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ABSTRACT

ONTOGENY OF NEUROPEPTIDE mRNA-CONTAINING NEURONS IN 
THE VISUAL CORTEX OF NORMAL AND 6-HYDROXYDOPAMINE TREATED 
RATS.

The neuronal distribution of neuropeptides : 
somatostatin (SOM), neuropeptide Y (NPY) and vasoactive 
intestinal polypeptide (VIP) in the rat visual cortex was 
studied using the technique of in situ hybridization 
histochemistry. Given the sensitivity of this method and 
using probes of the same length and G-C ratio, a 
comparative analysis of the three neuronal categories was 
attempted during the postnatal development of the rat. 
Along with a qualitative, a quantitative approach has 
been used in order to reveal any differences in neuronal 
distribution among the primary and secondary visual 
cortex or among supra- and infra-granular layers of the 
same area. Each peptide was found to exhibit a distinct 
distribution pattern, both in the adult rat visual cortex 
and during development.

In the adult, neurons producing SOM-mRNA were the 
most abuciant of the three. They were present in all 
layers except layer I, but were mainly located in lower 
layers V and VI, of which layer V exhibited predominantly 
lightly labelled cells. Area 18 was shown to contain the 
highest density of SOM- neurons. Cells expressing 
NPY-mRNA appeared in all layers II-VI, but were
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encountered in supragranular layers II/III and in layer 
VI. The latter was characterised by the presence of many 
strongly labelled cells through its whole depth and of a 
number of mildly labelled neurons at the border between 
this layer and the white matter. All three visual areas 
showed a similar neuronal distribution. Neurons positive 
for VIP-mRNA were present in all layers with a 
preference for upper layers II/III, and were distributed 
according to a similar pattern in both primary and
secondary visual cortex.

During the rat postnatal life, neurons positive for 
SOM-mRNA were present in the visual cortex as early as 
postnatal day 0 ( PO), occuping layer VI of the cortex and 
progressively appearing in upper layers. During the third 
postnatal week they acquired the distribution pattern of 
the adult. A transient population of NPY-producing 
neurons was present in the first week of postnatal life, 
slowly disappearing during the second and replaced by a 
neuronal distribution similar to that of the adult by the 
third postnatal week. Neurons expressing VIP-mRNA
appeared as late as P7 and their numbers were 
progressively increased till they reached an adult like 
distribution at the end of the second postnatal week.

Animals pretreated with 6-OHDA from day 1 to day 4 
postnatal were shown, by HPLC with electrochemical
detection, to have a 93% depletion of cortical
noradrenaline (NA). The neuronal distribution of the 
three peptides remained unaffected by the NA-depletion. 
Furthermore, the level of peptidergic expression in 
individual neurons is not altered in the absence of NA.
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Thus, this study suggests that the early and widespread 
NA-ergic projection does not regulate the expression of 
SOM, NPY or VIP in the visual cortex of the rat.
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1. INTRODUCTION

The primary visual cortex of the rat (area 17) lies 
on the dorsolateral surface of the occipital poles of 
both hemispheres. It is surrounded by areas which are 
also concerned with vision and which constitute the 
secondary visual cortex. Thus, area 17 is bordered 
medially by area 18 and laterally by area 18a (Krieg 
1946a). A number of anatomical differences between the 
primary and secondary visual areas have been reported 
(Krieg 1946b; Peters 1985), which provide the 
criteria for defining the boundaries between these 
areas. The most important difference is the presence 
in area 17 of a better defined and thicker layer IV, 
when compared to areas 18 and 18a. In addition both 
secondary visual areas show an overall reduction in 
thickness of layers II-IV, area 18 exhibits a thicker 
layer I and area 18a shows significantly fewer large 
pyramidal cells in layer V. A major feature that 
differentiates the primary from the secondary visual 
cortex is the source of their thalamic innervation. 
Area 17 receives input chiefly from the dorsal lateral 
geniculate nucleus (dLGN), while secondary visual areas 
receive input from the lateral posterior nucleus (LPN).
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1.1. CYTOARCHITECTURE

A basic feature of the entire mammalian neocortex 
is its apparent laminated structure when viwed in 
Nissl- stained preparations. Each layer is inhabited 
by cell bodies of distinct form, size and packing 
density (Krieg 1946b).

1.1.1. Cell types

The cells in the visual cortex can be grouped into two 
major categories on the basis of structural 
criteria revealed in Golgi-preparations (Lorente de No 
1922; O'Leary 1941; Lund 1973): the pyramidal and
the nonpyramidal cells. The main differences are in
the lengths of the axons and the shapes of the cell 
bodies. The axons of pyramidal cells are longer, dip down 
into the white matter and leave the cortex - or the
particular cortical area from which they originated. 
Hence, they are the projection neurons of the cortex. 
In contrast the nonpyramidal cells tend to
terminate locally, thus constituting the intrinsic 
neuronal population of the cortex.

Pyramidal cells are the most dominant cell type in 
the rat visual cortex and thus the most
frequently encountered in Golgi-impregnated
material, although estimates of their proportion in the 
visual cortex of the rat varies considerably, ranging 
from approximately two thirds of the neuronal
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population (Parnavelas et al 1977a; Rockel et al 1980) to 
85% (Peters et al 1985). These cells have cone shaped
cell bodies from the apex of which arises a main dendrite
- the apical dendrite - ascending through the cortex and 
reaching towards the upper layer II or the layer I, 
where it branches to form a terminal tuft 
(Parnavelas et al 1977a; Peters et al 1985; Peters 
and Kara 1985a). From the base of their soma arise two or 
more oblique and/or horizontal dendrites that, together 
with their branches, form the basal dendritic 
field. An important characteristic of these neurons is 
the presence of numerous dendritic spines on all of 
their dendrites either apical or basal. The axons of 
these cells arise usually from the base of the cell 
body or from one of the basal dendrites (Peters 1968), 
and before leaving the cortex they usually give 
collaterals which remain within the grey matter and 
connect different layers in a vertical manner, as will 
be described later. It has to be said though, that 
there are cells which do not display all the features of 
the classical pyramids. There are cells in the uppermost 
part of layer II, for example, that although easily
recognisable as pyramidals, lack definitive apical 
dendrites but have instead obliquely oriented
dendrites (Parnavelas et al 1977a; Peters and Kara 
1985a). There are also pyramid-like cells in layers V 
and VI with ovoid or round perikarya (Parnavelas et 
al 1977a; Feldman and Peters 1978) and inverted 
pyramids with "apical" dendrites directed towards the 
white matter (Van der Loos 1965).
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One constant feature of all pyramidal neurons is 
that they always receive symmetrical synapses 
which are identified as inhibitory - on their 
cell bodies (Parnavelas et al 1977b; Peters 1985). 
The number of axosomatic synapses they receive varies 
according to the size and laminar position of these 
neurons (Peters and Kara 1985a). The axon initial 
segments of cortical pyramidal neurons receive 
exclusively symmetrical synapses (Peters 1985), but 
their dendrites and dendritic spines receive both 
symmetrical and asymmetrical synapses (Parnavelas et 
al 1977b; Peters 1985). Cortical pyramidal neurons 
always form asymmetrical synapses - which are 
identified as excitatory - by their axons (Parnavelas 
et al 1977b). Thus, pyramidal cells constitute the 
excitatory neurons of the cortex.

The nonpyramidal neurons are cortical cells that 
lack the distinguishing pyramidal morphology i.e. 
not possessing an apical dendrite, dendritic spines and a 
long projecting axon. Based on the dendritic geometry 
these cells are classified into three main types by 
Feldman and Peters (1978): multipolar, bitufted and
bipolar neurons.

Multipolar neurons constitute the
majority (approximately 60%) of the nonpyramidal 
neurons and are found in all layers of the rat visual 
cortex. They vary considerably with respect to soma 
shape and size and may have either smooth or 
sparcely spinous dendrites originating from any part 
of the surface of the cell body and extend out in any
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direction. Multipolar neurons can have either 
myelinated or unmyelinated axons and receive both 
symmetrical and asymmetrical axosomatic synapses 
(Parnavelas et al 1977b; Peters and Kara 1985b), 
while nonpyramidal neuronal cell bodies, dendritic 
shafts and axon initial segments.

Bitufted neurons make up approximately 20% of the 
Golgi impregnated nonpyramidal cells in the rat visual 
cortex (Feldman and Peters 1978). They are predominantly 
found in layers IV and V and usually possess elongated 
somata with their long axes oriented vertically. From 
the upper and lower poles of their soma arise dendrites 
which branch to form respectively superficial and deep 
dendritic tufts. Similar to multipolar neurons they 
may have sparsely spinous or spine free dendrites that 
receive, along with the cell-body, both types of 
synapses, while the axons of bitufted cells only form 
symmetrical synapses (Parnavelas et al 1977b; Peters and 
Kara 1985b).

Bipolar cells are vertically oriented
neurons predominantly encountered in layers II-IV
(Feldman and Peters 1978; Peters and Kara 1985b). They

- possess single dendrites emerging from the opposite 
poles of their soma and giving rise to slender dendritic 
trees which may span the thickness of up to five
cortical layers, extending from layer I to deep layer 
V. Axons mainly arise from one of the primary
dendrites and exhibit a predominantly vertical 
orientation. There is some discrepancy in the 
literature as to what type of synapses bipolar
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neurons form, since Peters and Kimerer (1981) reported
that axons of bipolar cells in the rat visual cortex
were detected forming type I (asymmetrical) synapses
with dendritic spines and dendritic shafts, whereas
Parnavelas et al (1977b) presented evidence that the 
same axons form type II (symmetrical) synaptic 
contacts. Some years later Peters and Harriman (1988) 
reported that there exist two types of bipolar cells; 
one type forming asymmetrical synapses mainly with 
dendritic spines, while another type forms symmetrical 
synaptic contacts with dendritic shafts. Thus, some 
bipolar cells may be different from all other 
nonpyramidal cells which are generally supposed to 
be inhibitory interneurons.

Another way to classify non-pyramidal neurons is 
based on the pattern of axonal arborization they 
exhibit. Thus, a subpopulation of multipolar and 
bitufted neurons are known as chandelier cells because 
their terminal axonal arbors, which are vertically 
oriented, resemble candles in a chandelier (Szentagothai 
and Arbib 1974; Peters et al 1982). These cells are 
found mainly in layers 11/111, are rather infrequent 
in area 17 of the rat, but are more common at the 
border of primary and secondary visual cortices 
(Peters et al 1982; Peters and Kara 1985b). Other 
nonpyramidal cells fall into the categories of large 
or small basket cells, named for the pericellular 
axonal endings they form on pyramidal cells (reviewed by 
Peters 1985).
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1.1.2. Cortical lamination

The visual cortex of the rat is constructed by 
six layers. Layer I, the outermost layer is easily 
recognized by the almost complete absence of neurons. In 
the immature cortex, though, a number of horizontal 
neurons is present in this layer, which disappear 
later in development (reviewed by Peters 1985).

Beneath layer I lie layers II and III which are 
usually combined and given the notation, layer 
II/III, since there is no definite boundary between 
them. Most of the neurons in this layer are 
medium-sized pyramidal neurons.

The boundary between layers II/III and IV is 
quite obvious, because the cell bodies in layer IV are 
small and closely packed together, a fact that gave 
the name "granular" to this layer. They can be both 
small pyramidal neurons or interneurons.

The border of layer IV and V is located about 
halfway through the depth of the cortex. Layer V is 
populated by large and rather loosely arranged cells 
which are mainly pyramidal in morphology, as well as by 
medium and small neurons. The appearance of this layer 
is in sharp contrast to that of the upper portion of 
layer VI, which is constructed by small and closely 
packed neurons, both pyramidal and non-pyramidal in 
morphology. Finally, the lower portion of layer VI is a 
thin layer of horizontally elongated neurons just above 
the subcortical white matter.
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Cells in different layers are connected to each
other based on a pattern of intrinsic connections 
distinct to each lamina. This dense dendritic and 
axonal plexus has been investigated in the past using 
the Golgi method, which gave important insights 
into the vertical organisation of connections but, 
recently, the application of modern tracing technigues 
like the HRP injections in "in vitro" brain slices,
has thrown more light to the intrinsic anatomical 
organization of the rodent visual cortex. Studies by 
Burkhalter (1989) have shown that layers II/III 
project mainly to layer V, layer IV has a strong and 
topographically precise projection to layers II/III, 
the upper half of layer V gives the most prominent 
projections to layers II/III and IV, but the main
output of lower layer V is to layer I, giving off
terminal clusters in middle layers. Axon collaterals from 
layer VI terminate mainly in layer IV and lower 
II/III. A large number of fibers from layers II/III 
are seen to run horizontally and terminate at various 
distances from the injection site and neurons at the 
gray/white matter border sent horizontal axons as well.
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1.2. INFORMATION PROCESSING

1.2.1. Information arrivai

The basic source of retinotopic information
entering the primary visual cortex of the rat is coming 
from the dorsal part of LGN (dLGN). The first direct
demonstration of this came by Ribak and Peters (1975), 
who injected tritiated proline into the lateral
geniculate body and found that the dLGN projected to 
area 17. Additionally, experiments by Peters and
Feldman (1978) showed a distribution of degenerated
terminals in the primary visual cortex following 
lesions of the dLGN. In contrast, the basic source of 
subcortical information entering the secondary visual 
cortex is coming from the LPN, as experiments using 
both tritiated leucine (Hughes 1977) and retrograde
labelling with HRP (Olavarria 1979) suggest. Thalamic 
cells send axons to ipsilateral cortex, and no cells
with bifurcating axonal collaterals to both
hemispheres were observed (Dreher et al 1990).

Layer IV and lower layer III are the main recipients 
of this input, since thalamic lesions resulted 
in degenerating thalamic axon terminals in these 
layers (Peters and Feldman 1976). These terminals form 
asymmetric synapses on the spines of either the basal 
dendrites of layer III pyramidal cells, or the apical 
dendrites of layer V pyramidal cells and also on
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pyramidal and non- pyramidal neurons of layer IV 
(Peters et al 1979).

The input is, in turn, being conveyed by means of 
vertical intracortical connections to layers above and 
below (Gilbert 1983). Additionally, weaker input is 
coming to layer I and top layer VI (Peters and Saldanha 
1976; Ribak and Peters 1975). Recent current source 
density measurements suggest that both layers IV and VI 
of the rat visual cortex are activated simultaneously 
and receive monosynaptic input (Bode-Greuel et al 1987), 
possibly via collaterals of single thalamocortical 
fibers (Jensen and Killackey 1987).

Bode-Greuel et al (1987) have shown that within 1-2 
msec of activation of the geniculorecipient layers, 
synaptic activity occurs in layer III and base of layer
V. Anatomical evidence by Burkhalter (1989) in the rat 
visual cortex shows layer IV projecting mainly to layers 
II/III and more weakly to the top but not the base of 
layer V, while layer VI projects amongst others to the 
bottom of layer V. The combined results of 
these electrophysiological and anatomical observations 
suggest that while information arrived in layer IV is 
subsequently mainly passed on to layers II/III, 
information in layer VI is initially processed to 
layer V. The same electrophysiological study show 
2-3msec later, a second peak in activity occuring 
simultaneously in layers III and IV. This delayed 
activity is probably due to input from layers V and
VI, since these layers are shown to give axonal 
projections to layer IV and III (Burkhalter 1989).

23



Finally a second peak appears in layer VI, probably 
mediated by layer V.

A similar pattern of activity processing constitutes 
the microcircuitry of the cat visual cortex with 
activity flowing from the LGN recipient layers IV and VI 
to II/III and IV respectively, from II/III going to V 
and then from V to II/III and VI (Gilbert 1983; 
Gilbert and Wiesel 1986).

Hence, by the means of these strong vertical 
connections, the retinotopically organized information 
delivered by the geniculocortical fibers is passed on to 
the layers lacking a direct input, without loosing in 
topographical accuracy; rather, the same map is contained 
in each layer. It has to be said that only the spiny 
cells of the cortex contribute to the systematic set 
of connections described above.

1.2.2. Physiological properties of visual cortical
neurons

The essential principle of a vertical column
consisting of cells with the same receptive field
location across the whole depth of the cortex, is
clearly evident in the visual cortex of more "visual"
animals, such as the cat (Hubei and Wiesel 1962) but
there is no conclusive evidence for orientation or
occular dominance columns in the rat visual cortex,
although there are definite signs of both orientation 
selectivity and binocularity:
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The majority of visual cortical neurons (79%)in 
a rodent vertical column are orientation selective 
(Burne et al 1984), the non-oriented ones respond to 
moving stimuli over a wide range of orientations. Such 
cells are found in all cortical layers, but are least 
encountered in layer IV (Parnavelas et al 1983).

Unlike the situation in the cat and the monkey, 
the great majority of the rat optic fibers cross to 
the contralateral side at the point of the optic chiasm, 
while only a small but significant number remains 
on the ipsilateral side. As a result, a number of 
neurons in the rodent visual cortex is responsive 
to binoc ular stimulation (Diao et al 1983). This 
picture, however, is quite different from that in the 
cat visual cortex, where most cells, although dominated 
by one eye, are driven by inputs from both eyes (Hubei 
and Wiesel 1962), on the necessary precondition that 
the receptive field locations from both inputs are 
matching (Noda et al 1971).

The majority (90%) of neurons in the rat visual 
cortex, when electrophysiologically tested, were
responsive to visual stimulation (Burne et al 1984; 
Parnavelas et al 1983). The physiological properties of 
individual neurons enabled the same investigators to 
classify them into simple, complex, hypercomplex and 
non-oriented cells, according to criteria previously 
established for cortical cells in the cat and monkey 
(Hubei and Wiesel 1962). Almost all of the cells 
responded to either moving stimuli alone or to both 
moving and stationary stimuli.
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simple cells were mainly found in the deep portion 
of layer III, in layer IV and in layer VI, all of which 
are sites of termination of geniculocortical
afferents (Parnavelas et al 1983). These cells were 
either pyramidal or non-pyramidal but, interestingly 
all non-pyramidal cells recorded were simple cells. 
Simple cells comprised approximately the 27% of the 
neuronal population.

Complex cells exhibited always a pyramidal 
morphology and were distributed in layers II/III, V 
and VI, but rarely in layer IV. They comprised the 44% 
of the total number (Burne et al 1984).

Hypercomplex cells, exhibited the properties of either 
simple or complex cells with the additional property 
of end-inhibition, were found in all layers of the 
cortex except layer I (Parnavelas et al 1983). Extensive 
studies on the formation of the end-inhibition in the cat 
layer IV revealed the involvement of neurons in layer VI, 
although there is still some dispute as to which pathway 
and which particular layer VI neurons are actually
involved (Boltz and Gilbert 1986).

The receptive field size of individual cells seems, at 
least in the cat visual cortex, to be appropriately 
designed according to the laminar position of the
cell. Neurons in superficial layers have small 
end-inhibited receptive fields while complex cells in 
layer V and VI exhibit much larger receptive fields 
(Hubei and Wiesel 1962). Although this scheme applies 
well to the cat, it is not absolutely true for the
rodent visual cortex, since the latter shows a range
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of different receptive field sizes in layers II/III 
and IV without obvious laminar difference (Magnini and 
Pearlman 1980). The only neurons with significantly 
enlarged receptive fields, in the rat, are the cells 
in layer V projecting to the superior colliculus, 
which may acquire this property through intrinsic 
connections (Lemmon and Pearlman 1981), such as the 
widespread projection from layer VI. The large 
receptive fields of these neurons and their additional 
ability to be sensitive to movement in a particular 
direction within the field, suits the eye-tracking 
function of the superior colliculus (Gilbert and 
Wiesel 1965).

1.2.3. Horizontal connections

Along with the vertical processing of the
visual information described above, intra- or 
interlaminar long- ranging connections have been 
identified both in the cat, where they exhibit a 
complex and organized pattern, as well as in the rat.
In the cat, clustered connections run in a parallel or
oblique manner for distances as long as 8mm (Hirsch and 
Gilbert 1991) to the cortical surface and often 
terminate in periodic clusters (Gilbert and Wiesel 
1983). Such clustered projections are more prominent 
in upper layers II/III, where they are formed mainly by
axon collaterals of layer II/III pyramidal cells, but 
they can also be found in layers I, V and VI, while
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they are noticeably less in layer IV (Boyd and 
Matsubara 1991). Most of these connections are reported 
to be reciprocial.

Although these horizontal collaterals mainly contact 
pyramidal cells, it is found that as many as 20% of 
the postsynaptic targets are smooth cells (Kisvarday 
et al 1986). Furthermore, recent investigators 
(Hirsch and Gilbert 1991) using intracellular
recordings from slices of cat visual cortex found that 
activating lateral fibers produce both excitation and 
inhibition. Even more recent anatomical findings
(Matsubara and Boyd 1992) support the former results 
showing that a number of GABA- immunoreactive 
non-pyramidal neurons take part in horizontal
intracortical connections in area 18 of the cat, 
although this participation was confined to "short 
range" connections (up to 1mm long).

The role of these horizontal connections is not known, 
but in the cat visual cortex, they link columns of 
similar orientation (Gilbert and Wiesel 1989). It 
has been proposed that they are important for
elongating receptive fields (Gilbert and Wiesel 1986) 
and for generating complex and end-stopped response 
properties (Mitchison and Crick 1982).

The refinement of these connections, at least in 
layers II/III, out of the crude pattern present in the 
first weeks in a kitten's life, emerges in synchrony 
with the arrival of layer IV projections in these layers 
(Callaway and Katz 1992).

In the rat visual cortex although long, horizontally
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running connections exist in the upper layers II/III, 
they do not terminate in a patchy fashion (Burkhalter 
1989), a finding not totally unexpected, since 
compartmentalization of orientation selective neurons 
is poorly developed in the rodent (Tiao and Blakemore 
1976) .

1.2.4. Cortical inhibition

This network of vertical and horizontal processing of 
the visual information by excitatory spiny cells 
interacts with a number of aspiny nonpyramidal neurons 
serving an inhibitory function. The importance of this 
intracortical inhibition is beyond doubt since it is 
involved in shaping the response properties of visual 
cortical neurons, such as orientation selectivity, 
directional selectivity and binocularity (reviwed by 
Sillito 1984).

Local application of the GABAa antagonist bicuculline 
results in a complete or near complete abolition of 
orientation and direction selectivity of all the cells 
with "simple" and part of the cells with "complex" 
receptive field properties (reviewed by Sillito 1984). 
Further support for the involvement of intracortical 
inhibitory processes in the formation of receptive 
field responses comes from the fact that at least 
some morphological types of cortical GABAergic 
interneurons display orientation and direction
selectivity in the cat (Gilbert and Wiesel 1979) and
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therefore would be expected to influence the orientation 
and direction selectivity of their postsynaptic targets.

Cortical interneurons are found in all layers and 
display multipolar, bitufted or bipolar morphologies 
as described above. Some of them, usually the ones
located in layer IV get direct thalamocortical
innervation (Freund et al 1985). Occasionally,
nonpyramidal neurons seem to receive callosal input 
as well (Hughes and Peters 1992a) but overall their 
thalamic input appears to be greater than that from the 
contralateral hemisphere.

Although some nonpyramidal neurons, as the small 
basket cells of layer IV, seem to form almost all their 
synaptic contacts within one layer (Kisvarday et al
1985), most of the interneurons spread their axonal 
arborizations over more than one layers and 
occasionally, as the bipolar neurons through as many 
as five (Feldman and Peters 1978). It is interesting to 
note that some large nonpyramidal neurons like 
chandelier cells exhibit very rich axonal arborization 
patterns and are capable of forming synapses not only 
on the cell-soma but even on the axon initial segment 
of pyramidal neurons (reviewed by Peters 1985) and are 
therefore able to exert inhibition that is, at the 
same time, particularly strong as well as directed on a 
large number of pyramidal neurons.

Nonpyramidal inhibitory cortical neurons were usually 
thought to be exclusively local circuit neurons modifing 
the activity of nearby pyramidal cells, but in recent 
years new evidence has shown that they participate in
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callosal interhemispheric projections: Hughes and
Peters (1992b) have shown that 9% of all layer II/III 
cells in the rat visual cortex are callosally 
projecting non- pyramidal neurons. These cells, which 
represent the 70% of all non-pyramids present in layers 
II/III, consist of small and large multipolar as well 
as small and large bipolar neurons.

Conclusively, it is obvious that a great
transformation of the visual information is taking 
place in this first level of cortical processing,
since afferents to the cortex from the LGN have 
circularly symmetric receptive fields, monoc ular and 
non-oriented, while cortical cells have receptive fields 
that are oriented, can be binocular in the rodenii and 
certainly are in more "visual" animals, are selective 
for direction of movement, stimulus length and possess 
different receptive field sizes and types.
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1.3. CONNECTIONS

1.3.1. Int&hemispheric connections

It is well known that apart from the visual field 
representation within the primary visual cortex, there 
are six other representations within the peristriate areas 
18 and 18a of the rat (Espinoza and Thomas 1983). These 
multiple representations of the visual field are linked 
together through a network of reciprocal connections.

As early as 197 3, Montero and colleagues have shown 
that when lesions are placed in area 17, patches of 
degenerating terminals appear in areas 18 and 18a. The 
degenerating terminals are in upper layers II/III and the 
location of the patches correspond to the positions 
of the extrastriate visual fields. In addition, these 
connections seem to be reciprocal (Olavaria and Montero
1981). Miller and Vogt (1984a) showed that in general, 
medial area 17 is connected with area 18 and lateral 
area 17 with area 18a. In addition they demonstrated that 
the two peristriate areas are interconnected as 
well.

In development, projections of area 17 to extrastriate 
18a is formed in a sequence, with the neurons in lower 
layers sending their projections and reaching their 
targets before the neurons in upper layers (Coogan and 
Burkhalter 1988).

Recent investigations suggest. that the
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intrahemispheric connections show a well defined laminar 
organization that designates both feedforward and feedback 
projections. Experiments using the anterograde tracer 
Phaseolus vulgaris Leucoagglutinin showed two basic 
projection types: one which includes layer IV as well as
all other layers but only rarely invading layer I, and 
a second which includes layer I but avoids layer IV 
(Coogan and Burkhalter 1990). The first type represents 
the forward and the second the feedback projections. 
Projections from primary visual cortex to extrastriate 
visual cortical targets in the cytoarchitectonie areas 18
and 18a, as well as the projection from 18a to 18 fall
in the first category. In contrast, the return 
projections from 18a and 18 to area 17 and from 18 to 18a 
are of the second type. These findings strongly support 
the idea of an areal hierarchy in the visual cortex.
Since area 17 makes only feedforward and receives only 
feedback projections it occupies the first level in this 
order, while area 18 is one level further above.

In addition to the connections between the visual 
areas, there are a number of other intrahemispheric 
connections of the rat visual cortex to nonvisual areas, 
as described by Miller and Vogt (1984b): All three visual 
areas are interconnected with area 8, a motor area 
responsible for the movements of the eyes and the eyelids. 
The secondary visual areas are interconnected with
somatosensory area 3, a connection which may help rats to 
coordinate their direction of gaze. Finally, the visual 
cortex has connections with a number of associational 
areas as well as to the primary auditory cortex.
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1.3.2. Interhemispheric connections.

The visual cortical areas in the two hemispheres are 
interconnected on the basis of both homotopic and 
heterotopic connections, but not all of area 17 
participates in callosal connections. Studies using either 
callosal lesions or transport of tritiated aminoacids 
(Cipolloni and Peters 197 9) showed an almost complete 
absence of callosal afferents to the centre of area 17,
but a circumferential band of callosal afferents to the
edges of area 17, where the peristriate areas are 
located. The site of the strongest input is the border of 
area 17 with 18a, where the callosal afferents terminate 
in two laminae: one extending from layer I to upper layer 
IV, the other covering layers V and VI.

In secondary visual area 18a there are areas of sparse 
callosal connections (Cusick and Lund 1981), illustrated 
by the studies of Miller and Vogt (1984b) who have 
demonstrated patchy degeneration pattern in the secondary 
area 18 following callosal lesion. Furthermore, the
regions of the visual cortex with strong callosal 
interconnections are complementarity interleaved with the 
regions that have strong associational interconnections 
with the ipsilateral retinotopically organized cortical
areas (Olavarria and Montero 1984; Thomas and Espinoza
1987) .

It has been shown that callosal axons synapse 
primarily with pyramidal cells and particularly with
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dendritic spines (Cipolloni and Peters 1983) and form 
asymmetrical synapses (Lund and Lund 1970). HRP injections 
revealed the neurons of origin of these callosal 
projections (Rothblat and Hayes 1982). The labelled 
cells that appeared in the contralateral hemisphere 
were mostly present in the upper layers II/III, although 
some additional cells occured in lower layers V and VI. 
Not all of the visual cortex was labelled: In area 17,
only the lateral part and the border with area 18a 
showed retrograde labeling. Labelled neurons also occured 
in the secondary areas 18 and 18a. Thus, the disposition 
of neurons forming the callosal projections essentially 
coincides with the termination sites of these projections 
(Rothblat and Hayes 1982). This supports the idea of 
homotopic callosal connections between the two
hemispheres.

Along with the homotopic connections, however, 
heterotopic connections are also found. Thus, large 
injections of lectin-bound HRP into the visual cortex of 
one hemisphere fill neurons in both lateral, where 
expected, but also medial portions of area 17 of the 
contralateral cortex (Miller and Vogt 1984b). These 
heterotopic connections arise mainly from layer V neurons, 
whereas homotopic ones arise from both II/III and V 
(Olavaria and VanSluyters 1983).

It is suggested that the callosal system is essential 
for combining information near the midline field of 
vision. This is supported by the fact that the main site 
of callosal projections, namely the border between areas 
17 and 18a, is the area where the vertical meridian of the
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visual field is represented (Espinoza and Thomas 1983). As 
mentioned before, there are a number of cells in the 
rodent visual cortex responding to binocular stimulation, 
although the number of uncrossed fibers in the roden is 
only 5-10% (Montero 1973). Within the binocular field of 
the visual cortex the projection is predominantly from the 
contralateral eye with a smaller projection of the 
ipsilateral (Diao 1983). However, at the 17-18a border 
where the callosal projections reach their greatest 
concentration, the contribution of the ipsilateral fibers 
is significantly greater. Thus, the callosal fibers may 
provide the only ipsilateral input to some cells, whereas 
they could provide an additional input to some already 
binocularly driven cells.

1.3.3. Efferent connections

The visual cortex projects to a number of subcortical 
targets. Principally, the thalamus, the pons and the
superior colliculus. Thus, injections of horseradish 
peroxidase into the rat dLGN produce labeling of pyramidal
cells in layer VI of area 17 (Sefton et al 1981). In
addition layer VI of area 17 projects to the reticular
thalamic nucleus, while the same layer in the secondary 
visual cortex projects to the lateral posterior nucleus. 
Neurons in layer V project to the superior colliculus, the 
pons and the ventral LGN. A recent study on the
comparative morphology of layer V pyramidal neurons showed 
that corticopontine and corticotectal neurons are located
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predominantly in the upper part of layer V and 
posses a single apical dendrite that ascends up to 
layer I (Hallman et al 1988), Approximately 60% of 
these cells send axon collaterals to both the superior 
colliculus and the pons. Their morphology distinguishes 
them from the callosally projecting pyramids of this layer, 
the apical dendrite of which never ascends to upper layers.
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1.4 THE NEUROCHEMICAL COMPOSITION OF THE VISUAL CORTEX

The neurochemical composition of the visual cortex 
consisting of the transmitters released either by the 
cortical neuronal populations or by the various 
subcortical projections, will be described in this 
chapter.

The cortical neurons that have already been described 
as either pyramidal, which are the excitatory, 
projection-neurons or nonpyramidal, the inhibitory 
interneurons, mainly express either excitatory aminoacids 
or the inhibitory aminoacid GABA together with a number 
of neuropeptides respectively.

Apart from the retinotopic afferents that are relayed 
in the thalamus and convey the visual information, a 
number of additional subcortical projections innervate 
the cortex in a widespread manner containing as 
transmitters either catecholamines or ACh. Each of these 
projections will be described in the following pages 
according to the neurotransmitter it is using.

1.4.1. Acetylcholine

Two cholinergic components have been identified in 
the adult rat visual cortex: an extrinsic one, consisting 
of the axonal ramifications of neurons situated in the 
basal forebrain and an intrinsic one consisting of a
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small population of nonpyramidal cells.
A number of neurons in the basal forebrain are found 

to be positive for both choline acetyltransferase 
(ChAT), the acetylcholine synthesizing enzyme, and 
acetylcholinesterase (AChE) the degrative enzyme 
(Eckenstein and Sofroniew 1983). These neurons are 
responsible for the heavy cholinergic fiber staining in 
deep cortical layer IV and in layer V, since basal 
forebrain lesions effectively eliminate both the ChAT and 
the AChE staining pattern in these layers (Eckenstein et 
al 1988) .

Experiments using injections of WGA-HRP in individual 
visual areas of the rat (Carey and Rieck 1987) have shown 
that while area 18a is innervated by fibers originating 
from cells within the caudal components of the basal 
forebrain, area 18 is innervated by neurons within the 
rostral basal forebrain nuclei. Similarly, the lateral 
portion of area 17 is innervated by cholinergic cells in 
the caudal aspect of the basal forebrain, while the 
medial portion of the same area by cells in the rostral 
aspect. Only the middle of area 17 seems to be innervated 
by both systems (Saper 1984).

The intrinsic neurons, the perikarya of which are 
found throughout layers II-VI, but predominantly in 
layers II/III are ChAT positive but AChE negative (Levey 
et al 1983) and have been found to co-localize with 
vasoactive intestinal polypeptide (VIP) (Eckenstein and 
Baughman 1984). The predominant morphology of VIP-ChAT 
immunoreactive neurons is that of bipolar cells.

Investigations at the ultrastructural level
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(Parnavelas et al 1986) have shown that the great 
majority of synapses formed by ChAT-labelled axon 
terminals are symmetrical, although a small number of 
asymmetrical synapses was also observed. The postsynaptic 
targets were usually dendrites of a wide range of 
diameters and occasionally perikarya of nonpyramidal 
neurons.

During development the cholinergic innervation coming 
from the basal forebrain is first detected, although at 
low levels, in the first postnatal week; significantly 
increased levels are found during the subsequent 2 weeks 
(McDonald et al 1987). Intrinsic cholinergic neurons were 
first seen, although faint, at Pll; both their number and 
the intensity of their staining increased during the 
second and third week (Dori et al 1985).

It has to be noted, however, that the pattern of AChE 
activity in the first two weeks of age differs from that 
of the adult, since AChE in very young rats (1-2 weeks of 
age) is found most prominently as a band that corresponds 
to layer IV and deep layer III of are 17 (Robertson et al
1988). Recent investigations have shown that this 
transient staining is associated with a quite different 
neural system. In neonatal rats, the placement of lesions 
in the dorsal thalamus involving LGN results in a loss of 
AChE activity in layers III and IV of ipsilateral visual 
cortex (Robertson et al 1988), while similar treatment in 
the adult has not such effect (Robertson et al 1990). On 
the other hand, lesions of the basal forebrain destroying 
the cholinergic projection to visual cortex have no 
effect on the AChE staining in the young visual cortex
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(Robertson et al 1988), while eliminating much of it in 
the adult rat (Robertson et al 1990). Furthermore, 
intraoccular injections of tetradotoxin reduced the 
transiently expressed AChE activity in 12-days old rats 
(Robertson et al 1989).

1.4.2 Monoamines

The monoaminergic projections to the mammalian 
neocortex have been described in the past as "diffuse" 
projections, playing a subsidiary
modulatory role and taking part in less precise spatial 
connections (review by Iversen 1984). Very few synaptic 
contacts were detected by Descarries and colleagues 
(1977) between monoaminergic varicosities or terminals 
and cortical neuronal elements leading them to suggest 
that monoamines are released by axonal varicosities or 
terminals and diffuse beyond adjacent postsynaptic 
elements, thus being able to exert an influence on a 
large number of neurons. Recent detailed studies however, 
have shown that the vast majority of vesicle-containing 
varicosities of monoaminergic neurons of the rat visual 
and frontopariatal cortices form conventional synapses 
(Papadopoulos et al 1987, 1989).

Furthermore, recent evidence suggests that, although 
monoaminergic innervation is global and widespread in the 
cerebral cortex it is far from being non-specific. A 
number of inquiries (for review see Parnavelas and 
Papadopoulos 1989) have shown regional and laminar
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specificity mainly in the primate but, to a small extent, 
in the rat cortex as well.

1.4.2a Noradrenaline (NA)

The noradrenergic innervation of the entire neocortex 
derives exclusively from a relatively small number of 
neurons located in the locus coeruleus (Lindval and 
Bjorklund 1984). Dorsal and lateral cortices of the rat 
are mainly innervated by NAergic fibers reaching the 
neocortex at the frontal pole (Morrison et al 1981), from 
where they continue caudally within the deep cortical 
layers and subcortical white mater innervating the cortex 
through which they pass by means of collaterals (Morrison 
et al 1979, 1981) .

High-pressure liquid chromatographic measurement of 
NA in tangential sections through individual layers of 
the rat visual cortex have shown layer I to contain the 
highest concentration of NA and layer V the lowest 
(Parnavelas et al 1985).

A later immunocytochemical study in the adult rat 
visual cortex (Papadopoulos et al 1989a) describes 
NA-labelled fibers as typically thin and varicose with an 
occasional thicker fiber running either tangentially in 
layer I or radially across the other cortical layers. The 
same study shows that long NA axons run parallel to the 
pial surface in layers I and VI while layers II/III are 
innervated by radial straight fibers and layers IV and V 
by short tortuous or obliquely oriented fibers.
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The former authors using thicker sections that 
permitted the establishment of continuity between fibers 
running at various depth of focus have revealed axon 
collaterals oscillating between the upper portion of 
layer II and deep layer IV in a mediolateral direction, 
possibly arising from horizontal axons in layer I and VI. 
Although these oscillations are not thought to extend in 
the mediolateral direction for more than 2mm 
(Papadopoulos et al 1989a), it is obvious that individual 
noradrenergic fibers are capable of exerting a 
synchronous influence not only on a large number of 
columns in a rostrocaudal plane (Morrison et al 1981), 
but also on a number, even if relatively limited, of 
columns in the medio-lateral plane.

Noradrenergic fibers are shown (Papadopoulos et al 
1987a) to form conventional synapses with dendritic 
spines, dendritic shafts of various diameters or somata 
of pyramidal and nonpyramidal neurons.

In the monkey visual cortex noradrenergic innervation 
shows a greater regional and laminar specialization; 
precisely at the border between areas 17 and 18 the 
density of immunoreactive fibers changes so that area 18 
contains significantly more fibers than area 17 (Morrison 
et al 1986). Additionally, layers V and VI of the 
squirrel monkey visual cortex receive a moderately dense 
noradrenergic projection, whereas layers IVa and IVc are 
largely devoid of noradrenergic fibers (Morrison et al
1986) .

The NA fibers from locus coeruleus arrive to the 
cortex before birth and run parallel to the pial surface
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in two bundles : one located in the marginal and the other 
in the intermediate zone; fibers arising from both the 
superficial and the deep bundles gradually invade the 
developing cortical plate (Verney et al 1984). The 
noradrenergic system develops rapidly and is relatively 
mature, both in respect of distribution pattern and 
density of innervation, by the end of the first postnatal 
week. As a result of all these characteristics: extension 
throughout the cortex, early arrival and early 
maturation, NA neurons are in a position to regulate 
developmental processes taking place during an early 
stage.

In order to test the influence of NA afferents on 
cortical development, a number of studies have been 
carried out using experimental deprivation of cortical NA 
input either pre- or postnatally. Thus, postnatal NA 
denervation of the rat neocortex resulted in profound 
morphological changes in pyramidal neurons (Felten et al
1982) and reduction of cell density in the superficial 
layers (Onteniente et al 1980).

1.4.2b Serotonin (5-Hydroxytryptamine 5-HT)

The serotonergic innervation of the cerebral cortex 
originates almost exclusively from the medial and dorsal 
raphe nuclei (for review see Lindvall and Bjorklund 
1984) .

Immunocytochemical studies in the rat visual cortex 
have shown a rich network of serotonergic fibers
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throughout all cortical layers (Lidov et al 1980). 
Furthermore they revealed regional differences both in 
the density and in the laminar distribution of 5-HT 
axons, together with a considerable morphological 
heterogeneity especially in axonal thickness and in the 
shape and size of varicosities (Lidov et al 1980). Later 
investigations (Kosofsky and Molliver 1987) suggested the 
existence of two, morphologically different axonal 
projections to the cerebral cortex; one coming from the 
dorsal and the other from the medial raphe nuclei.

When high-pressure liquid chromatographic
measurements were carried out for each individual layer 
of the rat visual cortex 5-HT was shown to be present in 
all cortical layers (Parnavelas et al 1985), though its 
concentration was decreasing progressively with distance 
from the cortical surface. In agreement with these 
results immunocytochemical evidence (Papadopoulos 1987b) 
revealed that layer I, and in particular its outer half, 
contains the most dense plexus of serotonergic axons. 
This plexus is formed mainly by axons running parallel to 
the pial surface and radial axons ascending from the 
lower layers. The supragranular layers contain long 
radial axons, while layers IV and V show short, tortuous 
axonal segments. Finally, layer VI contain a large number 
of tangential axons running parallel to the subcortical 
white matter (Papadopoulos 1987b).

The serotonergic innervation of the primate visual 
cortex shows remarkable specificity, both regional and 
laminar (Morrison and Foote 1986). There is a very dense 
serotonergic innervation in area 17, in contrast with

45



areas 18 and 18a and, on the other hand, layers IVa and 
IVc receive a rich 5-HT projection while layers V and VI 
a very sparse one. It is interesting to note that the 
patterns of NA and 5-HT innervation in the primate are 
complementary in both regional and laminar specificity. 
In respect to the laminar specificity it seems that the 
NA projection is directed predominantly at the layers 
containing cells that project out of the cortex, while 
5-HT innervation is directed towards the layers that 
receive most of the sensory information from the 
thalamus. These observations have prompted the suggestion 
(Morrison and Foote 1986) that the two systems may have 
distinct roles in the information processing of the 
primate visual cortex.

Ultrastuctural serial section analysis using a 
specific antibody to 5- HT (Papadopoulos 1987a,b) showed 
that approximately 90% of the vesicle- containing 
varicosities form conventional synapses. These synapses 
were either symmetrical or asymmetrical and the 
postsynaptic elements were dendritic spines and apical 
dendrites of pyramidal cells, or small to medium size 
dendritic shafts.

Transient patterns of serotonergic innervation of the 
visual cortex have been described in early postnatal 
life. During the first postnatal week a transient 
aggregation of 5-HT immunoreactive fibers appears in the 
subplate and moves progressively higher in the cortex as 
development proceeds. In the second postnatal week this 
aggregation is present as a continuous band in layer IV 
and as a discontinuous band in layer I (Nakazawa/i 1992 ) .
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1.4.2c Dopamine

The dopaminergic innervation of the cortex originates 
from cells located in the ventral tegmental area and the 
substantia nigra (Lindval and Bjorklund 1984). In the 
adult rat this innervation is characterized by the 
differential density of positive fibers within individual 
visual areas (Papadopoulos 1989b), Area 18 receives a 
considerable amount of dopaminergic fibers, whereas area 
17 and 18a are sparcely innervated. The same authors 
report that the innervation of area 18 consists of radial 
fibers throughout the whole thickness of the cortex, as 
well as short, tortous labelled segments. The radial 
axons seem to originate from tangentially oriented fibers 
that run in layer VI in a manner parallel to the white 
matter. On the other hand, the areas 17 and 18a contain 
short axonal branches distributed throughout the cortical 
thickness, though mainly in deeper layers. Additionally, 
the infragranular layers of these areas exhibit longer 
fibers running parallel to the pial surface, similar to 
the ones mentioned for area 18. All these tangentionally 
running fibers seem to be in continuation of the 
DA-containing axons that penetrate in large numbers from 
entorinal cortex into layer IV of the temporal cortex.

Overall, though, the dopaminergic innervation of the 
visual cortex seems surprisingly poor in comparison to 
the widespread NA and 5-HT cortical systems.

Seen in the ultrastuctural level dopaminergic fibers
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are unmyelinated and form varicosities filled with 
synaptic vesicles and usually seen opposite postsynaptic 
elements, forming with them mainly type I synapses 
(Papadopoulos 1989b).

1.4.3 Excitatory amino acids

L-glutamate (Glu) and L-aspartate (Asp) are 
considered the major excitatory amino acids, but since 
Glu and Asp are key metabolites in the brain and thus, 
present anyway in neuronal cells, a number of experiments 
were performed by various investigators, in order to 
prove the neurotransmitter role of these amino acids. It 
was shown that the release of Glu and Asp is calcium 
dependent (Clark and Collins 1976), that cortical 
synaptosomes possess a high affinity, sodium-dependent 
uptake mechanism for Glu and Asp (Logan and Snyder 1971) 
and also that iontophoretic application of specific amino 
acid antagonists at termination sites of various 
corticofugal fibers blocks the excitation caused in the 
postsynaptic neurons (reviewed by Tsumoto 1990).

Recent evidence (Tsumoto 1990) suggest that at least 
in the cat, the geniculocortical pathway innervating the 
primary visual cortex is using excitatory amino acids as 
transmitters, since the micro-iontophoretic
administration of the antagonist kynurenic acid has 
completely eliminated the responses of striate cortical 
neurons evoked both by visual as well as by electrical 
stimulation of afferent fibers. The antagonistic effect
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was particularly apparent in layers IV and VI known to 
receive thalamic input.

1.4.3a Glutamate

Immunocytochemical studies performed by
Storm-Mathisen et al (1983) and Ottersen and 
Storm-Mathisen (1984) reported that Glu is localized in 
pyramidal as well as nonpyramidal neurons of all cortical 
layers. Thereafter, a number of investigators reported 
Glu present only in pyramidal neurons of various cortical 
laminae (Conti et al 1989; Madl et al 1986). In a recent 
study in the visual cortex by Dori and Parnavelas (1989) 
Glu was found exclussively in pyramidal neurons. This 
disagreement was thought to be caused by differences in 
the specificity of the antibodies used in the various 
studies. The authors of the latter study, as well as 
Conti and colleagues (Conti et al 1989) claim that the 
antibodies used in their studies differ in specifity from 
those originally used by Storm- Mathisen (1983) and that 
they stain the transmitter pool rather than the metabolic 
pool of individual neurons (see Conti et al 1987 for 
extensive discussion). The pyramidal neurons labelled for 
Glu in the study by Dori and Parnavelas (1989) were found 
in layers II-VI of the visual cortex.

Glu-IR neurons are first seen at P3 (Dori PhD thesis 
and personal communication) but do not obtain their 
ulatrastructural characteristics before P20 nor 
demonstrate the adult pattern until the fouth postnatl
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week.
Studies using a double-labeling technique which 

combines the immunocytochemical localization of Glu with 
the presence of retrogradely transported WGA-HRP were 
performed by Dinopoulos et al (1989) and Dori et al 
(1993 ) • These studies examined the Glu containing neurons 
in the visual cortex that project either to the 
corresponding cortex in the opposite hemisphere or to a 
number of subcortical structures (pons, superior 
colliculus and dLGN) and have shown that approximately 
half of the neurons involved in these projections exhibit 
Glu immunostaining.

1.4.3b Aspartate

A number of immunocytochemical studies have 
demonstrated the presence of aspartate (Asp) in a 
population of cortical neurons (Aoki et al 1987; Conti et 
al 1987a). A later study in the visual cortex of the rat 
(Dori et al 1989) has shown Asp-immunoreactive neurons in 
layers II-VI with a concentration in layers II/III. 
Stained cells in the supragranular layers appear 
generally smaller in size when compared to their 
counterparts in infragranular layers. Layer V, in 
particular, is characterized by a row of especially large 
cells (Dori et al 1989). The same authors using both 
light and electron microscopic preparations demonstrated 
that the great majority of labeled cells are pyramidal in 
morphology and provided clear evidence that a small
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portion of Asp-immunoreactive neurons (approximately 10%) 
are nonpyramidal in morphology since they receive both 
type I and type II axosomatic synapses.

Studies combining retrogade transport of WGA-HRP and 
immunocytochemistry for Asp suggest that a large number 
of neurons projecting to the pons, superior colliculus, 
dLGN as well as the contralateral visual cortex are 
expressing Asp (Dori et al 1992). Thus, it is shown that 
both Glu and Asp are used as excitatory transmitters in 
subcortical as well as callosal projections and that 
cortical projection cells, at least in the visual 
cortical areas, exhibit a neurochemical heterogeneity.

1.4.4 GABA

The amino acid GABA is the major inhibitory 
transmitter in the cerebral cortex (see review by Sillito 
1984). It was originally believed that the whole amount 
of GABA found in the cortex originated from intrinsic 
interneurons, since undercutting the cortex did not seem 
to produce any obvious decline in GABA levels (Emson and 
Lindvall 1979). Some years later though, it was shown 
that a number of hypothalamic GABA-ergic cells project to 
the cortex and thus, make a small contribution to the 
cortical GABA concentration (Vincent et al 1983). 
Additionally, in a recent study by Freund and Meskenaite 
(1992) it was revealed that some basal forebrain 
afferents use GABA as transmitter and innervate intrinsic 
GABA-ergic neurons that contain either Som or
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parvalbumin. This could be a mechanism by which a small 
ascending pathway can exert a powerfull and widespread 
effect in the neocortex by selectively innervating 
GABA-ergic interneurons which, in turn, control the 
activity of large populations of pyramidal cells through 
their extensive axonal arborizations.

Early studies using immunocytochemical localization 
of GAD, the GABA synthesizing enzyme, in the visual 
cortex of the rat (Ribak 1978) showed labelled cells 
distributed fairly evenly throughout all cortical layers. 
Most neurons exhibited multipolar or bitufted 
morphologies except for cells in layer I and VI that 
sometimes showed horizontal orientation. The same author 
reports that immunoreactive terminals were engaged in 
type II synapses with the cell bodies and dendrites of 
pyramidal and nonpyramidal neurons, as well as with axon 
initial segments. In a later immunocytochemical study Lin 
et al (1986) argued that GAD-possitive cells are not 
uniformely distributed across the layers of the rat 
visual cortex but instead, they form a prominent band in 
layer IV. Additionally, GAD- immunoreactive puncta 
representing immunoreactive axon terminals, showed an 
increased concentration in layer IV as well as in layers 
I and VI.

The GABA-ergic population of the rat visual cortex is 
found to comprise roughly 15% of the total neuronal 
population (Ribak 1978, Meinecke and Peters 1987). It was 
also shown that, with the exception of the one fifth of 
the bipolar cell population, all nonpyramidal neurons are 
GABA-ergic (Meinecke and Peters 1987) and that, at least
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for the rat cortex, the largest GABA- containing neurons 
reside superficially, in layers II/III (Lin et al 1986).

Extensive colocalization of GABA and various 
neuropeptides such as; cholecystokinin (CCK), 
somatostatin (SOM), neuropeptide Y (NPY) and substance P 
(SP) has been documented (Hendry et al 1984). The 
GABA-ergic neurons that exhibit immunoreactivity for 
peptides are usually the smaller diameter GABA-ergic 
neurons (Naegele and Barnstable 1989 for review): a 
subset of the largest GABA-ergic neurons, such as large 
basket and chandelier cells, is consistently 
immunonegative for peptides. It is also interesting that 
neurons which colocalize GABA with peptides are usually 
absent from layers I and IV (Freund et al 1986).

Many GABA-ergic neurons are also immunoreactive for 
various calcium- binding proteins, such as parvalbumin, 
calbindin or calretinin (Rogers 1992 for review) all of 
which are suggested to play a role in buffering 
intracellular calcium levels. These three proteins occur 
in distinct cell populations with virtually no overlap.

Studies combining immunocytochemistry for GABA and 
[3H] thymidine labeling have shown that GABAergic neurons 
are generated from E14 to E20 and are, thus, cogenerated 
with the pyramidal neurons (Miller 1986).

In the prenatal rat and during the last week of 
gestation, GABA immunoreactive neurons are progressively 
present in the marginal, intermediate, ventricular and 
subventricular zones as well as in the cortical plate. 
Furthermore, while the number of GABAergic cells in the 
cortical plate increases, GABAergic neurons in these

53



other zones decrease in number after E19 (VanEden et al
1989). A small portion of these early differentiated 
neurons, however, persist through development and can be 
seen as interstitial cells of the adult white matter 
(Luskin and Shatz 1985).

The activity of glutamic acid decarboxylase (GAD),the 
enzyme synthesizing GABA, measured neurochemically during 
the postnatal development of the rat visual cortex, 
showed a gradual increase during the first week, followed 
by a more rapid increase during the subsequent 10 days 
and finally a slower rate until day 24 (McDonald et al 
1981). After that the number of GAD-positive neurons 
decreases slightly to reach adult.
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1.4.5 Neuropeptides

In addition to the classical low molecular weight 
transmitters described above such as acetylcholine, 
catecholamines, excitatory and inhibitory amino acids, an 
increasing number of peptides ranging in size from three 
up to forty or more aminoacids, have been identified in 
neurons. During the last 15 years a large number of 
investigators using biochemical, immunohistochemical and 
pharmacological techniques have demonstrated the
neurotransmitter and\or neuromodulatory role of a great 
number of these peptides (for review see Hokfelt 1991). 
The majority of peptides have been found to coexist with 
classical, small molecular weight transmitters both in the 
central and in the peripheral nervous system. In the 
intrinsic population of the cerebral cortex peptides were 
found to coexist with the inhibitory amino acid GABA 
(Hendry et al 1984).

When classical transmitters and neuropeptides coexist 
the two types of messenger molecules may have different 
subcellular storage sites. It has recently been documented 
in the CNS (Verhage et al 1991), as had previously been 
shown for the PNS (for review see Hokfelt et al 1991) that 
two kinds of vesicles are found in the nerve terminals; 
the small, clear synaptic vesicles found near the active 
zone which contain exclusively the classical transmitter 
and the large, dense core vesicles located at ectopic 
sites which contain peptide plus classical transmitter.
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Thus, peptides can be released only when the large, dense 
core vesicles are activated. There is recent evidence from 
different systems in the CNS (Bean and Roth 1991; 
Iverfeldt et al 1989) that individual action potentials 
firing at low frequency will not release peptides and that 
activation of large vesicles requires bursting or high 
frequency activity.

Furthermore, it has been shown in nerve terminals from 
quinea pig hippocampus (Verhage et al 1991) that 
neuropeptide release is triggered by small elevations in 
Ca++ concentrations in the bulk cytoplasm, whereas 
secretion of the classical transmitter requires higher 
Ca++ elevation, as produced in the vicinity of Ca++ 
channels. Thus, it is obvious that neuropeptides and 
classical transmitters may be differentially released.

A number of essential differences concerning the two 
coexisting messenger systems have to be kept in mind: 
Peptide production takes place in the endoplasmic 
reticulum mostly in the cell-body, with subsequent axonal 
transport to the nerve terminal, whilst classical 
transmitters are produced both in the nerve terminals and 
in the cell-body. One consequence of this asymmetric 
distribution of biosynthetic activities is that it is 
possible to rapidly deplete the nerve terminal with 
respect to neuropeptides, while the classical transmitter 
levels are only slightly if at all lowered.

It is also noteworthy that tissue stores of classical 
transmitters are often 50-1000 times higher than those of 
peptide neurotransmitters (review by Bartfal et al 1988) 
when these stores are measured at the . nerve terminal
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level. Thus the nerve terminal is equipped for more 
frequent use of the classical transmitter in comparison to 
the peptide.

The nature of the postsynaptic effect that 
neuropeptides induce when released from nerve terminals 
is quite different from that of classical transmitters 
(see review by Hokfelt 1991): while classical transmitters 
induce a rapid and short lasting response, peptides evoke 
responses of longer duration. There is even some evidence 
that peptides are not released at active zones into the 
synaptic cleft, but are released extrajuncionally 
(Thureson-Klein and Klein 1990) and may diffuse over some 
distance from the point of release.

Along with their potent role as neurotransmitters, 
peptides have been shown to act as neuromodulators in a 
number of systems (Kow 1988 for review). As such, they 
alter the response of a particular substrate to a given 
transmitter. The latter may or may not be the classical 
transmitter they coexist with in the nerve terminal. In 
the visual cortex where SOM and GABA are known to coexist 
(Hendry et al 1984) and although SOM can modulate the 
responses of cortical neurons to visual stimulation 
(review by Sillito 1985), results failed to show any 
modulatory effects of SOM on GABA actions. The same was 
shown to be true for another population of visual cortical 
neurons which colocalize GABA with CCK (Sillito 1985 for 
review). On the contrary, iontophoretic application of VIP 
even in low doses is capable of enhancing the inhibitory 
responses of somatosensory cortical neurons to 
iontophoretically applied GABA (Sessler et al 1991).
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Concomitant application of VIP and NE produces additive or 
more than additive potentiation of GABA inhibition.

Peptide neuromodulation is characterized by remarkable 
specificity with respect to the transmitter effect that 
is being modulated, the substrate and the region where the
modulation is taking place (Kow and Pfaff 1988 for
review). However, a degree of convergence of modulatory
influences from different peptides has been observed,
since there are a number of cases where several peptides 
modulate a given neuronal response. In the cerebral cortex 
for example, the excitatory responses of cortical neurons 
to ACh have been found to be attenuated by SP, CCK and VIP 
(Lamour et al 1983).

There is increasing evidence supporting a trophic role 
of peptides in a number of developmental processes 
(Hokfelt 1991 for review). Thus, VIP was shown to increase 
survival of spinal cord neurons in culture (Brenneman and 
Eiden 1986), to stimulate the growth of human keratocytes 
(Haegerstrand et al 1989) and influence bone
mineralization (Hohmann et al 1986).

Finally, a number of these peptides may serve other 
biological roles in the brain as, for example, VIP 
induces glycogenolysis in cortical slices via stimulation 
of cAMP (Magisteti 1981) and thus, regulates the energy 
metabolism in cortical cells. Additionally, VIP has been 
established as a strong vasodialatory agent (Edvinsson 
1985) .
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1.4.5a Somatostatin

The tetradecapeptide somatotropin release inhibiting 
factor, or somatostatin SOM was the first of the 
somatostatin family of peptides to be detected in the 
cortex. It is derived from the large molecular weight 
precursor: prosomatostatin (Lauber et al 1979). Other
prosomatostatin derived proteins (PSDP) are Somatostatin 
28 (SS28), which is the N-terminal extension of the
tetradecapeptide SOM and Somatostatin 28(1-12) (Benoit et 
al 1982). An immunocytochemical study by Naus et al (1988) 
has shown that in the adult somatosensory cortex SS28 is 
plentiful and located primarily in neuronal cell-bodies, 
in contrast to SS28(1-12) that is also abudant but located 
primarily in neuronal processes and terminal
arborizations, thus suggesting interneuronal processing of 
SS28 to SS28(1-12) and SOM.

Most of the immunohistochemical studies have been 
directed against the tetradecapeptide SS14 and have 
localized it in a variety of peripheral tissues, in 
hypothalamus and in extrahypothalamic brain sites 
including the neocortex (Bennet-Clarke et al 1980; Finley 
et al 1981; Shiosaka et al 1982; Johansson et al 1984; 
Vincent et al 1985). More recent in situ hybridization 
studies for SOM-mRNA in the rat nervous system 
confirmed these results (Fitzpatrick-McElligott 1988; 
Priestley et al 1991) and localized SOM-mRNA in the same 
tissues in which immunohistochemical techniques have 
previously localized the peptide. It was emphasized 
though, that SOM-containing neurons varied from region to
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region with respect to the amount of hybridization signal 
they expressed (Uhl and Sasek 1986; Fitzpatrick-McElligott 
1988). The highest labeling was seen in the 
periventricular nucleus of the hypothalamus (Uhl and Sasek 
1986; Priestley et al 1991), followed by telenkephalic 
regions such as cortex, hippocampus and the medial nucleus 
of amygdala. Uhl and Sasek (1986) atributed this 
difference in hybridization signal to both differences in 
the hybridization density per positive cell as well as to 
regional variations in densites of SOM-ergic perikarya. 
Furthermore, variations in the amount of hybridization 
signal expressed by individual neurons was also seen 
within positive cells of the same region (Priestley et al 
1991) .

In the cerebral cortex of the rat SOM-immunoreactive 
neurons are reported in all layers II-VI, although there 
is some disagreement as to which are the most dense 
layers. Bennet-Clarke et al (1980), McDonald et al (1982a) 
and Meinecke and Peters (1985) found the upper layers 
II/III being the richest in immunoreactive neurons, Laemle 
and Feldman (1985) indicated no laminar differences, while 
Finley et al (1981) and Cavanagh et al (1988) argued that 
the highest concentration of SOM-IR neurons is found in 
deeper layers V and VI.

There is also controversy concerning the morphology of 
cortical SOM-IR neurons: Laemle and Feldman (1985)
reported that some neurons immunostained for SOM appear to 
have pyramidal morphologies when examined under the light 
microscope. Later studies though, using electron 
microscopy (Hendry et al 1984; Meinecke and Peters 1985;
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Mizukawa et al 1987; Eadie et al 1987) were able to 
■ comfirm the strictly nonpyramidal nature of these cells, 
since it is known that pyramidal cells receive only 
symmetrical axosomatic synapses. The same investigators 
have also agreed on the morphological heterogeneity of 
SOM-IR neurons and subdivided them accordingly to: 
multipolar, which are the most frequent, bitufted 
and,occasionally, bipolar neurons. Additionally, studies 
by Meinecke and Peters 1985 described a number of 
horizontal neurons that are essentially confined to layer 
VIb, as well as a number of white matter neurons 
immunoreactive for SOM.

In the rat visual cortex SOM-IR neurons comprise 
approximately 2-3% of the neuronal population (McDonald 
et al 1982a). According to Papadopoulos et al (1992) these 
neurons show a differential distribution between the three 
visual areas, with the upper layers of area 17 exhibiting 
a much lower density, a characteristic feature that 
persists throughout development.

SOM-IR fibers in the rat visual cortex appear denser 
in lower layers and layer I (Naus et al 1988). At the 
ultrastructural level SOM-IR neurons of the visual 
cortex (Eadie et al 1987) were found to recieve both 
type I and type II axosomatic synapses and establish type 
II synaptic contacts mainly with unlabeled dendritic 
shafts.

Somatostatin immunoreactive neurons are born between 
E14 and E20 and follow an "inside-out" pattern of 
migration and maturation, when studied using a combination 
of immunocytochemical and thymidine autoradiographic
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techniques (Cavanagh and Parnavelas 1988). There is a 
peak production on E17 and a sharp fall off afterwards, so 
that only a few cells are born after E17.

During development the first neocortical neurons 
immunoreactive for SOM appear in the intermediate zone 
during the last days of embryonic life (Naus et al 1988). 
At the same period immunoreactive fibers are abundant in 
the intermediate and marginal zones (Naus et al 1988), 
while SOM receptors are also mainly detected in the 
intermediate zone. However, moderate or low receptor 
densities are also found in the marginal and ventricular 
zones, as well as in the cortical plate (Gonzalez et al 
1991).

At birth neurons expressing SOM-IR can be detected in 
layer VI and progressively appear in higher layers, until 
the end of the second postnatal week (McDonald et al 
1982a). This is comfirmed by a later "in situ 
hybridization" study by Naus et al (1988) showing that 
between PI and PI1 neurons expressing SOM-mRNA are found 
in the developing infragranular layers. The same authors 
detect, using both "in situ hybridization" and 
immunocytochemical methods, SOM-containing neurons in the 
supragranular layers only after P12. Generally, these 
neurons reveal their neurochemical identity 9-14 days 
after their birthday, a period longer than that necessary 
for the expression of GABA(VanEden et al 1989). Since most 
of these SOM containing cells are also GABA-ergic (Jones 
and Hendry 1986), this would suggest that GABA synthesis 
is switched on first.

The number, distrbution and size of these neurons
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mature during the third postnatal week to aquire 

adult characteristics (McDonald et al 1982a).

1.4.5b Neuropeptide Y (NPY).

NPY is a 36-amino acid peptide first isolated from 
porcine brain (Tatemoto et al 1982). It shares 
significant sequence homologies with avian pancreatic 
polypeptide and with other pancreatic polypeptides, while 
being the endogenous pancreatic polypeptide of the 
mammalian brain (DiMaggio et al 1985).

Immunocytochemical studies have shown that NPY has a 
widespread distribution throughout the brain (Cronwall et 
al 1985). Recent "in situ" hybridization studies in the 
rat brain (Gehlert et al 1987; Morris 1989) showed the 
strongest hybridization signal in the arcuate nucleus of 
the hypothalamus followed by the cerebral cortex and the 
hilar region of the hippocampus.

In the visual cortex of the rat, neurons 
immunoreactive for NPY were found distributed in layers 
II-VI, with deeper layers exhibiting a higher 
concentration than upper layers (McDonald 1982b). They 
comprise approximately 1-2% of the neuronal population 
and exhibit morphologies characteristic of
multipolar, bitufted or bipolar varieties.
Interestingly, the morphology of some NPY-LIr neurons 
closely resembles that of SRIF labelled cells; a finding 
not at all surprising since NPY and SRIF have been shown 
to coexist in a number of neurons in the rat visual 
cortex (Vincent et al 1982).
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NPY-neurons are generated between E14 and E20, with a 
production peak on E16 (Cavanagh and Parnavelas 1990). 
According to these authors, NPY-neurons from all birth 
days are overproduced at first and they are subsequently 
reduced to adult numbers during the third postnatal week 
(Cavanagh and Parnavelas 1990). Furthermore, transient 
populations of NPY-neurons are reported by other 
investigators. Woodhams et al (1985) described transient 
NPY-cells at the base of the cortical plate bearing 
radial processes traversing its width. They are present 
from E17 to P4 and contributed a substantial fiber 
projection through the immature corpus callosum at this 
age.

During the early postnatal development of the cat 
visual cortex, different groups of transient NPY- 
containing neurons are found located in the gray or white 
matter or on the layer VI / white matter border (Wahle and 
Meyer '87); there is evidence that at least some of these 
neurons are eliminated by cell death, later in 
development.

1.4.5c Cholecystokinin (CCK)

The predominant molecular form of cholecystokinin in 
the brain is an octapeptide CCK-8 (Beinfeld et al 1981). 
Radioimmunoassay and immunocytochemical studies have shown 
that CCK immunoreactivity is particularly high in the 
cerebral cortex (Beinfeld et al 1981; Marley et al 1984).

In the rat visual cortex CCK-immunoreactive neurons
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comprise approximately 1% of the neuronal population and 
they are exclusively non-pyramidal cells (McDonald et al 
1982c; Peters et al 1983). They exhibit, according to 
McDonald et al (1982c) primarily bitufted morphologies, 
although a substantial number of multipolar and a small 
number of bipolar cells are also reported. Other 
investigators however, reported that bipolar cells are the 
most frequent form of CCK-IR neurons (Peters et al 1983; 
Hendry et al 1983; Emson and Hunt 1984). The perikarya of 
CCK-IR neurons are distributed throughout all cortical 
layers with the majority identified in layers II/III. CCK- 
labelled neurons are also found in layer I, which is 
sparcely populated by nerve cells.

The somata and the dendritic processes of 
CCK-pos itive cells receive relatively few synapses which 
can be either symmetrical or asymmetrical (Hendry et al
1983). The axon terminals of these neurons form 
symmetrical synapses usually with the somata or the 
proximal dendrites of both pyramidal and non-pyramidal 
neurons. In addition, the somata and processes of 
CCK-neurons were found to establish very close 
non-synaptic associations with blood vesels, suggesting 
a possible role of the peptide in the maintenance of the 
blood flow (Hendry et al 1983).

CCK-immunoreactive neurons appear rather late in the 
rat visual cortex. They are first seen on P3 (McDonald et 
al 1982c), but are present in all cortical layers by P8 
and they continue to mature gradually till the end of the 
third postnatal week.

Recent studies, though, using hybridization histology,
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identified cortical neurons expressing CCK-gene on E15. 
These were located in the primordial plexiform layer, but 
not in the ventricular zone (Burgunder et al 1990). Two 
days later some signal was found in layer I and the 
intermediate zone, which became less obvious towards the 
time of birth. The same authors using a combination of 
retrograde tracing with Fluorogold and hybridization 
histochemistry, found neurons expressing CCK-gene to 
contribute in associational and commisural projections in 
the rat cerebral cortex.

1.4.5d Vasoactive Intestinal Polypeptide (VIP)

VIP has been shown to have transmitter, metabolic and 
vasodilatory roles in the mammalian CNS (for review see 
Rostene '84). High concentrations of VIP were reported in 
the neocortex (Fuxe et al 1977; Loren et al 1979) and 
particularly in the occipital area (Fahrenkrug 1980). All 
cortical neurons immunoreactive for VIP are nonpyramidal 
neurons and the majority of them display a bipolar 
morphology (Fuxe et al 197 7; Loren et al 1979; McDonald et 
al 1982d), although a substantial number of multipolar VIP 
neurons are also present (Hajos et al 1988). Estimates on 
the density of VIP-IR neurons in the rat visual cortex 
vary from approximately 1% (Morrison et al 1984) to almost 
3% (McDonald et al 1982d), although most authors agree 
that these neurons are found in layers II-VI of the cortex 
with a preference in supragranular layers II/III (McDonald 
et al 1982d; Connor and Peters 1984; Morrison et al 1984).
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The bipolar VIP-IR neurons have ovoid or fusiform 
cell- bodies and possess long, radially oriented 
processes which emanate from both the upper and lower 
part of the cell-soma and often extend through five 
cortical layers (Connor and Peters 1984). The 
multipolar cells usually have small perikarya and 
short dendrites radiating randomly from the cell body. 
They are mainly distributed in the upper portion of 
layer II and in layer VI, but a few are also present in 
the other layers. Finally, very few horizontal VIP-IR 
cells have been observed (Parnavelas et al 1989).

Electron microscopy of VIP-IR cells in the rat visual 
cortex has shown that these cells receive both 
symmetrical and asymmetrical synapses (Connor and Peters
1984). The synapses they receive on their cell-bodies are 
few in number and are mostly symmetrical, suggesting a 
significant inhibitory input (Hajos et al 1988). 
Interestingly enough this inhibitory input is often 
contacted by other VIP-IR neurons (Peters 1990). On the 
other hand it has been reported that VIP-IR cells receive 
only asymmetrical synapses on their dendrites (Hajos et al
1988). Investigators agree that VIP-IR cells form 
symmetrical synapses (Connor and Peters 1988; Peters 1990; 
Hajos et al 1988) mainly on the dendritic shafts and cell- 
bodies of pyramidal as well as bipolar cells (Peters 
1990) .

VIP-neurons are born between E17 and E21 with a peak 
on E19, but they show very little evidence of an 
"inside out" pattern of either migration or
maturation, when studied using . a combined
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immunohistochemical and thymidine autoradiographic 
approach (Cavanagh and Parnavelas '89).

The earliest VIP neuronal population described in the 
postnatal life of the rat cerebral cortex is a population 
of large, darkly stained cells in the subventricular zone 
of the occipital part of the lateral ventricles (Hajos et 
al 1990), underneath allocortex and temporal neocortex but 
not beneath the visual cortex. These early born cells are 
first seen in neonatal animals and are markely reduced by 
PB.

Two recent studies: Hajos et al (1990), Zilles et al 
\ (1991) repored that the first immunoreactive VIP neurons 
in the visual cortex are seen on PI. They are 
characterized as solitary and faintly stained, but still 
detectable. This finding comes in opposition to previous 
immunocytochemical studies (McDonald et al 1982d; Nobou et 
al 1985; Cavanagh and Parnavelas 1989) who showed a 
relatively late appearance of VIP-IR neurons by not being
able to detect them before the middle of the first
postnatal week.

During the second and third postnatal week VIP-IR 
neurons progressively differentiate (McDonald et al
1982d). The size and extent of their dendritic branches 
appears to increase considerably and the bouton
compartments, corresponding to axon terminals,
immunoreactive for VIP progressively reach their stage of 
maturity (Zilles et al 1991).

In the cat, several cell types of neurons 
immunoreactive for VIP appear to be transient in the 
development of the cortex. These neurons become
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elimiminated, probably by cell-death, around the end of 
the first postnatal month. Concurrently with their 
disappearance and during the second postnatal month the 
persisting cell types form a different innervation pattern 
which reaches an adult state late postnatally (Wahle and 
Meyer 1989).
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1.5 DEVELOPMENT 

1.5.1 Corticogenesis

During mammalian embryogenesis, cortical neurons are 
born in the germinal matrices that surround the embryonic 
cerebral ventricles. In the rat, on embryonic day 12 
(E12), two mantles surround the cerebral ventricles: a
single germinal zone, called the primary neuroepithelium, 
or ventricular zone and on top of that the marginal zone. 
Neurons and glial precursor cells proliferate in the 
germinal layer, which gradually gets thicker.

On E14 the first cells to become postmitotic appear, 
leave the germinal zone, move upwards entering the 
cerebral wall and take their place under the marginal 
zone. They are to become the primordial plexiform layer of 
the cortex, or preplate. Meanwhile, the precursor cells in 
the ventricular zone keep proliferating and on E16 start 
giving rise to the neuronal cells of the cortical plate. 
The latter born cells migrate along the processes of 
radial glial cells, towards the pial surface, penetrate 

'■ the preplate and devide it into two (Marin-Padilla 1978): 
the upper layers, that will become the cell-sparse layer I 
of the mature cortex, and the subplate, a population of 
early born cells lying bellow the cortical plate, most of 
which have been shown to die shortly after birth (Shatz et 
al 1988) .

At the same time, starting on E16, a new proliferative
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layer appears, the subventricular zone. This secondary 
germinal matrix is looser in cellular context and is 
situated on top of the ventricular zone. The 
subventricular zone grows in thickness for several days, 
while at the same time the depth of the primary 
neuroepithelium decreases. Recent observations using 
embryos labelled with [3H] thymidine and left to survive 
for another 2 hours, showed that labelled cells do not 
form a continuous band in the neuroepithelium, but 
aggregate in patches reminiscent of "bunches of grapes 
strung on a line" (Altman and Bayer 1990). Thus it is 
possible, that there exists a periodical alteration of 
cell aggregates with short and long cycle times.

On E17 another zone begins to form, the intermediate 
zone. This is not a neuronal proliferative zone, but a 
place where migrating neurons, glia and an increasing 
number of axonal processes are to be found.

Towards the end of gestation there is a further 
decrease in the thickness of the ventricular zone; even 
the subventricular zone begins to diminish in size and 
suffers a serious reduction in mitotic activity. A remnant 
of this layer, though, persists into adulthood, where it 
is known as subependymal layer and is still relatively 
active (Morshead and van der Kooy 1992).

By the time of birth all cortical neurons are 
generated and the majority of them have already migrated 
into their final positions; the migration is not fully 
completed, though, till the end of the first postnatal 
week.

As mentioned above, a juvenille neuron migrates along
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a radial glia fiber and "places itself" on top of 
the neurons already in position but underneath layer I. 
This way, neurons generated earlier occupy the deeper 
layers of the cortical plate and vise-versa, thus 
producing an inside-out neurogenetic gradient (Berry and 
Rogers 1965), where neurons in a given layer are 
generated at about the same time in development. It has 
been shown that layer VI was generated roughly on E16, 
while layer V a day, or so later. On the subsequent days 
till the end of gestation the cells in layer IV and 
upper layers are formed.

Experiments on heterochronic transplantation changing 
the normal fate of presumptive deep layer neurons by 
putting them into the proliferative zone of an older
animal, showed that at least some of these cells are
already commited to their fate and are capable of 
recognizing their proper location within the cortex 
(McConnell 1988).This implies that the termination of
migration is an active rather than a passive process, 
since these "commited" neurons must step off the 
radial glia to terminate their migration, before reaching 
the top of the cortical plate.

Lineage studies using recombinant retrovirus containig 
a histochemical marker-gene, have shown that clones of 
neurons derived from the same progenitor cell are composed 
of either all pyramidal or all non-pyramidal neurons 
(Parnavelas et al 1991), and also that clonally related
neurons in the cerebral cortex may be dispersed across
functional areas of the cortex (Walsh and Cepko 1992).
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1-5.2 Development of thalamic innervation

The subplate neurons are among the first postmitotic 
cells of the cerebral cortex. These neurons reach a high 
degree of morphological maturity during fetal life, well 
before the neurons of the cortical layers have matured, 
expressed immunoreactivity for neurotransmitters and 
received synaptic contacts (Chun and Shatz 1989).

Recent investigations using biocytin injections into 
subplate neurons, revealed a morphologically
heterogeneous population, with respect to their dendritic 
branching pattern. The axonal processes of these neurons 
often leave the subplate, enter the cortical plate and 
terminate in the marginal zone while giving off 
collaterals within cortical layer IV (Friauf et al 1990).

These same cells that arborize in the cortical 
plate, or are restricted in the subplate, are often 
immunoreactive for the neuropeptides: NPY, SOM or for 
calbindin, as a recent study combining
immunohistochemistry and retrograde tracing suggests 
(Antonini and Shatz 1990).

In addition to subplate cells with cortical 
projections, though, there are others that extend long 
distance projections which traverse the internal capsule 
and head for the thalamus. These latter ones are pioneer 
neurons that lay down the first corticothalamic pathways 
very early in development, when distances are at minimum 
(McConnell et al 1989).

This second group of subplate neurons never showed
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immunoreactivity for SOM, NPY or calbindin, indicating 
that neurons immunoreactive for these transmitters are 
exclusively interneurons. On the other hand, subplate 
cells with long distance projections to the thalamus, or 
the contralateral hemisphere, could be labelled by 
retrograde transport of [^]D-aspartate, suggesting that 
excitatory aminoacids may be used as neurotransmitters by 
these neurons (Antonini and Shatz 1990).

In the rat, the first corticothalamic efferent 
bundles leave the subplate as early as E14, when the 
generation of cortical neurons is just begining. At the 
same time, the thalamocortical afferents leave the 
thalamus and the two bundles meet in the intermediate 
zone, close to the internal capsule (Molnar and Blakemore
1990). Thus, the descending and ascending bundles each 
pioneer the pathway through their own segment of the 
brain, and after a "handshake" near the internal capsule, 
guide each other over the distal part of its journey. 
After the two bundles have met the rapid growth of the 
forebrain begins to impose complex bends and twists on 
both sets of fibers. By E16, the earliest afferent and 
efferent fibers are closely intermingled to form a single 
bundle, something expected if they have acted as mutual 
guides.

The thalamocortical afferents have reached the 
occipital cortex by E16. There they accumulate, but they 
do not penetrate the cortex until E20 (Molnar and 
Blakemore 1990). This finding is in agreement with the 
situation in the cat, where a "waiting" period is observed 
by Shatz and Luskin 1986, but in disagreement with
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Catalano et al 1991, who are claiming that there is no 
apparent waiting period in the rat.

Studies with co-cultured explants of rat thalamus and 
cortex have shown that a trophic factor from the neonatal 
cortex is attracting the LGN fibers, but this factor lacks 
regional specificity since all cortical regions can 
attract LGN fibers in the same way (Molnar and Blakemore
1991). A nonspecific cortical trophic factor suggests that 
the mechanism for guidance for thalamic innervation may 
lie on the closely coordinated trajectories of subplate 
and thalamic axons at the earliest stages of growth. Each 
set of fibers, either ascending or descending, needs only 
to take its place next to its neighbors in a position 
dependent on its site of origin and to run along its route 
towards the internal capsule, without crossing its 
neighbors. Thus, it is found that efferents are 
topographically organized in the white matter, with fibers 
arising from neurons situated laterally and rostrally in 
the cortex being superficial to those originated from more 
medial and caudal neurons (Woodward et al 1990).

Additional evidence arguing for the importance of 
subplate neurons in the formation of correct
thalamocortical connections, is the finding that after 
kainic acid induced deletion of subplate neurons the 
thalamocortical afferents failed to recognize and 
innervate their normal target, the visual cortex, but 
instead carried on growing in the white matter, although 
their target layer IV neurons were present (Ghosh et al 
1990) .

In newborn animals the afferents are already invading
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the cortical plate, and 3-5 days later the cortex 
displays another signal: a carefully timed "stop" signal 
from layer IV, which terminates the axonal growth in this 
layer and makes the axons lose their growth cones and 
arborize in this layer (Blakemore and Molnar 1990).

The thalamocortical afferents, while in white matter, 
come in close contact with the subplate cells and synapse 
on them. Studies on fetal cat cortical slices by Friauf et 
al 1990 showed that stimulation of the optic radiations 
evokes short-latency, monosynaptic excitation confined to 
the subplate and long-latency polysynaptic excitation 
within layer IV, which is believed to be mediated by the 
subplate neurons, since subplate cells project to this 
layer.

Additionally, the subplate neurons are shown to be 
involved in the formation of occular dominance columns in 
the cat, since deletion of subplate neurons prevents the 
correct segregation of LGN axons within layer IV; the 
activity dependent interactions alone, between thalamic 
afferents and layer IV neurons, are not proven sufficient 
(Ghosh and Shatz 1992).

Shortly after the afferents complete their inervation 
the subplate neurons begin to die but at least 10% of 
them survive the period of cell death and persist into 
adulthood (Chun and Shatz 1989b), where they participate 
in synaptic circuits in the adult animal, projecting 
mainly to the gray matter of the overlying
cytoarchitectonie area (Meyer et al 1991).

In conclusion, it has to be emphasized that the 
arrival of thalamic afferents, which are specific
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and not exuberant, help to determine the identity of the 
occipital cortical areas, turning them into the visual 
areas 17, 18 and 18a.

1.5.3 Towards maturity

During the last few days of embryonic life, whilst 
thalamic axons accumulate under the forming cortical 
plate and before the completion of cortical neurogenesis, 
immunoreactivity for a number of transmitters appears 
within the developing cortex: GABA-IR neurons are present 
transiently in the marginal, intermediate, ventricular and 
subventricular zones and permanently, though at that age 
only in low numbers, in the cortical plate (VanEden et al
1989); transient NPY-IR neurons are present from E17 at 
the base of the cortical plate (Woodhams 1985); neurons 
expressing CCK gene are present from E17 till birth in the 
intermediate zone (Burgunder et al 1990a); SOM-IR cells 
are transiently present in the intermediate zone during 
the last days of embryonic life (Naus et al 1988). The 
early and mostly transient presence of all these 
transmitters before synaptogenesis in the cortex begins 
(Blue and Parnavelas 1983a>) has raised suspicion of 
transmitter release via mechanisms other than conventional 
synapses. Evidence for GABA release in the rat forebrain 
early in postnatal life (Gordon-Weeks 1984) shows that 
there is a calcium-dependent release of GABA by growth 
cones accompanied by a high affinity uptake.

The function of these transmitters early in
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development is still obscure but there is accumulating 
evidence for a possible trophic role by both GABA and 
peptides during development: Recent studies by Yuste and
Katz 1991 (reviewed in Cherubini et al 1991) have shown 
that activation of GABAa receptors in neonatal but not 
in adult cortical neurons produces a rise in 
intracellular calcium. Extensive investigations in cell 
cultures indicate that a rise in calcium is essential for 
neuronal growth and differentiation (Miller 1988, reviewed 
in Cherubini et al 1991), leading Cherubini et al (1991) 
to the suggestion that GABA may exert a trphic role * 
early in life. Evidence for trophic roles by peptides 
in neuronal growth and differentiation are also emerging 
(Hokfelt 1991 for review) and some are already discussed 
above. Furthermore, there are an increasing number 
of reports in both central and peripheral nervous 
systems as well as invertabrate nervous system (Lipton 
and Kater 1989 for review) for regulation of neuronal 
outgrowth, plasticity and survival by
neurotransmitters like ACh, 5-HT, DA, GABA or Glu.

During the first few postnatal days and in a parallel 
chronology with the innervating thalamocortical fibers 
another system is being developed, this time connecting 
the raphe nucleus with the cortex and using serotonin as 
neurotransmitter. During the first two postnatal weeks it 
goes through a a series of transient aggregations of 
serotoninergic fibers begininj in the subplate on P2 and 
appearing in more superficial layers during subsequent 
postnatal development (Nakazawa 1992). Some days later, 
between P4-P6, immunoreactive fibers accumulate in the
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lower part of the cortical plate, ie presumptive layer IV, 
forming a secondary aggregation which,in turn, gives rise 
to fibers ascending to the cortical surface where they are 
grouped in columns. By Pll even this tertiary aggregation 
is completed within the entire region of the rat visual 
cortex (Nakazawa 1992).

It is interesting to note that by the time the
geniculocortical projections are known to ramify in layer 
IV, which is between P6-P8 (Lund and Mustari 1977), the 
serotonergic fibers have already densely infiltrated this 
developing layer and are aggregated around its granular
cells. After the second postnatal week however, the dense 
5-HT-IR fibers and terminals are no longer seen (Nakazawa
1992). Instead, the distribution of serotonergic fibers 
resembles that of the adult.

In addition to the serotonergic innervation, the 
noradrenergic innervation arives in the cortex during the 
last days before birth (Verny et al 1984) and gradually
invades the cortical plate so that by the end of the first
postnatal week a relatively mature distribution is 
achieved. The early arrival and maturation of NA-ergic 
innervation could enable NA fibers to play a role in
regulating the developmental processes taking place at
that early stage. In order to test the influence of NA
afferents on cortical development, a number of studies 
have been carried out using experimental depletion of
cortical NA by injecting the specific neurotoxin 6-OHDA, 
neonatally. Thus, early postnatal NA denervation of the 
rat neocortex resulted in profound morphological changes 
in pyramidal neurons (Felten et al 1982): In several
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cortical regions studied, including the occipital cortex, 
a decreased length and branching of the basolateral 
dendrites as well as a decreased number of dendritic 
spines were observed in some but not all pyramidal 
neurons. Additionally, an increased number of layer V 
pyramids were seen terminating their apical dendritic 
trees prematurely in layer III, instead of the usual 
termination in layers I and II. Finally, an increased 
number of pyramidal cells possesed rounded somatic 
contours. The above alterations were observed only in rats 
treated with four repeated administrations of 6-OHDA which 
resulted in 97-98% reduction in cortical noradrenaline. 
Thus, NA denervation must be almost complete to result in 
significant morphological changes in the development of 
pyramidal neurons (Felten et al 1982). Although some of 
the above alterations may be the effect of the neurotoxic 
properties of 6-OHDA, the fact that no significant changes 
occur after three or less doses of the neurotoxin led the 
authors to suggest a neurotrophic role for NA fibers to 
the development of cortical pyramidal neurons.

Neonatal 6-OHDA treatment resulted in a significantly 
higher density of synapses in the rat visual cortex 
during the first week of postnatal life. The difference 
between experimental and control animals was reported less 
apparent during the second postnatal week and completely 
eliminated later in development (Blue and Parnavelas 
1982). It is important to note that the increased density 
was due exclusively to Gray's type I synapses, whereas the 
number of type II synapses was not altered. From these 
results the above authors concluded that NA system exerts,
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early in postnatal life, an inhibitory influence on 
synaptic formation in the visual cortex.

Furthermore, NA depletion by the means of 6-OHDA 
resulted in a reduction of cell density in the
superficial cortical layers II-IV, according to Onteniente 
et al (1980), but had no significant effect on cortical 
thickness, neuronal cell-density and average soma-size of 
cortical neurons, according to Ebersole et al (1981).

Finally, neurophysiological evidence in the visual 
cortex of the kitten (Kasamatsu et al 1979) have shown 
that 6-OHDA induced depletion of NA clearly results in a 
decrease in plasticity in visual cortical neurons after 
monocular eye sature. However, a series of later
studies suggested (Gordon et al 1988 for review) that NA 
per se may not be sufficient for these changes and Bear 
and Singer (1986) have suggested that the combined effects 
of NA and ACh may be responsible for modulating visual 
cortical plasticity.

During the first few postnatal days the last neurons 
migrate into their position in the closely packed
cortical plate, that is eventualy going to give rise to
supragranular layers, while in the already formed lower 
layers the cells proceed with their differentiation. They 
grow processes, differentiate in morphology, express 
immunoreactivity for transmitters, and form the first 
synapses. The cortex grows thicker and towards the end of 
the first week the characteristic adult cytoarchitectonies 
become obvious. Thus, the "inside out" pattern evident in 
cell migration, is also present in cell maturation.

During the first few postnatal days .the callosal and
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associational connections begin to form. These are 
exuberant projections that are largely confined to the 
white matter and the lower portion of layer VI of the 
visual cortex (Miller and Vogt 1984). Callosal neurons and 
terminals are distributed over the entire extent of the 
visual cortex, interconnecting regions in which both 
corresponding and non-corresponding parts of the visual 
field are represented (Lund et al 1984; Olavaria and 
VanSluyters 1985). Similarly, at least in carnivores, 
during the early ages the associational interconnections 
of the visual areas are spread over a wider area than 
those in the adult and involve functional areas which are 
not associationally connected in the adult (Price and 
Blakemore 1985; Innocenti and Clarke 1986).

In the cat, the dendritic morphology of callosally 
projecting neurons from the area 17 / area 18 border, 
which keep the callosal projections till adulthood, is the 
same with that of area 17 neurons, which send only 
transient callosal projections. At both sites, callosal 
neurons include both pyramidal and spiny stelate cells 
(Weissokopf and Innocenti 1991). It was also found by the 
same authors, that the dendritic morphology of these 
neurons seems independent of retrograde signals coming 
from the contralateral target, since neonatal ablation of 
contralateral areas 17 and 18 had no effect.

Transient callosal neurons in area 17 are shown to 
send, very early in development, bifurcating axons both 
to contralateral areas 17 and 18 and ipsilateral area 18 
(Innocenti et al 1986). It is probable, that during 
postnatal development some of these neurons selectively
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eliminate their callosal axon collaterals, while 
maintaining their ipsilateral projections. Even in the 
adult, though, 30% of the ipsilateral projecting neurons 
in area 18a also project to contralateral visual cortex 
(Dreher et al 1990). These neurons were found in all 
laminae, with the exception of layer I and bottom of layer 
VI.

It is well established that a great number of the 
exuberant callosal and associational projections are 
eliminated later in development. In the corpus callosum of 
the cat, for example,at least 7 0% of the axons present at 
birth are eliminated (Koppel and Innocenti 1983). It 
appears that this refinement of connections depends, at 
least partially, on the interactions between different 
retinotopically organized inputs to the visual cortex.

Experiments in which the visual thalamus has been 
excitotoxically destroyed on PI, showed that an increased 
number of cells in the contralateral side maintain 
callosal collaterals which would, otherwise, have been 
lost during development (Sefton et al 1991). Additionally, 
monocular enucleation results in the stabilization of the 
unusually widespread distribution of the callosal neurons 
in the cortex, but only if performed during the first 
postnatal week or so (Olavaria and VanSluyters 1985). It 
appears, thus, that there is a critical period over which 
experimental manipulation of thalamic input affects the 
ellimination of exuberant callosal projections. During 
this critical period the removal of an eye or of the 
thalamic input results in the callosal terminals that have 
been so far restricted to the subcortical white matter and
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deep layer VI, reaching the supragranular layers in all 
areas, including those that do not receive callosal 
afferents in mature animals (Lund et al 1984).

The synchrony or asynchrony of the discharges of the 
thalamic and callosal afferents terminating in a given 
cortical area, seems to be a factor playing important role 
in determining which of the connections are going to be 
eliminated: it is well known that callosal affe^nts are
retained in the cortical region in which the zero vertical 
meridian is represented, while they are dramatically 
reduced in the cortical regions in which non-corresponding 
parts of the visual fields are represented in the two 
hemispheres.

During the first few postnatal weeks, the maturation 
of the cells in the cortex, in respect to both 
their morphologies and their transmitter context, goes 
on. Synapses achieve an adult like distribution by the end 
of the second postnatal week. The density of 
symmetric synapses, though, continues to increase during 
the third postnatal week, but suffers a decline after 
that point (Blue and Parnavelas 1983).

Thus, arround the third postnatal week a second wave 
of development occurs in the cortex, eliminating 
the exuberant connections and the redundant 
interneurons, either GABAergic or peptidergic, suppressing 
the number of inhibitory synapses and leaves the cortex in 
a state very close to maturity.

This study investigates the peptidergic expression of 
SOM, NPY and VIP in the adult and developing rat visual 
cortex. Utilising the technique of "in situ hybridization"
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histochemistry it attempts to give a comparative analysis 
of the distribution and densities of the three peptidergic 
populations in the primary and secondary visual cortex, as 
well as a comparative description of the level of 
peptidergic expression exhibited by individual neurons. In 
addition it seeks answers to questions concerning the 
ontogenies of these peptidergic populations: The time in 
development when they first appear, the possible transient 
nature that they may exhibit, the time when they aquire 
their adult-like distribution, the regulation of the 
levels of neuronal peptidergic expression throughout 
development. Finally, it attempts to assess the possible 
effect on the peptidergic expression of the early and 
widespread NA-ergic projection, which is supposed to be 
crucial to the development of the cortex.
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2. MATERIAL AND METHODS

2.1.Anjjmal and tissue preparation.

Sprague-Dawley rats of various ages (Table 1) were 
perfused, under deep pentobarbital ( Sagatal) anaesthesia, 
with 4% paraformaldehyde in 0.1 phosphate buffer pH.7.4, 
preceeded by a brief saline wash. Animals older than 7 
weeks were defined as adults. For studies relating to NA 
depletion all sections from 6-OHDA treated as well as 
control animals were processed in parallel.For 
developmental studies sections from animals aged 10, 21 
and 28 days were also processed in parallel. Their brains 
were removed and post fixed in the same fixative overnight 
at 4°C. They were, then, transferred into a O.IM phosphate 
buffer solution containing 30% sucrose for the next 24h.

In order to prevent RNAase contamination, until the 
hybridisation had been completed all solutions except 
TRIS buffer (which was only autoclaved) were treated with 
0.1% diethylpyrocarbonate (DEPC) for 1 h and then 
autoclaved. All containers and pipettes were also 
autoclaved, and gloves were worn.

Frozen sections 25pm thick were cut on a sliding 
microtome and mounted onto slides previously treated with 
organosilane, air dried and placed in a dessicator 
overnight. Sections were dehydrated through alcohols, 
defatted in chloroform, rehydrated and air dried.
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2-2- Synthesis and labelling of probe.

Antisense oligonucleotide probes, 42 bases in length, 
corresponding to unique rat sequences present within the 
peptide coding region of SOM, NPY and VIP were 3" labelled 
with S]dATP using the enzyme terminal
deoxynucleotidyltransferase : 0.5 pmol (8 ngs)
oligonucleotide, 15 pmol S] deoxyadenosine 5-[a-
thio]triphosphate (1200-1300 Ci/mmol New England Nuclear) 
and 10 units terminal deoxynucleotidyltransferase
(Amersham, UK) were incubated in 2.5pl cacodylate buffer 
solution at 35°C for 80 minutes.

The oligonucleotide probes contained a 50% GC ratio 
and were snthesized corresponding to rat mRNA for 
amino-acids: 1-14 of SOM28, 21-34 of the 36-amino-acid 
NPY, and 1-14 of the 27-amino-acid VIP.

The three oligonucleotide probes were the following:

SOMATOSTATIN:
5 ’ACA GOA TGT GAA TGT CTT CCA
GAA GTT CTT GCA GCC AGC 3'
NPY:

5 ’CTG TCT GGT GAT GAG ATT GAT
GTA GTG TCG GAG AGC GGA GTA 3'
VIP:

5' TCT AAG GCG GGT GTA GTT ATC 
TGT GAA GAG TGC ATC ATA GTG 3'
The labelled probe was separated from the 

unincorporated radiolabeled dATP through a mini Sephadex
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G25 spin column (2 minutes at 2000 RPM). The percentage 
of radiolabeled dATP incorporated to the probe was 
estimated by scintilation counting. Average incorporation 
was 40%, which gave a molar ratio of dATP:oligo = 12 :1 
(since the molar ratio in the reaction mixture was 
dATPzoligo = 30:1), i.e. an average of 12 dATP tails per 
molecule of oligonucleotide, and a probe specific activity 
of: 14x10^-15x10^ Ci/mmol.

2.3. Hybridisation procedure.

Each labelled probe was added to a hybridisation 
buffer consisting of: 4xSSC (IxSSC contains ISOmM sodium 
chloride and 15mM sodium citrate), IxDenharts (0.02% 
ficoll,0.02% polyvinylpyrrolidone and 0.02%bovine serum 
albumin), 50% deionised formamide, 10%dextran sulphate, 
100 pg/ml poly A+, lOOjig/ml acid/base cleaved salmon 
sperm DNA, 120|ig/ml heparin sulphate and 20mM DTT.

Slides were placed in a petri-dish on Whatman filter 
paper wetted with 4xSSC. A 75pl drop of hybridisation 
solution, containing approximately 0.7x10^ cpm was added 
to the middle of each slide which was then coverslipped. 
For each experimental animal an equal number of sections 
were hybridized for each peptide and processed in 
parallel. The petri-dishes were sealed and placed 
overnight in the oven at 42“C to hybridize. Coverslips 
were floated off in IxSSC at room temperature. The slides 
were then washed for 30 minutes in IxSSC containing 20 mM 
mercaptoethanol, at 55°C, dipped briefly in distilled water
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followed by 70% ethanol and air dried.

2.4. Autoradiography

A sample of the sections was exposed to X-ray film 
(Kodak Exomat) for *a week, in order to assess the quality 
of the results. All sections were dipped in Ilford K5 
emulsion (dilluted 1:1 with distilled water) and, when 
dried, placed in light tight boxes where it was kept dry 
(in the presence of silica gell), at a temperature of 0°- 
4° C, for 4-7 weeks depending on the peptide. In order to 
decide on the right exposure time sections hybridized for 
each peptide mRNA were examined at different time 
intervals, starting at two weeks when no signal was 
detected for any peptide. At the end of the third week, 
some signal was detectable in sections hybridized for SOM 
and NPY but an additional period of 10 or 14 days was 
required in order to obtain the full pattern of SOM or NPY 
respectively. Sections hybridized for VIP however, needed 
an even longer exposure time and they were usually given 
an exposure period of 6-7 weeks.

Finally the sections were developped in Kodak D19 for 
3 minutes in 18°C, briefly washed in a STOP solution of 
0.1% acetic acid and subsequently fixed in 30% sodium 
thiosulphate for 8 minutes. All sections were washed under 
tap water for at least 20 minutes, dehydrated through 
alcohols, defatted in xylene and coverslipped.
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2.5. Data analysiIS

Sections were examined under both bright and dark field 
with a Zeiss microscope and additionally, drawings were 
made using a Zeiss projection microscope. Sections usually 
exhibited a variety of autoradiographic signal in respect 
to both the grain density and the size of grain clusters. 
The first resulted in a variance in shade, giving either 
black or grey clusters, while the second gave large or 
small clusters. In order to be able to study the 
consistency of this variety seen and to check if any 
particularities occur in respect to cortical layers , 
areas or developmental stages, peptidergic cells after 
visual estimation, were represented in drawings as either 
heavily or lightly labelled: Taking into account the
background level of each section, as well as the strongest 
and the weakest labelling occuring in that particular 
section, cells were classified according to the 
accumulation of autoradiographic grains lying above them, 
into these two categories. All cells showing a lower 
grain density (i.e. having a grey shade) as well as grain 
clusters of small size were classified as lightly 
labelled.

On each section, the borders of areas 17, 18 and 18a
were defined, with the help of adjacent Nissl stained 
sections and advice from Dr. J. Parnavelas, according to 
the criteria of Krieg (1946). In order to be sure that the 
area of section chosen for the measurement of density was 
in the correct cortical area, cells were only counted well
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within the estimated borders. Statistics on the density of 
peptidergic neurons in the upper and lower layers of the 
three different visual areas were carried out for animals 
aged: PIO, P14, P21, P28 and adult. In earlier ages the 
density of neurons in the entire visual cortex was 
calculated since at these developmental stages the 
boundaries between the different visual areas are not yet 
clearly defined. The border between upper and lower layers 
as well as the border between layers V and VI were defined 
using adjacent Nissl stained sections.

2.6. Controls

Sense oligonucleotidic probes of the same length and 
GC-ratio as the ones described above were synthesized and 
used as controls. When sections were hybridized with 
labelled "sense" probes for either of the three peptides, 
following exactly the same proceedure described above, 
they resulted in blank autoradiograms.

Furthermore, the fact that three probes with the same 
length and GC-ratio used on the same material resulted in 
autoradiograms that were not only unique for each peptide, 
but also consistent in respect to the differential 
distribution of signal they exhibit, can serve as an 
additional control.

2.7 6-OHDA treated animals

Two litters of Sprague-Dawely rats were used for the

91



third section of this study, to investigate the effects of 
noradrenaline depletion by means of the neurotoxin 6-OHDA.
A number of animals in each litter were left untouched in 
order to serve as controls (Table 1). The rest were 
injected intraperitoneally with 6-OHDA in a solution of 
Img/ml ascorbic acJLd in saline. The amount of 6-OHDA that 
each rat received was calculated so that the animal 
received 100 ug/gr of body weight while the total volume 
used in each injection was 0.1ml. Every experimental 
animal received 4 daily injections, the first on the day 
of birth and the rest on subsequent days.

On P4 the first animals were used for "in situ" 
hybridization study, and after that, a number of 
experimental and control animals were perfused on: P7, 
P14, P21, P28 and adult. The number of rats used in each 
developmental stage is shown in Table 1. Additionally on 
P7, one experimental and one control animal of each litter 
were tested for the levels of NA and DA present in their 
visual cortices. This was kindly done by Dr. J. Lincoln 
and the results are shown in Table 2.

Briefly, after dissection of the visual cortex, tissues 
were frozen and stored in liquid nitrogen until assay. 
Analysis for NA and DA was carried out using high pressure 
liquid chromatography (HPLC) with electrochemical 
detection. Samples were homogenized in 0.5ml O.IM 
perchloric acid containing 0.4mM sodium bisulphite and 
25ng/ml dihydroxybenzylamine (DHBA). After low speed 
centrifugation, the supernatants were subjected to alumina

extraction. The extraction procedure, slightly modified by 
the addition of O.lmM EDTA in the solution used for
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washing the alumina, was essentially that of Keller et al 
(1976). Chromatography was carried out at a flow rate of 
2.0ml/min using a mobile phase consisting of O.IM sodium 
dihydrogen phosphate O.lmM EDTA, 5mM heptane sulphonate 
(pH 5.0) containing 10% methanol (Moyer and Jiang 1978) on 
a 10 cm 5p GIB reverge phase column (Spherisorb 50 0DS2, 
Hichrom). Quantitation was achieved with a Coulochem 
detector (Model 5100A, Severn Analytical) set at the 
following potentials: guard cell, +0.25V; electrode 1,
+0.21V; electrode 2, -0.23V. Concentrations of monoamine
and DHBA were determined by reference to the elution times 
and peak heights of standard solutions and the 
concentration of the monoamine was corrected for recovery 
from the alumina extraction procedure using the internal 
DHBA standard.
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TABLE. 1.
List of animals used in the present study:
A. Animals used for the study of normal development

Age of Animals 
Newborn 
4 days old 
7 days old 
10 days old 
14 days old 
2 0 days old 
2 8 days old 
Adult

Numbers used 
4 
4 
4 
4
4
5 
5 
7

B. Animals used for the study of the effect of 
NA-depletion:

Age of Animals 
4 days old 
7 days old 
10 days old 
14 days old 
20 days old 
28 days old 
Adult

Numbers used 
3 treated + 
3 treated +
2 treated +
3 treated +
4 treated + 
3 treated +
5 treated +

2 control 
2 control 
2 control
2 control
3 control 
2 control
4 control
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TABLE. 2.
Noradrenaline and dopamine contents of experimental 
(6-OHDA treated) and control animals;

Sample of experimental animals,
NA content= 0.0023 pg/gr of tissue 
DA content^ 0.061 pg/gr of tissue

litter

Sample of experimental animals, litter B: 
NA content= 0.0060 pg/gr of tissue 
DA content= 0.087 pg/gr of tissue

Sample of control animals, litter A:
NA content= 0.055 pg/gr of tissue
DA content= 0.103 pg/gr of tissue

Sample of control animals, litter B:
NA content= 0.063 pg/gr of tissue
DA content= 0.183 pg/gr of tissue

Average of control samples:
NA= 0.059 pg/gr of tissue 
DA= 0.143 pg/gr of tissue

Average of experimental samples :
NA= 0.0042 pg/gr of tissue (7% of the average control 

sample)
DA= 0.074 pg/gr of tissue (52% of the average control 

sample)
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3. RESULTS

3.1. PEPTIDERGIC EXPRESSION IN THE ADULT

The first part of this study is concerned with the 
distribution of neurons expressing the peptides: SOM, NPY 
and VIP in the adult rat visual cortex. Focus is placed 
on any differences in distribution betweeen primary and 
secondary visual cortex and, in addition, a quantitative
assesment of cell numbers is included.

This study utilised the techniques of "in situ
hybridisation" histochemistry, which in addition to 
revealing the density of peptidergic cells, also provides 
information about the level of peptide expression per 
cell. A first sign indicating a difference in the level of 
neuronal expression between the three peptides came with 
the finding that the exposure period necessary for the 
appearence of the lowest detectable specific signal is 
remarkably different between the three peptides, when 
studied under identical experimental contitions. Thus, 
autoradiograms for SOM-mRNA are always the first to show 
any signs of specific hybridisation signal, closely 
followed by NPY autoradiograms. Sections labelled for
VIP-mRNA need a much longer exposure time. Since the
need for a greater exposure time can be associated
with lower hybrdization signal per cell, this 
observation suggests that VIP- positive cells show 
lower transcription levels than either SOM or NPY
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containing neurons.
In the following pages the neuronal distribution of 

each peptide will be considered separately.

3.1.1.Somatostatin (SOM)

Figure 1. demonstrates autoradiograms of coronal 
sections of adult occipital cortex that are hybridized for 
SOM-mRNA. They exibit, as a rule, very little background 
staining, sufficient though to illustrate cortical layers 
11-Vl in contrast to layer 1 and subcortical white matter, 
where the number of cell-bodies is dramatically reduced. 
When compared to control sections the background does not 
seem to differ.

In general, hybridisation signal corresponding to SOM- 
mRNA can be seen in cells in both primary and secondary 
visual cortex, the adjacent temporal cortex, the dentate 
gyrus and, at much lower levels, in the white matter.

In the visual cortex autoradiographic labeling is 
encountered throughout layers 11 to VI of areas 17, 18 and 
18a. Autoradiographic grains are very rarely seen in layer 
1 and only a few cells are found scattered in the
subcortical white matter.

Although spread in all layers, SOM-producing cells are 
much more abudant in deeper layers V and VI (figures lA 
and 4) This is a persistent feature in all sections,
whether from the caudal or from the rostral part of the
visual cortex. Additionally it is a common feature of both 
primary and secondary visual cortex. In the upper layers
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cells producing SOM-mRNA are mainly located in layers II 
and III.

Not all the clusters of silver grains look identical 
when compared to one another, even in the same layer of a 
given area in a particular section. As can be visualized 

in Fig. 1 heavier (IB) or lighter ( 1A arrowhead ) as well as 
larger (IB arrow) or smaller (IB arrowhead) are found even 

above neighboring. cells.In an attempt to study whether there 
is a differential distribution of heavier or lighter 
grains between the different layers, drawings similar to 
the one shown in Fig. 4 are made. Taking into account the 
particular background of each section, as well as the 
accumulation of silver grains constituting both the 
heaviest and the lightest labelling on that section, the 
cells were roughly and only for the purpose of this study, 
characterised as either exhibiting a heavy or a light 
labelling.

These drawings revealed that the majority of heavily 
labeled cells are present in layer VI, where they comprise 
45% of the population in this layer, closely followed by 
layers II/III, where they comprise 40%. An interesting 
feature of SOM autoradiograms is the dense distribution in 
layer V of lightly labeled cells, which comprise almost 
exclusively the autoradiographic labeling of this layer, 
since up to 80% of cells in layer V are lightly 
labelled. The kind of strongly labelled cells seen 
in other layers, rarely appear in layer V. This is a 
persistant characteristic of this and only this layer, 
apparent in both primary and secondary visual cortex, 
throughout its rostrocaudal extent.
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A quantitative analysis of the material is attempted 
principaly to determine the comparative neuronal 
distribution between areas 17, 18 and 18a and,
furthermore, between the upper and lower layers in each 
area. The results of this analysis are shown in Table 3. 
It reveals a significant difference in the density of 
positive neurons among the three visual areas, showing 
area 18 to contain the highest density, followed by area 
17, and area 18a exhibiting the lowest density of positive 
neurons.

The cell density in the lower layers, when compared 
with that in the upper layers, confirms the initial 
observation that layers V and VI contain the highest 
density of positive cells in all three visual areas. 
Statistics on the absolute number of labelled cells in the 
upper and lower layers show that in areas 17 and 18a lower 
layers exhibit 70% of the SOM-producing cell population 
and thus, more than double the number of the upper layers. 
In area 18 however, SOM neurons are more evenly 
distributed with the lower layers expressing less than 
60% of the total. Thus, the upper layers of area 18 
exhibit a higher neuronal distribution when compared with 
the same layers in the other two visual cortical areas 
(Table 3).

Since most of the sections used in this study are not 
Nissl-stained, the borders between layers had to be drawn 
relying exclusively on adjacent Nissl-stained sections. As 
a result only an estimation of layer borders can be made 
which, in the case of supragranular layers, is not 
sufficient for comparative statistics between layers
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II/III and IV. In infragranular layers, however, a 
definition of the border between V and VI can be made 
since the two layers are fairly equal in thickness. Thus, 
it is estimated that the two above mentioned layers 
contribute a roughly equal amount of SOM-producing 
neurons.

100



FIG. 1. A. Photomicrograph of a coronal section of 
adult rat visual cortex hybridized for SOM-mRNA. Pial 
surface (pi), subcortical white matter (wm) and border of 
the cortex with the subcortical white matter (bo) are 
indicated in the picture. Layer 1 (1) is almost devoid of 
positive neurons, while supragranular (sr) and
infragranular (if) layers exhibit a rich distribution of 
SOM-cells. Layer V (arrowhead) exhibits a dense 
distribution of cells, but the accumulations of silver 
grains above individual cells are, on average, much 
lighter when compared to other layers. The medial part of 
the section is on the right side of the picture. The same 
is true for all micrographs illustrated in the subsequent 
pages, unless indicated otherwise. B. Photomicrograph 
taken under higher magnification, showing accumulations of 
silver grains above neighboring cells of layer VI. A heavy 
labelled large neuron is indicated by an arrow, while a 

small neuron is indicated by an arrowhead. (bar=0.1mm).
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3.1.2. Neuropeptide Y (NPY)

Coronal sections of occipital cortex hybridized for 
NPY-mRNA, resulted in autoradiograms similar to the one 
shown in Fig. 2. The background level on these sections is 
similar to that of the controls, occasionally being so 
light that dark field was needed in order to reveal the 
outline of the section, or the borderline between the 
cortex and the subcortical white matter.

Autoradiographic labeling is present in both primary 
and secondary visual cortex, temporal cortex, hippocampal 
formation, dentate gyrus and very scarcely in the white 
matter.

In both primary and secondary visual cortex clusters 
of silver grains are encountered in all layers II to 
VI, although differentially distributed between them 
(Figures 2A,B). Most of the cells associated with NPY 
labeling are seen in upper layers II/III and in layer VI, 
while layers IV and V show a much lower distribution. For 
example only the one fourth of the cells found in the 
lower layers are located in layer V. NPY-labelled neurons 
rarely appear in the subcortical white matter (typically 
no more than 5-6 labelled cells per section) and hardly 
ever are there any in layer I. This general pattern is 
consistent in all visual cortical areas throughout 
their rostrocaudal extent.

The density of NPY-positive perikaya in the primary 
and secondary visual areas is shown in Table 3.
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No significant difference is found between areas 1 1 ,  18
and 18a. Furthermore, the density of NPY-positive neurons 
in the upper layers of any of the three areas is roughly 
equal to that estimated for the lower layers.

Often, as is previously seen with SOM, neighbouring 
cells do not exhibit equal autoradiographic signal 
even when present, in the same layer of the same 
area on a particular section. This is more so in the case 
of NPY where there is even greater variation between grain 
clusters , since some of the heavily labeled NPY-cells 
exhibit larger grain clusters , in comparison to those 
of heavily labelled SOM-cells (compare Figures IB and 20).

The majority of heavily labelled NPY-perikarya are 
seen in layer VI, followed by layers II/III (Fig.4). 
Cells in layers IV and V are usually moderately 
labelled. At the bottom of layer VI a number of lightly 
labelled neurons form a line which corresponds to the 
boundary between the cortex and the subcortical white 
matter (Figures 2A,B and 4).

When the numbers of heavily and lightly labelled cells 
are estimated for layers II/III and for layer VI (Table 
3), it was found that each layer exhibited a different 
proportion of strongly versus lightly labelled cells. In 
layers II/III only 20% of the neurons are heavily 
labelled, while almost half of the neurons in layer VI 
(45%) exhibit a strong autoradiographic signal. In 
addition, the proportion of heavily labelled perikarya is 
further increased in layer VI of area 18a, where it 
comprises a 55% of the total population of this area.

103



FIG. 2. A. Photomicrograph of a coronal section of 
adult rat visual cortex hybridized for NPY-mRNA.
Accumulations of silver grains are present in all cortical 
layers with the exception of layer I. Note that the
cortical layers in the middle of the cortex are poorer in 
positive cells when compared to layers above and below. * 

Along the border of the cortex and the white matter (bo) a 
number of lightly labelled cells are present. Note the 
variety in the hybridization densities above
neighboring cells. B. Dark field photomicrograph of adult 
rat visual cortex hybridized for NPY-mRNA. C. Higher 
magnification photomicrograph showing heavy (arrow) 
and light (arrowhead) clusters of silver grains
corresponding to heavily and lightly labelled neurons 
respectively. Abbreviations as in Fig. 1 (bar=0.1mm) .
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3•1.3.Vasoactive intestinal polypeptide (VIP)

Coronal sections of occipital cortex hybridized for 
VIP-mRNA resulted in autoradiograms similar to the one 
shown in Fig. 3. As was previously described for SOM and 
NPY there is little background staining in these 
autoradiograms. Hybridization signal for VIP is located in 
the three visual areas, temporal cortex but not in the 
dentate gyrus.

When examined under relatively higher magnification the 
clusters of silver grains over individual cells vary in 
appearance (Fig. 30), but no layer or area seems 
characterised by the prominent presence of either light or 
heavy grains (Fig. 3A,B). Additionally the size of the 
accumulations of grains is not as varied as it used to be 
with NPY labelled cells. Since autoradiographic labelling 
for VIP is only detectable after a much longer exposure 
time it was thought that VIP cells expressed lower layers 
of transcription when compared to the other peptides. 
Thus, VIP cells are characterized as lightly labelled 
cells.

In the visual cortex autoradiographic labeling is 
encountered in all layers II to VI and, although in lower 
levels, in the subcortical white matter (Fig. 3A,B). 
Labelled neurons are hardly ever seen in layer I.

Both primary and secondary visual cortex exhibit a very 
similar neuronal distribution for VIP (Fig. 4).
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Furhermore the same distribution pattern does not alter 
when focus is shifted from caudal to rostral sections.

Although positive neurons can be found through all 
layers II-VI, the majority is present in layers II/III. 
Layers IV, V and VI exhibit a roughly homogeneous, 
although lower, distribution (Fig. 4). A few labelled 
perikarya are encounterd in the subcortical white matter.

When the number of positive neurons located in the 
upper layers is compared with that in lower layers (Table 
3) it is found that the former exhibit double the number 
estimated for the latter. Statistics on the distribution 
densities between areas 17, 18 and 18a reveal no
significant difference. Furthermore, the densities between 
either the upper or the lower layers of all three areas do 
not differ significantly, confirming the qualitative 
observation.
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FIG. 3. A. Photomicrograph of a coronal section of 
adult rat visual cortex hybridized for VIP-mRNA. Clusters 
of silver grains are obvious in all cortical layers with 
exception of layer I. Note the dense distribution of 
positive cells in supragranular layers (sr) in contrast to 
the poor distribution in infragranular layers (if). A few 
cells are obvious in the white matter (wm). Abbreviations 
as in Fig. 1. B. Equivalent section shown under dark field 
microscopy. C. Higher magnification photomicrograph of 
layers II/III showing variances between hybridization
densities of VIP-positive cells ( bar=0.1mm) .
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TABLE. 3.

Mean and Standard Error values of SOM-, NPY- and 
VIP-neuronal densities per iran̂ of the three visual cortical 
areas in the adult rat.

SOM
n=7

18 17 18a
layers I-VI 76±5.1 74±4.2 6613
layers I-IV 68±6.0 46±4.3 4114
layers V-VI 85±7.0 96±6.3 9015

NPY
n=7

18 17 18a
layers I-VI 30±3.1 31±1.9 3313
layers I-IV 30±3.2 32±2.7 3412
layers V-VI 30±2.6 29±2.4 3213

VIP
n=7

18 17 18a
layers I-VI 53±3.4 5513.8 5113
layers I-IV 63±3.7 7513.9 7414
layers V-VI 37±3.5 3012.9 2913
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■k The drawing is not copy of original sections, but is 
representing the mean density and distribution of neurons 
according to area and lamina. Thus, it was made after 
careful consideration of the original drawings and, more 
importantly, of the numerical cell counts presented in 
Table 3 and histograms.
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FIG. 4. Drawing representing the comparative
distribution of SOM-, NPY- and VIP-neurons in the three 
visual areas of the adult rat cortex. Heavily labelled 
neurons are represented by dark circles, while lightly 
labelled by open circles.'^
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3.2. PEPTIDERGIC EXPRESSION IN DEVELOPMENT

The second part of this study follows the ontogeny of 
cells positive for SOM, NPY and VIP in the rat visual 
cortex, from early postnatal life to adulthood. It is also 
focusing on their comparative distribution in primary and 
secondary visual areas. In addition to a qualitative, a 
quantitative approach to these questions is attempted, 
using calculations and statistics described in the Methods 
section.

This study attempts to answer the questions : Do 
peptide-containing perikarya exhibit throughout
development the same distribution pattern as in the adult? 
How early in life are these patterns aquired? Is the 
gradual appearance of these peptide-positive neurons 
following a unique gradient in respect to laminae? Does 
any transient population, expressing one of the mentioned 
peptides, appear during development? Is there any decline 
in the number of positive neurons after a certain age? And 
lastly, are there any alterations on the level of cellular 
expression during development?

In the following pages the ontogeny of each neuronal 
population will be traced separately from postnatal day 0 
(PO) to adulthood.
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3.2.1. Somatostatin

Sections taken through the occipital cortex of newborn 
rats and hybridised for SOM-mRNA show autoradiograms 
typified by that shown in Fig. 5A. Clearly, these 
autoradiograms exhibit a higher background staining when 
compared to the adult. A more careful observation, though, 
reveals that the high background is limited to the 
cortical plate, germinal zone and hippocampus, and is 
absent from the intermediate zone and from layer I. Thus, 
it seems that areas with a high accumulation of perikarya 
exhibit high background (see discussion for possible 
explanation of this phenomenon).

Throughout the whole extent of the occipital cortex 
accumulations of silver grains are present in the lower 
part of the cortical plate corresponding to layer VI, 
while a few labeled cells comprising 15% of the total 
population at this age, appear in the remaining dense 
cortical plate lying above this layer. A number of 
positive perikarya are also present in the intermediate 
zone underneath the cortical plate, but there is no 
hybridisation signal in layer I (Fig.SA, 15).

Sections of newborn animals examined under higher 
magnification, revealed accumulations of silver grains 
much lighter than those seen in the adult material 
(compare Figures 8A and IB), suggesting a much lower 
expression of the peptide at this early stage, since the 
experimental procedure followed in both cases was 
identical.
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The density of the possitive cells in the visual . 
cortex of this age is: 44±5 cells per mm^•

The features described above persist all through the 
first postnatal week with some additional
autoradiographic signal appearing in layer VI and 
occasionally in the overlying cortical plate (Figures 5B, 
6A, 16,17). Thus, the number of perikarya exhibiting SOM- 
mRNA is rising slowly during the first postnatal week: By
postnatal day 4 (P4) there is an increase of approximately 
30% and in the remaining three days there is hardly any 
additional increase. On the contrary, when cell densities 
are considered, there is a slight decrease during the last 
days of this week (the density on P4 is 52±4 cells per mm^ 
with 20% of cells lying in the upper layers, while on P7 
it is 50±3.5 with approximately 25% of cells in the upper 
part of the cortex).

During the second postnatal week the appearance of 
SOM- mRNA autoradiograms changes. They seem more clear 
and crisp (Fig.50) since the background level is 
considerably lower and cells are easily distinguished from 
one another, due to the growth of the cortex and 
reduction in cell density.

During this period the hybridisation signal in layer 
VI increases, (compare Figures 50 with 5A,B) both in 
number of labelled perikarya, and in grain density 
above individual cells. When a P14 and a PO sections 
are compared (Fig. 8B and 8A respectively) the difference 
in the density of signal per cell is striking.

The main change occuring during this week however,is 
the appearance of positive cells in layer V (Figures
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5C,6B). These cells exhibit a moderate labeling in 
comparison to layer VI neurons, that does not become 
progressively stronger. By P14 and for the rest of 
cortical development, they comprise slightly over 30% of 
the total cell number. Towards the middle of the second 
postnatal week a number of neurons, mostly lightly 
labelled, gradually appear in the upper layers II, III and 
IV, their number increasing until the end of the third 
week (see Table 4).

All the changes described above occur synchronously in 
primary and secondary visual cortex, resulting in a 
similar neuronal distribution of SOM in the three visual 
areas with the only exception of the upper layers in area 
18 which appear richer in hybridisation signal î?ĝ v49--j , 
both in peptide expression per cell (almost half of the 
neurons in this layer are heavily labelled, in contrast to 
areas 17 and 18a where only the one third is heavily 
labelled) and in density of positive cells (see Table 4). 
At the same time the number of positive neurons in the 
white matter decreases.

During the third postnatal week there is a further and 
final increase in SOM-cell numbers, with neurons mainly 
added in upper layers II/III and IV (Fig. 7A). By the end 
of this week the final pattern of distribution of SOM- 
perikarya is established and with minor changes persists 
till adulthood. Layer VI exhibits the strongest 
autoradiographic signal, showing both the greatest cell- 
number (35% of the total) and the greatest proportion of 
heavily labelled cells, approximately 50% (Fig. 19 ). Cells 
in layer V although being only slightly inferior in
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numbers (slightly over 30% of the total), are much lighter 
in hybridisation signal (only 10% are heavily labeled). 
Supragranular layers are by now much richer in SOM- 
positive perikarya, aquiring approximately equal numbers 
to layer V and slightly lower than layer VI. Of these SOM- 
neurons 45% are heavily labelled. Underneath the visual 
cortex, in the white matter, a few positive neurons are 
still present.

Between the end of the third postnatal week and 
adulthood the distribution pattern of SOM-pos itive 
perikarya remains the same (compare Figures 7A,B with lA), 
but there is a decline of approximately 15% in neuronal 
density.
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FIG. 5. A. Dark field photomicrograph of a coronal section 
of the rostral part of newborn rat visual cortex 
hybridized for SOM-mRNA. Hybridization signal is obvious 
at the lower part of the cortical plate (cp) and the upper 
part of the intermediate zone (int). The border betweeen 
them is not clearly shown. B. Distribution of the 
hybridization signal for SOM-mRNA in a caudal section of 
the visual cortex of a P4 rat. More hybridization signal 
is obvious on this day, although the upper part of the 
cortical plate (cp) exhibits still very few labelled 
cells. The part of the cortex directly bellow layer I 
exhibit a rather high backbround staining. There is some 
loss of signal in the non-visual cortex medial to visual. 
C. Dark field photomicrograph of a caudal section of the 
rat visual cortex on PIO. Note the dense distribution of 
positive cells in the infragranular layers (if) in 
contrast to the poor distribution in supragranular layers 
(sr). Positive cells in the lower part of the 
infragranular layers exhibit a stronger autoradiographic 
signal. All low power photomicrographs of this, or any 
other Figure, are taken under the same magnification (bar= 
0.1mm).
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FIG. 6. A. B. Bright field photomicrographs of coronal 
sections of rat visual cortex on P7 and PIO respectively, 
hybridized for SOM-mRNA. Note that supragranular layers in 
B. exhibit a number of positive neurons that are absent 
from the equivalent layers in A. (bar=0.1mm).
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FIG. 7. A. B. Bright field photomicrographs of 
coronal sections of rat visual cortex on P21 and P28 
respectively, hybridized for SOM-mRNA. The distribution of 
hybridization densities in both pictures resemble that 
seen in Fig. 1. (bar=0.1mm).
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FIG. 8. Bright field photomicrographs of higher 
magnification illustrating the gradual increase in the 
density of the accumulation of silver grains over 
individual SOM-neurons seen on PO (A), P14 (B) and P21 
(C) . All higher power pictures in this or any other Figure 
are taken under the same magnification. (bar=0.1mm) .

118



3.2.2. Neuropeptide Y

Sections through occipital cortex of newborn rats 
hybridised for NPY-itiRNA result in autoradiograms with a 
distinct hybridisation pattern, quite different to that of 
SOM. Virtually all autoradiographic signal present at this 
age is concentrated in a band running mediolaterally 
through the occipital cortex. In the area destined to 
become visual cortex the band covers most of layer VI, 
leaving blank only a narrow strip below this layer (Fig. 
9A) . The cortical plate superficial to layer VI exhibits 
very little autoradiographic labelling. In the neocortex 
situated laterally to visual cortical areas the 
autoradiographic band is much thicker and stronger in 
signal, but in the cortex lying medial to visual areas the 
band is hardly obvious.

When sections are examined under higher magnification 
it is clear that layer VI is occupied by labelled cells, 
tightly packed together in a radial arangement towards the 
pial surface, effectively producing the impression of a 
band (Figures 11A,B).

The few individual cells seen at this age are lying 
either along the border of layer VI and the intermediate 
zone or within the intermediate zone itself. In both cases 
they are moderately labelled. There is no evidence of 
positive neurons in the cortical plate or in layer I (see 
Fig. 15).

During the subsequent few days the position of the 
autoradiographic band shifts higher up in the cortex so 
that by P4 it is found in the middle of the cortical plate
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occuping layer V and a small part of the upper layer VI 
(Figures 9B,11B). In the lower part of layer VI a few 
individual cells appear, while along the border with the 
white matter the moderately labelled neurons described 
above are still present. In the white matter subjacent to 
visual cortex a number of NPY-positive perikarya can be 
seen, their average number being 15 per section. 
Additionally, a small number of moderately labelled cells 
appear in the upper layers.

Around the end of the first postnatal week the 
autoradiographic band is begining to disappear, a process 
that will be completed during the second postnatal week. 
When the autoradiograms of postnatal days: 7, 10 and 14 
are compared, one notices the presence of a rough 
mediolateral gradient to this process, since the more 
lateral parts of the visual cortex, corresponding roughly 
to area 18a, are always the last to become devoid of the 
band.

At P7 some cortical areas still exhibit the transient 
band, but even that is looking much lighter in 
autoradiographic signal (Fig. 9C). At the same time, a 
number of individual cells can be seen in layers V and VI 
of all areas and many lightly labelled perikarya appear in 
the upper layers (Fig. 17).

At the end of the second postnatal week (Fig.lOA) 
almost all the transient signal is cleared and individual 
neurons can be seen in all layers of the cortex, 
exhibiting hybridization densities slightly lighter than 
these in the adult (compare Fig. 11C to Fig. 2C). The 
majority are distributed in the upper layers and in layer
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VI, although as a rule, cells in layer VI are much more 
heavily labelled. The proportion of heavily labelled cells 
in layers 11/111 is 20% of the total, whereas in layer VI 
of areas 17 or 18 45% of the cells are heavily labelled. 
Layer VI of area 18a, is particularly rich in heavily 
labelled perikarya exhibiting 55% of heavily labelled 
neurons (Fig. 20). It is clear from Table 5 that the 
three visual cortical areas display roughly equal neuronal 
densities. Furthermore, the number of positive perikarya 
present in the white matter is reduced to half, but the 
lightly labelled cells at the border with the white matter 
are still present.

During the third postnatal week there is a further 
increase in cell numbers (see Table 5) as well as in the 
neuronal hybridization density (compare Fig. IID with Fig. 
IIC), but the distribution pattern described above does 
not change (Figures lOB, 20). At the end of the third week 
the cell-number in upper layers equals that of the lower 
layers. Layers IV and V are the poorest in positive 
perikarya. Even less cells appear in the adjacent white 
mater (Fig. IOC). According to Table 5 there is a final 
increase in density between P20 and P28, followed by a 
decline of approximately 15% to adult levels.

121



FIG. 9. A. Dark field photomicrograph of a coronal 
section of newborn rat visual cortex hybridized for NPY- 
mRNA. In the lower part of the cortical plate (cp) an 
autoradiographic band is present. This band is stronger 
laterally. B. Dark field photomicrograph of a P4 rat 
visual cortex, hybridized for NPY-mRNA. An
autoradiographic band is present, but it is shifted 
upwards and is now covering the middle of the cortical 
plate (cp). The border between the cortical plate and the 
white matter is indicated in both pictures (bo). C. 
Photomicrograph of a coronal section of a P7 rat visual 
cortex hybridized for NPY-mRNA. The autoradiographic band 
mentioned above has disappeared from the medial part of 
the section. In the cortical area medially to the visual 
cortex the band is still very dense. Note the lightly 
labelled cells at the border between the cortical plate 
and the white matter (bo). A number of lightly labelled 
NPY-cells are obvious in the supragranular layers (sr). 
(bar=0.1mm) .
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FIG.10. Bright field photomicrographs of rat visual 
cortex hybridized for NPY-mRNA on PIG (A), P21 (B) and P28 
(C). Note the presence of both heavily and lightly 
labelled cells in all three photomicrographs. Most of the 
lightly labelled cells are present in the supragranular 
layers (sr). The middle layers of the cortex exhibit a 
rather poor distribution of NPY-cells. Figure 10.C. shows 
a higher hybridization signal when compared to Figures 
10.A. and 10.B. both in respect to the density of positive 
cells as well as the hybridization density above 
individual cells. (bar=0.1mm) .

123



pi
r * ,

9

x b o
:r. ;

9 '

>N *.. :

sr

• ..if

pi

B w m bo

. *• *#f • *
Î • '

# • r

. bô
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FIG. 11. Higher magnification photomicrographs of rat 
visual cortical neurons hybridized for NPY-mRNA on PO (A) , 
P4 (B), P14 (C) and P21 (D). In Figures 11.A. and 11.B. 
the positive cells constituting the autoradiographic band 
are obvious. Figure 11.C. shows the hybridization 
densities above layer VI positive neurons. Cells with both 
heavy and light hybridization densities are present. Note 
the lightly labelled cells at the border of the cortical 
plate and the white matter (arrowhead). On P21 the 
neuronal hybridization densities exhibit their maximum. 
(bar=0.1mm) .
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3.2.3. Vasoactive intestinal polypeptide

Sections of newborn rat hybridised for VIP give 
autoradiograms with a rather high background staining, 
when compared to the adult material, but with no sign of 
specific labelling either in the cortical plate or in the 
subjacent white matter.

Towards the end of the first postnatal week the first, 
very faint signal appears in the cortical plate 
(Fig.l2A), but it is not before P7 that this can be 
clearly identified as specific labeling over individual 
perikarya (Fig. 12B). Most of this labeling is found in 
the densely packed layers II/III, although there are some 
labelled cells in layers IV-VI and very occasionally in 
layer I. Additionally, there is some labeling in the 
subcortical white matter, but not lined up at the border 
with the cortical plate, as was seen for NPY-possitive 
neurons. When the intensity of the labeling at P7 is 
compared with that in the adult (compare Fig. 14A with 
Fig. 3C) the former is considerably lighter. The cell- 
density at this stage is 45±4 positive cells per mm^-

During the second and third postnatal weeks the basic 
features, described above, do not change. There is an 
increase in the number of positive cells, however, of the 
rate of approximately 40%.'As can be seen in Fig. 13A, 
cells are added in both upper and lower layers, while at 
the same time the peptide expression per cell is much 
higher (compare Fig. 14B with Fig. 14A). Statistics show 
that at P20 only one third of positive perikarya are 
located in lower layers (Table 6), although no difference
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in the cellular expression of the peptide is noted between 
upper and lower layers. Table 6 is also indicating that 
the distribution of VIP-positive neurons in primary and 
secondary visual cortex is roughly identical. Thus, at the 
end of the third week, the neuronal distribution of VIP is 
established (compare Fig. 13A with Figures 13B and 3A) . 
Between the end of the fourth postnatal week and adulthood 
there is a final decline in density of approximately 15%.
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FIG. 12. A. Dark field photomicrograph of P4 rat 
visual cortex hybridized for VIP-mRNA. Very little 
signal is shown, present mainly in the upper part of the 
cortex. B. Photomicrograph of P7 rat visual cortex 
hybridized for VIP-mRNA. Hybridization signal is 
present in both supragranular (sr) and infragranular 
(if) layers, but the former are clearly denser in 
VIP-positive neurons (bar=0.1mm).
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FIG. 13. Photomicrographs of rat visual cortex on P21 
(A) and P28 (B) hybridized for VIP-mRNA. They show similar 
distribution of VIP-positive cells with the majority of 
them being present in supragranular layers (sr) and 
exhibiting roughly uniform hybridization densities, (bar = 
0.1mm) .
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FIG. 14. Higher magnification photomicrographs showing 
the gradual increase in hybridization densities of P7 (A), 
P14 (B) and P28 (C) neurons hybridized for VIP-mRNA. All
pictures are illustrating neurons in layers II/III. Fig. 
14.A. exhibits a higher background staining in comparison 
to the others. (bar=0.1mm).
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TABLE. 5.

Mean and Standard Error values of NPY-neuronal densities 
per mm^ of the three visual cortical areas of the rat, on 
postnatal days: 14, 20 and 28.

P14
n=4

P20
n=5

18 17 18a 18 17 18a
layers
I-VI 25±3.1 2313.0 2112.4
layers
I-IV 2513.3 2212.9 1913.1
layers
V-VI 2412.2 2312.5 2312.7

2713.0 2912.6 3012.7

2512.7 3112.9 3013.1

2912.7 2813.2 2912.6

P28
n=5

18 17 18a
layers
I-VI 3612.7 3913.1 3713.5
layers
I-IV 3513.2 3712.7 3612.9
layers
V-VI 3712.7 4013.2 3813.5
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TABLE. 6.

Mean and Standard Error values of VIP-neuronal densities 
per mm^ of the three visual cortical areas of the rat, on 
postnatal days; 10, 14, 20 and 28.

PIG
n=4

P14
n=4

18 17 18a
layers
I-VI 42±3.5 46±3.8 45±4.1
layers
I-IV 55±3.6 6714.7 5514.3
layers
V-VI 2913.0 2513.2 3013.4

18 17 18a

5215.1 5614.8 5515.3

7216.1 8015.8 7515.9

3614.0 3914.3 3614.5

P20
n=5

P28
n=5

18 17 18a 18 17 18a
layers
I-VI 5615.2 5914.7 6014.2
layers
I-IV 8014.9 7715.1 7716.2
layers
V-VI 3214.5 3814.6 4113.9

6514.4 7014.8 6915.5

9215.6 9516.9 9617.3

4614.7 4915.2 4715.1
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FIG, 15. Drawings representing the distribution of 
SOM- , NPY- and VIP-positive neurons in neonatal rat 
visual cortex (PO).
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FIG. 16. Drawings representing the distribution of 
SOM- , NPY- and VIP-positive neurons in the visual cortex 

of a P4 rat.
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FIG.17. Drawings representing the distribution of 
SOM-, NPY- and VIP-positive neurons in the visual cortex 
of a P7 rat.
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FIG. 18. Representation of the distribution of SOM-, 
NPY- and VIP-ergic neuronal populations in the PIO rat
visual cortex. Heavily labelled neurons are represented 
with dark circles, while lightly labelled with open
circles.
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FIG. 19. Densities of heavily and lightly labeled cells

expressing SOM-iuRNA in layers I-IV (A), V (B) and VI (C) 

during development.
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f i g . 20. Densities of heavily and lightly labeled cells 

expressing NPY-mRNA in layers I-IV (A) and V-VI (B' during 

development.
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FIG. 21. Densities of cells expressing VIP-mRNA. in 

layers I-IV (A) and V-VI (B) during development.
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3.3. PEPTIDERGIC EXPRESSION IN 6-OHDA TREATED ANIMALS

This part of the study is concerned with the effect of 
noradrenergic depletion of the visual cortex on the 
neuronal distribution of the three peptides: SOM, NPY and 
VIP. For this purpose the animals used were treated 

' neonataly with the neurotoxin 6-OHDA. These experimental 
animals received four administrations of the neurotoxin, 
the first on the day of birth and the rest over the three 
subsequent days. Two weeks later a sample of experimental 
animals was sacrificed and the noradrenaline level in 
their occipital cortex estimated by HPLC with
electrochemical detection. When the amount of cortical NA 
present in the experimental animals was compared to that 
in their untreated littermates which serve as controls, it 
was found that the treatment had resulted in a 93% 
reduction of the cortical NA levels (Table 2). In the same 
Table is shown that appart from the NA depletion the 
levels of cortical DA are also significantly, although to 
a smaller extent, reduced. Thus, the cerebral cortex of 
the 6-OHDA treated animals is almost entirely depleted of 
NA and contains approximately half of the normal DA 
content.

The appearence and distribution of neurons producing 
the three peptides in the treated animals was examined 
throughout development and compared to littermate controls 
in an attempt to answer the questions: Is the gradual
appearence of peptidergic neurons altered in either
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or the effects of 50% depletion of DA. The latter is 
thought to be unlikely, since the dopaminergic innervation 
of the visual cortex is described as poor (Papadopoulos 
1989b) and since the monoaminergic depletion has been 
shown to have an effect only if it result to an over than 
90% loss of the normal monoaminergic content (Felten et al



chronological or laminar manner following cortical NA 
depletion? Do the cells that start expressing the peptides 
around birth, before any toxic effects of 6-OHDA take 
place, continue the expression of these peptides normally 
after the depletion of cortical NA? Is there any 
significant change in the peptidergic expression of 
individual neurons in the virtual absence of NA? Are the 
densities of peptidergic neurons in treated animals 
different from those in the control animals during 
development or in the adulthood? Do the two groups achieve 
an adult-like distribution simulatneously? And finally, is 
the adult distribution and density of peptidergic neurons 
independent of the presence of cortical noradrenaline? 
While trying to answer these questions one must bare in 
mind that any changes observed may be attributed, at least 
in part, to the neurotoxic properties of S-OHDA^’̂

As will be shown in detail in the following pages, the 
neuronal distribution and density of the three peptides 
is very similar in both 6-OHDA treated and in control 
animals.

3-3.1. Somatostatin

The first 6-OHDA treated animals were examined on P4 
the same day that the last injection of the neurotoxin was 
made. The visual cortex of these samples exhibited the 
majority of SOM expressing neurons in the lower layers, 
and particularly in layer VI, and only an approximate 20% 
in the superficial part of the cortical plate (Fig. 8).
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The distribution and density of these neurons were very 
similar to that found in controls: experimental 48.0±3.2 
cells per mm^^ control 50.0±3.0 cells per mm^-

In the subsequent few days positive neurons are added 
to both upper and lower layers in a manner parallel to 
that of control animals, as can be seen in Figures 
22A,B,C when compared to Figures 17 and 7A,B. On P7 the 
neuronal densities are: 51±3.1 cells per mm^ for the
treated animals and 47±4.4 cells per mm^ for the control 
animals. Table 7 shows that the neuronal densities of 
treated and control animals are very similar when 
examined on P14, P21, P28 and adult. Application of a
student T-test does not show significant differences 
(p>0.7). On the contrary, the differential distribution 
found in normal animals between upper and lower layers, 
as well as between the three visual areas, seems 
independent from the noradrenergic depletion. Thus, at 
the end of the third postnatal week when both 
experimental and control animals aquire an adult-like 
distribution (Figures 7A and 23B) the lower layers in 
both cases are richer in SOM-positive perikarya, 
exhibiting approximately twice the density of upper layers 
(Table 7). Furthermore, area 18 exhibits the highest 
density in upper layers and area 18a the lowest. The level 
of SOM expression per cell is also independent from the 6- 
OHDA treatment, since the autoradiograms in both cases 
show layer VI inhabited largely by heavily labeled cells 
(45% of the total population in this layer), layer V 
almost exclusively by lightly labeled cells (only the one 
fifth of cells in this layer are heavily label ad) and
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layers II/III expressing a slight majority of lightly 
labeled neurons (40% of cells are heavily labelled). 
Finally, the SOM-positive populations of both experimental 
and control animals suffer a decline of approximately 20% 
between P20 and adulthood (Table 7). The reduction in 
cell-numbers clearly occuring independently of NA 
innervation of the cortex. Figure 23 shows the 
distribution of SOM-positive neurons in the experimental 
(23A) and the control (23B) adult animals.
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FIG. 22. Bright field photomicrographs showing the 
distribution of SOM-positive neurons in the NA-deprived 
visual cortex of P14 (A), P21 (B) and P28 (C) rats. On P14 
the infragranular layers (if) exhibit a dense distribution 
of SOM-neurons in contrast to the supragranular layers 
(sr) that exhibit a poor distribution. On P21 and P28 a 
number of neurons appear in the supragranular layers, but 
even so, the lower layers are richer in positive cells. 
Note the presence of lightly labelled cells in layer V of 
the cortex (arrowhead). (bar=0.1mm) .
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FIG. 23. Dark field photomicrographs of adult 6-OHDA 
treated (A) and normal (B) rat visual cortex hybridized 
for SOM-mRNA. They both exhibit similar
distributions. (bar=0.1mm) .
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3.3.2. Neuropeptide Y

On postnatal day 4, when the last injection of 6-OHDA 
was made and when the first samples were examined, all the 
transient NPY-expressing neurons have long started 
expressing NPY, as has been shown in the previous section, 
and the autoradiographic band is already in the process of 
disappearing (Fig. 24A). This process appears unaffected 
by the neurotoxin 6-OHDA as Figures 24 A, B, C show.

The laminar fate of neurons permanently expressing NPY 
seems also to be independent of the 6-OHDA treatment. 
Thus, positive neurons progressively appear in the lower 
and upper layers, following the same chronological order 
with the control animals (compare Figures 24B,C with 
Figures 10A,B). The densities of NPY-neurons at the end of 
the second, third and fourth postnatal weeks shown in 
Table 8 do not exhibit any significant differences between 
the two groups (p>O.B).

At the end of the fourth postnatal week an adult-like 
distribution has been established independently of the NA 
depletion ; All three areas exhibit roughly equal
densities and similar distribution between upper and lower 
layers (Table 8). Additionally, most of the cells in lower 
layers exhibit a much heavier autoradiographic signal than 
their counterparts in upper layers. Finally, between P28 
and adult the neuronal density suffers an approximate 20% 
decline, independent of NA depletion. Figure 25 shows the 
distribution of NPY-positive neurons in experimental (25A)
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and control (25B) adult animals
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FIG. 24. A. Dark field photomicrograph of a coronal 
section of a P4 rat visual cortex treated with 6-OHDA and 
hybridized for NPY-mRNA. The medial part of the section is 
on the left side of the picture. Note that the 
autoradiographic band is lighter in the medial part of the 
section. B. Dark field photomicrograph of a PIO rat 
visual cortex treated with 6-OHDA and hybridized for 
NPY-mRNA. A number of lightly labelled cells are obvious 
in the supragranular layers (sr) as well as along the 
border of the cortex and the white matter. Heavily 
labelled cells are found in both supra- and
infragranular layers. C. Bright field
photomicrograph of a P21 rat visual cortex treated with 6- 
OHDA and hybridized for NPY-mRNA.
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FIG. 25. Dark field photomicrographs of experimental 
(A) and control (B) adult rat visual cortices hybridized 
for NPY-mRNA. They exhibit a very similar distribution. 
( bar=0.1mm) .
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3.3.3. Vasoactive intestinal polypeptide

The first appearence of VIP-neurons in the rat visual 
cortex is independent of the effects of 6-OHDA since the 
first VIP-neurons not only become detectable on P7 in both 
treated and control animals, but also exhibit the same 
distribution with upper layers possesing almost double the 
density of lower layers (Fig32y35). At this time, P7, the 
densities for treated and control animals are: 4 6.0±5.0
cells per mm^ and 42.014.0 cells per mm^ respectively.

Similarly, the gradual increase of neuronal densities 
seems not to be significantly affected by the NA depletion 
(Table 9, p>0.8) ). During the second, third and fourth
postnatal week VlP-cells are being added mainly to the 
upper layers of both treated and control animals and by 
the end of the fourth week both groups reach an 
adult-like distribution (compare Figures 26A,B with 12B 
and 13B).

In treated animals, individual cells on the same 
cortical section exhibit;varying levels of peptidergic 
expression, a feature well known from the study of normal 
development. Furthermore, all visual areas exhibit roughly 
equal densities, with upper layers always exhibiting 
approximately twice the number of lower layers (Table 9).

Similar to the other two peptides, VIP neuronal 
population suffers an approximate 15% decline in numbers 
between P2 8 and adulthood, in both groups of animals. The 
distribution of VIP-neurons in the adult experimental and
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control animals is shown in Figures 27A and 27B 
respectively.
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FIG. 26. Bright field photomicrographs of P14 (A) and 
P21 (B) rat visual cortices neonataly treated with 6-OHDA
and hybridized for VIP-mRNA. They exhibit the majority of 
the VIP-cells in the supragranular layers of the cortex 
(sr). Note that on P21 the neuronal hybridization 
densities are considerably higher compared to P14. (bar= 
0.1mm) •
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FIG. 27. Dark field photomicrographs of adult 
experimental (A) and control (B) rat visual cortices 
hybridized for VIP-mRNA. They exhibit a very similar 
distribution. (bar=0.1mm) .
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TABLE. 7.
Densities of neurons expressing SOM-mRNA, per mm^ of the 
areas 18, 17 and 18a of normal and 6-OHDA treated
cortices. The table shows Mean and Standard Error values 
on postnatal days; 14, 20, 28, as well as in the adult.

6-OHDA TREATED ANIMALS CONTROL ANIMALS

P 14 P14
n= 3 n=2

18______ 17 ^  ______ T7______ 18a
layers
I-VI 85±8.0 66±3.3 6G±2.6 88±7.0 70±8.2 58±5.5
layers
I-IV 6516.3 3513.6 3013.1 7518.0 3414.0 2513.1
layers
V-VI 9818.6 9216.1 8617.2 10119.4 10319.7 9118.6

P20 P20
n=4 n=3

18______ 17 ^  ______ 17_____ 18a
layers
I-VI 9317.0 9516.1 8814.6 9416.2 9215.7 8915.1
layers
I-IV 7316.5 6115.9 4915.3 7016.8 6617.1 4615.4
layers
V-VI 11218.9 12919.7 12618.7 11719.7 12018.6 13019.1
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6-OHDA TREATED ANIMAES CONTROL ANIMALS

P28 P28
n=3 n=2

18 17 18a 18 17 18a
layers
I-VI 88±5.4 94±4 .4 8114.5 8614.2 9015.1 8714.7
layers
I-IV 70±6.4 5914 .8 4615.0 7016.2 5615.1 5814.9
layers
V-VI 99±6.1 11815.9 10916.8 9717.6 12018. 0 11217.5

ADULT ADULT
n=5 n=4

18 17 18a 18 17 18a
layers
I-VI 82±6.0 7515.9 7015.7 7715.2 7114.8 6315.0
layers
I-IV 75±5.6 5114.6 4413.7 7515.0 4114.3 4514.8
layers
V-VI 89±7.1 9717.6 8816.4 8016.5 9817.8 8016.9
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TABLE. 8.
Densities of neurons expressing NPY-mRNA, per mm^ of the 
areas 18, 17 and 18a of normal and 6-OHDA treated
cortices. The table shows Mean and Standard error values 
on postnatal days: 14, 20, 28, as well as in the adult.

6-OHDA TREATED ANIMALS CONTROL ANIMALS

P14
n=3

P14
n=2

18 17 18a 18 17 18a
layers
I-VI 22±3.0 19±2.1 18±2.2
layers
I-IV 20±2.6 17±1.9 1411.8
layers
V-VI 2412.7 2111.8 2312.9

2613.1 2211.8 2011.9

2713.0 2112.1 1711.9

2512.7 2212.4 2212.3

P20
n=4

P20
n=3

18 17 18a 18 17 18a
layers
I-VI 2812.4 3212.7 2612.5
layers
I-IV 2912.6 3313.1 2412.7
layers
V-VI 2713.0 3212.8 2612.8
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6-OHDA TREATED ANIMALS CONTROL ANIMALS

P28 P28
n=3 n=2

18 17 18a 18 17 18a
layers
I-VI 42±3.0 4313.1 4113.5 4413.2 4513.6 4513.3
layers
I-IV 41±2.7 4115.0 3914.7 4314.1 4113.7 4213.5
layers
V-VI 42±2.9 4314.2 4213.4 4413.8 4714.3 4914.0

ADULT ADULT
n=5 n=4

18 17 18a 18 17 18a
layers
I-VI 30±2.8 3512.5 3212.9 2913.1 3211.8 3112.5
layers
I-IV 27±2.3 3513.0 3112,2 3213.0 3212.7 3412.1
layers
V-VI 3212.7 3512.6 3311.9 2713.2 3112.4 2811.9
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TABLE. 9.
Densities of neurons expressing VIP-mRNA, per of the
areas 18, 17 and 18a of normal and 6-OHDA treated 
cortices. Table shows Mean and Standard error values on 
postnatal days: 14, 20, 28, as well as in the adult.

6-OHDA TREATED ANIMALS CONTROL ANIMALS

P14
n=3

P14
n=2

18 17 18a 18 17 18a
layers
I-VI 57±5.0 62±4.9 62±6.3
layers
I-IV 75±5.3 80±7.2 78±6.7
layers
V-VI 41±2.8 45±5.1 41±4.2

55±5.2 61±4.5 60±5.5

70±6.4 83±5.7 77±7.1

39±4.3 40±4.1 4113.9

P20
n=4

P20
n=3

18 17 18a 18 17 18a
layers
I-VI 5114.0 5513.7 5613.9
layers
I-IV 7515.1 7315.8 7516.0
layers
V-VI 3013.7 3714.0 3412.9

5513.8 5914.1 6014.3

7815.3 8016.8 8316.1

2813.1 3813.5 3912.8
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6-OHDA TREATED ANIMALS CONTROL ANIMALS

P28
n=3

P28
n=2

18 17 18a 18 17 18a
layers
I-VI 67±4.2 72±5.2 71±4.8
layers
I-IV 92±6.0 101±7.1 9815.8
layers
V-VI 4513.6 4014.5 4713.9

7214.3 7314.9 7415.5

10016.8 10317.2 10317.1

5014.3 4813.6 4414.1

ADULT
n=5

ADULT
n=4

18 17 18a 18 17 18a
layers
I-VI 5213.5 5613.3 5212.5
layers
I-IV 7014.2 7715.1 7514.3
layers
V-VI 3713.1 3112.4 2912.6

5313.1 5513.4 5113.8

7314.9 7314.3 7313.9

3213.0 3712.9 3312.5
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FIG. 28. Densities of heavily and lightly labeled cells

expressing SOM-mRNA. in layers I-IV (A)^ V (B ) and VI (C)

during development, in 6-OHDA treated cortices .
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FIG. 29. Densities of heavily and lightly labeled cells

exprersing SOM-mRNA in layers I-IV (A), V(B) and VI (C)

during development, in control animals.
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FIG. 30. Densities of heavily and lightly labeled cells

expressing NPY-mRNA in layers I-IV (A) and V-VI (B) during

development,-in 6-OHDA treated cortices.
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FIG. 31. Densities of heavily and lightly labeled cells

expressing NPY-mRNA in,, layers I-IV (A), and V-VI (B) during

development, in control animals .
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FIG. 32. Densities of cells expressing VIP-mRNA. in 
layers I-IV (A) and V-VI (B) during development, in 
6-OHDA treated.cortices ,

100
—

90

80

70

60

40

A

B
7 days 14 days 20 days 28 days adullt

164



FIG. 3 3 .Densities of cells expressing VIP-mRNA. in
layers I-IV (A) and V-VI (B) during development, i 
control animals.

n

100-1

B
7 days 14 days 20 days 28 days adullt

165



4. DISCUSSION

4.1 TECHNICAL CONSIDERATIONS
This study utilises the technique of "in situ" 

hybridization histochemistry, which displays a higher 

sensitivity together with a number of advantages when 

compared to the technique of immunocytochemistry: "In
situ" hybridization detects the mRNA of a particular 
peptide and thus, studies the expression of this peptide 

at a transcriptional level.
Consequently, the presence of hybridization signal 

together with that of the peptide in a particular cell 
definitely indicates production of the peptide and not 
mere accumulation of it in the cell body. Additionally, 

features of the post-transcriptional processing of the 
peptide, such as the post-translational cleavage of a pro
peptide, or any change in the final three-dimentional form 
of the peptide that could influence the epitope 

recognition when antibodies are used, will not affect the 

sensitivity of this method. Furthermore, disagreements 

based on differential sensitivities of two or more 

antibodies and, perhaps even more importantly, failure to 
detect the presence of a peptidergic cell due to dillution 
of the concentration of the peptide in the numerous 
neuronal processes, are overcome with the use of "in situ" 

hybridization. Finally, this technique can give evidence 
for the production of a peptide by a population of cells 

at an earlier point in the ontogenetic development of 

these cells than immunocytochemistry can, not only because 

it recognises an earlier stage in the process of the 

peptide production, but also because a certain amount of
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the peptide has to be accumulated before it reaches levels 
detectable for immunocytochemistry. It has to be said 
however, that regardless of the sensitivity of ISH it can 
only record peptidergic cells when the level of mRNA they 
express exerts a certain level that becomes detectable.

Apart from these advantages, the technique of "in situ" 
hybridization displays one disadvantage: Since it is an 
autoradiographic method it results in a distribution of 
grain densities each of which corresponds to one neuronal 
cell-body, but no morphological detail of this cell is 
available. A recent non-radioactive ISH study by Kiyama 
and Em s on ( 1990 ) claims that the proximal parts of 
neuronal processes are also labelled, but in the present 
study, as in most other radioactive ISH studies, no 
labelled processes were detected. Evenmore, because of 
certain particularities of the technique, the same tissue 
can not be subsequently processed for another technique 
that could reveal the neuronal morphologies. A few 
investigators that have studied particular peptidergic 
distributions using both immunocytochemistry and "in situ" 
hybridization agreed that the distribution seen by both 
techniques was very similar, thus suggesting that the 
peptidergic cells detected with ISH are probably the same 
ones seen with immunocytochemistry (Fitzpatrick-McElligot 
1988; Priestley et al 1991). So, it could be supposed that 
the neurons that are recorded in this study exhibit the 
morphologies described by previous immunocytochemical

studies for the visual cortex: SOM and NPY were shown to 
display multipolar, bitufted or occasionally bipolar 
morphologies (McDonald et al 1982a,b;Hendry et al 1984;
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Meinecke and Peters 1985; Mizukawa et al 1987; Eadie et al 
1987), while VIP displayed mainly bipolar morphologies 
(McDonald et al 1982d). Furthermore, it has been shown 
that although astrocytes in the cerebellum express SOM 
together with proenkephalin (Shinoda et al 1989), cortical 
astrocytes express only proenkephalin but not SOM. It has 
not been shown if NPY or VIP are expressed at all by 
cortical astrocytes.

The present study utilizes three oligonucleotidic 
probes that have the same length and the same GC-ratio and 
are all synthesized to unique sequences of rat peptide 
genes. Furthermore, the sections hybridized for all three 
peptides were processed in parallel. Thus, a comparative 
analysis of the distribution and densities of the three 
studied peptides is possible. Apart from information about 
the number of cell-bodies, however, this technique gives 
the opportunity for detecting various levels of 
peptidergic expression by cells in the same or different 
cortical area of a particular animal, or even, if the same 
technical standards are applied on the tissues, on 
different animals of the same or different ages as well as 
different expression levels between peptides. This is 
because the hybridization signal expressed by each cell 
can be correlated with the amount of m-RNA present in the 
same cell-body.

In this study differences in the level of neuronal 
peptidergic mRNA transcription were obvious for all 
peptides, since they exhibited autoradiograms with 
hybridization densities varying between individual 
neurons. As previously dicscussed in the methods section
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these grain-densities were,, for clearly practical purposes 
grouped in two categories, comprising either light, or 
heavily labelled cells. Both small clusters of silver 
grains as well as clusters exhibiting a low grain density 
were classified as lightly labelled. It is possible that 

the size of the grain accumulations rather than reflecting 
the amount of the peptide m-RNA hybridized in cells of the 

same size, represents the size of the actual cell-body so 

that a small cluster is possibly corresponding to a small 
cell. Even if this is the case however, two clusters of 
grains greatly varying in size but expressing the same 
density of autoradiographic grains per prrv would probably 
contain different levels of m-RNA hybridized for the 
particular peptide. Thus, it was decided that small grain 

accumulations should be classified as lightly labelled 

even if they exhibited a moderate density of grains.
It is realized however, that this distinction between 

heavily and lightly labelled cells made by visual 
estimation is only an approximate classification since 

subtle changes in transcriptional levels occuring amongst 

neurons classified as heavily labelled cannot be detected. 

This is due to a slight overexposure of the tissue in 
respect to these neurons, making the counting of 

individual grains above these cells impossible. As 

described in the methods section the exposure period was 

selected having as primary concern to obtain the most 
faithful distribution patterns and densities of 

peptidergic neurons. So in order to obtain signal from 

both heavily as well as lightly labelled cells in the same 

section, it was unavoidable to have the heavily labelled
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cells slightly overexposed.
IDuie to this overexposure as well as to the fact that 

only visual estimation of hybridization densities was 
possible, subtle changes in the transcription levels 
during development or after NA depletion cannot be 

detected. The basic concern of this study however, was to 
detect major changes occuring in the distribution of these 

neurons during development, as well as in the absence of 
NA. Furthermore, evidence of a differential regulation of 
peptidergic neurons was obtained. This regulation was 
laminar specific since layer V and layers II-IV 
consistently exhibit a particularly high percentage of 
lightly labelled neurons when hybridized for SOM or NPY 

respectively.

This laminar specificity rules out the possibility that 

technical problems such as the fact that cells may either 
lie superficially, or deeply in the hybridized brain 
slices are entirely responsible for the pattern of 
labelling observed. Superficially lying neurons may be cut 

during the experimental procedure and thus only part of 

them be represented in the cortical section, however this 

is again unlikely to be laminar specific. These reasons 

can only partly be responsible for the variety of grain 
densities observed.

In the present study we used, as controls, the "sense" 
sequence Of the three oligonucleotide probes used for the 
hybridization. None of them when labelled with 35S to a 
similar specific activity showed any hybridization signal. 
Additionally, the fact that the three peptides used had 
the same length and G-C ratio and still gave totally
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unique hybridization patterns which were persistent for 
each peptide, can serve as another control. The 
distribution pattern seen in the present autoradiograms is 
very similar to the distribution previously shown using 
immunocytochemistry, further confirming the specificity of 
these results. Finally, in the same laboratory, studies 
using closely related oligonucleotides (Purkiss personal 
communication) have shown the total specificity of probes 
of this length. The strong hybridization signal obtained 
with an 35S labelled antisense probe to NGF can be totally 
displaced by excess cold NGF, but not excess cold NT-3 or 
BDNF. Similarly hybridization obtained with probes to BDNF 
or NT-3 are uniquely displaced by excess of the identical 
but not closely related probes.

The autoradiograms of this study exhibited, as is shown 
in all the Figures, very little background staining. Only 
in the newborn animals the background was higher. This 
could be explained by the fact that at this age and due to 
the virtual absence of neuropil (at least in the cortical 
plate above layer VI) the cortical plate is densely packed 
with neuronal perikarya. This fact, together with the 
intense activity in protein production taking place at 
that stage, would result in a high density of m-RNA in the 
cell-body, making it possible that the non-specific 
labelling at this stage is greater than that in the adult.

4.2. PEPTIDERGIC DISTRIBUTION IN THE

PRIMARY AND SECONDARY VISUAL CORTICES

One of the aims of this study has been to compare the 
distribution of peptidergic neurons between the different
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visual areas. According to the findings reviwed in the 
introduction it is clear that primary and secondary visual 
cortices are differentially innervated in respect to both 
the specific retinotopic thalamic afferents, since the 
primary visual cortex is mainly innervated by dLGN and the 
secondary by LPN, and the widespread subcortical 
monoaminergic and cholinergic projections: In the rat
dopaminergic fibers are considerably richer in area 18 
than in either 17 or 18a, while cholinergic fibers 
innervating area 18 and the medial part of area 17 
originate in a different part of the basal forebrain than 
fibers innervating area 18a and the lateral part of area 
17. Furthermore, in the primate there is a regional 
specificity concerning noradrenergic and serotonergic 
fibers, with area 17 receiving dense serotonergic 
projection and area 18 dense noradrenergic projection.

Additional anatomical evidence, already mentioned in 
the introduction, showing differences in the
cytoarchitecture of the three visual areas such as the 
thickness of various layers as well as evidence showing an 
areal hierarchy in the processing of visual information, 
further emphasize the distinct morphology and function of 
these areas, rising the question of possible differences 
between the organization of the neural circuits in each 

area.
The findings of this study show that while NPY- and 

VIP- positive neurons exhibit roughly equal densities 
amongst the three visual areas, cells expressing SOM-mRNA 
are significantly less numerous in area 18a. This is a 
feature present in early stages of development (first
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noticed at PIO) as well as in later development and 
adulthood. A previous immunocytochemical study by 
Papadopoulos et al (92) also reported on a differential 
distribution of SOM-neurons between the primary and 
secondary visual areas showing that area 17 and in 
particular the upper layers of it display a lower density 
of positive neurons than the neighboring areas 18 and 18a. 
Although both studies confirm the non-uniformity of the 
SOM-neuronal distribution and agree that area 18 exhibits 
a high neuronal density they fail, probably because of the 
different techniques used, to come to an agreement as to 
which of the two remaining areas exhibit the lowest 
density of SOM-neurons.

Apart from the areal diversity in respect to SOM- 
neuronal densities there is an additional diversity 
concerning the distribution pattern of SOM- neurons in the 
different areas: Area 18 displays a distinct distribution 
pattern exhibiting a much greater proportion of the SOM- 
population in the suprgranular layers. Only one in three 
neurons of areas 17 or 18a is present in the supragranular 
layers whereas approximately two in five neurons of area 
18 are present in the same layers.

Another interesting feature differentiating the SOM- 
population of the supragranular layers of area 18, is the 
presence at an early stage of development (P14), of 
positive neurons expressing a heavier autoradiographic 
signal than their counterparts of areas 17 and 18a. Since 
this difference is not observed in later development or 
adulthood, where the proportion of heavily versus lightly 
labelled cells in the supragranular layers of all areas is
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virtually the same, and since the equivalent cells in 
areas 17 and 18a display at P14 a lighter hybridization 
signal than they do in the adult, it is obvious that there 
is an earlier upregulation of the SOM transcription in the 
supragranular layers of area 18.

In the case of NPY no difference in neuronal densities 
or laminar distribution patterns are obvious between the 
visual areas; yet there is a feature discriminating one 
area (area 18a) from the rest : the layer VI of this area 
is particularly rich in hybridization signal displaying a 
greater proportion of heavily labelled cells. While 55% of 
the layer VI population in this area is heavily labelled, 
heavily labelled cells comprise 45% of the same layer in 
the other two areas. In addition, as can be seen in Fig 2, 
the most heavily labelled NPY-cells of the visual cortex 
are almost always to be found in the lower part of this 
area.

Contrary to both peptides discussed above VIP-neuronal 
population is uniformly distributed in primary and 
secondary visual cortex both during development and in the 

adult.
These findings suggest that there could be a 

differential distribution
or a differential density of peptidergic neurons or even a 
different regulation of peptidergic expression between the 
three visual areas. It is clear however, that not every 
peptidergic interneuronal population displays all or any 
of these particularities. Furthermore it is not known if 
the population of interneurons as a whole shows any 
diversity in either distribution or density between the
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primary and secondary visual cortices, since no 

comparative quantitative analysis of GABA distribution has 
been yet attempted.

4.3. PEPTIDERGIC NEURONS IN ADUETHOOD

The present comparative study of SOM, NPY and VIP in 
the rat visual cortex revealed different neuronal 

densities for each of the three peptidergic populations. 

The one most frequently encountered is the population 
expressing SOM, followed by that expressing VIP, while the 

density of neurons possitive for NPY is less than half of 

SOM-cells.
All three peptides exhibited unique distribution

patterns. The two partially collocalized peptides: SOM and
NPY displayed distinct although not altogether different
autoradiograms, while VIP cortical expression showed
features even more clearly divergent from those of the
other two peptides. VIP is the peptide with the lowest 
cellular transcription levels, since it consistently

showes the lower hybridization signal per positive cell.
The distibution of VIP-neurons shows a dense zone in 

supragranular layers with scattered cells present in the 
other layers, while the distribution of SOM- and NPY- 

neurons is marked by two dense zones: one in the

supragranular and one in the infragranular layers. It has 
to be said however, that the extent and the densities of 
these zones differ between the two peptides since the 
latter is only covering layer VI in the case of NPY, but 

it extents upwards to include both layers V and VI in the 
case of SOM. 175



However, all three distributions share a number of 
common features: They exhibit peptidergic cells in all
layers II-VI but very scarcely in layer I. These five 
layers are differentially inhabited by the three 
populations, but in all cases layer IV is either the 
least, as in the cases of SOM and NPY, or one among the 
least, as in the case of VIP, inhabited layers.

These results confirm previous immunocytochemical 
results reviewed in the introduction, all showing layer I 
relatively devoid of peptidergic neurons and layer IV one 
of the poorer layers in peptide-IR cells. However layer IV 
is not a layer poorly inhabited by interneurons, since 
GAD-pos itive cells, far from being less frequent, are 
shown to form a prominent band in this layer (Lin et al
1986). These facts could lead one to suppose, bearing in 
mind the nature of response that the peptides induce, that 
the slow and long lasting effects caused by peptides may 
not be quite appropriate for a layer that is receiving the 
bulk of the thalamic input.

Additionally, the autoradiograms representing all 
three peptides showed a few positive cells in the 
subcortical white matter. This comes in agreement with 
previous immunocytochemical studies showing that a number 
of subcortical white matter neurons in the adult rat are 
immunoreactive for peptides.

In the following pages the adult distribution of each 
of the three peptides in the rat visual cortex will be 
described separately.

4.3.1 Somatostatin
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The distribution of neurons expessing SOM is not
uniform throughout the rat visual cortex: It displays
asymétrie features not only across the three visual areas
but also across the six different laminae. As mentioned
above there is a mediolateral gradient in the density of 
SOM-positive cells with area 18a expressing a lower number
than either area 18 or 17.

Across the depth of the cortex labelled cells tend to 
segregate in two, roughly defined, zones: one in the
supra- and the other in the infragranular layers. The 
first one corresponds with layers II/III, while the other 
extends through layers V and VI. The results of this study 
show that the infragranular layers of areas 17 and 18a 
exhibit twice the density of the supragranular layers, 
since layers II/III display, in a given cortical stripe, 
fairly equal neuronal concentration to both layer V, as 
well as to layer VI. Thus, one in three of the neurons 
found in areas 17 and 18a is present in the supragranular 
layers while, approximately 2 out of 5 neurons present in 
area 18 are situated in the equivalent layers.

In the past most investigators agreed that 
SOM-immunoreactive neurons are primarily located in 
layers II/III, V and VI of the cortex (Morrison et al 
1983; Hendry et al 1984; Meinecke and Peters 1985; 
McDonald et al 1982), but they failed to agree as to which 
of these display the greatest density. McDonald et al 
(1982) and Meinecke and Peters (1985) reported the upper 
layers II/III as being the richest in immunoreactive 
neurons, while Finley et al (1981) and Cavanagh and 
Parnavelas (1988) showed the highest .concentration of
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immunoreactive neurons being in cortical layers V and VI, 
but they offer no quantitative analysis so that it is not 
clear in their studies if the infragranular layers were 
found exhibiting as much as double the density of the
upper layers, or if layer V exhibited equal density to 
layer VI. A study in the rat somatosensory cortex, 
however, showed that layer V exhibited roughly equal 
numbers of SOM-IR cells than layer VI (Mizukawa et al
1987).

Infragranular layers exhibit (Naus et al 1988) a 
denser plexus of SOM-IR fibers when compared to 
supragranular layers. Furthermore, recent investigators 
have reported that the density of somatostatin receptors 
in the adult somatosensory cortex is greatest in lower 
layers (Gonzalez et al 1991). If the same is true for the 
visual cortex, the distribution of SOM-receptors is
matching with the distribution of SOM-IR fibers and that 
of SOM-pos itive neurons, as described in the present 
study.

The hybridization profile of each layer seems to be 
unique. Although in all layers, with the exception of
layer I, both lightly and darkly cells are present, their 
proportions are dissimilar across the layers. In layer V 
the great majority of cells (80%) are lightly labelled, 
while in layers II/III and VI 40% and 45% respectively are 
heavily labelled.

An ISH study using non-radioactive probes has also 
reported (Kiyama and Emson 1990) on SOM-neurons expressing 
intense, moderate or weak hybridization signal. They found 
that layers II/III exhibited higher percentage of intesely
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labelled SOM-cells than infragranular layers V and VI when 
studied together. They provided however, no separate 
analysis for each individual infragranular layer.

In the report by Naus et al 1988 it has been shown 
that layer I exhibits a dense plexus of immunoreactive 
fibers as well, but the site of neurons giving rise to 
this plexus remains unclear since the above authors could 
only follow the immunoreactive processes for short 
distances under the light microscope. It has been reported 
that the largest and more heavily immunoreactive SOM 
neurons possess longer processes than the rest (Mizukawa 
et al 1987), but if these neurons are the ones that send 
processes to layer I is not known.' Somatostatin
immunoreactive neurons seem to synapse mainly on unlabeled 
dendrites (Eadie et al 1987), but is not known if there is 
a preference on proximal or distal parts of the dendrites 
and if synapses are also formed on dendritic spines. Thus 
the exact integration of SOM-neurons into the neocortical 
circuitry is unknown. Finally, it should be mentioned that 
SOM-receptors are not found exclusively on neurons but are 
also localized on cultured cortical astrocytes (Colas et
al 1992) suggesting that SOM in the rat cerebral cortex
may carry out biological actions other than that of
neurotransmittion or neuromodulation.

4.3.2. Neuropeptide Y

The distibution pattern of neurons expressing NPY-mRNA 
in the rat visual cortex, resembles sightly that of SOM
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positive neurons. In both cases there is a non-uniform 
distribution of peptidergic cells throughout the 
mediolateral extent of the visual cortex. In the case of 
NPY, although the neuronal density is approximately equal 
in the three visual areas , the qualitative 
characteristics of the NPY-neurons differ between area 18a 
and areas 17 or 18 in that there is a greater number of 
strongly labelled cells in the lower layers of 18a than in 
those of the other two areas. Additionally, both peptides 
show a differential laminar distribution of positive 
cells, which are mainly encountered in two zones: one in
supragranular and the other in infragranular layers. In 
the case of NPY however, only layer VI of the latter is 
rich in peptidergic cells while layer V is remarkably 
poor.

The density of the NPY-neurons in the visual cortex is 
much lower than that of SOM-neurons. The quantitative 
analysis of the present study shows that NPY-neurons 
represent slightly less than half (45-50%) of the 
SOM-population. These results are in support of the 
previous immunocytochemical study by McDonald et al (1982) 
who reported that the density of SOM-neurons in the visual 
cortex is at least two times greater than that of 
NPY-neurons. Although these authors do not specify if this 
phenomenon occurs equally in upper and lower layers, the 
results of this study show that while the density of the 
NPY-neurons in the supragranular layers represents, on 
average, as much as the three quarters of the equivalent 
SOM-neuronal density, in the infragranular layers it only 
represents one third. The most obvious difference in the
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distribution of these two peptides occurs in layer V, for 
whilst SOM-cells are encountered in equal amounts between 
layers V and VI, NPY-cells in layer V aquire only the one 
third of the number seen in layer VI.

It is now established that NPY is almost exclusively 
colocalized with SOM (Vincent et al 1982; Chronwall et al 
1984; Papadopoulos et al 1987). Keeping in mind the 
differences in the densities of the two populations 
discussed above, one would expect that nearly all NPY 
neurons would also express somatostatin, while many 
somatostatin cells would be devoid of NPY. If this is 
true, then the above finding concerning the content of 
layer V, would lead to the conclusion that there is a 
differential col ocalization of the two peptides according 
to laminae.

Another difference between the distribution of SOM- 
and NPY-neurons is the presence, both in the adult as well 
as during development, of lightly labeled NPY positive 
cells along the border of the cortex and the subcortical 
white matter. Similar labeling was not obseved with SOM, 
showing that this is a small neuronal population where SOM 
and NPY are not colocalized.

These lightly labeled NPY-cells could be identified as 
part of the early born NPY population generated at E14 
(Cavanagh et al 1990) that was detected in the lowest part 
of the cortex, just above the white matter. The authors of 
this study report that cells born at E14 mature for almost 
two weeks before they produce sufficient amounts of NPY in 
order to be detected by immunocytochemistry. In the 
present study autoradiographic signal . corresponding to
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these neurons is already detectable in neonatal animals. 
The fact though, that the transcription level in these 
cells is low even in the adult tissue, makes the above 
difficulties with immunocytochemistry understandable.

In a recent study using HRP injections in "in vitro" 
rat brain slices it was found that injections labelling 
the cells present in deep layer VI, on the white matter 
border, produced a spray of short dendrites which branched 
entirely within layer VI. The axons labeled were fine in 
nature and terminated mainly within layer VI or at the 
layer V/VI border beyond the immediate vicinity of the 
injection site (Burkhalter 1989). These findings indicate 
that the cells on the border of layer VI and white matter 
are nonpyramidal neurons, since there were not any apical 
dendrites present, nor any axonal projections in the white 
matter. One could assume that the NPY cells on the layer 
VI/ white matter border described in this study could be 
part of the above neuronal population. This would suggest 
that they aquire axonal projections extending horizontally 
and connecting different cortical columns.

Similar to SOM, two groups of positive NPY cells were 
identified: those with heavier and those with lighter
staining. This finding is in agreement with a recent study 
by Morris (1989) which detects a strong in situ 
hybridization signal in the cerebral cortex consisting of 
two groups of cells: those with a very dense accumulation 
of grains and those with a light labeling. Both groups 
could be found in both upper and lower layers. In the case 
of NPY though, unlike the case of SOM where layer VI 
exhibited roughly the same proportion of heavily labelled
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cells when compared to the supragranular layers, layer VI 
is far richer in heavily labeled cells than any other 
layer. This observation may help understanding why in 
previous studies (McDonald et al 1982; Morris 1989) the 
density of NPY neurons appears to be greater in lower than 
in upper layers, while the present study showes a fairly 
equal distribution. It is obvious that a less sensitive 
method or a less quantitative analysis could give the 
impression of a stronger presence of the peptide 
containing neurons in lower layers.

When the range of autoradiographic densities expressed 
over individual cells hybridized for the two peptides: NPY 
and SOM are compared, it is obvious that autoradiograms 
hybridized for the former peptide show a wider range of 
autoradiographic densities, since there are NPY-cells in 
layer VI exhibiting a much stronger signal than any 
SOM-cell in this or any other cortical layer. Since it is 
known that almost all NPY-neurons express SOM as well 
(Chronwall et al 1984) it is very possible that there are 
a number of cells in layer VI that express higher 
transcription levels for NPY than for SOM. However, since 
the regulation of the expression of either peptide is not 
clearly known, one cannot be sure if these differences in 
the transcription levels result in differences in the
amount of peptides present in the same cell.

The differences in peptide expression between
individual neurons cannot be correlated to differences in 
morphology or projection patterns since very little is
known about the precise intrinsic connections, axonal
projections or distribution of terminal boutons of NPY
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neurons in different layers. It is known that processes 
arising from NPY positive somata branch extensively to 
produce varied morphological patterns (Hendry et al 1984).
It is also reported that NPY immunoreactive axons form 
symmetrical synapses on unlabeled dendrites (Eadie et al 
1990), but is not known if there is a preference for 
dendritic shafts or spines, on proximal or distanl _ 
dendrites and if any axosomatic synapses are present. 
Thus, the role of these NPY expressing multipolar and 
bitufted neurons in the neuronal circuitry of the visual 
cortex of the rat is not clarified.

In the cat visual cortex the laminar distribution of
NPY binding sites displays an almost inverse gradient to
the distribution of NPY neurons, since positive neurons 
are concentrated in infragranular layers, mainly layer VI, 
while NPY binding sites are most dense in the superficial 
layers I and II (Rosier et al 1990). This suggests that 
NPY positive interneurons in the cat have relatively long 
axons. A similar result was reported for the rat in an 
autoradiographic receptor localization study (Martel et al 
1986): The superficial layers of the cortex were amongst
the brain areas exhibiting a high density of
NPY-receptors. Although NPY-neurons are roughly equally 
spread between upper and lower layers, as the present 
study reports, the unequal distribution of NPY-receptors 
might suggest that at least some of neurons present in 
layer VI have relatively long axons. It will be
interesting to know if there is any correlation between 
these neurons and the strongly labelled cells of layer VI 
reported above.
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4.3.3. Vasoactive intestinal polypeptide

The present results show VIP-positive neurons 
distributed mainly in the supragranular layers of the 
visual cortex, in a marked contrast to the other two 
peptides. As illustrated in Table 3 the upper layers II-IV 
exhibit approximately double the density of the lower 
layers. Previous investigators have also reported the 
majority of VIP-immunoreactive neurons being concentrated 
in upper layers (McDonald et al 1982; Connor and Peters 
1984). Furthermore, Morrisson et al (1984) reported that 
50% of the neurons are present in layers II/III, while 80% 
of them are contained in layers I- IV.

On the other hand, a tangential analysis of VIP-IR 
cells in the cerebral cortex showed that the distribution 
is fairly uniform and statistically termed random and 
non-clustered (Morrison et al 1984). This coincides with 
the present finding that the distribution pattern of 
VIP-cells was uniform throughout the entire rostrocaudal 
and mediolateral extent of the visual cortex, in contrast 
to the distribution of either SOM or NPY.
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Immunocytochemical studies have shown the importance 
of VIP bipolar neurons in vertical processing of 
information, since they possess radially oriented 
processess, either dendritic or axonal with very limited 
branching in the tangential plane. As already reported in 
the introduction the dendritic trees of neurons in layers 
11/111, which are the most common, emanate from both the 
upper and the lower part of the cell body and often extend 
through five cortical layers (Connor and Peters 1984), 
giving the most extensive branching in layers 1 and the 
deep portion of layer IV together with the superficial 
layer V (Morrison et al 1984). Since bipolar cells receive 
contacts from thalamic afferents (Peters and Kimerer 
1981), the extensive dendritic branching in layer IV may 
increase the probability of layer 11/111 neurons to be 
contacted by thalamic afferents.

VlP-lR terminal boutons are often seen (Peters 1990) 
synapsing on cell bodies of pyramidal neurons located 
mainly in layers 11/111. Thus, it can be supposed that 
VIP-cells have an effect, inhibitory and/or 
neuromodulatory, on these pyramidal neurons, most of which 
are shown to project to either the contralateral 
hemisphere or to ipsilateral cortical targets, as 
discussed in the introduction. Callosally and 
associationally projecting neurons are not randomly 
distributed in layers 11/111 since there are regions with 
strong callosal connections and others with strong 
associational connections interleaved with each other 
(Olavarria and Montenero 1984; Thomas and Espinoza 1987). 
It is interesting to note that this discontinuety does not
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match with the distribution of VIP-cells in the same layer 
since this does not exhibit a patchy, but a uniform 
character. Thus, both callosal and associational 
projecting regions display equal densities of VIP-cells.

Finally, it should be emphasized that VIP-receptors 
are not localized exclusively on neurons, but also on 
cortical astrocytes, as well as on intraparenchymal 
microvessels (Martin et al 1992). When this is viewed 
together with the glycogenolytic role of VIP on cultured 
cortical slices (Magistretti et al 1981) it is obvious 
that VIP exerts a multiple role in the cerebral cortex.

4.4. PEPTIDERGIC NEURONS THROUGH DEVELOPMENT

Cortical neurons expressing the three peptides exhibit 
different postnatal ontogenies in respect to features 
like: the time that these neurons first appear in the
cortex, the maturation gradient and the presence of 
transient populations, the laminar pattern they aquire 
during development, the chronological point when they 
display their peak concentration as well as the level of 
peptidergic expression of individual neurons.

While SOM and NPY are already being expressed in 
neonatal visual cortex, VIP-mRNA does not appear in 
neuronal perikarya, at least not at detectable levels, 
until the last days of the first postnatal week, when it 
is identified in neurons distributed in both supra- and 
infragranular layers according to a pattern very similar 
to that adopted throughout development and adulthood.
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Thus, the cortical expression of VIP along with being 
the last one to emerge, is not following any gradient 
whatesoever, in respect to the appearance of peptidergic 
neurons in the various cortical laminae; a feature that 
sets it apart from both other peptides:

In the case of NPY it is quite clear that peptidergic 
expression in the first few postnatal days is restricted 
in the lower part of the cortical plate and only at the 
end of the first week are positive neurons seen in the 
upper layers.

In the case of SOM the postnatal ontogeny of 
peptidergic neurons may not, at first sight, seem in such 
a sharp opposition to the VIP expression but, if observed 
under scrutiny it does clearly represent an altogether 
different developmental process. For although SOM is 
indeed expressed in both upper and lower layers on the day 
of birth, the pattern of this expression is quite unlike 
the distribution seen in later stages of development or in 
adulthood. Layer VI which at birth exhibits SOM
cell-number much higher than layer V and at least 4 times 
higher than the upper part of the cortical plate, is 

• definetely expressing a much higher proportion of its 
final density than either layer V or what is to become 
supragranular layers, since in the adult layer VI posses 
roughly equal numbers with both layer V and supragranular 
layers.

The main bulk of SOM expressing neurons in layer V and
perspective II/III appears several days later, at the
beginning of the second postnatal week. Thus, the 
expression of SOM as well as that of NPY follows an
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inside-out pattern, in contrast to the expression of VIP. 
However, even in the former cases this inside-out pattern 
is not strictly followed but becomes more diffuse during 
the following two weeks, when peptidergic neurons are 
added in both upper and lower layers.

Former studies (Cavanagh and Parnavelas 1988; 1989;
1990) using a combination of thymidine autoradiography and 
immunocytochemistry to reveal the birthdays of peptidergic 
neurons, have revealed that the VlP-neurons are mostly 
generated later than the other two populations and do not 
exhibit any neurogenetic gradient while both SOM- and 
NPY-neurons follow an overall inside-out generation 
pattern. Thus it is obvious that the generation patterns 
of all three neuronal populations are parallel to those of 
maturation, at least as far as the maturation of the 
peptidergic expression is concerned. Furthermore, it is 
reported that for the generation of both the SOM- and NPY- 
neurons there was a tendency at particular gestational 
days, for a rather diffuse distribution. Neurons born at 
E17 and E18 in the case of SOM as well as E17 in the case 
of NPY were found distributed in all layers 11-Vl, thus 
adding extra neurons to layer VI, already populated by 
cells generated at earlier gestational days. So, even the 
delayed appearance of some SOM- or NPY-neurons in the 
lower cortical layers can be viwed as an extension of the 
delayed generation of these neurons.

The autoradiograms reflecting the expression of any of 
the three peptides display a much lower hybridization 
signal in early development than in either late 
development or adulthood. This is due both to lower cell
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densities, as it is clearly shown in Tables 4, 5, 6, and
to lower hybridization signal per individual cell, as it 
can be seen in Figures 8A, llA, 14A. Furthermore, the 
peptidergic population of any particular layer at the 
stage when first detectable consists of only a part of its 
adult neuronal density and expresses cellular 
hybridization levels much lower than in later days. This 
result comes in agreement with a result by Bendotti et al 
(1990) in the mouse cerebral cortex and hippocampus where 
the grain densities over individual neurons increased up 
to 4-fold during the first three postnatal weeks.

It is already mentioned that SOM- and NPY-cells 
inhabiting layer VI, as well as VIP-cells inhabiting each 
cortical layer are born over more than one gestational 
days (Cavanagh and Parnavelas 1988; 1989; 1990). This fact 
could partly explain the gradual appearence of peptidergic 
neurons in these layers. Another reason however could 
probably be the gradual up-regulation of peptidergic 
expression that allows a greater proportion of peptidergic 
neurons to obtain detectable hybridization levels, 
although the possibility that a number of neurons "switch 
on" their peptidergic expression in a later stage of their 
lives in comparison to their neighbors, can not be 
excluded.

As far as transient populations are concerned NPY is 
the only of the three peptides that undoubtedly exhibits a 
transient character in early life, although the small 
decline in the number of SOM-neurons between P4-P7 may, 
apart from reflecting the expansion of the neuropil, 
illustrate the presence of a small transient population of
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SOM-expressing neurons. But, even in that case, the extent 
of this phenomenon cannot possibly be compared with the 
numerous cells that briefly express NPY during early 
postnatal life.

A feature common to all three peptides is the 
presence, during the early development, of a number of 
peptidergic neurons in the subplate region under the 
cortical plate. These cells are numerous during the first 
postnatal days, but their numbers gradually decrease and 
only a few peptidergic neurons are present in the adult. 
It is obvious that these peptidergic neurons represent a 
population of the transient subplate cells that have 
already been shown to express SOM and NPY (Antonini and 
Shatz 1990).

All three peptides reach an adult-like distribution, 
density and level of hybridization per individual neuron 
before the third postnatal week and although the 
distribution pattern does not alter thereafter, the 
neuronal densities as well as the individual grain 
densities display a further increase. The neuronal 
populations expressing either NPY or VIP exhibit their 
peak densities at the end of the fourth postnatal week, 
while the SOM-neurons are higher at the end of the third 
postnatal week. It is interesting to note that these 
phenomena coinside with the final increase in the density 
of symmetrical synapses that occur during the third 
postnatal week (Blue and Parnavelas 1983) and occur a few 
days after the oppening of the eyes. It would be 
interesting to know if this peak in neuronal densities is 
by any way regulated by the arrival of the visual input.
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* After the foijjbh week all peptidergic populations show 
a decline in densities of 15-20%.

It is not possible to 
tell if the reduction in the cell-numbers is exclusively a 
result of the down-regulation of the peptides or if any 
cell-loss takes place between the fourth postnatal week 
and the adult.

4.4.1. Somatostatin

The present study reports that on PC SOM expression is 
mainly found in the lower layers of the cortex and in the 
subcortical region that is to become white mater.

Former reports on prenatal visual cortex detect a 
large number of SOM-IR neurons in the intermediate zone 
(Naus et al 1988). At E20 a large number of SOM 
immunoi^ctive cells is observed in the intermediate zone 
and especially in the upper part termed the subplate. 
Additionally, immunoreactive fibers are abundant in the 
intermediate and marginal zones (Laemle et al 1982) 
indicating that at least some of these early born SOM 
immunoreactive neurons give rise to ascending projections 
which arborize in the marginal zone.

At this stage in neocortical development somatostatin 
receptors are mainly detected in the intermediate zone 
while moderate to low densities are visualized in the 
marginal and ventricular zones and in the cortical plate

192



(Gonzalez et al 1991). Thus, the above authors suggest 
that the intermediate zone probably contains most of the 
targets for SOM at this point in development. It is not 
known if these targets are placed on migrating neurons on
their way to the cortical plate or on incoming subcortical
afferents which were shown to synapse with subplate cells 
(Friaf et al 1990).

The present study showes a number of subplate cells 
exhibiting hybridization for SOM-mRNA on PI. During and 
after the second postnatal week their density decreases 
and only a small percentage of them are observed in the 
adult.

SOM-IR neurons were first detected in the cortical 
plate above the white matter on E17 (Eadie et al 1987). 
They were located in an area destined to become layers V
and VI of the visual cortex.

When the present findings of SOM hybridization pattern 
in newborn animals are seen under the light of these 
prenatal results mentioned above, the feature of an 
inside-out gradient in the appearence of SOM-neurons that 
is already discussed for the postnatal development becomes 
even more evident, since it is shown that at the end of 
the prenatal life SOM-IR neurons are found no higher than 
layer V of the cortical plate (Eadie et al 1987).

It should be emphasised however, that during the 
embryonic and the first postnatal days, SOM-IR neurons in 
the lower cortical layers are greatly outnumbered by the 
subplate neuronal population (Naus et al 1988 and the 
present study). These early cells of the lower cortical 
layers observed on E17 are probably generated on E14
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(Cavanagh and Parnavelas 1988) and thus it is not 
surprising that they appear immature when observed under 
both light and electron microscope. Although they were 
occasionally seen receiving synapses (Eadie et al 1987), 
they were not seen forming synapses till 1-2 days 
postnatally. This coincides with the virtual absence of 
SOM-binding sites in the E17 cortex (Gonzalez et al 1991), 
as opposed to the high concentration found in the 
developing cortex during the first postnatal week. Thus it 
seems that the peptide is present in the immature cells a 
week before their axons form symmetrical synapses.

These observations raise the possibility that SOM may 
have, during early and especially prenatal development, a 
role other than a transmitter role and that it may exert 
an effect through other than conventional synapses, in the 
immature cortex. Evidence for trophic effects of some 
peptides in the CNS, as well as evidence for a trophic 
role of GABA in the early development of the cortex have 
already been discussed in the introduction. Additionally, 
it has been reported that, in the immature hippocampus, 
GABA is released from the growth cones (Gordon-Weeks 
1984). It is not known if SOM acts in similar ways but 
considering the above findings by Eadie et al (1987) and 
by the present study, this certainly does not seem 
impossible.

Towards the end of the first postnatal week the 
density of neurons hybridized for SOM has increased and 
the positive cells in the upper part of the cortical plate 
constitute now the 20-25% of the total population. 
Immunoreactive fibers are mainly found in layer VI and in
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the marginal zone (Naus et al 1988). Although some of this 
immunoreactive plexus can be attributed to the subplate 
neurons that are still present in the future white matter, 
it is obvious that the layer VI neurons contribute to the 
dense fiber plexus in the layer in which they are located 
and probably to the plexus in the marginal zone as well.

During the second postnatal week, more cells 
exhibiting signal for SOM- mRNA appear in layer V being, 
as expected, moderately labelled when compared to 
counterparts in layer VI. What is interesting, though, is 
that most of layer V neurons never "catch up" with the 
others in terms of the intensity of signal they possess; 
during development and in the adult they form a group of 
mildly labeled cells, as discussed above.

At PIO a great number of positive cells are detected 
in the upper layers. Thus, the great majority of the upper 
layers cells switch on their expression of the peptide 
almost two weeks after their birthdays which are, 
according to Cavanagh and Parnavelas (1988): on E17-20.
Additional electron microscopic evidence suggest that 
these neurons begin to express the peptide only after they 
have aquired the morphological features of nonpyramidal 
neurons (Eadie et al 1987).

So, the behavior of these cells contrasts with that of 
the majority of their counterparts in lower layers which 
aquire their chemical phenotype earlier in their life 
(only a few days after their gestation), and while in a 
much more immature state of differentiation.

The present study shows a further and final increase 
in somatostatin positive neurons during the third
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4 One possible explanation for this discrepancy could be a 
differential regulation of the transcription of SOM 
between different cortical areas.



postnatal week. This is in marked disagreement with the
finding that the amounrt of SOM-mRNA isolated from the
telencephalon showes a peak on P15 (Naus et al 1988). It
is also at variance with a recent finding that shows the
highest number of SRIF binding sites at the end of the
second postnatal week (Gonzalez et al 1991).

An approximately 2 0% decline in the number of
pos itive cells between P20 and the adult is detected
which could either be due to cell-death or to decreased
transcription levels below the detectable point. A
previous in situ hybridization study (Naus et al 1988) 

uy yific SS (.o/teA
reported a much more dramatic decrease in SOM-mRNA 
although no quantitative analysis has been performed.

4.4.2. Neuropeptide Y

In the present study, cortical sections hybridized for 
NPY show an autoradiographic band mainly covering layer VI 
of the cortex, leaving blank only a narrow stripe at the 
base. In former studies (Woodhams et al 1985; Foster et al 
1984) the first sign of NPY immunoreactivity in the 
cerebral cortex of the rat was detected in the 
frontoparietal somatosensory cortex (FrPaSS) , on E18 
(Woodhams et al 1985; Foster et al 1984), when numerous, 
short, radially oriented processes were detected in the 
base of the cortical plate. During the next 1-2 days these 
processes extended higher in the cortex and were maximally 
developed on E2 0, when they were seen covering the entire 
width of the cortex. Numerous NPY cell bodies were found
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at the base and the middle of the cortical plate. A later 
short report (Foster et al 1989) using "in situ" 
hybridization histochemistry confirmed these observations. 
Message was first detected at days 14-16 of gestation and 
by E20 the autoradiographic labeling was extremely dense, 
such that individual neuronal labeling could no longer be 
discerned, however the labelling gave the impression of an 
autoradiographic band. The same labelled band is detected 
in neonatal sections,in the present study. The 
autoradiographic labeling becomes stronger and thicker 
lateral to the visual cortex, but is much weaker in the 
medial part of the section.This lateromedial gradient is 
in agreement with the results shown in the study of Foster 
et al 1989 for the FrPaSS cortex on E20.

Some days later, at P4 the autoradiographic band is 
shifted higher in the cortex and is found occupying layer 
V and a small part of upper layer VI. During the following 
days a marked decline in both the intensity and the 
thickness of the band is detected, resulting in its final 
dissapearance at the end of the second postnatal week.

Although the transient nature of this early NPY 
expression was previously emphasized by Woodhams et al 
1985, as well as by Foster et al 1989, it was also noted 
that over the time of the dramatic decline in NPY 
immunoreactivity degenerating neuronal profiles were only 
occasionally observed in layer V of the cortex (Foster et 
al 1989). Thus, it would not be easy to attribute such a 
major decline in peptide expression to neuronal cell 
death. It would rather seem more likely that there is a 
population of cells which, early in development and only
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transiently, express this peptide.
A former study in the cat (Wahle and Meyer 1987) has 

reported on the elimination of transient NPY populations 
in later stages of development, but these populations 
consist of nonpyramidal cells, occasionally found 
throughout different cortical laminae. The densities of 
these neurons are extremely low when compared to the 
neurons comprising the autoradiographic band. Thus, both 
the morphology as well as the distribution and density of 
these cells make it obvious that they constitute a 
phenomenon totally different to that described in this 
study.

Although these cells possess radially oriented 
processes they are clearly unlikely to be a form of radial 
glia, since they do not extend below the cortical plate to 
the ventricular zone (Woodhams et al 1985). It seems also 
quite unlikely that these are migrating neurons expressing 
the peptide while moving, since almost all cells have 
aquired their final positions by birth.

Thus, if these cells are neurons that have just 
finished migration and aquired their final position, their 
great number would make it quite unlikely that they are 
all nonpyramidal neurons. On the other hand, several 
observations would lead us to assume that they probably 
constitute a population of pyramidal neurons transiently 
expressing this peptide:

It was found that NPY positive axons originating from 
these neurons made a massive early contribution to the 
corpus callosum (Woodhams et al 1985). They were most 
obvious on E20 but their number declined heavily in
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postnatal life. Additionally, the numerous radial 
processes originating from these immature neurons and 
heading towards the pial surface, could very well be the 
immature apical dendrites of the presumptive pyramidal 
neurons.

The shift of the autoradiographic band from layer VI 
on PI to the middle of the cortex on P4, if taken together 
with the fact that the first appearance of NPY cell bodies 
on E19 was seen at the base of the cortical plate 
(Woodhams et al 1985), a site which is deprived of the 
autoradiographic band on PI, would lead us to assume that 
the newly migrated cells transiently express NPY for only 
a few days. Before they completely "switch off" this 
process a number of neurons that are born slightly later 
and migrated slightly higher in the cortical plate start 
their own transient expression of the peptide.

The finding that layer V aquires the richest 
autoradiographic labeling at the middle and not at the 
begining of the first postnatal week is in agreement with 
the previous observation that the number of immunoreactive 
somata in layer V is found to be maximal at day 6 
postnatal (Foster et al 1989).

It has to be mentioned that a number of 
immunocytochemical studies exist in the literature 
(McDonald et al 1982; Eadie et al 1990; Cavanagh and 
Parnavelas 1990) which failed to detect any massive, 
transient, early NPY population in the infragranular 
layers.This is not very surprising, since the present 
results show that although the number of labelled 
perikarya is very high, the autoradiographic density on
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top of individual cells is low. So, it is possible that 
the low cellular levels of the peptide, which presumably 
result in light immunocytochemical staining, found in a 
great number of neurons which probably possesed pyramidal 
morphologies, may have escaped detection or been 
mistakenly taken for non-specific staining. Alternatively, 
it is possible that the three dimentional shape of the 
peptide expressed by the transient population is somehow 
different from the one exhibited by the permanent 
population, making the epitope recognition of the 
particular antibody more difficult. Other
immunocytochemical studies, using different antibodies, 
had no such difficulties (Woodhams et al 1985, Foster 

1984 ) .
It has to be emphasized that the transient and massive 

peptidergic expression seen in the case of NPY, was not 
seen for SOM. Thus, the population in infragranular 
layers, most probably consisting of pyramidal cells, that 
express NPY in early cortical development does not express 
SOM as well. So, the colocalization of the two peptides is 
present only in the permanent, nonpyramidal peptidergic 
population seen in later development and adulthood, but is 
not present in the cells that express NPY transiently.

Due to the presence of the dense autoradiographic band 
it is very hard to detect any individual cells expressing 
NPY-mRNA on neonatal sections. Some days later, when the 
autoradiographic band is shifted higher, it is obvious 
that NPY positive cells exist in layer VI. It is possible 
that these cells were already exhibiting NPY-mRNA some 
days earlier. Previous studies that were able to
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distinguish, by means of immunohistochemistry, between 
immature non-pyramidal neurons possesing oblique or 
twisted short processes and the numerous transient NPY 
pos itive neurons possesing radially extending fibers, 
were able to detect the former at birth (Eadie et al 1990; 
Cavanagh et al 1990), or even as early as E19 (Woodhams et 
al 1985). They appeared in layers V and VI and exhibited 
immature features (Eadie et al 1990).

When the time of appearance of the first nonpyramidal 
NPY-LI neurons is compared with that of the first SOM-LI 
neurons it is obvious that somatostatin immunoreactivity 
is present some days earlier. This is in agreement with 
thimidine birthdating studies by Cavanagh (Cavanagh and 
Parnavelas 1988; Cavanagh and Parnavelas 1990) which 
showed that while most of the NPY neurons are generated on 
E17, the majority of SRIF neurons are generated between 
E15-E17. Thus, it can be assumed that the late-born 
somatostatin neurons are the ones that more possibly 
colocalize the two peptides. This is confirmed by the fact 
that all NPY cells at birth display immature features 
(Eadie et al 1990), while the preponderance of SRIF-LI 
cells appear, at that time, considerably more 
differentiated.

In the supragranular layers, on the other hand, 
autoradiographic signal corresponding to NPY neurons is 
seen 2-3 days before that for SOM. If the colocalization 
of the two peptides is true during development as in the 
adult, the above observation would mean that non-pyramidal 
neurons of the supragranular layers destined to become 
SOM/NPY possitive, "switch on" the production of NPY some
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or to translational or post-translational regulations 
resulting in the absence of the 36-aminoacid NPY from 
cells that still exhibit transcription for the prepro-NPY 
gene.



days before the production of SOM. It is interesting to 
note that GABA immunoreactive neurons were observed 
throughout the corticalplate by P6 (Miller 1986). This 
would mean that the same non-pyramidal neurons "switch on" 
the expression of GABA even before the expression of NPY.

A recent study by Cavanagh and Parnavelas (1990) has 
suggested that in the rat a similar transient phenomenon 
to what was previously reported for the cat (Wahle and 
Meyer 1987) showing that a number of nonpyramidal NPY-IR 
neurons, most of which are born at E16, are not detected 
after the third postnatal week. It is not known to what 
extent this is due to cell-death or down-regulation of the 
expression of the peptide or simply to dilution of the 
peptide away from the cell-body into the numerous 
processes of the mature neurons. When the decline in 
numbers of NPY-IR neurons occuring between the third 
postnatal week and the adult, as previously reported by 
Cavanagh and Parnavelas (1990), is compared to the decline 
over the same period shown in the present study, it is
obvious that the 4 0% decline reported by Cavanagh and
Parnavelas 1990 is twice as large as that found in this 
study. From this comparison one could assume that half of 
the neurons that seem absent from later development and 
adulthoood in immunocytochemical preparations are actually 
present, but escaping detection due to^the dilution of the
peptide into their numerous processes. The other half,
which represents the decline in density found in "in situ" 
preparations is either exclusively due to down- regulation 
or to both down-regulation and cell-death since, as there 
is no doubt about an overall down-regulation of the

202



peptidergic expression after the third postnatal week.

4.4.3. Vasoactive intestinal polypeptide

The present study showed a late appearence of ’ 
VIP-neurons. On P4 though, faint cells can be seen in the 
cortex, but only towards the end of the first week were 
VIP-neurons clearly detectable. Previous
immunocytochemical studies (McDonald et al 1982; Nobou et 
al 1985; Cavanagh and Parnavelas 1989), have also shown a 
relatively late appearence of VIP neurons.

Additionally, two recent studies: Hajos et al 1990 and 
Zilles et al 1991 that were able to record the first 
immunoreactive neurons for VIP in the visual cortex on PI 
characterized them as solitary and faintly stained.

Thus, it is obvious that VIP is the only one of the 
three peptides that is not present in either the prenatal 
or perinatal rat cortical plate. In contrast to the other 
two peptides that seem to be involved in early cortical 
development, by being expressed either by individual 
immature neurons very early in development, as the case is 
for SOM, or by a transient population of probably 
pyramidal neurons, as in the case is for NPY, VIP seems to 
have very little involvement in early developmental 
processes.

Towards the end of the first week VIP-cells are 
clearly detectable, although they still exhibit lower 
hybridization densities over individual neurons from that 
encountered in the adult. At P7 they comprise
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approximately 75% of the adult numbers and aquire the same 
distribution as the adult material, with the majority of 
cells residing in the densely packed cortical plate that 
is to become upper layers II/III. This latter finding is 
supported by Hajos et al 1990, but is in contrast to 
Emson et al 197 9, who claimed that the first 
immunoreactive VIP cells are to be found in lower layers.

At the end of the second postnatal week while the 
VIP-cell density is approaching adult levels and the 
hybridization signal per positive cell is enhanced, the 
axonal and dendritic arborizations reach their adult 
morphology and lamination pattern (Zilles et al 1991). At 
the same time the bouton compartments, which are the 
anatomical correlates of neuronal connectivity, reach 
their maturity as well. Thus, it can be argued that there 
is a correlation between the maturation of synaptic 
connectivity by VIP cells and the peak in cortical VIP 
levels.

In a previous study by Cavanagh and Parnavelas 1989 it 
was reported that only 50% of the VIP neurons present at 
three weeks are detectable in the adult. The finding 
though, that immunoreactive "healthy" dendrites were 
visible even in areas with no visible neurons, together 
with the fact that the bipolar VIP neurons in the adult 
have very little perinuclear cytoplasm, suggest the 
posibility that, as with the case of NPY a lot of these 
neurons that are not detectable in the adult are still 
present but do not aquire in their cell-bodies detectable 
levels of the peptide. The present result supports this 
argument showing a decline of approximately 15% in
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neuronal densities from P28 to adulthood.
It has been reported by Cozes et al 1988 that the 

amount of VIP-mRNA in the cerebral cortex of the rat is 
significantly decreased during aging. This could be a 
result of specific cell death or down-regulation of mRNA. 
Taking into account the evidence that VIP has a potent 
trophic role, as discussed above, a decrease in VIP 
specific mRNA resulting in a reduction of the peptide, may 
contribute to cell death as a part of natural aging 
process of the brain.

4.5. 6-OHDA TREATED ANIMALS

The early presence and maturation of NA-fibers in the 
rat visual cortex (Lidov et al 1978) has for a long time 
fueled speculation about NA involvement in the 
organization and development of the cortex. Studies on the 
effect of NA depletion by the use of 6-OHDA have shown a 
number of morphological alterations in the population of 
pyramidal neurons in the visual cotex (Felten et al 1982). 
There is no information though, about the effect of NA 
depletion on the nonpyramidal neurons of the cortex.

A recent ISH study, however, reported on the effects 
of DA depletion on peptidergic populations in the 
frontoparietal cortex (Lindefors a \ 1990).
Unilateral lesion of midbrain DA neurons, by the means of 
6-OHDA injections, resulted in an approximate 50% decrease 
in the numbers of NPY- neurons in the ipsilateral cortex. 
The numbers of SOM-neurons remained unaltered but their
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peptidergic expression appeared down-regulated. On the 
contrary, no change in the CCK-mRNA expression was caused 
by the DA deafferentation. Thus, a widespread
monoaminergic projection is differentially regulating the 
expression of various neuropeptides in the cerebral 
cortex.

Evidence is now emerging on the close integration of 
the peptidergic and noradrenergic systems. In the rat 
visual cortex, a current study (Paspalas, personal 
communication) shows a close contact between peptidergic 
cells and noradrenergic fibers since a great number of 
NAergic terminals synapse on the cell-body of peptidergic 
neurons.

Pharmacological evidence in the rat somatosensory 
cortex (Sessler et al 1991) suggesting that VIP and NA can 
act together to alter the efficacy of local excitatory and 
inhibitory inputs to neocortical neurons, draw further 
attention in the close integration of VIP and NA.

The present results show that as far as the 
distribution and densities of the peptidergic populations 
are concerned there are no significant differences between 
normal and 6-OHDA treated animals either during 
development or in the adult.

The gradual appearence of these neurons in the 
neonatal cortex of treated animals follows the same 
pattern as that in normal animals, and so, it still 
reflects the neurogenetic gradient of these neurons, as 
discussed in the previous section.

The transient expression of NPY by a numerous 
population in the infragranular layers.is independent of
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the neurotoxin 6-OHDA and of the NA depletion. 
Furthermore, no other peptide displayed any transient 
expression under the altered circumstances.

The densities of all peptidergic populations in 
various developmental stages show no difference from those 
seen in the normal development (Tables 7, 8 and 9) and the 
autoradiograms of 6-OHDA treated cortices display 
gradually richer hybridization signals until the end of 
the third postnatal week. Thus, it can be assumed that not 
only there is no cell-loss resulting from the 6-OHDA 
treatment, but also the gradual up-regulation of the 
peptidergic expression seen in the normal, which results 
in the gradual appearence of peptidergic neurons is 
present in the treated animals and its process is 
independent from the noradrenergic depletion. So, the 
peptidergic neurons of the various laminae become 
detectable neither earlier nor later than they do in 
normal animals.

Furthermore the differential regulation of peptidergic 
transcription seen for SOM- and NPY-cells in normal 
development and adulthood that results in heavier or 
lighter hybridization signal per individual cell is 
present in treated animals as well. In the latter case 
SOM- and NPY-neurons exhibit the same proportion of 
heavily labelled cells as in normal cases. Additionally, 
VIP-cells in the treated cortices, displayi light
hybridization densities per individual neuron, in a 
fashion very similar to normal cortices. Thus, the 
mechanisms regulating the peptidergic transcription levels 
of individual cells seem to be unaffected by the NA
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depletion.
In the same way as previously discussed for the 

ontogeny of the normal cortex, all three peptides exhibit, 
in the treated cortices, peak levels of expression around 
the third or fourth postnatal week. This is illustrated in 
both higher peptidergic neuronal densities as well as 
higher autoradiographic densities per individual neuron. 
Furthermore, the virtual absence of NA does not seem to 
affect the scale of these phenomena, since the neuronal 
densities on P21, P2 8 and adult are approximately the same 
in both treated and control animals. Following this peak 
expression, the densities of peptidergic neurons as well 
as the autoradiographic signal above individual cells 
suffers a small decline, similar to that of the control 
animals, to adult levels.

It is obvious that the distribution and density of 
neurons expressing SOM, NPY and VIP in the visual cortex 
of the rat is independent of the 6-OHDA treatment. 
However, this study can not give any information about 
whether the morphologies of these neurons aquire more or 
less extensive dendritic arbors, or whether their axonal 
projections are influenced. Furthermore, it is not known 
if the synapses formed by these neurons are in any way 
altered.

Additional studies on the distribution of 
immunoreactive peptidergic fibers and peptide binding 
sites as well as descriptive studies of the peptidergic 
morphologies in 6-OHDA treated cortices are needed in 
order to answer these questions. The fact, though, that 
the transcription level for these peptides is unaffected,

208



could indicate, if no posttranscriptional regulation is 
involved, that the cellular peptidergic content of these 
neurons is independent of the presence of NA. This could 
mean that the activity of these cells, at least as far as 
the peptidergic transmission is concerned, is not affected 
by NA deafferentation.

Supportive to this assumption is the result by Blue 
and Parnavelas (1982) that the density of Gray's type II 
synapses are not found to differ between 6-OHDA treated 
and control animals, although from this result it cannot 
be infered for sure that the same is true for each 
individual nonpyramidal subpopulation.

In conclusion, the present result suggests that the 
early and widespread NA projection does not regulate the 
expression of either SOM, NPY or VIP in the visual cortex. 
It will be of interest to compare that with the effects 
that Ach or 5-HT might have in the same cortical region, 
since all these monoaminergic projections provide a rich 
innervation to the visual cortex at an early developmental 
stage. Furthermore, it would be of great interest to see 
how the arrival of the visual input two weeks later, may 
affect the maturation of peptidergic neurons, since this 
constitute the predominant, retinotopic information 
entering the visual cortex.

An immunocytochemical report on the effects of early 
monocular enucleation on the distribution of SOM-cells in 
the visual cortex (Jeffery and Parnavelas 1987) showed
more SOM-IR cells present in the cortex ipsilateral to the
remaining eye, where the visual innervation is
substantially reduced. Two different approaches in
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addressing the same question for the VIP neuronal 
population reported different results: An
immunocytochemical study by Jeffery and Parnavelas (1987) 
reported no significant change in the number of VIP-IR 
cells in the deinnervated visual cortex. On the other 
hand, a Northern blot hybridization analysis (Holtzman et 
al 1989) showed an approximate twofold decrease in the 
VIP-mRNA context of the deinnervated visual cortex. The 
two results taken together would suggest a marked 
down-regulation of VIP- expression in individual neurons. 
A study using ISH on the visual cortex of monocularly 
enucleated rats would be the most appropriate approach to 
confirm this suggestion. Furthermore, whatever the effect 
of cortical deinnervation on peptidergic expression may 
be, it will be of great interest to study, by the means of 
the same technique, the exact time in the ontogeny of 
these peptidergic neurons where any regulation may be 
taking place.
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