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ABSTRACT

The distribution and morphology of neurons containing glutamate (Glu) or
aspartate (Asp) were examined in the developing and adult rat visual cortex using the
peroxidase-antiperoxidase technique at the light and electron microscopic levels. In the
adult, Glu-labelled neurons were pyramidal cells distributed in layers II-VI with a
preponderance in layers II-III. Asp-positive neurons were distributed throughout layers
I-VI, with the highest density in layers II-III and the lowest in layer IV and the upper
part of layer V. The majority of labelled neurons were pyramidal, whilst a small
number of nonpyramidal cells was also observed. Glu- and Asp-immunoreactive neurons
were first observed in the immature visual cortex on postnatal day 3, but did not
demonstrate their adult pattern of distribution until the fourth postnatal week. Both
populations attained their mature ultrastructural features by the end of the third postnatal
week.
The combination of immunohistochenistry with wheat germ agglutininhorseradish peroxidase (WGA-HRP) histochemistry was used to examine the Glu- and
Asp-containing cortical neurons which give rise to corticofugal and callosal projections.
Injections of WGA-HRP into the pons resulted in retrograde labelling of large cells in
layer V. Of these cells, 42% were also Glu-immunoreactive while 51% were Asppositive. Injections in the superior colliculus labelled large and medium-sized neurons
in layer V, of these cells, 46% were also stained for Glu and 66% for Asp. Injections
in the dorsal lateral geniculate nucleus labelled cells throughout layer VI. Of these, 60%
were also Glu-immunoreactive and 61% Asp-positive. Finally, after injections in the
visual cortex, labelled cells were found throughout layers II-VI in the contralateral
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visual cortex. Of these cells, 38% were also labelled for Glu while 49% were also Aspimmunoreactive.
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1.

INTRODUCTION

The cytoarchitecture, cell types and connectivity of the visual cortex of the rat
have been extensively investigated. Numerous studies have also shed light on its
development. Neurochemical, histochemical and, more recently, immunohistochemical
techniques have localized a variety of neurotransmitters in cortical neurons and in
some of the afferent and efferent connections. Contrary to the abundance of information
about the neurochemistry of nonpyramidal cells, little is known about the
neurotransmitter content of the majority of cortical neurons, the pyramidal neurons.
There is a substantial body of evidence to suggest that at least some pyramidal neurons
use the amino acids L-glutamate and L-aspartate as their neurotransmitters. The present
study examines the neurons in the rat visual cortex which contain these excitatory
amino acids and follows their development.

1.1.

Cytoarchitecture

The visual cortex of the rat is located on the dorsal surface of the occipital
region of the cerebral hemisphere. It consists of three distinct cytological areas. Area
17, the primary visual cortex, is bordered medially by area 18 and laterally and
caudally by area 18a (Krieg, 1946a). Areas 18 and 18a together comprise the secondary
or peristriate cortex.
Area 17 is between 1.3 and 1.5 mm thick and appears to consist of six
horizontal layers in Nissl-stained coronal sections (Krieg, 1946b; Winkelmann et al.,
1972; Feldman and Peters, 1978). Neurons in each layer display distinct morphological

features, size, and packing density (Krieg, 1946b). Layer I lies in the superficial part
of the cortex, beneath the pial surface, and contains a very small number of neurons.
Layers II and El do not show a clear boundary between them and are considered
together as layers II-III. They contain small and medium-sized neurons that display
round, ovoid or triangular perikaryal shapes. Layer IV, the so-called granular layer,
appears distinct because of its small, round and closely packed neurons. Layer V is
characterized by loosely packed neurons that display polygonal, triangular or pearshaped cell bodies. This layer can be subdivided into sublayers Va and Vb. Layer Va
contains a relatively sparse number of medium-sized neurons. Layer Vb comprises the
deeper half of layer V, and appears more densely populated containing large pyramidal
neurons. Layer VI is also further subdivided into two sublayers, Via and VIb. Layer
Via borders layer Vb and consists of small, round neurons which are closely packed.
Layer VIb is located adjacent to the white matter and is characterized by horizontally
oriented perikarya (Peters and Kara, 1985b).
The cytoarchitectonic features of areas 18 and 18a are in general similar to
these of area 17, but some differences have been reported (Krieg, 1946b; Schober and
Winkelmann, 1975; Peters, 1985). Layers II-IV are thinner in the peristriate areas than
in area 17. In addition, layer I is thicker in area 18, while area 18a contains a smaller
number of large pyramidal cells in layer V.
Electrophysiological studies have suggested that the part of the rat occipital
cortex that is visually responsive comprises a number of retinotopically organized areas
(Montero et al., 1973; Espinoza and Thomas, 1983). The rostral and caudal portions of
the primary visual area correspond to the inferior and superior visual fields, whilst the
medial and lateral portions correspond to the temporal and nasal visual fields. This area
is larger than area 17 defined by the anatomical criteria of Krieg (1946a), but
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corresponds well to area 17 as defined by more recent cytoarchitectonic studies
(Schober and Winkelmann, 1975; Zilles and Wree, 1985). Finally, in the secondary
visual areas six representations of the visual field have been described (Montero et al.,
1973; Espinosa and Thomas, 1983).

1.2.

Neuron types

The morphology and organization of neurons in the mammalian cerebral cortex
has been extensively investigated since the end of last century. Ramon y Cajal and,
subsequently, Lorente de No were the first to undertake exhaustive studies of cortical
neuronal organization employing principally the Golgi method (Ramon y Cajal, 1899,
1911, 1921; Lorente de No, 1949). This method, which has been widely used since
Cajal’s time, results in staining of a small number of individual neurons in their
entirety. Golgi studies over the years have suggested a number of schemes for the
classification of cortical neurons (Ramon y Cajal, 1911; Lorente de No, 1922; O’Leary,
1941; Lund, 1973; Szentagothai 1973; Jones, 1975a; Valverde, 1986; Pamavelas et al.,
1977a; Feldman and Peters, 1978). All these studies agreed that cortical neurons may
be classified into two broad groups: pyramidal and nonpyramidal.

1.2.1. Pyramidal neurons
Pyramidal neurons have been estimated to comprise two-thirds to three-quarters
of the total number of neurons in the rat visual cortex (Pamavelas et al., 1977a; Rockel
et al., 1980; Winfield et al., 1980). They are situated in cortical layers II-VI. Their
axons project away from the cortical layer which contains the cell body and descend
into the white matter. They are, therefore, regarded as the projection neurons of the
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cortex.
The morphological features of pyramidal cells in the rat visual cortex have been
studied in detail at the light microscopic level by a number of investigators (Pamavelas
et al., 1977a; Peters, 1985; Peters and Kara, 1985a). These neurons display a variety
of perikaryal shapes with the triangular form being the most conspicuous. A typical
pyramidal cell possesses a thick ascending dendrite, the apical dendrite, which emanates
from the apex of the soma and is directed towards the pial surface of the cortex. Apical
dendrites often give off oblique and horizontal branches at the border of layers I and
II forming subpial tufts. Two or more primary dendrites arise from the base of the cell
body and show oblique or horizontal orientations. These are the basal dendrites which,
together with their branches, form the basal dendritic field. The dendrites of all
pyramidal neurons bear numerous spines and their axons, which may arise from the
base of the cell body or occasionally from the proximal part of one of the basal
dendrites, descend into the white matter giving off a number of collaterals.
Neurons displaying all the typical features of pyramidal cells are present
primarily in the lower portion of layers II-III and in layer V. Cortical cells that are
considered to be of the pyramidal type but do not exhibit all the typical features have
also been described. For example, neurons in the superficial part of layers II-III lack
or have short apical dendrites. They display round or ovoid cell bodies that give rise
to two or three ascending dendrites which are obliquely oriented and branch close to
the perikarya (Peters and Kara, 1985a). These neurons have been referred to as
"modified superficial pyramids" by O’Leary (1941). Some pyramidal cells in layer IV
are small, with round perikarya giving rise to primary dendrites that radiate from the
somata (Peters and Kara, 1985a). These neurons resemble the star pyramids described
by Lorente de No (1949). Another group of atypical pyramidal neurons are the so-
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called pyramid-like cells. These are located in layers V and VI and display round or
spindle-shaped somata. Their apical dendrites are obliquely oriented or directed towards
the pial surface at an angle (Pamavelas et al., 1977a). Inverted pyramidal cells are also
located in layers V and VI. They possess typical pyramidal features, except that the
pyramid appears inverted, with the apical dendrite directed towards the white matter
(Pamavelas et al., 1977a; Peters and Kara, 1985a).
The combination of Golgi methods with electron microscopy has enabled
investigators to study the cytological as well as synaptic features of pyramidal neurons
in the visual cortex of the rat (Pamavelas et al., 1977b; Peters and Kara, 1985a).
Pyramidal cells in different layers display a diversity of shapes and perikaryal sizes.
These differences are accompanied by a variation in ultrastractural features such as the
shape of their nucleus, the volume of the perinuclear cytoplasm and the organization
of cytoplasmic organelles. One consistent feature of pyramidal cells is that their nucleus
appears electron lucent with fairly evenly dispersed heterochromatin. Medium-sized
pyramidal cells in layers Il-m tend to have round nuclei surrounded by a moderate
amount of perinuclear cytoplasm which contains cistemae of rough endoplasmic
reticulum, often organized in stacks. Small pyramids in layers IV and Via possess
irregular nuclei surrounded by a thin rim of cytoplasm, which contains loosely packed
organelles. On the contrary, large pyramidal neurons in layer V, the so-called Meynert
cells, often show a deeply infolded nucleus and a voluminous cytoplasm which is rich
in organelles (Pamavelas et al., 1977b; Peters and Kara, 1985a).
All pyramidal neurons receive exclusively symmetrical (Gray’s type II) synapses
on their somata (Pamavelas et al., 1977b; Peters and Kara, 1985a). These synaptic
contacts are formed by axon terminals which contain pleomorphic synaptic vesicles.
Symmetrical synaptic contacts have also been observed on the dendritic shafts of
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pyramidal neurons, but these are relatively few in number and confined mainly to the
proximal parts of the denrites. However, the vast majority of synapses received by
pyramidal cells are asymmetrical (Gray’s type I) and are located on the distal parts of
dendritic shafts or, more commonly, on spines. These synapses are formed by axon
terminals which typically contain spherical synaptic vesicles. The axons of pyramidal
neurons may be either myelinated or unmyelinated (Peters, 1981). Within the visual
cortex, their collaterals form exclusivelly asymmetrical synaptic contacts with dendritic
spines or shafts of unknown origin (Pamavelas et al., 1977b; Peters, 1985).

1.2.2. Nonpyramidal neurons
Nonpyramidal neurons are the cortical cells which do not possess the features
of pyramidal neurons. In the visual as well as in other cortical areas, they comprise
a heteromorphic cell population displaying a variety of perikaryal and dendritic
morphologies. A consistent feature of all nonpyramidal neurons is that their axons are
confined to the cortical grey matter. They are, therefore, regarded as the local circuit
neurons of the cortex. It has been estimated that they account for 15-30% of the total
neuronal population of the visual cortex (Pamavelas et al., 1977a; Peters and Kara,
1985b).
Nonpyramidal cells have been classified into three groups on the basis of
dendritic morphology: multipolar, bitufted and bipolar (Feldman and Peters, 1978).
Multipolar cells comprise the majority (about 60%) of the nonpyramidal neurons in
the rat visual cortex. They are distibuted throughout the cortical layers and display
round, ovoid, or polygonal perikaryal shapes. Their dendrites, which may be spinous,
sparsely spinous or spine free, arise from random sites on the cell body and extend
in any direction. The majority of multipolar cells display a stellate morphology with
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dendrites radiating in all directions. The axons of multipolar cells may arise from any
point of the perikaryon or from the proximal part of one of the dendrites, and typically
ramify close to the soma to form an elaborate network; some show a diverse
distribution throughout a number of cortical layers.
Bitufted neurons are present primarily in layers IV and V. They possess
elongated perikarya which are oriented vertically. One or more dendrites arise from
each pole of the soma and branch extensively near the cell body forming superficial
and deep dendritic tufts. These dendrites may be sparsely-spinous or spine-free. The
axon of these cells arises from the soma or the proximal part of one of the dendrites
and may be directed either towards the pial surface or the white matter. A
subpopulation of multipolar and bitufted neurons is termed chandelier cells. Their axon
arises from either the lower portion ofthe perikaryon or from one of the primary
dendrites. On its descending course it gives off collaterals that terminate in vertical
arrays of boutons which resemble candles in a chandelier (Peters et al., 1982). These
cells are present primarily in layers II-III, and appear more prevalent at the borders
between area 17 and areas 18 and 18a.
Bipolar neurons are present predominantly in layers II-IV. Their cell bodies are
elongated, with their long axes oriented vertically. One or two spine-free or sparsely
spinous dendrites emanate from each of the poles of the perikaryon and extend for a
considerable distance. The ascending dendrite usually branches near the borders between
layers I and II to form a subpial tuft while the descending dendrites give off oblique
or horizontal branches.
Other types of nonpyramidal neurons have also been observed, and these are
unique to layer I. They include the Cajal-Retzius cells, horizontal cells, vertical cells,
and cells without axons (Bradford et al., 1977). Cajal-Retzius cells are only present
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in embryonic and early postnatal life and subsequendy degenerate (Luskin and Shatz,
1985), but some undergo morphological transformation and appear as typical
nonpyramidal neurons of layer I (Edmunds and Pamavelas, 1982). Horizontal cells, as
their name suggests, exhibit horizontally oriented perikarya. Their primary dendrites
emanate from the opposite poles of the soma and are spinous or sparsely-spinous.
Vertical cells are located in the superficial part of layer I. They possess a thick primary
dendrite that descends towards layer n, and one or two short, horizontally oriented
dendrites. A small number of cells without a distinctive axon have also been described
in this layer.
The combination of the Golgi method with electron microscopy has been used
by a number of authors to examine the ultrastractural features of nonpyramidal neurons
(Pamavelas et al., 1977b; Peters and Fairen, 1978). A typical feature of these cells is
that their nuclei appear more electron dense than those of pyramidal cells and display
a relatively uneven distribution of heterochromatin. Their nuclear envelopes invariably
appear invaginated. The amount of perinuclear cytoplasm varies according to the size
of the neuron. Multipolar and bitufted neurons appear to have very similar
ultrastractural features. Bipolar neurons have elongated nuclei, which often appear
deeply infolded and occupy most of the cell body. The cytoplasm is concentrated
mainly at the poles of the perikaryon and contains loosely packed organelles.
Nonpyramidal neurons receive both symmetrical and asymmetrical synaptic
contacts on their perikarya and dendrites, with the latter being more frequent
(Pamavelas et al., 1977b; Peters and Fairen, 1978; Peters and Kara, 1985b). The axons
of nonpyramidal neurons may be myelinated or unmyelinated and form symmetrical
synaptic contacts with pyramidal and nonpyramidal neurons in the cortex (Pamavelas
et al., 1977b; Peters and Fairen, 1978; Peters, 1981).

1.3.

Connections

1.3.1. Afferent connections
The afferent connections of the rat visual cortex may be grouped into subcortial
and corticocortical afferents. The subcortical afferents originate mainly in the thalamus
but also in the basal forebrain as well as in the midbrain and brainstem. The
corticocortical afferents consist of callosal and ipsilateral connections.

(i) Thalamic afferents
Thalamocortical afferents can be distinguished into specific and non-specific
(Lorente de No, 1949). The former carry specific information to the cortex from the
sensory relay nuclei; they terminate primarily in layers IV and in deep layer HI. The
latter convey non-specific information to the cortex and originate mainly in the
intralaminar thalamic nuclei (Jones, 1981), but also in some specific thalamic nuclei
(Nauta and Whitlock, 1954; Herkenham, 1980; Pamavelas et al., 1981). These fibres
give rise to collaterals diffusely distributed throughout the cortical layers before
terminating in layer I.
A number of techniques have been employed for the study of the thalamocortical
projections, and attention has been focused on the specific projection from the dorsal
lateral geniculate nucleus (dLGN) to the visual cortex. Experiments in which lesions
placed in the visual cortex resulted in retrograde degeneration of thalamic neurons,
demonstrated a sole projection from the dLGN to ipsilateral area 17 (Clark, 1933;
Lashley, 1934, 1941; Waller, 1934). More recent studies, using orthograde degeneration,
autoradiographic or horseradish peroxidase (HRP) tracing techniques demonstrated that
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afferents from the dLGN also terminate in area 18a. The primary sites of termination
within area 17 are located in layer IV and the lower part of layer

in,

while a few

fibres terminate in the superficial portion of layer I as well as in layer VI (Ribak and
Peters, 1975; Peters and Feldman, 1976; Hughes, 1977; Schober and Winkelmann,
1977). The geniculocortical axons form type I synaptic contacts with various neuronal
elements. These include the proximal dendritic shafts and spines of basal dendrites of
pyramidal neurons in layers El and IV, the spines of apical dendrites of layer V
pyramidal neurons as well as the spines, dendritic shafts and perikarya of sparselyspinous and spine-free nonpyramidal neurons contained mainly in lower layer III and
in layer IV (Peters and Feldman, 1976; Peters and Saldanha, 1976; Peters et al., 1976,
1979; Schober and Winkelmann, 1977; Peters and Kimerer, 1981).
Other thalamic nuclei also project to the visual cortex. The lateral posterior
nucleus projects sparsely to layers I and Va of area 17, and more densely to layers I
and IV of areas 18 and 18a (Hughes, 1977; Olavarria, 1979; Coleman and Clerici,
1980; Pamavelas et al., 1981). The posterior complex of the thalamus and the
ventromedial nucleus send projections to layer I of area 17 (Herkenham, 1980;
Pamavelas et al., 1981). Finally, the ventral anterolateral nucleus projects to layers I
and VI of the primary visual cortex, whilst fibres originating in the central medial
nucleus terminate mainly to layer VI of the same cortical area (Herkenham, 1980).

(ii) Other subcortical afferents
The visual cortex also receives projections from various other subcortical areas.
A major source of cortical input is provided by the magnocellular nuclei in the basal
forebrain (Divac, 1975; Lehmann et al., 1980; Wenk et al., 1980; Henderson, 1981;
Johnston et al., 1981). These projections are topographically organized (Carey and

20

Rieck, 1987). Thus, neurons in the rostral part of the basal forebrain, which includes
the diagonal band of Broca and the lateral preoptic nucleus, project chiefly to area 18
and the medial portion of area 17. Neurons in the caudal portion of the basal forebrain,
including the nucleus basalis and the substantia innominata, send fibres primarily to
area 18a and to the lateral portion of area 17. The locus coeruleus in the pons provides
another source of afferents to the ipsilateral visual cortex (Ungerstedt, 1971; Lindvall
and Bjorklund, 1974; Jones and Moore, 1977; Waterhouse et al., 1983), and so do the
raphe nuclei of the midbrain (Azmitia and Segal, 1978; Parent et al., 1981; Waterhouse
et al., 1986). A minor projection to the visual cortex arises from the ventral tegmental
area of the midbrain (Swanson, 1982), and there is evidence to suggest that the
tuberomammillary nucleus in the caudal hypothalamus also projects to this cortical area
(Vincent et al., 1983; Kohler et al., 1985).

(iii) Corticocortical afferents
A number of investigators have studied the organization of callosal connections
in the rat visual cortex using degeneration, autoradiographic and horseradish peroxidase
tracing methods (Nauta and Bucher, 1954; Jacobson, 1970; Ribak, 1977; Cipolloni and
Peters, 1979; Cusick and Lund, 1981; Miller and Vogt, 1984a; Olavarria and Sluyters,
1984). They reported that the cells that give rise to callosal afferents are distributed in
layers II-VI of the visual cortex, with a higher concentration in layers II-III and V
(Jacobson and Trojanowski, 1974; Glickstein and Whitteridge, 1976). These cells send
fibres that terminate sparsely within contralateral area 17, with the majority terminating
near the borders between area 17 and areas 18 and 18a. The termination sites of the
callosal projections form two horizontal laminae: one extending from layer I to layer
IV, the other comprising layers V and VI. It has been suggested that this connection

21

system is reciprocal, such that cells in the supragranular layers of the visual cortex
project to the superficial layers of the contralateral cortex, whilst cells in the
infragranular layers project to the deeper contralateral layers (Jacobson, 1970, 1971;
Jacobson and Trojanowski, 1974; Ribak, 1977; Miller and Vogt, 1984a). The callosal
connections may be homotopic or heterotopic, with the former being more dense (Miller
and Vogt, 1984a). Homotopic afferents originate from neurons in layers U-V and
terminate in layers U-V of the contralateral hemisphere. Heterotopic afferents arise
mainly from neurons in layer V and terminate in the supragranular layers of the
contralateral cortex.
The primary visual cortex of the rat is reciprocally connected with the peristriate
areas (Montero et al., 1973; Olavarria and Montero, 1981; Miller and Vogt, 1984b). In
addition, the peristriate areas 18 and 18a are reciprocally connected with one another
(Ribak, 1977; Miller and Vogt, 1984b). Most of these connections arise from neurons
in layers II-III and V, and terminate in layers

I-in and

V. Finally, area 17 as well as

the peristriate areas have direct connections with sensory, motor and association cortices
(Miller and Vogt, 1984b).

1.3.2. Efferent connections
The visual cortex gives rise to corticofugal fibres that have a wide distribution
in the brain. Target areas include the dLGN, the ventral lateral geniculate nucleus
(vLGN), the lateral posterior nucleus, the thalamic reticular nucleus, the zona inserta,
the superior colliculus (SC), the pretectal area, the nucleus of the optic tract, the
pontine nuclei, and the striatum (Nauta and Bucher, 1954; Webster, 1961; Lund, 1966;
Gosavi and Dubey, 1972; Lieberman and Webster, 1974; Ribak, 1977; Mihailoff et
al., 1981; Ohara and Lieberman, 1981; Schober, 1981; Sefton et al, 1981). The

technique of retrograde labelling with HRP has been used to demonstrate the cells in
the visual cortex that are the sources of the efferent projections. Such studies have
shown that pyramidal cells of layer VI project to the dLGN and the thalamic reticular
nucleus (Jacobson and Trojanowski, 1975; Sefton et al., 1981), while pyramidal cells
in layer V project to the SC, the pons and the vLGN (Mihailoff et al., 1981; Sefton
et al., 1981).

1.4.

Development

1.4.1. Neurogenesis
During the early stages of brain development, the immature neocortex consists
of a pseudostratified columnar epithelium that surrounds the lateral ventricle. This has
been termed the "ventricular zone" (Boulder Committee, 1970). The cells of the
ventricular zone are the progenitors of the neuronal and glial populations of the adult
cortex. Earlier immunohistochemical studies on the monkey developing cortex have
demonstrated the presence of both glial fibrillary acidic protein (GFAP)-positive and
GFAP-negative cells in the ventricular zone (Levitt et al., 1981). This suggests that both
neuronal and glial cell lines exist in the ventricular zone during neurogenesis. Direct
support for this notion is derived from analyses of cell lineage in the cerebral cortex
with the recently developed technique of recombinant retrovirus (Luskin et al., 1988;
Price and Thurlow, 1988). These studies have also proposed that a single neuronal
progenitor can give rise to both pyramidal and nonpyramidal neurons. The most recent
evidence for the early existence of different cell populations in the ventricular zone has
been provided by [3H] thymidine labelling studies which demonstrated four types of
stem cells in this zone; the earlier generated ones are segregated in vertical columns,
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whereas the later populations are organized in two horizontal bands (Altman and Bayer,
1990). The different bands or columns correspond to alternate fast and slow cycling
stem cell populations, but the question whether these represent neuronal and glial
progenitors or different types of neuronal progenitors, has not as yet been resolved.
During neurogenesis, cells in the ventricular zone proliferate giving rise to
daughter cells; hence this region has also been termed the proliferative zone. The
continuous cell division that occurs in the ventricular zone results in the formation of
a second proliferative zone that lies superficially and contains loosely packed and
randomly oriented cells. This has been termed the subventricular zone. Autoradiographic
studies have marked neuronal birthdays, that is the day on which their progenitors
undergo their final division. In the rat, cortical neurons are bom during the final week
of gestation, i.e., between days 14 and 21 (Berry and Rogers, 1965; Valverde et al.,
1989; Bayer and Altman, 1990). The so-called "marginal zone" (Boulder Committee,
1970), which is destined to become layer I in the adult, is the next embryonic layer to
be formed, and this lies superficially to the ventricular zone. It was initially thought to
be a cell sparse zone (Boulder Committee, 1970). However, more recent studies in the
cat (Marin-Padilla, 1971) and rat (Rickmann et al., 1977; Raedler and Raedler, 1978)
have shown that this layer contains a number of neurons. When neurons in the
ventricular zone become postmitotic, they migrate out of this zone and stop at the
region below the marginal zone to form the cortical plate (Boulder Committe, 1970).
The cortical plate comprises the presumptive layers II-VI. On their way to the cortical
plate, postmitotic neurons form the intermediate zone (Boulder Committe, 1970). This
zone is invaded by cortical afferents and efferent fibres that arise from immature
cortical neurons, and will become the white matter in the adult. Between the cortical
plate and the intermediate zone lies the subplate, which will give rise to layer VIb in
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the adult rat cortex. It also contributes a cell population to the white matter (Valverde
et al., 1989).
Angevine and Sidman (1961), using the technique of autoradiography, were the
first to propose that in the mouse the cortical layers are formed in an "inside-out"
pattern. According to this, the earliest bom neurons reside at the deeper layers of the
cortex, whilst neurons generated at later stages occupy more superficial layers, having
migrated through the deeper layers to reach their final destination. This concept was
later confirmed in the rat by Berry and Rogers (1965), and appears to be a common
feature of mammalian cortical development (Shimada and Langman, 1970; Rakic, 1974;
Jackson et al., 1984; Luskin and Shatz, 1985). This initial scheme was subsequently
modified when the results of birthdating studies showed that when [3H]-thymidine is
administered during the beginning of neurogenesis, heavily labelled cells in the adult
are found not only within layer VIb or the white matter, but also in layer I (Raedler
and Raedler, 1978; Shoukimas and Hinds, 1978; Kostovic and Rakic, 1980; Caviness,
1982; Luskin and Shatz, 1985). This suggests that cortical cells of layer I are co
generated with cells in the subplate. Marin-Padilla (1971, 1978) described the earliestborn neurons in the cat cerebral cortex

found in the marginal zone or

primordial plexiform layer. He proposed that the cortical plate, formed by neurons bom
at later stages, splits the primordial plexiform layer into a superficial (the presumptive
layer I) and a deep or subplate zone. These early-born neurons are a transient
population of cells (Luskin and Shatz, 1985), and results from immunohistochemical
studies indicate that they express neuron-specific antigens and peptides (Chun et al.,
1987). In a very recent autoradiographic study in the rat, it was demonstrated that the
Cajal-Retzius cells are generated on embryonic day 14 (E14), whilst the presumptive
layer VIb neurons are bom on E14 and E15 (Bayer and Altman, 1990). It was thus
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hypothesized that the primordial plexiform layer develops in an "outside-in" sequence.
It was originally thought that the "inside-out" scheme of neurogenesis applied
only to the development of the pyramidal neurons (Jacobson, 1975). The nonpyramidal
neurons were thought to be bom after the pyramidal cell generation. However, more
recent

studies

in

which

autoradiography

was

used

in

combination

with

immunohistochemistry provided evidence for the co-generation of pyramidal and
nonpyramidal cortical neurons, and suggested that the local circuit neurons also follow
to some extent an "inside-out" pattern (Miller, 1985, 1986b; Cavanagh and Pamavelas,
1988; Peduzzi, 1988).

1.4.2. Migration
When a neuroblast in the ventricular zone completes its final division, it
migrates away from that zone and into the cortical plate. In the rat, migration of
cortical neurons begins around E14 and is completed by postnatal day (P) 6 (Berry
and Rogers, 1965; Hicks and D’Amato, 1968). Various hypotheses have appeared in
the literature concerning the mode of migration of young neurons to their final
destinations. The earliest were based on observations of Golgi material (Berry and
Rogers, 1965; Morest, 1970) which later proved to be incorrect. In more recent
investigations on the developing monkey cortex, the theory that has been put forward
suggests that neurons migrate towards the superficial layers in a radial fashion, using
radial glial fibres as guides (Rakic, 1971, 1972). Evidence for this notion was provided
by studies in which radial glial cells were observed to be present from the onset of
neurogenesis up until the completion of neuronal migration, and in close apposition
with migrating neurons (Levitt and Rakic, 1980). Migrating neurons have a bipolar
shape with a leading process directed towards the pial surface and a trailing process
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emerging from the opposite pole (Rakic, 1972; Peters and Feldman, 1973; Shoukimas
and Hinds, 1978). Consonant with Rakic’s hypothesis are the results of some cell
lineage studies which suggest that, in the mouse, clonally related neurons migrate in
a radial mode to reach the cortical plate (Luskin et al., 1988). It has been suggested
that cells retain their radial arrangement in the adult cortex (Luskin et al., 1988; Rakic,
1988). However, other authors who used a similar technique have concluded that
clonaly related neurons do not follow a radial migration path (Price and Thurlow, 1988;
Walsh and Cepko, 1988). These contradictory results may only reflect differences in
interpretation.

1.4.3. Differentiation
As was mentioned earlier, as soon as a neuron is generated it begins to migrate
away from the proliferative zone to a position in the cortex. It then develops its
morphological, chemical, and functional features. The morphological features that it
develops and the axonal connections that it forms are for most neurons characteristic
for the cortical layer in which they reside. The timing of the commitment of a
neuroblast to its laminar position has been the subject of investigation (see McConnell,
1988). There is evidence to suggest that this commitment occurs prior to migration,
at the time of a cell’s final division in the proliferative zone (Caviness, 1982; Jones
et al., 1982; Jensen and Killackey, 1984; Me Connell, 1989). Recent studies, in which
heterochronic transplantation of neuroblasts was performed, proposed that the laminar
fate of a neuron specifies the range of connections that the neuron will form (Me
Connell, 1989). For example, neurons in layers II-III will only form corticocortical
connections, whilst neurons in the infragranular layers are destined to form
corticocortical and subcortical connections. It has been shown that at early
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developmental stages, cortical neurons form exuberant projections that are subsequently
restricted by selective collateral elimination. These projections may be corticocortical
(Ivy et al., 1979; Innocenti, 1981; O’Leary et al., 1981; Price and Blakemore, 1985;
Innocenti et al., 1986), or subcortical (Stanfield et al., 1982; Stanfield and O’Leary,
1985). Experiments which involved heterotopic cortical transplantation have indicated
that positional factors determine the selection of the appropriate connections that a
neuron will eventually form (Stanfield and O’Leary, 1985; O’Leary and Stanfield,
1989).
Golgi studies in the developing rat cerebral cortex have proposed that neurons
extend their axons after they have stopped their migration (Berry and Rogers, 1965).
In a more recent study, this was confirmed regarding the axogenesis and synaptogenesis
of local circuit neurons (Miller, 1986b). In contrast, other authors have shown that
cortical projection neurons extend their axons and axon collaterals during their
migration period (Schreyer and Jones, 1982; Valentino and Jones, 1982).
In what seems to be a general rule for the development of cortical neurons, the
"inside-out11 concept appears to apply also to the process of differentiation of pyramidal
and nonpyramidal cells. Thus, at birth neurons residing in the presumptive layers V and
VI are already beginning to differentiate, while later-born cells are still migrating past
them towards more superficial positions in the cortical plate. The Cajal-Retzius cells
do not follow the "inside-out" pattern of differentiation as they are among the first
neurons to differentiate (Edmunds and Pamavelas, 1982). By the end of the first
postnatal week, neurons in the supragranular layers have also begun their maturation
process and the cortex displays its typical lamination (Pamavelas et al., 1978). During
this stage, cortical cells grow in size and begin to develop their dendritic patterns. Cell
bodies are initially oval in shape and often display irregular enlargements. Growth
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cones appear along dendritic shafts or at the tips of dendrites (Miller and Peters, 1981;
Miller, 1988). Pyramidal neurons are present throughout the cortical layers, but those
in the infragranular layers display a higher degree of differentiation. The apical dendrite
is identifiable from very early on, as it derives from the leading process of the
migrating neuron (Peters and Feldman, 1973; Miller, 1981). The basal dendritic skirt
also begins to form, and on P4 spines first appear on dendrites. Spine density increases
significantly towards the end of this week (Miller, 1981). Nonpyramidal neurons are
present mainly in the infragranular layers (Pamavelas et al., 1978; Miller, 1986a). They
display thin beaded dendrites and short axons.
During the second postnatal week there is a marked increase in perikaryal size
of all neurons, which was observed to be more pronounced in cells of the infragranular
layers (Miller, 1981). While growth cones gradually disappear, dendrites and axons
increase in length and thickness, and form more elaborate branches. By the end of this
week, pyramidal cells reach a maximum in production of primary basal dendrites
(Miller, 1981). The density of spines increases towards the end of the second postnatal
week in both pyramidal (Miller, 1981) and spiny nonpyramidal neurons (Pamavelas et
al., 1978). During the third postnatal week, there is an increase in maturation of both
pyramidal and nonpyramidal neurons, and by the end of this week all cortical neurons
attain the features that characterize them in the adult (Pamavelas et al. 1978; Miller,
1981, 1986a).
The ultrastructural maturation of pyramidal and nonpyramidal neurons in the rat
visual cortex has been examined in a number of electron microscopic studies
(Pamavelas and Lieberman, 1979; Miller, 1986a; Miller and Peters, 1981). During the
first days of postnatal life, the developing cortex consists of tightly packed immature
cells. These include neurons and glia. At this stage, all neurons display round or
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elongated perikarya with a thin rim of cytoplasm that contains few, loosely packed
organelles. Their nuclei display granular chromatin which is evenly dispersed in the
centre but appears concentrated in clumps at the periphery. In the latter part of the
first postnatal week, neurons present in the deeper cortical layers show a greater degree
of differentiation than cells in the supragranular layers. Pyramidal cells are identifiable
by their relatively large somata that give rise to thick apical dendrites. They display a
voluminous cytoplasm that contains ribosomes, rough endoplasmic reticulum,
mitochondria and Golgi apparatus. Their nucleus often contains one or more prominent
nucleoli. They receive exclusively type II axosomatic synapses, which can first be
detected on P3, and increase in numbers by the end of the first postnatal week (Miller
and Peters, 1981). In general, large pyramids, such as those found in layer V, show
more mature features than smaller pyramidal cells. Nonpyramidal neurons early in
development appear less differentiated than pyramidal cells. They display a deeply
invaginated nucleus, often eccentrically situated, that appears darker than that of
pyramidal cells. These neurons can be clearly recognized by their type I axosomatic
synapses, which first appear on day 5 (Miller, 1988).
During the second postnatal week, cortical neurons show a considerably higher
degree of maturity. Their cytoplasm increases in volume and contains extensive arrays
of endoplasmic reticulum, numerous mitochondria, filaments and microtubules, and a
well defined Golgi apparatus. By the end of this week, there are no apparent
differences in the degree of maturity between neurons in deep and superficial layers.
It should be noted that at this stage, the neuropil increases significantly partly due to
the lengthening and thickening of the dendrites. During the third postnatal week both
pyramidal and nonpyramidal cells attain mature ultrastructural features. At this stage,
many nonpyramidal neurons appear to go through a period of hypertrophy, acquiring
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a very rich complement of cytoplasmic organelles. By the end of this week all cortical
cells appear to have the adult complement of axosomatic synapses. Finally, in the
fourth postnatal week all cortical neurons display cytological and synaptic features
characteristic of their adult counterparts.
Synaptogenesis in the rat cerebral cortex begins on day 16 of gestation (Konig
et al., 1975; Wolff, 1978). By birth, synapses are present in layer I, and in the
presumptive layers V and VI, with the majority being of type I (Blue and Pamavelas,
1983a,b). At this stage, synaptic contacts are immature in appearance, displaying poorly
defined pre- and postsynaptic specializations and few vesicles in their presynaptic
elements. By the end of the first postnatal week, there is a marked increase in the
frequency of both type I and type II synapses which are distributed throughout the
cortex with a preponderance in layers I, IV and V (Blue and Pamavelas, 1983b ).
Presynaptic elements in the type I contacts include the axon collaterals of pyramidal
neurons (Pamavelas et al., 1977b), callosal fibres (Miller and Vogt, 1984c), thalamic
afferents (Lund and Mustari,

1977; Wise and Jones,

1978; Pamavelas and

Chatzissavidou, 1981) and noradrenergic afferent fibres originating in the locus
coeruleus (Molliver and Kristt, 1975; Kristt, 1979). Sources of type II synaptic contacts
are the axons of nonpyramidal cells (Peters and Fairen, 1978; Ribak, 1978; Somogyi
et al., 1981). Type I synapses increase in frequency during the subsequent weeks and
achieve the adult pattern of distribution by the beginning of the fourth postnatal week.
Type II synapses, on the other hand, increase in frequency significantly during the
second and third postnatal weeks before they decline between P20 and P90 (Blue and
Pamavelas, 1983b).
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1.5.

Neurotransmitters

A variety of neurotransmitters have been localized with neurochemical,
histochemical and immunohistochemical methods in cortical neurons as well as in
cortical afferent and efferent systems. They include monoamines, amino acids,
acetylcholine, and a number of neuropeptides.

1.5.1. Monoamines

(i) Noradrenaline (NA)
The noradrenergic input to the cerebral cortex originates from a small group of
neurons located in the ipsilateral locus coeruleus (Jones and Moore, 1977; Lindvall
and Bjorklund, 1984; Moore and Card, 1984). The NA fibres enter the cortex through
its rostral part and arborize extensively along their course towards the caudal regions
(Molliver et al., 1982). Measurements of NA levels in the rat visual cortex, using highpressure liquid chromatography, have shown that layer I contains the highest, whereas
layer V contains the lowest concentrations of the monoamine (Pamavelas et al., 1985).
The density and orientation of noradrenergic fibres in different layers of the neocortex
have been examined with the use of glyoxilic acid histochemistry (Levitt and Moore,
1978),

immunofluorescence

(Morrison

et

al.,

1978)

and,

more

recently,

immunocytochemistry (Papadopoulos et al., 1989a). These studies have shown that in
layer VI, NA axons have a horizontal course, in layers IV and V they are obliquely
oriented, and in layers n-HI they follow a radial trajectory. Many of these fibres
continue their course into layer I where they arborize extensively. Electron microscopic
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immunocytochemical studies in the rat visual cortex have demonstrated that NAcontaining axon terminals or axonal varicosities form mainly asymmetrical axodendritic
and axosomatic synaptic contacts (Papadopoulos et al., 1987c, 1989a).
The role of NA in the cerebral cortex has been extensively investigated. The
majority of cortical cells either increase or decrease their spontaneous activity after
iontophoretic application of NA (see Kmjevic, 1974; Van Dongen, 1981 for reviews).
It has been proposed that the noradrenergic system plays a role in controlling neuronal
plasticity in the visual cortex of kittens (Kasamatsu et al., 1984). In addition, NA has
been suggested to influence synaptogenesis in the immature rat visual cortex (Blue
and Pamavelas, 1982; Pamavelas and Blue, 1982).
Noradrenaline axons are first detected in the developing cortex of the rat on day
17 of gestation. At this stage, two NA bundles can be distinguished: one located in
the presumptive layer I and a second in the intermediate zone (Levitt and Moore,
1979; Vemey et al., 1984). They have a horizontal course extending rostrocaudally.
Noradrenergic axons enter the cortical plate by E l8 and innervate the entire cortex by
birth. During the first postnatal week, NA fibres arborize at a fast rate to attain a
mature pattern of distribution by the end of this week. The level of endogenous NA
reaches a transient peak, comparable to that found in the adult cortex, during the first
3 days of postnatal life, before decreasing markedly by day 4. The adult level is not
attained until the end of the second month (Levitt and Moore, 1979).

(ii) Dopamine (DA)
The source of the DA innervation of the cortex is provided by neurons in the
ventral tegmental area of the midbrain. Until recently, the dopaminergic innervation
of the cerebral cortex was thought to be restricted to frontal and limbic areas (see

Lindvall and Bjorklund, 1984 for review). However, biochemical studies had reported
small amounts of DA also in other areas of the rat and cat cortex (Palkovits et al.,
1979; Reader et al., 1979b; Reader,

1981). Subsequent investigations, using

catecholamine histochemistry, tyrosine-hydroxylase immunohistochemistry (Berger et
al., 1985), autoradiography (Descarries et al., 1987) and, more recently, DA
immunocytochemistry (Papadopoulos et al., 1989b), confirmed the biochemical results
by providing direct evidence for a more widespread DA innervation of cortical areas
in the rat, including the visual cortex. In this cortical area, dopaminergic fibres have
been observed to display a differential distribution between area 17 and extrastriate
areas. Areas 17 and 18a are spanfely innervated, exhibiting short axonal segments that
are distributed throughout the thickness of the cortex, but mainly in the infragranular
layers. In contrast, area 18 shows a denser content of DA-containing axons, most of
which are radially oriented often spanning the entire cortical thickness (Papadopoulos
et al., 1989b). Dopaminergic axonal profiles have been demonstrated to form
predominantly type I synaptic contacts with dendritic shafts and spines in the visual
cortex of the rat (Papadopoulos et al., 1989b).
The physiological effects of DA on cortical neurons have been studied by
iontophoretic experiments. Extracellular recordings have shown that DA inhibits
neocortical neurons in the cat (Kmjevic and Phillis, 1963a; Reader, 1978) and rat
(Bunney and Aghajanian, 1976; Reader et al., 1979a), although it has also been shown
to excite a small number of cortical neurons. Intracellular recordings have shown that
DA administration induces a slow depolarization of the cell membrane and decreases
firing rate with little change in input resistance (Bemardi et al., 1982). The role of DA
in cortical function is not as yet clear. It has been suggested that it plays a role in the
control of emotional behaviour, arousal, locomotion and cognitive function (see Iversen,

1984 for review).

It has been suggested that DA axons first arrive at the intermediate zone of the
developing rat cerebral cortex on gestational day 16 (Vemey et al., 1982). They remain
there until birth, when they enter the cortical plate. According to Berger and Vemey
(1984), the dopaminergic innervation of the prefrontal and cingular cortex reaches
maturity by the end of the second and third postnatal weeks respectively. However,
other authors reported that this system is already mature in the prefrontal cortex at the
time of birth (Schmidt et al., 1982).

(iii) Serotonin (5-HT)
The serotonergic innervation of the cerebral cortex arises in the median (MR)
and dorsal (DR) raphe nuclei (Dahlstrom and Fuxe, 1964). It has been shown that
groups of neurons in the DR project to the motor, somatosensory and visual cortex,
while scattered cells in the MR provide additional afferents to the motor portion of
the frontal cortex (Waterhouse et al., 1986). Fibres originating in the DR innervate
primarily ipsilateral cortices, whilst projections of the MR are bilateral (Jacobs et al.,
1978; Waterhouse et al., 1986).
It has been suggested recently that the cerebral cortex receives two
morphologically distinct types of serotonergic afferents. The evidence for this notion
is derived from immunohistochemical (Lidov et al., 1980; Mulligan and Tork, 1988)
and anterograde tracing studies (Kosofsky and Molliver, 1987). These studies have
demonstrated one group of serotonergic axons which are very fine and show small
varicosities, and another consisting of thicker fibres with large varicosities. Consistent
with these observations are the results of a recent immunocytochemical study in the
rat visual cortex (Papadopoulos et al., 1987b).
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The distribution and orientation of serotonergic axons in various cortica areas
of the rat including the visual cortex have been observed to display liminar
heterogeneity (Lidov et al., 1980; Papadopoulos et al., 1987b). In layer I, 5-HT axons
show the highest density and are mainly oriented horizontally. Layers II and ID ©ntain
radially oriented axons, and layers IV and V exibit short axonal segments. In la^er VI,
serotonergic fibres show a relatively high density and are mostly horizontally oiented
(Papadopoulos et al., 1987b). Serotonergic axonal varicosities have been obser/ed to
form both type I or type II synaptic contacts in the rat visual cortex (Papadopoilos et
al., 1987b,c). Postsynaptic elements include dendritic shafts, spines, and apical deidrites
of pyramidal cells.
Serotonin, applied iontophoretically in the cerebral cortex, decreases the
spontaneous activity of most neurons (Reader, 1978), but also evokes exctatory
responses by some cells (see Phillis, 1984 for review). In the rat visual <ortex,
iontophoretically applied 5-HT modulates cortical neuronal responses to visual
stimulation (Waterhouse et al., 1983). In addition, in vitro experiments have ;hown
that 5-HT facilitates the excitatory actions of N-methyl-D-aspartate (NMDA), gluamate
and quisqualate in cortical slices of the cat (Nedergaard et al., 1987). Howev«r, the
functional role of the cortical serotonergic innervation still remains elusive.
The results of immunocytochemical studies have shown that in the rat, 5-HT
afferents reach the developing cortex by gestational day 17 (Lidov and Molliver 1982;
Wallace and Lauder, 1983; Blue and Molliver, 1985). Within the cortical ailage,
serotonergic fibres separate into two bundles: one terminates in the marginal zone,
while the other innervates the presumptive layer VI. The parietal and occipital ctrtices
, do not receive serotonergic input until the end of the first postnatal week.

Pt

this

stage, 5-HT axons branch within layers I and VI. They attain a pattern of distrbution
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similar to that found in the adult during the second postnatal week. However, a more
recent investigation in which immunohistochemical localization of 5-HT was used in
combination with autoradiographic imaging of 5-HT uptake sites, demonstrated the
presence of a transient serotonergic innervation in all primary sensory areas of the rat
cortex. This transient 5-HT innervation consists of dense patches of fibres which are
apparent at birth, but disappear after the third postnatal week. They are then replaced
by a dense axonal network which is uniformly distributed throughout the cortex
(D’Amato et al., 1987).

1.5.2. Acetylcholine (ACh)
The cholinergic innervation of the rat cerebral cortex consists of two
components: an extrinsic component which comprises afferent fibres that originate from
ACh-containing neurons in the basal forebrain nuclei, and an intrinsic source which
is made up of local circuit neurons. Since the early mapping of the cholinergic
pathways by Shute and Lewis (1967), numerous studies have been undertaken to
investigate of the cholinergic projections from the basal forebrain to the cerebral cortex
in a variety of species (Lehmann et al., 1980; Wenk et al., 1980; Henderson, 1981;
Mesulam et al., 1983a,b; Rye et al., 1984; Whale et al., 1984). The visual cortex of the
rat receives cholinergic projections from cells located within the nucleus basalis, the
substantia innominata, and the vertical as well as the horizontal limb of the diagonal
band of Broca. It has been suggested that this projection is topographically organized
(Henderson, 1981; Johnston et al., 1981; Bigl et al., 1982; McKinney et al., 1983;
Mesulam et al., 1983b) and, moreover, distinct subpopulations of neurons in the basal
forebrain project to restricted areas within the visual cortex (Carey and Rieck, 1987).
The use of antibodies against choline acetyltransferase (ChAT), a reliable
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cholinergic marker, in immunohistochemical studies has resulted in the localization of
a population of cholinergic neurons in the rat cerebral cortex (Eckenstein and Thoenen,
1983; Houser et al., 1983a, 1985; Eckenstein et al., 1988). Cortical cholinergic neurons
have not been detected in the cortex of the monkey or ferret (Hedreen et al., 1983;
Mesulam et al., 1984; Henderson, 1987), while few faindy stained cells have been
observed in the visual cortex of the cat (Stichel et al., 1987). The organization of the
cholinergic innervation of the rat visual cortex has been examined in an
immunohistochemical study by Pamavelas et al. (1986). ChAT-immunoreactive perikarya
were observed through layers II-VI, with a preponderance in layers II-ILI. They were
nonpyramidal neurons, the majority being bipolar cells, while a small number of
multipolar cells was also observed. Cholinergic fibres formed a dense network
distributed throughout the cortical layers, showing the highest density in layer V and
the lowest in layers IV and VI. Immunoreactive axon terminals were observed to form
chiefly type II synaptic contacts with dendrites and somata of nonpyramidal neurons.
Cholinergic terminals have also been seen to synapse onto cholinergic cells in the rat
cerebral cortex (Pamavelas et al., 1986).
Acetylcholine has both excitatory and inhibitory effects on cortical neurons
(Kmjevic and Phillis, 1963b,c; Stone, 1972; Sillito and Kemp, 1983; Kelly and
Rogawski, 1985). It has been suggested (Pamavelas et al., 1986) that the excitatory
effect of ACh may be related to the afferents from the basal forebrain, while its
inhibitory action may be attributed to the intrinsic cortical neurons. ACh has been
proposed to play a role in the processing of visual information (Sillito and Kemp,
1983), and in cortical plasticity (Bear and Singer, 1986).
Earlier neurochemical studies, which involved measurements of ChAT activity
in the rat visual cortex, suggested that the cortical cholinergic system develops late in
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postnatal life (Coyle and Yamamura, 1976; Kvale et al., 1983; Fosse et al., 1984b;
McDonald et al., 1987). These results were confirmed and extended by a recent
immunohistochemical study which showed that there are two distinct phases in the
development of the cholinergic innervation of the rat neocortex. The first, a transient
phase, occurs in the late stages of gestation and in the perinatal period. During this
time, ChAT-labelled immature neurons are present throughout the entire primordial
cortex. The second phase begins in the middle of the second postnatal week. At this
stage only a few faintly stained neurons and fibres appear in the cortex. Their numbers
and staining intensity increase gradually until the fifth postnatal week, when labelled
neurons and axonal arbours appear indistinguishable from their adult counterparts (Don
and Pamavelas, 1989).
A great proportion of neurons in the basal forebrain nuclei of the rat have been
demonstrated to contain ChAT during embryonic life (Armstrong et al., 1987;
Dinopoulos et al., 1989). The axons of these cells are present in the visual cortex at
birth, but do not ramify extensively until the beginning of the third postnatal week
(Dinopoulos et al., 1989).

1.5.3. Neuropeptides
A large number of peptides have been localized in the mammalian cerebral
cortex (see Pamavelas and McDonald, 1983 for review). Those which have been
localized unequivocally in rat cortical neurons include somatostatin (SRIF), neuropeptide
Y (NPY), cholecystokinin (CCK), and vasoactive intestinal polypeptide (VIP).

(i) Somatostatin
Somatostatin has been localized in neurons of the mammalian cerebral cortex
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with the use of immunohistochemistry (McDonald et al., 1982a; Hendry et al., 1984a;
Somogyi et al., 1984; Meinecke and Peters, 1986; Papadopoulos et al., 1986;
Pamavelas, 1986). In the rat visual cortex, SRIF-containing neurons are found
throughout layers II-VI, with highest concentrations in layers II-III, and V-VI
(McDonald et al., 1982a; Lin et al., 1986; Meinecke and Peters, 1986). These neurons
are nonpyramidal with the majority being multipolar or bitufted, although a few bipolar
cells have also been observed. They comprise 2-3% of cortical neurons in area 17.
SRIF-immunoreactive neurons show distinct ultrastructural morphology. Their perikarya
contain a voluminous cytoplasm which is rich in organelles, the most prominent feature
being the extensive arrays of granular endoplasmic reticulum. The nuclei of these cells
are ofted deeply invaginated and their axons form symmetrical synapses with dendritic
shafts (Pamavelas, 1986). The role of SRIF in the cerebral cortex remains elusive.
When exogenously applied to the cortex it can evoke excitatory (Olpe et al., 1980;
Delfs and Dichter, 1983) or inhibitory responses (Renaud et al., 1975).
In the rat cerebral cortex, SRIF-containing neurons are generated between days
14 and 21 of gestation, with a peak of production at E15-17 (Cavanagh and Pamavelas,
1988). In the visual cortex of the rat cells that show detectable levels of SRIFimmunoreactivity can first be observed on E17, and are located in the marginal zone
as well as in the lower cortical plate (Eadie et al., 1987). The population of SRIFcontaining neurons in the marginal zone is a transient one and disappears by birth.
During postnatal development, immunoreactive neurons appear progressively in layers

n-VI

in an "inside-out" mode. This has been confirmed in a more recent study in

which autoradiography was used in combination with immunocytochemistry (Cavanagh
and Pamavelas, 1988). This study also showed that after an initial increase, there is a
reduction in numbers of SRIF neurons after the second postnatal week, which is
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consistent with results from other investigations (Ramon y Cajal-Agiieras et al., 1985;
Naus et al., 1988). Morphologically, SRIF-containing neurons become indistinguishable
from their adult counterparts by the end of the third postnatal week (McDonald et al.,
1982a; Eadie et al., 1987).

(ii) Neuropeptide Y
Immunohistochemical studies have reported the presence of NPY in the
mammalian cerebral cortex (Loren et al., 1979a; McDonald et al., 1982d; Dawbam et
al., 1984; Hendry et al., 1984a; Wahle et al., 1986; Van Reeth et al., 1987). The
distribution of NPY-immunoreactive neurons in the visual cortex varies between species
(McDonald et al., 1982d; Hendry et al., 1984a; Wahle et al., 1986; Antonopoulos et al.,
1989). In the rat visual cortex, NPY-immunoreactive neurons comprise 1-2% of cortical
cells, and are distributed in layers II-VI and in the underlying white matter, with a
relatively higher concentration in the infragranular layers. NPY-containing neurons are
nonpyramidal, primarily of the multipolar or bitufted types (McDonald et al., 1982d).
NPY has been shown to co-exist with SRIF in cortical neurons (Chronwall et al., 1984;
Papadopoulos et al., 1987a), hence NPY neurons display similar morphological and
synaptic features with SRIF cells (McDonald et al., 1982d; Pamavelas, 1986). The role
of this peptide in the cerebral cortex is still elusive. It possibly acts as a
neurotransmitter or neuromodulator (see Pamavelas, 1986).
Studies on the development of NPY-immunoreactive neurons in the visual cortex
of the rat have demonstrated that these cells are generated between gestational days
14-20, with a peak at E17 (Cavanagh and Pamavelas, 1990), and begin to produce
detectable levels of the peptide at birth (Eadie et al., 1990). NPY neurons develop in
the cortex in an "inside-out" manner. Thus, during the first postnatal week they are
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localized in layers V and VI, and progressively appear in the supragranular layers
during the second postnatal week (McDonald et al., 1982d; Eadie et al., 1990). Their
maturation is completed by the end of the third postnatal week when they display all
the features characteristic of NPY-immunoreactive neurons in the adult (Pamavelas,
1986; Eadie et al., 1990). A decline in the numbers of NPY-immunoreactive neurons
after the second postnatal week has been reported (Cavanagh and Pamavelas, 1990).
Transient populations of NPY cells have been reported in the developing cortex of the
rat (Foster and Schultzberg, 1984; Woodhams et al., 1985) and cat (Chun et al., 1987;
Wahle and Meyer, 1987).

(iii) Cholecystokinin
Cholecystokinin-immunoreactivity has been detected in the cerebral cortex of
various species (Emson, 1979; Dockray, 1980; Hendry et al., 1983; Peters et al., 1983;
Emson and Hunt, 1984). In the visual cortex of the rat, CCK-immunoreactive neurons
form up to 1% of cells and are localized throughout layers I-VI, showing a higher
frequency in layers

E-in.

They are all nonpyramidal neurons with the majority being

bitufted, especially those in layers E-IE (McDonald et al., 1982c). Multipolar and
bipolar cells have also been observed. The distribution and morphological features of
CCK neurons appear to be similar in different species (see Somogyi et al., 1984;
Pamavelas et al., 1989). Examination of the ultrastructural features of CCKimmunoreactive neurons revealed that these cells display a large invaginated nucleus,
surounded by one to three concentrically organized cistemae of granular endoplasmic
reticulum. Labelled perikarya receive both type I and type E synapses from unlabelled
axon terminals, whilst immunoreactive axon terminals form type E synaptic contacts
(see Pamavelas et al., 1989).
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Iontophoretic application of CCK evokes excitatory responses by neurons in the
cerebral cortex (Phillis and Kirkpatrick, 1980; Kelly, 1982; Chiodo and Bunney, 1983).
The role of CCK in the cortex awaits elucidation. There is accumulating evidence to
support a transmitter role for this peptide (see Pamavelas and McDonald, 1983).
In the rat visual cortex CCK-immunoreactive neurons first appear at birth (Eadie,
1988). At this stage, labelled neurons are very few in number and are confined in the
lower cortical plate. By the end of the first postnatal week they increase in frequency
and size, but do not appear in the supragranular layers until the end of the second
postnatal week. CCK cells acquire adult features during the third postnatal week
(McDonald et al., 1982c; Eadie, 1988). The presence of transient populations of CCK
neurons has been reported in the developing visual cortex of the cat (Meyer and Whale,
1988).

(iv) Vasoactive intestinal polypeptide (VIP)
Immunohistochemical studies have demonstrated the presence of VIP mainly in
bipolar neurons of the cerebral cortex of the rat (Fuxe et al., 1977; Emson et al., 1979;
Loren et al., 1979b; Sims et al., 1980). Of all cortical areas examined, the occipital
cortex has been shown to contain the highest density of VIP cells (Morrison et al.,
1984). In the visual cortex, VIP-immunoreactive neurons are distributed through layers
II-VI, with the majority concentrated in layers II-IQ. They are all nonpyramidal, with
the bipolar type predominating (McDonald et al., 1982b; Connor and Peters, 1984;
Morrison et al., 1984; Pamavelas, 1986). A few multipolar cells were also observed,
mainly in layers II and VI (Pamavelas et al., 1989). VIP cells account for
approximately 3% of the total neuronal population (McDonald et al., 1982b). Studies
of the ultrastmctural features of VIP-immunoreactive cells have shown that they possess
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a large nucleus, surrounded by a thin rim of cytoplasm that contains numerous
mitochondria and few individual cistemae of endoplasmic reticulum (Connor and Peters,
1984; Pamavelas, 1986). Labelled perikarya receive primarily type II synapses, as well
as a small number of type I synapses. VIP axon terminals form type II synapses with
the somata and dendrites of pyramidal and nonpyramidal neurons. VIP has been shown
to coexist with CCK, SRIF (Papadopoulos et al., 1987b), ACh (Eckenstein and
Baughman, 1984), and possibly

g-aminobutyric acid (GABA) (Jones and Hendry,

1986).
lontophoretic application of VIP produces excitatory effects on cortical neurons
(Phillis et al., 1978; Phillis and Kirkpatric, 1980; Kelly, 1982). The precise role of
VIP in the cortex is not clear. There is good evidence that it serves a role as a cortical
neurotransmitter (see Emson and Hunt, 1984). It has been suggested that it may control
cortical blood flow and metabolism (McCulloch and Kelly, 1983; Magistretti and
Morrison, 1988).
In the rat cortex VIP neurons are bom late in neurogenesis, showing a peak in
production at E19 (Cavanagh and Pamavelas, 1989), and do not start to display
detectable levels of immunoreactivity until P4 (McDonald et al., 1982b). Initially they
are present in the infragranular cortical layers, but appear in relatively high numbers
in layers n -m by the end of the first postnatal week (McDonald et al., 1982b). The
numbers of immunoreactive cells increase until the third postnatal week before
decreasing thereafter (Cavanagh and Pamavelas, 1989). VIP neurons continue their
morphological maturation until the end of the fourth postnatal week, when they appear
indistinguishable from adult VIP neurons (McDonald et al., 1982b).
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1.5.4. Excitatory amino acids

(i) Localization
L-glutamate (Glu) and L-aspartate (Asp) arc the major excitatory amino acids
in the mammalian cerebral cortex. The excitatory effects of these amino acids on
cerebral cortical neurons were first demonstrated by Kmjevic and Phillis (1963b), and
later confirmed by others (Hess and Murata, 1974). Since then, a plethora of
biochemical, pharmacological, physiological and anatomical studies have provided a
substantial body of evidence suggesting that these amino acids may be involved in
cortical transmission (see Fagg and Foster, 1983; Ottersen and Storm-Mathisen, 1984a;
Streit, 1984 for reviews). Until recently, the direct demonstration of neurons likely to
use these substances as neurotransmitters has proved very difficult, as Glu and Asp are
key metabolites in the brain being present in all cells. Thus, earlier investigations have
used indirect approaches to demonstrate that Glu and Asp are present within cortical
neurons or in cortical afferent pathways. The techniques employed included
measurements of the endogenous amino acid content, release, and high affinity uptake.
It has been shown that Glu and Asp can be released in the rat visual cortex by calcium
ionophores (Clark and Collins, 1976; Collins, 1977), and that cortical synaptosomes
possess a high affinity, sodium-dependent uptake mechanism for Glu and Asp (Logan
and Snyder, 1972). Lesions of various cortical afferent systems including the
corticopontine, corticocollicular, corticothalamic and corticostriatal pathways, resulted
in decreases in the endogenous level, release, and high-affinity uptake of Glu and Asp
in the respective subcortical targets (McGeer et al., 1977; Lund-Karlsen and Fonnum,
1978; Adams and Wenthold, 1979; Reubi and Cuenod, 1979; Fonnum et al., 1981;
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Thangnipon and Storm-Mathisen, 1981; Young et al., 1981; Thangnipon et al., 1983;
Fosse et al., 1984b; Fosse and Fonnum, 1987). Furthermore, injections of the tritiated
D-forms of Glu and Asp in subcortical and callosal termination sites of cortical
projections resulted in retrograde labelling of pyramidal neurons (Streit, 1980;
Baughman and Gilbert, 1981; Rustioni and Cuenod, 1982; Rustioni et al., 1983; Matute
and Streit, 1985; Barbaresi et al., 1987). Finally, iontophoretic application of specific
amino acid antagonists at termination sites of various corticofugal fibres blocks the
excitation caused in the postsynaptic neurons (Stone, 1973, 1976, 1979; Spencer, 1976;
Hicks and McLennan, 1979; Wheal and Miller, 1980).
The first direct demonstration of cortical neurons that may use excitatory amino
acids as neurotransmitters was achieved since the production of antibodies against Glu
coupled with glutaraldehyde to bovine serum albumin (Storm-Mathisen et al., 1983).
Ottersen and Storm-Mathisen used these antibodies to examine the distribution of
neurons that display Glu-like immunoreactivity in various areas of the rat brain
(Ottersen and Storm-Mathisen, 1984b). They reported that in the cerebral cortex
immunoreactivity is localized in pyramidal, as well as nonpyramidal neurons of all
cortical layers. Since then, efforts in a number of other laboratories have resulted in
the production of antibodies directed against excitatory amino acids conjugated to
protein carriers, which specifically demonstrate Glu and Asp in perfusion-fixed tissue
(Campistron et al., 1986; Madl et al., 1986, 1987; Aoki et al., 1987; Hepler et al.,
1988). Using these antibodies, investigators have provided descriptions of the
morphology and distribution of amino acid-containing neurons in the neocortex of a
variety of mammalian species. The results from these studies are to some extent
conflicting. For example, some authors reported that in the somatosensory cortex of
rats, cats and monkeys Glu-immunoreactivity is localized mainly in pyramidal neurons

distributed in layers II, ID, V, and VI (Conti et al., 1987b, 1989). Others described
Glu-like immunoreactivity chiefly in pyramidal cells of layer

in

of cortical area 18 in

the rat, while labelled cells were not detected in area 18a (Madl et al., 1986). The
presence of Asp-containing neurons, the majority of which are pyramidal cells, has
been shown in various areas of the rat cortex, but again reports on the distribution of
these cells in the neocortex vary between studies (Campistron et al., 1986; Aoki et al.,
1987; Conti et al., 1987a; Madl et al., 1987). Finally, a small population of neurons
(aproximately 10% of those positive for Glu and Asp) in the rat somatosensory cortex
has been suggested to contain both Asp and Glu (Conti et al., 1987a). Yet again,
different results have been reported by workers who have used a more indirect approach
involving the immunohistochemical localization of the metabolic enzymes of Glu and
Asp in the neocortex of the rat, guinea pig, and monkey. Neurons immunoreactive for
glutaminase were pyramidal cells, localized primarily in the infragranular layers
(Donoghue et al., 1985; Kaneko and Mizuno, 1988), whilst neurons displaying aspartate
aminotransferase immunoreactivity were reported to be nonpyramidal in form, localized
in all cortical layers (Donoghue et al., 1985).
Electron microscopic observations in the cat neocortex have revealed that Glu
-immunoreactive axon terminals form exclusively asymmetrical synaptic contacts with
unlabelled dendritic shafts and spines and, more rarely, cell bodies (DeFelipe et al.,
1988; Conti et al., 1989). Finally, synaptic vesicles have been isolated from rat cerebral
cortex and shown to contain high levels of Glu (Burger et al., 1989).

(ii) Receptors
Excitatory amino acid receptors (EAAs) represent the major neurotransmitter
receptor type in the mammalian CNS and mediate the actions of L-glutamate and L-

aspartate. Four distinct EAA receptor systems have been identified (Fagg et al., 1986;
Watkins and Olverman, 1987). Three of these, the NMDA, kainate and quisqualate
receptors are defined by their selective affinity for different agonists. The fourth
receptor type is defined by the antagonist action of L-2-aminophosphonobutyric acid.
The NMDA is the best characterized receptor class, for which various chemically
different compounds have been identified as antagonists (Kemp et al., 1987). It is a
large macromolecular complex with various recognition and regulatory sites. The
structure and function of quisqualate and kainate receptors are still under investigation.
Receptor autoradiographical studies have revealed a wide distribution of EAA
receptors in the brain, with a higher density in the cerebral cortex and hippocampus.
NMDA and quisqualate receptors are more concentrated in the outer layers of the
cortex, whereas kainate receptors are located preferentially in the deep cortical layers
(Cotman et al., 1987; Maragos et al., 1988; also see Greenamyre and Young, 1989).
The visual cortex of the rat exibits a high density of EAA receptors. The NMDA,
kainate and quisqualate receptors display a similar distribution pattern, being
preferentially located in layers I, n, and VI (Monaghan and Cotman, 1982, 1985;
Monaghan et al., 1984a,b; Maragos et al., 1986).

(iii) Function
The role of excitatory amino acid neurotransmitters in brain function has been
the subject of extensive investigation. An abundance of reports have appeared in the
litterature, and a brief review will be given here. Excitatory amino acids and their
receptor actions have been suggested to play an important role in behaviour, learning
and memory, as well as in synaptic plasticity during development and adulthood. They
also seem to be associated with promotion of neuronal survival, growth and
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differentiation (see Fagg, 1985; Cotman and Iversen, 1987; Greenamyre and Young,
1989 for reviews). The corticothalamic pathways have been proposed to control
selectively the gain of the sensory input to thalamic neurons via their action on the
NMDA receptors (Koch, 1987). Long term potentiation in the hippocampus, which is
thought to be involved in memory formation, depends on activation of NMDA receptors
(Harris et al., 1984; Collingridge and Bliss, 1987). NMDA antagonists have been shown
to impair spatial learning in rats (Morris et al., 1986). In the kitten visual cortex,
experience-dependent plasticity, as well as the plasticity of binocular connections can
be disrupted by the administration of NMDA antagonists (Kleinschmidt et al., 1987;
Rauschecker and Hahn, 1987).
The EAA can also act as excitotoxins producing neuronal lesions (Olney et al.,
1971). Neurotoxicity is mediated through NMDA, quisqualate and kainate receptors
by a depolarization mechanism. The neurotoxic action of EAA, as well as their
transmitter role in major pathways, has led to the hypothesis that they may be involved
in the pathogenesis of neurodegenerative diseases. In Alzheimer’s dementia, cortical
pathology seems to include abnormalities in specific populations of the large pyramidal
neurons, their dendritic spines, and their postsynaptic receptors, particularly the NMDA
type. The largest decreases in NMDA receptors are seen in the outer cortical layers and
in the CA1 and CA2 regions of the hippocampus. In addition, the number of plaques
and tangles differs significantly between cortical areas and layers, their distribution
correlating with those regions involved in corticocortical association systems (see
Greenamyre and Young, 1989 for a review). Neurotoxicity has been also suggested to
be involved in hypoxic/ischemic brain damage (Rothman and Olney,

1987),

Huntington’s disease (Coyle and Schwarcz, 1976; McGeer and McGeer, 1976), epilepsy
(Meldrum, 1985), and olivopontocerebelar atrophy (Plaitakis et al., 1982).
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(iv) Development
There have been very few reports concerning the development of excitatory
amino acids in the cerebral cortex. The high affinity uptake of Glu has been measured
in homogenates of rat visual cortex during postnatal development (Kvale et al., 1983).
These studies have shown a continuous increase during the first and second postnatal
weeks reaching an adult level of activity at P I5. Lesions of the rat visual cortex at
various stages of postnatal development result in a dramatic decrease in the uptake of
L-glutamate/D-aspartate in the SC only when these were performed on or after P8
(Fosse et al., 1984a).
Measurements of the synaptosomal high affinity uptake, as well as of the levels
of the endogenous Glu in the rat striatum have suggested that the cortical glutamatergic
innervation of the striatum increases significantly between P10 and P21. The
development of the glutamatergic innervation was found to correlate with the
development of kainate neurotoxicity in the striatum (Campochiaro and Coyle, 1978).
In addition, recent autoradiographic studies have provided evidence for the presence of
a transient glutamatergic innervation of the globus pallidus during postnatal development
of rats and humans (Greenamyre et al., 1987). Although the source of the glutamatergic
innervation was not investigated, the authors suggested that the corticostriatal pathway
may be involved. Finally, the development of NMDA receptors in the cat visual cortex
was examined by means of autoradiography (Bode-Greuel and Singer, 1989).

The

density of receptors increased markedly between the second and fourth postnatal weeks
and decreased thereafter until adulthood.
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1.5.5. Inhibitory amino acids

GABA is the major inhibitory neurotransmitter in the mammalian cerebral cortex
(Curtis and Johnston, 1974; Kmjevic, 1981; Sillito, 1984). Several investigations have
aimed to localize GABA in cortical neurons. These have employed autoradiography for
localizing the high affinity uptake of pHJ-GABA (Chronwall and Wolff, 1978; Emson
and Lindvall, 1979; Hendry and Jones, 1981; Somogyi et al., 1981; Winer, 1986) or,
most commonly, immunocytochemistry with antibodies raised against the GABAsynthesizing enzyme glutamic acid decarboxylase (GAD) (Ribak, 1978; Hendrickson et
al., 1981; Peters et al., 1982; Houser et al., 1983b; Somogyi et al., 1984; Lin et al.,
1986), or GABA itself (Ottersen and Storm-Mathisen, 1984b; Somogyi et al., 1985;
Meinecke and Peters, 1987). All these studies have demonstrated that GABA is
localized exclusively in nonpyramidal cortical neurons distributed in all layers of the
cortex.
In the visual cortex of the rat, GABAergic neurons have been identified as
multipolar, bitufted or bipolar nonpyramidal cells (Ribak, 1978; Lin et al., 1986;
Meinecke amd Peters, 1987; Pamavelas et al., 1989). Except for 15-20% of the bipolar
cells, all nonpyramidal neurons in the rat visual cortex contain GABA; they account for
approximately 15% of the total neuronal population in this area (Meinecke and Peters,
1987). Reports concerning the distribution of GABAergic cells in the rat visual cortex
have been somewhat contradictory. Thus, some authors observed a uniform distribution
of GABA-immunoreactive cells through the cortical layers (Meinecke and Peters, 1987),
whereas others noted a higher concentration of GAD-positive cells and puncta in layer
IV (Lin et al., 1986). Other studies have also reported layer IV to contain the highest
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levels of GAD (McDonald et al., 1987). GABA has been shown to co-exist in cortical
neurons with SRIF (Somogyi et al., 1984; Lin et al., 1986), NPY (Hendry et al., 1984b;
Jones and Hendry, 1986) and CCK (Hendry et al., 1984b; Somogyi et al., 1984).
Electron microscopic observations revealed that GABAergic axons form type II synaptic
contacts with the somata and dendrites of pyramidal and nonpyramidal neurons as well
as with axon initial segments (Ribak, 1978; Meinecke and Peters, 1987).
Iontophoretic application of GABA produces inhibition of cortical cells (Kmjevic
and Schwartz, 1967). In addition, GABA has been reported to influence the ocular
dominance of cells in the visual cortex (Sillito et al., 1980; Sillito, 1984).
The generation and neurochemical differentiation of GABA-immunoreactive
neurons in the rat visual cortex was studied by a combined immunohistochemicalautoradiographic technique (Miller, 1985; Miller, 1986b). These studies have shown
that GABA-immunoreactive neurons are bom between E14 and E20 and at the same
time as pyramidal neurons of the same layers. They follow an "inside-out" pattern of
migration and differentiation, and increase in numbers during the first postnatal week.
Examination of the development of GABAergic neurons, using autoradiographical
localization of [3H]-GABA, or GAD-immunohistochemistry provided evidence for the
prenatal appearance of these cells (Chronwall and Wolff, 1980; Wolff et al., 1984a,b).
Consonant with these results are the data from a very recent study which showed that
GABA-immunoreactive neurons can be detected in the developing cortex of the rat as
early as gestational day 14 (Van Eden et al., 1989). At this stage, they are localized
in the primordial plexiform layer and during the next days they appear progressively
in the intermediate zone and cortical plate. Whilst labelled neurons in the cortical plate
increase in numbers, those in the intermediate zone disappear by birth. Transient
populations of early generated GABAergic cells in the developing cortex have also been
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reported in the cat (Wahle et al., 1987) and monkey (Huntley et al., 1988).
Neurochemical measurements of GAD activity in the developing rat visual cortex have
demonstrated a gradual increase during the first postnatal week, followed by a rapid
increase during the second week, and a slow decline to adult levels after day 24
(McDonald et al., 1981).
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2.

MATERIALS AND METHODS

2.1.

Immunocytochemistry

2.1.1. Preparation of animals
Sprague-Dawley albino rats of the following ages were used in this study: E20,
PO, P3, P7, P10, P14, P21, P28, P35 and P90 (adult). The number of animals used for
each of the ages examined is shown in Table 1. Embryonic pups were removed from
anaesthetized mothers and decapitated. The heads were immersed in fixative solution
that contained 4% paraformaldehyde and 0.2% glutaraldehyde in 0.1 M phosphate buffer,
pH 7.4 (PB). The skulls were opened after 30 min, the brains removed and immersed
in a fresh solution of the same fixative for 3 h at 4° C. The brains were then
transferred to another solution of the same fixative without glutaraldehyde and kept at
4° C for 12-15 h before being washed in PB for 1-2 h. Postnatal rats were anaesthetized
with ether and perfused through a hypodermic needle, inserted into the left cardiac
ventricle, with 4% paraformaldehyde and 0.2% glutaraldehyde in PB (fixative A),
followed by a solution of the same fixative without glutaraldehyde (fixative B). The
calibre of the needles, the rates of flow, and the volumes of fixative solutions were
increased progressively with age from a slow drip flow delivered in the newborn
animals. Newborn animals were perfused with approximately 50 ml of fixative A and
100 ml of fixative B, whilst adult animals were perfused with roughly 200 ml of
fixative A and 400 ml of fixative B. Following perfusion the animals were stored in
the refrigerator for 1 h. The brains were then removed from the skulls, immersed in
fixative B for 2-8 h before being transferred into PB at 4° C for 12-16 h.
Sections were cut from the occipital cortex in the coronal plane using a
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Vibroslice (Campden Instruments), and collected in cold PB. The hippocampus was
used as a guide for the selection of sections through the primary visual cortex (area
17) (Krieg, 1946a) in older animals and presumptive visual cortex in younger rats.
The section thickness varied from 100 pm in embryonic animals to 50 jum in adults.
The sections were rinsed in phosphate-buffered saline, pH 7.4 (PBS) and processed
for immunocytochemistry.

2.1.2. Antisera
Antisera to Glu and Asp were provided by Dr. A. Rustioni (University of North
Carolina). The former was raised in rabbits against Glu conjugated to the invertebrate
carrier protein hemocyanin with glutaraldehyde. The details of the preparation and
characterization of this antiserum have been published (Hepler et al., 1988). Immunoblot
and immunoabsorption-immunocytochemical studies showed a high degree of specificity
of this antiserum for its respective antigen. It did not cross-react with any biologically
and structurally relevant compounds conjugated to hemocyanin with glutaraldehyde
(Asp, GABA, g-Alanine, Glycine, Asparagine, Isoleucine, Leucine, Glutamine). Only the
Glu-conjugate and the hemocyanine-glutaraldehyde complex demonstrated some ability
to inhibit normal staining. Preabsorption of this antiserum with 303 mg/ml of undiluted
Glu-hemocyanin conjugate completely blocked immunocytochemical staining and normal
staining intensity returned at 10'3 dilution of the conjugate.
The Asp antiserum was also raised in rabbits against Asp conjugated to keyhole
limpet hemocyanin with glutaraldehyde. Detailed methods of preparation and
characterization of the antiserum have been reported earlier (Hepler et al., 1988). The
specificity

of

the

antiserum

was

tested

by

immunoblots,

as

well

as

by

immunoabsorption tests on sections of various parts of the nervous system including

the cerebral cortex (Conti et al., 1987b; Hepler et al., 1988; Battaglia and Rustioni,
1988). Preabsorption of the antiserum with 225 mg/ml of undiluted conjugate of Asp
with hemocyanin completely blocked immunocytochemical staining on sections of rat
brainstem. The staining returned at 10'3 dilution of the conjugate. The antiserum did
not cross-react with Glu, GABA, g-Alanine, Glutamine, N-Carbamyl aspartate, Glycine,
hemocyanin treated with glutaraldehyde and hemocyanin alone. Only the Asp and the
asparagine conjugates demonstrated some ability to decrease normal staining by the
antiserum.

2.1.3. Immunocytochemical procedures
The free-floating sections that had been rinsed in PBS were incubated in

2%

normal goat serum (NGS) in PBS for 15 min on a shaker. This step was performed
in order to mask non-specific binding sites (Stemberger, 1986). All incubations were
carried out in microcapped centrifuge tubes. The sections were then transferred, with
a hook made from a glass pipette, into the primary antiserum (diluted in 2% NGS in
PBS) and incubated for 1 h at room temperature on the shaker, followed by 36-40 h
at 4° C. For postnatal animals of 14 days of age up to adulthood, the Glu and Asp
antisera were used each at a dilution of 1:3,000 for light microscopy and 1:1,500 for
electron microscopy. For the embryos and postnatal pups up to 10 days of age, the
antisera were used at a dilution of 1:1,500 for light microscopy and 1:900 for electron
microscopy. Following the long incubation in primary antiserum at 4° C, sections were
rinsed in PBS, incubated again in NGS for 15 min, and then processed by the
peroxidase-antiperoxidase (PAP) technique (Stemberger, 1979). According to this
procedure, sections were incubated in sheep anti-rabbit IgG (Sera Lab; 1:50) in PBS
with 2% NGS for 45 min at room temperature on a shaker. They were then washed
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in PBS 3 x 5 min and transferred into rabbit PAP (DAKO; 1:80) in PBS with 2%
NGS for 30 min at room temperature on a shaker. The above steps were repeated after
incubation in PAP. Following the second incubation in PAP, the sections were washed
in Tris-buffered saline, pH 7.4 (TBS) and placed in a solution of 3,3*-diaminobenzidine
tetrahydrochloride (DAB; Sigma; 40 mg per 100 ml Tris/HCl buffer, pH 7.4) for 10
min. The DAB solution was filtered prior to use and all DAB incubations were carried
out in the fume cupboard. Sections were then transferred to a fresh solution of DAB
containing 0.01% H20 2 for 10 min. They were finally rinsed in 0.1M Tris/HCl buffer,
pH 7.4 and then in PB. In control sections, the primary antiserum or the sheep anti
rabbit IgG were substituted by NGS (2% or 10% in PBS).
Sections processed for light microscopy were mounted on gelatinized slides and
left to air-dry overnight. The following day the slides with sections stained for Asp
were dipped in distilled water and postfixed in

osmium tetroxide (0.4% Os04 in

distilled water) for 5-30 sec. All slides with sections stained for both amino acids were
then dehydrated through the following ethanol series: 2 min in 50%, 2 min in 70%, 3
min in 90%, and 2 x 5 min in 100%. After 2 changes in xylene, each for 5 min, the
slides were coverslipped with DPX.
Adjacent sections to the ones processed for immunohistochemistry were used for
Nissl staining. They were mounted on gelatinized slides and left to air dry. They were
then placed in cresyl violet stain for 2 min or more, depending on the colour of the
sections. The slides were then rinsed in distilled water, dehydrated through an ascending
series of alcohols, cleared in xylene and coverslipped with DPX.
After washing in PB, sections destined for electron microscopy were postfixed
in 1% Os04 in PB for 30 min on a rotator. Following 2 rinses, of 5 min each, in cold
0.1M sodium acetate, the sections were block-stained with 1% aqueous uranyl acetate
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for 30 min on a rotator. They were then rinsed again for 2 x 5 min in 0.1M sodium
acetate and dehydrated through the following ethanol series: 2 min in 25%, 2 min in
50%, 10 min in 70%, 15 min in 90% (with one change), 2 x 15 min in absolute
ethanol and 15 min in dry absolute ethanol. The sections were then cleared in
propylene oxide for 5 min and placed in a 1:1 mixture of propylene oxide and Araldite
for 12 h before being changed to fresh Araldite for 3 h. After a further change to fresh
Araldite, the sections were flat-embedded in Araldite between acetate sheets placed on
microscope slides.

2.1.4. Analysis of material
Sections were examined with a Zeiss Universal light microscope, and
photographed using Panatomic-X or TMX-100 film. For every section examined, the
cytoarchitectonic borders of area 17 as well as the extent of the cortical layers were
extrapolated from adjacent Nissl-stained sections. Labelled cells were plotted, using a
drawing tube attached to the microscope, in 500 um-wide strips of visual cortex
extending from the pia to the white matter. Finally, profiles of immunoreactive
perikarya from each layer were drawn, using a 40X objective, and cross-sectional areas
of cell somata were measured with a digitizing tablet linked to a microcomputer. To
ensure that only cells of full size were included in the sample, only profiles which
showed a nucleus and/or apical dendrite were measured.
For electron microscopy, flat-embedded sections were first examined with the
light microscope before ultrathin sectioning. Portions of part or of the entire cortical
thickness containing labelled cells were cut from the slides and remounted on Araldite
stubs. Ultrathin sections were cut in the coronal plane using a Reichert Ultracut
microtome and collected on 200-mesh carbon coated grids. Ribbons of gold- or silver-
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coloured sections were selectively collected. The grids were stained with 3% aqueous
uranyl acetate, followed by lead citrate (made according to Reynolds, 1963) for 30
min each. They were then examined with a Philips 301 electron microscope and
immunoreactive profiles were photographed using Ilford film.

2.2.

Combined HRP-histochemistry and Glu/Asp immunohistochemistry

2.2.1. HRP injections
Twenty five adult pigmented and Sprague Dawley albino rats, weighing 250300g each, were used in this study (Table 2). The animals were deeply anaesthetized
with Sagatal (25 mg/kg) and subsequently mounted on a stereotaxic apparatus. A hole
was drilled on the skull with a dental drill, and the dura was removed with the aid
of a surgical microscope using a fine hypodermic needle. A Hamilton microsyringe
was used to make the tracer injections. It was slowly directed to the appropriate
injection site whose stereotaxic coordinates were determined with reference to the atlas
of the rat brain by Paxinos and Watson (1986). Care was taken to avoid big blood
vessels during the lowering of the microsyringe in order to prevent excess bleeding.
After the needle reached the injection target, it was withdrawn by 0.5 mm to
compensate for the compression of the brain during the injection. For injections into
the dLGN, a glass micropipette glued to the Hamilton microsyringe was used in order
to achieve a restricted delivery of the tracer. Various amounts of wheat germ aglutinin
conjugated to HRP (WGA-HRP; Sigma; 4% in sterile saline) were delivered by
pressure.
Five rats received 0.25 pi each of the WGA-HRP solution in four different sites
in the pontine nuclei (P: 0.7-1.7 mm from the interaural line; L: 0.8-1.8 mm from the
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midline; 0.3 mm ventral to the interaural line along the dorsoventral axis; the syringe
was positioned 55° from vertical). Another 3 animals received a volume of 0.10 pi
WGA-HRP each into the SC. In these animals, the syringe was placed in target through
the contralateral hemisphere in order to avoid the ipsilateral cortex (P: 2 mm from the
interaural line; L: 1.4 mm from the midline; 4.2 mm from the cortical surface; the
syringe was positioned 34° from vertical). In each of 10 rats, 0.5 pi of the tracer was
injected unilaterally in four sites at the borders of visual cortical area 17 with areas
18 and 18a (P: 1.7-2.7 mm from the interaural line; L: 2-4.2 mm from the midline; 0.8
mm from the cortical surface). Finally, a group of 7 animals received 0.02 pi of WGAHRP each in the dLGN through the contralateral hemisphere (P: 4.2 mm from the
interaural line; L: 4 mm from the midline; 8.1 mm from the cortical surface; the
syringe was at 58° from vertical). During all operations, WGA-HRP was delivered in
brief shots for a period of about 10-15 min and the needle remained in place for 10
min following completion of each injection. After withdrawal of the needle, the exposed
area of the brain was covered with a piece of absorbable gelatine sponge and the skin
was stitched.

2.2.2. Tissue preparation
The animals were allowed to survive for 48-72 h, and subsequently were deeply
anaesthetized with ether and perfused through a needle inserted into the left cardiac
ventricle with 200 ml of fixative solution containing 4% paraformaldehyde and 0.2%
glutaraldehyde in PB, followed by 300 ml of the same fixative without glutaraldehyde.
The

brains

were

immediately

removed

from

the

skulls,

postfixed

in

4%

paraformaldehyde in PB for 1 h and then transferred into PB or 30% sucrose in PB
for approximately 18 h at 4°C. Serial sections were cut from the occipital cortex at
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40 um in the coronal plane, using either a Vibroslice or a sliding microtome. Sections
through the visual cortex were collected in PB in groups of three. The first and second
sections of each group were first processed for HRP-histochemistry and subsequently
every first section was processed for Glu- and every second one for Aspimmunohistochemistry. The third section of each group were stained with toluidine blue.
Control sections were kept for HRP-histochemistry or immunohistochemistry alone.
Finally, sections through each of the injection sites were cut and processed for HRPhistochemistry.

2.2.3. Histochemical and immunohistochemical procedures
Free-floating sections were processed according to a modification of the
Mesulam histochemical procedure following a protocol proposed by Horn and Hoffman
(1987). It uses tetramethyl benzidine (TMB) as a chromogen to demonstrate the HRP
reaction product. According to this procedure, sections were rinsed six times in icecold distilled water and then preincubated in a mixture of two solutions containing
0.1% sodium nitroferricyanide, 92.5% distilled water and 5% 0.2M acetate buffer, pH
3.3 (solution A), and 0.005% TMB dissolved in 2.5% absolute alcohol (solution B) for
20 min. They were then incubated in a fresh solution of preincubation medium in
which 0.2%

E -D -g lu co se,

0.04% ammoniumchloride and 0.0005% glucose oxidase were

added for 40 min. Sections were subsequently incubated in an ice-cooled stabilization
medium containing 5% ammonium heptamolybdate in distilled water for 20 min. They
were then rinsed in PB, for 30 sec and incubated for 8 min in a solution of 0.05%
DAB in PB in which 2.5% of a 1% cobalt acetate solution was added dropwise,
followed by the addition of 0.01% H2Oz. Sections were finally rinsed five times in
cold 0.01M phosphate buffered saline, pH 7.3.
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After completion of the HRP-histochemical procedure, the sections were
incubated in a 10% methanol/3% H20 2 solution for 20 min to destroy the remaining
activity of HRP and endogenous peroxidases. They were subsequently processed for
Glu or Asp immunohistochemistry. The details of the procedure have been mentioned
above. After the immunohistochemical procedure, the sections were mounted on
gelatinized slides in groups of two, and left to air-dry overnight. The following day,
slides with sections stained for Asp were dipped in distilled water and subsequently
in a solution of 0.4% 0 s 0 4 for 5-30 sec. All slides were then passed through an
ascending series of alcohols as follows: 2 min in 70%, 3 min in 90%, 6 min in
absolute alcohol (with one change), cleared in two solutions of xylene (5 min in each),
and coverslipped with DPX.

2.2.4. Analysis of material
Sections were examined with a Zeiss light microscope and cells were
photographed using Panatomic-X or TMX-100 film. In two animals from every group
of rats injected with WGA-HRP, counts of cells in the visual cortex were made using
a 25X objective, and the percentages of double (HRP-labelled and immunoreactive)versus single (HRP-stained)-labelled cells were estimated. Glu- or Asp-immunoreactive,
HRP-stained, and double-labelled cells were plotted, using a drawing tube attached to
the microscope, to show the overall distribution of each group of cells. Profiles of both
single- and double-labelled cells were drawn with a camera lucida at 40X and crosssectional areas of cell somata were measured with a digitizing tablet linked to a
microcomputer.

Materials and chemicals

(i) Buffers

0.2M phosphate buffer. pH 7.4
1000 ml distilled deionized water
25 g di-sodium hydrogen orthophosphate (anhydrous)
5.93 g sodium dihydrogen orthophosphate (2H20 )
Diluted to 0.1M for use

0.1M Tris/Hcl buffer. pH 7.4
1000 ml distilled deionized water
13.22 g Trisma HC1
1.94 g Trisma base

0.1M phosphate buffered saline. pH 7.4
2000 ml distilled deionized water
18 g sodium chloride
25 g di-sodium hydrogen orthophosphate (anhydrous)
5.93 g sodium dihydrogen orthophosphate (2H20 )

0.1M Tris/HCl buffered saline. pH 7.4
1000 ml distilled deionized water
9 g sodium chloride
13.22 g Trisma HC1
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1.94 g Trisma base
0.2M acetate buffer. pH 7.3
1000 ml distilled deionized water
19.1 g sodium acetate crystals
3.6 ml glacial acetic acid

(ii) Fixative

4% paraformaldehyde, 0.2% glutaraldehyde, pH 7.4
100 ml 0.2M phosphate buffer, pH 7.4
8 g paraformaldehyde
1.6 ml glutaraldehyde
98.4 ml distilled deionized water
1-2 pellets of sodium hydroxide

(iii) Cresyl violet stain

A.

Stock Dye: 1.2 g cresyl violet in 500 ml distilled deionized water

B:

Acetate buffer: 6ml of 1M HAc in 994 ml distilled deionized water

C:

Basic buffer: 13.6 g sodium acetate crystals made up to 1 liter with
distilled deionized water

The stain is made up by combining 60 ml of A, 470 ml of B and 30 ml of C.
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Table 1

Number of animals used for the localization of Glutamate and Aspartate at eich preand postnatal age examined in this immunocytochemical study.

Number of animals
Glutamate/Aspartate
Age
E22

7

PO

4

P3

4

P7

9

P10

6

P14

9

P21

9

P28

10

P35

2

P90 (adult)

9

E, embryonic days; P, postnatal days.

Table 2

Number of animals used in the various double-labelling experments.

Injection site

Number of animals

Pontine nuclei

5

Superior colliculus

3

Dorsal lateral geniculate nucleus

7

Visual cortex

10

V

3.

RESULTS

3.1.

Glutamate-immunoreactive neurons in the rat visual cortex
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3.1.1. Light microscope
(i) Adult
Examination of sections through area 17 of the adult rat visual cortex revealed
that Glu-immunoreactive neurons were distributed through layers II-VI (Figs. 1 and 2).
Their density, size, and morphology was characteristic for each layer. Layers II and HI
showed the highest density of labelled cells, most of which displayed features
characteristic of pyramidal neurons. They were small to medium in size (Table 3; Fig.

4).

Positive neurons in layer

n,

particularly near the border with layer I, showed a

diversity of soma shapes, these being triangular, ovoid, or polygonal (Fig. 5). The
morphology of these superficial neurons resembled that of the so-called modified
superficial pyramids of O’ Leary (1941). They typically possessed either a short apical
dendrite or two or more obliquely oriented primary dendrites which ramified into layer
I. Glu-labelled neurons in the deeper portion of layers II and m showed features
characteristic of classical pyramidal cells i.e., triangular or polygonal somata giving rise
to prominent apical dendrites and sometimes to basal dendrites (Fig. 6).
Layer IV showed the lowest density of positive neurons. Some of these cells
resembled closely the medium-sized pyramidal neurons observed in layers II and HI.
Others showed smaller, round or ovoidal cell bodies and comparatively thin apical
dendrites. A small number of labelled cells displayed features similar to the "star
pyramids" described by Lorente de N6 (1949).
Layer V contained a moderate number of medium and large immunoreactive
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neurons. Overall, cells were larger than in any other layer in which Glu-labelled somata
were found (Table 3; Fig. 4). Most appeared pyramidal in morphology. The medium
sized cells, present predominantly in the superficial portion of this layer, possessed
triangular or ovoidal cell bodies giving rise to short apical dendrites. The larger cells
were found chiefly in the deep part of layer V. Their thick apical dendrites, sometimes
extending to the supragranular layers, were typically seen to arise from the apex of the
triangular somata, and often two or more basal dendrites were seen to emanate from
the base of the pyramid (Fig. 7).
Layer VI also contained a moderate number of Glu-immunoreactive neurons.
These were generally small (Table 3; Fig. 4) and appeared to belong to one of two
broad groups. Those in the superficial portion of the layer appeared as typical smallor medium-sized pyramidal neurons. They had round or polymorphic somata, giving rise
to short dendrites which showed various orientations. However, many of those found
in the deeper part of the layer closely resembled the so-called pyramid-like cells
(Pamavelas et al., 1977a). These cells had round or spindle-shaped perikarya and apical
dendrites directed horizontally or obliquelly through the layer (Fig. 8).
In addition to the abundant Glu-positive somata, a network of immunoreactive
processes was present throughout the neuropil, particularly in layers I-IV. This network
included vertically oriented dendrites of considerable thickness, probably apical dendrites
of labelled neurons, as well as thinner dendrites showing vertical and other orientations.
The apical dendrites were often organized in bundles of three or more on their
ascending course through layers II and HI before branching extensively in layer I to
form subpial tufts. There were also uniformly thin processes of various lengths and
numerous punctate profiles scattered throughout the neuropil. The former were probably
labelled axonal segments and the latter axon terminals or axons cut in cross section.
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In fact, such thin processes were seen at times to arise from the bases of labelled
somata and descend into the white matter.

(ii) Development
At birth (PO) or at E20, which were the earliest ages examined in this study,
no Glu-labelled cells or processes were detected (Figs. 9 and 11). However, all sections
through the immature occipital cortex displayed an elevated backround staining
compared to control sections which were free of staining. Glu-immunoreactive neurons
were first observed in this area at P3. At this age, labelled neurons were located
exclusively in the deeper part of the occipital cortex, the presumptive layers V and VI,
except for an occasional cell found in layer I (Fig. 13). Numerous labelled cells were
also observed in the presumptive white matter (Figs. 13 and 19). Positive neurons were
small and displayed immature features having round perikarya which often showed
irregular enlargements, and a very thin rim of cytoplasm around the nucleus. Their
dendrites were often thick at their points of origin and then tapered off while running
vertically or obliquely for short distances (Figs. 16-18). Neurons that displayed the most
intense staining were arranged to form a distinct band located at the borders between
layer VI and the presumptive white matter, an area destined to form layer VIb in the
adult (Fig. 16). Cells in the presumptive white matter were smaller than those in the
gray matter and displayed irregular perikaryal shapes, giving rise to two or more short
processes (Fig. 19).
A network of immunoreactive processes was present throughout the immature
neuropil at this early postnatal stage. In the deeper cortical layers it showed a diffuse
appearance, consisting of short, randomly oriented processes of various thicknesses
with labelled puncta scattered among them (Fig. 18). The thick processes probably
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represented labelled dendrites, whilst some of the thinner ones were most likely labelled
axonal segments. In the upper layers, immunoreactivity was localized in thick, radially
arranged dendrites which ascended to layer I where they formed subpial tufts (Fig. 15).
These processes probably represented apical dendrites of labelled pyramidal neurons.
Thinner immunoreactive processes of various orientations as well as puncta were also
observed in the presumptive layers II - IV.
At the end of the first postnatal week (P7), positive neurons were still confined
to layers V and VI of the visual cortex, but their frequency and staining intensity had
increased (Figs. 20 and 21). They continued to appear immature in morphology,
although in general they displayed a higher degree of differentiation than stained
neurons in the early stages of postnatal life. Their somata were larger in size and had
acquired a variety of shapes. Neurons in layer V were the largest stained cells in the
cortex (Table 3; Fig. 4). Most of these cells displayed features of pyramidal cells.
They had typically a triangular or polygonal cell body, a thick ascending dendrite
emanating from the apex of the soma and directed towards the pial surface, and
occasionally one or two basal dendrites arising from the base of the perikaryon (Fig.
24). Neurons in layer VI were considerably smaller (Table 3; Fig. 4), and showed
round or spindle-shaped perikarya that gave rise to tapering, vertically or obliquely
oriented dendrites (Fig. 23). Labelled cells in the deeper portion of layer VI had
elongated, horizontally oriented somata, giving rise to oblique dendrites. Cells in layer
V and the deeper part of layer VI appeared more intensely stained than those in the
superficial part of layer VI. Glu-containing cells were not readily apparent in layer I,
but positive cells were still present in the white matter, although their frequency had
decreased. At this stage of development, the supragranular layers of the visual cortex
were characterized by the presence of thick, intensely stained dendrites. These coursed
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vertically until they branched extensively near the borders between layers

I and n.

At P10, Glu-immunoreactive neurons were for the first time observed in the
upper layers of the visual cortex. At this stage, labelled cells showed a relatively
uniform distribution throughout layers E-VI (Figs. 27 and 28). The white matter showed
an occasional labelled cell. Overall, positive neurons showed a higher degree of
maturation. The majority, especially those in the inffagranular layers, had acquired the
morphological characteristics of pyramidal cells and displayed a variety of soma shapes
and sizes which appeared to be characteristic for each layer (Table 3; Figs. 4, 25 and
26). Their dendrites were considerably thicker, longer and more branched.
At P I4, there was a marked increase in the density and complexity of
immunoreactive processes as well as in the size and frequency of labelled cell bodies,
which were now localized throughout the cortex with a slight preponderance in layers
II-in (Figs. 30 and 31). Glu-containing neurons appeared much more differentiated
than their earlier counterparts, possessing features commonly observed in the adult.
Their perikarya had various shapes, giving rise to thick apical or basal dendrites (Figs.
33-35). The white matter contained only horizontally oriented, thin immunoreactive
processes, some of which possibly represented axons of labelled cortical neurons.
At P21, Glu-immunoreactive perikarya and processes displayed a distribution
pattern similar to that seen in the adult with the highest density in layers H-IE and the
lowest in layer IV (Figs. 38 and 39). Their morphological features were also similar
to those observed in their adult counterparts (Figs. 36 and 37). At this stage, labelled
neurons had further increased in size (Fig. 4) and, in fact, the mean values of their
cross-sectional areas for each layer showed a peak compared with those measured from
younger as well as older rats (see Table 3).
At the end of the fourth postnatal week, Glu-containing neurons displayed the
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distribution and morphological features characteristic of the adult (Fig. 41). Their
somata were overall smaller than those of cells at P21 (Table 3; Fig. 4). Finally, at
35 days of age, the frequency and morphology of positive cells were indistinguishable
from these of the adult (Fig. 43).
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Table 3

Cross-sectional areas (pm2) of Glutamate-immunoreactive neurons in layers of the rat
visual cortex at different ages.

Lavers

Age________
P7

P10

n - hi____________iv____________ v_____________ VL
-

140.3 ± 1.3
N = 236

P14

P21

P28

P90

120.0 ± 1.4
N = 136

231.5 ± 3.3*

1466+1j6

N = 176

N =210

213.2 ± 3.2

1403 +1.4

N = 192

N = 218

153.3 ± 1.3

126.8 ± 1.4

226.3 ± 3.4

1552 ± 1.7

N = 240

N = 139

N = 184

N = 221

195.1 ±2 .1

163.7 ± 2.8

260.3 ± 4.6

1585 ±20

N = 242

N = 148

N = 189

N = 232

159.5 ± 1.6

130.9 ± 1.8

224.9 ± 3.4

1360 ± 16

N =182

N = 237

N = 243

P35

-

N = 137

160.6 ± 2.1

146.4 ± 2.4

234.0 ± 3.3

1448 ± 18

N = 245

N = 142

N = 186

N = 181

122.5 ± 1.2

108.6 ± 1.5

169.0 ± 2.8

1158 ± 13

N =247

N = 140

N = 190

N = 215

* Standard error of the mean.

In all camera lucida plots as well as in all light and electron micrographs, the pial
surface is towards the top of the page.

Figure 1. Camera lucida plots of 300 pm-wide sectors in coronal sections through the
visual cortex showing the laminar distribution of glutamate-immunoreactive (Glu) and
aspartate-immunoreactive (Asp) cells in the adult. Each dot represents one cell. Scale
bar, 70 pm.
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Figures 2-3. Light micrographs, taken from coronal sections through cortical area 17,
illustrating the laminar distribution of Glu- (Fig. 2) and Asp-immunoreactive neurons
(Fig. 3). x 80.
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Figure 4. Soma area distributions of Glu- (solid bars) and Asp-immunoreactive neurons
(open bars) in layers of the rat visual cortex at various postnatal ages.
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Figures 5-8. Light micrographs of Glu-immunoreactive neurons in different layers of
the adult rat visual cortex, x 390.
(Fig 5). Labelled neurons displaying triangular or polygonal shapes in the superficial
part of layer

n.

Note the thick apical dendrites in continuation with cell bodies or in

isolation ascending vertically toward the border between layers I and II where they
branch. Some of these dendrites are clustered in groups of three or more.
(Fig. 6). Labelled neurons appearing pyramidal in morphology in the lower part of layer
m.
(Fig. 7). Large positive neurons in the deeper part of layer V giving rise to a thick
apical and thinner basal dendrites.
(Fig. 8). Stained neurons in layer VI. Cells in the deeper part of this layer, adjacent to
the white matter, show obliquely or horizontally oriented somata and main dendrites.
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Figures 9-12. Light micrographs taken from coronal sections of the presumptive visual
cortex demonstrating the absence of Glu- (Figs, 9 and 11) and Asp-immunoreactive
cells (Figs. 10 and 12) at birth. Figs. 9, 10, x 80; Figs. 11, 12, x 180.

N.B. Figs. 9-11. The apparent heavy staining in the superficial layers is caused by the
folding of the section, such that layer I is superimposed on layer n.
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Figures 13-14. Photomicrographs taken from coronal sections of the presumptive visual
cortex at postnatal day 3 illustrating the laminar distribution of Glu- (Fig. 13) and Aspimmunoreactive cells (Fig. 14). x 80.

Figures 15-19.

Postnatal day 3. Light micrographs of Glu-immunoreactive cells and

processes.
(Fig. 15). Immunoreactive dendrites coursing vertically through layers II and IQ. Layer
I is characterized by the presence of a dense and diffuse plexus of labelled processes.
Note the absence of labelled perikarya. x 390.
(Fig. 16). Positive cells in the deeper portion of the presumptive layer VI having
obliquely or horizontally oriented somata and dendrites, x 650.
(Fig. 17). Cells throughout the presumptive layer VI. x 390.
(Fig. 18). Labelled cells and processes in the upper part of the presumptive layer VI.
x 650.
(Fig. 19). Cells in the presumptive white matter, x 390.
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Figure 20. Camera lucida plots of 300 pm-wide sectors of coronal sections from the
visual cortex at postnatal day 7 showing the laminar distribution of Glulabelled cells. Each dot represents one cell. Scale bar, 70 pm.
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Figures 21-22. Photomicrographs from coronal sections of the visual cortex at postnatal
day 7 illustrating the laminar distribution of Glu- (Fig. 21) and Asp-positive cells (Fig.
22). x 80.
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Figures 23-26. Photomicrographs of Glu-immunoreactive neurons, x 390.
(Fig. 23). Postnatal day 7. Neurons in the deeper portion of layer VI.
(Fig. 24). Postnatal day 7. Neurons in layer V.
(Fig. 25). Postnatal day 10. Neurons in the superficial part of layer VI.
(Fig. 26). Postnatal day 10. Neurons in the deeper portion of layer V.
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Figure 27. Camera lucida plots of 300 pm-wide sectors in coronal sections through the
visual cortex showing the laminar distribution of Glu- and Asp-immunoreactive cells
at postnatal day 10. Scale bar, 70 pm.
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Figures 28-29.

Light micrographs from sections of the visual cortex illustrating the

laminar distribution of Glu- (Fig. 28) and Asp-positive cells (Fig. 29) at postnatal day
10. x 80.
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Figure 30.

Camera lucida plots of 300 pm-wide sectors in coronal sections of the

visual cortex demonstrating the laminar distribution of Glu- and Asp-labelled cells at
postnatal day 14. Scale bar, 70 pm.

14

DAYS
Asp

• •

30

Figures 31-32.

Light micrographs of sections through the visual cortex showing the

distribution of Glu- (Fig. 31) and Asp-positive neurons (Fig. 32) at postnatal day 14.
x 80.

Figures 33-37. Photomicrographs of Glu-immunoreactive neurons, x 390.
(Fig. 33). Postnatal day 14. Neurons displaying various shapes in the superficial part
of layer II.
(Fig. 34). Postnatal day 14. Neurons displaying large polygonal or triangular somata in
the deeper part of layer V.
(Fig. 35). Postnatal day 14. Cells in layer VI. Note the spindle- shaped horizontal cells
in the deeper part of this layer.
(Fig. 36). Postnatal day 21. Cells in layer H
(Fig. 37). Postnatal day 21. Cells in layer V.
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Figure 38.

Camera lucida plots of 300 pm-wide sectors in coronal sections of the

visual cortex demonstrating the laminar distribution of Glu- and Asp-immunoreactive
cells at postnatal day 21. Scale bar, 70 pm.
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Figures 39-40. Light micrographs of coronal sections of the visual cortex illustrating
the laminar distribution of Glu- (Fig. 39) and Asp-positive cells (Fig. 40) at postnatal
day 21. x 80.
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Figures 41-42. Light micrographs of coronal sections through the visual cortex showing
the laminar distribution of Glu- (Fig. 41) and Asp-labelled cells (Fig. 42) at postnatal
day 28. x 80.
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Figures 43-44.

Light micrographs of coronal sections through the visual cortex

illustrating the laminar distribution of Glu- (Fig. 43) and Asp-immunoreactive cells
(Fig. 44) at postnatal day 35. x 80.
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3.1.2. Electron microscope
(i) Adult
All Glu-containing neurons examined clearly possessed cytological and synaptic
features typical of pyramidal cells (Pamavelas et al., 1977b; Peters and Kara, 1985a).
Although most cells displayed only cytoplasmic staining, a considerable number of
neurons also showed some degree of

nuclear labelling. Within the cytoplasm, the

peroxidase reaction product was concentrated mainly along the cistemae of granular
endoplasmic reticulum and on mitochondrial and plasma membranes. Careful
examination showed clear-cut cytological differences between labelled cells located in
various layers. Pyramidal cells in layers II and HI, which at times were closely packed,
showed considerable diversity of somal shapes, with polygonal forms making up a
conspicuous group. Their nuclei were round or slightly oval, and their nuclear envelopes
showed smooth contours. Their cytoplasm tended to be confined to a relatively thin rim
surrounding the nucleus (Figs. 45-47).
Two broad types of Glu-immunoreactive pyramidal neurons were recognized in
layer IV. The larger ones closely resembled the medium-sized pyramidal cells observed
in the deep portion of layers II and m . The others were small, showing somewhat
irregular nuclei and little cytoplasm. When dendrites were encountered in continuation
with the labelled perikarya, they were thin compared with the apical and basal dendrites
seen to arise from the somata of pyramidal cells in layers II and III and in the
infragranular layers.
Labelled neurons in layer V displayed a range of morphologies. The small and
medium-sized ones, located in the upper half of layer V (Va), closely resembled
labelled neurons in the more superficial layers. Those larger in size, which were
situated in the deeper portion of this layer, had a voluminous cytoplasm containing a
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rich complement of organelles that included prominent arrays of granular endoplasmic
reticulum, Golgi apparatus and numerous mitochondria. Their large nuclei were pale
with evenly distributed chromatin, and the nuclear envelopes typically showed smooth
contours, but sometimes appeared infolded. Apical and/or basal dendrites were often
seen in continuation with

the soma; they contained a variety of organelles such as

mitochondria and microtubules aligned with their longitudinal axis (Fig. 49).
The perikarya of Glu-immunoreactive neurons in layer VI showed a diversity
of shapes. Some were round, others were oval, and many in the deeper half of the
layer were spindle-shaped and oriented obliquelly or horizontally. The outlines of the
nuclear envelopes of these cells varied; some appeared rounded, others irregular and
showing invaginations (Figs. 53 and 55). The main dendrites of labelled neurons in
this layer were frequently directed oblique ly or horizontally. Thus, profiles of labelled
cell bodies often did not show a vertically oriented apical dendrite, a feature typical
of pyramid-like cells in this layer (Pamavelas et al., 1977a).
Axon initial segments, characterized by the dense undercoating beneath the
axolemma and fascicles of microtubules in the axoplasm, were often seen to arise from
the bases of Glu-immunoreactive pyramidal cell bodies in all layers (Figs. 47 and 49).
A number of Glu-labelled myelinated axonal segments, cut longitudinally or in the
coronal plane, were also observed in the cortical neuropil, particularly in the
infragranular layers (Fig. 50). Consistent with what is known about the synaptic
organization of cortical pyramidal neurons (Feldman, 1984; Peters, 1985), all Glulabelled neurons received only symmetrical axosomatic synapses. These synapses were
formed by unlabelled axon terminals containing pleomorphic vesicles. The number of
axosomatic synapses varied between neurons, with small cells showing only a few
(two or three) synapses and larger neurons having considerably more. The vast majority
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of axon terminals synapsing with immunoreactive dendrites formed asymmetrical
synapses. Some of these synapses were along the shafts of dendrites, but most involved
dendritic spines, which in single sections were seen either in continuation of a dendritic
shaft (Fig. 54) or in isolation scattered throughout the neuropil. Isolated spines were
identified by their characteristic shape and in some cases the presence of the cistemae
of smooth endoplasmic reticulum that forms the spine apparatus (Peters, 1981). Finally,
examination of ultrathin sections revealed the presence of Glu-containing axon terminals
in synaptic contact with a spine or a dendritic shaft. In all cases, these synapses were
of the asymmetrical type (Figs. 48, 51 and 52).

(ii) Development
Examination with the electron microscope of tissue sections through the occipital
cortex of animals at E20 or PO showed no Glu-immunoreactivity, confirming the light
microscopical observations (see 3.1.1., ii). At these early stages, the presumptive visual
cortex was characterized by unstained, closely packed immature neurons, surrounded by
very little neuropil, which was also free of staining (Figs. 56-58).
Glutamate-immunoreactive neurons were first detected with the electron
microscope at P3. These were located exclusively in the presumptive layers V and VI
and were very immature in ultrastructure. Their perikarya were small and oval in shape.
Their nuclei were usually free of staining and contained fine granular chromatin which
was homogeneously dispersed. Occasionally they contained a prominent nucleolus.
Surrounding the nucleus was a very thin rim of cytoplasm which contained few, loosely
packed organelles among which were free ribosomes, rounded mitochondria and an
occasional individual strand of endoplasmic reticulum (Figs. 59, 61 and 64). In some
cases the cytoplasmic volume was concentrated mainly on one side of the cell body.
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A tapering dendrite was often observed to arise from the apex of the soma, containing
mitochondria, cistemae of endoplasmic reticulum and Golgi apparatus mainly at its
point of origin. Occasionally, a slender axon was seen to emanate from the basal part
of the perikaryon and directed towards the white matter (Fig. 61). Most labelled
neurons at this stage were identified as presumptive pyramidal cells (see Pamavelas and
Lieberman, 1979). Some labelled neurons in the deeper part of the presumptive layer
VI had horizontally elongated perikarya with two dendrites emanating from their
opposite poles (Fig. 62). Scattered among the Glu-immunoreactive neurons was a small
number of positive immature astrocytes (astroblasts). These cells were smaller in size
than neurons and showed rounded cell bodies and dark nuclei (Fig. 61). In the deep
part of the cortical plate, the neuropil displayed abundant dendritic profiles. Some of
the immunoreactive processes had growth cones at their tips, and occasionally dendritic
segments were seen to form asymmetrical synapses with unlabelled axon terminals (Fig.
60). These synapses were very immature in appearance, with poorly defined membrane
specializations and only few vesicles within the presynaptic terminal. The superficial
part of the cortical plate was characterized by labelled dendritic or axonal profiles
oriented vertically among closely packed unstained cells.

Layer I contained

predominantly horizontally oriented labelled dendritic segments, and these probably
represented elements of the subpial tufts observed with the light microscope.
At this stage of development, 3 days after birth, thorough examination of Gluimmunoreactive perikarya in layer I and in the presumptive white matter, revealed that
they were exclusively astrocytes (see Pamavelas et al., 1983). Those in layer I were
oriented horizontally and located immediately beneath the pial surface. Their nucleus
was oval in shape and appeared darker than that of neurons. The cytoplasm was mainly
concentrated at the poles of the cell body and contained few organelles. At times, the
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perikaryal membrane showed irregular contours (Fig. 63). Labelled cells in the white
matter were often seen in groups of two or three, in close apposition to one another,
sometimes appearing to be in the process of division. They were very small and also
showed dense nuclei and indented contours of the cell membrane (Fig. 65).
At the end of the first postnatal week, Glu-labelled neurons showed a notable
increase in size and appeared considerably more mature; the majority were starting to
display features typical of pyramidal cells. Positive neurons were still confined to the
infragranular layers, but those located in layer V were clearly distinguished from the
ones residing in layer VI with respect to their ultrastructural morphology. Those in
layer V had polygonal or triangular somata with a relatively large volume of cytoplasm
containing individual cistemae or arrays of endoplasmic reticulum, numerous ribosomes,
mitochondria and Golgi apparatus. Their large nuclei, which occupied the centre of the
cell body, often had one or two prominent nucleoli. A thick ascending dendrite,
containing a plethora of organelles, was typically observed to arise from the apex of
the soma. The reaction product was either confined to the cytoplasm, concentrated
mainly along the cistemae of endoplasmic reticulum or was present throughout the cell
body including the nucleus (Figs. 66 and 67). Stained cells in layer VI could be
subdivided into two groups: those located in the superficial portion of the layer (Fig.
69) had small, oval perikarya with a prominent nucleus, often eccentrically situated,
occupying most of the cell body. The nuclear envelope had in most cases smooth
contours, but occasionally showed invaginations. Neurons located in the deep part of
layer VI often showed oval or spindle-shaped somata which were oriented horizontally
or obliquely. The cytoplasm was chiefly concentrated at the poles of the cell bodies and
contained ample mitochondria, ribosomes and cistemae of endoplasmic reticulum (Fig.
70). Some immunoreactive cells were seen to receive synapses on their somata from
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unlabelled axon terminals, and these were exclusively of the type n. Immunoreactive
dendrites showed increase in thickness, length and staining intensity, and some were
observed to receive type I synapses from unlabelled axon terminals (Fig. 71). A small
number of labelled spines were observed either in continuation with Glu-labelled
dendritic segments or in isolation in the neuropil. When involved in synaptic contacts,
these were seen to receive type I synapses from unlabelled axon terminals. At the end
of the first postnatal week, stained astrocytes in the infragranular layers of the cortex
and in the white matter had increased in size, and contained a greater complement of
cytoplasmic organelles (Fig. 68).
In the latter part of the second postnatal week (P10 and P14), Glu-labelled cells
in all layers increased in size and ultrastructural maturity, and most could be identified
with confidence as pyramidal. Their cytoplasm increased in volume and contained
arrays of endoplasmic reticulum, often organized in stacks, numerous ribosomes, large
mitochondria, filaments, microtubules as well as a clearly defined Golgi apparatus. Their
nuclei, which displayed evenly dispersed chromatin, were round and their nuclear
envelopes typically showed smooth contours, except those of cells in layer VI which
sometimes showed invaginations (Figs. 72-79, and 82-84). Labelled apical and/or basal
dendrites were observed more frequently in continuation with the perikarya, and these
were thick containing an abundance of organelles such as mitochondria, ribosomes and
microtubules aligned with their longitudinal axis (Figs. 72, 73, 77 and 84). It was noted
that during the early part of the second postnatal week, labelled neurons located in the
infragranular layers showed a higher degree of differentiation than those in the
supragranular layers. However, by the end of this week differences in the degree of
maturity between Glu-positive neurons in different laminae were no longer apparent, but
in general large neurons, such as those occupying the lower part of layer V, appeared
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more differentiated than the smaller ones.
At this stage of development, most Glu-immunoreactive neurons throughout the
cortex were seen to receive axosomatic synapses. These were exclusively type II,
formed by unlabelled terminals containing pleomorphic vesicles. Type I synapses on
immunoreactive dendrites were more frequently observed, and these had a more mature
appearance than at earlier stages (Fig. 84a). A small number of type II synapses on the
shafts of labelled dendrites were also observed. These, too, were formed by unlabelled
axon terminals containing pleomorphic vesicles. The frequency of spines encountered
in the neuropil also increased, and a relatively large number were seen to be involved
in type I synaptic contacts. Also at this stage, a number of Glu-labelled axon terminals
were noted to form asymmetrical synaptic contacts with unlabelled spines or dendritic
shafts (Figs. 80 and 81).
At the end of the third postnatal week, Glu-containing neurons showed
considerable ultrastructural maturity. Their somata displayed a variety of shapes and
showed an increase in cytoplasmic content, with the most prominent features being
large mitochondria and stacks of cistemae of granular endoplasmic reticulum (Figs.
85-88). Immunoreactive cells received a higher number of synapses on their somata
than at earlier ages. These synapses were all of type n , formed by unlabelled axon
terminals which were packed with pleomorphic vesicles. Synapses on labelled dendritic
profiles also increased in frequency with the majority being asymmetrical (Figs. 86a and
87a). The process of maturation of Glu-immunoreactive neurons continued gradually
until the fourth and fifth postnatal weeks when they displayed ultrastructural features
indistinguishable

from their adult counterparts

(Figs.

89,

93,

95

and 96).

Immunoreactive axon terminals engaged in type I synaptic contacts with unlabelled
dendritic shafts or spines were more often encountered in the neuropil than at earlier
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ages (Figs. 90, 91 and 94). Immunoreactive spines (Fig. 92) increased further in
numbers, often displaying a well defined spine apparatus. In addition, a number of
labelled myelinated axonal segments was observed, mainly in the infragranular layers.
Glu-containing astrocytes, which were first detected in the infragranular layers
of the immature cortex at P3, were present in small numbers at all stages of
development examined. During the early part of the second postnatal week they were
additionally localized in the upper cortical layers. In most cases, their immunoreactive
somata or processes were seen in close apposition with blood vessels. During the first
two weeks of postnatal life they appeared small, rounded and immature in ultrastructure,
having a dark oval nucleus surrounded by a small volume of cytoplasm. The reaction
product was concentrated in the cytoplasm, which appeared intensely stained. In the
subsequent weeks they increased in size and maturity, until adulthood, when they
appeared less intensely stained than at earlier ages and contained the characteristic
bundles of filaments (Pamavelas et al., 1983).
Control sections of each age, in which the Glu antiserum or the IgG were
substituted by NGS (see 2.1.3.) showed complete absence of positive staining.

Figures 45-46. Electron micrographs of Glu-immunoreactive pyramidal neurons in layer
II of the adult rat visual cortex. These cells display a pale nucleus with evenly
distributed heterochromatin and cytoplasm containing cistemae of endoplasmic reticulum
and mitochondria. The neuropil contains a number of immunoreactive processes, x

Figures 47-48. Electron micrograph of a Glu-labelled pyramidal neuron in layer HI of
the adult rat visual cortex (Fig. 47). It has a polygonal perikaryon that contains a large
rounded nucleus with smooth contours. The cytoplasm contains numerous mitochondria
and individual cistemae of endoplasmic reticulum. From the apex of the soma arises
a thick apical dendrite that contains mitochondria and microtubules aligned with its
longitudinal axis. From the base of the cell body arises an axon (arrow points at its
initial segment) and a basal dendrite, x 6,500. (Fig. 48) Glu-labelled axon terminal
(at) making an asymmetrical synapse (arrow) with a dendritic spine, x 43,000.

Figures 49-52. Glu-immunoreactive pyramidal cell in the deep part of layer V of the
adult rat visual cortex. It displays a voluminous cytoplasm that contains a variety of
organelles. The nuclear envelope shows a fold. The base of the perikaryon gives rise
to an axon (arrow points at its initial segment) and a basal dendrite (Fig. 49). x 6,500.
(Fig. 50) Labelled myelinated axon in cross-section, x 33,000. (Figs. 51 and 52)
Immunoreactive axon terminals (at) form asymmetrical synaptic contacts (arrows) with
dendritic spines, x 43,000.
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Figures 53-55.

Glu-positive pyramidal neurons in layer VI of the adult rat visual

cortex. They display small and rounded perikarya with slightly indented nuclei (Figs.
53 and 55). x 6,500. A labelled spine (s) in continuation with a dendrite (D) is shown
in Fig. 54 to receive an asymmetrical synapse (arrow), x 43,000.
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Figures 56-58. Electron micrographs showing the immature presumptive visual cortex
at emryonic day 20 (Fig. 56) and postnatal day 0 (Figs. 57 and 58). At these stages,
the developing cortex contains unlabelled, closely packed immature neurons. The
neuropil, when present, is also free of Glu-immunoreactivity. x 6,500.

Figures 59-62. Electron micrographs of Glu-immunoreactive, "presumptive pyramidal
neurons" at postnatal day 3 (Figs. 59, 61 and 62) x 6,500. These all have an immature
appearance showing oval somata that contain a large nucleus surounded by a very thin
rim of cytoplasm. In Figure 61, a thin axon (arrow) arises from the base of the cell
body. This Figure also shows two stained glial cells (G). Figure 62 illustrates an
obliquelly oriented labelled neuron in the deep part of the presumptive layer VI. (Fig.
60) Labelled dendrite receives an immature asymmetrical synapse (arrow) from an
unlabelled axon terminal, x 43,000.
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Figures 63-65. (Figs. 63, 65) Glu-labelled astrocytes in the subpial portion of layer I
(Fig. 63) and in the presumptive white matter (Fig. 65). (Fig. 64) Labelled neuron in
the deep part of the immature cortex surrounded by unlabelled neurons (N) and
astroblasts (A), x 6,500.

Figures 66-68.

Postnatal day 7. (Figs. 66, 67) Glu-positive neurons in layer V

displaying many features typical of pyramidal cells. Their polygonal (Fig. 66) or
triangular somata (Fig. 67), which contain a large nucleus with smooth contours, give
rise to a thick tapering apical dendrite. The Glu-labelled perikaryon in Fig. 66 is
located adjacent to an unlabelled neuron (N). (Fig. 68) Glu-containing astrocyte in the
white matter appearing to be in a mitotic state, x 6,500.

Figures 69-71. Postnatal day 7. (Fig. 69) Glu-positive neuron in layer VI, appearing
pyramidal in morphology, gives rise to a slender axon (arrow) that is directed toward
the white matter, x 6,500. (Fig. 70) Glu-containing pyramidal neuron in the deeper
portion of layer VI. x 6,500. (Fig. 71) Glu-labelled dendrite receives an asymmetrical
synapse (arrow) from an unstained axonal segment containing rounded vesicles, x
43,000.

Figures 72-75.

Postnatal day 10. (Figs. 72, 73) Glu-labelled pyramidal neurons in

layers II-III displaying triangular perikarya that give rise to apical (Fig. 72) and basal
dendrites (Fig. 73). x 6,500. The Glu-immunoreactive neuron in Fig. 72 is located
adjacent to an unstained neuronal perikaryon (N). (Figs. 74, 75) Medium-sized, Gluimmunoreactive pyramidal neurons in layer VI contain a relatively large volume of
cytoplasm which surrounds a nucleus with smooth (Fig. 74) or indented contours (Fig.
75). x 6,500.

Figures 76-77. Postnatal day 10. (Fig. 76) Glu-immunoreactive pyramidal neurons in
layer IV are small, and contain little perinuclear cytoplasm, x 6,500. (Fig. 77) Glupositive neurons in the deep part of layer V

appear more differentiated, displaying

many features typical of pyramidal cells such as large polygonal somata, giving rise to
thick, tapering apical dendrites (AD). Their cytoplasm contains a plethora of organelles
among which are arrays of granular endoplasmic reticulum (GER). x 6,500.
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Figures 78-81. Postnatal day 14. (Figs. 78 and 79) Glu-positive pyramidal neurons in
layers II-III contain larger volumes of cytoplasm often displaying arrays of granular
endoplasmic reticulum (GER), organized in stacks, x 6,500. (Figs. 80 and 81) Glulabelled axon terminals (at), containing round vesicles, form exclusively asymmetrical
synapses (arrows) with dendritic segments, x 43,000.

Figures 82-84.

Postnatal day 14. Medium-sized, Glu-positive pyramidal cells in the

upper part of layer V (Fig. 82) and layer VI (Fig. 83). x 6,500. Fig. 84 illustrates a
large, Glu-positive pyramidal neuron in the deeper portion of layer V, giving rise to an
apical dendrite that receives an asymmetrical synapse from an unlabelled axon terminal
(at) (arrowed in Figs. 84 and 84a) at its point of origin. Fig. 84, x 6,500; Fig. 84a, x
43,000.
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Figures 85-86. Postnatal day 21. Glu-immunoreactive neurons display features typical
of mature pyramidal neurons. Fig. 85 shows a labelled cell in layer IV giving rise to
a thin apical and a basal dendrite, x 6,500. Fig. 86 shows a large Glu-positive cell in
the deeper portion of layer V containing an abundance of organelles in its cytoplasm,
among which the stacks of granular endoplasmic reticulum (GER) are particularly
prominent. One of the basal dendrites receives an asymmetrical synapse (arrowed in
Figs. 86 and 86a) on its proximal part Fig. 86, x 6,500; Fig. 86a, x 43,000.

Figures 87-88.

Postnatal day 21. Fig. 87 illustrates a large Glu-immunoreactive

pyramidal neuron in the deeper portion of layer V containing a voluminous cytoplasm
that displays numerous organelles. The nucleus shows a slightly indented outline and
contains a prominent nucleolus. From the base of the soma arises a basal dendrite,
shown at higher magnification in Fig. 82a, that receives an asymmetrical synapse
(arrowed in Figs. 87 and 87a) at its proximal part. Fig. 87, x 6,500; Fig. 87a, x 43,000.
Fig. 88 shows a Glu-containing, horizontally oriented pyramid-like cell in the deeper
portion of layer VI. Its cytoplasm displays a prominent Golgi apparatus (G). x 6,500.
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Figures 89-93. Postnatal day 28. (Figs. 89, 93) Glu-immunoreactive pyramidal neurons
in layers II (Fig. 89) and VI (Fig. 93). x 6,500. Glu-positive axon terminals (at) are
more often encountered in the neuropil than at earlier stages, and these form exclusively
asymmetrical synapses with unlabelled dendritic elements (Figs. 90 and 91). x 43,000.
A Glu-containing spine (s) is shown in Fig. 92 to receive an asymmetrical synapse
from an unlabelled axon terminal, x 43,000.

Figures 94-96. Postnatal day 35. A medium-sized, Glu-immunoreactive pyramidal cell
in layer V (Fig. 95), and a small-sized one in layer VI (Fig. 96). x 6,500. A Glulabelled axon terminal (at) forms an asymmetrical synapse (arrow) with an unstained
dendritic spine (Fig. 94). x 43,000.
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3.2.

Aspartate-immunoreactive neurons in the rat visual cortex

3.2.1. Light microscope
(i) Adult
Aspartate-immunoreactive neurons were distributed mainly in layers II-VI, with
layer I showing an occasional stained cell. Most positive neurons were observed in
layers II and ID, with a moderate number in layer VI and deep layer V; layer IV and
the superficial half of layer V contained a relatively small number of labelled cells
(Figs. 1 and 3). Similar to Glu-immunoreactive neurons, their density, size, and overall
morphology was characteristic for each cortical layer. The majority of stained cells
appeared pyramidal, with most cells in each layer displaying features outlined for the
Glu-labelled neurons in that layer (Figs. 97 and 99). However, there were some
apparent morphological differences between the Glu- and Asp-immunoreactive
populations. Overall, Asp-positive cells were larger than Glu-labelled neurons (Tables
3 and 4; Fig. 4). The largest Asp-positive cells were measured in layer Vb. This layer
included some of the largest neurons in the visual cortex, the so-called solitary
pyramids of Meynert (Fig. 98). These neurons had triangular or polygonal somata,
giving rise to prominent apical dendrites that ascended vertically to the superficial
layers. In some cases their apical dendrites could be traced up to layer I. Thick basal
dendrites were seen to arise from the broad base of the soma and extended horizontally
or obliquely. Sometimes an axon was seen to arise from the base of the soma and
directed to the deeper layers. These cells also appear as a distinctive population in the
histogram in Figure 4, where they can be seen as a separate group, on the basis of
size, from the smaller pyramids also found in layer V.
The Asp-immunoreactive network of processes showed a similar distribution
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pattern to that described for Glu, extending throughout layers I-VI with a higher density
in layers I-IV. However, Asp-immunoreactive processes generally appeared more
intensely stained than Glu-positive profiles. The most prominent elements of this
network were the thick apical dendrites, which were visible even at low magnification
(Fig. 3). These dendrites were often organized in well-defined bundles of three or more
as they ascended to the superficial cortical layers. They branched extensively in layer
I and formed a den e and diffuse plexus which gave this layer a dark appearance.

(ii) Development
Similar to Glu-labelled cells, neurons that were immunoreactive for Asp were
first detected in the occipital cortex at P3. At earlier stages of development i.e., E20
or PO, there were no labelled cells or processes in the presumptive visual cortex (Figs.
10 and 12). However, sections through this cortical area showed an overall elevated
background staining when compared to control sections.
At P3, Asp-immunoreactive neurons were confined to the deep part of the
presumptive visual cortex, an area destined to form layers V and VI in the adult (Fig.
14). The underlying presumptive white matter contained a considerable number of
positive cells, whilst a small number of labelled perikarya were also encountered in
layer I. In general, Asp-positive cells at this stage appeared more faintly stained than
Glu-positive neurons, but the morphology of these two groups of cells appeared very
similar. Thus, Asp-containing perikarya in the cortex were small in size, had a rounded
shape, and gave rise to one or more tapering dendrites wich showed various orientations
(Figs. 101-103). A dense and diffuse immunoreactive plexus occupied the deep part of
the cortical neuropil, and this consisted of randomly oriented processes of various
thicknesses as well as scattered puncta. In the superficial part of the cortical plate, the
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neuropil chiefly contained vertically oriented dendrites which branched in layer I (Fig.
100).
At the end of the first postnatal week (P7), Asp-positive neurons showed an
increase in numbers and size, and were localized exclusively in layers V and VI of
the visual cortex, with cells in layer V appearing larger and more differentiated than
those in layer VI. Their distribution and morphology was very similar to that of Glupositive neurons at this stage (Figs. 20, 22 and 104). However, the white matter and
layer I contained relatively fewer labelled cells than at P3.
At P10, Asp-immunoreactive neurons were additionally observed in layers IIIV, but these were faintly stained and appeared less differentiated than cells in the
infragranular layers of the cortex. At this stage, Asp-labelled cells showed a relatively
uniform distribution through layers II-VI (Figs. 27 and 29). Neurons in layer V were
large (Table 4; Fig. 4) possessing polygonal somata which gave rise to a thick apical
and one or more basal dendrites (Fig. 105). Some of the largest stained cells in the
deep part of layer V already displayed the morphological features characteristic of
Meynert cells. Stained perikarya in layer VI were small (Table 4; Fig. 4), round or
spindle-shaped, and gave rise to one or two short tapering dendrites of various
orientations (Fig. 106). The white matter as well as layer I only showed an occasional
labelled cell.
At P14, Asp-immunoreactive neurons appeared more frequent and were present
throughout cortical layers II-VI, but showed a slightly higher density in layers II-IH
(Figs. 30 and 32). Layer I contained an occasional labelled cell, but the white matter
did not

contain

any

stained

cells.

Overall,

Asp-positive

neurons

appeared

morphologically similar to Glu-labelled cells of this age, having undergone further
maturation (Figs. 107 and 108).
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At P21, Asp-positive neurons increased in frequency and size, and appeared
considerably more mature than at earlier ages, and at P28 they showed morphological
features commonly observed in the adult (Figs. 38, 40, 42, 44, 109 and 110). The
immunoreactive plexus also showed a higher complexity and staining intensity at these
stages comprising well defined bundles of thick apical denrites, which were particularly
prominent in the upper cortical layers.
Measurements of cell body sizes of Asp-immunoreactive neurons showed a
gradual increase until P21, after which stage they declined to the adult values. These
changes in sizes were more gradual than those noted for Glu-positive cells (Tables 3
and 4; Fig. 4).
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Table 4

Cross-sectional areas (um2) of Aspartate-immunoreactive neurons in layers of the rat
visual cortex at different ages.

Lavers

Age

n - hi

222.2

P7

P10

P14

P21

P28

P35

P90

VI

IV
±

2 .8*

1536 ±18

N = 174

N = 139

128.7 ± 1.2

121.2 ± 1.6

207.8 ± 3.5

1356 ± 16

N = 232

N = 137

N = 185

N = 195

157.9 ± 1.8

138.5 ± 1.6

193.0 ± 2.9

MQ9±25

N = 219

N = 147

N =- 170

N = 136

161.2 ± 1.5

135.7 ± 1.6

256.4 ± 4.4

1619 ±29

N = 250

N = 142

N = 191

N = 135

161.3 ± 1.7

121.7 ± 1.5

227.7 ± 4.5

1345 ±24

N = 203

N = 130

N = 190

N = 133

153.3 ± 2.0

112.4 ± 2.2

245.9 ± 5.0

1417 ±25

N = 299

N = 140

N = 178

N = 134

143.1 ± 1.4

126.8 ± 1.9

245.8 ± 5.4

1284 ±24

N = 224

N = 140

N = 174

N = 134

* Standard error of the mean

Figures 97-99. Light micrographs of Asp-immunoreactive neurons in various layers of
the adult rat visual cortex, x 390.
(Fig. 97). Positive neurons, most appearing pyramidal in morphology in layer HI.
Stained apical dendrites are organized in vertical bundles.
(Fig. 98). Labelled cells in the lower portion of layer V. Note the solitary pyramids of
Meynert (arrows).
(Fig. 99). Stained cells in layer VI displaying various perikaryal shapes and orientations
of main dendrites. Asp-labelled cells located in the deeper portion of this layer adjacent
to the white matter (WM) display spindle-shaped, horizontally oriented somata and
dendrites.
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Figures 100-103. Postnatal day 3. Light micrographs of Asp-immunoreactive cells and
processes.
(Fig.

100). Immunoreactive

dendrites ascend vertically through layers

E-in.

Layer I is

characterized by the presence of a dense and diffuse immunoreactive plexus, x
(Fig.

101).

390.

Labelled neurons in the deeper portion of the presumptive layer VI

displaying rounded perikarya with irregular enlargements and various orientations of
main dendrites, x 650.
(Fig. 102). Cells throughout the presumptive layer VI. x 390.
(Fig. 103). Cells in the superficial part of layer VI displaying immature features. The
neuropil contains randomly oriented processes and puncta scattered among them, x 650.

Figures 104-106. Light micrographs of Asp-positive neurons in the deeper part of layer
VI at postnatal day 7 (Fig. 104), and in layers V (Fig. 105) and VI (Fig. 106) at
postnatal day 10. The latter appear more differentiated than their earlier counterparts,
x 390.
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Figures 107-110. Photomicrographs of Asp-immunoreactive neurons most displaying
features typical of pyramidal cells, x 390.
(Figs. 107, 108) Neurons in layers V (Fig. 107) and VI (Fig. 108) at postnatal day 14.
(Figs. 109, 110) Neurons in layers E-Ill (Fig. 109) and VI (Fig. 110) at postnatal day
21 .
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3.2.2. Electron microscope
(i) Adult
Aspartate-immunoreactive neurons showed a variety of sizes and cytological
features which were characteristic for each layer (Figs. I l l , 112, 114 and 115). Most
labelled cells had an ultrastructural morphology similar to the Glu-positive neurons in
the respective layer. However, there were some differences between the two populations
of cells. In general, Asp-stained cells appeared less intensely stained and had larger
somata with more cytoplasm than Glu-positive neurons. It was noted that Glu-labelled
cells were more rounded in shape than the Asp-stained neurons. The very large neurons
of layer V (Meynert cells) appeared to be exclusively Asp-immunoreactive. They had
triangular or polygonal perikarya containing a voluminous cytoplasm and a deeply
infolded nucleus. A thick apical dendrite, containing an abundance of organelles, was
often seen in continuation with the cell body (Fig. 114). The vast majority of Aspimmunoreactive neurons were seen to receive exclusively type II axosomatic contacts
by unlabelled axon terminals. The number of synapses varied between neurons, with
small cells having one to three synapses and Meynert cells having considerably more.
Finally, whilst the Glu-immunoreactive population consisted exclusively of pyramidal
neurons, the Asp-immunoreactive population comprised also a small number of
nonpyramidal neurons. These were found throughout cortical layers I-VI. It was
estimated that the Asp-positive nonpyramidal cells represented approximately 10% of
the Asp-labelled neurons in the visual cortex. They were typically small and had either
round or oval somata and nuclear envelopes with irregular outlines and frequent
indentations. In addition, they showed relatively little cytoplasm which contained loosely
disposed organelles (Figs. 117 and 118). The nature of these cells was confirmed by
the presence of asymmetrical axosomatic synapses, which is a feature of cortical
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nonpyramidal neurons (Figs. 117a and 118a!, aj).
Immunoreactive dendrites were seen to receive type I synapses on their shafts
and spines (Fig. 113). These were formed by unlabelled axon terminals containing
numerous synaptic vesicles. A small number of type n synapses were also observed
on labelled dendritic shafts. Asp-positive axon terminals formed exclusively type I
synapses with unstained spines or dendritic shafts (Figs. 113 and 116).

(ii) Development
In sections taken from embryonic (E20) or newborn rat pups (PO) and processed
for Asp-immunohistochemistry, the presumptive visual cortex appeared free of labelling
(Figs. 119 and 120).
At P3, Asp-immunoreactive neurons were detected in the presumptive visual
cortex for the first time and were localized exclusively in its deeper half. Their
cytological features appeared similar to these of Glu-positive neurons at this age, but
their somata were more rounded in shape (Figs. 122, 124 and 125). Immunoreactive
dendritic and axonal profiles were observed throughout the neuropil and occasionally,
unlabelled axon terminals were seen to form type I synaptic contacts with positive
dendritic segments (Fig. 126). These synapses were very immature in appearance.
Stained perikarya which had features of immature astrocytes were also localized in the
deeper portion of the cortex, scattered among labelled neurons, as well as in layer I
(Fig. 121) and in the presumptive white matter (Fig. 123).
At the end of the first postnatal week (P7), labelled neurons were larger and
more mature in ultrastructure than at earlier stages. Most neurons in layer V possessed
features typical of pyramidal cells, having a relatively large amount of cytoplasm which
contained a plethora of organelles and an electron lucent nucleus with one or two
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prominent nucleoli. A thick dendrite, rich in organelles at the point of origin, was often
encountered in continuation with the apex of the soma (Figs. 127 and 128). Positive
neurons in layer VI were smaller and had round, oval, or spindle-shaped cell bodies.
There was a narrow rim of cytoplasm surrounding the nuclei, which at times appeared
indented (Figs. 129, 130, 132, and 133). Some labelled neurons, especially those in
layer VI, were seen to receive exclusively type II synapses on their somata (Fig. 129a).
These synapses were formed by unlabelled axon terminals containing pleomorphic
vesicles. Immunoreactive dendritic profiles increased in length, thickness and staining
intensity, and were more often observed to receive asymmetrical synaptic contacts from
unlabelled axon terminals than at earlier stages (Fig. 131). Labelled astrocytes in the
infragranular layers of the cortex and in the white matter (Fig. 134) showed an increase
in size and cytoplasmic content.
During the second postnatal week, Asp-labelled neurons underwent further
maturation. They displayed a variety of shapes, sizes and degrees of differentiation,
which were characteristic for each layer. The largest and more differentiated cells were
those found in the deeper portion of layer V. These cells possessed ultrastructural
features and staining patterns commonly seen in the adult. They were typically
pyramidal in morphology, with polygonal somata, having an abundant cytoplasm which
contained numerous organelles. Their nucleus was often deeply infolded. In most cases,
a very thick and prominent apical dendrite was in continuation with the apex of the
perikaryon, whilst a thinner dendrite often arose from the base of the soma (Figs. 137,
139 and 142). The reaction product appeared in clumps, mainly concentrated in the
cytoplasm, but sometimes it was also present in the nucleus. In the superficial portion
of layer V, Asp-positive neurons appeared smaller, rounded and less differentiated.
Asp-labelled neurons in layers II-IV were mostly oval or triangular in shape and
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small- or medium-sized. They contained relativel y little cytoplasm, with their most
prominent features being the cistemae of rough endoplasmic reticulum and mitochondria
(Figs. 135 and 136). Positive neurons in layer VI were small and round, with a narrow
rim of cytoplasm surounding an often invaginated nucleus (Fig. 138). Labelled cells in
the deeper portion of this layer were horizontally or obliquely oriented, having spindleshaped perikarya in which the cytoplasm was concentrated mainly at the opposite poles.
The cytoplasm displayed prominent arrays of endoplasmic reticulum, organized in
stacks, and large mitochondria (Fig. 143). The majority of Asp-immunoreactive neurons
at this stage displayed nuclear, cytoplasmic and synaptic features typical of pyramidal
neurons. However, an occasional Asp-immunoreactive neuron which appeared
nonpyramidal in morphology was also detected. These cells had oval or round shapes.
Their nuclei diplayed unevenly distributed heterochromatin and irregular contours, and
were surrounded by relatively little cytoplasm which contained loosely disposed
organelles. At this stage, the nonpyramidal nature of such cells was not confirmed, as
type I synapses on their immunoreactive cell bodies were not observed.
At this age, two weeks after birth, the neuropil contained numerous
immunoreactive dendrites which appeared thicker than at earlier ages. Synapses on
labelled spines were commonly observed, and these were all asymmetrical, formed by
unlabelled axon terminals (Figs. 140 and 141). Asp-containing axon terminals appeared
in the neuropil at 10 days for the first time, and these formed exclusively asymmetrical
synaptic contacts with unstained dendritic shafts or, more rarely with spines.
By the end of the third postnatal week (P21), Asp-containing neurons attained
ultrastructural maturity. They showed an increase in cytoplasmic volume which
displayed an abundance of organelles. The vast majority of labelled perikarya had
nuclear, cytoplasmic (Figs. 144, 148, 149 and 150) and synaptic (Fig. 150a) features
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typical of pyramidal cells, with large neurons in the deeper portion of layer V showing
the characteristic morphology of the pyramids of Meynert. These cells were the largest
of all cortical neurons, containing a voluminous cytoplasm, rich in organelles, that
surrounded a pale nucleus which often showed a deep fold. In addition to the pyramidal
neurons, labelled nonpyramidal cells were also observed, as judged by their typical
nuclear and cytoplasmic features (Peters and Kara, 1985b), as well as the presence of
type I synapses on their somata (Figs. 147, 147a and 147b). They had chiefly a bipolar
shape, with the cytoplasm concentrated mainly at the poles of the cell body. These cells
were found in very small numbers throughout cortical layers I-VI. Synapses received
by immunoreactive dendrites and spines increased in frequency, and had a more mature
appearance with well defined membrane specializations and numerous vesicles packed
in the presynaptic terminals. The vast majority of synapses on labelled dendritic shafts
were asymmetrical (Fig. 145), but a few symmetrical were also observed. Labelled axon
terminals were more frequently encountered than at earlier stages, and these formed
exclusively asymmetrical synaptic contacts with spines or dendritic shafts (Fig. 146).
Observation of sections from animals in the fourth and fifth postnatal week, showed
that Asp-immunoreactive neurons were indistinguishable from the adult Asp-containing
neurons (Figs. 151-156). Finally, the pattern of the development of Asp-containing
astrocytes in the cortex and the white matter appeared similar to that of their Glupositive counterparts (see 3.1.2., ii).
Control sections from each age in which the primary antiserum or the IgG were
substituted by NGS (see 2.1.3.) appeared free of Asp-immunoreactivity.

Figures 111-112. Electron micrographs of Asp-immunoreactive pyramidal neurons in
layer II of the adult rat visual cortex, x 6,500.

Figures 113-116. Adult area 17. (Fig. 114) Electron micrograph illustrates an Aspimmunoreactive Meynert cell showing an organelle-rich cytoplasm and an infolded
nucleus. A thick, tapering apical dendrite, and a thinner basal dendrite arise from the
apex and the base of the soma respectively. (Fig. 115) Electron micrograph of a large
Asp-positive neuron in the deeper portion of layer V. Labelled axon terminals (at) are
illustrated here (Figs. 113 and 116) making asymmetrical synapses (arrows) with
unstained spines. A stained spine (s) receives an asymmetrical synapse (arrow) from an
unlabelled axon terminal (Fig. 113). Figs. 114 and 115, x 6,500; Figs. 113 and 116, x
43,000.
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Figures 117 and 118. Adult area 17. Examples of Asp-labelled non-pyramidal neurons
in layers II-III (Fig. 117) and V (Fig. 118). Both cells form asymmetrical axosomatic
synapses (solid and open arrows in Figs. 117 and 118). The axon terminals (at) that
form these synapses (arrows) are shown at higher magnification in Fig. 117a (solid
arrow in Fig. 117), and Figs. 118a! and 118a2 (solid and open arrows, respectively,
in Fig. 118). Figs. 117 and 118, x 6,500; Figs. 117a, 118a! and llSa^ x 43,000.

%

- $

:*

\

*

Mi

m

$ ? * * -

^ L r

\

i> \f*

■.
m

C%
V

".. \

J " * V '5 '" t?
iL u

A ^ : /•■>'

J .f *
>*f*
’v
•*«■ v *
a - .r
J*

.

A *V *•

. -4<

jf.

v .
?

\ \

^ l Q, £
* -2M

\

\

Hi

Figures 119 and 120.

Electron micrographs showing the absence of Asp-

immunoreactivity from cells and the surounding neuropil in the presumptive visual
cortex at embryonic day 20 (Fig. 119) and postnatal day 0 (Fig. 120). x 6,500.

Figures 121-123. Postnatal day 3. Asp-labelled immature astrocytes in the superficial
part of layer I and in the white matter are illustrated in Figs. 121 and 123, respectively,
x 6,500. Fig. 122 shows an Asp-immunoreactive neuron with a rounded perikaryon,
containing a large pale nucleus and a very thin rim of cytoplasm, x 6,500.

Figures 124-126. Postnatal day 3. Immature Asp-labelled neurons displaying pyramidal
cell morphology in the presumptive layer V (Figs. 124 and 125). x 6,500. Asp-positive
dendrite is shown in Fig. 126 to receive an immature asymmetrical synapse (arrow)
from an unlabelled axonal profile, x 43,000.
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Figures 127-128. Postnatal day 7. Asp-immunoreactive pyramidal neurons in layer V
show a higher degree of differentiation than at earlier stages. In Fig. 127, an
immunoreactive perikaryon giving rise to a thick apical dendrite lies adjacent to an
unlabelled neuron (N). Both cells are located in the superficial part of layer V. Labelled
neurons in the deeper portion of layer V have larger somata, with more volume of
perinuclear cytoplasm (Fig. 128). x 6,500.
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Figures 129-131.

Postnatal day 7. (Fig. 129) Asp-immunoreacdve pyramidal cell,

giving rise to an axon (solid arrow) in layer VI. It receives a symmetrical axosomatic
synapse from an unlabelled axon terminal (at) (open arrow), illustrated at higher
magnification in Fig. 129a (arrow). (Fig. 130) Asp-labelled pyramidal neuron in layer
VI displays a large oval nucleus that contains two prominent nucleoli. (Fig. 131) A
labelled dendrite is shown to receive an asymmetrical synapse (arrow) from an
unstained axon terminal (at) that displays the morphological characteristics of a growth
cone. Figs. 129 and 130, x 6,500; Figs. 129a and 131, x 43,000.

129*

Figures 132-134.

Postnatal day 7. Asp-immunoreactive pyramidal neurons in the

superficial (Fig. 132) and the deep part of layer VI (Fig. 133). Asp-labelled immature
astrocytes, in close apposition with one another, in the white matter (Fig. 134). x 6,500.

Figures 135-136. Postnatal day 10. Asp-positive neurons in layers

Il-in (Fig.

135) and

V (Fig. 136) displaying cytological features of pyramidal cells. A thick apical dendrite
(AD) is in continuation with the perikaryon in Fig. 136. x 6,500.

fits I

Figures 137-138. Postnatal day 10. (Fig. 137) Asp-immunoreactive neuron in the deep
part of layer V displays a typical pyramidal cell morphology, having a large polygonal
soma and a thick apical dendrite (AD). (Fig. 138) Asp-labelled pyramidal neuron in
layer VI has a small and round perikaryon, with a thin rim of cytoplasm surounding
a slightly infolded nucleus, x 6,500.

Figures 139-141. Postnatal day 14. (Fig. 139) Medium-sized pyramidal neuron in the
deeper half of layer V. x 6,500. (Figs. 140, 141) Asp-immunoreactive spines (s; Fig.
140) or dendritic shafts (Fig. 141) often engage in asymmetrical synaptic contacts
(arrows), x 43,000.

wo-

* ' YV- rT

>
.

•A
•%:«

r , «***•

£ :y%

**;s

m
r

k

#•

k .

&»■

v^^l%

I

*-

V

/** «3*'

**

•nf-

*

Figures 142-143. Postnatal day 14. Fig. 142 ilustrates an example of one of the largest
Asp-immunoreactive pyramidal neurons located in the deeper part of layer V. (Fig. 143)
Horizontally oriented Asp-positive neuron in the deeper portion of layer VI. Its
cytoplasm, concentrated at the poles of the cell body, displays stacks of granular
endoplasmic reticulum (GER). x 6,500.
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Figures 144-146.

Postnatal day 21. Fig. 144 illustrates an Asp-immunoreactive

pyramidal neuron in layer II, adjacent to an unlabelled neuron (N). x 6,500. (Figs. 145)
An unlabelled axon terminal, packed with round vesicles, forms an asymmetrical
synapse (arrow) with an Asp-positive dendritic segment, x 43,000. (Fig. 146) A thick
unlabelled dendrite, possibly representing the apical dendrite of a pyramidal neuron,
receives an asymmetrical synapse (arrow) from an Asp-immunoreactive axon terminal
(at). Another labelled axon terminal (at) lies in close apposition with this dendrite, x
43,000.

Figures 147-148. Postnatal day 21. Fig. 147 illustrates an example of an Asp-labelled
nonpyramidal neuron in layer II receiving two asymmetrical axosomatic synapses (solid
and open arrows). These synapses are formed by unlabelled axon terminals and are
shown at higher magnification in Figs. 147a (solid arrow in Fig. 147) and 147b (open
arrow in Fig. 147). (Fig. 148) Asp-immunoreactive pyramidal neuron in layer

in

displaying stacks of granular endoplasmic reticulum (GER) in its cytoplasm. Figs. 147
and 148, x 6,500; Figs. 147a and 147b, x 43,000.

Figures 149-150.

Postnatal day 21. Fig. 149 illustrates an Asp-positive pyramidal

neuron in layer V giving rise to a thick apical dendrite (AD). (Fig. 150) Aspimmunoreactive pyramidal neuron in layer VI receives a symmetrical axosomatic
synapse (arrowed in Figs. 150 and 150a). This synapse is formed by an unlabelled axon
terminal (at) that contains pleomorphic vesicles (Fig. 150a). Figs. 149, 150, x 6,500;
Fig. 150a, 43,000.

Figures 151-152.

Postnatal day 28. Asp-immunoreactive neurons in layers II-IH

displaying ultrastructural features typical of Asp-positive neurons in adult animals. Fig.
151 shows an Asp-labelled nonpyramidal neuron receiving two asymmetrical synapses
(arrowed in Figs. 151, 151a and 151b): one on its proximal dendrite (open arrow)
illustrated at a higher magnification in Fig. 151a, and another on its soma (solid arrow)
shown in Fig. 151b. Both synapses are formed by unstained axon terminals (at). (Fig.
152) An Asp-immunoreactive pyramidal neuron in layer VI. 152. Figs. 151 and 152,
x 6,500; Figs. 151a and 151b, x 43,000.

Figures 153-154. Postnatal day 35. (Fig. 153) Asp-labelled pyramidal neuron in layers
II-III giving rise to a thin axon (arrow). (Fig. 154) Asp-positive nonpyramidal neuron
in layer VI receives an asymmetrical axosomatic synapse from an unlabelled axon
terminal (at) (arrow). This synapse (arrow) is shown at higher magnification in Fig.
154a. Fig. 153, 154, x 6,500; Fig. 154a, x 43,000.

Figures 155-156.

Postnatal day 35. Asp-immunoreactive neurons in deep layer V

displaying typical pyramidal cell morphology, x 6,500.
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3.3.

Glutamate and aspartate-immunoreactive neurons that give rise to corticofugal
and callosal projections

3.3.1. Patterns of labelling

In

sections

processed

for

both

WGA-HRP

histochemistry

and

immunohistochemistry, three types of labelling were readily identified:
1. Cells that were Glu- or Asp-immunoreactive displayed a fine granular brown
reaction product evenly distributed throughout the perikarya, proximal dendrites and
axons.
2. Neurons which had effectively transported WGA-HRP, displayed a black
coarse granular reaction product in their somata, proximal dendrites and axons.
3. Neurons that were Glu- or Asp-immunoreactive and WGA-HRP positive
(double labelled) demonstrated a readil y distinguished combination of both brown
reaction product and black WGA-HRP granules in their somata, proximal dendrites and
axons.
The patterns of distribution of WGA-HRP-positive cells in the visual cortex
corresponded to those described in previous tracing studies in rats in which the various
subcortical and cortical target areas were injected with HRP (Mihailoff et al., 1981;
Sefton et al., 1981; Wiesendanger and Wiesendanger, 1982; Olavarria and Van Sluyters,
1983, 1985; Miller and Vogt, 1984a; Hallman et al., 1988; Legg et al., 1989).
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3.3.2. Double labelling experiments

i) WGA-HRP injections in the pontine nuclei
WGA-HRP injections in the pons resulted in complete and intense labelling
throughout the rostrocaudal extent of the pontine nuclei, with minor diffusion into the
neighbouring reticular formation or into the contralateral side (Fig. 159). The WGAHRP was retrogradely transported into cell bodies in area 17, ipsilateral to the injection.
Perikarya filled with WGA-HRP were located in layer V, almost exclusively in its
deeper portion (Vb) (Figs. 157B and 158B). Retrogradely labelled cells which were also
immunoreactive for Glu or Asp included the largest cortical neurons that were stained
with either of the two antisera (Tables 5 and 6). The Asp-labelled corticopontine cell
population included the large Meynert cells (Fig. 162) as well as small- to medium
sized neurons located at the border between layers Va and Vb. The Glu-immunoreactive
projection cells were almost exclusively the largest neurons labelled with the Glu
antiserum (Figs. 160 and 161). Comparison between the mean cross-sectional areas of
double-labelled and single WGA-HRP-positive neurons was not feasible, as the WGAHRP granules only partially filled the somata of retrogradely labelled cells.
In sections processed for WGA-HRP histochemistry and immunohistochemistry
for Glu, a total of 471 retrogradely labelled neurons was counted. Of these cells, 196
(42%) were also Glu-immunoreactive (Table 7). In sections processed for visualization
of both WGA-HRP and Asp-immunoreactivity, a total of 667 neurons labelled with
the retrograde tracer was counted. Of these, 337 (51%) were also Asp-immunoreactive
(Table 8).
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ii) WGA-HRP injections in the superior colliculus
WGA-HRP injections in the SC resulted in intense labelling of the stratum
griseum superficiale, the stratum opticum and the stratum intermediale throughout their
rostrocaudal extent (Fig. 163). Retrogradely labelled cells were located primarily in the
upper half of layer V of area 17 (Figs. 157C and 158C) as well as the borders of area
17 with areas 18 and 18a of the side ipsilateral to the injected hemisphere. WGA-HRPstained neurons that were also immunoreactive for Glu (Fig. 164) or Asp (Figs. 165
and 166) were medium or large pyramids (Tables 5 and 6), but the large Meynert cells
were not retrogradely labelled.
In

sections

processed

for

both

WGA-HRP

histochemistry

and

immunohistochemistry for Glu, 634 retrogradely labelled neurons were counted. Of
these, 293 (46%) were also Glu-immunoreactive (Table 7). In double-labelled sections
stained with the antiserum to Asp, 544 neurons that project to the SC were counted,
359 (66%) of which were also Asp-positive (Table 8).

iii) WGA-HRP injections in the dorsal lateral geniculate nucleus
These injections resulted in labelling of the dLGN throughout its rostrocaudal
extent (Fig. 167). WGA-HRP granules were localized in neurons throughout layer VI
of the ipsilateral visual areas 17 (Figs. 157D and 158D) and 18. In addition, numerous
puncta were observed in the neuropil particularly in layers IV and VI. These
presumably represented anterogradely labelled axon terminals of cortical afferents
originating in the dLGN, and axon collaterals of retrogradely labelled cortical cells in
layer VI. WGA-HRP-positive neurons which were also immunoreactive for Glu (Fig.
168) or Asp (Fig. 169) comprised small and medium-sized pyramids (Tables 5 and 6).
In a sample of 797 WGA-HRP-stained cells, 482 (60%) were also Glu-
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immunoreactive (Table 7), and in a sample of 762 corticothalamic neurons, 468 (61%)
contained Asp (Table 8).

iv) WGA-HRP injections in the visual cortex
After WGA-HRP injections in the visual cortex, labelling was observed
throughout the contralateral area 17 but more intensely at the border regions between
area 17 and areas 18 and 18a. Retrogradely labelled cells were observed predominantly
in two "columns" around the boundaries of area 17 and areas 18 and 18a of the
contralateral hemisphere, but some were also found in area 17. WGA-HRP-positive
neurons were distributed throughout layers II-VI but were particularly concentrated in
the supragranular layers (Figs. 157A and 158A). Analysis restricted to the border of
areas 17 and 18a, showed that cells with callosal connections that were also Glu- or
Asp-immunoreactive, were small or medium-sized pyramidal neurons (Tables 5 and 6).
Large cells in layer V, which were immunoreactive for Glu or Asp were not
retrogradely labelled.
In a sample of 1050 retrogradely labelled neurons that were counted throughout
layers II-VI, 399 (38%) were also Glu-positive. However, this percentage increased to
49% when counts were restricted to layers II-III (Table 7). In a sample of 952 WGAHRP-positive neurons in layers II-VI, 466 (49%) were also Asp-immunoreactive. This
percentage increased to 51% when layers H-III were considered alone (Table 8).

3.4.

Controls

Counts of WGA-HRP-labelled cells in 500 pm strips of sections from the visual
cortex processed for WGA-HRP histochemistry alone, as well as in adjacent sections
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processed for both WGA-HRP histochemistry and immunohistochemistry, revealed
comparable numbers of retrogradely labelled cells. This suggested that the
immunohistochemical procedure did not result in the masking or loss of the WGAHRP reaction product. In addition, comparison of the distributions and staining intensity
of Glu- or Asp-immunoreactive cells between sections processed for both WGA-HRP
histochemistry and immunohistochemistry, and adjacent sections processed for
immunohistochemistry alone, showed similar frequencies as well as staining intensity
of immunoreactive neurons. This suggested that the immunohistochemical reaction
product was qualitatively and quantitatively unaffected by the histochemical procedure.
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Table 5

Cross-sectional areas (pm2) of WGA-HRP- and Glutamate-labelled (double labelled)
neurons and single Glutamate-immunoreactive neurons.

Injection site
Pons

Superior colliculus

Double

Single

166.4 ± 5.1

173.1 ± 6.8

N = 133

N = 73

149.5 ± 3.6

137.5 ± 2.5

N = 97
Visual cortex

114.4 ± 1.9
N = 132

N = 90
120.3 ± 1.2
N = 150

Dorsal lateral

117.9 ±1. 4

115.4 ± 1.7

geniculate nucleus

N = 187

N = 150
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Table 6

Cross-sectional areas (pm2) of WGA-HRP- and Aspartate-labelled (double-labelled)
neurons and single Aspartate-immunoreactive neurons.

Injection site

Double

Single

155.0 ± 3.7

159.1 ± 4.2

N = 147

N = 120

169.7 ± 3.7

161.7 ± 3.7

N = 120

N = 144

110.9 ± 1.8

142.3 ± 1.4

N = 141

N = 150

Dorsal lateral

98.3 ± 1.1

110.6 ± 1.8

geniculate nucleus

N=144

N=120

Pons

Superior colliculus

Visual Cortex
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Table 7

Glutamate cells in corticofugal and callosal projections
Double labelled / Single labelled

Injection

Animal 1

Animal 2

Both

Site______________________________________________animals

Final
percentages

P

137/191

41.76%

59/84

41.25%

196/275

41.61

SC

205/245

45.5%

88/96

47.82%

293/341

46.21

dLGN

295/189

60.95%

187/126

59.74%

482/315

60.47

cVc

211/348“ 37.74%

187/304“ 38.08%

398/652“

37.90

62/65b

48.81%

81-86b

48.50%

143/151b

48.63

Note. Numbers and percentages of WGA-HRP- and Glutamate-positive neurons (double
labelled) versus WGA-HRP-positive cells (single labelled) in cortical area 17
following WGA-HRP injections in subcortical and cortical target sites (P, pons;
C/P, caudate putamen; cVc, contralateral visual cortex.
“ Layers II-VI
b Layers II-III
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Table 8

Aspartate cells in corticofugal and callosal projections
Double labelled / Single labelled

Injection

Animal 1

Animal 2

Site

Both
animals

249/241

50.81%

88/88

SC

145/77

66.6%

dLGN

338/214

61.23%

cVc

136/164“ 45.33%
51/54b

48.57%

50%

Final
percentages

337/330

50.52%

205/108 65.4%

359/185

65.9%

130/80

468/294

61.41%

330/322“ 50.61%

466/486“

48.94%

114/106b 51.81%

165/160b

50.76%

61.9%

Note. Numbers and percentages of WGA-HRP- and Aspartate-positive neurons (double
labelled) versus WGA-HRP- positive cells (single labelled) in cortical area 17
following WGA-HRP injections in subcortical and cortical target sites (P, pons;
C/P; caudate putamen; cVc, contralateral visual cortex.
“ layers II-VI
b layers II-EI

Figure 157. Plots of 500 pm-wide sectors of area 17 showing the distribution of Glupositive (o), single WGA-HRP-positive (<S>), and double-labelled ( • ) cells. A, labelled
cells through layers II-VI of area 17, following WGA-HRP injections into the
contralateral visual cortex. B, labelled cells in layer V of area 17, following injections
of WGA-HRP into the pontine nuclei. C, labelled cells in layer V, following injections
of WGA-HRP into the SC. D, labelled cells in layer VI, following injections of WGAHRP into the dLGN. Scale bar, 70 jim.
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Figure 158. Plots of 500 pm-wide sectors of area 17 showing the distribution of Asppositive (o), single WGA-HRP-positive (<>), and double-labelled cells.( • )
A, labelled cells through layers II-VI of area 17 following WGA-HRP injections into
the contralateral visual cortex. B, labelled cells in layer V following injections of
WGA-HRP into the pontine nuclei. C, labelled cells in layer V following injections of
WGA-HRP into the SC. D, labelled cells in layer VI following injections of WGAHRP into the dLGN. Scale bar, 70 pm.
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Figures 159-162. (Fig. 159) Light micrograph of a coronal section through the pontine
nuclei illustrating the site of injection of WGA-HRP. (Figs. 160, 161) Examples of Gluimmunoreactive neurons that also contain coarse granular reaction product, which
characterizes the presence of retrogradely transported WGA-HRP, after injections in the
pons (Fig. 160, and cells pointed with solid arrows in Fig. 161). Open arrow in Fig.
161 points at a single WGA-HRP-labelled cell. (Fig. 162) Asp-immunoreactive
"pyramids of Meynert" (arrows) that are also retrogradely labelled after WGA-HRP
injections in the pons. Fig. 159, x 40; Figs. 160, 161, 162, x 800.

Figures 163-166. (Fig. 163) Light micrograph of the superior colliculus illustrating the
extent of the WGA-HRP injection. (Fig. 164) Corticocollicular neurons that are also
Glu-immunoreactive (solid arrows). Open arrow points at a single WGA-HRP-labelled
cell. (Figs. 165, 166) Examples of corticocollicular cells that are also Aspimmunoreactive (solid arrows). Open arrows in these figures point at single Asp-labelled
cells. Fig. 163, x 40; Figs. 164, 165, 166, x 800.
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Figures 167-169. (Fig. 167) Photomicrograph demonstrating the site of injection of
WGA-HRP within the lateral geniculate nucleus. (Figs. 168, 169) Examples of
retrogradely labelled neurons, after WGA-HRP injections in the nucleus, that are also
Glu- (arrowed in Fig. 168), or Asp-immunoreactive (arrowed in Fig. 169). Fig. 167, x
80; Figs. 168, 169, x 800.
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4.

DISCUSSION

4.1.

Excitatory transmitter amino acid-containing neurons in the adult rat visual
cortex.

4.1.1. Glutamate
The results presented in this study provide a detailed description of the
distribution, morphology, ultrastructural features and synaptic organization of Gluimmunoreactive neurons in the adult rat visual cortex. The observations at the light
microscopical level reveal that Glu-immunoreactive neurons are distributed in layers
II-VI with their density, size and moiphology being characteristic for each layer.
Labelled neurons show the highest concentration in layers IM I and the lowest in layer
IV. Layers V and VI contain moderate numbers of labelled cells, whilst layer I is
characterized by the absence of perikaryal labelling. Immunoreactive cells in layers II
and ID are small or medium-sized and appear pyramidal in morphology. They are
mostly triangular or polygonal in shape, and give rise to a short, but prominent apical
dendrite as well as to basal dendrites. Layer IV contains the smallest positive neurons
of all layers. These also display pyramidal cell features with comparatively thin apical
and basal dendrites. Layer V contains a complement of medium and large pyramidal
neurons with mostly polygonal somata giving rise to thick apical dendrites. Labelled
neurons in layer VI are small pyramids with round cell bodies. Inverted pyramids and
pyramid-like labelled cells are also present in this layer.
The present material also demonstrates a Glu-immunoreactive network of
processes that is present throughout cortical layers I-VI, but appears more dense in
layers I-IV. This increased density in the superficial layers is presumably due to the

101

presence of terminal tufts of the apical dendrites. Layers E-in are characterized by the
presence of ascending dendrites that are organized in bundles of three or more. Other
authors have described ’’clustering" of apical dendrites of pyramidal neurons in the rat
visual cortex based on examination of Golgi-stained material and of tissue prepared for
electron microscopy (Peters and Kara, 1987). These authors suggested that clusters are
formed mainly by the apical dendrites of pyramidal neurons in layer V, and
progressively become thicker by the contribution of additional ascending dendrites by
neurons in layers II and HI. Clusters of apical dendrites have been observed in all areas
of the rat neocortex examined (Peters and Walsh, 1972; Feldman and Peters, 1974;
Feldman, 1984).
All Glu-immunoreactive neurons examined clearly possess ultrastructural and
synaptic features typical of pyramidal cells as described in previous studies (Pamavelas
et al., 1977b; Peters and Kara, 1985a). Thus, labelled perikarya are primarily triangular
or polygonal in shape, showing a round, pale nucleus with evenly dispersed chromatin.
Their cytoplasm contains a variety of organelles including arrays of granular
endoplasmic reticulum, mitochondria and Golgi apparatus. A thick apical or thinner
basal dendrites are often encountered in continuation with the apex or the base of the
soma respectively. Finally, all synaptic contacts on labelled neuronal perikarya are
exclusively of the Gray type II variety, a feature typical of cortical pyramidal neurons
(Peters and Kaiserman-Abramof, 1970; Pamavelas et al., 1977b; Feldman, 1984; Peters
and Kara, 1985a). These synapses are formed by unlabelled axon terminals that have
been suggested to originate from cortical nonpyramidal cells (Pamavelas et al., 1977b;
Peters and Fairen, 1978; Peters and Proskauer, 1980).
Glutamate-positive neurons display cytological features characteristic for each
layer. Immunoreactive perikarya in layers II-IH possess a relatively thin rim of
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cytoplasm surrounding a rounded nucleus. Layer IV contains stained neurons that
resemble the medium-sized pyramids observed in the lower layer III, as well as labelled
cells that show irregular nuclei surounded by a small volume of cytoplasm. Glucontaining neurons in layer V show a variety of shapes and morphologies, with the
larger cells containing voluminous cytoplasm full of organelles. They have pale nuclei
which sometimes appear deeply infolded. Stained perikarya in layer VI appear round,
oval or spindle-shaped, often giving rise to oblique or horizontal dendrites. The nuclear
envelopes can be rounded, or irregular. The present description of various morphologies
of Glu-positive neurons in different layers correlates with earlier observations on the
ultrastructure of pyramidal cells in the rat visual cortex (Peters and Kara, 1985a). A
number of isolated labelled profiles that may be associated with pyramidal neurons are
encountered in the neuropil. These include spines, which are often observed to receive
type I synapses from unlabelled axon terminals, and myelinated axonal segments.
Immunoreactive axon terminals form exclusively Gray’s type I synaptic contacts
with unlabelled dendritic shafts and spines. In most cases it is not possible to ascertain
whether Glu-immunoreactivity is localized within the cytosol or synaptic vesicles of
the axon terminal as the intense reaction product masks the individual elements within
the terminal and obscures their identification. However, some axon terminals are
relatively faintly stained and in these cases Glu-immunoreactivity appears to be
localized within individual synaptic vesicles. This observation is consistent with the
results from a recent investigation which showed that high levels of Glu can be
detected in synaptic vesicles which have been isolated from the rat cerebral cortex
(Burger et al., 1989). Moreover, it has been suggested that synaptic vesicles contain
a carrier system for Glu which has different properties from the high affinity carriers
of the plasma membrane (see Maycox et al., 1990). It is pertinent to note that vesicular
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Glu uptake has been found to be highest in the cerebral cortex (Fykse and Fonnum,
1989).
The most likely sources of labelled terminals are cortical pyramidal neurons, as
it is well established that the terminals of these cells engage only in asymmetrical
synapses (Lund, 1969; Lieberman and Webster, 1974). Some of these terminals may
originate from the axon collaterals of pyramidal neurons (Pamavelas et al., 1977b),
while others may be derived from association and callosal fibres (Lund and Lund,
1970). The latter have been previously suggested to be glutamatergic (Baughman and
Gilbert, 1981). Another possible source of at least some Glu-containing axon terminals
may be axons originating in the thalamus (Kaneko and Mizuno, 1988; Rustioni et al.,
1988). Those arising in the lateral geniculate nucleus have been demonstrated to form
type I synapses with various neuronal elements in the rat visual cortex (Peters and
Feldman, 1976). Finally, in the material stained for Glu, numerous axon terminals
engaged in asymmetrical synaptic contacts were unlabelled. The possibility that this
might be due to limited antibody penetration is unlikely as numerous unlabelled
terminals are encountered in ultrathin sections taken from the surface of the block
(about 10 pm deep from the surface). Moreover, these terminals are found adjacent to
stained neuronal elements.
The present study, together with some recently published reports (Conti et al.,
1987a, 1989), provides strong evidence that the Glu antiserum used here (Hepler et al.,
1988) stains the transmitter rather than the metabolic pool of individual neurons: 1)
Glu-immunoreactive neurons demonstrated here

are exclusively pyramidal in

morphology, which reflects remarkable selectivity of the antiserum. This selectivity
may be related to the neurotransmitter pool of Glu, which is synthesized at a higher
rate than the metabolic pool (Storm-Mathisen and Ottersen, 1986). It is possible that
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hypoxia during perfusion depletes the metabolic pool, leaving the transmitter pool
relatively unaffected. 2) Glu-positive neurons are not found in layer I which lacks
pyramidal cells. 3) The distribution of Glu-labelled cells in the rat visual cortex
demonstrated in this study, as well as in the rat somatosensory cortex described
elsewhere (Conti et al., 1987b), does not correspond to the pattern of labelling produced
by cytochrome oxidase histochemistry (see Conti et al., 1987b) suggesting that staining
for Glu is not related to higher metabolic activity. 4) The Glu-immunoreactive axon
terminals appear to engage only in asymmetrical synapses, which are presumably
excitatory in nature (Colonnier, 1981). Recent work in the cat neocortex with the same
antiserum (DeFelipe et al., 1988; Conti et al., 1989), and rat spinal cord (Weinberg et
al., 1987; De Biasi and Rustioni, 1988) also produced labelling of terminals whose
morphological features are associated with the release of an excitatory transmitter. 5)
Finally, not all terminals that are engaged in type I synapses are labelled, which again
shows selective staining.
In conclusion, this study provides direct anatomical evidence that a distinct class
of neurons in the rat visual cortex

may use Glu as a neurotransmitter, something

which investigators have failed to demonstrate convicingly over the years. Indeed, a
number of techniques that have been employed so far provide only indirect evidence
for the role of Glu as a neurotransmitter in the rat visual cortex. Thus, it has been
shown that Glu can be released in the rat visual cortex by calcium-dependent
depolarization, electrical stimulation and calcium ionophores (Clark and Collins, 1976;
Collins, 1977). Lesions or undercutting of the visual cortex resulted in a decrease of
the endogenous level and/or the high affinity uptake of Glu in the thalamus and in the
SC (Lund-Karlsen and Fonnum, 1978; Fosse and Fonnum, 1987). In addition, injections
of the tritiated D-forms of Glu and Asp, which share the same high affinity uptake
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mechanism in the SC (Matute and Streit, 1985), dLNG and contralateral visual cortex
(Bai^iman and Gilbert, 1981) resulted in retrograde labelling of pyramidal neurons in
the visual cortex. The present localization of Glu-immunoreactivity in pyramidal neurons
of the visual cortex is in line with the above mentioned findings which suggested a
putative neurotransmitter role for Glu in the respective corticofiigal and callosal systems.
Work in other laboratories concerning the immunohistochemical localization of
Glu-containing neurons in the cerebral cortex has provided conflicting results. Ottersen
and Storm-Mathisen (1984a,b), using an antiserum against Glu conjugated to bovine
serum albumin with glutaraldehyde, have reported that Glu-like immunoreactivity is
present in both pyramidal and nonpyramidal cells evenly distributed throughout the
thickness of the rat neocortex. Their description was based solely on light microscopic
observations of cells that were clearly pyramidal, as judged by a prominent apical
dendrite, and of cells which did not show immunoreactive dendrites. These authors
suggested that their antiserum probably reveals both the transmitter as well as the
metabolic pool of Glu. Although this antiserum (Storm-Mathisen et al., 1983) was
produced with similar techniques to that used here, it may differ in specificity from the
antiserum used in the present investigation (Hepler 1988). The present study also differs
from data published by other investigators who used the same Glu antiserum. For
example, a light microscopic study of the somatosensory cortex of rats and monkeys
(Conti et al., 1987b) has shown the highest density of Glu-immunoreactive neurons in
layers n, ID and V and the lowest in layer IV. This slight difference in distribution
from that shown here may be due to the different cortical areas examined. However,
the two studies differ considerably with regard to the cell types stained. Conti and
colleagues (1987b) reported that the great majority of labelled cells in layers n, in, and
V are pyramidal, but in layer VI pyramidal neurons constituted only 68% of the stained
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cells and in layer IV only 26%. The particularly low proportions of pyramidal neurons
reported in layers IV and VI may be due to the limitations of the techniques utilized
by these investigators. For example, the pyramidal neurons of layer IV, which are some
of the smallest pyramids in the neocortex, typically show round or elongated perikarya
and a thin apical dendrite which often gives rise to secondary branches close to its
origin from the soma (Peters and Kara, 1985a). Partial staining of the apical dendrite,
which is the rule in immunohistochemical preparations rather than the exception, could
lead to wrong identification. Layer VI is another site where the use of light microscope
immunohistochemistry alone could result in false identification of labelled cells. This
layer is populated by small pyramidal neurons as well as the so called pyramid-like
neurons (Pamavelas et al., 1977a). These cells lack some of the features of classical
pyramids i.e., they do not possess triangular cell bodies and prominent apical dendrites
oriented vertically toward the pial surface. Instead, they have "apical" dendrites which
may be oriented obliquely or horizontally. Partial staining of one of these cells could
easily result in false identification. Electron microscope immunocytochemistry, although
it samples a much smaller pool of neurons, is much more reliable because the
classification of labelled cells is based not only on their overall appearance, but also
on well-established synaptic and other ultrastructural features (Pamavelas et al., 1977b;
Peters and Kara, 1985a,b). In fact, a more recent combined light and electron
microscopic study of Glu-positive neurons in the cat sensory cortex revealed that the
proportion of labelled cells was higher than previously estimated (Conti et al., 1989).
However a number of stained nonpyramidal cells was also reported in this study. These
were identified as being mainly spiny stellate neurons in layer IV, which are also
thought to be excitatory (Gilbert, 1983; Ts’o et al., 1986). This type of neuron is rarely
impregnated in rapid Golgi preparations of the rat visual cortex (Peters, 1981). Conti
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and colleagues (Conti et al., 1989) also reported the presence of aspiny cells that were
Glu-positive and postulated that Glu and GAB A may be colocalized in these neurons.
However, they did not observe any labelled terminals forming symmetrical synapses.
The results reported here are also in marked contrast to those of other studies
which examined the distribution of glutaminase-like immunoreactivity in the neocortex
of rats, guinea pigs and monkeys (Donoghue et al., 1985; Kaneko and Mizuno, 1988).
Glutaminase is an enzyme that is involved in the metabolism of Glu and, therefore,
presumably present in increased levels in putative glutamatergic cells (see above
references). These studies reported that glutaminase-like immunoreactivity is localized
for the most part in pyramidal neurons distributed mainly in the inffagranular layers.
An explanation for this discrepancy may be that Glu is synthesized by more than one
enzymatic pathway, therefore staining for the presence of one enzyme may show only
a fraction of the neuronal population in question.

4.1.2. Aspartate
The observations presented here provide a systematic description of the
distribution, morphology, ultrastructural and synaptic features of Asp-immunoreactive
neurons in the adult rat visual cortex. Light microscopical observations show that Aspimmunoreactive neurons are distributed throughout cortical layers I-VI. The majority
of labelled neurons are observed in layers II and HI, with a moderate number in layer
VI and in layer Vb; layers IV and Va contain a relatively small number of labelled
cells, whilst an occasional stained neuron is found in layer I. Thus there is a
considerable similarity between the distribution patterns of the Glu- and Asp-containing
populations of cells. Also, similar to Glu-immunoreactive neurons, the density, size and
morphological features of Asp-labelled cells are characteristic for each layer. The
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majority of neurons appear pyramidal in morphology displaying features outlined for
the Glu-labelled cells in each layer. The Asp-immunoreactive plexus of fibres also
shows a similar distribution to that stained for Glu extending throughout the cortex,
with an increased density in the superficial layers. However, the former appears
relatively more elaborate, with the apical dendrites displaying intense staining. Here,
again, the apical dendrites are clustered together in groups of three or more as they
ascend to the superficial layers. A difference between Asp- and Glu- immunoreactive
cell populations, evident in the present data, concerns the size of labelled perikarya.
Measurements of cross-sectional areas of positive neurons have demonstrated that Asppositive cells are overall larger than those stained for Glu in each layer. In addition,
the Asp-containing cell population includes some of the largest neurons in the visual
cortex, the "solitary pyramids of Meynert" (see Pamavelas et al., 1977a). These cells
are not present in sections stained for Glu.
The detailed electron microscopical examination confirms that the majority of
Asp-immunoreactive neurons are pyramidal, as judged by their cytological and synaptic
features (Pamavelas et al., 1977b; Peters and Kara, 1985a). These neurons show a
variety of shapes, sizes and morphologies which appear to be characteristic for each
layer, and display similar ultrastructural features to Glu-immunoreactive perikarya in the
same layer. However, Asp-labelled neurons have larger somata which contain a higher
amount of cytoplasm than Glu-positive cells. Thus, although the present observations
point out some differences in the distribution, sizes and morphologies of Glu- and Asppositive pyramidal neurons, they also note frequently Glu and Asp-immunoreactive cells
showing overlapping morphological features. This raises the question of the possible co
existence of Asp and Glu in individual neurons. This issue has not been investigated
here, but other authors (Conti et al., 1987a) have provided evidence to suggest that
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these two amino acids are co-localized in a small percentage of immunoreactive neurons
in the rat somatic sensory cortex (about 10% of the entire population of cells stained
for Glu and Asp). This observation raises the possibility that cortical neurons use larger
molecules such as dipeptides or tripeptides containing both amino acids as excitatory
neurotransmitters. Bernstein and colleagues (1985) have provided evidence to support
the dipeptide hypothesis. They observed that membrane changes produced by
iontophoretically applied N-acetyl-aspartyl-glutamate (NAAG) to hippocampal neurons
resembled those evoked by the natural transmitter more closely than did those produced
by application of Glu alone. The acidic dipeptide NAAG has been localized in the rat
nervous system (Curatolo et al., 1965; Koller et al., 1984; Anderson et al., 1987;
Moffett et al., 1989) and in the cat visual system (Tieman et al., 1987). In addition,
NAAG-immunoreactivity has been demonstrated in synaptic vesicles of retinal neurons
(Williamson and Neale, 1988).
A major difference between the Asp-and Glu-immunoreactive cell populations
revealed in the electron microscopical observations, is that the former includes also a
small number (approximately 10%) of nonpyramidal neurons. The identity of these cells
was confirmed by the presence of asymmetrical axosomatic synapses which is an
exclusive feature of cortical nonpyramidal neurons (Pamavelas et al., 1977b; Peters and
Kara, 1985b). Because no Asp-labelled axon terminals were seen here to form type II
synapses, it may be that these cells belong to the bipolar variety of nonpyramidal
neuron, the only cortical local circuit neuron type whose axons have been reported to
form type I synaptic contacts (Peters and Kimerer, 1981; Peters and Harriman, 1988).
The Asp antiserum used in this study has been shown to have a high degree of
specificity (Hepler et al., 1988). Similar to the Glu antiserum, strong evidence is
provided that this reveals selectively the transmitter pool of individual neurons: 1) The
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vast majority of Asp-immunoreactive neurons observed here are pyramidal cells. 2)
Only a small fraction of nonpyramidal neurons displays Asp-immunoreactivity. 3) The
distribution of Asp-labelled cells does not correspond to the cytochrome oxidase staining
pattern (see Conti et al., 1987b). 4) All synapses formed by labelled axon terminals are
asymmetrical, whilst not all asymmetrical synaptic contacts are stained.
Evidence to support the transmitter role for Asp is less compelling than for Glu,
although it is generally considered an excitatory neurotransmitter in the cerebral cortex
(Kmjevic and Phillis, 1963b; Ottersen and Storm-Mathisen, 1984a; Streit, 1984; Hicks,
1987). Biochemical and physiological evidence has suggested that it fulfills some of the
criteria for a neurotransmitter in the visual cortex of the rat (Clark and Collins, 1976;
Collins, 1977; Logan and Snyder, 1972). Furthermore, studies which have measured the
endogenous level, release, and high affinity uptake of Asp in subcortical structures
following lesions of cortical afferents have suggested a neurotransmitter role for Asp
in afferents from the visual cortex (Fosse and Fonnum, 1987).

In addition,

investigations on the selective retrograde labelling of corticofugal pathways with D[3H]-aspartate have proposed this amino acid as a putative neurotransmitter in afferents
from the visual cortex to the SC (Matute and Streit, 1985), thalamus and the
contralateral visual cortex (Baughman and Gilbert, 1981). In line with these suggestions
is the present localization of Asp-immunoreactivity primarily in pyramidal neurons of
the visual cortex. The observation that layer IV contains only a sparce population of
Asp-immunoreactive cells is consistent with the autoradiographical localization of
tritiated Asp uptake in all layers of the cerebral neocortex except layer IV ( Ottersen
and Storm-Mathisen, 1984a).
Immunohistochemical studies have recently shown the presence of a population
of Asp-immunoreactive neurons in various areas of the rat cerebral cortex (Campistron
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et al., 1986; Aoki et al., 1987; Conti et al., 1987a; Madl et al., 1987). Aspimmunoreactivity has been reported by some authors to be present chiefly in pyramidal
neurons (Campistron et al., 1986; Aoki et al., 1987; Conti et al., 1987a). The
distribution of labelled cells has been shown to vary in different layers (Aoki et al.,
1987), or between cortical areas examined (Madl et al., 1987). Other authors observed
a more uniform distribution of positive neurons throughout the layers of most cortical
areas (Campistron et al., 1986). Finally, Conti and colleagues (Conti et al., 1987a),
using the same Glu and Asp antisera as the ones used in this study, demonstrated that
the distribution of Glu- and Asp-immunoreactive neurons in the rat somatosensory
cortex is very similar. They localized both populations of cells primarily in layers IIIII and V, but observed a higher number of Asp- positive than Glu-positive neurons in
layer IV. The distribution of these two populations of neurons in layer IV of the
somatosensory cortex appears to be the reverse to that in layer IV of the visual cortex
demonstrated here. Considering that the immunohistochemical localization of excitatory
amino acid-containing cells is a relatively new field, and there are several sources of
antibodies with the amino acid conjugated to a variety of proteins, it is not surprising
that disagreements exist between laboratories.
The distribution of Asp aminotransferase (AATase)-like immunoreactivity has
also been examined in the neocortex of rats, guinea pigs and monkeys (Donoghue et
al., 1985). AATase is an enzyme involved in the metabolism of Asp, suggested to be
present in high levels in putative aspartergic neurons. It has been shown that AATaseimmunoreactive neurons are primarily nonpyramidal cells distributed in all cortical
layers in each of the species examined. These results are in marked contrast to the data
presented here. AATase is not a reliable marker for aspartergic neurons, as Asp may
be synthesized by more than one enzymatic pathway, and this could account for the
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discrepancy in the reports.
Finally, another issue which deserves some attention is concerned with the
localization of Glu- and Asp-immunoreactivity in cortical astrocytes. This finding is not
surprising, as it has been established that glial cells and particularly astrocytes are
capable of taking up synaptically released Glu, Asp and GABA, with high affinities
and at rates which may be higher than those exhibited by synaptosomes (Van den Berg
and Garfinkel, 1971; Henn et al., 1974; Balcar et al., 1977; Hamberger et al., 1979).
They subsequently convert these amino acids to glutamine through the action of the
enzyme glutamine synthetase. In addition, they synthesize Glu from a-ketoglutarate and
ammonia and metabolize it to glutamine (Kaneko et al., 1988). Glutamine then diffuses
out of astrocytes and is taken up by glutamatergic, aspartergic, or GABAergic neurons
where it replenishes the transmitter pools of these amino acids. Glutamine synthetaseimmunoreactivity has been exclusively localized in astrocytes in the rat CNS including
the cerebral cortex. Moreover, labelled astrocytic processes have been observed in close
apposition to axon terminals (Noremberg, 1983). It has recently been suggested that
astrocytes may play an important role in the maintenance of the glutamatergic system
by removing the excess of Glu from synapses and also by supplying neurons with
glutamine or Glu (Kaneko et al., 1988). Glial uptake of Glu and Asp may also serve
to regulate the extracellular concentration of these amino acids below neurotoxic levels
(Sugiyama et al., 1989).
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4.2.

Development of excitatory transmitter amino acid-containing neurons in the rat

visual cortex

4.2.1. Glutamate
The results presented in this study provide a systematic description of the
maturation of Glu-immunoreactive neurons from their first appearance in the rat visual
cortex until adulthood. At E20 and PO, no neuronal elements display Gluimmunoreactivity at the light or electron microscopical levels. However, observations
with the light microscope reveal that sections stained for Glu display an elevated
background staining compared to control sections. This may be due to some neurons
already started producing the transmitter Glu at low levels. An earlier study has
demonstrated that cortical astrocytes do not begin to display glutamine synthetaseimmunoreactivity until birth (Noremberg, 1983). This suggests that at these early stages
of development, astrocytes have not yet started to participate in Glu uptake, since the
enzyme glutamine-synthetase is essential for the metabolism of Glu. Therefore, the
excess Glu that may be released by immature neurons diffuses into the neuropil, thus
contributing to the background staining.
Glutamate-immunoreactive neurons first appear in the visual cortex at P3. At this
stage they are found exclusively in the presumptive layers V and VI. Labelled cells
display immature features, having small and rounded somata which often show irregular
enlargements. They give rise to thick, tapering dendrites which show vertical or oblique
orientations. Examination with the electron microscope shows that positive neurons
contain a narrow rim of cytoplasm, displaying few loosely packed organelles and
surrounding a large nucleus. The heterochromatin is evenly dispersed and often a
prominent nucleolus is present. These features fit earlier descriptions (Pamavelas and

114

Lieberman, 1979) of presumptive pyramidal neurons. A network of immunoreactive
processes is present throughout the cortical depth at this stage of development. In the
lower layers this consists of short processes that display various orientations and
thicknesses with puncta scattered among them. Using the electron microscope the
thicker processes are identified as being dendritic profiles while the thinner profiles
probably represent axonal segments. The upper cortical layers are characterized by the
presence of labelled dendrites that ascend vertically to layer I, where they branch
extensively.
By the end of the first postnatal week, Glu-immunoreactive neurons increase in
numbers, but are still confined to the deeper part of the cortex. Their staining intensity
increases as well. Labelled perikarya are larger in size and though still immature in
morphology, they are more differentiated than earlier in development. Most positive
cells display many of the features typical of pyramidal cells (Pamavelas and Lieberman,
1979).
During the second postnatal week, immunoreactive neurons are for the first time
observed in layers H-IV. At this stage the distribution of labelled cells appears uniform
throughout the layers of the visual cortex. Glu-containing neurons continue their
maturation with cells located in the lower cortical layers appearing more differentiated
than those in the upper layers. At the end of this week, Glu-immunoreactive neurons
increase in frequency and are found in cortical layers II-VI, with a slight preponderance
in layers IM I. Labelled cells increase also in size and continue their ultrastructural
maturation progressively attaining features typical of mature pyramidal neurons. Their
cytoplasm contains a plethora of organelles, among which extensive arrays of
endoplasmic reticulum, large mitochondria, filaments, microtubules and well defined
Golgi apparatus. Apical and basal dendrites are often observed to arise from the soma,
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and contain numerous organelles aligned with their longitudinal axis. Differences in the
degree of maturity between labelled neurons in the superficial layers and those in the
deeper laminae are no longer apparent, but it appears that, in general, large cells are
more differentiated than the smaller ones.
At the end of the third postnatal week, Glu-immunoreactive neurons display a
distribution pattern similar to that seen in the adult cortex, with the highest density in
layers II-III and the lowest in layer IV. During this stage, labelled neurons achieve
ultrastructural maturity demonstrating all the features typical of pyramidal neurons as
have previously been described (Pamavelas et al., 1977a,b; Peters and Kara, 1985a).
However, their soma sizes show a marked increase which is characteristic for this stage
of development. This increase in size reflects an increase in the cytoplasmic volume
and organelles, with most prominent features the large mitochondria and stacks of
endoplasmic reticulum. Finally, during the fourth and fifth postnatal weeks, the
distribution and morphological features of Glu-immunoreactive neurons appear
indistinguishable from those in their adult counterparts.
Immunoreactive dendrites are seen to receive synapses at P3, though these are
few in number. Synapses at this age are very immature in appearance (Blue and
Pamavelas, 1983a). Although the membrane specializations are poorly defined and the
vesicles in the presynaptic terminals few in number, it is possible to identify these
synaptic contacts as being type I. Axosomatic synapses on labelled perikarya are not
observed until the end of the first postnatal week. These are identified as being
exclusively type II synaptic contacts, a feature typical of mature and developing
pyramidal neurons (Peters and Kaiserman-Abramof, 1970; Pamavelas et al., 1977b;
Miller and Peters, 1981; Peters and Kara, 1985a). The absence of type II synapses on
labelled dendrites at P3, as well as the late appearance of axosomatic synaptic contacts
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on positive cell bodies is in agreement with the suggestion that the axons of cortical
nonpyramidal neurons, which are the main source of symmetrical synapses onto
pyramidal cells (Pamavelas et al., 1977b; Peters and Fairen, 1978; Peters and Proskauer,
1980), do not start to form synapses until the latter part of the first postnatal week
(Miller, 1986a). Moreover, combined Golgi-electron microscopic studies have suggested
that axosomatic synapses on pyramidal neurons in layer V of the visual cortex are first
evident at P6 while pyramidal cells in the upper cortical layers are first seen to receive
axosomatic synapses around P9 (Miller and Peters, 1981; Miller, 1986a). During the
second postnatal week, labelled dendrites are also seen to receive type II synapses on
their shafts. During the second and third postnatal weeks the frequency of synaptic
contacts received by immunoreactive dendrites and perikarya increases, and they
progressively become more mature in appearance. Their membrane specializations
increase in length and thickness, and the presynaptic terminal is packed with vesicles.
This pattern of development is consistent with the pattern of maturation of synapses in
the rat visual cortex (Blue and Pamavelas, 1983a,b).
Immunoreactive spines, identified by their characteristic shape and flocculent
material, are first encountered in the neuropil at the end of the first postnatal week. At
this stage they are few in number and are observed either in continuation with labelled
dendritic segments or in isolation. When involved in synaptic contacts, they are always
seen to receive type I synapses from unlabelled axon terminals. Their numbers increase
during the subsequent two weeks, and this is consistent with earlier observations (Blue
and Pamavelas, 1983a). The density of spines of pyramidal neurons in the rat visual
cortex has been reported to show two significant increases during postnatal
development: The first occurs between days 6 and 9, and the second between days 12
and 15. It has been suggested that these increases may be related to the arrival of
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thalamic afferents and the opening of eyes respectively (Miller, 1981).
Glu-immunoreactive axons are present in the developing neuropil at P3. At this
stage they are thin and do not appear to form synaptic contacts. Labelled axon
terminals are first observed during the second postnatal week, and these form
exclusively type I synaptic contacts with unlabelled spines or dendritic shafts. A
combined Golgi-electron microscopic study of the maturation of pyramidal neurons in
the rat visual cortex has reported that their axons begin to form synapses at P3 (Miller
and Peters, 1981). At this stage, synapses show symmetrical membrane specializations.
Synapses formed by pyramidal cell axons attain their asymmetrical appearance by P6.
The immature appearance of these synapses early in development as well as the fact
that the immunocytochemical procedure hampers the preservation of developing tissue,
could account for the late identification of type I synapses formed by labelled axon
terminals. In addition, early in development, type I synapses formed by glutamatergic
neurons should be relatively few in number, since such neurons are present only in the
deeper cortical layers until the beginning of the second postnatal week. Another possible
explanation is that during the first postnatal week, the level of Glu in synaptic terminals
is below the sensitivity of the immunocytochemical method. In agreement with previous
descriptions of synaptogenesis in the rat visual cortex (Blue and Pamavelas, 1983a,b),
the synapses formed by labelled axon terminals complete their morphological maturation
and attain an adult-like distribution by the end of the third postnatal week.
The pattern of development of Glu-immunoreactive neurons described here
agrees with earlier descriptions of the maturation of pyramidal cells in the visual cortex
of the rat (Pamavelas and Lieberman, 1979; Miller, 1981; Miller and Peters, 1981).
Autoradiographic birthdating studies have suggested that in the rat, most cortical
neurons are generated between gestational days 14 and 21 in an "inside-out" sequence

(Berry and Rogers, 1965; Valverde et al., 1989; Bayer and Altman, 1990). Thus,
earlier-born neurons are destined to reside in the infragranular layers of the cortex and
younger neurons will occupy more superficial layers having migrated through the deeper
laminae to reach their final destination. The majority of cells that form layer VI of the
cortex are bom around E l5, while those that give rise to layers H-IV are generated
between E l8-21. The "inside-out" pattern of generation of projection neurons in the rat
visual cortex has been confirmed in a study in which [3H]thymidine autoradiography
was used in conjunction with HRP histochemistry (Miller, 1985). After neuroblasts are
bom in the ventricular zone, they migrate away from that zone and into the cortical
plate, which will eventually form layers II-VI of the adult cortex. The earliest layer VI
neurons reach the cortical plate around E l8 (Bayer and Altman, 1990), while cells that
form layer V complete their migration at about PI. The latest bom neurons reach layer
II by the end of the first postnatal week (Berry and Rogers, 1965; Hicks and D’Amato,
1968). Golgi studies have shown that pyramidal neurons in the rat visual cortex begin
their morphological differentiation after they have completed their migration (Miller,
1981; Miller and Peters, 1981). It has been suggested that this process of morphological
maturation also follows an "inside out" sequence. Pyramidal neurons in layer V begin
to differentiate around P3, about three days prior to neurons in layers II-III (Miller,
1981).
The present investigation provides evidence that the neurochemical differentiation
of pyramidal neurons in the rat visual cortex also follows an "inside-out" pattern, the
timing of which suggests that these neurons start to express detectable levels of
transmitter Glu shortly after they have completed their migration. In addition, it is
suggested here that the onset of neurochemical maturation of pyramidal neurons
coincides with the beginning of their morphological maturation.
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A limited number of reports have appeared in the literature describing the
development of glutamatergic systems in the brain. Autoradiographic localization of Glu
binding sites in the developing cerebral cortex of the rat has demonstrated a sharp
increase of the density of these sites up to the end of the third postnatal week, followed
by a more gradual increase to adult levels (Sanderson and Murphy, 1982). The high
affinity sodium-dependent synaptosomal uptake of Glu has been measured in
homogenates of rat visual cortex during postnatal development (Kvale et al., 1983). It
showed a continuous increase from birth until P15, at which stage it reached adult
levels. The development of sodium-independent Glu binding sites in the visual system
of the rat has also been examined (Schliebs et al., 1986). In the visual cortex, Glu
binding increases during the second postnatal week and reaches a peak at P I5. It then
shows a sharp decrease until P25 when it reaches adult levels. Similar developmental
patterns of Glu binding have been observed in the lateral geniculate nucleus and SC.
Considered together, the results from the above studies suggest that the high affinity
Glu uptake by synaptosomes in the visual cortex reaches adult levels at the same stage
in development as Glu receptors show the highest densities e.g., during the latter part
of the second postnatal week. Consistent with these results is the present observation
that Glu-immunoreactive terminals are first observed in the visual cortex during the
second postnatal week. The timing of these observations may be correlated with the eye
opening which occurs at P14 in the rat. It has been suggested that changes in Glu
receptors during development may play a role in visual cortical plasticity (Kleinschmidt
et al., 1987).
The development of glutamatergic corticofugal pathways has also been examined.
Lesions of the rat visual cortex performed on or before P8 result in a marginal decrease
in the uptake of L-glutamate or D-aspartate in the SC. However, when the lesions are
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introduced after this stage, they produce a dramatic decrease in the uptake of these
amino acids in this area (Fosse et al., 1984a). These findings suggest that the
glutamatergic projection from the visual cortex to the SC matures during the second
postnatal week. The synaptosomal high affinity uptake as well as the levels of
endogenous Glu in the rat striatum have been demonstrated to be low during the first
postnatal week, increase markedly during the second postnatal week, and achieve adult
values by the end of the third postnatal week. Accordingly, striatal neurons are almost
insensitive to kainate neurotoxicity during the first postnatal week, but their
vulnerability increases at later stages of development reaching adult levels during the
third postnatal week (Campochiaro and Coyle, 1978). These data suggest that the
glutamatergic innervation of the striatum, presumably originating in the cerebral cortex,
develops during the second and third postnatal weeks. The above findings together with
the observations presented here suggest that the process of maturation of cortical
glutamatergic systems is a postnatal event that occurs mainly between the second and
third postnatal weeks.
A substantial body of evidence has supported the view that during development
cortical projection neurons form exuberant connections. That is to say, these neurons
initial^ form axonal projections which are at later stages withdrawn or eliminated. Such
transient events have been reported for the corticocortical and corticospinal connections
of various species (Ivy et al., 1979; Olavarria and Van Sluyters, 1985; Price and
Blakemore, 1985; Stanfield and O’Leary, 1985; Innocenti et al., 1986; O’Leary and
Stanfield, 1989). It has not as yet been resolved which neurotransmitters are involved
in this developmental respecification. However, a recent autoradiographic study has
provided evidence for a transient glutamatergic innervation of the globus pallidus,
possibly originating in the cerebral cortex, in neonate rats and humans (Greenamyre et
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al., 1987). Thus, while the glutamatergic corticostriatal pathway is maintained in the
adult (Divac et al., 1977; McGeer et al., 1977; Young et al., 1983), the projection to
the globus pallidus may be withdrawn or eliminated, as no cortical projections to the
globus pallidus of adult mammals have been described (see Greenamyre et al., 1987).
However, these assumptions await elucidation as it has not been determined in the
above study whether the source of the transient glutamatergic innervation is indeed the
cerebral cortex.
Recent immunohistochemical investigations have reported the presence of
transient NPY- and ChAT-containing pyramidal neurons in the developing cerebral
cortex of the rat (Foster and Schultzberg, 1984; Woodhams et al., 1985; Don and
Pamavelas, 1989). These neurons were observed during embryonic life, but were not
visible after birth. It should be noted that the identification of cells as being pyramidal
was based solely on light microscopical observations. It may be that cortical pyramidal
neurons express NPY or acetylcholine before acquiring their excitatory amino acid
transmitter identity. It is not known whether NPY and ACh in cortical pyramidal cells
act as transmitters or neuromodulators at this stage of development.
In addition to Glu-labelled neurons, a number of Glu-immunoreactive glial cells
were noted during development of the rat visual cortex. These cells are identified as
being astrocytes and can be classified into three groups according to their location and
morphology: The first group are labelled astrocytes that are localized in the white
matter. They first appear in the presumptive white matter at P3, at which stage they
are numerous, and in most cases in close apposition with one another. They display
small irregular perikarya which give rise to one or more short processes that radiate in
all directions. Their size, as well as their cytoplasmic content increase during the
subsequent days. However, their frequency decreases continuously until the end of the

122

second postnatal week, when the white matter appears devoid of labelled cells. The
second group of immunoreactive astrocytes comprises a very small number of cells that
are first localized in the superficial portion of layer I at P3, but are not readily apparent
at subsequent stages. The third population of labelled astrocytes is a small number of
cells that first appear in the presumptive layers V and VI, scattered among cortical
neurons, also at P3. At this stage, positive cells are small and round, displaying an
electron dense nucleus surrounded by a thin rim of cytoplasm. By the end of the
second postnatal week they are distributed throughout cortical layers II-VI, and as
development proceeds, they increase in size and ultrastructural maturity. This group of
cells persists into adulthood. The present observations suggest that the functional role
of astrocytes in the Glu-glutamine cycle, as has been proposed earlier (Van den Berg
and Garfinkel, 1971; Benjamin and Quastel, 1975), starts early in postnatal development
and parallels the neurochemical differentiation of glutamatergic neurons. The results of
this study are in line with a previous immunohistochemical localization of glutamine
synthetase-immunoreactivity in astrocytes in the developing cortex of the rat
(Noremberg, 1983). Stained cells have been observed only in the deeper layers of the
neocortex at birth. By P10, immunoreactive astrocytes have been localized throughout
the cortical layers. The fate of transient Glu-containing astrocytes in layer I and in the
white matter is unknown. These cells may either degenerate, or cease to participate in
the uptake and synthesis of Glu.

4.2.2. Aspartate
The present investigation also provides a detailed description of the development
of Asp-immunoreactive neurons from their first appearance in the rat visual cortex until
adulthood. During early stages of development e.g., E20 or PO, no Asp-immunoreactive
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cells are visible in the presumptive visual cortex. However, similar to sections processed
for Glu-immunocytochemistry, those stained for Asp show considerable background
staining. This may be due to low levels of Asp in cortical cells, or to the presence of
diffuse Asp in the neuropil.
Aspartate-immunoreactive neurons are first detected in the immature visual
cortex at P3. They are localized in the deeper portion of the cortex, the presumptive
layers V and VI. Labelled cells appear morphologically similar to Glu-containing
neurons at the same stage, displaying small and rounded perikarya that give rise to
thick, tapering dendrites of various orientations. An immunoreactive network extends
throughout the cortical layers. This has a diffuse appearance in the inffagranular layers,
consisting of dendrites that show various orienations and thin axonal segments. Labelled
dendrites extend vertically through the upper layers to form terminal branches in layer
I.
At the end of the first postnatal week, positive neurons increase in numbers and
are still localized in layers V and VI. Their distribution, size and morphology appear
very similar to those of Glu-containing neurons at this stage. Most labelled cells,
especially those in layer V, display many of the features of pyramidal cells. At P10,
Asp-immunoreactive neurons are additionally observed in the superficial layers. At this
stage, labelled cells show a uniform distribution through layers II-VI, similar to that
displayed by Glu-positive neurons at the same age. Neurons in layers II-IV are less
intensely stained and appear less differentiated than cells in the inffagranular layers of
the cortex. Some positive cells in the deeper portion of layer V already display the
features of Meynert cells.
By the beginning of the third postnatal week, Asp-containing neurons have
increased in frequency and are localized through cortical layers II-VI, showing a higher
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concentration in layers II-III. They increase in size and continue their maturation. Large
labelled cells show a higher degree of differentiation than smaller cells in all layers.
The majority of Asp-immunoreactive neurons at this stage display many cytological and
synaptic features typical of mature pyramidal neurons (Pamavelas et al., 1977a,b; Peters
and Kara, 1985a), appearing similar in morphology to their Glu-stained counterparts.
However, an occasional stained cell displaying nonpyramidal morphological features is
also detected. These cells often have a bipolar appearance containing a small volume
of cytoplasm.
At the beginning of the fourth postnatal week, labelled cells increase in
frequency and show a marked increase in size. The latter reflects a higher volume of
cytoplasm. In agreement with previous descriptions (Pamavelas and Lieberman, 1979),
cells achieve ultrastructural maturity during this period. The vast majority of positive
neurons possess all the features typical of pyramidal neurons. Characteristic is the
presence of large pyramidal neurons in the deeper portion of layer V, which display
the morphology of mature Meynert cells. A small number of stained nonpyramidal
neurons is also observed through layers I-VI. These are identified by their characteristic
cytological and synaptic features (Pamavelas et al., 1977b; Peters and Kimerer, 1981;
Peters and Kara, 1985b). Asp-immunoreactive neurons attain the adult patem of
distribution during the fourth postnatal week. It is noted that while Asp-labelled cells
in all layers progressively achieve maturity during the first weeks of postnatal life,
neurons possessing the features of Meynert pyramids mature very early. They display
a distinct morphology in all the developmental stages examined, and attain their adult
size by the end of the fifth postnatal week.
Immunoreactive dendrites are first observed to receive synapses on P3. These
synaptic contacts are formed by unlabelled axon terminals and are identified as being
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type I. They display an immature appearance with poorly defined membrane
specializations and few vesicles in the presynaptic terminal. The frequency with which
these synapses are observed increases with age. As development proceeds, labelled
dendrites are also seen to receive a number of type II synapses from unlabelled axon
terminals. Such a pattern of development of synapses has previously been described
in the rat visual cortex (Blue and Pamavelas, 1983a,b). Stained perikarya are observed
to receive synapses from unlabelled axon terminals at the end of the first postnatal
week for the first time. These are exclusively symmetrical, a feature characteristic of
developing and mature pyramidal neurons (Peters and Kaiserman-Abramof, 1970;
Pamavelas et al., 1977b; Miller and Peters, 1981; Feldman, 1984; Peters and Kara,
1985a ). During the second and third postnatal weeks, asymmetrical axosomatic contacts
can be detected on a number of positive neurons, confirming their nonpyramidal nature.
Aspartate-immunoreactive axons are present in the immature cortex at P3. They
are thin and do not seem to form synaptic contacts. Stained axon terminals are first
detected at P10, and these form exclusively type I synaptic contacts with unlabelled
dendritic shafts or spines. The synapses formed by labelled axon terminals attain a
mature appearance and an adult-like distribution by the end of the third postnatal week.
The observations presented here suggest that neurons in the rat visual cortex that
are immunoreactive for Asp follow a similar pattern of morphological and
neurochemical differentiation to neurons immunoreactive for Glu and this occurs in an
"inside-out" sequence. Studies of the development of Asp in the mammalian brain have
been extremely limited, as most studies have focused on the development of Glu (see
4.2. 1.). However, a clear distinction between glutamatergic and aspartergic systems in
these studies is not feasible as these two excitatory amino acids share the same high
affinity mechanism and act on the same receptors. Therefore, the results of the above
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mentioned investigations could equally apply to aspartergic systems.
Aspartate-immunoreactive astrocytes are present in the visual cortex during
development. Similar to astrocytes stained for Glu, these can be distinguished into three
groups. The first group is localized in the white matter, the second in the superficial
portion of layer I and the third is found within cortical layers II-VI. All three groups
of cells first appear at P3, with the third population located exclusively in the
infragranular layers of the immature cortex. The morphology, distribution and
developmental pattern of these cells appear very similar to those of their Glu
counterparts.

4.3.

Glutamate- and aspartate-immunoreactive neurons in the rat visual cortex that
give rise to corticofugal and callosal projections

4.3.1. The double labelling method: Technical considerations.
Previous investigations of the neurotransmitters used by cortical afferent
pathways had employed the autoradiographic localization of retrogradely transported,
radiolabelled transmitter-related compounds. The most widely used compound is pH]D-aspartate, as this can act as a false transmitter being selectively taken up by synaptic
terminals that release Glu and/or Asp without being readily metabolized after uptake
(see Streit, 1984). Therefore, this compound has the advantage of being a neuronal
tracer and a selective neurotransmitter marker. However, the use of this technique
results in labelling of only a limited number of projection neurons depending on their
high affinity uptake system and may, therefore, produce "false positive" or "false
negative" results (see Cuenod et al., 1983). In addition, this method does not allow
the distinction between glutamatergic and aspartergic neurons, as Glu and Asp share
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the same high affinity uptake system.
The use of WGA-HRP as a neuronal tracer is advantageous, as it is nonselectively taken up by terminals and transported retrogradely in the somata of
projection neurons irrespective of their biochemical properties. The combination of
WGA-HRP histochemistry with Glu- or Asp-immunohistochemistry used here allows
the simultaneous visualization of the two distinct types of labelling within the same
cell. The results of the control experiments performed in this study suggest that the
immunohistochemical procedure does not cause the masking or loss of the WGA-HRP
reaction product, and also that the immunohistochemical reaction product is qualitatively
and quantitatively unaffected by the WGA-HRP histochemical procedure.
A disadvantage of the method employed here is the low sensitivity of the WGAHRP histochemical procedure as compared to the original methods proposed by
Mesulam (Mesulam and Rosene, 1979). The technique used in this study (Horn and
Hoffmann, 1987) is a modification of the original methods and reveals relatively lower
staining intensity and, possibly, fewer retrogradely labelled cells. In addition, the low
content of glutaraldehyde in the fixative used (0.1% glutaraldehyde), and the relatively
long post-fixation time in 4% paraformaldehyde solution may not provide the optimal
conditions for the visualization of the WGA-HRP reaction product (see Jones, 1975b;
Rosene and Mesulam, 1978). However, as WGA-HRP is a non-selective marker, it is
likely that a number of projection neurons have failed to stain in the present material
regardless of their neurotransmitter identity and these are randomly distributed among
immunoreactive and non-immunoreactive cells. Nevertheless, the patterns of distribution
of retrogradely labelled neurons in the visual cortex presented in this study, correspond
well to those described in previous tracing investigations.
Another issue to be discussed is the possibility of underestimation of double
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labelled cells due to the limited penetration of the antibody. As mentioned above, the
present estimation of penetration of both antisera in 40 um thick sections is
approximately 10 um deep from the surface of the section. It has been suggested from
work in thin (5 um) and thick (25 um) sections with the same antiserum to Glu, that
this sampling bias indeed occurs (Conti et al., 1988). These authors proposed that a
correction factor of 1.25 may be used to avoid underestimating double labelled cells.
Finally, a problem associated with this method concerns the estimation of crosssectional areas of perikarya of single- and double-labelled cells. Single-immunostained
cells were chosen to be outlined with the camera lucida only on the basis of the
presence of a nucleus situated at the centre of the soma and/or of the apical dendrite,
as this picture presumably represents the full soma size. A distinct nucleolus was only
rarely observed in labelled cells. However the use of these criteria for the sampling of
cells that display both the HRP- and the immuno-reaction product proved to be
difficult, as the combination of the two labels within a cell often masks the nucleus and
the apical dendrite is not always visible. Thus, a number of double-labelled perikarya
that were included in the samples were possibly not represented in their full size and,
therefore, the interpretation of the data shown in Tables 5 and 6 is to some extent
inconclusive. For example, Glu-immunoreactive neurons that project to the pons, are
observed to be among the largest cells stained with the Glu antiserum. Therefore, the
mean value of their soma sizes is expected to be higher than that of the single
immunoreactive cell population that comprises large as well as small to medium-sized
neurons. However, this is not demonstrated in Table 5. In addition, it should be
mentioned that the HRP histochemical procedure results in considerable tissue shrinkage
(possibly due to low pH of solutions; washes in distilled water) and, therefore, the
mean values of cross-sectional areas of single-labelled cells, measured in sections

129

processed for both HRP histochemistry and immunohistochemistry, are much lower than
those of immunoreactive cells in sections processed only for immunohistochemistry (see
Tables 3-6). Different degrees of tissue shrinkage between different experiments could
also explain why the mean cross-sectional value of Asp-immunoreactive cells projecting
to the SC appears higher than that of Asp-positive neurons projecting to the pons. This
difference in numbers is contradictory to the observation that the corticocollicular cell
population does not include the large Meynert cells. An attempt to measure the soma
sizes of single HRP-labelled cells was not made as the WGA-HRP granules only
partially fill the somata of retrogradely labelled cells.

4.3.2. WGA-HRP injections in the pontine nuclei
Following WGA-HRP injections in the pons, retrogradely labelled neurons are
found in the ipsilateral area 17. These are located almost exclusively in layer Vb. This
pattern of distribution of corticopontine neurons is consistent with earlier reports
(Wiesendanger and Wiesendanger, 1982; Legg et al., 1989). Retrogradely labelled cells
which are also immunoreactive for Glu or Asp include the largest cortical neurons that
are stained with either of the two antisera. The Asp-immunoreactive corticopontine cell
population includes the large solitary pyramids of Meynert and the medium-sized
neurons located at the borders between layer Va and Vb. The Glu-immunoreactive,
retrogradely labelled cell population consists almost exclusively of the largest neurons
labelled with the Glu antiserum. These observations explain why the mean value of
soma areas of Glu-positive projection neurons appears higher than that of Asp-positive
projection neurons (see Tables 5 and 6).
In sections stained with the Glu antiserum, 42% of corticopontine neurons are
Glu-immunoreactive. In those stained for Asp, 51% of retrogradely labelled cells are
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Asp-positive. These data suggest that Asp and Glu may be the major excitatory amino
acid transmitters in the corticopontine pathway, with Asp being a more common
candidate. The double labelling technique used in the present study provides the first
direct demonstration of corticopontine neurons that may use excitatory amino acids as
neurotransmitters, confirming and extending the results of previous indirect approaches.
The role of Glu or Asp as neurotransmitters in the corticopontine pathway of the rat
was first suggested following the demonstration of high affinity uptake of Glu and Asp
by synaptic terminals of corticopontine fibres (Thangnipon et al., 1980), and a Ca2+dependent K+-evoked release of [3H]-D-aspartate from these terminals (Thangnipon and
Storm-Mathisen, 1981). In addition, it has been suggested that transection of the fibres
in the crus cerebri results in a severe reduction of high affinity uptake for radiolabelled
Glu and Asp in the pontine nuclei (Thangnipon and Storm-Mathisen 1981; Thangnipon
et al., 1983). However, the techniques used in these investigations have shown their
own inherent limitations (see Fagg and Foster, 1983), as they provide only indirect
evidence for the involvement of these amino acids in corticofugal pathways and do not
discriminate between Glu and Asp.
The precentages of immunoreactive projection neurons estimated here suggest
that a number of corticopontine neurons is not labelled with either of the two antisera.
Similar double labelling studies of other corticofugal systems, using the same antisera
to Glu and Asp have suggested that a number of cortical projection neurons was
immunonegative for either of the amino acids in sections incubated in a mixture of both
(Giuffrida and Rustioni, 1988, 1989b). At present no conclusive data are available on
other putative neurotransmitters used by cortical afferent pathways. Possible candidates
as cortical neurotransmitters have been proposed to be the sulfur-containing amino acids
(SCAAs). It has been shown that these substances exert strong excitatory effects on
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mammalian neurons (Curtis and Watkins, 1963; Mewett et al., 1983). In addition, a K+evoked, Ca2+-dependent release of SCAAs has been demonstrated in the rat neocortex
(Do et al., 1986).

4.3.3. WGA-HRP injections in the superior colliculus
After WGA-HRP injections in the SC, retrogradely labelled cells are localized
primarily in the superficial half of layer V of the ipsilateral area 17 as well as at the
borders of area 17 with areas 18 and 18a, in agreement with results from retrograde
tracing studies (Hallman et al., 1988). Double labelled neurons are medium-sized or
large cells, in agreement with other descriptions of retrogradely labelled corticocollicular
cells (Schofield et al., 1987).
In sections processed for Glu-immunohistochemistry, 46% of corticotectal cells
are Glu-positive. Asp-immunoreactive cells account for 66% of the total number of
retrogradely labelled neurons. These findings suggest that Asp more than Glu is the
major transmitter in this corticofugal system. Several lines of evidence have supported
the neurotransmitter role for these amino acids in the projections from the visual cortex
to the SC. A decrease in the level of the endogenous L-glutamate and in the high
affinity uptake of Glu and Asp has been measured in the SC after visual cortex
ablations in rats (Lund-Karlsen and Fonnum, 1978). Similar results have been obtained
in the cat (Fosse et al., 1984b). The reports from these studies favour Glu as the major
transmitter in this pathway. However, Glu and Asp share the same high affinity uptake
system and, therefore, a distinction between the two is not possible. Injections of
radiolabelled D-aspartate in the SC have resulted in retrograde labelling of cells in layer
V of the visual cortex of the rat, cat, and rabbit (Matute and Streit, 1985). However,
other authors did not observe retrograde labelling in the visual cortex after injecting D-
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[3H]-aspartate in the SC (Baughman and Gilbert, 1981). This discrepancy may be due
to different fixatives used in these two studies (see Matute and Streit, 1985).
The overlaping percentages of Glu- and Asp-positive corticocollicular neurons
presented here suggest that Glu and Asp may be co-localized in a fraction of these
projection neurons. This possibility was not ascertained in the present study, but partial
co-existence has been reported to occur in other cortical projection systems examined.
Double labelling studies using the same antisera have demonstrated that these two
amino acids co-exist in 50% of corticospinal neurons (Giuffrida and Rustioni, 1989b),
25% of corticothalamic neurons (Giuffrida and Rustioni, 1988), and a fraction of
corticocortical neurons (Giuffrida and Rustioni, 1989a) in the sensorimotor cortex of
the rat.

4.3.4. WGA-HRP injections in the dorsal lateral geniculate nucleus
Following injections in the dLGN, retrogradely labelled cells are localized
throughout layer VI of the ipsilateral cortical areas 17 and 18. This pattern corresponds
to that described in HRP tracing studies (Sefton et al., 1981). Double labelled cells
comprise small and medium sized pyramids. In sections stained for Glu, 60% of
retrogradely labelled neurons are Glu-immunoreactive. In sections processed for Aspimmunohistochemistry, 61% of corticothalamic neurons are Asp-positive. The similarity
of percentages of Glu- and Asp-labelled corticothalamic neurons raises the question of
whether these two amino acids are co-localized in the same projection neurons. This
issue has recently been investigated by Giuffrida and Rustioni (1988). These authors,
using the same antisera as the ones used in the present study, estimated that in the rat
sensorimotor cortex 57-60% of corticothalamic neurons were Glu-positive and 56-59%
were labelled for Asp, percentages very similar to the ones presented here. Furthermore,
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they demonstrated that in sections processed with both antisera, the majority of
corticothalamic neurons were either Glu- or Asp-immunoreactive, and only a fraction
(25%) was positive for both amino acids. These data are also in agreement with other
reports, suggesting that Glu and Asp are co-localized in a small percentage of neurons
in the somatosensory cortex of the rat (Conti et al., 1987a). A larger proportion of
neurons (50%) has been estimated to be labelled with both antisera in a different
projection system, the corticospinal system of the rat (Giuffrida and Rustioni, 1989b).
It has been suggested that these neurons may use the dipeptide NAAG as a transmitter.
Early investigations had provided only indirect evidence for the role of Glu and
Asp as transmitters

in the corticothalamic pathway using biochemical and

neuroanatomical techniques. A decrease in the endogenous levels and high affinity
uptake of both amino acids has been measured in the dLGN and other thalamic nuclei
following cortical ablations in rats (Lund-Karlsen and Fonnum, 1978; Fonnum et al.,
1981; Fosse and Fonnum, 1987). Similar results have been obtained in cats (Young et
al., 1981; Fosse et al., 1984b). In addition, injections of the tritiated D- forms of Glu
and Asp in the rat dLGN, resulted in retrograde labelling of cells in layer VI of the
visual cortex (Baughman and Gilbert, 1981).

4.3.5. WGA-HRP injections in the visual cortex
After WGA-HRP injections in the visual cortex, retrogradely labelled cells are
localized mainly in two "columns" around the borders of area 17 and areas 18 and 18a
of the contralateral hemisphere, but some are also found in area 17. These cells are
distributed throughout layers II-VI, but show higher densities in the upper layers. This
pattern is in agreement with earlier descriptions of the distribution of callosal cells in
the rat (Olavama and Van Sluyters, 1983, 1985; Miller and Vogt, 1984a; Hallman et
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al., 1988). Callosal cells that are immunoreactive for Glu or Asp are small or medium
sized pyramidal neurons.
In sections labelled with the Glu antiserum, 38% of callosal neurons in all
cortical layers display Glu-immunoreactivity. When counts are restricted to layers IIIII, this percentage increases to 49%. In sections stained for Asp, 49% of retrogradely
labelled cells are Asp-positive. When layers II-III are considered alone, this percentage
increases to 51%. These data suggest that the majority of callosal neurons in the rat
visual cortex that are immunoreactive for either of the two amino acids are concentrated
in the supragranular layers, and this laminar heterogeneity is more prominent in the
Glu-containing cell population. In addition, quantitative evidence is provided here in
favour of Asp as the major transmitter in the visual callosal system. These results are
somewhat conflicting to estimates from similar studies in the sensorimotor cortex of rats
(Giuffrida and Rustioni, 1989a). In these studies it has been reported that the
percentages of association and callosal neurons in the primary motor and the
somatosensoty cortex that are immunoreactive for Glu are similar to those labelled for
Asp, and that the proportions of double labelled cells in layer V are higher than in
layers II-III. This pattern of distribution of double labelled cells is the reverse to the
one

demonstrated here. The discrepancies concerning the distribution and relative

percentages of Glu- and Asp-immunoreactive callosal neurons may be attributed to the
different cortical areas examined. The same authors also examined the possible co
existence of Glu and Asp in corticocortical projection neurons by incubating sections
in a mixture of the two antisera. Their findings suggested that callosal and association
neurons are either glutamatergic or aspartergic, and only a small fraction of them are
immunoreactive for both amino acids. Other investigators have concluded that Glu and
not Asp is the main transmitter of corticocortical neurons in the cat, as the former

amino acid was immunohistochemically localized in 50 to 73% of these neurons (Conti
et al., 1988). Although this may indeed be the case for the corticocortical system in the
cat somatosensory cortex, it should be noted that in this study the proportions of
putative aspartergic projection neurons in the corticocortical system have not been
investigated.
The present localization of Glu- and Asp-immunoreactivity in cortico cortical
projection neurons through layers II-VI is in line with previous autoradiographic
localization of retrogradely transported D-[3H]-aspartate in associational and callosal
cells of the rat and cat cortex (Streit, 1980; Baughman and Gilbert, 1981; Barbaresi et
al., 1987).
Considered together, the present data provide numerical evidence in favour of
Asp more than Glu as the major neurotransmitter used by neurons in the visual cortex
that project to the pons, SC and dLGN. Although evidence to support the transmitter
role for Asp has been less compelling than for Glu, it has been generally considered
as an excitatory neurotransmitter used by various cortical afferent systems (see Fagg
and Foster, 1983; Streit, 1984; Hicks, 1987 for reviews). The present results also
demonstrate that the percentage of Glu- and Asp-immunoreactive neurons in each
projection system examined varies among callosal and different corticofugal systems.
In addition to the neurochemical heterogeneity among cortical projection neurons, this
study also demonstrates a morphological heterogeneity between Glu- and Asp-labelled
cells projecting to subcortical and cortical sites. This morphological heterogeneity
reflects differences in sizes of projection neurons, as shown in Tables 5 and 6, as well
as in their cytological features, as described above. Thus chemical and morphological
heterogeneity between excitatory amino acid systems may be added to the known
functional heterogeneity at the level of receptors and physiological response (Ascher and

Nowak, 1987; MacDermott and Dale, 1987).

5.

LIST OF ABBREVIATIONS

AATase: aspartate aminotransferase
Ach: acetylcholine
Asp: L-aspartate
CCK: cholecystokinin
ChAT: choline acetyltransferase
CNS: central nervous system
DA: dopamine
DAB: 3,3’-diaminobenzidine tetrahydrochloride
dLGN: dorsal lateral geniculate nucleus
DR: dorsal raphe nucleus
E: embryonic day
EAA: excitatory amino acids
EAAs: excitatory amino acid receptors
5-HT: 5-hydroxytryptamine, serotonin
GABA: -aminobutyric acid
GAD: glutamic acid decarboxylase
GFAP: glial fibrillary acidic protein
Glu: L-glutamate
HRP: horseradish peroxidase
MR: median raphe nucleus
NA: noradrenaline
NAAG: N-acetyl-aspartyl-glutamate
NGS: normal goat serum

NMDA: N-methyl-D-aspartate
NPY: neuropeptide Y
P: postnatal day
PAP: peroxidase-antiperoxidase
PB: phosphate buffer, pH 7.4
PBS: phosphate buffered saline, pH 7.4
SC: superior colliculus
SCAAs: sulfur-containing amino acids
SRIF: somatotropin release inhibiting factor, somatostatin
TBS: Tris-buffered saline, pH 7.4
TMB: tetrameihyl benzidine
VIP: vasoactive intestinal polypeptide
vLGN: ventral lateral geniculate nucleus
WGA-HRP: wheat germ agglutinin-horseradish peroxidase conjugate
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