradiograms and image analysis carried out
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on the autoradiograms, revealed that changes had occurred in the visual pathway in the 

density and distribution of VIP receptor binding sites when compared with normal 

development ( Figs. 42 - 52A ). Histograms taken through the primary visual cortex 

were used qualitatively to assess whether differences between layers in the left and right 

cortex occurred following monocular enucleation ( Figs. 53 - 56 ).

At P4, ( Figs. 42, 43 and 52A ) very high densities of VIP binding sites were noted in 

LI and LVI as distinct bands in areas 17, 18 and 18a of the VC while moderate levels 

of binding were present in the CP and LV. There was a distinct caudo-rostral gradient 

present with concentrations higher caudally. Qualitative analysis of histograms through 

area 17 of the VC illustrated that there was no significant difference between left and 

right cortices ( Fig. 53 ). The SC and dLGN, which exhibited high levels of VIP 

receptor binding sites did not show any difference in the density and distribution of 

binding sites between left and right.

At the end of the first postnatal week, the density of VIP receptor binding sites in the 

left and right VC were similar. There was no difference in receptor binding levels in 

the SC or the dLGN. This same trend was noted at P10 ( Fig. 44 ). However, at the 

end of the second postnatal week, ( Figs. 45 and 46 ), there appeared to be a change in 

the density of labelled binding sites in the visual pathway. In the primary visual cortex, 

histogram analysis revealed that there was a similar distribution in grain density in all 

the layers of both left and right hemispheres. Differences were noted in the SC and 

dLGN. There was a decrease in VIP receptor binding on the side contralateral to the 

enucleation whereas concentrations ipsilaterally remained the same when compared with 

normal control animals. ( Figs. 47, 48 and 52A )

Levels of binding increased in the third postnatal week and the differences between left 

and right SC and dLGN continued to exist. Histogram analysis did not show any 

significant difference between the left and right VC ( Fig. 55 ).

A peak in the labelling of VIP receptor binding sites was reached at the end of the 

fourth postnatal week ( Figs. 50 and 51 ). Dense labelling in area 17 of the left and 

right VC was present in LI, LII,III, LIV and LVI whereas high densities of binding
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sites were present in LV. Qualitative histogram analysis of pixel density did not show 

any difference between the left and right side of the primary visual cortex ( Fig. 56 ). 

In contrast, there was a reduced density of VIP receptor binding sites in the SC on the 

side contralateral to the enucleation as well as overall shrinkage of the structures. 

Binding appeared to be homogeneous in the superficial and deeper layers of the SC.
•r

On the ipsilateral side, binding levels were higher in the superficial layers compared to 

the deep layers ( Fig. 51 ). Similarly, changes were noted in the dLGN where high 

densities of binding persisted on the ipsilateral side whereas contralaterally, there was 

a decrease in the density of VIP receptor binding sites. The differences in the pattern 

of binding of radiolabelled VIP in the SC and dLGN of enucleated animals was 

maintained in the young adults ( Figs. 52 and 52A ). Although receptor binding 

concentrations were still high in the one year old adult animal, there was a reduction in 

the level of binding. Nevertheless, the differences seen in the SC and dLGN of 

enucleated animals during development was sustained.

3.4 The normal development of neuropeptide Y receptor binding sites

Analysis of the autoradiograms and the use of an image-analysis system on a series of 

coronal sections at various developmental stages clearly showed some subtle changes in 

the density and distribution of NPY receptor binding sites ( Figs. 57 - 66A ). The scale 

in Fig.57a represents the level of binding which increases from blue to green to yellow 

to the highest level in red. This corresponds with the radioactive scale seen in Fig. 

66 A.

At E14, a time at which cortical neurogenesis and migration was occurring, there were 

no NPY receptor binding sites present. In the E l8 embryo ( Fig. 57 ), a low density 

of receptor binding sites were distributed uniformly throughout the MZ, IZ and VZ with 

a slightly higher density of labelling at the CP.
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Figures 40 - 52A depict VIP receptor binding sites in the developing ra t visual 

pathway.

Figure 40. Embryonic day 18
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Figure 41. Postnatal day 0

Figures 42 and 43 Postnatal day 4





Figure 44. Postnatal day 10

Figures 45 and 46. Postnatal day 14 (enucleated)





Figures 47 and 48. Postnatal day 14 (control)

Figure 49. Postnatal day 21 (control)





Figures 50 and 51. Postnatal day 28 (enucleated)

Figure 52. Young adult (enucleated)





Figure 52A depicts VIP receptor binding sites at various stages in development.
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Figures 53 - 56. Histograms illustrating the distribution of YIP receptor binding

sites throughout the thickness of the contralateral and 

ipsilateral visual cortex to the removed eye.



RE
LA

TI
VE

 
PI

XE
L 

D
EN

SI
TY

53

P4

LI CP LV LVI

LAYER

CONTRALATERAL

IPSILATERAL

114



RE
LA

TI
VE

 
PI

XE
L 

D
E

N
S

IT
Y

54

P14

15 -

10 -

5 -

LI LII/LIII LIV LV 

LAYER

LVI

115



55

P21

£
10
z
LJQ
_J
LJ
X
Q_
LJ>

UO'

I
15 -

10  -

5 -

LI

I
1 I

LII/LIII

I

I
LIV

LAYER

I
I

1
LV

1
LVI

116



56

P28

20

15 -

in
z
LJO
_ l
Ld
>< 10 
Q_
Ld>

s
Ld
a:

5 - I i
I

1
i

LI LII/LIII LIV

LAYER

i1
LV LVI

117



There appeared to be very low concentrations of receptor binding sites present in the 

newborn animal ( Fig. 58 ) in the most superficial layer. All other layers were devoid 

of receptor binding sites. A caudo-rostral gradient was not apparent. Histogram 

analysis throughout the primary visual cortex at this stage of development localized the 

uniform pixel density in LI and the CP ( Fig. 67 ). The SC and dLGN exhibited low 

levels of receptor binding sites.

In the first half of the first postnatal week ( Figs. 59 and 66A ), a distinct band with a 

low to moderate density of NPY receptor binding sites was labelled in LII,III. There 

were also low to moderate concentrations of receptor binding sites present in LV of 

area 18 and 18a but not in area 17. The other layers had a homogeneously low level 

of receptor binding sites present. At this stage, a low density of NPY receptor binding 

sites were noted in the SC whereas the dLGN expressed a low to middling concentration 

of binding. By the end of the first postnatal week ( Fig. 60 ), there was a considerable 

increase in the density of NPY receptor binding sites in the brain overall. In the 

primary and secondary visual areas of the cortex, the concentrations of labelled NPY 

receptor binding sites increased to high levels in LH,in and a moderate density of 

receptor binding sites appeared in LIV, LV and LVI. There was a very low labelling 

of binding sites in LI. There were no differences in the density of labelling between 

rostral and caudal sections. Data from the histograms showed high pixel densities in 

the supragranular layers with highest levels occurring in L II,m . There appeared to be 

a lower pixel density present in all the other layers ( Fig. 68 ). In the SC, there was 

a low to middling concentration of NPY receptor binding sites localized in the most 

superficial layer. The dLGN at P7 showed the first peak in concentration which was an 

increase from the low to moderate levels seen earlier in the week to high receptor 

binding densities.

During the second postnatal week, densities of binding were similar to those seen at the 

end of the first postnatal week and at P12 ( Fig. 61 ), the highest receptor binding 

density was localized in LII,III. LV and LVI were endowed with a moderate 

concentration of labelled VIP binding sites. The levels of receptor binding in the SC
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and dLGN were maintained at moderate levels. At the end of the second postnatal 

week ( Figs. 62 and 66A ), there appeared to be a reduction in levels of binding in the 

visual pathway. LI had a low density of NPY receptor binding sites whereas LII,in, 

upper LIV and LV had a low to moderate concentration of binding; it was noted that 

LVI had a low density of binding sites. A caudal to rostral gradient through the VC was 

not apparent. Analysis of histograms showed that LI had a low pixel density with the 

highest levels present in LII,III and high levels in the other layers ( Fig. 69 ). A low 

to moderate density of binding sites were distributed in the superficial layer of the SC. 

The dLGN also exhibited a similar level of binding.

NPY receptor binding densities were maintained at the end of the third postnatal week 

at levels similar to those at P14 ( Fig. 63 ). Low levels of NPY receptor binding sites 

were present in LI, whilst the low to middling concentrations were present as a band 

distributed in LII,III and upper LIV. LV also contained a low to moderate level of 

binding sites, which were at a lower concentration when compared with the superficial 

layers, whereas low densities of receptor sites for NPY were located in LVI. Caudal 

and rostral sections through the VC exhibited similar levels of binding.

At P21, histogram data ( Fig. 70 ) showed a low pixel density in LI and LVI which 

then increased in L n,m , LIV and LV. The highest densities were localized in LII,m  

and LIV. Levels in upper LV were high but lower LV and LVI exhibited a low density 

of receptor binding. The low to middling densities of NPY receptor binding sites seen 

in the SC and dLGN at the end of the second and third postnatal weeks persisted at this 

stage of development.

There appeared to be no significant changes in the distribution and density of NPY 

receptor binding sites at the end of the fourth postnatal week ( Figs. 64 and 66A ) when 

compared with those at the end of the third postnatal week. Low levels of binding were 

present in LI, while LII, Lin and upper LIV contained low to moderate densities of 

NPY receptor sites. LV exhibited low to moderate densities but at a lower concentration 

compared with the upper layers; LVI maintained a low concentration of NPY receptor 

binding sites.
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Levels of receptor binding increased significantly in the young adult ( Figs. 65, 66 and 

66A ) to concentrations similar to those seen at the end of the first postnatal week ( Fig. 

60 ). The highest level of binding was present in LII,III and upper LIV. LV was 

endowed with a low to moderate density of receptor binding sites whereas LI and LVI 

had low concentration of NPY receptor binding sites. Analysis of the histograms from
•r

the primary visual cortex ( Fig. 7 1 ) showed that low pixel densities were present in LI, 

with highest levels in LII,III, and high densities in LIV. LV and LVI showed a lower 

but variable density with concentrations decreasing in LVI. Concentrations of NPY 

binding increased in the superficial layers of the SC to moderate levels when compared 

to P28, while in the dLGN low to moderate densities of NPY binding sites persisted.

3.4.1 Development of neuropeptide Y receptor binding sites in monocularly enucleated 

rats

Animals were monocularly enucleated at birth and their brains sectioned coronally at the 

various ages in the developmental study. Examination of the autoradiograms as well as 

image analysis, did not show any significant differences at any age in the density and 

distribution of NPY receptor binding sites in the visual areas when they were compared 

with those in normal development ( Figs. 57 - 66A ). Histogram analysis was used to 

qualitatively assess whether subtle changes, not visible to the eye or in image analysis, 

took place in either the left or right primary visual cortex. A representative line profile 

taken through area 17 at each developmental stage ( Figs. 6 7 - 7 1  ), showed that there 

were no significant differences between the left and right visual cortices following 

enucleation at birth. The graphs also acted as a guide to locating the different layers in 

the cortical thickness based on the variation in grain density.
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Figures 57 - 66A depict NPY receptor binding sites in the developing ra t visual 

pathway.

Figure 57. Embryonic day 18 

Figure 58. Postnatal day 0





Figure 59. Postnatal day 4

Figure 60. Postnatal day 7





Figure 61. Postnatal day 12

Figure 62. Postnatal day 14





Figure 63.

Figure 64.

Postnatal day 21 

Postnatal day 28
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Figures 65 and 66. Young adult
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Figure 66A depicts NPY receptor binding sites at various stages in development.
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Figures 6 7 - 7 1 .  Histograms illustrating the distribution of NPY receptor binding

sites throughout the thickness of the contralateral and 

ipsilateral visual cortex to the removed eye.
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4.0 DISCUSSION

4.1 Methodology - Technical considerations

For successful localization and characterization of any receptor binding site, the choice 

of a radioligand of high purity which is sufficiently specific, active and stable, is the 

most important step. Tritiated [3H] and iodinated [125I] radioligands are the most 

commonly used in receptor binding experiments. Both types have certain advantages 

and drawbacks ( Leslie, 1987; Kuhar and Unnerstall, 1985 ).

Tritiated ligands are made by incorporating the tritium into the molecule either by direct 

synthesis or by catalytically induced [3H] exchange with [3H] atoms into the molecular 

structure. The advantages of using [3H] labelled ligands are several. One important 

consideration is that the tritium-labelled compounds are almost identical in molecular 

structure to their native counterparts and are, therefore, pharmacologically 

indistinguishable. Tritium emits beta particles ( electrons of nuclear origin ) of weak 

and variable energy. The weak energy enhances resolution beause of the short distance 

beta-particles can travel from their origin, which is only a few micrometres. 

Consequently, exposed silver grains in the film will be close to the emission source ( 

Rogers, 1979 ). Furthermore, only the tissue just beneath the film contributes to the 

image and therefore, variations in section thickness will not alter the autoradiographic 

image. Tritium also has a relatively long radiochemical half-life of 125 years. 

However, several disadvantages of tritium for ligand autoradiography are now well 

known. First, the relatively weak beta-particles emitted by tritium are differentially 

absorbed by different brain regions depending on their composition of grey and white 

matter ( Alexander et al., 1981; Herkenham and Sokoloff, 1983; Geary and Wooten, 

1985 ). As a result, tritium penetrates grey matter with approximately 60% greater 

efficiency than white matter ( Rainbow et al., 1984, Geary and Wooten, 1985 ). 

Differential quenching, like nonspecific binding or high background, contributes to the 

distribution pattern in ways that can lead to erroneous interpretations about actual
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receptor distributions. Quenching falsely enhances the impression of receptor 

heterogeneity, whereas nonspecifc binding and high background give the opposite 

impression.

Quantitative errors resulting from the differential absorption of beta-particles emitted by 

tritium through tissue can be corrected by various methods which include tissue defatting
9

with an organic solvent prior to autoradiography ( Herkenham and Sokoloff, 1984; 

Geary et al., 1985 ), the use of [I4C]-plastic standards ( Geary et al., 1985 ), or the ratio 

correction procedure based upon regional percent attenuation of beta transmission ( 

Unnerstall et a l., 1984 ) which have been calculated for various brain regions ( Geary 

and Wooten, 1985 ).

A second disadvantage of using tritium as a label for autoradiography results from the 

relatively low specific activity typically obtained for ligands labelled with the isotope. 

This is because monotritiation results in a theoretical maximum of the specific activity 

of approximately 37 Curies per millimole if every molecule is singly labelled and it is 

generally difficult to attach more than two tritium labels onto each molecule. As a 

result, labelled sections must be exposed to tritium-sensitive film for long periods to 

achieve adequate exposure for good image contrast and darkness; in so doing, the result 

is an elevated " background " level of grains.

These disadvantages of tritium labelling appear to be overcome with the radioisotope 

[125I]. Iodinated ligands are made by incorporating [125I] into molecules possessing an 

aromatic hydroxyl group which are usually tyrosine residues or using a Bolton-Hunter 

group ( Bolton and Hunter, 1973 ). The results of monoiodination is a radioligand with 

a high specific activity of up to 2200 Curies per millimole. Thus iodinated ligands 

produce images in days instead of months because [125I] emits gamma rays which, like 

photons of light, can create conversion electrons in the emulsion layer ( Rogers, 1979 

). In addition, [125I] emits beta particles in six energy levels, the majority of which are 

weaker than those of tritium.

[125I] does not differentially self-absorb in different tissues ( Herkenham and Sokoloff, 

1984; Kuhar and Unnerstall, 1985 ) so quenching of the beta-particles it emits is not as
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severe a problem as with tritiated radioligands. However, [125I] generates higher energy 

emissions than [3H] which will penetrate more tissue than the two to three micrometres 

that beta-partricles penetrate. For tritium, this limitation will result in good spatial 

resolution and a uniform exposure of the film even in sections varying in thickness as 

long as the sections are thicker than 3 micrometres. The emissions from [125I], which 

include X-rays and a variety of extra-nuclear electrons ( Rogers, 1979 ), may penetrate 

the entire thickness of tissue sections. The increasing section thickness brings into play 

the contribution of gamma rays while that of the beta-particles from the surface of the 

section remain constant. Gamma rays which can travel hundreds of micrometers in all 

directions from their source can therefore result in image blurring which becomes 

noticeable as the section thickness increases and any variation in section thickness will 

introduce variations in image density. Therefore, cryostat sectioning must be rigidly 

controlled to minimize normal variations in section thickness. When performing 

quantitative autoradiography it is essential that the standards are cut to the same 

thickness as the section.

A factor to be considered is that the incorporation of the large iodine group into small 

molecular structures may significantly alter the pharmacological properties of 

radioiodinated chemicals by interfering with the structural requirements necessary for 

binding and biological activity.

A disadvantage of using [125I] is that is has a half life of only 67 days. Therefore, if 

high specific activity is required, resynthesis of the iodinated label is required. In order 

to obtain the best results, one should minimize the time the compound is stored and also 

have the section cut before receipt of the ligand the reason being that, with storage, 

there is a greater susceptibility to radiation-induced destruction of the molecular 

structure.

4.1.1 Tissue preservation

Labelling receptor binding sites in vitro by incubating slide-mounted, cryostat-cut tissue
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sections in buffered solutions containing radiolabelled ligand is done preferably in 

unfixed tissue which retains receptor binding activity. Perfusion through the vasculature 

especially with aldehydes was seen to interfere with ligand binding. This is because 

fixation can alter membrane properties and molecular structures in ways that affect 

binding properties, thereby significantly reducing specific binding ( Young and Kuhar, 

1979d ). However, fixation with low concentrations of paraformaldehyde have been 

utilized without significant alteration in receptor binding ( Young and Kuhar, 1979d; 

Herkenham and Pert, 1982 ) Therefore, it appears that some binding sites are more 

sensitive to the deletrious effects of tissue fixation than others ( Lewis et al., 1984 ). 

When anaesthesia was used, control experiments were carried out to assess the 

possibility that the anaesthetic might interfere with the ligand binding. There was no 

difference in the level of binding between anaesthetized and non-anaesthetized animals. 

Fetuses ( E14 and E l 8 ) were removed from heavily anaesthetized mothers, decapitated 

and their brains removed. All animals with the exception of the embryonic pups were 

decapitated without anaesthesia.

Tissue integrity was preserved by following the procedures described for brain removal, 

freezing, cutting and section drying. After the brains had been cut, thaw-mounted onto 

clean gelatine-coated slides and dried at cold temperatures without freezing, they were 

placed in slide boxes with desiccant in a freezer at -20°C . It was found that the 

sections could be stored safely for three months at this temperature without any 

deleterious effect on receptor binding. An important factor however was to minimize 

freeze-thawing which appeared to have delterious effects on the receptor binding sites.

4.1.2 Assay Conditions

For an adequate autoradiographic visualization of ligand binding sites, it was important 

to optimize binding conditions such that a high rate of specific to non-specific binding 

and steady-state binding conditions were fulfilled. Appropriate incubation and rinsing 

conditions were used to ensure that the receptor-binding site ligand interaction were
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monitored at equilibrium. However, it must be remembered that the binding conditions 

suitable for one peptide receptor binding site may not be suitable for another and 

therefore the final binding conditions chosen were those that were optimal for that 

specific peptide receptor binding site. Initially, assay conditions were set arbitrarily and 

then each parameter was raised individually until an appropriate experimental protocol 

was obtained. The characteristics that were defined were the preincubation and 

incubation buffers, incubation time, postincubation conditions and radioligand 

concentration.

Initial preincubation of sections in ligand-free buffer were used to dissociate endogenous 

ligand and to stabilize the binding sites ( Slimantov and Snyder, 1976 ). Incubation 

with radioligand was in a neutral pH, buffered solution. Tissue quality and binding 

were improved by incubation in buffers containing protease inhibitors and BSA. 

Adsorption to glass and tissue surfaces and metabolic losses are other factors that may 

reduce free ligand concentration ( Leslie, 1987 ). A way of overcoming these losses 

was to include BSA. Metabolic losses were reduced by lowering incubation temperature 

and the inclusion of protease inhibitors and chelating agents in the incubation buffer. 

Another important factor that was considered was the incubation temperature. Although 

incubation at physiological temperatures is preferable, this may result in a significant 

loss of receptors due to degradation of tissue. It has been found that some peptide 

ligands are unstable at this assay temperature ( McKelvy and Blumberg, 1986) and for 

this reason, these binding experiments were carried out at 20°C. Ligand-receptor 

associations are reduced at this temperature and therefore, for equilibrium binding 

conditions to be reached, longer incubation times were necessary. The incubation period 

was the time required to achieve steady-state binding conditions as described in 

homogenate studies for the various peptide ligands in the literature. The time was 

varied and the optimal time used was that which yielded better ratios of specific to non

specific binding and therefore better autoradiographic images. Different radioligand 

concentrations were used and equilibrium binding conditions were defined with the 

lowest of the dose range. The results were analysed autoradiographically using tritium
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! sensitive film.

Following incubation, tissue sections were rinsed in order to dissociate loosely bound
I
| radiolabelled ligand and thereby optimize specific to non-specific binding ratios. The
|

post-incubation conditions were determined from autoradiographic analyses in order to
I

maximize specific to non-specific binding with a minimum loss of specific binding.

Since the rate of dissociation of specifically bound ligand is decreased at lower

! temperatures, rinses were carried out in ice-cold buffer. For optimization of the

autoradiographic images and to rid the sections of excess salts, final rinses in water 

were included.

4.1.3 Visualization of the image

The major difference between receptor binding autoradiography and homogenate receptor 

binding studies is that in the latter technique binding is determined by either scintillation 

or gamma counting whereas in the former, the presence of radioligand is determined 

using tritium-sensitive film or emulsion. This difference is important because film or 

emulsion allows preservation of the anatomical relationship of the tissue, thereby 

enabling identification of specific regions expressing the receptor binding sites. These 

receptor maps can therefore provide information complementary to mapping studies for 

neurotransmitters as well as providing a general understanding of the biochemical 

organization of the brain.

Once the slide-mounted tissue sections had been labelled, autoradiograms were generated 

by apposition of the slides to the film. The optimum exposure time was determined by 

exposing test slides initially over various time periods to tritium sensitive film. There 

are advantages and disadvantages in the use of film and emulsion. It has been found 

that tritium sensitive film offers a good means of visualizing the binding of either [3H] 

or [125I] labelled ligands ( Palacios et al., 1981; Unnerstall et al 1982; Kuhar et al., 

1986; Larsson and Ulberg, 1977 ). The main advantages of using film was the ease of 

generating the autoradiogram, the short exposure time needed and the uniform coating
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of emulsion which is an essential feature for densitometric analysis. The setback with 

using film rather than emulsion is that of resolution. The major differences between 

various emulsions is the size of grains produced by the reduced silver halide crystals. 

Tritium-sensitive film grains are variable in size and shape ( 1.8 + 0 .3  micrometres ) 

and are larger than the grains in nuclear track emulsions which are constant in size ( 

Ehn and Larsson, 1979; Rogers, 1979 ). Generally, smaller-grained emulsions are used 

for higher-resolution autoradiographic techniques. Silver halide crystals range in 

diameter from 0.02 to 0.5 micrometres and thus influence resolution less than does 

radiation scatter. Other disadvantages are that the emulsion side scratches very easily 

and the register between film and section is lost when the film is removed from the X- 

ray cassette and developed. Therefore microsopic examination of section and film are 

not possible, making single-cell resolution difficult.

4.1.4 Analysis of computer-assisted autoradiographs

Following the binding procedures, two images of the original cryostat sections are 

available for analysis: the tritium-sensitive film and the counterstained section itself. 

The autoradiogram was used qualitatively and not quantitatively to localize receptor 

binding sites while the counterstained section was utilized in identification of the 

structure and layering associated with the developed silver grains in the visual centres. 

In order to properly quantify the results obtained using the autoradiogram, several 

factors must be taken into consideration ( Kuhar and Unnerstall 1985; Geary et al 1985; 

Clark and Hall, 1986; Kuhar et al., 1986 ). The quantitative foundation of receptor 

autoradiography lies in the determination of the correlation between film optical density 

of the radioactive standards and the actual amount of radioactivity contained in each 

standard. Tritium-sensitive film does not react linearly to a linear increase in 

radioactivity over the entire range. The response of the film is to increase rapidly at 

the beginning than towards the end of the exposure. ( Rainbow et al., 1982; Unnerstall 

et al., 1982; Altar et al., 1984 ). The way to correct for this response is to use
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radioactive standards which contain known amounts of radioisotope and expose these to 

the film. The characteristics of the film can then be determined using a densitometric 

method in which the concentration of silver grain that is the optical density of the film 

is plotted against the radioactive emission. Using various mathematical transformations, 

an equation can be derived which describes the response characteristics of the film. 

The types of transformations used depend on experimental parameters such as film 

exposure duration, specific activity and concentration range of the radioligand ( Goochee 

et al., 1980; Unnerstall et al., 1982; Boast and Snowhill, 1986 ). Another problem 

encountered with quantitative receptor autoradiography is in quantifying the protein 

concentration associated with a particular cell type since most homogenate binding data 

is expressed as such ( femtomole per milligramme of protein ). One other factor for 

consideration is the differential quenching that occurs in different tissues when tritiated 

ligands are used resulting in differences between white and grey matter ( Herkenham and 

Sokoloff, 1984; Geary et al., 1985; Kuhar et al., 1986 ). The use of high-energy 

iodinated compounds can overcome this problem; however quanititation of 

autoradiograms produced with iodinated radioligands are sensitive to variations in section 

thickness ( Boast and Snowhill, 1986 ).

By the use of a computer-aided image analysis system, the visual contrast between 

regions of differing binding densites can be enhanced with a colour spectrum by 

ascribing different colours to the range of grey values in the original or linearized image 

( Goochee et al., 1980; Rainbow et al., 1982; Altar et al., 1983, 1984 ).

From the preceeding sections, it becomes apparent that autoradiography is a powerful 

technique with the advantages of being able to localize radiolabelled binding sites in 

small, anatomically distinct and intact brain regions within a single section. This 

therefore increases the reliability of between-region comparisons and the reproducibility 

of the method is excellent.

However, there are several limitations. Autoradiographic procedures and comprehensive 

binding studies are time consuming and labour intensive. These procedures include the 

preparation of thin brain sections, section incubation, film exposing and the analysis by
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densitometry of binding in the autoradiograms. Technical steps that are an essential 

feature of image analysis such as image analysis systems, are not readily available, are 

costly and normally do not have the software required for analysis.

4.2 Development of somatostatin receptor binding sites

This study analysed the ontogenetic development of [125I-Tyr 11] -SS-14 binding in the 

central visual pathway by the use of in vitro autoradiographic labelling techniques and 

revealed several changes in SS receptor binding. The data showed that SS receptor 

binding sites which appeared very early in embryonic development at moderate 

concentrations in the telencephalic wall at (E14) were then located in the MZ and CP 

in late embryonic life. At birth, the overall density of SS-receptor binding sites was 

reduced, with the highest concentration of these receptor binding sites occuring in the 

upper CP and moderate densities in the lower CP; regions destined to form layers II- 

IV and V-VI respectively in the adult.

The reduced density was maintained until the middle of the first postnatal week when 

receptor binding sites were localized mainly in layers II,III and IV. Membrane binding 

studies in rat brain confirm a finding of a transient reduction in binding sites at birth 

( Gonzales et al., 1989 ). In parallel with a reduction in the density of binding sites at 

birth, a caudo-rostral gradient appeared which persisted until the end of the third 

postnatal week. This gradient was present in the adult but was less clearly demarcated. 

SS-receptor binding sites showed a significant increase in the first postnatal week, levels 

in the primary visual area being lower than that in areas 18 and 18a and also with 

different laminar localization of receptor binding sites. In area 17, low levels of binding 

were noted in LI with low to moderate densities in LV and LVI and the highest 

concentrations in LII-LIV. This pattern differed from the secondary visual areas in that 

there the highest density of labelling was localized in LII-LIV.

During the second postnatal week, the caudo-rostral gradient persisted and the density 

of SS-receptor binding sites increased. Within area 17, there was a change in the
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laminar pattern of binding where the highest density of binding sites were located in LV 

and LVI and moderate concentrations in LII-LIV.

In the third postnatal week, the differences between the primary and secondary visual 

areas disappeared and a peak in the density of labelled sites was noted. There was also 

an increase in density of labelled sites in LII-IV with highest levels concentrated in LV 

and LVI. This peak occurred at about the time of eye-opening around P15. The 

laminar distribution pattern continued into the fourth week postnatal, but in the adult, a 

different pattern was noted. A high density of binding sites were present in LI-IV with 

the highest levels in LV-LVI.

Between birth and the end of the second postnatal week, the density of SS-receptor 

binding sites in the SC and dLGN remained low. However, by the beginning of the 

third postnatal week, levels rose from low to moderate and continued to rise to high 

levels which were maintained in the adult.

The ontogeny of SS-receptor binding sites in rat brain has been studied by membrane 

binding assays ( Gonzales et al., 1989; Kimura, 1989 ) and in vitro receptor 

autoradiography ( Gonzales et al., 1988, 1989 ). One of these studies has demonstrated 

the presence of a high density of SS-receptor binding sites corresponding to authentic 

receptors in the embryo at E15 which transiently fell at birth. A peak was reached at 

P8 and thereafter levels waned with a sharp decrease after P21 in whole brain 

preparations ( Gonzales et al., 1989 ). This contrasts with another report where levels 

of binding increased from birth to P5, remained constant and declined after the end of 

the second postnatal week in crude membranes of cerebral cortex ( Kimura, 1989 ). 

The differences in the peak times of labelling may be accounted for on the basis of the 

origin and types of membranes used. In comparison, this study showed that the peak 

of binding occurred later which seems to suggest that differential maturation patterns 

occur in different parts of the brain.

It has been identified that cells situated rostro-caudally in the cortex, midbrain and 

thalamus undergo their final divisions earlier than those situated caudally and medially. 

( Angevine, 1970; Jacobson, 1970 ). Therefore there is a rostro-caudal gradient of
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maturation in the cerebral cortex. What role these patterns play in stablising the identity 

and autonomy of development of each region is not clear, nor is the significance of the 

gradient themselves. What can be implied from the present studies is that receptor 

binding sites for SS in the VC are present before the endogenous chemical is expressed 

which would develop in the caudo-rostral direction. These findings are similar to a 

report on a caudo-rostral gradient for benzodiazepine receptors ( Schlumpf et al., 1983 

) in the brain and CCK mRNA ( Burgunder and Scott Young III, 1989 ) in the thalamus. 

The slight decrease in binding after a peak had been attained in development in this and 

the other studies might support the view of a selective stabilization of developing 

synapses as a mechanism for the specification of neuronal networks ( Changeux and 

Danchin, 1976 ). Recent work examining the development of SS-containing neurons in 

the rat VC has also shown that after a peak in neuron numbers has been reached, a 

reduction in numbers takes place by cell death ( Cavanagh & Pamavelas, 1988 ). 

Immunocytochemistry has found SS-containing neurons in the primodium of the 

diencephalon as early as E12-E14 ( Shiosaka et al., 1982; Daikoku et al., 1983 ) and 

RIA has also localized significant concentrations of SS in various brain areas at this age 

( McGregor et al., 1982 ) The presence of SS-containing neurons in the rat VC has 

been observed in late embryonic life and early postnatal life to be concentrated in the 

region of the lower CP and the MZ. The population of SS-immunoreactive neurons in 

the MZ were found to be transient, disappearing at birth ( Eadie et al., 1987; Cavanagh 

& Pamavelas, 1988 ). Double-labelling experiments have demonstrated that SS- 

containing neurons in the occipital cortex were generated between E14 and E20 with a 

peak production at E15-E17 ( Cavanagh & Pamavelas, 1988 ).

Immunocytochemical studies have shown that from birth to the end of the first postnatal 

week, the numbers and soma sizes of SS-immunoreactive neurons increase but that these 

immature cells were concentrated in layers V and VI ( Eadie et al, 1987 ). The high 

concentration of receptor binding sites seen in LII-LIV at this stage in development 

when the peptide containing neurons are not present, may be an initial expression of the 

receptor protein independent of the corresponding transmitter being present; this could
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be the cue for the appearance of SS-containing cells within these layers as development 

proceeds.

Several investigators have reported that overall, SS-labelled cells appeared more 

differentiated and were present in the superficial layers ( LII-Lin ) in the second 

postnatal week ( Eadie et al., 1987; McDonald et al., 1982a; Meinecke and Peters, 

1986 ).

There are several reports of the prenatal appearance of binding sites for various 

neuropeptides such as neurotensin ( Kiyama et al., 1987; Lobo & Pamavelas, 1988; 

Palacios et al., 1988 ), opioids ( Kent et al., 1981; Unnerstall et al., 1983 ), and 

Substance P ( Pickel et al., 1982; Quirion & Dam, 1986 ). The time sequence shows 

that these receptor binding sites are sometimes expressed before the endogenous peptide 

and formation of functional synapses ( Bayon et al., 1979; Hara et al., 1982; Inagaki et 

al., 1982 ). Other prenatal studies for receptor binding sites include those for the B- 

adrenergic, muscarinic cholinergic, benzodiazepine and 5-HT receptors ( Schlumpf et 

al., 1984 ). Neurophysiological studies in the rat cerebellum have shown that Purkinje 

cells are excited by the iontophoretic application of L-glutamate in the neonatal rat 

before parallel fibre synapses have been formed ( Woodward et al., 1971 ). It has 

therefore been suggested that the initial expression of receptor protein is independent of 

synaptogenesis or presynaptic influence ( Harden et al., 1977 ).

The adult pattern of binding of ( [,25I]-Tyrll )-SS-14 observed in this study is in 

agreement with previous autoradiographic studies ( Leroux & Pelletier, 1984; Tran et 

al., 1984; Leroux et al., 1985; Reubi & Maurer, 1985; Maurer & Reubi, 1985; Uhl et 

al., 1985; Katayama et al., 1990 ). Recent experiments have shown that the specific 

binding of ( [125I]-Tyrll )-SS-14 was sensitive to pH ionic strength and protease 

inhibitors ( Sato et al., 1989 ). The existence of SS-receptor subtypes within the CNS 

has been suggested by many studies and several analogs of SS also appear to distinguish 

receptor subtypes ( Reubi, 1984; Leroux and Pelletier, 1985; Tran et al., 1985; Thermos 

et al., 1989; Krantic et al., 1989 ). However, it is not clear whether these subtypes 

mediate different biological responses of SS. SS inhibits adenylate cyclase activity in
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brain membranes and SS receptors are coupled to the catalytic subunit of adenylate 

cyclase via GTP binding proteins. It has recently been shown that receptor binding of 

SS-14 and SS-28 in rat brain has differential sensitivity to nucleotides and ions ( Srikant 

et al., 1990; Moyse et al., 1989 ). SS also regulates potassium currents and SS receptor 

binding sites appear to be coupled to pottasium channels via GTP binding proteins. The 

effects of SS on potassium currents and adenylate cyclase activity are independent of 

each other ( Wang et al., 1989 ). It has been difficult to establish the functional roles 

of SS receptor subtypes due to the lack of SS analogs that selectively label the subtypes 

of SS-receptors. However, recent experiments reveal that two analogs selectively label 

distinct subtypes of SS-receptors ( Raynor and Reisine, 1989 ) which should help in 

elucidating the multiple biological-effects of SS and the role of the SS-receptor subtypes. 

Monocular enucleation at birth did not appear to affect the distribution and density of 

binding sites in the visual pathway in development. The development of SS in the VC 

has been shown to be affected by manipulations of the visual input ( Benevento et al., 

1986; Jeffery & Pamavelas, 1987 ). However, there are no reports in the literature to 

indicate that changes occur in the density and distribution of SS-receptor binding sites 

following monocular enucleation.

In recent experiments studying the age dependence of SS- immunoreactivity levels and 

SS receptor binding in one and eighteen month old rat brains, it was found that levels 

were reduced in several brain regions ( Sirvio et al., 1987 ). These findings are in 

agreement with the results from this study.

4.3 Development of cholecystokinin receptor binding sites

\

The present study has characterized the developmental pattern of CCK receptor binding 

sites in the visual pathway of the rat and confirmed that these receptor binding sites 

develop in postnatal life. This development follows a pattern which shows negligible 

binding prenatally and at birth, at a time when neurogenesis and migration of neurons 

are occurring in the developing cortex and subcortical visual structures. In the middle
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of the first postnatal week, low levels of CCK receptor binding sites were noted which 

gradually increased in density. At this stage, a caudo-rostral gradient and a difference 

in concentration between the primary and secondary visual cortical areas was in 

existence with receptor binding sites present in highest concentrations in LII,III and 

LIV and lower levels in the other layers. The SC and dLGN exhibited low levels of 

binding.

By the middle of the second postnatal week, significant increases in the levels of binding 

occurred throughout the rat brain. Areas 17 and 18 displayed a homogeneous, low level 

of binding whereas area 18a exhibited a laminar pattern with CCK receptor binding sites 

present in low concentrations in LI and increased levels in LII,III and VI. Moderate 

concentrations of radiolabelled CCK were present in LIV and LV. The levels of binding 

progressively increased in the VC at the end of the second postnatal week but, the 

density of CCK receptor binding sites in the primary visual cortex was much lower than 

that in the secondary visual areas 18 and 18a. A different pattern of binding within the 

layers was also noted. In area 17, a modest density of CCK receptor binding sites was 

present in LV and LVI. Areas 18 and 18a in comparison had the highest levels of 

binding in LIV appearing as a band with high levels in LV and upper LVI. All other 

layers had lower concentrations of CCK receptor binding sites. There appeared to be 

no change in the density of CCK receptor binding sites in the SC or dLGN.

A peak in the density of labelled CCK receptor binding sites was attained in the third 

postnatal week and a distinct pattern of binding in the visual cortical areas was seen. 

The secondary visual areas continued to exhibit higher levels of binding sites relative to 

area 17 where the highest concentrations of CCK receptor binding sites were present in 

LIV, high densities in LII,III and LV and moderate to high levels in LVI. In the 

primary visual area, the highest density of CCK receptor binding sites was present in 

LV while LII,III, LIV and LVI were endowed with moderate to high concentrations. 

In all the visual cortical areas, LI demonstrated low levels of binding for CCK. During 

this period, the caudorostral gradient persisted. Low levels of CCK receptor binding 

were maintained in the SC and dLGN.
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There were minor modifications in the distribution pattern and density of labelling of 

CCK receptor binding sites in the VC at the end of the fourth postnatal week. Area 17 

exhibited the highest concentration of receptor binding sites in LIV and LV, with 

moderate to high levels in LII,III and LV. The highest density of receptor binding sites 

in areas 18 and 18a were concentrated in LIV, high levels were present in LII,III and 

LV whilst a moderate to high density of CCK receptor binding sites were present in 

LVI. LI in the VC and other cortical areas contained a low density of receptor binding 

sites. The difference in overall concentrations between the primary and secondary areas 

was present. A low to moderate concentration of CCK receptor binding sites was 

maintained in the SC and dLGN.

The overall concentration differences between area 17 and areas 18 and 18a and also the 

caudo-rostral gradient had disappeared in the young adult rat. The primary and 

secondary visual areas exhibited the highest levels of binding at the borders of LII,III 

and LIV as well as that of LIV and LV, whilst the rest of the layers had high 

concentrations of CCK receptor binding sites. The lower part of LVI contained a 

moderate to high density of labelling. Low levels of CCK receptor binding sites were 

present in LI. Between the fourth postnatal week and adulthood, the concentration of 

CCK receptor binding sites in the SC had risen to moderate levels while the level of 

binding in the dLGN was maintained at low to moderate.

The effect of age on the density and distribution of CCK receptor binding sites in the 

VC was noted. Overall, the concentration of binding sites in the primary visual area 

was lower compared to areas 18 and 18a and there were differences in the pattern of 

binding in the two areas. Area 17 had the highest level of binding in LII,III and LIV, 

and at the LIV, LV borders which appeared as a band. A modest density of CCK 

receptor binding sites was present in the lower part of LV and in LVI. The secondary 

visual areas showed the highest density of labelling in LIV, whereas LII,III and LV 

were endowed with high concentrations of CCK receptor binding sites and LVI with 

middling levels. LI in both visual areas exhibited low concentrations of receptor binding 

sites. Levels of binding in the SC and dLGN were similar to those in the young adult
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rat.

The autoradiographic results presented here are in general agreement with other 

ontogenetic studies which indicate that in most regions on the rat brain low levels of 

CCK receptor binding sites occur during the perinatal and early postnatal period ( Hays 

et al., 1981; Pelaprat et al., 1988 ). Both studies indicate a significant increase in CCK 

binding during the second postnatal week which is maintained until the third postnatal 

week and thereafter, levels gradually decrease to those seen in the adult. However, it 

has been noted that there is a delay in the appearance and extent of labelling among 

various structures. Additionally, it has been reported that the apparent binding affinity 

did not vary during ontogeny ( Pelaprat et al., 1988 ).

Ontogenetic studies based upon immunohistochemisty ( McDonald et al., 1982c; Cho et 

al., 1983; Kiyama et a l., 1983; Duchemin et al., 1987; Eadie, 1988 ), RIA ( Noyer et 

al., 1980; Hays et al., 1981; Brand, 1982; Varro et al., 1983; Ichihara et al., 1984 ) 

and in situ hybridization histochemistry ( Burgunder and Scott Young III, 1988; de 

Belleroche et al., 1990 ) have demonstrated that overall, the CCK system develops 

postnatally although CCK cells and fibres have been reported in the foetal rat brain ( 

Cho et al., 1983; Duchemin et al., 1987 ).

The absence of both CCK receptor binding sites and the endogenous peptide prenatally, 

excludes a major role of CCK in embryonic development of the rat VC. This contrasts 

with the development of other neuropeptides and receptors such as enkephalins ( Bay on 

et al., 1979; Kent et al., 1982; Pickel et al., 1982; Unnerstall et al., 1983 ), substance 

P ( Pickel et al., 1982; Inagaki et al., 1982; Quirion & Dam, 1986 ), neurotensin 

(Kiyama et al., 1987; Lobo & Pamavelas, 1988; Palacios et al., 1988 ) and SS ( Leroux 

et al., 1985; Gonzales et al., 1989; Eadie et al., 1987; Cavanagh & Pamavelas, 1988 

) which show that the peptide and the corresponding receptor binding sites develop to 

a great extent during the embryonic stages. However, it remains a possibility that CCK 

has a role in postnatal maturation of the brain ( Johnson et al., 1987 ) as a trophic 

factor for synaptogenesis or afferent innervation.

The appearance of CCK binding sites in the VC postnatally corresponds well with an
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immunocytochemical study in the same system which has shown that at birth and during 

the first postnatal week, only a few immature CCK-labelled cells were present in the 

lower CP. By the end of the first postnatal week when the migration of cortical neurons 

was nearly complete, CCK-positive neurons had appeared in LIV exhibiting 

nonpyramidal morphologies. The frequency of labelled neurons increased substantially 

in the second week and were localized predominantly in LII,III and also in all cortical 

layers with distinguishable bitufted or multipolar morphologies. Throughout the third 

postnatal week, CCK-immunoreactive neurons present in all layers continued to mature 

and differentiate and by the end of this week they were indistinguishable from the adult 

( McDonald et al., 1982c; Eadie, 1988 ). The trend to be noted here is the expression 

of CCK receptor binding sites before the appearance of the CCK-labelled neurons in 

LII,III in the first postnatal week. This suggests that the initial expression of the 

receptor protein in a specific layer in early development is independent of a presynaptic 

influence or synaptogenesis and occurs before the arrival of cells expressing the peptide. 

The immunocytochemical studies seem to suggest that many CCK-containing neurons 

present in the superficial layers at the end of the first postnatal week express the peptide 

before acquisition of their morphological characteristics of non-pyramidal cells which 

occurs in the second postnatal week ( Pamavelas et al, 1978; Miller, 1986a,b ).

In agreement with studies on the formation and maturation of synapses in the rat VC 

which showed that synaptic contacts increase gradually and reach adult levels by the 

third postnatal week, these studies show that the density of CCK receptor binding sites 

evolve in parallel during ontogeny, following the maturation of the neurons expressing 

these receptor binding sites.

PreproCCK mRNA has been detected at E l4 but, RIA has revealed a delay in the 

appearance of CCK-immunoreactivity which is detected at E21 ( Duchemin, 1987 ). 

The possibility therefore exists that in the early stages of embryonic life, CCK mRNA 

is present in brain but is not translated into precusor protein. The regional distribution 

of CCK mRNA and CCK-immunoreactivity was recently studied in rat brain during 

development ( de Belleroche et al., 1990 ). It was found that mRNA labelling was
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present in the cortex at PI which increased significantly in the superficial layers of the

cortex at P8. High concentrations were also noted in the thalamus. In the second

postnatal week, two cortical layers were distinguished which corresponded to a dense

band in LIV/LV and a low density band in LI/LII; labelling in the thalamic nuclei

became predominant. Further increases were noted in cortical mRNA whereas labelling
*

in the thalamus remained moderate at later stages of development. There appeared to 

be a differential production of CCK mRNA and early development of CCK-containing 

cells in the cerebral cortex. A differential pattern of development of CCK mRNA and 

peptide was also noted in the SC where there was a lag period of about 7 days. In the 

thalamus, peptide levels developed in a similar fashion to mRNA. However, another 

immunohistochemical study addressing the ontogeny of CCK immunoreactive structures 

in the rat brain failed to demonstrate CCK-labelled neurons in the developing rat dLGN 

or SC (Cho et al., 1983 ). This discrepancy between the two may reflect the different 

antisera utilized or the techniques used.

A recent ontogenetic study of CCK gene expression in the rat thalamus has found 

differential levels of expression at different levels. CCK and mRNA levels gradually 

increased from late gestation through the first two postnatal weeks, peaked at P I6 and 

then decreased slightly to adult levels. A ventral to dorsal and lateral to medial pattern 

was also noted in conjunction with an increase in transcript level from a caudal to rostral 

direction. In the dLGN, mRNA was first seen at E21 ( Burgunder and Scott Young III, 

1989 ). These transcript levels in the thalamus seem to parallel the increase in whole 

brain CCK mRNA, CCK-immunoreactivity and CCK receptor binding sites where low 

levels are seen in late gestation, which increase markedly after birth and attain adult 

levels in the third postnatal week. This general pattern of development is in agreement 

with the findings of this CCK receptor binding study.

In the dLGN, low to moderate levels of CCK receptor binding sites have been noted 

throughout development. Only speculative considerations about the discrepancy between 

immunohistochemistry in situ hybridization and receptor binding findingss are possible 

at present. It is possible that differential processing of the precursor peptide occurs,
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yielding a peptide that is not recognized by the antibodies used ( Loren et al., 1979a,b 

). In addition, multiple forms of CCK binding sites have been identified ( Innis & 

Snyder, 1979 ).

In the SC low levels of CCK receptor binding sites were present until the fourth 

postnatal week when levels rose to those seen in the adult. RIA studies have shown 

that CCK-immunoreactivity levels rise after the first postnatal week and reach maximal 

levels in the adult ( de Belleroche et al., 1990 ).

It is of interest to relate neurotransmitter laminar distribution to the termination of 

various afferent and efferent systems to specific targets within or outside the VC. 

However, certain constraints are imposed by the presence of multiple and overlapping 

inputs from various sources to the same layers. From this study it is evident that CCK 

receptor binding sites can be localized at present to a specific cortical layer within the 

primary and secondary visual areas. Since most neurons extend their dendrites and 

axons beyond a given layer, it is not possible at the present time to specify the neuronal 

types involved in this receptor binding interaction. In addition, because of incomplete 

knowledge of the exact site of termination of afferents and of the proportions in a single 

layer, correlations with specific afferent systems can only be speculated.

Monocular enucleation at birth did not affect CCK receptor binding in the dLGN, SC 

or VC, indicating that the development of the CCK receptor binding sites in these brain 

regions are independent of visual stimulation. Whether the CCK receptor binding sites 

of these visual structures are involved in regulation or modulation of visual information 

processing or whether they play a role in other physiological processes is still unknown. 

It also appears from this data that age has a considerable effect on CCK receptor binding 

sites in the VC. Levels of CCK receptor binding sites in the old adult were 

considerably lower than those in the young adult. Changes in neurotransmitters with 

age have been identified in the visual system of the rat ( Drago et al, 1989 ).
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4.4 Development of vasoactive intestinal polypeptide receptor binding sites

The present developmental study has revealed significant changes in the ontogeny of 

VIP receptor binding sites. VIP receptor binding sites, which were first observed at 

E l 8 where they were present at moderate to high densities in the IZ and low levels in 

the MZ, CP and VZ of the developing cortical mantle, were considerably reduced at 

birth where they were homogeneously distributed throughout the cortical thickness. In 

parallel with this reduction at birth, a caudo-rostral gradient was apparent which 

persisted until the end of the fourth postnatal week.

VIP-receptor binding sites steadily increased from birth and on the fourth postnatal day 

very high concentrations were noted in LI, upper CP and LVI. The lower CP and LV 

were endowed with middling to high densities while the other layers in all visual 

cortical areas contained low levels. At the end of the first postnatal week, there was a 

reduction in binding with the highest density of VIP receptor binding sites present in LI, 

moderate concentrations in LII,III and LIV and the lowest levels in LVI. The density 

of these receptor binding sites slowly began to rise at P10 where the highest 

concentrations were present in LI, LII,III and upper regions of LIV, with modest to 

high densities of VIP receptor binding sites in LV and the upper half of LVI. By the 

end of the second postnatal week, concentrations continued to increase and a distinct 

laminar pattern emerged in the primary and secondary visual areas. The highest levels 

of VIP receptor binding sites were present in LI, LII,III, the upper regions of LIV and 

at the LV and LVI borders. A middling density of receptor binding sites were present 

in all the other parts of LIV, LV and LVI.

The concentrations of receptor binding sites for VIP continued to increase in areas 17, 

18 and 18a in the third postnatal week and at P21 the highest levels were present in LI, 

LII,III and LIV, with moderate densities in LV and LVI.

VIP receptor binding site levels continued to rise in the fourth postnatal week and a 

peak was attained at the end of this week. There was no difference in the density of 

receptor binding sites between the primary visual cortex and areas 18 and 18a. Dense
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labelling of VIP receptor binding sites was localized in LI, LII,ni, LIV and LVI with 

a high concentration in LV.

The levels and distinct distribution patterns seen at the end of the fourth postnatal week 

were maintained in the young adult animal. The effect of age on the density and 

distribution of VIP receptor binding sites was noted. Although binding levels were still 

high, there was a reduction in the concentration of these receptor binding sites.

In the other visual structures examined, the SC and dLGN were endowed with low 

densities of VIP receptor binding sites at birth. These levels increased significantly on 

the fourth postnatal day and were at high levels by the end of the first postnatal week. 

The high density of VIP receptor binding sites continued to increase in the superficial 

layers of the SC and dLGN in the second postnatal week. Levels of CCK receptor 

binding sites were maintained at this high level in the young adult in the dLGN and the 

superficial layers of the SC with high but lower densities of binding present in the 

deeper layers. In the old adult rat SC and dLGN, the concentration of receptor binding 

sites was reduced in comparison with the young adult.

The present study has demonstrated the presence of VIP binding sites in the developing 

rat visual system. The developmental pattern found in this study is in general agreement 

with other VIP receptor binding site ontogenetic studies ( Robberecht et al., 1979; Roth 

& Beinfeld, 1985; Staun-Olsen et al., 1985 ). The findings are consistent with the 

studies of the postnatal development of the VIP sensitive adenylate cyclase activity in rat 

brain which showed that VIP-stimulated adenylate cyclase was present at birth, increased 

during the first two postnatal weeks, reaching adult levels during the third week ( 

Robberecht et al., 1979 ). Transient VIP receptor binding sites were seen in high 

concentrations at E l8 in the IZ which is the presumptive white matter of the cortex. It 

is known that the first geniculocortical axons enter the CP at this stage ( Lund & 

Mustari, 1977 ).

A difference in the development of hindbrain to forebrain VIP receptor binding sites has 

also been reported ( Roth & Beinfeld, 1985 ) where hindbrain receptor binding sites 

increased to a lesser extent than those in the forebrain region. It has been noted in the
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present study that a caudo-rostral gradient was in existence until the end of the fourth 

postnatal week. These findings are in keeping with the suggestion that caudal brain 

regions mature neurochemically before those located more rostrally ( Jacobson, 1970 ). 

A developmental study of VIP receptor binding sites in mouse cerebral cortex and 

cultured cortical neurons has shown that in vivo and in culture there was a substantial 

increase in the number of receptor binding sites during the first three weeks postnatal 

and the corresponding period of tissue culture ( Staun-Olsen et al., 1985 ). These 

authors also reported that high and low affinity VIP receptor binding sites were present 

which showed a similar increase in development.

There have been various reports in the literature describing the development of VIP- 

containing neurons in the rat CNS ( Emson et al., 1979, Maletti et al., 1980; McGregor 

et al., 1982; McDonald et al., 1982b, Nobou et al., 1985; Cavanagh & Pamavelas, 

1989 ). The development of VIP content in rat brain is consistent with a localization of 

the majority of brain VIP in the telencephalic neurons which develop late in embryonic 

life and mature postnatally.

In the rat VC, VIP neurons are generated late in gestation with a high level of 

production at E19 ( Cavanagh & Pamavelas, 1989 ) and, therefore, appear later in 

postnatal life. VIP-labelled neurons first appear in the rat VC at P4 in LV and LVI 

displaying bipolar cell features ( McDonald et al., 1982b ). The appearance of VIP 

receptor binding sites in the visual cortex corresponds with the localization of VIP- 

positive cells at this stage but additionally, high levels of binding sites were located in 

LI. It has been established that mature VIP-labelled neurons commonly encountered in 

LIII-LVI have ascending dendrites which traverse through the upper portion of LII and 

then through LI to the pial surface and descending processes which extend into LV ( 

Pamavelas, 1986 ). Since VIP-labelled cells have not been observed in the superficial 

layers at this developmental stage in LI, it can be suggested that the presence of receptor 

binding sites exist in very high concentrations in this layer before the expression of the 

peptide occurs, independently of any synaptic input and may be a cue for the expression 

of peptide in these layers later in development. The migration of neurons is still
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occurring at this time. At the end of the first postnatal week, high numbers of VIP-

immunoreactive neurons are seen in LII,III, where they are predominantly found in the

adult. VIP receptor binding sites are still located in high concentrations in LI but

reduced in density throughout the cortical thickness. During the second postnatal week,

the size of cells in LII,III increase and there is also an increase in the complexity of VIP
*

labelled dendrites with the ascending dendrites reaching LI and beginning to form 

subpial tufts. The number of immunoreactive cells increase in the third postnatal week 

before decreasing thereafter ( Cavanagh & Pamavelas, 1989 ). Morphological 

maturation continues until the end of the fourth postnatal week when they are 

indistinguishable from the adult ( Emson et al,. 1979; McDonald et al., 1982b; 

Pamavelas, 1986 ). These changes in VIP receptor binding sites during the four weeks 

after birth are in good agreement with the postnatal development of VIP neurons in the 

rat VC, coinciding with the neuronal growth and synaptogenesis. This simultaneous 

development of both VIP neurons and receptors is analagous to the neuronal 

development of CCK neurons and CCK receptors. It has been noted that the cerebral 

cortex does not receive any significant ascending VIP-containing afferent projection, so 

the developmental changes probably represent the maturation of an intrinsic system of 

cerebral cortical neurons ( Emson et al., 1979 ).

A recent study comparing the development of VIP in organotypic slice cultures with the 

occurrence of VIP-containing cells in vitro from rat VC showed that the time course of 

postnatal expression of VIP in vitro and the morphology of VIP-immunoreactive neurons 

in culture closely match the development in vitro ( Gotz & Bolz, 1989 ). These 

observations led them to suggest that the maturation of VIP-containing neurons occurs 

independently of cortical afferents and that the intrinsic connectivity and activity is 

sufficient for their postnatal maturation. In organotypic cultures, the activity evoked 

by cortical afferents is abolished whereas connectivity and intrinsic activity remain 

largely intact ( Gahwiler, 1988 ).

A recent study of the developmental expression of the VIP mRNA in rat brain showed 

that the overall increase in VIP mRNA during brain development generally parallels the
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peptide increase ( Gozes et al., 1987 ). As yet, the developmental expression of the 

receptor gene has not been characterized. On the basis of these findings it would appear 

that the pattern would be similar. The differential onset of VIP-gene expression in 

various brain regions seem to imply local environmental controls in different neuronal 

populations.

In the SC and dLGN, VIP receptor binding sites are first seen in high concentrations at 

P4. Thereafter, the levels of binding remained high and continued to rise in a similar 

fashion to that observed in the VC. VIP immunoreactive perikarya have been localized 

in the SC ( Abrams et al., 1985 ) but not in the dLGN ( Mantyh & Kemp, 1983; 

Abrams et al., 1985 ). Studies in adult animals have shown that there is a laminar 

distribution of VIP binding sites in the SC where the highest levels are present in the 

SGS with low levels in other layers ( Besson et al., 1986; Shaffer & Moody, 1986; 

Martin et al., 1987 ); high concentrations of VIP binding sites have also been reported 

in the dLGN ( Besson et al., 1986; Martin et al., 1987 ). Therefore, there appears to 

be an imprecise match between the receptor and neurotransmitter localization in the 

dLGN and this mismatch problem has received a great deal of attention ( Herkenham & 

Mclean, 1986; Herkenham, 1987 ). The reasons for this are several and one pertinent 

to this study is that methods for localizing neuropeptides are far from perfect because 

of the existence of various VIP-related peptide fragments which may have an effect on 

a common VIP receptor binding site. It has been found that central VIP receptors 

recognize some endogenous VIP-related peptides such as peptide histidine isoleucine, rat 

and human growth hormone-releasing factor and secretin ( Couvineau et al., 1986 ). 

The possibility therefore exists that these related peptides exert their action by interacting 

with VIP receptors. Therefore antibodies not directed against these peptides will not be 

detected by immunocytochemical methods. Another possibility is that many receptors 

may be sites of action of transmitter released from a distance ( Schmidt, 1984 ). 

Comparisons between the young and old rat showed a change in the density of VIP 

receptor binding sites from very high to high levels. At present, such a finding is open 

to speculation and could possibly be related to a down regulation of gene expression.
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Unilateral enucleation at birth resulted in a reduction in the density of binding sites in 

the SC and dLGN contralateral to the enucleation which was first seen at the end of the 

second postnatal week, coincident with eye opening. It has been shown that synaptic 

adjustments occur in the SC and dLGN following unilateral eye enucleation ( Lund & 

Lund, 1971a,b, 1976; Cullen and Kaiser-Abramof, 1976 ). The possibility of gliosis 

occuring in the SC and dLGN exists but at present there are no reports to indicate that 

such is the case. No difference in distribution or density was seen in the VC for VIP 

receptor binding sites. In the contralateral SC low to moderate levels were noted in the 

superficial and deep layers whereas high levels were noted in the superficial layers. It 

has been shown that nearly all retinal ganglion cells project topographically to the upper 

layers of the contralateral SC ( Linden & Perry, 1983 ) and that the cortico-collicular 

pathway from area 17 and 18a projects to the ipsilateral SC with the majority of 

terminals in the superficial layers whereas area 18 terminates in the deeper layers of the 

SC ( Lund, 1966; Sefton et al., 1981; Takahashi, 1985 ).

The lack of effect of this type of lesion in the VC in the number and distribution of VIP 

containing neurons has also been studied ( Jeffery & Pamavelas, 1987 ). Unilateral 

lesions of the optic nerve in human studies have shown a selective decrease of GABA- 

benzodiazepine receptors in the lateral geniculate body in the layers innervated by the 

damaged nerve ( Cortes et al., 1985 ). Recent studies suggest that following 

enucleation, callosal connections expand and form functional synapses in the VC in 

LII,III. These connections can then activate neurons either directly or by mediation of 

associational connections between the secondary and primary visual cortex ( Toldi et 

al., 1989 ). These results suggest that the SC and dLGN may play a role in regulating 

or modulating visual information arriving at the cortex. The basic mechanisms 

underlying these adaptive processes are as yet unresolved.
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4.5 Development of neuropeptide Y receptor binding sites

The development of NPY receptor binding sites has not been previously reported and, 

therefore, this study characterizes the ontogenetic distribution and density pattern of 

[1251I]-NPY receptor binding sites in the visual pathway of the rat by the use of in vitro 

autoradiography. The data revealed several changes in the density and distribution in 

development. NPY receptor binding sites were first observed at E l 8 in low 

concentrations in the MZ, IZ and VZ with slightly higher levels of binding in the CP. 

At birth, there was a reduction in the density of binding and only the most superficial 

layers exhibited low levels of VIP receptor binding sites. There did not appear to be a 

caudo-rostral gradient present throughout development.

The concentrations of NPY binding sites gradually increased at P4 with a distinct band 

of low to moderate density of receptor binding sites appearing in LII,ni and LV in 

areas 18 and 18a. The increase continued and at the end of the first postnatal week, 

high levels of NPY receptor binding sites were distributed in LII,III, with moderate 

concentrations in LIV, LV and LVI and a low density in LI. The low concentration of 

NPY receptor binding sites in LI persisted throughout development.

During the second postnatal week, high levels of binding were maintained in LII, LIII 

whilst LV and LVI were endowed with a moderate density of NPY receptor binding 

sites. There appeared to be a reduction in the density of receptor binding sites at the 

end of this postnatal week with a low to moderate concentration of receptor binding 

sites located in LII, LIII, upper LIV and LV; low levels of NPY receptor binding in 

LVI were noted. This coincides with the time of eye opening.

The reduced density of NPY receptor binding sites seen at P14 was maintained until the 

end of the fourth postnatal week when receptor binding sites were distributed at low to 

middling levels in LII,III and upper LIV, and also LV but at a lower concentration, 

whereas LVI exhibited a low density of NPY receptor binding sites.

In the young adult, levels of binding were high and comparable to those seen at the end 

of the first postnatal week. The highest concentration of NPY receptor binding sites
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were distributed in LII,III and upper LIV, low to moderate concentrations in LV whilst 

LI and LVI contained low densities of NPY receptor binding sites.

In the other visual structures, NPY receptor binding sites were first observed in only the 

dLGN at P4 at a low to middling concentration which increased significantly at the end 

of the first postnatal week. At this stage a low to moderate density of receptor binding
■9

sites were present in superficial layers of the SC. The levels were maintained 

throughout development. However, in the young adult, there was an increase in the 

concentration of NPY receptor binding sites.

The results presented here, show that NPY receptor binding sites are present in the 

occipital cortex and other cortical regions during embryonic life and at a time when 

only a small proportion of neurons have been generated and migrated to the cortical 

mantle ( Berry, 1974 ). Significant levels of NPY receptor binding sites were present 

in the E l 8 embryo in the CP. This initial expression of receptor binding sites might be 

the cue for the NPY-labelled cells which appear in the superficial layers later in 

development. There have been reports of transient populations of NPY-labelled neurons 

in the cortex ( Foster & Schultzberg, 1984; Woodhams et al., 1985; Cavanagh & 

Pamavelas, 1990 ).

A recent report on the developmental expression of NPY in catecholamine-containing 

brain stem neurons, first localized NPY-labelled neurons at E13. The fronto-parietal 

somatosensory cortex displayed cell bodies and fibres at E19 and the number of somata 

increased to a maximum at P6 thereafter showing a marked decline especially in LV ( 

Foster et al., 1989 ). This seems to suggest that there are different developmental 

profiles in various parts of the brain.

However, in the VC, development of NPY-positive neurons seem to occur postnatally, 

showing a maturity over the first three postnatal weeks ( McDonald et al., 1982d; Eadie 

et al., 1990; Cavanagh & Pamavelas, 1990 ). It has been demonstrated that NPY- 

immunoreactive neurons are generated between E13 - E20 with the majority being 

generated at E17 ( Cavanagh & Pamavelas, 1990 ).

Studies of the development of NPY-labelled neurons in the rat VC show that they are
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confined to the lower CP in the first postnatal week ( McDonald et a l., 1982d; Eadie et 

al., 1990 ). Since NPY-labelled neurons are migrating to the superficial layers at the 

end of the first postnatal week and receptor binding sites are already present in high 

concentrations in these layers, it can be inferred that NPY binding sites are expressed 

independently of any synaptic input. This also seems to suggest that NPY-receptor 

binding sites are expressed initially in those layers that eventually contain the peptide- 

expressing cells. By the end of this week, NPY-labelled neurons are located in LII- 

LVI with a preponderance in LV and LVI. It has been found that nonpyramidal neurons 

of the rat VC can be identified in the superficial layers only after the middle of the 

second postnatal week ( Pamavelas et al., 1978 ). These neurons gradually appear in 

the superficial cortical layers at the end of the second postnatal week and exhibit 

multipolar and bitufted neuronal morphologies.

The decrease in levels of binding at the end of the second postnatal week in the 

developing VC may be related to either eye opening which occurs at about this time and 

which may have a down-regulatory effect on the NPY-receptor binding sites, or, to cell 

death. Recent studies have shown that NPY might be involved in the control of 

circadian activity ( Albers & Ferris, 1984; Calza et al., 1990 ) and, it has been reported 

that there is a decline in the number of NPY-immunoreactive neurons ( Cavanagh & 

Pamavelas, 1990). In the third postnatal week, maturation of NPY neurons is complete 

and they acquire adult characteristics ( McDonald et al., 1982d; Eadie et al., 1990 ).

A significant change occurs in the density of NPY-receptor binding sites in the young 

adult although the laminar distribution pattern remains the same. The reasons for this 

are unknown at present. The laminar distribution of the NPY-receptor binding sites in 

the rat has been reported ( Martel et al., 1986; Giardino et al., 1989 ). These results 

presented here are in general agreement except that it has been reported that LI also 

contains a high level of NPY receptor binding ( Martel et al., 1986 ). This has not 

been found to be the case in this and the other study.

Recent reports suggest that species differences exist ( Hendry et al., 1984; Wahle et al., 

1986 ). Autoradiographic studies have shown that in the feline and primate VC,
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receptor binding sites for NPY exhibit a distribution pattern that is generally similar to 

those in the rat but with some differences ( Rosier et al., 1990 ).

The cellular localization of NPY gene expression which has recently been studied in rat 

brain ( Morris, 1989 ) showed that cells positive for NPY mRNA are present in higher 

concentrations in caudal brain regions with the perikarya present in high concentrations 

in Ln,m and LIV and LVI. The SC and most thalamic nuclei except the reticular 

thalamus did not show any labelling. This distribution is consistent with the distribution 

of NPY receptor binding sites reported in this study in the cortex.

NPY has been reported to be present in rat brain at high levels compared to other 

neuropeptides ( Allen et al., 1983 ). However, levels of NPY mRNA appear to be 

lower than those reported for the other neuropeptide mRNAs ( Morris, 1989 ) which 

suggests that the phenotypic expression of NPY may alter ( Foster et al., 1989 ). The 

possible existence of multiple NPY receptor subtypes is consistent with the hypothesis 

that NPY acts selectively through multiple effector systems ( Wahlestedt et al., 1986; 

Oya et al., 1989; Fuxe et al., 1990 ). In addition, the first clue to NPY signal 

transduction was provided by the observation that the amount of specific [125I]-NPY 

binding to rat brain membranes was decreased in the presence of guanine nucleotides ( 

Unden and Bartfai, 1984 ).

During development in the dLGN and SC, low levels of NPY receptor binding sites 

were seen until the end of the first postnatal week, after which time, low to moderate 

levels were maintained throughout development and in the adult animal. The levels of 

NPY receptor binding sites in these subcortical visual areas appeared to follow the 

pattern observed in the VC. The afferent connections from the dLGN which terminate 

mainly in LIV of the primary visual cortex ( Ribak & Peters, 1975 ) or from the SC 

which projects to LV ( Sefton et al., 1981 ) contain low to moderate levels respectively 

of NPY receptor binding sites. The laminae in which high densities of NPY receptor 

binding sites are found correspond well with the termination of callosal afferents ( 

Jacobson, 1971; Ribak, 1977 ) and reciprocal connections between the primary and 

secondary visual areas ( Montero et al., 1973; Miller & Voigt, 1984b ). Because of the
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multiple and overlapping afferents and efferents from various sources, to or from the 

dLGN or SC, it is not possible to explain the moderate levels observed in these 

structures without further experimentation.

Unilateral enucleation at birth did not affect NPY receptor binding in the dLGN, SC or 

VC, and this finding therefore indicates that the development of NPY receptor binding 

sites in these brain regions are not directly associated with specific* afferents from the 

retina. Whether these receptor binding sites are involved in regulation or modulation of 

visual information processing or play a role in other physiological processes associated 

with vision is not known. Further studies will be necessary in order to define the 

existence or absence of the receptor subtypes and the associated transduction mechanisms 

involved in the visual pathway. It is only by understanding the actions of NPY receptor 

binding sites at the cellular level that we can begin to decipher the physiological role 

played by this neuropeptide in the CNS.

4.6 SUMMARY

The ability to demonstrate that a particular cell type contains a receptor binding site is 

as important as showing that a particular cell type is innervated by cells containing the 

corresponding neurotransmitter. Since many neurons contain multiple neurotransmitters, 

it is possible that the functional action of a neurotransmitter in a particular branch of the 

neuron depends upon the presence of the postsynaptic receptor binding site ( Dale, 1935 

). It is only by understanding which neuronal circuits contain the receptor that we can 

fully understand how neurotransmitters exert their physiological effects. Because most 

receptors in the brain are found on neurons, changes in brain receptors in specific 

regions must imply some change within those systems. Therefore, receptor mapping 

provides information complementary to neurotransmitter mapping studies.

It is now apparent that the complexity of neurochemical signalling mechanisms is far 

greater than had been thought ( Lundberg and Hokfelt, 1983; Kuhar et al., 1986 ). 

Together with the classical neurotransmitters, a large number of peptide families have
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been identified within the CNS and each of these neuroactive peptides interact with a 

family o f related receptor binding sites to produce the physiological response. The 

pharmacological characteristics of most receptor binding site types within the CNS have 

been established largely through the use of in vitro radioligand binding techniques. The 

development of ligand autoradiography has greatly advanced our knowledge of 

localization of receptor binding sites to specific regions or nuclei. However, it does not 

permit the cellular localization of receptors to afferent or efferent neurones, or 

intemeurons, nor does it discriminate among binding sites located on neuronal axon 

terminals, cell bodies or dendrites.

The study of neuropeptide receptor binding sites in development presented here indicates 

that various modifications occur in ontogeny in the distribution and density pattern in 

the visual pathway of the rat. It has been found that SS, VIP and NPY receptor binding 

sites are present in the embryonic brain in significant concentrations which are then 

considerably reduced at birth. In contrast, CCK receptor binding sites develop in early 

postnatal life and thereafter increase gradually in density, with peak levels present in the 

third postnatal week, a trend which is also followed by SS and VIP. NPY receptor 

binding sites on the other hand, appear transiently in the embryo, diminish in levels at 

birth, peak in the first postnatal week and maintain moderate levels of binding 

throughout the rest of development until adulthood when levels rise again. Another 

observation from these studies is that the final laminar pattern seen in the adult is 

determined in the very early stages of postnatal life with the peptide binding sites being 

expressed in the specific layers before the expression of the corresponding endogenous 

peptide. Several characteristic features are raised from these studies which are, that each 

peptide receptor binding site population has a specific laminar distribution which is age 

dependent, that the largest changes in the density and distribution occur during during 

the first four weeks of postnatal life at a time when morphogenesis and maturation are 

occuring. The observed changes in these neuropeptide receptor binding site densities and 

distribution suggests that considerable changes are occuring in the chemical circuitry of 

the visual pathway during development.
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The study of receptor binding sites for neuropeptides is still in the early stages and 

many issues for future research are raised by the present study. The most important 

development will be the synthesis of specific receptor antagonists which are a necessity 

for establishing the existence and function of the various subtypes. Autoradiographic 

studies can only provide a limited interpretation of results at present. These findings 

should be extended to the cellular and subcellular level. At the cellular level, information 

will be gained about the location of receptor binding site populations on specific 

neuronal types.
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5.0 LIST O F ABBREVIATIONS

ACh: Acetylcholine

AChE: Acetylcholinesterase

APP: Avian pancreatic polypeptide

Arg-Lys: Arginine-Lysine

Asp: L-aspartate

CCK: Cholecystokinin

ChAT: Choline acetyltransferase

CNS: Central nervous system

CP: Cortical plate

D l: Dopamine type 1-receptor

D2: Dopamine type 2-receptor

DA: Dopamine

dLGN: Dorsal lateral geniculate nucleus

E: Embryonic day

EAA: Excitatory amino acids

GABA: -aminobutryic acid

GAD: Glutamic acid decarboxylase

Glu: L-glutamate

HRP: Horseradish peroxidase

IGL: Intergeniculate leaflet

IZ: Intermediate zone

L: Layer

LC: Locus coeruleus

LGN: Lateral geniculate nucleus

LP: Lateral posterior nucleus

M l: Muscarine receptor subtype

M2: Muscarine receptor subtype
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MZ: Marginal zone

NA: Noradrenaline

NB: Newborn

NMD A: N-methyl-D-aspartate

NPY: Neuropeptide Y

P: Postnatal day

PHI: Peptide histidine isoleucine

PHM-27: Peptide histidine methionine-27

PZ: Pancreozymin

RIA: Radioimmunoassay

SAI: Stratum album intermedium

SC: Superior colliculus

SCN: Suprachiasmatic nucleus

SGI: Stratum griseum intermedium

SGP: Stratum griseum profundum

SGS: Stratum griseum superficiale

SO: Stratum opticum

SS: Somatostatin

SZ: Stratum zonale

VIP: Vasoactive intestinal polypeptide

vLGN: Ventral lateral geniculate nucleus

VZ: Ventricular zone

WGA-HRP: Wheatgerm agglutinin-horserad

WM: White matter

ZH: Zone of horizontal cells

ZOF: Zone of optic fibres

ZV: Zone of vertical cells
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